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Abstract

In 1881, the German biologist August Weissman first proposed the theory that the ageing of tissues
is related to the finite ability of somatic cells to replicate. Confirmation of this theory did not arrive
until the 1960s with the work of Leonard Hayflick, who showed that somatic cells possess a finite
ability to divide, before entering a state known as “replicative senescence’. This finite replicative
lifespan was Mirst proposed Lo be related to the ‘end replication problem’ shortly after the discovery
of DNA and the DNA replication machinery by Watson and Crick in the 1970s.  The end
replication problem describes the inabiiity of the DNA replication machinery to [ulty replicate the
3’ end of linear chromosomes. As a result, shortening of the terminal end of each chromosome
occurs with every mitotic division. The structure that forms the end of linear chromosomes had
been termed the ‘telomere’ by Muller in 1941, and proof that shortening of the tetomere with
cumulative mitotic divisions is responsible for the fnite ability of somatic cells to divide was

finally provided by scientists at the Geron corporation in 1998,

The DNA structures that make up the telomere are highly conserved across a wide range of
vertebrate and invertebrate species, and in all vertebrates a key feature 15 a variable number of
repeats of the hexanucleotide sequence TTAGGG. In humans the TTAGGG repeat sequence
comprises approximately 5-15 kb in length, as compared with 20 - 150kb in mice and 1] — 20 kb in
dogs. Together with telomere-associated proteins, the telomeric DNA has been shown to form a
number of three dimensional structures which arc thought to be important for telomere function,
Telomere shortening with accumulated mitotic divisions ultimately results in the onset of
replicative sencseence, activated through the pS3 pathway in cells from a number of different
lineages. This has been termed the M1, or mortality 1, checkpoint. if the M1 checkpoint is
bypassed, further cell divisions and telomere shortening occur, up to second checkpoint, known as
the M2 checkpoint. Bypassing the M2 checkpoint in the absence of telomere-length maintenance
mechanisms leads to end-to-end chromosome fusion through the non-homologous end joining
(NLED) pathway, resulting in crisis and cell death. For this reason, telomere-shortening has been
proposed as a major mechanism underlying the ageing of somatic cells. Additional functions have

been ascribed 1o telomeres, including putative roles in gene regulation and nuclear organisation,

A small pumber of cells can bypass the M2 checkpoint and achieve an immortal phenotype
spontaneously. In the vast majority of these immortal cells, this occurs through the re-activation of
telomerase, an RNA-dependent reverse transcriptase first characterised by Carol Greider. This
enzyme, compased of a reverse transcriptase catalytic subunit (TER'T), an RNA template (TR} and
a number ol associated proteins, is capable of adding nucleotides to the end of telomeres. and thus
circumvents telomere shortening. fir vifro, cnzyme function can be reconstituted with the TERT
and TR components alone, and studics with fibroblasts have shown that expression of the TERT



subunit is the principal determinant of telomerase activity. Telomerase activity /n vivo is absent
from the vast majority of sonatic tissues in dogs and humans, but is present iu some stem cell and
germ celf populations. 1t is also present in the majority of cancers in humans in vivo and in cancer
cell lines in vifro, suggesting that it is a polentially valuable target for novel anti-cancer strategies.
Recent research has shown that dogs represent a potentially valuable model in which to investigate
nove! anti-cancer strategies, and are genetically more similar to humans than existing mouse
models. In addition, telomerase activity in humans is more closely paralieled by ielomerasc
activity in dogs than mice, adding (o the value of this model. For these reasons, this thesis aims t©

investipate the telomerase as a diagnostic and therapeutic tool in canine cancer.

Several large studies have shown that 85-90% of all human tumours possess telonerase activity.
Brain (umours represent an important subsct of these because of the debilitating symptoms
associated with their effects and because survival rates for the most malignant subtype,
glioblastoma muftiforme, remain unchanged despite advances in anticancer treatment strategies
over the past thirty years. Their canine counterparts show strikingly similar features both at the
histological and genomic levels, and for this reason offer an attractive model for the development
of novel therapies. Given the vbiguity of telomerase activity in other tumour types, telomerass
activity in human brain tumours has been extensively examined as a potential prognostic indicalor,
However, there appears to be a wide variation in the reported incidence of telomerase activity in
brain tumours which is likely to be the result of problems associated with the methods used to date.
Studies have suggested that methods detecting telomerase activity i sifu may resolve some of
these problems. Tor this reason, we set out to investigate the immunohistochemical detection of
telomerase activity using a number of antibodies directed at TERT. One antibody, NCL-hTERT,
was [ound to stain telomerase-positive D17 and CMT7 cells and telomerase-positive, formalin-
fixed canine testis, at a concentration of 1/200. This antibody was then used to examine the
correlation between TERT staining and malignancy in a panel of 93 canine brain tumours and (o
correlale telomerase aclivity with proliferation as assayed using the Ki-67 monoclonal antibody in
a smaller subgroup, TERT staining was found to correlate significantly with malignancy in brain
tumours overall as well as in the meningioma and oligodendroglioma subgroups. When TERT
staining was correlated with proliferation, TERT staining was also found to correlate significantly
with the MIB-1 labelling index in all tumours, and again in the meningioma and oligodendroglioma
subgroups. These results suggest that the NCL-hERT antibody represents a promising method
with which to identity telomerasc expression in formalin-fixed, paraffin-embedded material, and
that the prevalence of telomerase activity in canine brain tumours is simifar to their human

counierparts.

Given the importance of tclomerase activation as a means for altaining an immortalised phenotype,
considerable research has focused on its inhibition. Several approaches have been investigated:
using strategies interfering with the function of either TR or TERT, strategies targeting telomerase-
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associated proteins, and sirategies interfering with the interaction between telomerase and the
telomere. A large number of naturally-occurring and synthesised molecules are now in existence
that fall into one of these categories. We set out to investigate two of these in canine telomerase-
positive cell lines: the dominant negative mutant of human TERT, DN-hTCRT, and the G-
quadruplex inhibitor telomestatin, isolated from Streptomyces anulatus. We tested the DN-hTERT
dominant negative mutant by establishing cell lines stable transfected with this constriet carried by
the selection vector pCINeo, and found thar over 50 population doublings, the DN-hTERT mufant
failed to inhibit telomerase activity in telomerase-positive D17 and CMT?7 cells. Over this period,
growth rates and telomere lengths of transfected cells were similar to those of negative control
mock-transfected cells.  Surprisingly, the same construct reactivated telomerase activity in
telomerase-negative K9SF fibroblasts.  Morcover, K9SF cells transfected with DN-hTERT
appeared to undergo morphological changes consistent with a cancerous phenotype and exhibited
accelerated growlh as compared (o negative controls.  Investigation ol telomestatin (reatment of
telomerase-positive cell lines yielded more encouraging results. Treatment of D17 and CM1T7 cells
with telomestatin at varying concentrations showed that a concentration of 2 uM caused a decrease
in telomerase activity by approximately 80% as compared with negative controls. Over a longer
treatment period, telomestatin was also shown to cause slower growth and telomere shortening in
these cell lines, together with an increase in the proportion of cells undergeoing apoptosis.
Treatment of K9S cells, however, did not canse any change in growth rate or apoptosis. These
findings suggest that tclomestatin treatment specifically abrogates telomerase activity in canine
telomerase-positive cell Jines and warrants further investigation of this promising telomerase

inhibitor in canine cells,

Several anticancer therapies have been developed using either lissue-specific or cancer-specific
gene promoters to drive the expression of transgenes, The only truly cancer-specific promoters
currently known are the promoters of the TR and TERT genes involved in telomerase activity.
Since telomerase activity is dependent principally on regulation of the TERT gene, research as
focused on the activity of this gene in normal and cancer tissues. Upregulation of the TERT gene
depends primarily on transcriptional activity of its promoter, although post-transcriptional
medification of the TERT transcript and methylation of the TERT promoter may also play a role.
The human TERT promoter is GC-rich, has no TATA box and contains multiple binding sites for
transcription factors including Spl, c-Mye and p33. Using this promoter, several groups have
developed 4 number of promoter-driven therapies to induce apoptosis or celf death by other means
hoth in vifre and in vivo in nude mouse models, with considerable success. Some groups have also

utilised the TR promoter in a similar fashion with good results.

In order to develop future TERT and TR promoter-driven therapies in dogs, we set out to sequence
and characterise the canine TERT and TR promoters. We successfully sequenced approximately

5.4 Kb of the canine TERT promoter and created deletion constructs to identify the core promoter
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responsible for activity in telomerase-positive cells [ollowing luciferase assays. The core promoter
was identified as a region 314 bp upstream of the ATG start codon, and conveyed approximately
50% of the activity of a positive control vector in CMT7 and D17 cells. Importantly. inclusion of
the initial part of the TERT gene with the core promoter reduced activity by approximately 75%,
suggesting that {mportant negative regulatory factors exist within the canine TERT gene.
Transfection of other telomerase-positive cells with the core promoter construct showed promoter
activity varied from beiween approximately 8% to 50% ol the activity of the positive control. In
addition, transfection of telomerase-negative fibroblasts with all deletion canstructs showed that the
activity of the TERT promoter was restricted 1o telomerase-positive cells. A number of potentially
important putative transeription factor binding sites were identificd within the core promoter, as
well as within the TERT gene itself, although there were also significant differences between the
canine promoter and its human counterpart. In addition to sequencing and characterising the TERT
promoter, initial sequencing and analysis of the canine TR promoter was performed. In this
experiment, genome walking was used to gencrate approximately 700 bp of the canine TR
promoter sequence amplified from genomic DNA. The most remarkable finding in the TR
promoter sequence was the presence of multiple (TAAAA), repeats. Although the significance of
these repeats is currently unknown, there is some evidence from the human literature to suggest
that they are important for transeriptional regulation of some genes. Together, these experiments,
by elucidating the canine TERT and TR promoters, provided an important tool that can be used in

the design of future telomerase-specific promoter-driven therapies.

This thesis set out to investigate telomerase as tool for the diagnosis and treatment of canine
cancer. The NCL-WTERT antibody investigation showed that the immunochistochemical
recognition of TERT in paraffin-embedded tissue may provide a useful tool for the detection of
telomerase in a wide range of canine cancers. [l may also be useful as a means for examining
telomerase activity in non-tumour tissues. However, further work still needs to be performed to
characterise the true extent of telomerase activity in canine cancers, and to evaluate whether
telomerase activity correfates with clinical outcome in dogs. The second part of this project was to
investigate TERT as a target for therapy in canine cancers. We have shown that it is possible ta
inhibit telomerase activity in canine cancer cells, and that this leads 0 slowed growth, telomere
shortening and cell death over a perivd of approximately 20 days in the cell lines examined.
Finally, we have sequenced the canine TERT and TR promoters, and identified that core activity of
the canine TERT promoter resides within a 314 bp regian immediately upstream of the ATG start
codon. Thus, we have identified two potential ways of uiilising telomerase as a target in canine
cancer therapy — firstly through divect inhibition of the enzyme, and secondly by making it possible
to design TER'T promoter-directed gene expression for the targeted killing of (clomerase-positive

cancer cells.
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CHAPTER I

GENERAL INTRODUCTION AND REVIEW OF THE
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1.1 Abstract

In 1881, the first theories concerning the ageing of somatic cells were proposed by a German
biologist, August Weissman. However, definitive proof that somatic cells possess a finite
proliferative lifespan was not published until the 1960s, by l.eanard Hayflick and Paul Moorhead.
In demonstrating that sematic cells are unable to replicate indefinitely, they introduced the concept
of an internal mechanism, or replicometer, capable of counting the number of cell divisions that a
cell has undergone. This replicometer was then shown to be a structure comprising the terminal
end of linear chromosomes, the tclomere, in 1998. This structure is composed of a variable
number of highly conserved repeat sequences, shown in vertebrates to be TTAGGG. The
functions of the telomere are thought, at least in part, to be due to its ability to assume a number of
tertiary structures, the most important of which is the T-loop. With every cell division, the
terminal portion of the telomere is lost due to the inability of the DNA replication machinery to
fully replicate the end of lincar chromosomes, a phenomenon known as the ‘end replication
problem®, Ultimately, cumulative telomere shortening following successive rounds of mitotic
division has been shown to trigger the onset of replicative senescence or erisis in somatic cells of a
number of different lineages, mediated by the p53 and pl16/Rbh pathways. Thus, the discovery of

welomere shorlening introduced a major new hypothesis explaining the ageing of somatic tissues,

A number of arganisms such as protozoa are able to replicate indefinitely, and a means by which
cells of these organisms bypass the ageing process was uncovered in 1985 by Carol Greider and
Clizabeth Blackburn through the discovery of the enzyme telomerase, This enzyme, composed of
a reverse transcriptase catalytic subunit (TERT), an RNA template (TR} and a number of
associated proteins, is capable of adding nucleotides to the end of tclomeres, and thus
circumventing telomere shortening. /n vitro, enzyme function can be reconstituted with the TERT
and TR components alonc, and studics with fibroblasts have shown that expression of the TERT
subunit is the principal determinant of telomerase activity. Telomerase activity in vive is absent
from the vast majority of sematic tissues in dogs and humans, but is present in some stem cell and
germ cell populations. [t is also present In the majority of cancers in humans i vivo and in cancer
cell lines in vitro, suggesting that it is a potentially valuable target for novel anti-cancer strategies.
Recent research has shown that dogs represent a potentially valuable model in which to investigate
novel anti-cancer strategies. and arc genetically more similar to humans than existing mouse
models. In addition, telomerase activity in humans is more closely paralleled by telomerase
activity in dogs than mice, adding to the value of this model. For these reasons, this thesis aims to

investigate the value of telomerase as a diagnostic and therapeutic too! in canine cancer.



1.2 Historic Perspective

In 1881, German biologist August Weismann proposcd that “death takes place because a worn-out
tissue cannot forever renew itself, and becausc a capacity for increase by means of cell division is
not everlasting, but finite’ (Shay & Wright 2000). However, this concept was challenged, and thc
opposite dogma — namely that normal human cells arc (at least in vitro) able to replicate
indefinitely — held sway up until the 1960s. Then, Leonard Hayflick and Paul Moorhead
performed a series of experiments demonstrating the finite rephicative capacity of normal human
fibroblasts (Hayflick & Moorhead 1961; Hayflick 1965}, In 1961, [tayflick and Moorhead showed
that populations of cultured human libroblasts doubled a finite number of times, after which cells
stopped dividing and entered what Hayflick termed i ‘phasc [1I’ phenomenon. He called the
primary culture period phase I, the subsequent period of expansive growth phase II, and the period
when cell replication diminished and ultimately stopped, phase 111 (Hayflick & Moorhead 1961).
The cxperiments which showed this were clegant in their simplicity.  Normal human male
fibroblasts at the fortieth population doubling were mixed in equal numbers with female
fibroblasts at the tenth population doubling. Cells from each population were also maintained
unmixed to serve as controfs, At the point at which the male control population stopped dividing,
Hayflick showed that the only remaining dividing fibroblasts in the mixed culture were female.
This showed that the older cells retained a ‘memory’ of their age, even when surrounded by young
cells, and that other factors, such as culture conditions, could not be the rcason for the cessation of
cell division. From these experiments arose the concept that narmal celis have a finite capacity to
replicate. Eventually, this work led Sir Macfarlanc Burnctt to coin the phrase ‘the Hayflick 1.imit’
far the first time in 1974 as a means of describing a cell’s natural limit to replication (Burnett

1974).

121 The Consequences of Senescence

Hayflick, as well as noting that normal somatic cells have a finite proliferative lifespan, also made
the observation that the end of that proliferative lifespan results in a quiescent, yet viable state
which is now known as replicative senescence (Wynford-Thomas 1999). In this state, the cell-
cycle is arrested in the GO phase of division and a number of changes in gene expression occur that
differentiate senescent cells from younger, actively growing cells (Shelton et gl. 1999). These
changes vary depending on the cell type studied, but include permanent growth arrest, repression
of ¢-tos, repression of cyclin A and B and f galactosidase activity (summarised in (Kipling 2001)).
Similar behaviour has been observed in a wide variety of normal cell types, both mesenchymal and

epithelial (Wynford-Thomas 1999). In the approach to replicative senescence, cells show a

2



gradual decline in the proportion of dividing cells within the population, and the timing of this

decline varies between cell types and between sister clones (Thomas af al. 1997).

One of the most important implications of the finite lifespan ol cells within tissues concerns the
ageing process. It is perhaps useful when considering ageing in general to look at the interrelated
processes that may be involved within any given tissue. Firstly, ageing may occur due to changes
in the extracellular environment (such as the extracellular matrix, basement membranes etc).
Secondly, ageing may occur due o changes within cells that are incapable of further division {eg
mature neurons). Finally, ageing may occur duc 1o changes within populations of dividing cells
(Kipling 2001). Replicative senescence is likely to contribute to the ageing of any tissue which
contains a significant number of dividing cells. For cxample, in those tissues for which cell
division is an important part ol duy-to-day function such as the gastrointestinal tract, immune
system and hair follicles, a reduction in the number of actively dividing cells is likely 1o have an
impact on normal activity. Cell division is also important in other tissues for which proliferation is
not an active feature, but which retain the ability to divide in respanse to damage or cell loss. This
includes, for example, the ability of skin to undergo a localised burst of cell proliferation as part of
wound healing following trauma. Tn addition, cell division is required within tissues to
compensate for physiological cell loss through wear and tear. [n all of these situations, the process
ol cell division in older cell populations has the potential to produce senescent cells.
Accumulation of senescent cells could then result in an altered tissue microenvironment, and
produce an aged phenotype in atfected tissues. For example, delayed wound healing is a halimark

of old age in people, consistent with this theory (Kipling 2001).

1.2.2 Tclomeres: the ‘replicometer’

In order to explain a limit to cellular proliferation, it is necessary to introduce another concept —
that of a clock, or counting mechanism within each cell that could somehow track the number of
divisions performed by the cell. This was first implied by two of Hayflick®s findings — first, that
normal cultured fetal cells undergo a [inite number of population doublings, and sceond, that
cryogenically preserved cells can *remember’ how many times they have divided, even after being
frozen. I'rom this, the term ‘replicometer” arose {Haytlick 1998), which in 1975 was shown o be

located within the nucleus (Wright & Ilayflick 1975).

Meanwhile, the discovery of DNA structure and replication in the carly 1970s had revealed an
inherent problem. Because of the nature of lagging strand synthesis, it was realised that cells are
unable to fully copy the ends of linear DNA. This is termed the ‘end replication problem’. During
the S phase of the cell cyele, DNA polymerase is unable (o replicate the 3’ end of a linear DNA

molecule, Lagging strand DNA synthesis proceeds as a series of discrete events with the



formation of Okazaki fragments, each of which requires an RNA primer. As there is no DNA
beyond the 3" end of the chromosome to which an RNA primer can anneal, DNA polymerase
cannot fill in the gap between the final Okazaki fragment and the end of the chromosome. This is
shown in Figure 1.1. Therefore, with every round of cell division, the terminal portions of the
chromosome shorten slightly, with daughter chromatids inheriting slightly shorter chromosomes

than their parent chromosomes.

Figure 1.1: DNA replication and the end replication problem

During DNA replication, the lagging strand is synthesised using Okazaki fragments. However, at
the 3" end of the lagging strand (circled) there is a gap that can not completely be reproduced

because of the absence of a suitable primer.
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DNA helicase/ gyrase
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The first postulated mechanism that could act as a replicometer was proposed by Olovnikov in
1973, not long aflter Watson and Crick had vnravelled DNA replication (Qlovnikov 1973). He
proposed that the progressive erosion of the ends of chromosomes with cach cell division as a
result of incomplete replication of one end of cach IINA strand could act as a biological clock.
Prior to this, the term felomere itself had first been used by Muller in 1938 in order (o describe the
terminal elements of linear chromosomes (Muller 1962), The theovy that, in humans at least, the
functions of the replicometer are provided by telomeres, was finally confirmed by scicntists at the
Geron institute in 1998, with the finding that mechanisins that extend telomeres in fibroblasts
bypass replicative senescence (Bodnar er af. [998). Since then. a large body of research has
advanced our knowledge of the structure and function of telomeres. A review of the current
understanding ol telomere structure and function will be presented here as a background prior to

discussing tclomerase.

1.3 Telomeres: structure and function

1.3.1 Telomere Structure

Telomeres comprise the terminal portion of {inear chromosomes and consist of a complex of DNA
together with a number of telomere-associated proteins (TAP), the function of many of which are

as yet unknownn.

1.3.1.1 Teclomeric DNA

The DNA structure at the ends of chromosomes is remarkably conserved across all cukaryotes.
The felomeric DNA sequences have been generally subdivided into 3 distinet areas: telomere
associated sequences (TAS), double stranded telomeric repeats, and the terminal structure at the

very end of the chromosomal DNA.

13111 Telomere Associated Sequences

In all organisms in which sequencing of subtelomeric areas has been performed, the region of
DNA proximal to the chromosome terminus contains a variety of repeated elements known as
Telomere Associated Sequences (TAS) (Biessmann & Mason 1992; Louis 1995). The actual
amounts of TAS vary between chromosomes, even within the same species, and may make up a
considerable portion of the total genome (Wellinger & Sen 1997). For example, allelic variation in
the shoirt arm of human cliromosome 16 can lead io variation in TAS length of between 170 and
450 kb (Wilkie ef af. 1991). There are two different types of elements found in these subtelomeric

areas. Relatively complex, middle-repetitive elements, varying from a few hundred to a few



thousand bp have been found in several specics, including plants, fungi, invericbrates and
vertebrates {including humans) (Bedbrook e¢f «f. 1980; Richards er af. 1992; Louis ef al. 1994,
Rubin 1978; Lopez et af. 1996; de Lange er af. 1990; Rouyer ef af. 1990), although the location
and copy number of individual repeats are variable. Interspersed in between and within these
complex repeats are shorter, tandemly repeated satellile-like sequences. These repeats of 20-1000
bp seem lo recombine and rearrange with high frequency, and may be the reason for the high
degree of polymorphism in subtelomeric chromasomal regions (Louis 1995; Simmicr ¢f af. 1985;
de Bruin ef al. 1994}, In addition 1o the complex repeats and short satellite-like repeats, in some
yeasts, copies of genes have been found interspersed within some (but not all) of these
subtelomeric regions (Louis 1995; Michels ef af. 1992). However, in general, the subtelomeric

argas contain very low numbers of genes and transcriptional activity (Wellinger & Sen 1997).

The reasons for the existence of these large regions of (generally) non-encoding DNA are
unknown. A number of theories concerning their possible function have been proposed. Since, in
yeast and Drosophila, genes located close to an actual chromosome end are subject to
transeriptional repression (Levis e af. 1985; Gottschting et a/. 1990; Nimmo et al. 1994), it has
been argued that TAS provide a buffer zone between the actual terminal telomeric structure and
maore internal chromosomal domains (Louis 1995, Wright & Shay 1992). Sccondly, they could
also provide a region in which genes can undergo adaptive changes via amplification and
recombination {de Bruin ef af. 1994). Thirdly, since terminal telameric repeats arc identical for all
telomeres in any given species, it could be that the highly variable arrays of the different TAS
specify telomere to telomere interactions. This would explain the finding that telomeres interact
with each other noun-randomly during mitosis and meiosis in several species (Gilson ef af. 1993).
Finally, TAS have been shown to provide alternative mechanisims for telomere maintenance via
recombination or transposition in cascs where the main lelomere replication smechanism via

telomerase is absent (Lundblad & Blackburn [993).

13112 Double-stranded Telomeric Repeats

Whilst the repeat sequence of the TAS of differcnt species bear little resemblance to each other,
the sequence found at the very end of the chromosome is astonishingly well conserved (see Table
1.1).  The first terminal sequences to be identified were those of some ciliates such as
Tetrahymena (Blackburn & Gall 1978). For most species, the terminal repeats consist of short (6-
8 bp) tandemly repeated scquences. [n all verlcbrates so far charcacterised, the telomere repeats arve
comprised of the 6 bp sequence TTAGGG. The actual number of repeats per telomere varies
greatly between organisms. [n some ciliates, such as Oxyiricha and Euplotes, there may be as few
as 2-3 repeats, 20-30 bp in all (Klobutcher e7 af. 1981). In others, such as mice, there may be more

than 10,000 copies, occupying more than 60-100 kb (Kipling & Cooke 1990; Starling ef af. 1990).



As well as varying between organisms, the amount of telomeric repeats also varies between the
chromosomes of the same cell, and may also change with growth and ageing (Slijepcevic & Hande
1999). The actual length of telomeric repeats are the result of a complicated interplay of
competing activities which either lengthen or sharten the telomere (Biessmann & Mason 1992;
Zakian 1995). For instance, whilst the telomeres in human cells contain from 500 to >2000 repeats
(3 — 12 kb of telomeric repeat sequence), they gradually diminish in cycling cells of most somatic
lincages (Moyzis ¢f af. 1988; Harley er a/. 1990). This variability in telomere length froin a given
species results in a very heterogenous collection of restriction fragments following digestion with
endonucleases specific to the telomere sequence, and cousequently a ‘smeary’ appearance of

telomeric bands on southern blots.

Due to the base composition of the telomeric repeat sequence, one strand of the telomere is usually
rich in clusters of G residues. This strand, which in most species lacks any C residues, is known as
the G strand, with its complementary partner known as the C strand. In those species which
possess a G strand, the strand always forms the extreme 37 end of the chromosome {Weliinger &
Sen 1997).

Whilst the majority of telomeric repeats occur at the end of chromosomes, it is important to note
that telomeric repeats also occur at subtelomeric and non-telomeric chromosomal loci (Delany et
al. 2000). The rcason for these repeats existing at locations removed from the cliromosome ends is
unknown, but they may be remnants of recombination or transposition events involving telomeric
repeats (Cherry & Blackburn 1985; Rossi ef af. 1993). Alternatively, they may indicate (clomere

fusion points of ancestral chromosomes now joined together (IJdo ef ¢f. 1991).



Tahle 1.1: Telomeric repeat sequences of selected organisms

Organism

Repeat Sequence

Protozoa
Tetrahymena spp.
Euploies spp.
trypanosoma spp.

Fungi
Histoplasma spp.
Khyyveromyces spp.
Candida albicans
Saccharonyces
cerevisiae

Invertebrates
Ascarts spp.
Parascaris spp.

Vertebrates
Homo sapiens

Mus musculus

Many other vertebrates

TTGGGG
TTTTGGGG
TIAGGG

TTAGGG
ACGGATTTGATTAGGTATGTGGTGT
ACGGATGTCTAACTTCTTGGTGT
(TG TGGa;

TTAGGC
TTGCA

TTAGGG
TTAGGG
TTAGGG




13113  The terminal pare of the chtomosonte

Although several of the functions of telomeres are likely to relate to the functions conferred by the
structures at the very end, relatively little is known about these physical structures. End-labelling
studies using linear rDNA molecules suggest that an overhang of the G strand over the C strand
exists as a conscrved feature of all eukaryotic chromaosomes, although the length of this overhang
varies between species and organisins (Henderson & Blackburn 1989; Zahler & Prescott 1989;
Wellinger er af. 1996). In humans, this overhang is several hundred nucleotides in length and
plays an importtant role in the Formation of the ‘I-loop (see 1.3.1.3: Three dimensional structures)
which seems to provide many of the proiective rotes conveyed by tetomeres {Huffman ez af. 2000,
Wright er al. 1997). Whilst the 37 overhang is important for telomere function, the mechanisms
which allow for its existence are not fully known. Following lagging strand synthesis during DNA
replication, removal of the last RNA primer is unlikely (o leave an averhang of the required length.
It is generally believed, thercfore, that mainierance of 3’ protrusions in dividing colls requires an
active exonucieolytic process at the C strand (de Lange 2002). Certainly, C-strand processing is
required al the ends generated by leading strand DNA synthesis, since synthesis of the leading

strand would be expected to produce a blunt end.

1.3.1.2 Telomere-associated proteins

A large number of proteins have been identified which either bind to tclomeric sequence directly
or can be co-purified with telomeric sequence. Allhough the function of some of these proteins
has been partially elucidated, the function of several has not. These arc summarised in Table .2

and will be discussed further in section 1.3.1.4: Assembling the telomere,



Table 1.2; Telomere-associated proteins identified in mammalian cells

Name Role at Telomcre
POTI Binds single-stranded TTAGGG repeats
Necessary for telomere length waintenance and protection
TRFI Present in T loaps
Binds double-stranded TTAGGG repeats
Negative regulator of telomere length {(dependent on telomerase)
TRF2 Present in T loops
Binds double stranded T'IAGGG repeats
Negative regulator of telomere length (independent of telomerase)
Loss ol function causes end-to-end fusions
L.oss of [nction leads to apoptosis and telomere-induced senescence
TANK Telomere-associated po]y(ADP-E'ibose) polyrcrase
Ribosylates TRFI
Positive regulator of teiomere length
TANK2 Telomere-associated poly{ADP-ribose) polymerase 2 h
Ribosylates TRF1
Positive regulator of telomere length
TIN2 TRF[-binding protein
Regulates telomere length
RADSO DNA-repair complex that binds TRF2
NBS] Possible role in 1 loop formation
MRE1] Negative role in telomere length regufation
Kudé Negative regulator of telomere length
Rale in telomere capping
'DNA-PKcs Rele in telomere capping o

Putative role in post-replicative processing of telomeres

i1



1.3.1.3 Three dimcnsional structures

Considerable attention has focused on the three dimensional arrangements assumed by the
telomere, since it is thought that many of its functions are related to properties conveyed by these
physical structures. The T-loop model has been shown to exist in vitro, whilst the G-quadruplex
mode} has largely been proposed using theoretical modeliing techniques. However, as will be
discussed in Chapter 4, the G-quadruplex model has important implications {or the clinical

treatment of cancer.

13131 The T-loop modef

When the telomere-binding protein TREF2 is inhibiled, telomeric DNA remains largely intact, yct
there is a rapid and catastrophic loss of tclomere function. Since TRF2 only binds duplex, and not
single-stranded 1'"TAGGG sequence, it would seem unlikely thac loss of protection of the 3°
overhang by TRF2 is responsible for this. A neat solution to this puzzle was provided by Griffith
and colleagues, who showed that TRF2 is capable of remodelling telomeric DNA into a structure
known as the T loop (Griffith er a/. 1999). When they provided the TRI2 protein with a model
tclomeric DNA substrate consisting of a stretch of (.5 kb duplex TTAGGG repeats and a short 3°
overhang, they found that loops of approximately 0.5 kb in size and containing a large amount of
TRF2 at their base were formed. When the DNA was then (reated to generate interstrand
crosslinks with psoralen and UV irradiation and the TRF2 subsequently removed, these foops were
stable, showing that [ormation involved the invasion of the duplex strand by the 3° overhang

(Griffith er af. 1999).

T-loops are large duplex telomeric loops that are formed when the 3’ overhang enters the duplex
part of the telomere repeat sequence (see Figure 1.2) (Griffith er al. 1999). The size of the loop
can range from 0.3 kb in trypanosomes up to 30 kb in mice, and in some cases encoimpasses the
whole telomere.  Whilst the exact structure of the base of the T loop is not known, the crucial
feature appears to be invasion of the double-stranded telomeric DNA by the telomere terminus,
which in turn displaces a short segment of single-stranded DNA, composed of TTAGGG repeats,
in a D-loop. This displaced segment is in the order of a few hundred nucleotides in many of the T

loops (Griffith ef af. 1999).

The T-loop would provide a neat architectural solution to the problem of telomere protection. By
scquestering the 3° overhang, the telomere terminus is prevented from being mistaken for a site of

DNA damage (de Lange 2002). The T-loop stiucture resembles a DNA recombination



intermediate as it occurs during reinitiation of a stalled replication fork or during homologous

recombination (de Lange & Petrini 2000; Griffith ez al. 1999).
In addition, the T-loop solution to telomere capping relies on the most conserved feature of

eukaryotic telomeres — the presence of tandem telomeric repeats ending in a single stranded

overhang (de Lange 2002).

Figure 1.2: T-loop Structure. T-loop function requires at least 3 factors: a) Minimal length

| of TTAGGG repeats b) Integrity of 3° G strand overhang c) Telomere-binding proteins
|

a) Minimal length of TTAGGG repeats

c) Telomere
binding proteins

b) Integrity of 3' G strand overhang



13.13.2 The G-quadruplex modef

In 1987, Oka and Thomas reported an unusual cohesive structure formed by tclomeric DNA
purified from the protozoan Oxymricha (Oka & Thomas, Jr. 1987). Further investigation revealed
that telomeric G-rich sequences were able to form higher-order structures such as G-G base pairs
and four-stranded structures called G-quadruplexes, G-quartets or G4-DNA (Williamson ef ai.
1989}, Although an extensive body of literaturc has reported on the properties of some of these
structures and proposed indirect evidence for their importance of telomere biology, they have not
been reported 10 form under physiological salt and temperature conditions in vitre (Phan &

Mergny 2002}).

‘The potential formation of quadruplex complexes by tclomeric G-strand sequences was first
deduced from gel-mobility shift assays and chemical protection data (Sundquist & Klug 1989;
Williamson et af. 1988). The quadrupiex is formed by the chelation of @ monovaient cation {either
sodium or polassium) between two adjacent guanine quartets, each of which is formed by base-
pairing between guanine residues, Two broad classes of structure, ‘paralle]” and ‘anti-parallel’-
stranded quadruplexes were found to be formed, dependent on which cation is chelaicd. All of the
proposed G-quadruplexes show three important properties: 1) structural polymorphism, 2) unusual
interactions with specific monovalent and divalent cations, and 3) high thermodynamic stability

with extraordinarity slow kinctics of formation and unravelling.

The possible existence of G-yuadruplexes has led to several theories explaining their functions in
vivo. Firstly, the forming of G-G bonds within the quadruplex, rather than conventional Watson-
Crick base-pairing, may represent a recognition of self. In this way, two or four identical single
stranded DNA molccules can recogiise one another and bind specifically via their G-rich termint
(Sen & Gilbert 1988; Sundquist & Klug 1989). This self-recognition of telomeres may occur at
the onset of meiotic pairing of chromosomes. Secondly, the formation of an alternative DNA
structure, such as telomeric G-quadruplexes, at the Jate-S/G2 phase might serve as a signal for the
completion of chromosome replication, and the cell cycle to progress normally without being
recognised as a double stranded DNA break. Finally, G-quadruplexes, since they are an alternative
form of DNA, are not a substrate for elongation by telomerase. This is due both to the inability of
the telomerage primers to access the telomere in this form, and to limited extension of primers by
telomerase after binding. In this way, the formation of G-quadruplexes might regulate tclomere

replication (Wellinger & Sen 1997),

Although telomeric DNA does not apparently exist as a G-quadruplex under physiological

conditions, strong evidence for the importance of this structure in telomere bivlogy has come from



the activity of a class of telomerase-inhibiting agents. These agents, which include drugs such as
telomestatin and TMPyPA, bind and stabilise G-quadruplexes (Kim e ¢f. 20034; Seenisamy ¢t al.
2005) and efficiently inhibit tclomcrase activity (reviewed in greater detail in Chapter 4).
Interestingly, these agents require 5-7 days for complete inhibition of telomerase activity in human
cells, possibly reflecting the time required for conversion of all of the telomeric DNA into G-
quadruplexes (Shammas er al. 2004). Following the application of these agents to telomerase-
positive cells, telomere shortening and ultimately cell death occurs, after a lag phase of 10-14 days.
This would confirm the important role that the G-quadruplex plays in regulating telomerase access

to the telomere and thus regulating telomere extension.

1.3.1.4 Assembling the telomere

‘The interaction of the large number of proteins that bind telomeres is complex, and is likely to
regulate both telomere length and function at several different levels. In yeast, telomere lengths
appear to be regulated by a mechanism that involves counting the number of proteins bound to
telomere ends. It has been suggested that a similar mechanism exists for mammalian tclomeres,
possibly through counting of the telomere-binding proteins TRF1 and TRF2, since overexpression
of both proteins induces gradual shortening of telomeres, probably associated with accumulation

of TREFT and TRF2 molecules at telomeres (Smogorzewska er af. 2000).

it would seem that formation of the T-loop requires the action of both TRF1 and TRF2, linked by
TINZ. TRFI binds to the duplex telomneric DNA and is capable of looping and pairing duplex
DNA in vitro (Blanchi ef al. 1997; Bianchi ¢t «f. 1999). Since TRF2 promotes T-loop formation in
vitro and localises to the junction where the 3’ overhang enters the duplex tract, it seems likely that
TRI2 aids invasion of the strand into the duplex, either through partially unwinding the duplex

telomeric repeat array, or stabilising the displacement loop (Griffith ¢ af. 1999) (Figure 1.2).

Taken together, these findings suggest that TRT'1 and TRF2 at least partly regulate telomere length
through their ability to form T-loops. A the same time, these proteins are intimately involved in
the physical capping of telomeres and the processes which would cause end fo end fusions and
double strand break repair. When the T-loop is formed, the major telomere-clongating processes
in mammalian cells are unable to access thie telomere and elongate it. Alternatively, when TRFI
and TRF2 are not bound in sufficient quantities the T-loop is not formed, and the tclomere
assumes an *open’ configuration. [n this state, the exposure of the 3° G-strand averhang leads to
access by DNA-PK and the MREL| complex, as well as TANK ! and TANK2. In turn this leads to

NHEJ, homologous recombination and end-to-cnd fusions.



1.3.1.5 Telomere lengths in humans and animals

In hwmans, telomeric DNA (excluding the subtclomeric regions) comprises on average between 5
and 15 kb (Moyzis ¢ al. 1988). In comparison, mice telomeres are between 20 and 150 kb in
tength and arc highly pelymorphic between inbred strains (Kipling & Cooke 1990: Starling er o/
1990). This large differcnce between human and murine telomeres initially complicated research
into telomere function, since first generation m7R * knockout mice, which were engineered in
order to study the etfects of telomere shortening, lailed to show any ill-effects associated with
telomere dysfunction (Blasco er ¢f. 1997). Tt was only after four generations of these mice had
been bred that accumulated telomere shortening allowed the appearance of an early-ageing

phenotype, consistent with proposed theorics of relomere function (see below),

in another small rodent, the Chinese hamster, telomere tengths arc also considerably longer than in
humans, at approximately 38 kb, although the telomere length varies between individual
chromosomes (Slijepcevic & Hande 1999). In birds, considerable variation in teJomere length has
been reported, with telomere leagths ranging from 0.5 to 40 kb in length (Delany et /. 2000; Hall
et af. 2004). In addition arrays of telomeric repeats several megabases in length are often found.
In pigs, telomere lengths vary significantly betwcen tissues, as does telomerase activity, but in
general appear to be shorter than mouse telomeres, with most tissues carrying telomeres between
10 and 30 kb in length (Fradiani et «/. 2004), Another large mammal, the cow, seems to possess
telomeres of similar size to those found in humans, ranging between approximately 12 and 20 kb
in length (Mivashita er af. 2002). Along with the cow, perhaps the dog possesses telomeres most
similar in length to human telomeres, ranging between 11 and 23 kb (Nasir ¢z of. 2001; Yazawa ¢t

al. 2001).

132 Telomere Function

Specific functions attributed to telomeres include a roic in cellular ageing, a gene regulatory role
through suppression of gencs in the subtclomeric regions, a role in nuclear organisation {as seen in
their ability to attach to the nuclear matrix) and the prevention of chromosores from illegitimate
recombination and fusion. (Carroll e/ «f. 1999). Ilowever, as shall be discussed below, it is likely
that we do nol yel know all of the functions for which telomeres are responsible. A hrief review of

the major functions of telomeres will be provided here.



1.3.2.1 Telomeres, senescence and crisis

If human dermal fibroblasts are taken and cultured in the laboratory, the result is a cell strain
which continues to divide typicaily to 50 population doublings (Hayftlick 1965; Hayflick &
Moorhead 1961). At the end of this period, the cells enter a viable state known as senescence.
The mechanisms involved in replicative scnescence have been explained through a series of
checkpoints known as the M1/M2 (mortality 1, mortality 2) checkpoints,  Continued cellular
proliferation occurs up to a certain point, at which cell division ceases and cells become arrested in
a GO or Gl-like stage. This is the onset of cellular scnescence, also known as mortality stage |
(M1). At this point, the ‘replicometer’ informs the cell that a certain number of cell divisions have

elapsed, and thus triggers a seneseent phenotype.

Those cells that are able to successfuily avoid the functions of the pS3/p16/Rb tumour suppressor
pathways proteins, either naturally or following transfection with the DNA tumour virus genes
SV40T or IIPVES/7, can continue ta proliferate unti! they reach another checkpoint of growth
arrest known as mortality stage 2 (M2 - also known as crisis) (Wynford-Thomas (999), Crisis
differs from senescence in that growth arrest is due to an inercase in cell death rate vather than a
decrease in cell prolifcration.  Other features of M2 include chromosomal abnormalities,
particularly end-to-end fusions, and widespread apoptosis. M2 is thought to be induced by
critically shorlened telomeres that have fost telomeric repeats to the extent that genomic instability
and cell death ensue. Bypassing M2 can occur rarely as a spontaneous cveant (at a frequency of
around 1 in 107 cell divisions in human fibroblasts), but requires the stabilisation of tclomere
length, the most common method being through the activity of the enzyme telomerase (Sallinen ey

al. 1997; Carroll ef af. 1999)

It is now known that, at least in fibroblasts, the function of the replicometer is served by telomeres.
However, other mechanisms may serve this function in other species or cell types (Wynford-
Thomas 1999). and other potential candidates include changes in gene methylation observed in
senescing cullures and the accumulation of random DNA damage (Holliday 1996; von Zglinicki et
al. 1995). Three important observations all helped suppoit the theory that telomeres are the
replicometer in somatic cells, at least in humans. Firstly, human somatic cells were found to have
shorter telomeres than sperm from the same individuals, suggesting that human telomeres shorten
during development (de tange er af. 1990, Tlastic es ol 1990). Secondly, telomere lengths in
fibroblasts and leukocytes from older individuals are shorter on average when compared with
telomere longths in somatic cells from younger people (Hastie ef af, 1990; Harley ef al. 1990).
Thirdly, telomeres shorten during the passage of fibroblasts in culture (Hastie ef «f. 1990; Harley

et al. 1990). All of these findings taken togethier suggest that telomere-shortening, ageing and



scnescence are inextricably linked, confirming the theory that telomeres [unction as the

replicometer in human cells,

Induction of senescence occurs through a number of pathways. Onc of the most important of these
involves p33 tumour suppressor gene function (Wynford-Thomas 1999). Whilst early studies
using DNA tumour virus gencs that allow fibrablasts (o escape scnescence suggested that loss of
both the p53 and the pRb tumour suppressor genes was required to escape sencscence, more recenl
studies have shown that loss of p53 is sufficient (Bond es af. 1994; Rogan e al. 1995), showing
that p53 forms part of an essential senescence-inducing pathway. The details of the mechanism by
which p53 is uctivated, however, remain to be fully elucidated. Activation of p53 in turn leads o
up-regulation of the cyclin-dependent kinase (CDK) inhibitor p21™", which is involved with
direct inhibition of the cell cycle machinery and senescence, illustrated by the close correlation

between p21 expression and decreasing cell proliferation (Noda er al. 1994; Brown e af. 1997),

The onset of senescence in fibroblasts also corrclates with up-regulation of p16™* another CDK
inhibitor {Alcorta ef al. 1996; Hara ¢f af. 1996). This provides a p53-independent pathway to cell
cycle inhibition. However, both pl6 and p21 converge on pRb, suggesting that the common
endpoint for both pathways is the up-regulation of pRb expression. In [ibroblasts, these two
pathways represent a backup plan in the event of uncontrolted growth, 1f p53 function is lost, for
instance through the expression of the HPVI6FE6 or mp53 genes, but pl16/Rb function retained,
cells escape senescence but undergo growth arrest before reaching the M2 checkpoint (Bond et al.
1999). At this growth checkpoint, cell morphology is indistinguishable from M1, ‘Thus, in
fibroblasts the pl6/Rb pathway provides an alternative means of inducing senescence it p53

function is lost.

Other cell types studicd seem to utilise the p53 and pl6 pathways in the induction of M1,
However, in other cells, the order in which these pathways arc induced varies, For example, when
primary breast cpithelial cells are cultured, a subpopulation arises which is able to undergo 30-40
population doublings before the onset of M1 (Wynford-Thomas 1997). Initial studies showed that
abrogation of p53 alone through the expression of HPVEG in these cells allows further
proliferation up to M2 (Shay er a/. 1993). Although these results apparently suggest that the pl6
pathway is non-functional in these cells, later work revealed that, in fact, the pl6 pathway had
been suppressed prior to the onset of M1, through methylation of the pl6é promater (Foster ef af.
1998; Brenner ef a/. 1998). Therefore, these cells utilise both pathways, but rely mainly on
activation of p53 as a barrier to proliferation, having abrogated p16 early in life. However, the end

result in both examples is the npregulation of pRb and the anset of cellular senescence.



1.3.2.2 Telomeres distinguish chromosome ends from DNA strand
breaks

The identification of telomeres began with the work of Hermann J Muller in 1938 (Muller 1962).
In irradiating Drosopholia with X-rays to produce mutations, Muller noticed that while ends of
fragments produced by radiation could be rejoined with other broken ends to produce
chromasomal rearrangements, the natural ends of chromosomes did not fuse to other fragment
ends (Muller 1962). Therefore, he proposed, a siructure existed at the terminus of the
chromosome which identified the chromosome end and effectively ‘sealed’ it from fusion with
other chiromosomes. This work was then augmented by Barbara McClintock, working with maize
(McClintock 1941).  She engineered the formation of dicentric chromosomes by allowing
rearranged chromosomes to recombine during meiosis. In doing so, she showed that the movement
of the two centromeres to opposite spindle poles during cell division broke the dicentric
chromosonme at a variable location. The ends of these broken chromosomes, which were inherited
by the daughter cells, could fuse with the ends of their broken sister chromatids prior to mitosis,
producing a breakage-fusion-bridge cycle that resulted in cither gene amplification or deletion.
McClintock proposed that telomeres protected normal chromosome ends from this process, further
showing that telomeres are structures that are distinct from DNA breaks and which provide

protection from processes that fuse broken chromosomes.

This theory has been supported by findings in knockout mice deficient in the RNA component of
telomerase. m7TR/ mice, unlike their wild-type counterparts, lack telomerase activity in somatic
tissues. As a result, telomeres shorten in tissues with progressive celf divisions. Although mice
possess considerably larger telomeres than several other vertebrates studied, continued breeding of
mTR/ mice eventually resulls in a phenotype with very short telomeres. [n these late generation
mice, there is a considerable increasc in the number of signal-free ends (telomeres without
detectable telomere repeats when analysed by FISH) and in end-to-end chromosome fusions
(Blasco ¢t al. 1997, Hemann et af/. 2001). Chromosome ends that most frequently lack a FISH
signal preferentially participate in end-to-end fusions, confirming that short or absent telomeres

result in end-to-cnd fusions or non-homologous end joining (NHEJ).

1.3.2.3 Exceptions to the rule: problems with the current theories
concerning telomere function

Whilst there is a considerable body of circumstantial evidence that supports the functions of
telomeres as protecting chromosome ends and providing a mechanism for cell ageing, several

observations do not easily fit this picture and suggest other functions as yet not fully cstablished:



1. Many cukaryotic cell types devote more of their resources to their chromosome ends than
should be required simply to stop the loss of a few nucleotides at each replication. For
examples, human chromosomes have up to 15 kb of telomeric DNA on each chromosome

end — considerably more than should be necessary (o keep ahead of sequence loss.

™

The total amount of telomeric DNA is regulated in species-specific and cell type-specific
ways, suggesting that the length of telomeric DNA is important, possibly for different
reasons in different cell types.

3. Whilst telomeric repeats are very simple sequences, apparently minor changes in these
sequences can have disastrous consequences. For example, the sequence which forms
telomeres in Oxyerichia (G4 T/ChA,), when added to chromosome ends in Tetraftymena,
caused chromosome division failure, despite the similarity of the sequence (G, To/CyAz). If
telomeric sequence was merely a DNA buffer, these two very similar sequences should be
interchangeable.

4. Linear viruses that live in eukaryotic cells and which also have to addiress the end

replication problem, do so in a variety of ways, all of which seem to be simpler than the

chromosomal sclution. Despite this, RNA-dependent replication by lelomerase is used by
most, if not all, animals, plants and single-celled cukaryotes. [t would appear that this

solution offers organisms same advantage that viral sofutions do not.

1.4 ‘Telomerase: structure and function

The end replication problem, its consequences for telomere length and the concept that telomeric
attrition limits cell proliferation all raise an important question: how do immortal organisms,
germline cells of higher organisms and cancer cells maintain the integrity of their telomeres and
therefore avoid senescence? The solution for this problem arose through studies performed on the
Tetrahymena organism by Carol Greider and Elizabeth Blackburn in 1985, who discovered an
enzyme that could synthesise and elongate telomeres (Greider & Blackburn 1985). They called
this cnzyme telomerase, The structure and function of this holoenzyme complex wili be reviewed

here as background for further discussion and for the studies which will follow.

1.4.1 Telomerase structure

The progressive loss of TTAGGG repeats from telomeres can be prevented through the activity of
telomerase, a cellular reverse transcriptase, Telomerase comprises (elomerase reverse
transcriptase (TERT), the main catalytic subunit, and an mRNA template (known as TERC, TRT
or TR} together with a number of assoctated binding proteins, and functions to add TTAGGG

repeats onto pre-existing telomeres.
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14.1.1 Telomerase reverse transcriptase catalytic subunit (TERT)

Following the discovery of the telomerase enzyme in Tetrahymena by Carol Greider in 1985,
several studics cxamined the components that go to make up the holoenzyme. Purification of
telomerase from the ciliate Auplotes aediculatus revealed two proteins of 43 and 122 Kd in size.
p123 was found to be a homologue of the protein Est2, which in Saccharomyces cerevisiae is
essential for telomere maintenance and telomerase activity (Lendvay er af. 1996; Counter ez al.
1997, Lingner er af. 1997). Est2 and pl23 contain six of seven conserved reverse lranscriptase
(RT) motifs, and mutation of amino acids within the conserved RT motifs results in abrogation of
telomerase activity, suggesting that both pl23 and Est2 are proteins that catalysc the RNA-
dependent synthesis of telomeric sequence. In 1997, Harrington ¢ af cloned and sequenced a
human gene encoding a protein they termed TP2 (telomerase-associated protein 2) (Harrington ef
al. 1997}, TP2 was found to share 30% amino acid identity with p123. BLAST searching
revealed that TP2 was similar to several other reverse transcriptascs, and homology with p123 was
highest in the region that contained R'l' motifs similar to other RTs. TP2 was found to localise to
the nucleus of telomerasc-positive 1leLa cells and was associated with telomerase activity {along
with another t¢lomerase-associated protein, TP1). Impoctantly, multation of aspartate residues in a
region highly conserved across all RTs significantly reduced telomerase activity. Thus, TP2

futfilled all the criteria required of the reverse transeriptase catalytic subunit of telomerase.

The same protcin was found by other groups at around the same time, who called their respective
proteins TRTT and hEST2 (Meycrson ef af. 1997; Nakamura et af. 1997). Finally, the protein was
renamed LTERT (human Telomerase Reverse Transcriptase) according to the HUGO

Nomenclature Committee of the Genome Database (Counter e/ af. 1998a).

14.11.1  Organisation of the TERT gene in humans and dogs

The hTERT gene has been characterised by several authors through a combination of ¢cDNA
library screening and genomic walking (Wick ez al. 1999; Cong ef of. 1999). W'I'ERT is most likely
encoded by a single copy genc and is composed of 16 exons and 15 introns. Exons range from 62
to 1354 bp in size, while introns vary in length from 104 to 8616 bp. The TGA translation stop
codon is located within exon 16, together with a 3’-untranslated region. All exon/intron splice
junctions contain GT/AG consensus sequences with the exception of intron 15 (Cong, ef al, 1999).
Na putative polyadenylation signal has been identified either within exon 16 or in the following 3°
flanking rcgion. The canine TERT gene appears to be organised in a similar way to the human

TERT gene (Nasir et a/. 2004),
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14112  Structucc of the TERT protefn in humans and dogs

The TERT protein contains seven RT motifs that are also found in other reverse transcriptases,
designated 1, 2, A, B>, C, D and E. In addition, TERT contains a telomerase-specific motif known
as the T motif (Nakamura, ef o/, 1997), The T motif is located on exon 3, RT motifs | and 2 on
exon 4, RT motif A on exon 9, RT motif B* on exon 10 and RT motifs C and D on exon 11, RT
motif A is thc only motif to be encoded by two exons —exons 5 and 6. These are shown in Figure
1.3 and in Figure 5.1, Chapter 5. I'hc protein in vertebrates varics in size from 1191 to 1346 amino
acids and has a predicted mass of 127 — 155 kDa. In dogs. the TERT molecule is comprised of
1123 amino acids and has a predicted molecular mass of 124 kDa (Nasir e/ o/. 2004). Homology
between the TERT molecules of diffcrent vertebrate species varies significantly, but is more
tightly conserved within these motifs, with up to 75% of amino acids in some motifs conscrved
acioss a range ol species including dog, chicken, Xenopus, human, mouse, rat and hamster TERT
{(Nasir er al. 2004; Delany & Daniels 2004; Nakamura ef af. 1997; Kuramoto e/ af. 2001; Santarius
et al. 1997). In addition, TERT contains several conserved regions both in the N-terminal and C-
terminal regions of the protein that are conserved across several species. These have been termed
regions v-I, v-If, v-Ill and v-[V in the N-terminal region, and v-V, v-V1 and v-VI! in the C-terminal
region (Delany & Daniels 2004; Kuramoto, Ohsumi, Kishimoto, & ishikawa 2001), Between the
v-l and v-lI regions of the TERT protein there exists a flexible linker region which varics
considerably between species in length and amino acid content. Of the species so far examincd,
the chicken TERT possess the longest {lexible Tinker, with 2908 amine acids. compared with 199,
154, 158 and 161 for Xeropus, human, mouse, rat and hamster respectively (Delany & Daniels

2004).

The N-terminal region of TERT is essential for telomerasc activity (Bachand et &/. 2001). Within
this area are three functional regions that have been termed motif GQ, motif CP and motif QFP
(see Figure 1.3) (Xia ef al. 2000). These regions overlap with the v-I — v-1V demains (motif GQ
corresponding to v-1 and motif QFP corresponding 10 v-1¥) which in yeast have been shown to be
essential for viability, with v-III necessary for RNA binding (Friedman & Cech 1999; Xia et al.
2000). Similarly, abolition of amino acids 1-350 of the h"TERT molecule abolishes telomerase
activity, and a 287-residue fragment of the N-terminal region has been shown to bind hTR,
suggesting that this region is also important in vertebrates for binding RNA and allowing
telomerase activity (Bachand & Autexier 2001). [n addition to the motifs mentioned ahove, a
region called the DA'T domain (Dissociates Activities of Telomerase) within the N-terminal region
has been shown to be necessary for i vive telomere elongation. In humans this domain has been
mapped to residues 69-134 aa of "TERT (Armbruster ¢f «f. 2001}, Other funclions ascribed to the
N-terminal region of TERT include telomerase RNP assembly, catalysis and interaction with p23

(Rachand et &/, 2001; Bachand & Autexier 2001; Friedman & Cech 1999).



Figure 1.3: Diagram of conserved motifs in the human and canine TERT proteins. Reproduced from

(Nasir, Gault, Campbell, Veeramalai, Gilbert, McFarlane, Munro, & Argyle 2004)
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The reverse transcriptase and T motifs are important for catalytic function of the TERT subunit.
Motil E is known as the ‘primer grip’ in reverse branscriptases, and mutations to this region affeet
RNA priming (Jacobo-Molina e af. 1993; Powell er al. 1997). It is likely, therefore that the TERT
uses this region o bind the telomere as a DNA template and then catalytically copies the template

sequence of the tightly bound RNA subunil in a repetitive manner (Nakamura et o/, 1997).

The carboxy terminal region of TER'T" is less well characterised than the N-terminal region. Two
important functions ascribed to this region include enzyme processivity and multimerisation with
other TERT molecules (Beattie er of. 2001). The KTERT molecule C-termiinus contains a CRM 1
and a 14-3-3 binding site, both of which appear to regulate nuclear export (Seimiva ef af. 2000).
Banik and colleagues also identified four regions in human TERT downstream of the E motif
which are cssential for in vive function, termed E-I, C-11, E-ll and E-1V (Banik ¢/ o/, 2002). E-I
forms a continuous stretch of sequence with motif E, and E-I1 is reported to bind 14-3-3 protein
(Seimiya ef af. 2000). In addition, deletion of a three amino acid residue DAT domain in the C-
terminus abolishes in vivo function of tclomerase but retains iz vigro activity (Banik e o/, 2002).
Several studies show that in severa! species. the functional telomerase holoenzyme includes a
dimer formed by two TERT molecules, and results are consistent with a model whercby
dimerisation occurs through N- to C- terminal interactions. It appears that the C-terminal
extension and a section of the RT domain are esscntial for multimer formation to occur, but the
region of the N-terminus involved in these interactions remains to be clucidated (Beattie ef al.
2001). Other functions conveyed by the C-terminus include competence for telomere recruitment,
nucleolar localisation, primer binding and processive elongation (Banik ¢f /. 2002; Counter et /.

1998h; Peng er af. 2001).

The tertiary structure of the TERT molecule is similar to that of other reverse transcriptases, and
has been compared to heing similar to a human right hand, with a ‘thumb’, ‘palm’ {(composed of
motils A, B’, C D and E) and *fingers’ (composed of motifs I and 2 - Figure 1.4) (Nakamura et al.
1997).
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Figure 1.4: Conserved tertiary structure of reverse transcriptase enzymes showing ‘thumb’, ‘palm’

and ‘finger’ regions. Reproduced with permission from (Nakamura, Morin, Chapman, Weinrich,

Andrews, Lingner, Harley, & Cech 1997).

L NG .8 J
b 3 LS Y

Thumb Palm Fingers



Overall these results produce a picture of an enzyme which evolved [rom reverse transcriptases in
an ancestor of present day eukaryoles. The reverse transcriptase domains have been conserved,
together with a telomerase-specific T motif, across phylogenetically diverse species. The N- and
C- terminal regions, however, have been less well conserved. Despite this, and unlike other
reverse transcriptases, TERT relies on the N- and C-terminal regions for catalytic uctivity in
addition to the conserved R'I' motifs, The N- and C- terminal regions are also required for a
number of other important functions, including binding of the tetomerase RNA component,
binding telomerase-associated proteins, forming multimers and localising the enzyme within the

nucleus,

1.4.1.2 Telomerase RNA (TR)

The RNA subunit of telomerase was the first component of the telomerase enzyme to be cloned, by
Carol Greider and Elizabeth Blackburn in 1989 (Greider & Blackburn 1989). Its size and
sequence varies dramatically amongst mammals, ranging from 382 to 559 nucleotides in length
(Chen ez al. 2000). Yeast and ciliate RNA size and sequence also vary in length, from 148 to 209
nuecleotides in length in the case of ciliates, and up to approximately 1300 nucleotides in length in
yeast (Singer & Gottschiing 1994; Chen & Greider 2003). Whilst the RNA sequence shows some
variation, the secondary structure of the RNA component seems to be conserved across specics.
Indeed, this conservation cxtends fo the point where the telomerase RNA of several ciliates is
functionally interchangeable in vivo  (Bhattacharyya & Blackburn 1997).  Phylogenetic
comparison and mutational analysis of vertebrate telomerase RNAs suggests that the secondary

structure has also been highly conserved acrass vertebrate species (Chen et af, 2000).

Sequence analysis of the telomerase RNA gene from bivds, mammals, reptiles and amphibians has
revealed a highly conserved core structure with ten conserved helical regions formed by nucleotide
pairing that are present in all the vertcbrate RNAs so far examined (Chen et al. 2000). These ten
helices constitute four distinet structural domains: the ‘pseudoknol’ fragment, located at the 57 end
of the molecule, the CR4-CRS5 fragment, the BoxH/ACA domain and the CR7 dotmain (see Figure
1.5) (Chen et al. 2000). The exact location of these domains within the molecule varies slightly
between species. For example, in humans the pscudoknot fragment extends from nucleotides 44 -

184, whilst in the mouse the fragment starts at nucleotide | and extends through to nucleotide 145.
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Figure 1.5: Minimum consensus Vertebrate Telomerase RNA. Reproduced with permission from
(Chen, Blasco, & Greider 2000). Regions denoted by P represent helical regions formed by base
pairing. Regions denoted by J represent junctions between helices. Numbers 5 and 3 in black circles
represent the 5” and 3’ ends of the molecule respectively. Note that not all species possess the P1

paired region. These include mouse, rat and hamster.
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‘I'he pseudoknot region contains the RNA template located at its 5° end (extending from nucleotide
44 in humans and nucleotide | in mice) that binds the telomere and scrves as a primer for further
elongation (Figure 1.5). This potential template region varics across vertebrale species from 8-11
nucleotides in length., LCight of these nucleotides are absolutcly conserved across all of the
vertebrate species so far examined, including sharks, amphibians and mammals (Figure 1.6) (Chen
et al. 2000). Wilhin rhis region, the first six nucleotides (5*-CUAACC-3") serve as the actual
template for DNA polymerisation, while the last two nucleotides (5°-CU-3") are required for
primer alignment during translocation of the telomerase complex. The Tour bases extending in the
3" dirvection from this region are canserved to varying degrees across species. Importantly, when
these nuclectides arc complementary to telomere sequence, they cumulatively enhance the
processivity of the telomerase holoenzyme (the number of nucleotides synthesised hefore the
enzyme dissociates)(Greider 1991, Hammond & Cech 1997). The observation that humans have a
significantly more processive enzyme when compared with the mouse is therefore explained by the
fact that human telomerase posscsses a TR molecule with 11 nucleotides complementary to the
telomere as opposed to the mouse TR molecule with only 8 complementary nucleotides (Prowse ef
al. 1993, Greider 1991). In acddition, reconstituting mouse telomerase by adding the human
pseudoknot fragment to the mouse TERT protein results in an enzyme with significantly greater

processivity than the original murine telomerase holoenzyme {Chen & Greider 2003).
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Figure 1.6: Sequence conservation in the template region of the pseudoknot domain of vertebrate
telomerase RNA. The sequence alignment and adjacent region of 35 vertebrate telomerase RNAs is
shown. Nucleotides conserved in all species are shown in black. Nucleotides that are moderately

conserved are shown in grey. Reproduced with permission from (Chen & Greider 2003)
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Within the pseudoknot fragment, several secondary and tertiary structures that have also been
conserved across species. Pl, P2 and P3 are the three first three paired (P) helices, with P2 and P3
forming the stem and loop of the pseudoknot respectively (Figure 1.5). Mutations of nucleotides
in the single-stranded regions flanking the P2a-1 helix or ncar the P3 loop in human TR produce an
enzyme that is significantly less functional thay wild-type telomerase, suggesting that these arcas
are important for a functional holoenzyme (Chen & Greider 2003). The P3 loop of the RNA
molecule allows for individual RNA molecules to form a dimer under physiologica! conditions
through a reaction that requires interstrand complementarity at this location (Figure 1.5) (Ly et of.
2003). Ly and colleagues suggested that this dimerisation is required for enzymatic function of the
telomerase molecule without interfering with binding of TR to TER'I, since mutations in this area
vesult in a monomeric molccule that is stiil able to coimmunoprecipitate with Flag-epitope-tapged
TERT but which is catalytically inactive (Ly et al. 2003). However, recently Thelmer and
colleagues have suggested that mutations within the P3 helix cause telomerase defects by aftering
or disrupting the ability of TR to forin a pseudoknot, regardless of whether the pseudoknat is

formed by onc (monomer) or two (dimer) molecules (Theimer ef al. 2005).

The CR4-CRS5 fragment contains a high affinity site for contact with TERT thart is essential for
catalytic function (Bachand et a/. 2001). The pseudoknot and CR4-CRS fragments can bind
independently to TER'T and the presence of both is required to reconstitute telomerase activity in

vitro and in vivo (Chen et al. 2002).

1.4.1.3 Telomerase-associated proteins

Whilst the structure of TR and TERT have been remarkably conserved across a range of
phylogenetically diverse species, the proteins associated with them have not. As ycl there exists
no conserved set of protcins universally associated with telomerase in all organisms (Nugent &
Lundblad 1998). The telomerase holoenzyme complex varies between different organisms and
under different developmental stages, ranging from 230 to greater than 5000kDa in size (Wenz ¢f

al. 2001: Harrington 2003).

In mammals, the protein TEPI has been cloned as a lelomerase RNA-binding protein associated
with telomerase activity in cell extracts (Nakayama et af. 1997). This was found to be a
mammalian homolog of p80, a protein of 80 kDa first discovered in Tefrahymena following its co-
purification with telomerase activity (Collins er &. 1995). "UEPI interacts with TERT through the
RT domain, but it is not known whether this interaction is direct or indirect {Beattie ez al. 2000).
TEPT also binds an RNA component, vRNA, which is present within the cytoplasmic vault

complex {Kickhoefer e/ af. 1999). Loss of TEPI in tclomerase-positive cells leads to greatly



reduced vRNA levels, together with a loss of TEP! and vRNA from vault caps, but does not affect
either telomerase activity or telomere length (Kickhoefer ez o/, 2001). Thus, TEP1, whilst binding

other RNA species, does not appear to be essential for telomerase function.

The mammalian protein La has also been found to associate with telomerase activity (Ford e7 af.
2001). Lais a protein important for RNA Polymerase Tl transcript maturation (Aigner ef al. 2000),
and a homolog, p43, has also been identified that co-purifies with telomerase activity in the ciliate
Luplotes aediculatus (Lingner & Ceeh 1996).  Although telomerase RNA is a product of RNA
Polymerase i, the overexpression of La leads (o gradual telomere shortening in human cells.
Other proteins associated with telomerase RNA include proteins that bind the H-ACA motif
(including dyskerin, GAR], NHP2 and Nopl0 - scc 1.4.1.4; Assembling the telomerase
holoenzyme), the hnRNP proteins |, Ci1/C2 and D (Ford er ¢, 2002), mammalian Staufen (Stau)
and 1.22 (Le et al. 2000). Recently, the product of the survival motor neuron gene (SMN), a
protein implicated in RNP biogenesis, has also been identified as a human telomerase associated

protein {Bachand er al. 2002).

Proteins known to inferact either directly or indircctly with TERT include 14-3-3, p23, poo0,
phosphatase 2A, Akt, ¢Tbl, p53, PARP and PinX1 (Kharbanda es ¢f. 2000; Cao et @/, 2002; Kang
et al. 1999; Li er al. 1997). The 14-3-3 proteins arc involved in signalling pathways and as
molecular chaperones, and consistent with this a mutant version of 14-3-3 which is still able o
bind TERT results in a holoenzymne restricted to the cell cytoplasim and which is unable to
transtocate to the nucleus (Seimiya es af. 2000). The p23 and p90 proteins are foldasomes that
stably associate with hTERT and which may promote maintenance of an active conformation of
the telomerase RNP (Holt et a/. 1999). Phosphatase 24, Akt, cAbl, p53 and PARP have all been
implicated in the post-transiational modification and regulation of TERT and telomerase activity
(Li er al. 1999; Zhou & Lu 2001). Finally PinX1 is a nucleolar protein which inhibits telomerase
activity by competitively binding TERT at a domain which overlaps with the RNA-binding domain
{(Zhou & Lu 2001). As a result, PinX1 may act as a tumour suppressor by sequestering TERT in a
non-active state within the nucleolus {Blackburn 2005}, The roles of all these proteins as so far

described are summarised in Table t.3.
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Table 1.3: Proteins associated with telomerase activity in mammalian species

Protein

Role in telomerase function

Other rolcs?

TEP]

Stau
La

L22

Dyskerin/GARI1/NHP2/ Nop10
p23/pY0

hRNPs (AL, C1/C2, D)

SMN

Phosphatase 2ZA, Akt. cAbl.,

P33, PARP
PinX14

Association with but not
required for tclomerase activity
Binds TR

Associated with telomerase
activity

Binds TR

Bind TR

Bind N-teriminus of TERT
Associated with tclomerase
activity; affect telomere length
Associated with telomerase
activiry

Post-transtational modification

inhibition of telomerase activity

Vault RNA (vRNA) stability

Nucleocytoplasniic bransport

{involved with TR transcription?

Ribosame component
Tclomerase RNP processing
Foldasomes/chaperones

RNP assembly/RNA splicing
NP synthesis

Regulation of TERT and
telomerase activity
Competitive binding to RNA-
binding motif of TERT
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1.4.1.4 Assembling the telomerase holoenzyme

The mammalian telomerase holoenzyme is a multimeric complex of 1000 kDa or more, whosc
composition is not fully known (Nakamura er al. 1997). tlowever, after weakly interacting
proteins arc removed from the complex by salt-stripping, the smallest telomerase complex that
retains enzymatic activity in humans has a mass of approsimately 600 kDa. This is consistent with
a molecule containing two copies each of TR and TERT (Wenz ef /. 2001). This multimerisation
has been confirmed i vivo in yeast and humans (Prescott & Blackburn 1997, Ly e af. 2003; Wenz.
et al. 2001) and involves the pscudoknot domain of the TR molecule and 1he N-terminal region of
TERT (Moriarty e af. 2002; Ly er af. 2003). Formation of a dimer appears to be important for
telomerase activily to occur, but it is possible that the three-dimensional structure of the resultant
enzyme is responsible for function, rather than the number of molecules involved (Theimer e af.

2005).

The RNA component of all vertebrates and of yeasts is produced by RNA polymerase 11 (Chen ef
al. 2000). The accumulation of most cellular non-coding RNA. requires active processing of a
primary transcript, including events such as precursor cleavage, base and sugar modifications and
dirceted assembly of proteins that protect the RNA from nucleasc digestion (Collins & Milchell
2002). In the first part of this process, RNA polymerase II transcription of telomerase RNA
beyond the mature RNA 3” ¢nd creates a precursor that must be then cleaved to generate a final
product. Whilst creation of the mature product is critical in the formation of functional telomerase
RNA in all species, it is accomnplished by different organisms in different ways. For example, in
budding veast, thc RNA precursor is polyadenylated before being processed in association with
S proteins {Chapon ef al, 1997; Scto ef of. 1999). Whilst these details are not known in humans,
no evidence for a polyadenylated precursor RNA molecule has been found, suggesting that

transcription termination without adenvlation may occur (Collins & Mitchell 2002).

Once the mature version of telomerase RNA has been synthesised, it accumulates within the
nucleus of telomerase-positive cells together with TERT. In humans localisation has been shown
to occur within intranuclear structures iknown as Cajal bodies (Zhu et /. 2004), with a small
fraction {approximately 7%) found in nuclecli. In humans and in mice TERT aiso accurmnulates in
the nucleus, in a punctate or speckied pattern {Martin-Rivera er ¢/, 1998; Harringion et al. 1997).
In Xernopus oocytes, telomerase has also been shown to accumulate in Cajal badies, and within the
nucleolus (Lukowiak er al. 2001; Narayanan ¢z af. 1999). Localisation requires the H/ACA RNA
motif composed of primary and secondary structure elements in an overall haispin-tlinge-hairpin-

ACA configuration located towards the 3’ end of the RNA molecule (Tigure 1.5) (Mitchell &

2

(98]



Collins 2000). Alterations to the stem and loop structures within the H/ACA domain either
prevent telomerase RNA from accumuiating. or prevent correct folding of the molecule, resulting
in & molecule that is able to accumulate but which does not convey telomerase activity (Mitchell
& Collins 2000). The H/ACA motif associates with four proteins, in humans known as dyskerin
(homologue of Chf3p in yeast), NHP2, NOPI0 and GAR1 (Collins & Mitchell 2002). Altcration
to at least one of these proteins, dyskerin, also results in dysfunctionat telomerase, due to a
decrease in the rate of accumulation and processing of telomerase RNA, through interaction at the
H/ACA motif. This demonstrates that several associated protcins are required for synthesis of TR
within a stable ribonucieoprotein (RNP) complex. The telomerase enzyme aceumulates within the
nuclcus, and is at least partially distributed o the nucleolus, consistent with the finding that most

other H/ACA mutif RNA species also localise to the nucleolus (Mitchell & Collins 2000),

The synthesis and characterisation of TERT is less well known. Once TERT has been synthesised,
it appears that it associates with TR that has been assembled into a stable RNP, and that binding
occurs via the pseudoknot and CRA/CRS domains of TR (see Figure 1.5). Although the exact
binding sites have not been defined, one hypothesis that fits the accumulated data is that binding
occurs at several core domain clements (including the pscudoknot and CR4/5 domains} but that
each individual interaction is weak, This would then allow [or temporary association and
disassociation of the two molecules required for the translocation involved in telomere synthesis

(Theumer ef af. 2005).

In cells that possess telomerase activity but which have not been transtormed, the TERT subunit
has been shown to localise to the nucleotus (Wong er ol 2002). ‘[clomerase is then released to the
nucleoplasm at the expected time of telomere elongation. By contrast, in tumour cells and cells
transtformed by SV40, telomerase scems to be mainly excluded from the nucleolus und remains
largely confined to the remainder of the nucleoplasm. However, DNA damage due to ionising

radiation is sufficient to induce reassociation of telomerase with the nucleolus {(Wong er af. 2002).

1.4.2 Telomerase function

Telomerase activity is not present in sufficient quantities to prevent telomere shortening in most
normal adult somatic cells. However, telomerase activity is present in adult germ cells and a sub-
population of adult stem cells. in addition, telomerase activity is present in a high proportion of all
human cancers. A more detailed review of telomerase activity in relation to cancer will be
provided in Chapter 3. However, a broad review of the other functions of telomerase will be

provided here,



1.4.2.1 Telomerase activity

14.2.11 Telomerase activity is reconstituted by TR and TERT'

Althaugh several telomerasc-associated proteins have been identified in various organisms, it has
been shown in humans that in fact the minimal components required to restore telomerasc activity
are TR and TERT. Weinrich et af showed that the in vitro transeription and translation of hTERT,
when either mixed or co-synthesised with hTR, conveyed the enzymatic properties of native
telomerase (Weiarich ef a/. 1997). Enzymatic activity could be restored irrespective of whether
the hTERT was synthesised in conjunction with or separate to hTR. In addition, mutations to the
hTERT scquence abrogated this activity, confirming that h'TERT is the reverse catalytic subunit of
the holoenzyme. This important work was the first step in later rescarch examining the importance

of TER'T" as the major determinant of telomerase activity,

14.2.12 The reverse transcriptase catalytic subunit is the rate-limitng factor in tclomerase
actvity

Although TR and TERT are minimally required to generate telomerase activity i vitrn, several
findings suggest that in fact the presence of TERT is the primme determinant of telomerase activity
in vivo. Work by Counter et a/ showed that ectopic expression ol WTERT in tefomerasc-negative
human fibroblasts is sufficient to restore telomerase activity to levels comparable with immortal
telomerase-positive cells (Counter ¢f af. 1998a). Two ather findings support this idea. Firstly, TR
has been shown to be widely expressed in telomerase-negative somatic tissues (Feng ef af. 1995).
Secondly, hTERT mRNA can be found in telomerase-positive tissues, cancer cell lines and
tumours, but not in cetls or tissues known 10 lack enzymatic activity (Kilian e o/, 1997; Meyerson
et al. 1997, Nakamura et «f. 1997). ‘l'ogether these findings suggest that hTERT is the primary

determinant of telomerase activity in telomerase-positive cells.

14.21.3 Telomerase activity during development

In humans, telomerase aclivity is detectable at the blastocyst stage but is lost from almost all
cembryonic tissues by 20 wecks of gestation. As well as being present at high levels in the
blastocyst, telomerase is scen in essentially all kuman tissues tested during the first trimester, As
gestation proceeds, telomerase activity continues in a subset of etal somatic tissues (liver, kidney,
intestine, lung, skin, muscle and adrenal glands) but is no longer detectable in brain or bone
extracts after 16 weeks of gestation, despite ongoing cell division in those tissues (Wright er al.

1996),

35



The mechanism or mechanisms by which telomerase is switched off during development is
umknown,  However. regulation would appear, at least in some tissues, to involve alternative
splicing of WI'ERT mRNA (Forsyth er a/. 2002). Using h'TR levels as a surrogate marker for
telomerase activity during development, some researchers suggested telomerase activily was
present in tissues up to and beyond week 21 of gestation (Yashima e o/, 1998). However, a
second study revealed that while fetal heart, liver and kidney tissues displayed the presence of h'TR
at all gestational ages tested (from 8-21 weeks), telomerase activity disappeared from heart after 13
weeks, and from kidney after 17 weeks. ln heart tissue, h"TERT mRNA was no longer detectable
after 13 weeks of gestation, but from the 17" week, the transcript was present in kidney as an

inactive alternative splice variant (Ulaner ef a/. 1998).

14.2.14 Telomerase activity in siem cclls

In multicellular organisms, the requirement for telomerase to maintain telomere length depends on
specics, celt type and stage of development. This may in part be due to the considerably longer
tclomeres found in multiceliular as compared to unicellular organisms, where telomeres are
measured iu kilobases rather than hundreds ol bases respectively. In the majority of animals, this
large reserve could be expected to cope with the shortening associated with the limited number of
cell divisions required by somatic cells. It would be reasonable to assume, then, that within a
multi-cellular organism, those cells with a capacity for self-renewal might parallel the situation
found in single-celled organisins which are by their very nature also self-renewing. In particular,
this situation might apply to stem cells, which arc required to undergo a much greater number of
divisions over the lifetime of the individual. In fact, this is partly trne. In humans and mice, at
least, many stem cells with the ability to generate cells of several lineages do posscss telomerase
activity. However, telomerase activity is absent from some cell types, including mesenchymal and
stromal cells derived from human bone marrow (which differentiate to form skcletal tissucs) and
(romn hacmopoietic stem cells derived from umbilical cord blood (Greenwood & Lansdorp 2003:
Banfl et a/. 2002; Gronthos er al. 2003: Parsch et af. 2004; Zimmermann ez af. 2003; Samper ef al.
2002; Allsopp er af. 2003), As expected, telomeres in many of these cells progressively shorten
with time, althougl: this has not been proven in all. Stem cells and progenitor cells in humans that
do possess telomerase activity include neuronal stem cells, haematopoictic stem cells and

embryonic stem cells (Ilarrington 2004).

In addition to these cells, low levels of (elomerase activity have been detected in other stem and
stem-like cell populations in adult humans. This lower level of activity is apparently sufficient to
slow, but nol prevent, telomere shorlening, since the progeny of these cells exhibit telomere
shortening as a function of ageing. Examples of these cells include basal keratinocytes in skin,

erypt cells in the intestines, basal cells of the wachea and bronchi, kidney collecting ducts and

36



urothelivm, glandular prostate tissue, germinal centres and parafollicular areas of' lymphioid tissue,
and squamous epithelial basal cells and hair follicle bulbs (Forsyth es of. 2002). It is possibie that
some stem cell types do not necd to maintain telomere fength simply because limited telomere
attrition can be tolerated in those stem cells only undergoing a smafl number of population
doublings during the lifetime of the organism. The progeny of these cells, however, may represent
rapidly dividing progenitor cells. and thus it may be that a more important factor is the activation
of telomerase activity in thesc stem cell successors (Harrington 2004), Examples of this have heen

demonstrated in blood and skin (Hiyvama er e, 1995; Weng et al. 1996; Bickenbach er a/. 1998).

1.4.2.2 Telomere elongation by telomerasc

The principal effects of telomerase relate o the ability of the enzyme to add nucleotide repeats to
the end of telomeres. Telomere elongation can be divided into three steps: hinding, efongation
and translocation. These are shown pictorially in Figure 1.7, [n the first step, the telomerase
holoenzyme binds to the telomere through alignment of the telomerase RNA template region with
TTAGGG repeats. During the second step, the TERT subunit functions to extend the telomere by
adding nucleotides 1o the end of the tetomere vsing the TR template as a guide. [n the third siop,
the holoenzyme dissociates from the telomere, translocates o the end of the telomeric sequence,

and re-binds the telomere via the RNA template, ready for another round of elongation.
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Figure 1.7: Schematic representation of the steps involved in telomerase elongation of telomeres
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Before the telomerase is able to extend shortened telomeres, the holoenzyme must find and extend
a chromosome 3” end. The extent to which telomerase interacts with the telomera by direct
binding to single-stranded DNA rather than thvough protein-protein interactions is unclear, For
most of the cell cycle, telomeres are packaged inio the chromalin structure responsible for end
protection {Collins & Mitchell 2002). The T-loop formed by the folding back of the 3” overhang
back inta the duplex repeat region of the same chromosome scems likely 1o restrict elongation of
the telomere in this state. During the S phase of the cell cycle there would appear to be an interval
when T-loops are disassembled by the DNA replication machincry, allowing access to telomeric
DNA by tclomerase (Ray ef af. 2002). In addition, POT! may mediate binding of telomerasc to
the telomere during the S phase by stabilising telomeres in the ‘open’ configuration (Baumann ez
af. 2002). However, the relative scarcity of telomerase would suggest that active recruitment is
also required (Collins & Mitchell 2002). Proteins that could possibly be invelved in this role in
martmals include the hnRNP proteins Al and C (Collins & Mitchell 2002). Recombinant hnRNP
Al can simultancously bind TR and a telomeric DNA substrate, and overexpression of inRNP Al
in a hnRNP Al-deficient mouse strain results in telomere elongation (Fisct & Chabot 2001).
Similarly, recombinant hTR can also interact with haRNP C, and antibodies against hinRNP C
immunopurify endogencus telomerase but not telomerase assembled from C-terminally epitope-

tagged TERT in vitro (Ford et al. 2000).

Following recruitiment of telomerase to the telomere, one mode of substrate recognition involves
hybridization of the telomerase RNA to the substrate, telomeric DNA (Lingner & Cech 1996).
This does not seem to require absclute complementarity at the 3° end of the RNA template,
depending on the organism involved. Substrate rccognition also involves an ‘anchor site’, found
within the TERT subunit. G-rich DNA at the 5° end of the oligonucleotide is recognised distal to

the catalytlic cenlre, at this anchor point (Hammond et a/. 1997).

Following substrate rccognition, telomerase RNA then directs the next nucleotide to be added to
the lelomeric DNA substrate, depending on its alignment with the telomere. In adding nucleotides,
the affinity of TERT to different nucleotides varies, with highest atfinity for dGTP, although other
dNTPs, rGTP and ddN'TP can all be incorporated by most telomerases (Collins & Greider 1995),
Interestingly, as well as being required for telomere synthesis, dGTP appears to affect TERT
activity, since the concentration of dGTP influences the ability of telomerase to processively
elongate DNA substrates (Bryan et @/, 2000). In addition, ¢longation may involve a dGTP binding
site separate from the dNTP binding site urilised during polymerisation (Hammond & Cech 1997).
During the elongation step, telomerase RNA does not form base pairs with all nucleotides in the
template, and RNA-DNA bonds break at the distal end of the template at the same time as new

bonds are formed at the proximal end (Hammond & Cech 1998).
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1.4.2.3 Telomerase is involved in bypassing senescence

Given the ability of tclomerase to extend telomeres, it would be reasonable to expect that
cxpressing telomerase in normal cells cxtends lifespan past the point at which replicative
senescence or crisis would be expected to occur. Several researchers have confirmed this
hypothesis. Condon er of showed that expression of WTERT in human myometrial cells led to a
cell line capable of division continuously in culture, yet which retained almost all the phenotypic
characteristics of normal smooth muscle cells in vitro (Condon ef al. 2002). Jiang et af showed
similar findings in fibrobiasts, and Bodnar ef af confirmed this in retinal pigment epithelial (RPE)
cells (Jiang ef al. 1999; Bodnar ¢/ «f. 1998). Importantly, telomerase increases the proliferative
capacity of cells, but is not in itself an oncogene, as the immortalisation process is not associated
with the development of a malignant phenotype (such as the ability to grow in low-serum

conditions or in soft agar) (Hang er «/. 1999, Morales ef ol 1999).

These initial findings suggested that the prosence of telomerase activity alone is all that is required
for the immortalisation of cells. However, when some groups attempted to immortalise other cell
lines, they found that telomerase on its own was not sufficient. Human foreskin keratinocytcs
(HFKs}, human mammary epithelial cells (HMECs) and human adenoidal epithelial cells (HAKs)
all required the additional abrogation of the Retinoblastoma (Rb) pathway, either through
expression of human papilloma virus E7 protein, or inhibition of p16™** (Kiyono er af. 1998;
Farwell er al. 2000). The 11K and HAK cell lines examined in more detail by Farwell e af all
possessed hypermethylated Rb, either following methylation of the pi16™" promoter, large scale
deletion of chromesame 9p {the location of the p1G6™** gene), or with complete down-regulation
of pld™F (Farwell er al. 2000). Thus, the processes involved in immortalisation would appear to
vary hetween cell types, although tclomerase activity seems to he an essential requirement for

those cell lines with telomerase-dependent telomere-elongating mechanisis,

it is not always the case that such findings in vitro are paralleled in vivo. IHowever, confirmation
that recanstitution of telomerase activity in lelomerase-deficient mice results in preferential
clongation of short telomeres, preventing senescence and end-to-end fusions was provided by
Hemann and calleagues in 2001 (Hemann ¢f af. 2001). This finding added further weight to the
theory thal telomerase is involved in immeortalisation and that this holds true in several mammalian
species. Interestingly, restitution of telomerase activity in mTERT-/- mice (lacking telomerase
aclivity) does not necessarily restore telomere fength to the original, wild-type state but maintains
telomeres at a level which is sufficient to escape senescence but shorter than that of normal cells
(Blasco 2002). This occurs in several cancer cell lines as well which possess high levels of

telomerase activity but generally short telomeres (Hastie e/ a/. 1990; de Lange ef /. 1990).
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The elongation of short telomeres by telomerase is required to allow immortal growth of cells with
short telomeres. Telomerase is oflen activated at early stages of tumour progression in human
cancers, probably reflecting the proliferative or differentiation status of the tumour. This
activation may be the rosult of transcriptional or post-transcriptional activation by vartous
oncogenic alterations, Fowever, the implications for tumour development of early telomerase

activation are not known (Blasco 2002).

1.4.2.4 Teclomerase activity allows cells to cscape from crisis

Cells which have undergone transformation such that they are able bypass replicative senescence
are not, in themselves, immortal. Halvorsen er af showed that human pancreatic cell lines
transtormed with SV40 large T antigen preliferate beyond M1 but then show slowed growth,
altered cell morphology, chromosomal instability aud high rates of cell death associated with
crisis. However, adding hTERT to these cclls allows them to continue proliferating indefinitely
(Ilalvorsen ef af. 1999). Counter ef af reported very similar Findings in human embryonic kidney
(HEK) cells, with telomere length maintained at approximately 9Kb, and Davies ef o/ with hunan
ovarian surface epithelial cells (Counter er af. 2003, Davies er ol 2003). Thus, whilst expression
of oncogenes in many cell lines allows the first mortality checkpoint to be overcome,

immortalisation of these cells and bypassing crisis requires telomerase activity.

Whilst the {indings of Counter ¢r of suggested that telomere length maintenance was vital for the
avoidance of crisis, the findings of Zhu er af appeared, initially at least. to contradict this. They
showed that following immortalisation with SY40 and hTERT, human fibroblasts contained
telomeres that continued o shorten for a further 50 population doublings before stabilising at
approximately 5-6 Kb in length (Zhu ef «/. 1999). These cells bypassed the erisis undergone by
control cells which showed large numbers of dicentric and abnormal chromosomes associated with
M2. Initially these findings were suggested to be due to a physical role played by telomerase in
capping the ends of short tclomeres, such that telomerase activity, in addition to immortalising
cells, allowed the resetting of the minimal critical telomere length compatible with continved cell
division (Zhu ¢t al. 1999). Previously. Counter ¢/ of had shown that modification of hTERT (o
include an influenza virus haemagglutininn (HA) cpitope tag at the carboxyl terminus produces a
mutant form of TERT that conveys soluble telomerase activity but does not prevent tclomere
shortening (Counter ef af. 1998b). Cells containing this construct, despile being telomerase
positive, continue to undergo telomere shortening and enter crisis when telomere length reaches
approximately 4 Kb suggesting that physical interaction between hTERT and telomeres via the

carboxy-terminal end of the reverse transcriptase subunit is important for telomere elongation to
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oceur, This would be consistent with the proposed role for telomerase in capping the end of short

telomeres suggested by Zhu ef ¢f. 1999,

However, Oucllette ¢f af proposed an alternative theory for this finding. They found that when
pre-senescent Bl foreskin fibroblasts that had been immortalised with hTERT were then
transfected with a plasmid expressing an inactive hTCRT mutant, a further 20 population
doublings clapsed with associated shortening of telomeres before the onsct of senescence
(Ouellette er af. 2000). Since this mutant varied in scquence from wild type hTERT by only a
single amino acid, it is unlikely that the proposed role for capping short telomeres would be lost —
only that tclomere length maintenance wonld have ceased in these cells. if the capping of short
telomeres by hTERT was important for division to continue at these critically short lengths, it was
suggested, then replacement of catalytically active hTERT at telomere ends with the catalytically-
inactive mutant should have resulted in complete cessation of cell division. Thus, these
researchers reasoned that rather than telomerase playing a physical role in capping critically-short
telomeres, lactors that recruit telomerase to the shortest telomeres must be involved. It must be
rememhered, though, that the work of Ouellette er @/ was performed in cells that were bypassing
the M checkpoint rather than the M2 checkpoint, and that it is pessible different roles for

telomerase may be playce at different checkpoints.

1.4.2.5 Telomerase and cell proliferation

The ability of cells to bypass senescence and crisis, and thereby become immortal, is an important
step in the development of a cancerous phenotype. However, whilst substantial evidence has
accumulated from tissue culture systerns to suggest that telomerase is able to immortalise cells,
evidence from mice suggests that telomerase may play other reles in the development ol tumours.
mTR/ knockout mice lack the telomerase RNA component and are consequently unable to
synthesise telomerase. Gonzalez-suarez and colleagues enginecred m1'R/ mice that constitutively
expressed the catalytic subunit of telomerase specifically in basal keratinocytes in the skin, These
mice were found to be viable and showed histologically normal epithelium. However, when the
carcinogenic phenol esters DMBA and TPA were applied to theiv skin, these mice displayed
significantly more papillomas compared with wild type mice. In addition, these mice showed
greater mortality as a result of the development of other tumours not seen in wild type littermates
(Gonzalez-Suarez ¢ af. 2001). la addition, the skin surrounding these papillomas displayed a
marked hyperplasia not seen in wild-type littermates, suggesting an increased proliferative
response to treatment with mitogens. Whilst the increased skin proliferation in response {o
mitogenic stimulation resulted in tumours, a more positive finding was that wound healing

following the creation of civeular lesions wus significantly faster in these inice than in wild-lype



littermates. All of these findings suggest that telomerase, when cxpressed constitutively i vivo,

conveys a proliferative advantage (o cells,

1.4.2.6 Telomerasc and oncogenesis

The ability of telomerase to rescue shortened telomeres raises an intriguing paradox. It could be
that the genetic instability induced by tclomere shortening is an important part of tumorigenesis,
allowing the genetic mutations to arise that bypass mechanisms that would normally prevent a cel
becoming malignant. Thus, telomerase, it could be argued, prevents the genetic instability
required for cells to develop a cancerous phenotype. However, the presence of telomerase, in
atlowing cells to bypass the normal checkpoints of replicative senescence and crisis, provides for
unlimited potential to divide, a hallmark of all malignant tumours. Depending on which angle one

takes, telomerase could be seen to be both a tumour suppressor and a tumour promoter,

Support for the theory that telomere shortening contributes to genetic instability cames from the
TR/ telomerase knockout mouse. In these mice there is a 4-6-fold increase in spontaneous
tumours in late gencrations with short telomeres, and the age of twmour onset is younger than in
wild-typc mice (Rudolph et a/. 1999). Tumours arise particularly from highly proliferative tissues,
and therefore those tissues that have the shortest telomeres, Importantly, m7R/ tumours have a 3-
18-fold increase in chromosome fusions and a twofold increase in ancuploidy compared to
tumours of m7R'/" mice (Rudolph ef al. 1999). Thus, the absence of telomerase activity allows
wlomere shortening and consequently an increase in genetic instability which promotes tumour

formation, consistent with the telomerase as tumour suppressor theory.

Support for the theory that telomere shortening inhibits tumour formation is harder to come by. In
primary human cell culture systems, the model of replicative senescence induced by telomere
shortening following continued cell division is well established (Harley er «f/. 1990). That
bypassing senescence leads to crisis and death of the majority of cells in culture has also been well
established, suggesting that telomere shortening in culture systems provides a barrier to tumour
growth. Consistent with this is the finding that telomeres arc shorter in human tumour cells
compared to surrounding normal tissue {dc Lange ef al. 1990). Howecver, it has not yet been
definitively demonstrated that tclomere shortening limits the formation of tumours in vivo.
Perhaps the best cvidence that telomere shortening does inhibit tumour formation comes [rom
human cancer cell lines in which telomerase activity is abrogated. Transfection of telomerase-
positive cancer cells with a dominant negative mutant of TERT results in loss of telomerase
activity, telomeric shortening and loss of capacity for growth following a lag period (Hahn et af.
1999a; Zhang e af. 1999). Similarly, dominant ncgative TERT inhibition of telomerase activity in

these cells eliminates their ability to form tumours in nude mice,



In addition, evidence from mouse models have suggested a significant role for telomerase in
tumour formation. In the m7R/ telomerase knackout mouse model, early generation mice with
tong telomeres show a 33% lower incidence of papillomas when compared with wild-type mice
(Gonzalez-Suarez ef al. 2000). In the B-actin-mTERT transgenic mouse model, TERT expression
is driven by the B-actin constitutive promoter (Artandi ef «f. 2002). Overexpression of TERT is
found in most tissues in these mice, which show an increased incidence of mammary tumours as
they age, compared with wild-type mice, despite the fact that they have very long telomeres.
Taken together, these findings from both humans and mice suggest that telomere shortening does

in fact inhibit the formation of tumours, and that telomerase is a tumour promoter,

Reconciling these dual functions of telomerase could potentially be explained by the timing of
telomerase activation. The in vitro findings of senescence, erisis and immortalisation in primary
cells suggest a model in which the activation ol telomerase expression oceurs as a discrete event
that permits passage through crisis and cellular immortalisation (Kolquist ef af/. 1998). This,
together with the fact that many human cancers express telomerase whilst having short telomeres,
has been taken as evidence that the activation of telomerase typically accurs late in tumour
progression, after many rounds of cellular proliferation have resulted in significant telomere
shartening (Kolquist et al. 1998). In contrast, chromosomal and genetic instability are thought to
arise early in tumorigenesis (Shih ef @/, 2001). Thus, telomerase activity arising atier the initiation
of genetic instability prevents further instability by stabilising chromosome ends at the same time
as it provides for unlimited tumour growth (DePinho 2000; Rudolph ef af. 2001). However, some
researchers have found that this may be an oversimplification of telomerase activation in vivo.
Kolquist and colleagucs reported that TERT expression (and consequently tclomerase activity)
was present in lesions that were early precursors to breast carcinogenesis, and that TERT
expression increased during the progression from pre-neoplastic to malignant lesions (Kolgquist e
al. 1998). Their findings suggest that irn vive, (clomerase activation may not occur as a simple
step, and that cells might be continuously selected for incrementally higher levels of telomerase

activity as they proliferate and acquire the genetic changes associated with invasive cancer.

1.4.2.7 Telomerase maintains telomere structure in normal cells

The observation that telomere attrition in normal fibroblasts occurs with progressive cell divisions
led to the proposal that telomere shertening in normal cells occurs due to the strong repression of
telomerase (n those cells (Harley ef @/. 1990). However, some researchers have found that h\TERT
expression is detectable in some somatic cells (Broceoli er af. 1995; Masutomi ef al. 2003).

Moreover, telomere length does not always correlate with the onset of replicative senescence
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{Karlseder o7 af. 2002). Together, these findings snggest that the relationship between telomere

length, telomerase expression and proliferative lifespan are more complex than previously (hought,

Further evidence suggesting that telomerase and ielomeres interact in normal cells came from
Masutomi er al, who found that in fact TERT is transiently expressed in normal human fibrobiasts
during the S phase of the cell eycle (Masutomi er /. 2003). This regulated expression produces
functional TERT activity. Disruption of this expression slows proliferation, with delayed entry
into the S phase and exit from the G2/M phases, Distuption of telomerase expression also results
in a reduction in the proliferative lifespan of these cells and accelerated entry into senescence,
although overall shortening ol telomeres is not accelerated in normal fibroblasts with hTERT

inhibition. However, the 3

(Masutomi ef af. 2003).

overhang, in these cells ts significantly shorter than those of controis

Taken together, these findings suggest that telomerase expression is involved with transit of
normal human cells through the cell cycle, and that inhibition of TERT function affects lifespan by
accelerating entry into scnescence. This may be because disruption of telomerase function in the S

phase prevents telomerase from maintaining the integrity of the normal telomeric cap.

1.4.2.8 Other functions of telomerase

There is growing evidence to suggest that in addition to the functions mentioned above, telomerase

may play other roles in cells.

In the brain, it would appear that the telomerase plays a role in cell survival in the face of
apoplosis.  Suppression of TERT in developing hippocampal neurons from mice results in an
increase in apoptosis, whilst overexpression of TERT cunveys a protective effect to the same cells
when exposed 1o a number of situations known to induce apoptosis, including withdrawal of
trophic factors, DNA damage and exposure to f-ainyloid (Fu ef al, 2000; Lu et af. 2001; Zhu ef af.
2000). This ability of TERT to influence cell death and apoptosis could have an important role to
play in the developing brain. Natral neuron death occurs in most regions of the nervous system at
late embryonic or early postnatal stage together with synaptogenesis. At the same time, TERT
expression is decreasing in the developing mammalian brain. Since competition for a limited
supply of trophic factors is thought to be an important determinant of which cclis live and which
die during this period of organogenesis, felomerase may play an important role during brain

formation (Mattson ef a/. 2001).

As wcll as playing a possible role in brain development, telomerase may also play a role in

response to injury in mature nevrons. Following occlusion of the middle cerebral artery (MCAQ)
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in mice, levels of TERT RNA rise significantly in the cerebral cortex, suggesting an upregulation
of TERT expression. [n addition, transgenic mice overexpressing TERT show significantly
reduced areas of cortical infarction and ncuronal death following MCAQO when compared to wild-
type controls (Kang er a/. 2004). Interestingly, TERT seems o protect ncurons from death
induced by exictotoxic neurotransmitters {eg NMDA), but has no significant effect on apoptosis or

death due to reactive axygen species.

Telomerase also appears to promote cell survival in other organs. The a-MHC-mTERT transgenic
mouse was engineered Lo target TERT expression to the heart using the o myosin heavy chain
(MHC) promoter to investigate whether upregulation of TERT could prevent ventricular myocytes
from exiting the cell cycle and so prevent heart failure with age (Oh ef af. 2001). Unexpectedly,
TERT expression in myocytes from these mice seems to confer protection from apoptosis. Similar
findings have been reported in human mammary epithelial cells exposed to TGF-o (Stampfer ef al.
2001).

All of these findings suggest that telomerase promotes cell survival in a range of situations. It has
been proposed that the presence of telomerase activity in mammalian cells could occur as a signal
to cells that *it is safe to divide’, incurring the activity of survival and growth signals that arc
independent of telomere length but dependent on telomerase activity (Blasco 2002). The
mechanisms behind this are currently unknown. It could be that physical interaction between
telomerasc and the telomere provides a signal for cell survival, Alternatively, telomerase activity
may be required for a complete telomeric cap which could signal cell proliferation and survival
independent of telomere length, Alternatively, active telomcrase could have a role in suppressing
or processing DNA damage in the genome, thercby favouring cell survival and proliferation

(Blasco 2002).

14.3 Telomerase activity: species variation

Whilst the primary biclogical function of telomerase in all organisms so far examined is to add
nucleotides to the ends of telomeres, the importance of telomere maintenance varies between
species.  Single celled organisms with a capacity for self~renewal, such as ciliates and yeast
maintain, and in some inslances lengthen, their telomeres. For example, in the yeast
Saccharomyces cerevisisae the average telomere length in cells is maintained at 350 -+/- 50 bp.
This length is maintained by (e balancc between (he opposing activities of telomerase and
telomere-shorlening processes, such as the mechanisms of lagging-strand synthesis and possible
cxonuclcase activity (Wellinger er of. 1996). Lliminating tclomerase activity from these cells
either through disrupting the lelomerase RNA or reverse transcriptase subunits allows the

telomere-shortening processes to dominate, and consequently leads 1o progressive iclomere erasion
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with an eventual increase in chromosome instability and infertility until the population becomes
‘senesecent’ (Lendvay er al, 1994: McEachern & Blackburn 1995; Miller & Collins 2000). Thus,
in these organisms for which self renewal is an integral part of day-to-day function, and for which
ageing does not play an important survival-limiting role, telomerase activity is waintained

continualily,

In vertebrates, continual telomerase activity can also be found in multipie tissues in some species.
In particular, the laboratory mouse, Mus musculus. was found early on fo possess telomerase
activity in multiple tissues including skin, lung, liver, colon and uterus((Prowse & Greider 1995)
and reviewed in (Kipling 1997)). In fact, this discovery, together with the finding that mouse
telomeres are considerably larger than those found in humans, initially proved difficult to reconcile
with the growing circumstantial evidence supporting the theory of telomere-driven ageing which
could be overcome through telomerase activity. However, the imouse has proved not to be the only
vertebrate to posscss telomerase activity in tissues compased of terminally differentiated somatic
cells. Telomerase activity has also been found to be present in spleen, lymph node, lung and

kidney of the pig (Fradiani es af. 2004).

By way of contrast, surveys of telomerase activity in humans have shown that telomerase activity
is absent from the vast majority of somalic tissue. Exceptions include those tissucs containing
stem cells, or cells with high proliferative potential, including bone marrow, skin, hair follicles,
gastrointestinal tract and endometrium (reviewed in (Collins & Mitchell 2002)). Dogs seem to
regulate telomerase activity in a similar way to humans, with telomerase activity being absent from
all tissues examined with the exception of testis, gastrointestinal tract and mammary gland (Nasir
et al. 2001; Yazawa er a/. 2001). Birds would appear to regulate telomerase activity in a manner
more similar (o humans and dogs than mice, During organogenesis in chickens, all tissues display
strong telomerase activity (Taylor & Delany 2000), after which organ-specific variability emerges.
Most tissues retain telomerase activity at hatching, with the exception of pancreas and brain, but
by adulthood, telomerase activity is only present in testes, kidney and spleen (Venkatesan & Price
1998). Thus, although tclomerase activity is present in most tissues for slightly longer than is seen

in humans, ultimately it is undetectable in the majority of somatic tissues in the adult bird.

1.5 Alternative Lengthening of Telomeres (ALT)

Althouglh the majority of immortalised mammalian cell lines maintain their tclomere length
through the activity of the telomerase holoecnzyme, a substantial minority do not. These cel] lines
maintain telomere length through the activity of a different mechanisni, known as the altcrnative
lengthening of telomeres (ALT) pathway. To date, approximately 10% of cell lines have been

reported (o0 possess the ALT mechanism (Henson ef o/, 2002). In addition, a number of tumours
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have aiso been reported to possess the ALT pathway within cells, including osteosarcomas, soft
tissue sarcomas, glioblastoma multiforme, renal cell carcinoma, adrenocartical carcinoma, breast
carcinoma, non-small cell carcinoma of the lung and ovarian carcinoma (Reddel 2003), In the
glioblastomas examined, the proportion of tuimours possessing the ALT pathway is higher than the
incidence seen in other malignant cell types, with 25% of thesc twmours using the ALT mechanism

to maintain telomere length (Hakin-Smith ¢/ a/. 2003),

The mechanisms underlying the ALT pathway remain to be fully characterised. Four mechanisms
have been proposed, all of which are consistent with a model in which telomeres use other
telomeres or extrachromosomal telomeric DNA as copy template, following invasion by the 3°
overhang of the telomere being elongated. [n some cases, activation ot the ALT pathway can also
use TTAGGG repeats in the subtelomeric region of critically-shortened telomeres to prime further
repeals, leading to replacement of the most distal variant subtelomeric repeats with TTAGGG
sequences (Varley er al. 2002), These mechanisms are reviewed more fully in the article by
Henson ef al. (Henson ez ai. 2002). In addition, some forms of ALT exist in which polymerase-
mediated cxtension is unnecessary, with telomere-lenpgthening being dependent on recombinational
chromosome exchange mechanisms (Londono-Vallejo ef af. 2004; Bailcy er of. 2004). Consistent
with all these mechanisms, examination of telomere lengths in cells utilising the ALT pathway
reveals a wide variation in telomere length between cells. Telomere lengths in human cells
gradually shorten to approximately 5-8 kb in vitro before the onset of replicative senescence, and
tumour cell lines possess telomeres with a mean telomere length less than 10 kb, In contrast,
telomeres in cells that have activated the ALT pathway have a very wide length distribution with a
mean of approximately 20 kb and a range of between 3 kb and 50 kb (Bryan & Reddel 1997).
Examination of individual chromosomes within a single cell using FISH reveals that some cells
have undetectable telomeres whilst others have extremely strong telomeric signals (Perrem et af.
2001)., The dynamics of telomere length iu AL'T-positive cells also supports a recombinational
mechanism for telomere-lengthening. Prior to the activation of ALT, the telomeres of some cells
shorten to less than 200 bp, hetore a rapid and heterogeneous increase in length oceurs (sometimes
>20 kb) (Henson ef af. 2002). In other cells, such increases can also occur without prior

shortening.

The implications of the ALT pathway potentially impose limitations on strategics targeting
telomerase as part of cancer therapy, [n some tumours, both AU aud telomerase have been shown
to be activated in dilferent cells (Reddel & Biyan 2003). freatment of such tumaours with either
telomerase inhibitors or telomerasc-targeting strategies is likely to select for the population of cells
that maintain telomere fength through other mechanisms, leading to a ‘resistant’ phenotype. This
important possibility will need to be addressed before such strategies are tested in clinical settings.

However, some findings suggest that in fact selection of ALT-positive cells may not necessarily be
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a negative outcome. For example, glioblastomas positive for ALT have a significantly better
outcome than those tumours which are positive for telomerase activity (Makin-Smith ef o, 2003).
Evidence that telomerase contributes more 1o a malignant phenotype than simply the extension of
lifespan suggests that removing the population of cells within a tumour that is positive for
telomerasc may slow cell division and tumour growth (Stewart et al. 2002). Additionally, one
class ol telomerase-inhibitors, the G-quadruplex ligands, has alse been shown to cause apoptosis
and cell death in ALT-positive cell lines (Kim er a/. 20034). For this reason, the cxistence of ALT
mechanisms in a minority of tumours should nol prevent the investigation of telomerase-targeting

techniques as novel cancer treatment strategies.

1.6 Telomeres, Telomerase and Cancer

The functions of telomerase raise an important question — is telomerase potentially a useful target
in the treatment of cancer? Several strands of evidence point towards telomerase activity being a
central part of the acquisition of a malignant phenotype by cancer cells. Firstly, the ahility of
telomerase to circumvent pathways triggering both senescence and crisis suggests that acquiring
telomerasc activity would allow tumour cells to proliferate without limit, and thus acquire
immortality. In addition, telomere shortening can be viewed as a means for gencrating the genetic
mutations that underpin the evelution of cancer, with the activation of tclomerase a final step in
rescuing cells from end-to-end chromosome fusion and crisis. Secondly. the strong links between
telomerase activity and the cell cycle (see 1.4.2.5: Telomerase and cell proliferation) sugpest that
telomerase is also intimately involved in mechanisms of praliferation. Together these two findings
point to the importance of telomerase in cancer cells. Following on from this, a large body of
evidence has mow accumulated reviewing the extent to which telomcrase can be detected in
cancers in humans, and confirms that the majority of cancers and cancer-derived cell lines now in
use possess tclomerase activity. In fact, Shay and Bachetli, in reviewing a large number of
tumours of different origin have reported that in excess of 80% of all human caucers are positive
for telomerase activity (Shay & Bacchotti 1997). This will be discussed in greater detail in
Chapter 3. Although less is known about telomerase activity in dogs, the reports published to date
have suggested that a similar percentage of tumours in this specics are also positive for telomerase
{Argyle & Nasir 2003). Despite the significant effort applied to finding new molecular targets
over the past three decades, few other candidates appear to be as ubiquitous in cancer as does
telomerase. Thus, telomerase would seem to represent a potentially valuable target in developing

new anti-cancer strategics.
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1.7 Dogs as a model for cancer research in humans

Over the past two decades or so, major advances in molecular biology and genetics have increased
our understanding of the biology of cancer in all species enormously. Howcver, these advances,
perhaps unsurprisingly, have outstripped our ability o apply this new knowledge to clinical
applications. A number of factors have contributed to the lag phase between the acquisition and
application of this knowledge, but undoubtedly one of the most important must be the lack of
suitable in vivo cancer models in which these advances can be tested. Whilst a number of mouse
models have been used in the preclinical testing of new treatment strategies designed for humans,
few of these are characterised by spontaneous cancer development in immune competent and
syngeneic hosts. Dogs provide several advantages in this respect: Firstly, dogs share many
environmental risk factors with their human owners, suggesting that they might provide useful
sentinels of disease (Kelsey et o/. 1998). Secondly, the strong genetic similarities between dogs
and man have meant that dogs with spontancous cancers can be used in the identification of
cancer-associated genes (Khanna er af. 2004; Lingaas er al. 2003). This has recently been
facilitated by the completion of the canine genome project and the publication of several studics
which have provided a high quality map of the canine genome at a resolution of | Mb and also
mapped canine genes to the human genome (Kirkness ¢z of. 2003; Guyon er af. 2003; Breen ef of.
2001). Furthermore, the canine genome has now been shown to share more similaritics with the
human genome than either do with the mouse genome (Cooper er af, 2003), Thirdly, canine
cancers share aspects of tumour biology, prevalence and behaviour with human cancer, and in
many cases have identical histological appearances and response rates (0 conventional
chemotherapies (Withrow & MacEwan 2001). Recent studies also suggest that these similarities
extend to the level of the genome (Thomson et o/. 2003). Fourihly, in most cases the prevalence of
many canine cancers, including brain tumours, is sufficient to allow preclinical trials and
biological studics to be performed, although wumbers are generally smaller than is the case with
human tumours. Their size also allows relatively ecasy (and affordable) translation of dose
regimens from humans. Furthermore, due to the lack of well-defined ‘gold standards’ of therapy,
early and ethical testing ot novel therapies allow clinical trials to be performed, which generally
are completed more rapidly than in humans, Hanscn and Khanna have provided a comprehensive
comparison of important aspects of tumours in humans and dogs, to which the reader is referred

for further information (Hansen & Khanna 2004).

Given the importance of telomerase as a target for anticancer strategies, and thc potential
usefulness of dogs as a clinical model for human cancer, the principal aim of this thesis was to
examine 4 number of ways in which telomerase could be used as a diagnostic and therapcutic tool

in dogs.
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CHAPTER I1

MATERIALS AND METHODS




2.1 Materials

Materials in regular use, such as equipment, general reagents and solutions are detailed in this

section.

211 Cell culture materials

2.1.1.1 Plasticware

Tissue culture flasks, 6-well plates, Falcon conical centrifuge tubes (15 and 50ml) and pipettes (5,

10, 25, 50ml) were supplied by Greiner (Gloucestershire, UK).

2.1.1.2 Solutions, media and supplements

All solutions and media for cell culture were supplied by Invitrogen, UK, unless otherwise stated.

21.1.3 Media

All media were supplied as sterile solutions and stered at 4° C.

Dulbeeco’s Modilied Eagle’s Medium (DMEM) with Glutamax-1 with sodivm pyruvate, glucose
and pyridoxine was supplied by Invitrogen, UK.

Dulbecco’s Modified Eagle’s Medium (EMEM) with glucose and sodium bicarbonate, without
L-Gilutamine was supplied by Sigma-Aldrich, UK

Minimal Essential Media (MEM-a) was supplied by Invitrogen, UK.

RPMTI 1640 was supplied by Invitrogen, UK

2.1.1.4 Supplements

Fyetal Calf Serum (FCS); virus and mycoplasma screened, FCS was heat inactivated at 56° C for
30 minutes, then stored in 50ml aliquots at -20° C.

L-glutamine: supplied as 200mM (100x) stock solution and stored at -20° C in 5 ml aliquots.
Penicillin/streptomycin (P/8): supplied as a 100x stock solution of 10,000 units penicillin and
10,000 units streptomycin per ml and stored in § ml aliguots at -20° C.

Fungizone: supplied as a 100x stock solution and stored in 5 ml aliquots at -20° C.
Trypsin-EDTA: supplied as a 100x stock solution and stored in 5 ml aliquots at -20° C.

Sodium pyruvate: supplied as a 100mM stock solution and stored at 4° C.

Non Issential Amino Acids (NEAA): supplied as a 100x stock solution and stored at 41° C.
Epithelial Growth Factor: supplied as 200 mM stock solution and stored at -20° C in 5 ml

aliquots
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CML. 10, D17, MDCK, A72 and GHK cell lines were cultured in DMEM (Invitrogen, UK}
supplemented with 10% fetal calf serum.

CMT3, CMT7 and CMTS cell lines were cultured in RPMI (fnvitrogen, UK) supplemented with
10% letal calf serum and 2mM L-glutamine,

Canine primary sKin fibroblasts were cultured in MEM-a (Invitrogen, UK) supplemented with 10%
fetal calf serum 2mM L-glutamine and epithelial growth factor,

U-87 MG cells were cultured in EMEM supplemented with 10% fetal calf serum, 2mM Glutamine,
1% Non Essential Amino Acids (NEAA) and TmM Sodium Pyruvate.

2.1.1.5 Freeze Medium

Medium for cryapreservation of cells was prepared by mixing 9ml growth medium (appropriate to
the cell line being stored) with 9ml fetal calf serum and 2ml DMSO (45% medium/43% lotal calf
serum/10% DMSQO).

2.1.1.6 Cell lines

MDCK, CMLI10, D-17 and A-72 cetls were all supplied by the Amcrican Type Culture Collection
(ATCC), Manassas, VA,

GHK cells (canine kidney)

CMT3, CMT7 and CMTS eells were donated by G. Ruttemann, Department of Clinical Sciences
of Companiou Animals, Faculty of Veterinary Medicine, University of Utrecht, PO Box 80.154,
3508 TD Utrechi, The Netherlands.

KYSF cells (canine primary skin fibroblast) cultures were generated and maintained by Mrs
Elizabeth Gault from post mortem skin biopsy samples taken with informed owner consent at
Glasgow University Veterinary School..

U87-MG cells {human glioblastoma) were supplied by the European Collection of Cell Cultures
(ECACC), Porton Down, Wiltshire, UK.

2.1.2 General chemicals

Chemicals used were of analytic, ultrapure or molecular grade quality and were supplied by a range

of biotech companies.
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213 Complete kits

QlAguick® PCR Purification Kit (QIAGEN, UK)

QIAquick® Gel Extraction Kit (QIAGEN, UK)

QIAprep® PCR Spin Miniprep Kit (QIAGEN, UK)

EndoFree® Plasmid Maxi Kit (QIAGEN, UK)

GeneRacer™ Kit (Invitrogen, UK)

Universal GenomeWalker Kit (Clontech, UK)

TOPO TA Cloning® (Invitrogen)

Dual-Luciferase® Reporter Assay System (Promega, UK)

ECL-PLUS Western Botting Detection Reagents (Amersham Pharmacia Biotech, UK)
DNA Sequencing Kit Big Dye™ Terminator Version 3.0 Cycle Sequencing Ready Reaction (ABI
Applied Biosystems, UK)

TeloTAGGG Telomerase PCR ELISA (Roche Applied Science, UK)

2.1.4 Bacteriaf strains

2.1.4.1 E. coli One Shot® TOP10

Chemically Competent E.coli Cells (>1 x 10° cfu/ug) (Invitrogen, UK). Genotype: - merA A(rurr-
hsdRMS-merBCYO80 lacZAM 1S AlacX74 recAl aral>139 Afara-leu)7697 galti galK rpsk. (Su™)
endAl nupd.

215 DNA

Plasmid, motecular weight markers and oligonucteotide DNAs were stored at -20"C.

2.1.5.1 Plasmid vectors

21511 pCR®21-TOPO®

pCR®2.1-TOPO® (3900 bp). supplied by Invitrogen, UK, contains lacZ+, Beta-lactamase {ampr)
and Kanamycin resistance (Kanr) genes. This plasmid is designed for directly cloning PCR
products with 3’ deoxyadenosine residucs (A overhangs), generated by the non-template dependent
activity of Taq polymerase. The vector is supplied as linearised DNA with single 3
deoxythymidine (T) residues and (wpoisomerase attached, allowing for efficient ligation of the
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target sequence to the vector. T7 promoter and M13 forward and reverse primer binding siles are

also present o allow sequencing of cloned products.

21512 pCINeo

The pCI-Neo mammalian expression vector (5472 bp) was supplied by Promega and contains the
neomyein phosphotransferase selectable marker under the regulation of the SV40 enhancer and
early promoter region. In addition, pCI-Nco carrics the human cytomegalovirus (CMV) immediate-
early enhanccr/promoter region to promote constitutive expression of cloned DNA inserts in
mammalian cells, and a multiple cloning region containing restriction enzyme sites. Lxpression of
the neomycin phosphotransferase gene derived from Tn$ confers resistance to the antibiotic G-418,
an aminoglycoside antibiotic produced by streplomycetes that induces cytotoxicity by blocking
translation, Neomyecin phosphotransferase inactivates G-418 through phosphorylation, thereby
blocking its toxic cffects. The pCl-Neo vector allows for stable cxpression of desived genes by

selecting transfected cells with the antibiotic G-418,

2.1513 pBABEpuro

The pBABEpure vector was kindly supplied by RA Weinberg of the Whitehead Institute.
pBABEpuro is a plasmid 516%bp in length that contains both ampicillin and puromycin resistance

genes, together with a multiple cloning site.

21514 pGL3-basic Vector

pGL3-basic Vector (4818 hp), supplied by Promega, UK, lacks eukaryotic promoter and enhancer
sequences, allowing cloning of putative regulatory sequences into the multiple cloning site (MCS).
The coding region faor firefly (Phatinus pyralis) luciferase gene (luc!) is followed by a SV40
poly(A) signal. This vector also contains Beta-lactamase gene (ampr) and RV3, RV4 and GL2

primer binding sites.

21515 pGL3-controf Vector

pGL3-control Vector (5249 bp), supplied by Promega, UK, contains a SV40 promoter, enhancer,
fate and up-stream poly(A) sequences resulting in sirong expression of firefly (Photinus pyralis)
luciferase gene (luct) in many types of mammalian cells. Beta-lactamase gene (ampr) and RV3,

RV4 and GL2 primer binding sites are also present.



21516 pRL-CMV Vector?

pRL-CMV Veetor® (4079 Lp), supplied by Promega, UK, contains the CMV immediate-early
enhancer/promoter region providing strong constitutive expression of Renilla (Renilla reniformis)
[sea pansy] lucifcrase in a variety of cell types. The Beta-lactamase gene (amp') and SV40 late

polyadenylation signal are also present.

2.1.5.2 Molecular Size Standards

All markers were supplied by Invitrogen, UK and include 1 kb DNA Ladder (size range: 75-
12,216 bp), | Kb Plus DNA Ladder™ (size range: 100- 12,000 bp), and 100 bp DNA Ladder (size
range: 100-2072 bp).

2.1.5.3 Oligonucleotide primers

Oligonucleotides for use in polymerase chain reactions {PCR) and cycle sequencing were
synthesised by MWG Biotech and Sigma-Genosys. Primers were either reverse phase, desalted or
Poly Acrylamide Gel electrophoresis (PAGE) purified and supplied as lyophiliscd DNA, Primers

were reconstituted in JH>O and stored at —20°C in 300 pl aliquots at 10pM.

2.1.6 Enzymes

All enzymes were stored at —20°C, being removed immediately before use.

2.1.6.1 Restriction cnzymes

All restriction enzymes and their associated buffers were supplied by Promega, with the exception
of Hinfl and Rsal, which werc supplicd by Roche Applied Science. These are detailed in Table
2.1



Table 2.1: Restriction Enzymes

Jinzyme Cutting Site  Buffer % Activity Temperature
[5° - 3] (“C)
EcoR1 [G|AATTC] Buffer H 100% 37
Buffer D 50-75% 37
Multi-Core™ 100% 37
Xho i IGGTAC|C] DBuffer D 100% 37
Multi-Core™ 10-25% 37
Sma | [CCC|GGG]  Buffer) 100% 25
Multi-Core™ 100% 25
Xba 1 [T|CTAGA] BufterD 100% 37
Multi-Core™ 100% 37
Sac 1 [GAGCT |C] Multi-Core™ 100% 37
Sal 1 [G| TCGAC] Buffer D 100% 37
Multi-Core™ <10% 37
Hinf1 [G| ANTC] Reactd@?2 100% 37
Rsal [GT | AC] React®3 100% 37
Stu 1 [AGG'CCT| BufferB 100% 37
Dra 1 [TTT| AAA] Buffer B 100% 37
Pvu {1 [CAG|CTG] BufferB 100% 37
EcoRY  [GAT|ATC] Multi-Core™ 100% 37
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2.1.6.2 T4 DNA Ligase

T4 DNA ligase was provided by Promega with ligation buffer (used at a final concentration of 30
mM Tris-HCI (pH 7.8), 10 mM MgCl,, 10 mM DTT and | mM ATP) to catalysc the joining of two
strands o DNA between the 5'-phosphate and the 3'- hydroxyl groups of adjacent nucleotides in

either a cohesive-ended or blunt-ended confliguration.

2.1.6.3 Taq DNA polymerase

Tag DNA polymerase was provided by Invitrogen and has 5’ to 3' exonuclease activity and non-
template dependant activity with the addition of 3’ deoxyadenosine (A) residues to PCR products

for TA cloning.

2.1.6.4 Platinum® Taq DNA Polymerase High Fidelity

Platinum® 7Yag DNA polymerase high fidelity, provided by Invitrogen, is an enzyme mixture
composed of recombinant Tag DNA polymerase, Pyrococcus species GB-D polymerase, and
Platinum® Tag antibody. Pyrococcus species GB-D polymerase possesses a proofreading ability
by virtue of its 3 to 5 exonuclease activity. Mixture of the proofreading enzyme with 7azg DNA
polymerasc increases fidelity approximately six times over that of Tag DNA polyvinerase alone and
allows amplification of simple and complex DNA templates over a large range of target sizes. The
enzyme mixture is provided with an optimised buffer that improves enzyme fidelity and
amplification of difitcult templates. An anti-Tag DNA polymerase antibody complexes with and
inhibits polymerase activity. Activity is restored after the denaturation step in PCR cycling al
94°C, thereby providing an automatic “hot start” for Tag DNA polymerase in PCR, which provides
increased sensitivity, specificity and yield while allowing assembly of reactions at room

temperature,

2.1.6.5 ThermalAce DNA Polymerasc

TherrmalAce™ DNA DPolymerase, supplied by Invitrogen, is a thermostable enzyme from a
proprietary archebacterium that is specifically designed for high-yield PCR amplification of GC-
rich templates (>65% GC content). The enzyme retains full activity after incubation at 95°C for 4

hours and has approximately five times greater processivity than Taq DNA polymerase.
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2.1.6.6 Taq PCRx DNA Polymcrase

TagPCRx DNA Polymerase is provided by Invitrogen and contains standard Tag DNA Polymerase
together with an optimised buffer system consisting of Amplification buffer, 50mM MgS0O, and
PCRx Eunhaacer solution. Enhancer solution (the co-solvent) is a novel PCR co-solvent that
facilitates efficient amplification of GC-rich scquences and problematic templates. Titralion of the
Enhancer solution to various concentrations ranging from Ox through to 4x in the final mixture

allows rapid optimisation of appropriate conditions for amplification.

2.1.6.7 KOD HotStartTaq

KQOD Hot Start DNA Polymerase, provided by Novagen, is a premixed complex of KOD HiFi
DNA Polymerase, derived from Thermococcus kodekaraensis and two monoclonal antibodies that
inhibit the DNA polymerase and 3 to 5° cxonuclease activities during assembly of the PCR
reaction at ambient temperatures. KOD HiFi DNA Polymerase acts with high fidelity, fast
extension and high processivity, enabling amplification of targets up to 20 Kbp and cfficient
amplification of GC-rich targets. The antibodies allow a hot start to be performed by reducing non-

specific amplification due to mispriming events during set up and initial temperature increase.

2.1.6.8 IHotStartTaq®

otStarTaq DNA Polvmerase, provided by Qiagen, is a modified form of a recombinant 94-kDa
DNA polymerase originally isolated fraom Thermus aquaticus, cloned in £.cofi. The Polvmerase is
provided in an inactive state with no polymerase activity at ambicnt temperatures in order to
prevent the formation of misprimed products and primer-dimers at ambient temperatures,
Activation of the polymerase oceurs following a 15 minute 95°C incubation step. In addition,
HotStarTaq DNA Polymerase is pravided with Q-sofution, a PCR additive that facilitates
amplification of difficult templates containing GC-rich sequences or a high degree of secondary

structure by modifying the melting behaviour of DNA,

2.1.6.9 Failsafc™ PCR System

The Failsafe™ PCR premix sclection kit is provided by Cambic and contains a blend of
thermostable DNA polymerases together with twelve reaction premixes. The Failsafe PCR enzyme
mix provides proofreading fidelity approximately three times greater than tag DNA polymerase
alone. The twelve premixes contain a buffered salt solution together with dNTPs and various
amounts of MgCl, and Failsafe PCR Enhancer which contains betaine and is designed to rapidly
optimise amplification of long {up to 20 Kbp) and difficult templates. ‘The presence of beatine

improves the yicld and specificity of amplification of many target sequences, especially those
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containing a high GC content or sccondary structure. Betaine may also enhance PCR by protecting

DNA polymerases from thermal degradation,

2.1.6.10 Advantage” Genomic Polymcrase Mix

Advantage® Genomic Polymerase was provided by Clontech and provides amplification of
genomic DNA templates using a combination of the primary Trh DNA polymerase (thermostable
DNA polymerase from Thermus thermophilus), a minor amount of a second DNA polymerase to
provide 3’ to §' proof reading activity (Vent,) and TthStart™ Antibody to provide automatic *hot-
start’” PCR, This antibody reduces non-specific amplification products and primer-dimer artifacts
created prior to the onset of thermal cycling. The antibody inhibits enzymatic activity during PCR
reaction set-up at ambient temperatures, Palymerase activity is restored at the onset of thermo-
cycling because the antibody is denatured at high temperatures. The loss of inhibition is complete

and irreversible, so the polymerase regains full activity for PCR.

2.1.6.11 Ready-To-Go™ PCR beads (Amersham, Pharmacia)

Ready-To-Go™PCR beads (Amersham, Pharmacia) are designed as pre-mixed, pre-dispensed
reactions for performing PCR amplifications., When brought 0 a final volume of 25 ul, cach
reaction contains Tag DNA Polymerase (1.5 units), 10 mM Tris~-HCL, (pl1 9.0 ), 50 mM KCi, 1.5
mM MgCl,, 200uM of cach JNTP and Bavine Secum Albumin (BSA).

2.1.6.12Murine Moloney Virus Reverse Transcriptase Enzyme

Murine Moloney Leukaemia Virus Reverse Transcriptase (MMLV-RT) enzyme, provided by
Invitrogen, uses single stranded RNA in the presence of a primer to synthesise a complementary
DNA strand. The enzyme is isolated trom E.Coli cxpressing a portion of the po/ gene of the M-

MLV on a plasimid.

2.1.6.13 Avian Myeloblastosis Virus Reverse Transcriptase (AML-RT)

Avian Myeloblastosts Virus Reverse Transeriptase functions in a similar manner to MMLV-RT.

2.1.6.14 Superscript III Reverse Transcriptase

Superscript I[II"™-RT, provided by invitrogen, is a version of MMI.V-RT that has been engineered

to reduce RNase H activity and provide increased thermal stability.

60



2.1.6.15 RNaseOUT™ Recombinant Ribonuclease Inhibitor

RNascOUT™ Recombinant Ribonuclease Inhibitor, provided by Invitrogen, is an acidic protein
with a very high binding affinity for ribonucleases such as RNase A, B, C and is a non-competitive

inhibitor.

2.1.6.16 Alkaline Phosphatase

Calf Intestinal alkaline phosphatase provided by Promega catalyses the hydrolysis of 5’- phasphatc

groups from DNA.

2.1.6.17 DNase 1: DNA-free™

DNasc I, provided by Ambion, is a deoxyribonuclease 1 enzyme that cleaves double-stranded or
single stranded DNA. Cleavage preferentially occurs adjacent to pyrimidine (C or T) residues, and
the enzyme is therefore an endonuclease. Major products are 35'-plosphorylated di, tri and
tetranucleotides. In the presence of magnesium ions, DNase ! hydrolyzes each strand of duplex
DNA independently, generating random cleavages. In the presence of manganese ions, the enzyme
cleaves both strands of DNA at approximately the same site, producing blunt ends or fragments

with 1-2 basc overhangs. DNase [ does not cleave RNA.

217 Equipment

2.1.7.1 Major Equipment

Benchtop centrifuge: CPR Centrifuge (Beckman)
Microcentrifuges: Centrifuge 5402, 5415R and Minispin (eppendorf)
Water baths: Sub 36, and W6 (Granl)

Spectrophutometer: GeneQuant pro RNA/DNA calculator
Automatic Sequencing Apparatus: AB1 3100

Pipettes: Finnipipctle Techpette (0.5-10, 5-40, 40-200, 200-1000 pb
Ultraviolet trans-iltuminator: ‘12201 (Sigma Chemical Company)
Gel documentation system: Uvi tec (Thistle Scientific)
Luminometer: Dynex MLX

Horizontal orbital shaker: 4628-1CE Labline lustruments inc (I1.)
Incubator: B5042 (Heraeus)

Gel systems: [loefer [1E 33 Mini Horizontal Submarine Unit
Power packs: PAB 35-0.2 (Kikusui electronics corp)

Balance: Precisa 100A-300M (Precisa Balances Ltd, Bucks, UK)
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Stirrer: Magnetic Stirrer Hotplate (Stuart Scientific, UK)
PCR Mauchines: GeneAmyp PCR System 2400, 2700 and DNA Thermal Cycler 480 (Perkin Elmer)
Flow Cytometer: Epics XL Flow Sorter (Beckman-Coulter Inc., Miami, FL)

2.1.7.2 Consumables

Syringe top filters {0.2uum pore size) were supplied by Nalgene™, (NY, USA) for sterilisation of
ampicillin and tissue culture reagents.

Iipendorf tubes: screw top 1.5m) and 0.5ml and 1.5m! flip top tubes were supplied by Thermo
Lilc Sciences,

Pipette tips were supplied by Greiner.

Filter tip pipette tips (10, 100, 200, 1000ul) were supplied by Finnitip (Thermo Lab Systems)
Petri dishes were supplied by Sterilin (Staffs, UK)

Bijoux were supplied by Greiner

Universals were supplicd by Greiner

Scalpel blades were supplied by Swan-Morton (Sheffield)

Parafilm was supplied by Sigmma

2.1.8 Buftfers, solutions and growth media

2.1.8.1 Water

Sterile water for procedures involving recombinant DNA, PCR etc was supplied by Baxter.
Vivendi Water systems (USIF ELGA) was used to supply water for preparation of general solutions

andl media.

2.1.8.2 Antibiotics

Ampicillin: Reconstituted with dI4,0 to 10mg/ml, filter sterilised and stored in 1 ml aliquots at
-20°C until use.

G-418: Supplied by praimnega in 50 mg/m! selution and stored at —20°C.

2.1.8.3 Buffers and solutions

Ammonium persulphate: 10% (w/v) stock solution in dH,O
50 x TAE Buffer Solution: Tris base 484.5g, NaOAc 272.15 g, NaC! 116.8 g, Na,EDTA 74.45 g.
pH adjusted to 8.15 with glacial acetic acid and made up (o 2 L volume,
TRBE Buffer Solution: 0.09M Tris Borate, and 0.002M EDTA
Lysis Buffer: 25mM Tris HCL pH 8.0 with glacial acetic acid and made up to 2 L volume
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Lysis Buftfer for Western Blotting: 0.5% NP40, [50mM NaCl, 50mM TrisHCL adjusted to pH
8.0, protcase inhibitor tablet (1 per 10 m] of lysis buffer)

1M Tris HCL: 121g Tris base, 80thnl dH>O. Adjusted fo the desired pH with concentrated FCL
and made up to L.

TE Buffer: 13mM Tris-HCI. {(pH 8.0), ImM EDTA

i x PBS: 140mM NaCl, 2.7mM KCL, 10mM Na,HPO, 1.8 mM KI1[,PQ, (pl] 7.3)

0.2M (2x) Phosphate Buffered Saline (PBS): 0.2M Na,HPQ,, 0.2M Nall,PO4, |.8% w/v NaCl,
pH 7.4

10x DNA Gel Loading Buffer: 20% w/v Ficoll 400, 0.1M Na,EDTA, pH 8, 1.0% w/v sodium
dodecyl sulphate, 0.25% bromephenol blue, 0.25% xylenc cyanol. Stored at room temperature and
vsed at a 1:10 dilution,

Ethidium bromide: made (o a working dilution of 10mg/ml with dH,O in a fume cupboard. Stored
away from light.

X-Gal solution: (5-bromo-41-chloro-3-indole-b-galactoside) prepared as 50 mpg/ml stock in
dimethylformamide; stored at —20°C in the dark.

Transfasi™ Transfection Reagent: (Promega) Supplied as dried lipid film that forms multi-
lamellar vesicles upon hydration with nuclease-free water (400ul) and stored at- 200C,

DEPC water: 0.5m! of Diethylpyrocarbonate in 500m! water, overnight at room temperature in the
fume cupboard and avntoclaved.

Liysis mix: (.32M suerose, 10mM Tris, SmM MgCl, 1% Triton X

Nuclei lysis mix: 10mM Tris, 0.4 NaCl, 2mM EDTA

TRIS-EDTA: (10/1 pH 7.4)

TRIS-EDTA: (10/0.1 pH7.5)

NU-PAGF Transfer Buffer: supplied by Invitrogen and diluted 1:20

NU-PAGE Running Butfer: supplied by Invitrogen and diluted 1:20

10x Ponceau’s Red Stain: 2 g Ponceau S, 30 g Trichloroacetic acid (TCA), 30 g Sulphopalicylic
acid. Made up to 100 ml by addition of dH,O

TBS-Tween: 150 mM NaCl (8.77 g), 530 mM Tris (6.06 g) and 0.05% Tween (0.5 ml). Made up to
1L by addition of dH,O

Blocking Buffer: ! g non-fat skimmed milk powder in 20 ml TBS-Tween

Antibody diluent: 0.2 g non-fat skimmed milk powder in 20 ml TBS-Tween,

2.1.8.4 Bacteriological Media

Media was sterilised by autoclaving at 121°C for 15 minutes, unless stated otherwise

LB Medium: 20g tryptone, 20g NaCl, 10g Yeast Extract to 2L with dH20O, pH adjusted to 7.0 with
NaOt1.
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SOC Medium: 2% tryptone, 0.5% yeast extract, 10mM NaCl, 2.5 mM KCI, 10mM MgCl;, 10mM
MgSQ,, 20mM glucase,



2.2 Methods

Common methods used throvghout the thesis are described in this chapter, whilst technigues
specific to one area are described in later chapters, Many of the methads described are based on
standard techniques, which are detailed in Current Protocols in Malecular Biology Volumes | & 2
{Ausubel er al. 1994},

2.2.1 Growth and manipulation of mammaliaa cells

2.2.1.1 Basic techniques

Techniques used in the culture and manipulation of mammalian cclls were performed under aseptic

procedures. Where possible all procedures were performed in a laminar flow hood.

22111  Cell cryopreservation and storage

For long term storage of cell line stocks, cells were stored in liquid nitrogen. Prior (o storage, cells
were grown 1o mid-log phase and trypsinised with trypsin-EDTA at a concentration of 0.25% (w/v)
and transferred to a sterile 15 ml centrifuge tube. The cells were centrifuged at 1200g for 5
minultes, the supernatant discarded and cells re-suspended in freezing medium (appropriate culture
medium supplemented with fetal calf serum at 45% and DMSO atl 10%) to a cancentration of 2-4 x
10° cells/ml. The cell suspension was transferred in 1 ml aliquots to  labelled cryovials
{(NALGENE™) and brought to -70°C at a controlled rate (-1°C/min) using a NALGENE™ Cryo
1°C Freezing Container (NALGENE, USA) transferred to a —70°C fieezer overnight. Finally, vials
were transferred to a liquid nitrogen [reezer lor long term storage. Cell stocks wete revived by
rapid thawing in a 37°C water bath and subscquently used following standard techniques as

described below.

221142 Cell Counting

Cells were counted vsing a haemocytometer. Following trypsinisation or revival from frozen
stocks, celis were transferred to a 15 ml centrifuge tube and centrifuged at 1200g for 5 minutes.
Supernatant was discarded and cells were resuspended in 5 ml of complete medium. A 25 pl
sample was withdrawn and added to 25 pl trypan blue (Sigma) resulting in a two-fold dilution. A
sample of this mixture was then introeduced to the haemocytometer chamber and counted using an
inverted microscope at 40x magnification. Cells lying on the top and right hand perimeter of each
latge (1 ml) square were included whilst those on the bottom and left hand perimeter were
excluded. Cell concentrations (cells/mt) were calculated by mulitiplying the mean number of cells
per large square by 10* and 2 to correct for the dilution factor. Where an estimation of live ccll

numbers was required the cell suspension was allowed to incubate for five minutes at room
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temperature prior o counting. Non-viable cells stained blue and were counted as above and

expressed as a percentage of the total cell count.

2.2.1.1.3  Preparation of cell pellers

Cells obtained from tissue culture were used in a number of applications including genomic DNA
extraction, TRAP assays, RNA extraction and protein extraction, Following (rypsinisation and
counting as described above, cells were transferred in either 2 x 10° (for use in TRAP assays) or 2 x
10° (for all other applications) aliquots in 1.5 ml eppendorf tubes. Cells were centritfuged at 4°C at
3000 rpm for 5 minutes and growth medium discarded. Ceils were then washed in 300 pl
phosphate buffered saline (PBS) and centrifuged again at 4°C at 3000 rpm for 5 minutes and saline
decanted. A final wash in 500 pl PBS was rcpeated before final centrifugation and decanting of

saline. Cells were then rapidly frozen in liquid nitrogen before being stored at —80°C prior to use,

2.2.1.2 Cell lines

All cell lines were grown as an adherent monolayer in culture, in either 25 or 75 cm® tissue culture

Nasks stored in an incubator at 37°C with 5% C0), unless stated otherwise.

AT72 Cells

The A72 cell line is an immortal canine celi line derived from an 8 year old temale dog, with cells
possessing a fibroblast morphology. Cells were maintained in DMEM with gluatamax-1
supplemented with 10% FCS, 100 IU/ml peniciliin, 100 IU/m! streptomycin and 1.25 pg/mi

fungizone. Cultures were trypsinised and reseeded at an approximate ratio of 1:5 every 3-4 days.

CMLI0 Cells

CML10 cells were obtained following biopsy of melanoma in a 10 year old female dogs. Cells
possessed an epithelial morphology and were maintained in DMEM with glutamax-1 supplemented
with 10% FCS, 100 IU/m! penicillin, 100 1U/ml streptomyein and 1.25 pg/ml fungizone. Cultures

were (rypsinised and reseeded, typically 1:5 every 3-4 dayvs when sub-confluent.

CMT3 Cells

The CMT3 cell line {s an immortal cell line derived from a canine mammary tumour. CMT3 cells
were grown in RPMI medivm supplemeuted with 10% FCS, 100 1U/ml penicillin, 100 1U/mi
streptomycin and 1.25 pg/ml fungizone. Cells were trypsinised as standard every 3-41 days and

reseeded at an approximate ratio of 1:5.
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CMT7 Celis
The CMT7 cell line is an immortal canine mammary twmour cell line. Culture conditions were as

for CMT3 cells,

CMTS Cells
The CMTS8 cell line is an immortal canine mammary tumour cell line. Culture condilions were as

for CMT3 cells.

D17 Cells

The D17 ccll line was derived from an osteosarcoma obtained from an 11 year old female poodle.
Cells were maintained in DMEM with glutamax-1 supplemented with 109 FCS, 100 IU/ml
penicillin, 100 [U/ml streptomyein and 1.25 pg/ml fungizone in 75 em’ tissue culture flasks. Cells

were typically trypsinised and resceded at a ratio of 1:5 every 3-4 days,

GHK Cells

The GHK immortal canine cell line was derived from renal epithelial cells taken from a greyhound
of unknown age and gender at GUVS. Cells were maintained in DMEM with glutamax-1
supplemented with 10% FCS, 100 [U/m] penicillin, 100 [U/ml streptomyein and 125 pg/mi

fungizone.

K9SF Cells

The K9SF caninc skin fibroblast cell line was obtained following skin biopsy taken from an 8 vear
old female newfoundland at GUVS. Cells were maintained in MEM-alpha medium supplemented
with 10% [FCS, 100 [U/ml penicillin, 100 IU/ml streptomycin, 1.25 vg/m! fungizone and 2 mM L-
glutamine. Cells were passaged routinely after 5-7 days. Confirmation of the specics of origin was
performed using RT-PCR and sequence analysis for the canine cyclophilin gene. Cultures were

trypsinised and reseeded at an approximate ratio of [:5 when confluent,

MDCK Cells

The MDCK cell line was derived from a kidney of an apparently normal female cocker spaniel in
September 1958 by S.H. Madin and N.B, Darby. Cells were enltured in DMEM with glutamax-1
supplemented with 10% FCS, 100 [U/ml penicillin, 100 [U/m| streptomycin and 1.25 pg/ml
fungizone, Cultures were split, typically 1:9 every 3-4 days when sub-confluent and were

trypsinised and seeded into new flasks.

U87-MG Cells
The U-87 immeortal human cancer cell line is derived from a malignant glioma from a female
patient by explant technique. 1t is reported to produce a malignant tumour consistent with

glioblastoma in nude mice. Cells grow in an adherent monolayer with epithelial morphology and
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were cultured in EMEM supplemented with 10% FCS, 2 mM l-glutamine, 1% Non Essential
Amino Acids (NEAA), ImM Sodium Pyruvate (NaP), 100 TU/ml penicillin, 100 [1J/m]
streptomycin and 1.25 vwg/ml fungizone. Cells were trypsinised and reseeded at an approximate

ratio of 1:5 every 5-7 days.

2.2.2 Preparation of canine genomic DNA from peripheral blood
mononuclear cells

Since genomic DNA is identical in every cell from a given individual, any canine cell could be
used for isolating canine gDNA for use as a template in PCR reactions. For ease of obtaining
samplies, peripheral blood mononuclear cells (PBMCs) were selceted. Canine whole blood samples
(5 ml) were mixed with lysis mix (45 ml) and incubated on ice for 10 mins. The mixture was then
centrifuged at 2800g for 10 mins at 4° C and the pellet re-suspended in nuclei lysis mix (3 ml).
After the addition of 10% SDS (200ul) and 75ul of proteinase K (J0mg/ml) the mixture was
incubated at 55° C for 2 hours or at 37 C overnight. Two extractions with 3mli phenol/chloroform
(50:50) were then performed, each cenwifuged for 10 mins at 2800g at room temperature. The
uppet aqueous phase was then transferred {0 a {resh tube aud the DNA precipitated by adding 3
volumes of 100% cthanol. The DNA was then re-suspended in 250p of TE Buffer and the quantity

and quality of gDNA was assessed using UV spectrophotometry and agarose get electrophoresis.

2.2.3 Recombinant DNA techniques

2.2.3.1 Growth and storage of plasmid-containing E. coli

Plasmids were maintaincd in the One Shot® TOPI0 strain of .coli. Storage of transformed bacteria
containing (he desired plasmid was cairied out following preparation of glycerol stocks. Yhe
desired bucterial culture was streaked onte a 1.5% agar plate (1.5% agar in LB medium). In cases
where the plasmid contained a selectable ampicillin-resistance gene, medium was supplemented
with 50-100pg/ml ampicillin. The plate was incubated overnight at 37°C and the next day singlc
calonies were picked using a pipette tip into approximaccly 5 m! LB medium (supplemented with
50-100ug/mi ampicillin) in a sterile universal tube. The resultant cultures were incubated at 37°C
overnight in a horizontal orbital incubator at 225 rpm. In order to confirm that the culture was
derived from bhacteria containing the desired plasmid, DNA extraction and restriction digestion

were performed {cross ref).

For long term storage, glycerol stocks (15%) were prepared by the addition of 90ul of glycerol

(diluted 50% in distilled water and sterilised) to 210ul of culture, and the resultant stock stored at
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-20" C. For subsequent work requiring these stocks, a sterile pipette tip was used to scratch the

surface of the stock, following which it was streaked onto an agar plate as described above.,

2.2.3.2 Extraction and purification of plasmid DNA

Plasmid IDNA was isolated using a modification of the alkali lysis technique (Birnboim & Doly
1979).

2.2.3.2.1 Large Scale Plasmid Preparations

For techniques such as sequencing or transicnt transfections, large quantities of high quality
endotoxin-free plasmid DNA were obtained using the Endolrec® Plasmid Maxi Kit (QIAGEN,
UK). A starter culture {5 ml) of the desired transformant was grown as described above and used to
seed a larger culture by diluting 1/500 to 1/1000 into 250 ml of LB medium containing 50-
100png/ml ampicillin. This was then grown overnight at 37° C with horizontal shaking at 225 rpm.
The culture was then aliquoted into 50 mi Falcon tubes and spun at 3000 rpm for 30 minules at 4°C
for harvesting of bacterial cells. The supernatant was then discarded and the remainder of (he

protocol performed according to the manufacturer’s instructions. DNA was stored at -20°C.

2.2.3.2.2 Small Scalc Plasmid Preparations

For other purposes such as restriction endonuclease digestion or sequencing, smaller quantities of
high quality plasmid DNA were purificd from 5 ml of an overnight culture of transformed bacteria
using the QIAprep® PCR Spin Miniprep Kit (QIAGEN, UK). In order lo harvest the bacteria, the
cubture was spun at 3000 rpm for 10 minutes and the supernatant removed. DNA was then purified
from the pelleted cells according to the manufacturce’s instructions. Lysis of the cclls was
performed in this procedure tn order to release the plasmid DNA, which was separated from
bacterial cell debris by centrifugation and then attached to a filter and washed with a buffer before

being eluted in sterile water (50u1). DNA was stored at -20°C.

2.2.3.3 Determination of (ribo)nucleic acid concentration

2.23.31 Detesmination by spectrophotometsy

DNA and RNA samples were diluted 1:50 by addition of 2 pl of sample to 98 pl of dI1,0. The
optical deusity was measured at 260 nm and 280 nm, in comparison to a rclerence of dH,0. Ap
optical density {OD) reading of [.¢ at 260 nm corresponds ta an approximate concentration of 50

rg/ml for double stranded DNA, 40 pg/ml for RNA, or 33 pg/ml Tor single stranded
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oligonucleotides. The ratio of the OD readings at 260 nm and 280 nm (OD1/OD5ss) was used to
estimate sample purity, with pure preparations of DNA and RNA producing an ODjs0/0ODg of 1.8
and 2.0, respectively. A lower value suggests possible protein or phenol contamination of the

sample.

22332 Estimation of double stranded DN/ concentration via gel clecicaphotesis

In some instances, insufficient concentration of (ribo)nucleic acid or verification of the purity of
DNA fragments of a particular size did not allow quantification via spectrophotometry. In these
cases, the concentration of double stranded DNA was determined by running the sample on a 1%
agarose gel along with a marker of known quantity apd size. The intensity of the sample
fluotescence was compared to that of a mass marker (Low DNA Mass™ Ladder) following staining

with cthidium bromide and visualisation by UV transillumination.

2.2.3.4 Restriction endonuclease digestion

Typically, 1-2 pg of DNA were digested in a 20 pl reaction mix containing the appropriate buffer
and 5 to 10 units of desired resteiction enzyme. The reactions were incubated at the recommended
temperature {(typically 37° C} for a minimum of one hour. Where the isclation of restriction

fragments was required, larger quanlities of DNA, generally 5-10 pg, were digested, with the

reaction volume and components being increased propoctionally.

Recombinant plasmids contain a variety of restriction enzyme sites. One or more appropriate
restriction enzymes can be incubated with DNA constructs at 37° C in the correct bufter, as
determined by the manufacturer’s recommendations, to cut at specific positions and produce
fragiments of different sizes. The sizes of these fragments could be pre-determined and then viewed

by gel electrophoresis.

2.2.3.5 Electrophoresis of DNA

DNA fragments of 0.1-10 kb were separated and identified by agarose gel electrophoresis using a
Hoefer HE 33 Mini Subwnarine Elecirophoresis Unit (Amersham Pharmacia Biotech, San
Francisco, CA). Typically, 0.5 — 0.1 g of agarose was added to 50 mi of 0.5x TAE bufter, melted in
the microwave {medium for 1.5 minutes), and mixed to produce a { to 2% gel. Once the gel mix
had cooled o 55°C, 1.5 of ethidium bromide (100mg/ml) was added and the gel poured into a gol
support {100 x 65 nun) in its casting tray and an appropriate gel comb (twelve or twenty well)
inserted. The gel was allowed 1o solidify before transferring to an electrophoresis tank; the gel was
immersed 0.5% TAE buffer and the comb carefully removed. DNA samples were prepared by the

addition of an appropriate volume of 10x gel loading buffer. Molecular size standard DNA was
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prepared similarly and the samples loaded into the wells using a micropipette. Gels were run at 100
volts for 20 to 30 minutes depending on the agarose percentage, then removed from the gel
apparatus and visualised on a UV transilluminator (UV{ tec, Thistle Scientific) and photographed

using a Mitsubishi P91 photographic unit.

2.2.3.6 Purification of restriction enzyme fragments

Where purification of DNA fragments was required for construction of recombinant plasmids,
DNA was purified from agarose gels using the QIAquick® Gel Extraction Kit (QIAGEN).
Following electrophoresis, DNA fragments of interest were excised from agarose gels using a clean
scalpel and the remainder of the procedure was performed according to the manufacturer’s

instructions.

2.2.3.7 Ligation of restriction digested DINA fragments

Fragments of DNA generated by restriction digestion were ligated into approximately 50-100 ng of
vectar using T4 DNA ligase (Promega) according to the manufacturer’s instructions. Using a
known (eg 100 ng} quantity of vector, the quantity of insert DNA was calculated using the
following equation, with ligation performed at eithera 1:1 ar [:3 vector:insert ratio:

X ngvectorx Y kb . . . .
& — x insert : vector molar ratioc — ng of insert required

Z kb vector (usert

Vector and insert were mixed with ligation buffer (1x) and DNA ligase (1 unit), in a total volume

of 10 pl. Ligation reactions were allowed to proceed at 16°C overnight.

2.2,3.8 Ligation using TA cloning methods

Ligations of DNA fragments generated by Tag Polymerase during PCR were carried out according
to the manufacturer’s instructions with the pCR2.1®TOPO TA Cloning Kit (Invitrogen). Briefly,
freshly purificd PCR prodnets (15 ng) were directly cloned into the pCR®2,1-TOPO plasmid vector
(0.5u1), incubated for 5 minutes at room temperature. l'opoisomerase 1 is covalently bound to the

ends of the linearised vector to facilitate the cloning procedure.
All ligations were stored at -20°C if nol used immediately. A negative control ligation, omnitting the

DNA insert, was gencratly set up in parallel to the above, in order to check for *background” when

performing subsequent transformations.
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2.2.3.9 Transformation of bacteria with plasmid DNA

in addition to the transformation with rccombinant plasmid, the bacteria were also transformed
with a control plasmid (as a positive control) and a figation reaction from which the insert DNA

had been omitled (as a negative control).

2.2.310Transformation of TOP10 cells

Cells were thawed on wet ice, gently mixed and 25-50 ul of cells was transferred to chilled
microcentrifuge tubes for each transformation as required, Ligation reaction {0.5-51) or control
plasmid (pUIC18) was added to cells (1-20 ng DNA), moving the pipette through the cells while
dispensing in order to facilitate mixing, Cells were left on ice for 30 minutes, then heat shocked in
a 42° C water bath for 30 scconds. After heat shocking, the ceils were placed on ice for 2 minutes,
200 pl of SOC medium was added and the tubes were incubated at 37°C for | hour with shaking at
225 rpm. Variable volumes of cells were plated onto LB plates containing ampicillin (100 mg/ml)
and X-Gal stock (35 pl) solution was spread on the plate one hour prior to use if blue-white colour

selection was used and all plates incubated avernight at 37°C.

2.2.3.11Scteening of transformants for desired recombinant plasmids

Most plasmids used in this project conferred ampicillin resistance upon the host bacteria, allowing

selection and maintenance of transformed bacteria with ampicillin supplemented media.

22341 - complementation

The pCR2.1°TOPO plasimids contain genes encoding the /acZo fragment of the P-galactosidase
and the /ac promoter and are therefore capable of a-complementation with the ¢ fragment encoded
by the £.cofi host strains DHS5¢, IM109 and TOP10 One Shot™ giving active B-galactosidase. The
incorporation of X-gal into LB agar plates allows the selection of transformants based on blue-
white screening. Disruption of the JacZa expression occurs with the cloning of fragments into the
MCS ol the vector, hence recombinants with plasmid containing inscrt DNA appear white whilst

non-rccombinants, expressing a functional 3-galactosidase, appear biue.

2.2.3.11.2 Restriction analysis of small-scale plasmid preparations

Plasmid DNA, isolaied as described in 2.2,3.2; Extraction and purification of plasmid DNA, was
subjected to restriction digestion with the appropriate enzyme(s) (Table 2.1), and the resulting

products of digestion were run on an agarose gel. Bacteria with plasmids containing inseris of the

72



desired size were stored as glycerol stocks as detaited in section 2.2.3.1: Growth and storage of

plasmid-containing E. coli.

2.2.3.11.3 PCR amplification of broth or small-scale plasmid preparations

A sample of bacterial culture (50 pl) was removed and heated at 95°C for 6 minutes and
centrifuged at 12,000 rpm for & minutes. Aliquots of the supernatants (10ul) were then used as

template in PCR reactions,

2.2.4 RNA techniqucs

Clean, full-length RNA is essential as the starting material for molecular techniques, hence when
isolating the RNA it was necessary to ensure that ail the preparation material is free from
ribonuclease (RNAsc) activity. This is a very stable, active and ubiquitous enzyme that degrades
RNA requiring no cofactors for function. Inhibition of this enzyme was instigated by wiping all
equipment with RNase ERASE (1CN Biomedicals, Inc, Ohio) followed by a thorough rinse with
DEPC treated water. All plastic-ware was treated by soaking overnight in DEPC treated water
followed by autoclaving and drying. All solutions were prepared using DEPC treated water. Gloves

were worn and changed frequently,

2.2.4.1 Extraction and Purification of RNA

224.11 RNA extraction using RNAwizt™

Various methods have been used for the isolation of undegraded RNA (Chirgwin et af. 1979).
Several procedures have now been elucidated which isolate RNA isolation in a single-step
procedure (Chomczynski & Sacchi 1987). The RNAzol™ B methods promote formation of
complexes of RNA with guanidinium and water malecules and abolishes hydraphilic interactions
of DNA and proteins. In effect, the DNA and proteins are efficiently removed from the aqueous

phase with the RNA remaining in this phase during the sample extraction.

In this project. RNA was extracted from a variety of sources: from tissues snap-frozen in liquid
nitrogen and stored at —80° C, from cells grown as a manalaver in tissue culture flasks, and from
cell pellets stored at —80°C. [n order to extract RNA from frozen tissue, tissue was ground in liquid
nilrogen using a mortar and pestle to create a powder to which was added RNAwiz™ at a ratio of
Iml per 100 pg of tissue. RINA extracted directly from cells grown as a monolayer was performed
using RNAwiz™ at a ratio of | ml per 10em? of tissue culture flask area. RNA waus also extracted
hy cell pellets containing 2 x 10° cells stored at —80°C (see 2.2.1.1.3: Preparation of cell peliets)
using RNAwiz™ at a ratio of 0.2 ml per cell pellet.
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Following the addition of RNAwiz ™ solution, cells/tissue were homogenised by pipetting up and
down vigorously several times. ‘T'he homogenate was then incubated at room temperature for 5
minutes to allow dissociation of nucleoproteins from nucleic acids.  Then, chloroform (without
isoamyl alcohol or other additives) was added at a ratio of 0,2x the starting volume of RNAwiz™
used and the mixture agitated by shaking vigorously for approximately 20 seconds. Samples were
then centrifuged at 13,000 rpm at 4°C for 15 minutes in order (0 separate the homogenate into 3
phases: an upper aqueous phase (containing RNA), a semi-solid interphase (containing mast of the
DNA), and a lower organic phase. The upper phase was carcfully removed by pipetting and
transferred to a clean, DEPC-treated 1.5 ml eppendarf, RNAse-[ree (DEPC-treated) water was
added at a ratio of 0.5x the starting volume of RNAwiz™ mixed thoroughly. I[sopropanol was then

added (using the same volume as the starting volume of RNAwiz™

), the sample was mixed, and
then incubated al room tempcrature for 10 minutes. The sample was then centrifuged at 13,000
rpm at 4° C for 15 minutes in order (o pellet the RNA. The supernatant was decanted carclully and
the RNA pellet washed in icc-cold 75% ethanol before centrifugation at 13.000 rpm at 4° C for S
minutes. Following this final centrifugation step, ethanol was decanted and the RNA pellet dried
for no longer than 10 minutes (overdrying makes resuspension difficult) before being resuspended

in 30 pl of DEPC-treated water. Samples were stored at —80°C prior to use,

22412 DNase Treaononr of RINA

Contaminating DNA was removed from RNA samples using DNA-free™ (Ambion) methods.
Briefly, 0.1 volume of 10x DNase I buffer (final concentration: 10 mM Tris-HCI pH7.5, 2.5 mM
MgCl;, 0.1 mM CaCly) and 2 units of DNase 1 were added directly to the RNA samples, mixed and
incubated at 37°C for approximately 60 minutes. The enzyme reaction was stopped by the addition
of DNase knactivation Reagent (5p.l) for two minutes at room temperature Recause of the naturc of
the DNase Inactivation Reagent, tubes were periodically agitated to ensure resuspension in the
RNA sample. Samples were then centrifuged at 10,000g for onc and a hall minutes to pellet the
Inactivation Reagent and the supernatant containing the pure RNA was then transferred to a clean

ependorf tube.

22415 Assessment of RNA quality using agarose gel electrophoresis

RNA samples were assessed by agarose gel electrophoresis on a 1% agarose TAE gel by
comparing the bands to a 100 bp molecular weight standard (INVITROGEN, UK). The quality of
the RNA samples were assessed by examining the integrity of the 18S and 28S ribosomal RNA

bands. The 188 ribosomal unit runs at approximately 4.5 Kb and the 28S at approximately 1.2 Kb.
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The 188 subunit should appear at twice the intensity of the 288 subunit. mRNA appears as a smear

from 0.5 through to 12 Kb.

2.2.5 First strand cDNA synthesis

The synthesis of complementary DNA (cDNA}) requires the Reverse Trauscriptase enzyme,
initially identified as the enzyme responsible for forming DNA-RNA hybrids in retrovirus
replication. Reverse transcriptase utilises an RNA template to synthesise a complementary DNA
strand from a primer base-paired to the RNA that contains a free hydroxyl group at the 3° end.
Primers that can be used arc either random primers, designed to prime at multiple sites throughout
the RNA, gene specific primers (GSPs) designed to prime at the gene of interest, or oligo-dT
primers which pair with the poly-A sequence at the 3' end of most eukaryotic mRNA molecules.
All instigate the synthesis of ¢cDNA strands in the presence of the four dNTPs. The RNA-DNA
hybrid is subsequently hydrolysed by raising the plf (unlike RNA, DNA is resistant to alkaline
hiydrolysis) or by using a ribonuclease, The 3'- end of the newly-synthesised DNA strand then
forms a hairpin loop which enables priming of the synthesis of the opposite DNA strand. S1

ntuclease, which recognises unpaired nucleotides, then removes the hairpin [oop.

Superscript 11I™ reverse transcriptase was used for first strand cDNA synthesis. Superscript 1™
is a version of MMLV-RT that has been engineered to reduce RNase H activity and provide
increased thermal stability. Briefly, total RNA samples (up to 5 pg total RNA) were added to [ul
of primer (cither oligo(dT), GSP or randam primers) and 1pl of 10mM dNTPs, and DEPC water
was added o 10ul total volume, This mixture was then denatured to remove any RNA secondary
sttucture by heating for 5 minutes at 65° C and before quenching on ice. First strand synthesis
reactions were performed using the heat-treated RNA in a reaction mix containing reverse
transeription buffer (10x), reverse transcriptase (200 units), DTT (0.1 M), RNase inhibitor
(RNaseOUTT™ 40 units) and MgC12 (25 mM). The reaction was incubated at 50° C for 50 minutes
if oligo(dT) primer was used, or 25° C tor 10 minutes foilowed by 50° C for 50 minutes if other
primers were used, and was incubated at 85-95° C for 5 minutes to terminate the reaction before
being placed on ice. Finally, RnaseH (1pl) was added and the mixture incubated at 37° C for 20
minutes to remove the RNA template from the DNA-RNA hybrid. A Perkin-Elmer (PE) thermal
cycler 480 was used for the reaction. cDNA was stored at 4° C before immediate use or —20° C for

long term storage.
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2.2.6 Amplification of DNA by the polymerase chain reaction

The polymerase chain reaction (PCR) is a powerful technique for amplification of specific DNA
sequences from a complex mixture of DNA. The procedure was developed by Mullis and co-
workers in the mid 1980°s (Mullis e ¢f. 1986; Mullis & I'aloona 1987) enabling large amounts of a
single copy gene to be generated from genomic (Saiki ef o/ 1988} or viral DNA (Kwok et al.
1987). The initial method used the Klenow fragment of DNA polymerase [, which had to be
replenished during each cyele as it is readily denatured by the amplification conditions used. The
substitution of the thermostable Tag polymerase, isolated from Thermus aguaricus, citcumvented

this problem and allowed the automation of thermal cycling (Saiki ef of. 1988).

PCR enables the amplification of any unknown DNA sequence by the simultancous extension of
prituer pairs, flanking the unknown sequence, each complimentary to opposite strands of DNA.
The uses of PCR are many although it has been superseded by more conventional molecular
biological methods in many areas, including sequencing (lnnis ef al. 1988), cloning (Scharf 1990}
and detection and analysis of RNA. An extensive overview of PCR and its applications is available
(Innis & Gelfand 1990} but an overview of the procedure is given below, with more detail in the

appropriate chapters,

2.2.6.1 Primer design

Primer design was aided by some basic guidelines (Innis & Gelfand 1990). An optimal primer pair
should hybridisc efficiently to the sequence of interest with negligible hybridisation to other
sequences present in the sample. The distance between primers is rather tlexible, ranging up to 10
kbp, however the PCR reaction is considerably less efficient with distances > 3kbp (Jeffreys ef al.
1988). Smaller distances between primers lessen the ability to obtain much sequence information
and to reamplify with nested internal oligonucleotides, if rcquired. For any given pair, the

annealing temperatures (Tm) and GC % were balanced.

For many applications, primers are designed ta be exactly complementary to the template. For
others, however, such as engineering for mutagenesis or new restriction endonuclease sites or for
efforts to clone or detect gene homologues where scquence information is lacking, base-pair
mmismatches will be intentionally or unavoidably created. i is best to have mismatches, such as in a
restriction endonucleasc linker, at the 57 end of the primer; the closer to the 37 end of the primer, the

more likely a mismatch will prevent extension.

The annealing portion of primers shountd generally be 18-30 nucleotides in length: it is unlikely that
longer primers will help to increase specificity significantly. Additional sequences such as
restriclion enzyme siles, epitope tags or other desired motifs can be added to the 5 end of the

primer, and may effect specificity of primer binding at low temperatures on complex templates so
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these primers are successfully used when amplifving from a single template vector, Primers should
be designed with a GC content similar 1o that of the template, avoiding unusual sequence
distributions such as stretches of polypurines or polypyrimidines i’ possible. The formation of a

secondary structure such as hairpin loops greatly cffects efficiency of annealing.

Primer-dimers are a common artifact most irequently observed when small amounts of template are
laken through many amplification cycles. They form when the 3 end of one primer anneals to the
3" end of the other primer and polymerase then extends each primer to the end of the other.
Therefore, these can be avoided by using primers without complementary sequences, especially in

the 3" end (this can be minimised by optimising the MgCl; concentration),

2.2.6.2 Preparation of PCR reactions

As PCR is such a sensitive procedure it is essential to take stringent precautions to avoid PCR
contamination from (ube to tube or carry over of PCR products (Saiki, et al. 1988). All PCR
reactions were set up in a designated sepatate room, at the side of the main laboratory where PCR
products were handled. A set of micropipettes was kept for the sole purpose of setting up PCR
reactions, Filter tip pipette tips were used Lo decrease the risk of reaction coinponents passing from
one tube to the next. A bulk reaction mix was used in order to minimise the number of pipetting

sleps. Reaction components {including primers) were aliquoted prior to use and stored at —20°C.

2.2.6.3 Reaction conditions

The use of high quality reagents is essential for the success of PCR; to facilitate this a number of
PCR amplification kits, each containing the necessary reagents, were uscd following the
manufacturers’ instructions. Typically reaction mixes were set up in either 50 p! or 25 ul volumes
using thin walled ependor tubes (0.5 mt or 0.2 ml respectively). Variable concentrations of primers
(eM), dATPs, dCTP, dTTP and dGTD (mM), MgCl; {mmol/L), DNA polymerase (Units), 1x PCR
Buffer containing Tris-HCl {mM), KCE(mM} and gelatin was mixed with an appropriatc volume of
DNA or eDNA template (ng). Thermal cycling was carried out using DNA thermal cyclers (Perkin
Elmer). Two PCR machines were generally used, a Perkin Elmer (PE) 480 which required
overlaying the reaction mix with mineral oil in 0.5 ml ependorf tubes, and a Perkin Elmer (PE)
2400 size for the 0.2 ml ependorf tubes requiring no mineral oil. Cycles varied between reactions
but most commonly consisted of an initial denaturation of 94° C for five minutes, followed by 25-
45 cycles of the following, denaturation at 94° C for one minute; annealing at 55-72° C for one
minute; extension at 72° C for one minute; with a final extension step at 72° C for 4 — 30 minutes.
Reaction products were visualised by agarose gel electraphoresis, generally using 5-10 pi of

reaction product per well,
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2.2.6.4 Purification and assessment of PCR products

Single PCR products were purified following the QlAquick®PCR purification kit protocol,
(QIAGEN). Briefly, the DNA adhered to the filter within the column, separating it from all other
components of the PCR reaction which were washed away with various bufler sotutions. The PCR
products were finally eluted in 30-50ul of sterile water, 4l of which were asscssed by gel
electrophoresis on a 1% agarose TAE gel by comparing the bands created to & 100 bp molecular

weight standard (INVITROGEN, UK)

2.2.7 DNA sequence analysis

2.2,7.1 Automated sequencing

Sanger dideoxy DNA sequencing is the most commonly used method for DNA sequencing,
particularly in large-scale genomic sequencing (Sanger et of. 1977). A variation of automated DNA
sequencing using dye-labelled terminators, in which the dyes are attached to the terminating
dideoxynucleoside triphosphates (Prober er af. 1987) has been used in this project. Primers used

for automated sequencing are shown in Table 2.2,

Table 2.2: Primers commaniy used for DNA sequencing

Primer name Primes sequence (5 to 3') Tm (°C) & GC

(%) content
M13 Reverse (M13F) CAGGARACAGCTATGAC 68.0°C :55.6%
MI3Forward (-20) (M13R) GTAAAACGACGGCCAG 70.9°C:58.6 %
Gl.2 CTTPATGT LT TGGCGTCTTOCA 57.1°C:39.1 %
RV3 CTAGCAAARTAGGCTGTCCC 57.3°C: 50.0 %
RV4 GACGATAGTCATGCCCCGCGECCCACCGGAA 87.0°C : 66.7 %
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2.2.7.2 Sample prepacation

During sample preparation, DNA fragments in a sample are chemically labelled with fluorescent
dyes. The dyes facilitate the detection and identification of the DNA. Typically cach DNA
molecule is labelled with one dye molecule, but up to five dyes can be used to label the DNA
sample. More specifically, PCR reactions were performed using plasmid DNA samples (200-
500ng) in a total volume of 20l containing 0.5uM of primers, 40mM Tris-HCI, 1mmol/L MgCl,
and 4pl of Big Dye™ Terminator Cycle Sequencing Ready Reaction (ABI Prisim). Samplcs were
prepared in the PE 2400 thermal cycler incorporating 25 cycles of amplification, each cycle
consisting of a denaturation step 96°C for 10 seconds followed by an annealing temperature of 50°
C for 5 seconds, and an elongation step of 60° C for four minutes. DNA was (hen purified by
precipitation methods using 3M sodium acetate (Sigma) and ethanol (95%), room temperature for
I5 minutes. Pelleted DNA (14,000 rpm for 20 minutes) was washed in ethanol (70%) and re-
pelleted (14,000 rpm for 5 minutes) before all ethanol was removed and dried at 90°C for | minute.
Template Suppression Reagent (25ul) was then added and the mixture heated to 95° C for 5

minutes and chilled before transfer to genetic analyser sample tubes.

2.2.7.3 Sample sequencing

Samples were finally loaded and run on the ABI PRISM® 3100 Genetic Analyzer (PE Applied
Biosystems, UK) under standard sequencing conditions for generation of automated sequence data.
The ADBI PRISM® 3100 Genetic Analyzer is a multi-colour fluorescence-based DNA analysis
system using the proven technology of capillary electrophoresis with 16 capillaries operating in

parallel. The 3100 Genetic Analyzer is fully automated from sample loading to data analysis.

2.2.7.4 Sequence evaluation

The length of read is 750 bases at the 98.5% base calling accuracy with less than 2% ambiguity.
The output is in the form of a chromas file. A scrics of different computational software programs

were utilised for sequence analysis including the *Blast’ search engine contained within the NCBI

Transfac and Motif Search.

2.2.8 Traosient transfection of mammalian cells

Cationic liposome mediated transfection involves the incubation of cationic lipid-containing
liposomes and DNA to associate and compact the nucleic acid (Kabanov & Kabanov 1995;L.abat-

Moleur ef al. 1996}, presumably from electrostatic intcractions between the negatively charged
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nucleic acid and the positively charged head group of the synthetic lipid. The liposome/nucleic acid
complex is dispersed over the culture, entering cells hy the processes of endocytosis, or fusion with
the plasma membrane via the [ipid moieties of the liposome (Gaa & Fluang 1995). The Trans™Fast
Transtection Reagent (Promega) is comprised of the synthetic cationic lipid, (+)-N,N [bis (2-
hydroxycthyl)-N-methyl-N-[2,3-di(tctradecanoyloxy)propyl] ammonium iodide and the neutral
lipid, DOPE, designed for high efficiency transfer of DNA into mammalian cells and was used in

all cell types for this project.

Cells were seeded onto plates at various concentrations one day hefore the transfection experiment
and incubated overnight at 37° C, 5% CO,. For optimal assay conditions the cells should be
approximately 80% confluent on the day of transfection. The TransFast™ Reagent was thawed,
warmed to room temperature and mixed thoroughly by vortexing while the serum-free media was
pre-warmed 1o 37° C, DNA to be (ransfected was re-suspended in TE buffer to a final concentration
of 0.1-0.5 pg/ul and the DNA purity checked by determining the ratio of absorbency at 260nm
(Aao) and 280um (Asz) using a spectrophotometer. Transient transfections were carried out using
a [:I ratio of Trans™Tl'ast reagent with DNA according to the manufacturer’s instructions. More
specifically, total DNA (50-100ng) was added to pre-wartmmed serum free media {40ul) and
thoroughly mixed before addition of TransFast™ Reagent (0.3u) calculated per well using a 96-
well plate. The DINA/transfection reagent samples were incubated for 10-15 minutes at roaom
temperature o allow complex formation before the growth medium on the 96-well plates was
aspirated and replaced with the transfection samples. The cells were incubated with the complexes
for 1 hour at 37° C, 5% CO, before pre-warmed complete medium was added for cell recovery
overnight at 37" C. Initially an optimisation procedure was performed, testing various amounts of
DNA (0.25, 0.5, 0.75, 1.0 pg per well) at charge ratios (TransFast™ Reagent {0 DNA) of 1:1 and
2:1. For this initial optimisation, serum-free conditions with adherent cells in 24 well plates, using

an exposure time of onc hour was performed.

2.2.8.1 Gencetic reporter systems

Genetic reporter systems are widely used to study eukaryotic gene expression and cellular
physiology. Applications include the study of receptor activity, transcription f{actors and

intracellular signalling in this study.

A dual reporter Assay system has been used in this project to improve experimental accuracy, by
correcting for transfection efficiency. The term ‘dual reporter’ refers to the simultaneous
expression and measurement of two individoal reporter enzymes within a single system. In the
Dual-Luciferase® Reporter (DLR™) Assay System, the experimental firefly (Photinus pyralis)
luciferase reporter (de Wet ef «l. [985) is correlated with the effect of specific experimental

conditions, while activity of" the co-transfected control Renilla (Renilla reniformis) luciferase
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reporter (Lorenz er af. 1991) provides an internal control, which serves as a baseline response.
Normalising the activity of the experimental reporter to the activity of the internal control
minimiscs experimmental variability caused by differcnces in cell viability or transfection efficiency.
Other sources of variability, such as differences in pipetting volumes, cell lysis efficiency and assay
efficiency can be effectively eliminated. Thus dual reporter assays often allow more reliable

interpretation of the experimental data by reducing extraneous influences.

Both firefly and Renille luciferase are immediately active upon mRNA translation, and as neither is
naturally present in mammalian cells, their assays are not interfeved with by endogenous enzymatic
activities. As a dual-reporter system thesc enzymes also offer the advantage of having completely
separate evolutionary histories and thus independent biochemistries, allowing their luminescent

reactions to be distinguished.

DLR™ assays were performed in t(riplicaic 72 hours post transfection according to the
manufacturer’s protocol. More specifically, media was removed from the adherent cefl mono-laver,
washed once with PBS and lysed with Passive Lysis Buffer (PLB) (1x) for 15 minutes at room
temperature. Using a Dynex, MLX luminometer, the activities of firefly and Renilla luciferase
activities were measured sequentially from single samples (per well). The firefly luciferase reporter
was measured first by adding Luciferase Assay Reageat [1 (LAR M) (50uh) to generate a ‘glow-
tvpe’ luminescent signal, After quantifying the firefly luminescence over 12 seconds, the Stop &
Glo® Reagent (50ul) was then added to the same well to quench the first reaction (3 seconds) and
then quantify the second ‘glow-type’ signal of Rewillu hiciferase activity which decayed slowly
over the course of the 12 seconds measurcment. Firelly and Renilla luciferases, because of their
distinet evolutionary origins, have dissimilar enzyme structures and substratc requirements,
enabling the discrimination between their respective bio-fuminescent reactions. Firelly and Renitl

luciferase values were obtained for cach well and analysed using an Excel Spread- Sheet.

2.2.9 Protein Analysis

2.2.9.1 Estimating Protein Concentration

22911 Bicinchonic Assay

The bicinchonic acid (BCA) assay was used to quantify the amount of protein in samples. The
principle of the assay is a colour change that occurs when bicinchonic acid forms a complex with
reduced copper (Cu'") to produce a purple colour that is detectable at 562 nm. ‘I'he reduction of
Cu™ (present in copper sulphate solition) to Cu'" occurs through the action of the Biurst complex

in alkaline solutions of protein as the result of the interaction of copper and BCA with cysteine,
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cystine, tryptophan and tyrosine amino acid residues. The product of this reaction is stable and

increases in a proportional fashion over a broad range of increasing protein concentration,

To perform the BCA assay, a solution of CuSQ4.511,0 (1% w/v, Sigma, UK) was made up in
Bicinchonic Acid (BCA, Sigma, UK) using 1 part CuSQ, to 50 parts BCA. For each samplc to be
tested, 10 pl of a 1/10 dilution of the sample was added to a single well of a 96-well plate. In
addition, 10 pl of dH,O was added to each of 3 extra wells to serve as blanks, and 10 ul of cach of
6 known albumin standards (80 pg/ml, 100 pg/ml, 200 pg/ml, 400 pg/ml, 1000 pg/ml, 2000 pg/ml)
was added to a further 6 wells. To each of the test, blank and standard wells, 200 u! of the
CuSO4/BCA developing solution was added. The samples were then incubated at 37° C for 30 — 60
minutes to allow colour change to occur. At the end of the incubation period the plate was then
scanned using a microtitre plate reader with a wavelength of 562 nm. The rcadings for the 6
albumin standards were used to create a standard curve against which the readings of the samples

were measured to calculate the protein concentration.

2.2.10 Measurement of Telomerase Activity

2.2.10.1Telomerase repeat amplification protocol

Telomerase activity was measured using the TeloTAGGG Telomerase PCR ELISA™® assay

(Roche Molecular Biochemicals, UK), following the manufacturers recommended protocol.

22.10.11 Sample Prepasation

Samples used for telomerase assay analysis included cell pellets from cultured cells (D7, CMT7,
KOSF and UB7 cell lines) and protein extracts derived Irom tissue samples, Cells were harvested
and counted as described in chapter 2. Aliquots of 2 x 10° cells were harvested for each assay.
Cells were pelleted at 3000g for 5 minutes at 4°C, the supernatant withdrawn, and following a bricl
resuspension in 100 pl of PBS the cells were again pelleted and the supernatant carefully removed.
Cell pellets were then resuspended in 200 pl of ice-cold lysis reagent (Roche Molccular
Biochemicals, UK} and incubated on ice for 30 minutes. The lysate was then centrifuged at
16,000g for 20 minutes at 4° C and the 175 pl supernatant was carefully removed with a
micropipette, taking care not to disturb the pellet of cellular debris. Cell extracts were then either

used immediately or snap frozen in liquid nitrogen and stored at -80° C.

Samples of normal tissue (brain) were placed in tumour pots and snap frozen immediately after
haryesting, before being stored at -807 C. This was to preserve the integrity of telomerase RNA

and the catalytic subunit in order to reduce the likelihood of false negative results, Thin slices of
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frozen samples were then removed (approximately 5-10 slices being sufficient) using a sterile
scalpel blade on a disposable Petri dish. Samples were then immediately transferred 1o Rnase-free
1.5 ml eppendorf homogenisation tubes and 200 pl of ice-cold lysis reagent (Roche Molecular
Biochemicals, UK) was added. Samples were then thoroughly homogenised using a sterile pestle
and stored on ice for 30 minutes to achieve thorough lysis. Following lysis, samples were
centrifuged at 16,000g for 20 minutes at 4°C and the protein-rich supernatant carefully removed
with a micropipette as for cell pellets. Protein concentrations were then measured using the
Bradford assay (Sigma UK) as described in Chapter 2. Tissue extracts were cither used

immediately for the TRAP assay or snap frozen in liquid nitrogen and stored at -80° C for later use.

2.2.10.1.2 Primer Elongation and Amplification

All steps in preparation for the TRAP PCR procedure were carried cut on ice, including thawing of
samples prior to analysis. Master mixes were made up for all samples and controls consisting ot 25
pl of a 2x reaction mixture (Roche Molecular Biochemicals) and 5 ul of the 216 bp internal
standard. A 30 pl volume of the mix was placed into a PCR tube for each sample and to this was
added 1 pl of the cell extract, or a volume equivalent to 5 pg of total protein. A 1 pl volume of a
positive control was used, and 1l of lysis buffer alone was used as a negative control. Additional
negative controls were provided by adding 1 pl of cach sample that had been previously heated to
85°C for 10 minutes in order to inactivate telomerase activity. All reactions were then made up 10 a
total volume of 50 ul using Rnase free water (Roche Molecular Biochemicals, UK) and transferred

to a DNA thermal cycler (Perkin Elmer) for the combined primer elongation/amplification reaction.

2.2.10.1.3 Primer Efongation/Amplification Reaction Protocol

Cycles nsed for primer amplification consisted of initial primer elongation at 25°C for 20 minutes
followed by a telomerasc inactivation cycle of 94°C for 5 minutes. This was then followed by 30
cycles of amplification (94°C for 30 seconds), anncaling (50°C for 30 seconds) and extension (72°C
for 30 seconds) followed by a final extension step of 72°C for 10 minutes. Finally, samples werc

held at 4°C until ready for analysis.

2.2.10.1.4 Hybiidisation and ET.I5A

Hybridisation steps were carried out in 0.5ml eppendorf tubes placed in colour-toded racks 0
differentiate between fest, internal standard and negative (including heat inactivated) contrals. A
2.5 i volume of amplification product each sample of the previous step was added to [0 ul of a
denaturation reagent (Roche Molecular Biochemicals, UK) in the corresponding eppendorf tube.
These mixtures were then incubated at room temperature for 10 minutes beflore addition of 100 pl

of either a test hybridisation buffer (to test and control samples) or an internat standard buffer (to
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internal control samples). These buffers contained DIG-labelled detection probes specific for
telomeric repeats and the internal standard respectively, Thorough mixing of the contents of all
tubes was performed by briefly vortexing before 100 pl of the contents of each sample was
removed and placed in a corresponding well of a streptavidin-coated microtitre plate (Roche
Molecular Biochemicals, UK) according to a predetermined pipetting scheme. A plate contained
12 modules of 8 wells each, and modules could be removed to facilitate separate analysis such that

more than one assay could be performed per kit,

Microtitre plate wells were then clearty labelled, covered with an adhesive strip to prevent
dehydration, and incubated at 37° C on a heated plate shaker (Dynatech, UK) rotating at 300 rpm
for 2 hours. This allowed immobilisation of the telomerase and internal standard products with
their corresponding detection probes to the streptavidin-coated walls of the plate wells, via the
biotin labef of the kit primer. Following hybridisation the solutions were completely removed from
the wells, after which the wells were washed three times for a minimum of 30 seconds per wash
with 250 ul of wash buffer (Roche Molecular Biochemicals, UK) to ensure buffer was completely

removed from the wells between steps.

The anti-D1G working solution was a polyclonal antibody (Roche Molecular Biochemicals, LK)
raised in sheep and conjugated fo horseradish peroxidase (HRP), that was diluted to a concentration
of 10 mU/ml in a conjugate dilution buffer (Roche Molecular Biochemicals, UK). A 100 pl
volume of this anti-DIG-HRP working solution was then added to each of the wells which were
then again covered with adhesive film and incubated for 30 minutes at room temperature on a plate
shaker rotating at 300 rpm. The working solution was then removed completely from the wells and
five 30-second wash steps performed as described previously. Following this, 100 ul of a substrate
solution, equilibrated to room temperature and containing the HRP-seasitive compound 3,3°, 5,5°-
tetramethylbenzidine (TMB) was added to each well and the plale covered and incubated for colour
development at room temperature for |G minutes, whilst rotating at 300 rpm. Without removing
the substrate salution from the well, 100 ul of a stop reagent {(<5% sulphuric acid, Roche Molecular
Biochemicals, UK} was then added. The siop solution was designed to stop the reaction and
simultaneously cause a colour change of the reacted HRP substrate from blue to yellow, increasing
the sensitivity of the reaction. The absorbance of the samples was then immediately measured at
4506 nm with a reference wavelength of 690 nm using « microtitte plate rcader (Dynex
Technologies, UK). Samples were regarded as telomerase positive il the absorbance was higher
than 0.2 arbitrary units (Aqsoam-Agoonm)- The absorbance reading obtained with the positive control

supplied with the kit was always higher than 2.0 U.

84



2.2,10.15 Quantification of Telomerase Activity

The level of telomerase activity in samples was determined from the absorbance obtained using 1
ul of the positive control template. Low and high activity control templates provided were
identical to a telomerase elongation product of 8 telomeric repeats and were at a concentration of
0.001 amol/ml (low activity) and 0.1 amol/ml (high aclivily). The amplification of both
telomerase-specific products and internal standards was semi-competitive since the same primers
were vused to amplify both products. In most cases, low activity control template was used. The
relative telomerase activity (RTA) was determined by normalising the absorbance of the sample to
that of the internal standard and expressing this as a proportion of the positive control. The formula

used was as follows:

RTA = AA Ay x 100
(Arsg=Avssa) Avsess
where:
As = absorbance of the sample
Asq = absorbance of the sample (heat-inactivated) negative control
Aso = mean of all heat inactivated samples
AAs = corrected absorbance of cach sample (calcutated by subtracting Agpfrom Ag)
Aqsg = absorbance of the control template
Arssp = absorbance of lysis buffur

Arsgis = absorbance of the controf template’s internal standard

Tests were performed on each sample in duplicate and results only considered valid if less than
10% variation was found between sample results. The values (Aysg-Arss o) Arsss obtained using |
ul of the control template were considered acceptable it within the range of 2.0-4.0 and 0.2-0.5 for
high and low activity templates respectively, following 10 minutes of substrate reaction. Test
samples with absorbance readings greater than twice the background reading and with AAs/Agy >
2.0 (sample reading greater than twice mean background absorbance) were considered to be
telomerase positive. In addition, results were only considered positive if less than 10% variability

was found between tests performed in duplicate,
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CHAPTER 111

IMMUNOHISTOCHEMICAL DETECTION OF
TELOMERASE ACTIVITY IN CANINE BRAIN TUMOURS




3.1 Abstract

The ability of telomerase to maintain telomere length represents an important means by which
cancer cells can escapc the onset of senescence and crisis given their enhanced proliferative
capacity. Surveys have shown that 85-90% of afl human tumours possess telomerase activity,
Brain tumours represent an important subgroup because of the debilitating symptoms associated
with their effects and because survival rates for the most malignant remain unchanged despite
advances in anticancer treatment strategies over the past thirty years. ‘I'hcir canine counterparts
show strikingly similar features both at the histological and genomic levels, and for this reason
ofter an attraclive model for the development of novel therapies. Given the ubiquity of telomerase
activity in other tumour types, telomerase activity in human brain tumours has been extensively
examined as a potential prognostic indicator. However, there appears to be a wide variation in the
reported incidence of telomerase activity in brain tumours which is likely to be due to problems
associated with the methods used to date. Jn this chapter we aimed to investigate the
immunochistochemical detection of telomerase activity using a number of antibodies directed at
TERT, One antibody, NCL-hTERT, was found to slain telomerase-positive D17 and CMT7 cells
and telomerase-positive, formalin-tixed canine testis, at a concentration of 1/200. This antibody
was then used to examine the correlation between TERT staining and malignancy in a panel of 93
canine brain tumours and to correlate telomerase activity with proliferation as assayed using the Ki-
67 monoclonal antibody in a smaller subgroup, TERT staining was found to correlate significantly
with malignancy in brain tumours overall as well as in the meningioma and oligodendroglioma
subgroups. When TER'T staining was correlated with proliferation, TERT staining was also found
to correlate signiticantly with the MIB-1 labeiling index in all tumours, and again in the
meningioina and ofigodendroglioma subgroups. These results suggest that the NCL-hTERT
antibody represents a promising mcthod with which to identify telomerase expression in formalin-
fixed, paraffin-embedded material, and that the prevalence of telomerase activity in canine brain

tumours is simitar to their human counterparts.
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3.2 Introduction

The aim of this chapter was to examine telomerase activity in a group of tumours that is scen
commonly in the dog — intracranial tumours. This survey was performed for two reasons: firstly,
to evaluate telomerase expression as a diagnostic and prognostic tool in canine brain tumours, and
sccondly as a prelude for the development of telomerase-targeted therapies. An important
prerequisite for the development of such therapies in any group of tumours is an accurate
knowledge of the incidence of telomerase activity — such therapies would be of littic ¢Inical benefit
if the incidence of telomerase activity is low. This intoduction will review the current knowledge
of telomerase activity in brain tumours in humans and will briefly roview the biology of their
canine counterparts. In addition, it will be of some value to examine the methods currently in use
o detect telomerase activity, as a background to determining its value as a prognostic and

diagnostic tool,

3.2.1 Brain Tumouts in Huraans

Brain tumaours comprise about 1% of all cancers in humans, but they contribute to 2.5% of overall
cancer mortality, and are the third leading causc of death due to cancer in patients between 15 and
34 years of age (Santarius et al. 1997). Whilst outcomes for many patients with brain tumours
have signilicanlly improved with the development of improved surgical, radiation therapy, and
chemotherapeutic techniques, the most malignant subtype, glioblastoma multiforme, remains an
intractable prohlem. Median life expectancy for patients with this diagnosis has remained
unchanged at 12 months for the past 30 vears, despite the advent of sophisticated therapies such as
radiosurgery (Markert 2003). In addition to short survival tiines, the clinical symptoms of brain
tumours, as with other diseases affecting the brain, arc often particularly severe and debilitating.
For these reasons, considerable attention has been focused on improving the diagnosis and

treatment of these tumours.

3.2.1.1 'l'umour Biology

Several findings suggest that tumorigenesis in humans is a multistep process, and that these steps
reflect genetic alterations that transform normal cells into malignant cells. Many cancers occur
with an incidence related to the age of the individual affected, implicating four to seven stochastic
events (Flanahan & Weinberg 2000). A large body of work now indicates that the genomes of
tumour cells have invariably undergone modification at multiple sitcs through changes as small as

point mutations to changes in chromosome complement (Kinzler & Vogelstein 1996). The
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eslablishment of a cancerous celi line in vifro has also been demonstrated to require a multistep
process — rodent cells requirc at least two introduced genetic changes before they acquire
tumorigenic competence, whilst human cells are even more difficult to transform (Hahn et «f.
1999Db). Together these findings suggest that tumour development proceeds in a fashion not unlike
Darwinian cvolution, in which a succession of genetic changes, each conferring a growth or
survival advantage, leads (o the progressive conversion of normal cells into cancer cells (Hanahan

& Weinberg 2000).

Whilst a highly complex body of knowledge has developed (rom the study of cancer biology, it is
likely that the vast range of cancer cell genotypes and phenotypes so far elucidated are all
connected by a small number of important functious. It has been suggested that in fact there are
only 6 critical physiological functions that dictate cancerous growth (Hanahan & Weinberg 2000).

These are:

1) Self-sufficiency in growth signals
2) Insensilivity to anti-growth signals
3) Evasion of apuptotic pathways

4) Limitless replicative potential

5) Sustained angiogenesis

0) Tissuc invasion and metastasis

The gain of each of these functions represents the successful breaking down of an anticancer
mechanism that is ‘hardwired’ into the genome of normal cells. Restoring telomerase activity
provides a means for acquiring two of these functions: the ability to evade apoptosis and to divide
indefinitely. The acquisition of all 6 leads to the development of a cancer that is able to grow
indetinitely and metastasise (o parts of the body distant from the cell of origin, However, the order
in which these functions are acquired may vary with each tumour, and it is possible (hat not all
tumours acquire all 6 functions before causing the death of the host. As an example, brain tumours
arising in the brainstem may lead to Fatal herniation without becoming very large. Therefore, death
of the host may occur before cell numbers expand enough to allow for selection of metastatic
ability. in fact, this may be one explanation for the finding that metastasis of primary brain
tumours to extracranial locations occurs extremely rarely. For the same reason, the ability to
replicate indefinitely may not be crucial for all brain tumours. Interestingly, if one extends this
theory by removing the bulk of the tumour and allowing continued growth without the death of the
bost, this may allow the continued ‘evolution’ of a cancerous phenotype. [f this is (he case, one
would expect that mechanisms that allow limitless replication may appear in some tumours after
initial debulking. Indeed, with some tumours in humans, including pitvitary adenomas and

meningicmas, that theory appcars to hold true (Harada ef al. 2000a).
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These findings suggest that when benign tumours are treated, the evolution of a more malignant
phenolype which includes the ability to replicate indefinitely, becomes an importanl consideration.
For this reason, telomerase has been investigated both as a means of diagnosing malignant

transformation, and as a target for therapy.

3.2.1.2 Conventional therapies for human brain tumours

‘The mainstay of treatment for many tumours remains surgical excision in those parts of the brain
for which this is fcasible. However, some, ‘cloquent’ parts of the brain are not amenable to this
approach. The advent of sophisticated imaging techniques, including functional and intraoperative
Magnetic Resonance Imaging (MRI), have allowed refinement of surgical techniques and the
abilily to resect more tumour tissue whilst sparing important functional areas of the brain,
However, even with these techniques complete surgical excision is not always possible (Henson e¢

al. 2005).

Radiotherapy, cither as adjunctive therapy following surgery, or as the primary treatment for
surgically inaccessibie timours, has become another important treatment modality. Since the {irst
demonstration that radiotherapy improved survival in patients with brain tumours in 1976,
improvements have led to cscalation and refinement of dose administration and developnents such
as slereotactic radiosurgery (Fiveash & Spencer 2003).  Although for some tumours these
refinements have increased survival times, this is nol the casc for patients diagnosed with

glioblastoma, for whom the outlook has remained grim.

The use of chemotherapcutic agents has met with success in some tumour Lypcs.
Oligodendrogliomas have long heen known to be sensitive to chemotherapeutic protocols, the most
common of which include the use of procarbazine, carmustine (CCNU) and vineristine (PCV) (van
den Bent 2004). Cytogenetic studies have revealed that this chemosensitivity is associated with
loss of heterozygosily (LOH) on chromosome arms 1p and 19q, and that tumours with mixed
oligadendroglial and astrocytic components that possess this genetic makeup are similarly
chemosensitive (Bigner ef a/. 1999; Cairncross ef al. 1998; Engelhard et af. 2002). However, other
tumours, such as meningiomas and gliobiastomas, have proved remarkably resistant to
chemotherapeutic approaches (Lusis & Gutmann 2004; Parney & Chang 2003). For these reasons,

considerable attention has been directed towards (he development of new therapeutic strategies.

3.2.1.3 Prognosis

Whilst the figures for median survival times for most brain tumours are well known, providing a
prognosis for individual patients can be challenging. For patients with a diagnosis of glioblastoma

multiforine, median survival is a mere [2 months. However, 5% of these patients will survive §
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years or longer, and a small group will survive up to 20 years following initial diagnosis (Senger et
al. 2003).  Similarly, whilst the majority of patients diagnosed with meningioma are cured
following gross total resection, up to 19% of patients will suffer a recurrence and have a poorer
outlook (Maes er «f. 2005). Various histopathological features have been associated with
aggressive behaviour and recurrence, but there appears to be little agreement on which features are
most important to prognosis with the exception of the proportion of cells undergoing proliferation
(Carroll er ai. 1999; Rushing ef al. 1998). Predicting which patients will respond to therapy and
which will go on to suffer relapse, thereiore, is of considerable interest, A summary of survival
times for the most commonly encountered brain tumours in humans is given in Table 3.1. For a
full review, the reader is referred to two excellent sources:  (Klethues & Cavenee 2000) and

(Lantos ef af. 2002)
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Table 3.1: WHO classification and survival [or the most common hunan brain tumour types

Tumour type WHO 5 year survival (Kleihues
Classification & Cavenee 2000)

Astracytomas

Pitocytic astrocytoma 1 100%°

Diffuse astrocytoma 2 &}

Anaplastic astrocytoma 3 C

Glioblastoma multiforme 4 <] %!
Oligodendroglicmas

Oligodendroglivina 2 38 -17%

Anaplastic oligodendroglioma 3 23-41%

Oligoastrocytoma 2 58%

Anaplastic oligeastrocytoma 3 36%
Choroid plexus tumous

Choroid plexus papilloma | 100%

Choroid plexus carcinoma 3 40%
Meningiomas

Benign meningiomas I >100%"

Atypical meningioma 2

Anaplastic meningioma 3

a As a group these tumours, must commonly seen in pasdiatric patients, are slow growing and nuy at any paini stabilise
OF CVeN regress and are uncotnonly fatal,

b Overalt mean survival is approximately 6-8 years, Howcever, survival is mainly determined by the length of time before
progression 10 more malignant phenoiype (cither anaplastic astrocytoma or glioblastoma), usuaily approximately 4-5
years.

¢ Key determinant of suevivat thne is (e time interval before progression to gliohlastoma, which varies considerably.
Mean overall survival is 3 years, with mean of 2 yenrs to development of glioblastont.  Survival time is longer jor lhose
tumours with an oligedendroglial compuonent (>7 years).

d Mean survival time lor glioblastoma is less than | yeur. Survival at 3 years is 1.8%.

¢ The major determinant of survival time for patients with meningiomas is time to recurrence, which in irn is largely
relaled to the extent of surgical excision achieved. Benign meningiomas have a recurrence rate of between 7% and 20%
For atypical variants (including clear ceil and chordoid variants) this figure rises 10 29 - - 40%, and for anaplasiic variants

(including papillary and rhabdoid variants) this rises to 50 - 78%.
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Conventional predictors of prognosis for patients diagnosed with a brain tumour include age at the
onset of discase, clinical status, tumour location and radiological appearance. In addition, the
histopathological appearance of many tumours and features such as microvascular proliferation,
mitotic Nigures and necrosis are all important in producing a grading scheme related to prognosis,
The development of techniques to analyse the genetic makeup of tumours has also refined some of
these predictors, and has even made some redundant (Buckner 2003: Cairneross e al. [998).
However, whilst the genetic profile of many tumours is now known, remarkably few mutations are
commen to the majarity of tumours within a given type, perhaps with the exception of LOH of
chromosomes | and 19 in oligodendrogliomas (Cairncross ef of. 1998). Far instance, glioblastomas
are thought to arise either as primary, or de novo, tumours {usually in older patients) or as
secondary tumours as a progression from more benign astrocytic tumours {Lantos ef afl. 2002).
Mutations or alterations of the EGFR, TP53, MDM2, CDKNZA, RBI1, PTEN and DMBT]I
(‘deleted in malignant brain tumours-17) genes have all been reported in glioblastomas, with some
of these found predominantly in primary tumours and others in secondary tumours (Lantos ef al.
2002). The finding that thesc tumowrs arise by one of a number of pathways makes the prediction

of prognosis for individual patients difficult.

Orne ol the mast consistent predictors of biological behaviour for many tumours has been the
degree of proliferation within neoplastic cells, as assessed using a variety of immunolistochemical
stains. The proportion of cells within a tumour undergoing proliferation has been shown to
correlate well with histological features of malignancy, such as necrosis, neovascularisation and
mitotic figures (Wiksteand ef o/, 1998). 1n addition, separate studies have shown that proliferation
is associated with shorter survival times, independent of other characteristics of malignancy. A
large body of research has now shown this for mast rumour subtypes, including meningiomas,
astrocytomas and oligodendrogliomas (Ho et /. 1998; Kros et al. 1996; Pollack et af. 2002;
Sallinen et af. 2000; Sharma et af. 2004; (akahashi ¢f o/, 2004). Several histological techniques
have been employed to assess cell proliferation, including the Ki-67 and Proliferating Cell Nuclear
Antigen {PCNA) immunohistochemical stains and Bromodeoxyuridine (BrdU) labelling {Madewell

2001).

32131 DBdU

BrdU is a thymidine analogue that is incorporated with DNA synthesis during the S-phasc of the
cell cycles. Once taken up by cells, it can be detected using either radio-labelling or
immunohistochemical means. However, BrdU use is limited by several factors, Firstly, BrdU can
only be absorbed by living cells, either grown in culture or shortly after sample collection. As a
corollary to this fact, cells within biopsies immersed in BrdU for labelling purposes will only be

fabelled to a depth of 4 mm {rom the surface due to its inability to penetrate the entire sample
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(Zacchetti et . 2003). This therefore precludes its use in archival material, Secondly, BrdU is
only taken up by those cells involved in the S-phasc of the cell cycle, such that proliferating cells in
the G and G2 phases of the cell cycle will not be detected (Zacchetti ez al. 2003). Thirdly, the use
of Brdl] is complicated by its significant mutagenic potential and hazardous nature (Zacchetti et .

2003).

3.2.13.2 Proliferating Celf Nuclear Antigen (PCNA)

PCNA is a subunit of DNA polymerase-delta, with a mass of 36Kd (Madewell 2001). PCNA is
essential both for replication of DNA and for DNA repair. Maximal expression occurs in the G1i
and S phases and decreases in the G2 and M phases of the cell cycle. Whilst PCNA cant be used on
archival matcrial, other factors complicate interpretation. As PCNA is involved in DNA repair (as
well as replication) and has a relatively long half-life of between 8 and 20 hours (leading to its
detection in early GO0), overestimation of the number of proliferating cells is possible (Bravo &
Macdonald-Bravo 1987; Scott ef al. 199]; Toschi & Bravo 1988). Finally, titration of the
concentration of antibody used must be undertaken with care, as the number of positive-staining

cells increases with antibody concentration and with staining time (Madewell 2001).

32133 Ki-67/MIiB-1

The Ki-67 antigen, detected by the monoclonal antibody MIB-1, is a large protein of 345 Kd
(Bruno & Dareynkiewicz 1992). Whilst it is present in all stages of the cell cycle, it reaches
maximal expression during mitosis, and is rarely detectable in GO due to its shart half-life of
approximately 1 hour (Bruno & Darzynkiewicz 1992; Du ef al. 1991; Gerdes et al. 1984). For this
reason, il is less likely to overestimate cellular proliferation than PCNA. Additionally, Ki-67 may
be used with archival material, unlike BedU, which makes it an attractive method for the

assessment of proliferation,

In humans, Ki-67 has been used in a wide range of tumours, including intracranial neoplasms. [n
meningiomas, astrocytic tumours, oligodendrogliomas, gangliogliomas and ependymomas, a high
MIB-1 LI has been Found to correlate well in tumours with aggressiveness, tumour recurrence and
short survival times (Engelhard et al. 2002; Ho et af. 1998; Ho er al, 2002; Hsu er «f. 1998;
Konstantinidou ef al. 2001; Nagat et al. 1995; Pollack ef al, 1998; Sallinen er ol 2000; Takahashi
et af. 2004). This large body of evidence suggests that proliferation, as asscssed by Ki-67 staining,

is an important predictor of tumour behaviour.
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3.2.1.4 Telomerase activity in human brain tumours

Because of the stroug link between telomerase activity and oncogenesis, a number of researchers
have examined the ability of telomerase expression to provide a prognostic indicator of outcome in
human brain turnowrs. One of the most comprehensive surveys of telomerase activity in human
tumours overall was published in 1997 by Shay and Bacchetti (Shay & Bacchetti 1997). This
review encompassed almost ali tumour types, the vast majority of which were sampled using the
Telomerase Repeat Amplification Protocol (TRAP) assay. Another excelient review of telomerase
activity in brain tumours specifically was provided hy Falchetti ar of, to which the reader is also
directed (Falchetti es a/. 2002). Qverall, the clinical picture suggests that approximately 85-90% of
all human cancer specimens cxpress telomerase activity, However, the grade and stage at which it
is expressed for each given tumour type is variable, with telomerase expression especially
characteristic of high grade neoplasms (Kleinschmidt-DeMasters es ef. 1998a)  Although the
overall proportion of tumours positive for telomerase expression was very high in the review by
Shay and Bacchetti, within the brain tumours sampled, telomerase activity varied between 10% and
100% of the tumours sampled. Given this wide variation, a more detailed survey is provided here,

along with possible explanations for some of this variation,

32141 Glial tumours

Several studies have examined the activity of telomerase in glial tumours, with varying resuits,
Information  on  telomerase expression in  glial tumours, including astrocytomas,
oligodendrogliomas, ependymomas, oligo-astrocytomas, and high grade gliomas, has been limited
and somewhat conflicting, with several studies showing that a significanl pereentage of
glioblastomas and anaplastic astrocytomas are negative for telomerase expression {Carroll e al.
1999). This is an unexpected finding given the high degree of malignancy that characterises these

wmours (Kieinschmidt-DeMasters ef af. 1998a).

One of the earliest studies, reported by Langford er «f (Langford et af. 1995), analysed telomerase
activily in 90 gliomas. In this study, glioblastomas displayed telomerase activity in 38 of 51 cases
(75%) overall, with 78% of primary tumours and 68% of recurrent tumours positive. Anaplastic
astrocytomas, on the other hand, displayed very limited telomerase activity, with only 2 of 20
(10%) positive. Oligodendrogliomas in this study were uniformly found to display telomerase
activity, with 19 of 19 tumours positive tor the TRAP assay. Overall, the telomerase activity in this

study correlated well with histological assessment of malignancy,
Nakatani e af reported slightly different results in their study of 41 brain tumours (Nakatani e/ af.

1997). In this study, 12 of 20 (60%) of glioblastomas were found to be positive for tclomerase

activity (57% of primary GBMs and 67% of recurrent GBMs). None of 3 anaplastic and 4 low
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grade astrocytomas displayed telomerase activity, however, while 2 of 2 oligodendrogliomas were
found to be positive for telomerase expression. In contrast to the study reported by Langford ef o,
however, there was no significant correlution between pathological diagnosis and tclomerase
activity, or between MID-1 staining and telomerase activity, The relatively small number of

samples of each tumour type, however, muake interpretation of these results difficult.

Carroll et aof examined telomerase activity in several glioblastomas as part of an investigation into
the presence of dicentric chromosomes in brain tumours (Carroll ef al. 1999). In the glioblastomas
examincd, lelomerase activity was present in only 7 of 25 (28%), a figure substantially lower than
earlier studies. None ol the 4 low grade glial tumours demonstrated tclomerase activity. The
apparent disparity between the levels of telomerase activity detected in tumours of this study and
previous studies may be explained by the different versions of the TRAP assay used in different
studics. Larlier studics described telomerase activity in gliomas and meningiomas using the
upstream primer 1S and a downstream primer CX. These primers have been reported to result in
primer-dimer formation and false positive generation, as reflected by Southern blots of TRAP assay
products. However, as with several other reports, a relatively small number of tumours was

examined, making comparison between tumour types difticult.

Santarius ¢/ af found that a small percentage of low grade astrocytomas, 71% of anaplastic
astrocytomas and 8§9% of glioblastomas were positive for telomerase activity (Santarius ef af.
1997). In contrast, Morii ¢¢ ¢! found no significant correlation between tumour malignancy (as
assessed by WHO grade) and telomerase activity (Morii ef ai. 1997). In this study, 20 tumours
were cxamined, including 1 pilocvtic astrocytoma, 7 oligo-astrocytomas, 1 anaplastic astrocytoma
and 11 glioblastomas, with 63% of grade [ and If tumours and 67% of grade I and IV tumours
displaying telomerase activity respectively. As with the study reported by Nakatani er af however,
the small number of tumours examined hinders accurate asscssment of (elomerase activity with

respect to proliferation.

A larger study that provided evidence for telomerase involvement in tumour progression waus
reported by lliraga et of (Hiraga et af. 1998). This study examined telomerase activity and
telomere length in 170 brain tumour tissucs, and found telomerase expression in 20% (3 of 15) of
grade Il astrocytomas, 40% (6 of 15) anaplastic astrocytomas, and 72.3% (34 of 47) of
glioblastomas. Overall, telomerase activity was present in 61.7% (66 of 107) of the neuroepithelial
tumours examined. However, in grade 1 and anaplastic astrocytomas, telomerase activity was
significantly correlated with early histological progression and reduced survival. Furthermore, a
number of recurrent tumours which had been previously telomerase-negative were found to display
telomerase activity following recurrence and progression 1o a higher grade. Telomerase activity
was also detected in all primitive neurccctodermal tnmours, anaplastic oligoastrocytomas,

neuroblastomas and oligodendrogliomas. Telomere length was found to be significantly shorter in
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tumours with telomerasc activity present, including 10 glioblastomas which had progressed from
fower grade tumours with normal lelomere lengths, and which had acquired telomerase activity.
Interestingly, this study also found that telomerase activity appeared to be a pre-requisite for the
establishment of cell lines from tumour tissue, as ccll lines were cultured ftom 3 of 29 (17.2%)

telomerase-positive neuroepithelial tumours but not from telomerase-negative tumours,

Within the glioblastoma subgroup, Harada and colleagues provided evidence that the route ta
telomerase activation might vary between primary, or de navo tumours, and secondary tumours
arising as a progression from more benign variants (Harada es /. 2000b). Primary tumours, which
arisc in older patients and are associated with EGFR and MDM2 gene mutations, and with LOH in
chromosome 10, carry a worse prognosis than secondary tumours, which generally arise in patients
under the age of 45 and which are associated with inactivation of p53. Harada and colleagues
found that only 36% of primary tumours possessed telomerase activity, as assessed by TRAP assay,
as compared with 90% of secondary tumours. in addition, hTERT expression was higher in
sccondary tumours with telomerase activity than in primary tumours with telomerase activity,

Overall, 62% of all the glioblastomas examined had telomerase activity.,

Kleinschmidi-DeMasters et a/ (Kleinschmidt-DeMasters er af. 1998a) examined gross total
resection samples to determine whether sampling of multiple regions throughout tumours could
also explain the conflicting Findings of previous studies. In addition, telomerase expression was
examined to determine whether there was any connection with the histological features of each
type of tumour, along with proliferation (as characterised by MIBI staining) and p53 staining. In
this study, 3 of 10 oligodendrogliomas were found to express telomerase activity. Interestingly, of
the 10 tumours, 9 were found to possess uniform activity with all regions sampled either uniformly
positive or negative for telomerase expression. In contrast, high grade astrocytomas showed more
variable telomerase activity. Of the 11 glioblastomas examined, all tumours showed at least one
region positive for telomerase expression, However, only 3 tumours showed homogenously
posttive activity, the remainder exhibiting negative telomerase activity in some of the samples
taken from cach tumour. Negative telomerase activity was not explained by the presence of
necrosis {as assessed trom mirrored histological samples). Of the aunaplastic astrocytomas
examined, 2 of 3 showed heterogenous positive telomerase activity. laterestingly. although not
statistically significant given the small number of these tumours examined, there was a tendency
for regions positive for telomerase expression to display histological anaplasia. [nterestingly, the
study by Cabuy and de Ridder supported the finding that tclomerasce activity varics across different
regions of glioblastomas (Cabuy & de Ridder 2001). Overall, this study found strong statistical
association between the presence of telomerase activity and MIB1 staining, but not with any other
histological feature or with pS3 staining. The variation in telomerase activity within tumours may

well provide an explanation for previous, conflicting resuits.

97



Another method that evaluates telomerase activity within selective regions of tumours rather than
within the entire tumour, was described by Weil ¢f af (Weil et af. 1999). In this study, the authors
used microdissection to evaluate telomerase activity via the TRAP assay in specitic areas of
tumours, free of other components such as vascular proliferation, necrosis and inflammation,
Using this method, 8 of 8 glial tumours {comprising | low grade oligodendroglioma, 1 anaplastic
oligodendroglioma, 3 anaplastic astrocytomas and 3 glioblastoinas) were positive for telomerase
activity, in addition to un aggressive B cell Iymphoma. [n contrast, normal brain tissue and a
meningioma were negative for telomerase activity, These [indings, along with those of
Klcinschmidt-DeMasters ef of (Kleinschmidt-DeMasters er al. 1998a) suggest that a high
propertien, if not all, malignant glial tumours express {clomerase activity, but that detection may

require analysis of selective areas within tumour tissue.

Chong et «f focused specifically on non-astrocytic glial tumours in their study of 45 cases (Chong
el af. 2000). Telomerase activity along with h'TERT mRNA expression was examined in 27
oligodendrogliomas (11 oligodendrogliomas, 10 anaplastic oligodendrogliomas, 4 oligo-
astrocytomas and 2 anaplastic oligo-astrocytomas) and 18 ependymal tumours (14 ependymomas, 1
anaplastic ependymoma, | myxopapitlary ependymoma and 1 subependymoma). ‘l'elomerase
activity appeared to correlate with malignancy, with 3 of {1 (27%) grade Il and 7 of 12 {(58%)
grade Il oligodendrogliomas positive lor telomerasc activity as assessed by the TRAP assay. Of
the oligoastrocytomas, 1 of 4 (25%) grade Il and | of 2 (50%) anaplastic tumours were telomerase-
positive. Interestingly, no statistical difference was found between telomere lengths of telomerase
positive and negalive tumours, or between telomere length and degree of malignancy, although
other authors have reported short telomeres in telomerase positive gtiomas (Hiraga e al. 1998;
Morii er al. 1997). This study also examined mRNA expression of hTERT and found that the
expression of hTERT mRNA was significantly greater in telomerase positive (100%) vs
elomerase-negative (50%) oligodendrogliomas. These resulls suggest that the expression of
hTERT mRNA is an important factor for telomerase activation. However, the signiticance of the
presence of hTERT mRNA in telomerase-negative tumours is unclear, as it is possible the PCR
product detected in this study may have been derived from alternative, non-functional spliced

transcripls of hTERT.

While the majority of reports describe detection of telomerase activity by the TRAP method, some
researchers have utilised &7 sivee hybridisation {1SH) to assess telomerase activity. Sallinen ef of
(Sallinen e¢f al. 1997) examined telomerase activity in 46 astrocytic tumonrs, consisting of 2 grade
I, 16 grade I, 4 grade III and 241 grade 1V tumours (glioblastomas), using ISH directed against
hTR. This study found that hTR expression was significantly higher in malignant (grade [11 and
IV} than benign (grade I and 1) tumours. In addition, hTR expression was significantly correlated
with proliferation in the tumours studied, although the significance of this is unclear given the lack

of correlation between hTR and telomerase activity reported by other authors, and since hTR is
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cominonly expressed in both cancerous and non-cancerous tissue (Gunther ef ol 2000) (Chong et

at. 2000).

32,142 Meningiomas

Meningiomas constitutc the most common benign neoplasm affecting the central nervous system in
both humans and dogs. In humans they are divided into three histopathclogical grades: benign,
atypical and anaplastic (Kleihues & Cavenee [999), which possess features consistent with an
increased growth rate (mitotic [igures and increased likelihood of recurrence following surgery). In
concordance with their generally benign nature, tclomerase activity in these tumours has been
generally reported to be low or absent in the benign variant. In the study of 41 tumours reported by
Nakatani er @/ (Nakatani ef af, 1997), 9 were meningiomas, all of which were found to be negative
for telomerase activity, Similarly, Carroll er af (Carrolt et a/. 1999) found that none of 25
meningiomas expressed telomerase activity, including 4 atypical variants. Another study found
that 7/26 (27 %) of benign meningiomas assessed with TRAP and RT-PCR possessed telomerase
activity, as compared with 6/6 (100 %) of atypical and anaplastic variants (Boldrini ef af. 2003).

The study reported by Carvoll et of also examined the presence of dicentric chromosomes and their
relationship with telomerase activity. Diccntric chromosomes have been considered to represent
telomere end associations associated with very short telomeres in cells approaching senescence,
and have been described in up to 50% of meningiomas (Carroll ¢/ ¢/ 1999). Consequently,
dicentric chromosomes should be absent in cells which posscss telomerase activity (Park e af.
1996). This study reported that of the telomerase negative meningiomas examined, 11 of 23 were
found to have dicentric chromosomes present. The authors of this study remarked that earlier
studies had utilised TRAP assays with primers that could form primer-dimer associations, resulting
in false positive results (Kim & Wu 1997; Krupp ef af. 1997), and that their study utilised a TRAP
assay designed to prevent these associations. Consequently, this could explain the lower number of

TRAP positive tumours detected.

Simon ef ol (Simon et al. 2000), in their study of 53 meningiomas, found that telomerase activity
correlated strongly with malignancy and progression of meningiomas. In this study, 7 ol 34 (21%)
benign, 9 of 12 (75%) atypical, and 7 of 7 (100%) anaplastic meningiomas displayed telomerase
activity as reported by TRAP assay. The involvement of telomerase activity in fwinour progression
was also supported by the finding that one possible radiation-induced tumour was found to be
TRAP-positive, while tumour multiplicity was not associated with telomerase activity. Radiation
induced tumours are known to follow a more aggressive cowrse. Additionally, all recurrent
tumours and tumours that recurred during the follow up period were found to be telomerase
positive, In this study, expression of h'TERT mRNA as assessed by Reverse Transcriptase PCR

(RT-PCR) was also found to correlate with malignancy. However, of 30 tumours positive for
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hTERT mRNA expression, only 23 were TRAP positive. The level of telomerase activity in this
study was not found to correlate with malignancy, with some malignant tumours displaying low

levels of TRAP activity.

3.2.14.3 Pituitauy tumours

Tumours atising from the pituitary gland in humans are frequently benign, with the most common
varian( being the pituitary adenoma. Pituitary adenomas themselves arc amongst the most benign
of CNS neoplasms, and rarcly merastasise. However, In rare instances, these tumours may
transform. [larada ef af reported on a pituitary adenoma in which bolir activation of telomerase
activity and decreasing telomere length measured over successive resections were associatcd with

malignant transformation and metastasis (MHarada et a/. 2000a).

3.2.14.4 Neuroblastomas

A number of stadies have focused on neuroblastomas, the most common solid tumour in children
younger than 5 years of age (Falchetti et @/ 2002). As a tumour group, they are markedly
heterogenous in terms of their biologic, morphologic and clinical characteristics (Poremba ez af.
2000a). Additionally, approximately 80% of a paiticular subset of metastatic neuroblastomas
(defined by localised primary tumour and distant metastasis including liver. skin and/or bone
marrow) often regress spontaneously independently of anticancer therapies (Falcheuti ef af. 2002).
Several characteristics have been identified that are associated with clinical outcome, including
age, stage, histology, MYCN copy number, deletions within the short arm of chromosome 1, DNA
content and TPK-A (high-affinity receptor protein for nerve growth factor) expression (Streutker ¢/
afl. 2001). However, none of these factors atone has been sufficient to accuratcly prediet tumour
behaviour. Tclomerase, however, has been shown to be a prognostic indicator by several groups
{Isobe et af. 2004; Krams et al. 2003; Poremba ef o/, 2000a; Poremba et al. 2000b; Streutker ef af.
2001). Hiyama and colleagues found that 94% of neuroblastomas averall express telomerase
activity (Hiyama e/ /. 2003). [mportantly, 75% of tumours with high telomerase activity in this
study had a poor prognosis, as compared with 97% of tumours with low telomerase aetivity, which
had a good prognosis. Indeed, 100% of tumours without detectable telomerase activity regressed.
Telomerase activity also correlates strongly with expression of the full length hTERT transcript in
these tumours (Krams ef «f. 2001; Krams er ¢/ 2003). Other studics have corroborated these
findings and have suggested that, apart from tumour stage, telomerase is the only independent
predictor of survival (either disease-frec or averall), and that telomerase activity increases with
tumour progression (Poremba er al. 2000a; Streutker et af. 2001). Collectively, these studics
strongly recommend that telomerase activity should be asscssed in all patients with newly
diagnesed neuroblastoma as an important prognostic indicator. Moreover, Lhey provide two

possible pathways for the development of neuroblastomas.  Tirstly, it may be that since
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neurobiastomas arise in infancy or early childhood, telomerase activity is present due to the
inappropriate retention of activity in underlying stem cells which form the precursor for the
tumour. In this group, such tumours have lower levels of telomerase activity, similar to that found
in normal adrenal glands. Alternatively, it may be that telomerase activity is switched off during
normal development, but then reactivated as a consequence of a transforming event (eg expression
of other oncogenes). Neuroblastomas in this second group then show much higher levels of

telomerase activity.

3.2.14.5 Merastases

Metastatic tumours commonly affect the brain as it receives 13% of cardiac output (Johnson 1990).
In the human field, the incidence of silent brain metastases suggests that most epidemiological
studies underestimate their occurrence, reposted to comprise between 30% and 50% of all CNS
neoplasms. Up to 20% of people with malignant tumaours have brain metastases at death, but many
of these patients die of systemic disease before these metastases become symptromatic. Telomerase
activity has been investigated rarely in metastatic CNS tumours, but has been detected with high
frequency. Kleinschmidt-DeMasters et af found that 32 of 35 (91%6) brain metastascs were positive
for telomerase aclivity using the TRAP assay (Kleinschmidt-DeMasters ef al. 1998b). This study
examined tumours that commonly metastasise to the brain, including melanoma, adenocarcinoma
(with primary sites including breast, fung, prostate, gastrointestinal and colon), squamous cell
carcinoma, hepatocellular carcinoma, mixed embryonal-yolk sac germ cell neoplasm, osteogenic
sarcoma and secondary immunoblastic [ymphoma. However, quantification of telomerase products
showed high variability (fourfold logarithimic variation) and no correlation of telomerase levels
with tumour subtype, or with survival times, even within one tumour type. It was noted that one
tumour in this study showed a rise in telomerase activity with progression, such that the highest
telomerase levels were found in the sample closest to patient demise, but the small number of

tumouts studied made interpretation of this tinding difficult.

3.2.1.4.6 Teloinerase activation and ctists

The occurrence of dicentric chromosomes has been proposed to be due (o telomere associations and
is considered to represent abnormal telomere functioning. Post crisis, telomere association
formaltion stabilises or decreases, and cells acquire telomerase aclivity. In the study reported by
Carroll et af, approximately 30% of meningiomas were found to show random dicentric
chromosomes (Carroll et al. 1999). However, malignant glioblastomas did not demonstrate
ielomere associations despile telomerase activity being present in a considerable percentage of the
tumours cxamined. 1I the M1/M2 hypothesis is applicable to tumours of the nervous system,
meningiomas with no telomerase activity and a high percentage of dicentric chromosomes would

be consistent with a pre-crisis state. In addition, those tumours that arc followed over multiple

161



resections during progression frequently cvolve telomerase activity (Harada ef af. 2000a; Hiraga e/
al. 1998; Simon ez al. 2000). These findings would suggest that imunortalisation is not necessarily
a prerequisite for tumour formation in the central nervous system, but that it occurs only in some
tumours. Most commonly, this occurs in parallel with the development of a morc malignant
phenotype, although primary glioblastomas would appear to use a different pathway to malignancy,

one that does not nccessarily require immortalisation (Harada ef a/. 2000c).

3.2.14.7 Teclomerase activity and profiferation

The correlation of both telomerase activity and proliferation with malignancy has led several
rescarchers o examine whether these two features of cancer are linked. In several studies,
telomerase activity does indeed seem to correlate with proliferation at least in meningiomas and
gliomas (Cabuy er a/. 2001; Kleinschmidt-DeMasters ef al. 1998a; Macs e al. 2005; Santarius ef
al. 1997). Interestingly, in examining breast cancer cells, lkeda er «f, using an
immunocytochemical restaining method, found that the same cells that expressed TERT
simultancously displayed immunopositivity for Ki67, suggesting that in breast cancer cells
telomerase activity is more directly linked to cell proliferation than in meningiomas, at least (Ikcda
et al. 2003). One important possible connection between telomerase activity and cellular
proliferation could be the p21 protein. Telomerase-positive glioma cells, when transfected with
wild type P21, demonstrate a decrease in cell proliferation rate with accumulation of cells at the
GO/GI phase of the cell cycle (Harada er o/, 2000¢). This cell cycle arrest is accompanied by a
subsequent decrease it TERT mRNA levels and telomerase activity, suggesting that these two
factors may be linked. Other researchers have also demounstrated an association between
telomerase activity and the cell cycle (Holt er al. 1997; Sharma ez af, 1995). Together these
findings suggest a situation in which TERT expression and telomerase activity are closely tied to

the mechanics of cell proliferation in ways which are as yet poorly understood.

3.2.14.8 Interpreting Telomerase Repeat Amplification Protoco! (TRAP) Results

The majority of the existing data on tclomerase uctivity in human brain tumours has been derived
from use ol the TRAP assay. However, the sensitivity of the 'FRAP assay together with the marked
heterogeneity of certain tumour types create potential pitfalls in evaluating current data, One major
complication is the possibility that homogenised tumour samples may contain small numbers of
telomerase positive non-neoplastic cells, such as lymphocyles and stem cells, which may lead to
falsely positive TRAP results (Hivama & Hiyama 2002). o addition, recent findings have
suggested that as well as telomerase activity possibly being present in bystander cells included with
tumour biopsy unintentionally, in some brain tumours telamerase activity is actively switched on in
vascular cndothelial cells, Pallini and co-workers, using in site hybridisation, found that

telomerase activity within vascular endothelial cells directly correlated with malignancy in

102



astrocytic tumours (Pallini ef af, 2001). In fact, 100% of glicblastomas in this study contained
vascular endothelial cells expressing hTERT mRNA. {n addition, glioblastoma cells were found to
dircctly induce telomerase activity iz vitro in vascular endothelial cells, either following co-
culturing of the two cell types, or following addition of glioblastoma-conditioned medium to the

cndothelial cells (Falchetti er af. 2003).

A study that turther illustrates this point was also reported by Falchetti er af (Falchetti ef o, 2000).
These authors used ISH against \TERT RNA and correlated hTERT RNA expression with TRAP
analysis of telomerasc activily, with RT-PCR analysis of "'TERT and with ccllular proliferation in
34 glioblastomas. This study found that while telomerase activity as assessed hy the TRAP assay
was present in only 23 (67.6%) tumours, 1SH detected h'TERT RNA expression in all tumaurs, and
RT-PCR detceted hTERT RNA in all but one tumour. As was described by Kleinschmidt-
DeMasters et af (Kleinschmidt-DeMasters er al. 1998a), significant variation in 1SH staining was
found within glioblastomas, with 19 cases (55.9%) showing a diffuse pattern, but the remaining 15
(44.1%) having only focal arcas of hybridisation with hTERT-positive cells scattered within

neoplastic tissues.

The difference between hTERT RNA expression and TRAP assay results could potentially be
explained by the presence of non-functional splice variants amplified along with full length
hTERT. Indeed, Kotoula ¢f af showed that the expresston of different splice variants varies across
astrocytoma subtypes, with non-functional variants Adel (deletion of the first 36 nucleotides of
exon 6} and Bdel (deletion of 182 nucleotides from exons 7 and 8) present in all grades of tumour
(Kotoula et al. 2004). However, the full length h'TERT mRNA transeript was only present in high

grade tumours and was the predominant variant found in thosc tumours,

Despite this finding, the difference between RT-PCR and [SH reported by Falchetti e «f could not
be explained by the presence of different splice variants, as RT-PCR was also performed using
primers specific to the regions of splice variants. This did not detect any differences between the
sizes of PCR fragments as would be cxpeeled with any splice variants present. These results could
be explained in several ways. It is possible that samples used for the TRAP assay did not contain
enough telomerase positive cells due to the considernble variability in telomerase activity between
regions within glioblastomas, as has been noted hy other anthors (Kleinschmidt-DeMasters ef af.
1998a; Weil er af. 1999). Other possible reasons include: 1) degradation of (elomerase protein
and/or RNA may have lowered the amount of detectable telomerase in some cases 2) post-
translational modifications of hTERT might be necessary to convert it into the active enzymatic
form 3) the presence of hTERT alone may not necessarily imply functioning due to incorrect
interaction of telomerase-associated proteins. From these results, it would appear that tclomerasce
activity exists in all glioblastomas, but that it may be undetectable by the TRAP assay in

approximately one third of cases.
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3.2.2 Canine Brain Tumours

Intracranial neoplasms represent a substantial proportion of all neaplasms found in dogs. In this
species, the incidence of intracranial neoplasia would appear to be greater than in humans, with a
reported incidence of 14.5 tumours per 100,000 dogs compared to 3-4 per 100,000 people (Braund
1994; Holt et al. 1997, Lingaas et al. 2003; Morrison 1998; Summers ¢7 af. 1995). Other figures
suggest an incidence of CNS tumeours found in 1% - 3% of all canine necropsies, including one
ieport that found 2.83% of 6,175 dogs having intracranial tumours at post-mortem examination
(McGrath 1960). Onc report examining tumours in young dogs indicated that the 3 most common
sites for neoplasia were the haematopoietic systetn, the brain and the skin, in decreasing order

(Keller & Madewell 1992).

The majority of intracranial tumours scen in dogs and cats are of primary CNS origin. The
spectrum af primary brain umours reported is broad and is similar to that described in humans (see
Table 3.2). The most common types of primary lumours affecting the brains of dogs are
meningiomas and glial tumours (Morrison 1998). Pituitary tumours, choroid plexus papillomas
and cpendymomas are also commonly described. Meningiomas are reported to camprise betwecen
30 and 39% of all intracranial neoplasms (Braund & Ribas 1986; Heidner er al. 1991; Lingaas et al.
2003; Turrel ef al. 1986). Of the neuroectodermal brain tumours, astrocytomas are probably the
most common, representing 55% of one report of 215 cases of neuraglial tumours (Braund 1994).
Of the remaining cases, oligodendrogliomas comprised 28%, glioblastoma multiforme
approximately 12%, choroid papillomas approximately 12% and ependymomas 2%, Metastasis of
primary brain tumours to non-neural tissue is rare, although it has been reported (Dugan er al.
1993; Helman ¢f af. 1980; lingaas ef «f. 2003; Schulman e af. 1992). However, a number of
tumours may spread within the CNS along CSF pathways, notably medulloblastoma and choroid
plexus papitloma (LeCouteur ef af. 1981), although this is more properly veferred to as implantation

rather than metastasis (Johnson 1990).

Turnours of the nervous system are most commonly reported in mature and older dogs, with one
study reporting a peak incidence at 9 ycar of age (Heidner ez al. 1991; Lingaas et af. 2003),
although there are sporadic reports of brain tumours in dogs less than 1 year of age (Keller &
Madewell 1992). There would appear to be no gender predisposition, but there is an increased
incidence of brain tumours in brachycephalic breeds such as boxers, English bulldops and Boston
terriers, especially of glial tumours (Braund 19943, Meningiomas are mare commonly reported in
mesocephalic and dolichocephalic breeds such as golden retrievers, Dobermans and collies (Gavin

et al. 1993).
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Table 3.2: Tumour types and predilection sites in dogs

Tissue of Origin

Tumaur Type

Predilection Site

Neuron Ganglioneuroma Variable: cerebellum, cramial nerve roots,
Ganglioneuroblastoma eye, cervical ganglion
Neuroblastoma

Neuroepithelium Ependymoma Third and lateral ventricles
Neuroepithelioma Meninges, TL spinal cord
Choroid plexus papilioma Fourth ventricle

Neuroglia Astrocytoma Piriformn area, convexity of cerebral

hemispheres, thalamus, hypothalamus

: ‘Anaplastic Astrocytoma

As for astrocytoma

Gfioblastoma multiforme

As for astrocytoma

Oligedendrogliomau

Cerebral hemispheres, periventricular

white matter

. 'Anaplastic oligodendrogliomas

As for oligodendroglioma

Spongioblastoma Variable, ependymal surfaces; cerebellum,
oplic nerve tracts
Medulioblastoma Cerebellum

Gliomas (unclassified)

Periventricular arca, esp cercbral
hemisphetres

Peripheral nerves and  Schwannoma
nerve sheaths Neurofibroma Peripheral nerves
Neurinoma
Neurofibrosarcoma
Meninges, vessels Meningiomas Convexities of cerebral hemispheres, floor
and other of vault, cerebellopontine angle, falx
mesenchymal cerebri
structures Angioblastoma Variable
Sarcoma Variable
Pineal gland, Pincaloma Pineal body

pituitary gland and

Pituitary adenoma

Pituitary gland

craniophatyngeal Cranjopharyngioma Hypophyseal/infundibular areas

duct L _ N

Ieterotopic tissues Fpidermoid cyst Fourth ventricle, cerebellopontine angle
(malformation Dermoid cyst Variable

tumours) Teratoma Variable

Germ Cell Tumaours

Base of brain above sella turcica

Metastatic tumours

Mammary gland
adenocarcinoma, pulmonary

carcinoma, prostatic carcinoma,

chemodectoma, malignant
melanoma, lymphosarcoma,
salivary gland adenocarcinoma,
hacmangivsarcomns etc

Variable

Primary tumours
from surrounding
tissues

Ostevsarcoma, lipoma,
chondrosarcoma, fibrosarcoma,
nasal adenocarcinoma,
haemangiosarcoma, multiple
myeloma, calcifying
aponeurotic fibromatosis,
epidermoid cyst

Variable




The incidence of metastatic brain neoplasms in animals is unknown, but it is likely that it is
underestimated, as the cranial vault is uncommounly evaluated during routine post mortem
examination in cats and dogs. In the human field, the incidence of silent brain metastases suggesls
that most epidemiological studies underestimate their occurrence, reported to comprise between
30% and 50% of all CNS neoplasms {Johnson 1990). Up to 20% of people with malignant tumours
have brain metastases at death, but many of these patients dic of systemic disease before these
metastases become symptomatic. Mctastascs often become apparent after neoplastic involvement

of the tung, as 15% of cardiac output returning from the lung goes to the brain.

Classification of brain tumours in animals has traditionally employed criteria used for human
tumours, and most commonly follows the grading system established by the World Health
Organisation for prognostic purposes (Koestner ef af, 1999) (sce Table 3.3). However, not all of
these tumours have been reported in animals, and some authors question the value of such a
grading system in animals given the comparatively infrequent attempts at antemortem biopsy and
definitive therapy (Johnson 1990; Lingaas ei a/. 2003; Summers et af. 1995). Classification is
primarily bascd on the histological and cytlological determination of the cell of origin, the degree of
differentiation, pathological behaviour, topographic pattern and secondary changes within and
surrounding the tumeur {Braund 1994; LeCouteur 1999), Classification may also be facilitated by
the use of immunocytochemical studics, although substantial differences exist between staining

characteristics of human and animal brain tumours, limiting their usefulness (Summers et al. 1995).

Research has also investigated the expression of oncogenes and genes which code for growth
factors or their receptors and thus allow more effective competition with other cells for selective
growth advantage. Within neoplastic glial cell tumours in humans, growth factors examined have
included epidermal growth factor (EGF), platelet-derived growth factor {(PDGI), and insulin-like
growth factors (IGF), all of which arc coded for by separate genes. Progesterone and oestrogen are
also thought ta play a role in the growth of human meningiomas, and receptors for these sex
steroids have been identified in some canine meningeal tumours (Adamo e/ ¢f. 2003; Summers e/
al. 1995). The expression of Vascular Endathelial Growth Factor (VEGF) in canine meningiomas
has also been examined {Platt ez /. 2005). All of these studies are indicative of the increasing
search for molecular targets present in canine tumours. This search has also been extended to the
level of the genome, with some papers examining the profile of canine brain tumours using
comparative genomic hybridisation (CGH) to examine chromosome-wide gains and losses of
genetic material (Dunn ez al. 2000). Most recently, the development of ¢cDNA microarray chips
has also allowed a survey of more than 2000 cloncs matching genes or expressed sequence lags
(ESTs) and identified a number of genes expressed differentially in canine brain tumours
{Thomson et al. 2005). Importantly, several of these, including Apol), CREG and NDRG4 show

similar patterns of expression in both human and canine brain twmours. In addition, the recent
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publication of linkage maps ol the canine gename has allowed some authors to investigate the
possibility of LOH in the canine equivalent of human chromosomes Ip and 19q in canine
oligodendrogliomas, and suggests that the same finding may be present in dogs although this
research is still ongoing (Olby 2005). All of these factors suggest that the similarities between

canine and human brain tumours cxtend beyond the histochemical level to the molecular level,

Treatments uscd {o treat cauine tumours have largely paralleled mcthods used in human tumours,
and include surgical removal, radiotherapy and chemotherapy (LeCouteur 1999), Approaches have
been described for surgical excision of masses in most part of the canine brain, including most
regions of the cerebral cortex, cerebellum and brain stem. Removal of lesions from the ventral
brain and brainstem, and from within the deep cortical grey matter still pose a significant challenge,
however. Various protocols have been described for irradiation of intracranial tumours in dogs,
including hypofractionated protocols and stereotactic radiosurgery (Brearley ef al. 1999; Evans ef
al, 1993; Goossens ef al. 1998; Lester ef ol. 2001). In addition, limiled case reports have described
the use of various chemotherapeutic agents including carmustine, lomustine and cytosine
arabinoside (Dimski & Cook [990; Fulton & Steinberg 1999). Analysis of survival times is
complicated by the fact that many of the casc scries deseribed to date have included relatively small
group sizes for comparison. In addition, one of the major challenges in canine neurology has been
the identitication of outcomes for different tumour types, since many cases are euthanased without
definitive histopathological diagnosis. At present, the consensus for the majority of tumours seen
in dogs is that the longest survival times are seen in thosc cases treated with surgical excision

followed by radiotherapy (Platt et o/, 2004),

3.2.2.1 Telomerase activity in canine neoplasms

Given the similarities shared between human and canine brain tumours, investigating telomerase
activity in caninc brain tumours would appear to be an important starting point from which to
develop telomerase-directed therapies to be used either in the treatment of canine tumours or as a

preclinical testing ground for human tumour therapies.

The presence of telomerase in canine tumours in genecal is considerably less well-established than
in man. In one of the earliest reports, Biller es ¢/ reported that 24 of 26 malignant tumours of
various origin were telomerase-positive, as compared with 1 of 4 henign tumours and none of 3
nonmal tissues (Biller ef @l. 1998). In a survey of 27 mammary tumours, Yazawa ef af found that
26 of 27 tumours were positive for telomerase activity (Yazawa et af. 2001).  However, there
appearcd to be little correlation between the level of telomerase activity and tumour grade, and 4 of

2 normal specimens were also found to be positive for telomerase activity. In a separate study,

Yazawa ef af reported telomerase activity in a panel of [G tumours and its correlation with RT-
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PCR, although they did not provide the number of telomerase-positive tumours (Yazawa ef al.,
2001). Nasit ¢f «¢f reported telomerase activity in a range of canine cell {ines, and in both normal
and neoplastic lymph nodes (Nasir ez af. 2001). QOverall these studies combined suggest that
approximately 95% of the canine tumours so far examined are positive for telomerase activity
(Argyle & Nasir 2003). However, none of these reports have yet investigated the presence of

telomerase activity in canine brain tumours,

3.2.2.2 Proliferation in canine tumours

In validating canine brain tumours as a model for research into human tumours, the correlation
between telomerase activity and proliferation must also be shown to exist in this species. Several
reports have described the use of BrdU, Ki-67 and PCNA labelling in tumours in domestic animals
(reviewed in (Madewell 2001)), all of which have been shown to corrclate well with other
prognostic factors in a variety of tumours (Fournel-Fleury ef af. 1997; Griliey er al. 1999; Lohr ef
af. 1997, Platz ef al. 1999; Sarli et ol. 1994, Simoes er al. 1994, Zacchetti et al. 2003). Of these
markers, only PCNA has been examined in brain wmours. Theon ef af showed that PCNA
corrclated significantly with outcome in meningiomas treated with surgery and radictherapy
(Theon ef of. 2000). [n addition, Uchida ef af reported the use of PCNA in the diagnosis of a
ganglioglioma (Uchida e /. 2003). However, PCNA staining in this tumour was negative, not
unexpectedly, since gangliogliomas are typically benign tumours. To date, no studies have

reporied the use of Ki67 in canine brain tumours.

3.2.3 Mecthods of Assessing Telomerase Activity

3.2.3.1 'I'he Telomerase Repeat Amplification Protocol

Specific detection of clomerase activity in hiological samples has been made possible through the
use of the PCR based TRAP assay. This assay, first described by Kim and others at the Geron
corporation in 1994 (Kim e/ «f. 1994), allows detection of telomerase activity based on the
presence of active enzyme in as fow as 10 cells in any given sample (Hiyama & Hiyama 2002).
Using this assay, Shay and Bacchetti went on to demonstrate that approximately 90% ol all human

cancers are TRAP-positive (Shay & Bacchetti 1997).

The TRAP assay relies on the presence of both the TERT and TR components of telomerase in the
sample acting as a functional enzvme. In the first step, a synthetic primer acts as a substrate which
is bound by telomerase, comprised minimally of the TERT and TR subunits. TFFor this reason, the
primey, referred to as TS, contains within its sequence a number of TTAGGG repeats. In addition,
the TS primer may be labelled in a way that allows detection of the final products (eg by

conjugation with biotin for detection by ELISA, or by radiolabelling with **P).
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In the second step, the primer is then clongated by the addition of further TTAGGG repeats.

Following this, teloinerase is [irst deactivated by heating the sample. Then, the elongated products
are subjected to PCR amplification using the labelled 'I'S as a forward primer, and a reverse primer
(CX) complementary to a run of four TFAGGG sequences. Since the reverse primer is abte to bind
in multiple places along the telomerase-elongated sequence (composed of TTAGGG repeats), the

final product lengths differ from each other by multiples of 6 nucleotides (see Figure 3.1),

In the final step, the PCR products arc detected in one of a number of ways. In the original assay,
described hy Kim er a/, addition of radicactive bases to the PCR reaction mix (eg [ Pl-labelled
dCTP or dGTP) resulted in a product that could be detected by autaradiography {Kim & Wu 1997),
Products can then be subjected to polyacrylamide gel electrophoresis (PAGE) {Kim & Wu 1997}
In this case, a characteristic ‘TRAP ladder’ is generated, with consccutive bauds increasing in size
by multiples of 6 nucleotides. Alternatively detection can be performed using an ELISA-based
system, in which the TS primer, previously labelled with biotin, binds to a streplavidin-coated
microplate and products are then detected with an antibody against digoxigenin that is conjugated

to horseradish peroxidase (Anti-N1G-HRP) and the sensitive peroxidase substraie TMB.
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Figure 3.1: The Telomerase Repeat Amplification Protocol

Principal features of the TRAP assay. In the first step, telomerase binds to the forward primer to
allow elongation to occur (step 2). Then, telomerase is heat-inactivated, leaving the elongation
products composed of tandem (TTAGGG)n repeats. Following this step, PCR amplification
occurs, but due to the presence of repeats containing the same hexanucleotide sequence. the reverse
primer is able to bind in multiple places, producing amplification products of different lengths.
varying by 6 base pairs. In the final stage (not shown), the amplification products are then

detected, most commonly by gel electrophoresis or ELISA techniques.
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Szatmari and colleagues described an alernative method of detecting the PCR products, in which,
following incorporation of [*?P]-labelled bases in the PCR reaction mix, samples were precipitated
following amplification and the radioactivity of the sample measured (Szatmari e af. 2000).
Particular features of the primers used and their anncaling temperatures meant that reverse priming
of the PCR products oceuwrred primarily al the 3* end of amplified constructs, reducing the random
internal reverse priming that occurs with conventional primers. In this way, the radicactive signal
generated by PCR products increased in a linear fashion with the amount of telomerase present in
the sample, rather than in an exponential or hyperbolic fashion. This technique atso reduced the

amount of past-PCR processing required before detection, shortening the time required,

Quantification of telomerase activity within samples required modification of the original
procedure. In fact, the number of PCR products gencrated depends on two factors: the processivity
of the enzyme within the sample, and the number of enzyme molecutes present. The first of these
factors reflects the number of telomeric repeats the enzyme adds to the substrate, and the second
reflects the number of substrate molecules simultaneously extended by telomerase, Therefore,
those methods which measure the strength of radioactive signal generated following incorporation
of radivactive bascs into the PCR reaction do not distinguish between enzyme processivity and the

amount of enzyme present in cach sample.

Kim and Wu described a refinement of the original TRAP protocol in which only the TS primer,
rather than all bases, was radiolabelled (Kim & Wu 1997). In this way. strength of the signal
generated by PCR products depends only on the number of substrate molecules elongated and not
on the processivity of the enzyme. In order to quantify the test, a comparison was then madc
between the strength of the signal generated from the test sample following PCR amplification,
with the strength ol the signal generated from a sample of known telomerase activity. This positive
control was obtained from an extract of 293 cells, which are known to be highly positive in
telomerase activity (Wick e o/, 1999). Using this positive control, Kim and Wu described a linear
relationship between the quantity of telomerase present in a sample and the total strength of signal
generated by amplified products (Kim & Wu 1997). Using this scale, the total product generated
(TPG) was defined such that 1 unit of TPG is equivalent to 600 molecules of primer TS extended
for at least 3 telomeric repeats by telowerase within the extract. One TPG is approximately the
quantity of telomerase activity present in a single immortal cell. In current versions of the test,
quantitiation of telomerase activity in any given sample is performed by expressing it relative (o
telomerase activily present (n a positive contral run alongside, often comprising an estract of 293

cells, In this way, telomerase activity can be compared between samples.
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3.2.3.11  Techoical Probicins with the Telomerase Repear Amplification Protocol

3.23.1.1.1 Primec-Dimer formation and other artefacts

When the first report of the TRAP assay was described, it became apparent that certain artefacts
were commonly found (Kim e al. 1994). Following amplification of a synthetic oligonuclectide
containing four TTAGGG repeats using the TS and CX primers {without prior telomerase
elongation), PAGFE vevealed a product ladder with 6 base pair steps extending to the top of the gel,
rather than a single product of original size (Krupp ef . 1997). This was found to be due to
staggered annealing of the CX primer to the substrate. The CX primer was originally designed
with a number of mismatches, so that efficient priming of the substrate occurred only when the
entire primer binds. However, it was shown that binding of only the first repeat of the CX primer
could occur, tolerating the single nucleotide mismatch present. [n this case, siubseguent
amplification leads to extension of the original product by a further 3 repeats (18 nucleotides) with

each round of amplification (Figure 3.2).

The second artefact that arose was duc to primer-dimer lormation, PCR amplification in the
absence of any substrate could potentially result in a TRAP ladder being formed, resulting in a
false positive result. In this situation, the last two nucleotides at the 37 end of TS and CX would
bind in a complementary fashion, leading to a 40-bp product. This could be extended, following
staggered annealing of the CX primer in successive rounds of amplification, to yicld a complete

TRAP ladder in the absence ol telomerase activity (Kim ef al. 1994) (Figure 3.2).
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Figure 3.2: Basis of artefacts associated with the TRAP assay

I'elomerase elongation product
I'S Primer
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I. Normal TRAP assay. The TS primer is used by telomerase present within the test sample
to synthesise TTAGGG repeats (in capitals). The CX primer then binds to a run of four

TTAGGG repeats during PCR amplification of the elongation products.

9

Continued extension of TTAGGG repeats during PCR amplification. Although the CX
primer is designed to pair with a run of four TTAGGG repeats, in some cases it was found
that CX could bind a single TTAGGG repeat, tolerating the single nucleotide mismatch.
PCR amplification then results in extension of the elongation product by a further 3
TTAGGG repeats with every cycle. Lower case ttaggg shows extension after first cycle.
italicised rraggg shows extension after second cycle etc.

3. Primer-Dimer formation. In some cases, the last two nucleotides of the TS primer could
bind to the first two primers of CX. This primer-dimer could be extended during the PCR
amplification step, resulting in complete TRAP ladder in the absence of any telomerase in

the sample.
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Elimination ot both of these artefacts was made possible through changes to the CX primer. Krupp
and colleagues added three additional nucleotides to the 5° terminus of the CX primer which were
non-complementary to telomeric sequence. In this way, amplification of primer-dimer formation
or subsequent extension of already-elongated products was virtually eliminated (Krupp et a/. 1997).
Kim and Wu, who were amongst the group that reported the original TRAP assay in 1994,
described a very similar modification using a 6bp ‘anchor” at the 5° end and solved the problem in

the same way (Kim & Wu 1997).

3.23.L1.2 Tag-polymerase [nhibitors

Some tissues contain Tag-polymerase inhibitors that have been found to inhibit the PCR
amplification of telomerase-elongated products (Wright e o/. 1995). In these tissues, performing a
TRAP assay with the standard amount of protein (6ug) leads (o a negative result, whilst a reduced
protein level would reveal a positive result. To control for the presence of either Tag-potymerase
ar other PCR inhibitors within the sample, a number of modifications of the TRAP assay include
an internal standard. The internal standard is an oligonucleotidc substrate of known size, the 5* end
of which can be primed by TS, and the 3’ end of which can be primed either by the same reverse
primer as is usced in the initial PCR reaction or a second, specific reverse primer. 1n both cases, the
substrate is amplified in the initial PCR reaction along with the telomerase-clongated sequence.

However, PCR amplification of the internal standard results in a produet of known size.

in the an ecarly report of the protocol first described by Kim ez «f, the internal standard was a
product 36 nucleotides in length (Kim & Wu 1997). 'The presence of Tag-inhibitors in the samplc
results in a failure of amplification of the internal standard, enabling detection of false-negative
resulls. Later modifications substituted an internal standard that was 216 bp in length. since it was
found that the shorter internal standard could sometimes be amplified even in the presence of Tag
inhibitors, leading to false negative resuits. An additional feature of the inclusion of the internal
standard is that it aids quantification of telomerase activity in samples, since lelomerase activity,
once normalised to the internal standard, displays a linear relationship to the number of telomerase-

positive cells in the sample (Wright e af. 1995).

3.2.3.2 Reverse Transcriptase-PCR of TERT and TR

R1-PCR allows the detection of messenger RNA (mRNA} in samples through PCR amplification.
RT-PCR techniques involve isolating either total RNA or mRNA. This is then foliowed by
reverse-transcribing the RNA using a reverse transcriptase enzyme, which synthesises DNA
complementary to the RNA template (¢cDNA). This cDNA encodes a madified form of the gene of
interest as all non-coding introns have been remaved during synthesis of mRNA. ¢DNA can then

be amplified using standard PCR techniques and in this way the expression of genes in cells can be
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evaluated. PCR amplification of the gene of interest is usvally performed in conjunction with

amplification of a constitutively expressed gene which serves as a positive control for the reaction.

RT-PCR analysis of telomerase in humans has most frequently involved the amplification of the
hWTERT gene, as hTERT expression is the rate-limiting step in telomerase activation. In addition,
some authors have investigated the expression of hTR (Dome er af. 1999; Gunther ef af. 2000;
Ohyashiki ef af. 2005; Swiggers ¢f a/. 2004; Takakura e f. 1998; Yief of. 2001). As well as using
conventional PCR techniques, quantitative RT-PCR (qR'[-PCR) techniques have also been used to
analyse hTERT expression (Kotoula ef af. 2004; Ohyashiki er af. 2005; Tchirkov et al. 2003).
qRT-PCR allows the quantity of the product of interest to be measured by normalising
amplification levels against those of a positive control gene which is amplified simultaneously.
This requires initial optimisation of the PCR reaction so that the amplification platcau is caleulated
for both the product of interest and the positive control, with the same amount of each template
included at the start of the reaction. Qnce this has been performed, using the same conditions,
amplification of the product of interest can then be quantified using a fluorescent marker
incorporated into the reaction mix such as a Tagman probe or SYBR Green | (Bieche e¢r a/. 2000,
de Kok ez al. 2000, Krams ef o/, 2003; Tchirkov et af. 2003; Wu ¢t af. 2000).

‘There appears to be good correlation between hTERT mRNA expression and telomerase z:ctivify in
some tumour types, including leukaemia, soft tissue sarcomas, thyroid tumours, gastrointestinal
tumours, lung carcinomas and cervical cancer (Gunther ef o/, 2000; Kumaki ¢f af. 2000; Ohyashiki
et al. 2005; Saji ef af, 1999; Takakura ef af. 1998; Yan et o 1999). Within the brain tumour
subgroup, similar findings have been reported for glial tumours and neuroblastomas (Kotoula ez a7.
2004; Krams ef of. 2003). Expression of h'TR mRNA, however, does not seein to correlate well
with telomerasc activity, either i# vivo or in vitro in the cell tines in which it has been cxamined
(Ohyashiki er al. 2005; Swiggers ef ¢af. 2004; 'I'akakura e/ al. 1998). [n addition, there appears to
be little correlation between the expression of hTERT mRNA and the expression of hTR mRNA
(Gunther ef «f. 2000).

However, although expression of the WTERT gene generally correlates well with telomerase
activity, this is not always the case. In colorectal cancer and Wilms’ tumours in humans, for
instance, the expression of h"TERT mRNA correlates only weakly with the activity of telomerase
(Dome et al. 1999, Palinqvist er al. 2005). In addition, Swiggers and colleagues reported that in
primary human fibroblast clones with reconstituted telomerase activity, hTERT mRNA levels do
not seem to correlate with telomerase activity or with telomere length (Swiggers ef al. 2004).
Similarly, Yi and colleagues found that the correlation between telomerase activity and hTERT
mRNA expression in a number of immortalised and telomerase-positive cancer cell lines is
surprisingly weak (Yi e «f. 2001). Taken together, these reports suggest that post-transeriptional

modification of hTERT is important for producing active telomerase, and therefore that analysis of
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the presence or abscnce of gene expression alone does not provide sufficient information to
establish this. One important ruechanism involved in post-transciptional modification is the
presence of splice variants, fivst described in humans by Kilian and colleagues (Kilian ez al. 1997)
(see 5.2.2.2: Post-Transcritptional Modification of hTERT). Whilst several splice variants have
been discovered, only the full-length version of hTERT is functional in activating telomerasc.
Bepending on the location of the primers used, therefore, some reports analysing hTERT mRNA
expression may not have necessarily distinguished between full length, active h"TERT, and non-
functional splice variants, Yor instance, Kotoula and colleagues, in investigaling the presence of
IWTERT splice variants in astrocytic gliomas, reported that in 5 grade I tumours examined, 3
displayed the presence of hTERT mRNA (Kotoula2004). However, in all 3 cases, the transcript
was found to contain two of the common deletions {a-del and §3-del), resulting in a non-functionaf
mRNA, Conversely, all of the high grade tumours expressing hTERT mRNA showed the full
length transcript. Expression of the fufl length " TERT mRNA iranscript has also been tound to be
important for the activity of telomerase in neurobtastomas (Krams ez al, 2001). On the face of it,
these findings might suggest that telomerase-positive cells only express the full-length version of
hTERT mRNA. llowever, Yi and colleagues showed that, of the total "TERT mRNA expressed
within many of the telomerase-positive cell lines so far characterised, only a small fraction
(approximately 5%) of the transcripts were the full length form (Yi er ol 2001). An extra
complication was uncovered in a report by Ohyashiki and colleagues, who, in examining the
relationship between hTERT expression and telomerase expression in patients with leukaemia,
found that generally telomerase expression corrolated very well with expression of the full tength
transcript (Ohyashiki et al. 2005). However, in those cases where diserepancy occurred, it was
found that expression of hTR RNA was significantly lower, suggesting that although hTR
expression alonc docs not corrclate with telomerase activity, telomerase activily may require the

synthesis of both gene transcripts in a coordinated tashion.

In summary, whilst investigation of h'TERT and hTR mRNA through RT-PCR methods has been
performed both in vivo and i vitro, there appears to be some disagrecrient about its correlation
with telomerase activity. This may be due to post-transcriptional modification, and splice variants

are likely 10 play a role in this.

3.2.3.3 In Situ Hybridisation (ISH)

fn situ hybridisation technigques make use of the presence of single-stranded mRNA in tissuc
samples. Probes consisting of DNA sequence are designed complementary to the gene of interest,
and lahelled in one of a number of ways, including with dixogenin, or fluorescein (FISEH).
Addition of the probe to the sample without prior denaturation enswres that the probes bind to the

only single-stranded sequence present - mRNA. Prior treatinent with RNase together with the use
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of probes designed to be identical to the sequence of interest (sense) rather than complementary

(anti-sense) provide negative controls,

ISH techniques have been deseribed by several authors (Athanassiadou e af. 2003; Bavkal er al.
2004; Fukushima ef of, 2004; Kolquist er af. 1998; Liv ef o/, 1999; Nieh er of. 2005; Norrback et al.
2001; Saretzki ef af. 2002; Soria ef af. 2001). Most commonly, probes synthesised from TERT
have been used, and 1SI1 has been used to examine TERT expression in cytological preparations,
paraffin-embedded sections and in fresh or frozen tissues. In many of these repotts, the use of [SI1
has provided important findings regarding the localisation of telomerase activity, such as the
finding that germinal centres of lymphocytes contain telomerase activity only within activated B
cells (centroblasts) but not in resting or active naive B cells (Norrback ef ¢l 2001). In addition,
using ISH, Kolquist ef a/ showed that telomerase activity was present in breast epithelial cells with
long-term proliferative activity, and that it appeared in tumour cells carly in breast tumorigenesis,
suggesting that in these tumours telomerase activity may possibly preccde other neoplastic changes
{Kolquist ez al. 1998).

Whilst 1SH examination of tclomerase activity in situ has been used extensively, the lechnique is
somewhat hampered by the fact that it is time- and labour-intensive (Maes ¢f of. 2005). in addition,
the detection of mRNA in paraffin-embedded tissues is affected by the length and quality of sample
lixation, due to the rapid degradation of RNA. Therefore, some samples with TERT mRNA

expression may stain falsely negative if fixation is not optimal.

3.2.3.4 Immunohistochemical Detection of Telomerase Activity

The complications associated with assessing telomerase activity through cither TRAP assay or RT-
PCR techniques are best addressed by utilising techniques that examine telomerase activity in sifa.
[n addition to microdisscction techniques and /» Siru [lybridisation (ISH) analysis of hTR and
hTERT mRNA described, other techniques have been described for detecting telomerase activity in
cancer cells such as immunomagnetic bead separation and sorting by flow cytometry (Waguri ef al.
2003). However, these techniques result in limited recovery ot melecular targets, and it may be
difficult to preciscly assess the degree of sample contamination by non-neoplastic cells because of

the sensitivity of molecular amplification assays.

Another potential method for examining telomerase activity in individual celis is through the
immunohistochemical detection of the TERT protein. The advantages of immunohistochemical
techniques are that they provide an overall picture of telomerase activity while also allowing
examination of individual cells and cell types (Shroyer 2002). Importantly, (hey may be used on
paraffin-embedded archival material, allowing a larger survey of samples to build a more

comprehensive picture of telomerase activity both within and across tumour subtypes. Fixcd



material can potentially be used for [SH techniques and RT-PCR, depending on the quality of the
material, but is technically difficult because of DNA and RNA degradation that occurs during the
lixation. Thus, histochemical approaches remain the optimal method in many circumstances for

defining the expression of specific proteins or RNAs at the cellular level (Shroyer 2002).

Several studies have examined the detection of hTERT in tumour samples, including in paraffin-
embedded matertial, in frozen scctions, and in cytological preparations (Cheung er af. 2004; Hiyama
& Hiyama 2002; lkeda ef a/. 2003; Poremba et af. 2000b). Those tumnours examined include breast
tumours, lung cancers, meningioma, ncuroblastoma, ameloblastoma, mesothelioma, gynecological
cancers and colorectal carcinomas (Hiyama ¢z o/. 2001; Hiyama & Hiyama 2002; lkeda et af, 2003;
Kumaki e of. 2000; Kumamoto et af. 2001; Kyo ef of. 2003; Maes et al. 2005; Poremba ef df.
2000b; Tahara ef /. 1999). Several antibodies have been used, and the staining pattern varies
slightly depending on the antibody used. The majority of reports suggest that immunopositivity is
restricted to the nucleus, and in some cases specifically o the nucleolus (Maes et af. 2005),
frequently with a granular or speckicd pattern. However, in some tumours staining also appears to
extend to the cytoplasm of neoplastic cells (Cheung ef al. 2004; Kyo et «l. 2003). Staining for
hTERT has also been detected in a small number of non-neoplastic cetls within normal colonic
mucosa, located at the bottom of intestinal crypts, and in associated activated lymphocytes
(Hiyama et al. 2001). hTERT staining has also been reported in telomerase positive BJ+hTERT
cells (WTERT transfected Nibroblasts) and HT1080 cells grown in serum. which possess high
tclomerase activity when actively growing, but not in SWI3-ALT immortal cells or HT 1080 cells
deprived of serum, both of which lack telomerase activity (Hiyama er ¢/. 2001). In the study
reported by Hiyama ¢t of (Hiyama et @l 2001), immunochistochemical staining of h'TERT was not
detected in the majority of normal tissues, including cardiac/skeletal muscle, liver, prostate, breast,
pancreas, brain, lung and kidney. Low to high levels of telomerase activity were found in germ-
line tissues, proliferative pre-menopausal cndometrium  and  tissues containing  activated
tymphocytes. Staining for hTERT was also detected in a small number of cells within colonic
mucosa, located at the bottom intestinal crypts, and in associated activated lymphocytes. hTERT
staining was present in telomerase positive BI+hTERT cells ("TERT transfected fibroblasts) and
HT1080 cells grown in serum, which possess high telomerase activity when actively growing, but
not in SWI3-ALT immortal cells or [ITH080 cells deprived of serum, both of which lack

telomerasc activity.

Corrclation between TERT immunostaining and TRAP activity has not been extensively
investigated. llowever, telomerase staining has been found to correlate with TRAP activity in
some tumours, with those tumours possessing low TRAP activity displaying h'TERT staining in a
small number of cells, and those tumours with high TRAP activity showing more widespread
hTERT staining. Poremba er @/ reported that in the neuroblastomas examined, hTERT staining

corrclated well both with the level of TRAD activity and with the presence of hTERT mRNA
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(Porcmba er al. 2000b). Similar results were reported in ameloblastomas and lung carcinomas
(Kumamoto ef g/, 2001; Nakanishi et o/, 2002). In addition, TERT staining appears to correlate
with malignancy, with cellular proliferation and with outcome in the majority of tumours examined

(Cheung et «f. 2004).

These reports confirm that the immunohistochemical detection of TERT provides a useful
technique for the assessment of telomerase activity in paraffin-embedded tissuc, because of the
ability to examine telomerase status of individual cclls iz situ, the correlation with other methods of

assessing telomerase activity, and the ability to survey large groups of archival samples.

To date, few reports have described the use of hTERT immunohistochemistry in human brain
tumours. In one report which examined telomerase expression in 133 neurcblastomas, 39 (29.3%)
were found to be TRAP positive (Poremba ez a/. 2000b). The quantification of both TRAP activity
and hTERT staining in this study showed that WTTIRT staining correlated well with TRAP activity.
In five neuroblastomas wilh low tclomerase activity, 1% to 10% of cells were found to stain
positively for WTERT. Of four samples with intermediate telomerase activity, 10% to 50% of cells
were found to stain positively for h\TERT. Three neurcblastomas with high telomerase activity
displayed hTERT staining in more than 50% of cells. In meningiomas Maes ¢t af described W\TERT
immunoreactivity in a series of meningiomas that recurred following resection (Maes et al. 2005).
[n this study, of the 27 meningiomas that recurred, positive hTERT staining was found in 26
tumours, as compared with 6 of 28 non-recurrent meningiomas. 1o date, no reports have examined

TERT immunohistochemistry in canine brain tissucs.
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3.3 Aims of the chapter

To date, no reports have evaluated the immunohistochemical detection of TERT in canine tumours.
‘The first aim of this chapter was therefore to evaluate a humber of commercially available hTERT
antibodies in canine tissues by corrclating TERT staining with TRAP assay, Western blotting and
RT-PCR. In addition, no reports to date have deseribed the assessment of cellular proliferation in
canine brain tumours using Ki-67. Thercfore, the second aim of this chapter was to evaluate Ki-67
staining in a range of canine brain tumours and to correlate the MIB-| labelling index (LI) with
conventional histological grading to determine its usefulness as a prognostic indicator. Once the
MIB-1 LI was validated in these tumaours, the thivd aim of this chapter was to correlate TERT

staining with proliferation and with maligrancy.
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3.4 Materials and Methods

3.4.1 Sample detalls

3.4.1.1 Normal samples

Normal brain tissue samples were obtained from a dog that had been euthanased for a non-
neurological cause and submitted for post-mortem at GUVS. All necropsies performed at this
Institute are carried out with informed owner consent. Approximatcly lem’ tissue samples were
taken under aseptic conditions from the offactory lobe, subventricular zone at the level of the
caudate nuclel, and cerebellum within 30 minutes of euthanasia. Samples were divided into two
portiens, one of which was flash [rozen in liquid nitrogen (I.NO;) before storage at =70° C, and the
other fixed in [0% Buffered Neutral Formalin (BNF). To serve as a positive control, archival
material from 3 normal canine testes was retrieved from the pathology archives of the Institute of
Comparative Medicine, University of Glasgow. These sample had been previously taken, fixed in

10% BNI and paraffin-embedded as part of routine post-mortem examination [or other reasons,

3.4.1.2 Tumour samples

Tumour samples were retrieved from a total of 93 paraffin-cmbedded brain tumours retrieved from
the pathology archives of the Institute for Comparative Medicine, University of Glasgow
Veterinary School and collaborating Institutes, namely, Institute of Animal Neurclogy, University
of Berne; College of Veterinary Medicine, North Carolina State University; Department of
Pathology, Utrecht University Faculty of Veterinary Medicine; Centre for Small Animal Studies,
Animal Health Trust, UK. Where availabie, Haematoxylin and Eosin (I1&L)-stained slides were
retricved from the archives for review., Where slides were not available, fresh sections were cut
from paraffin-cmbedded tissue blocks and restained. [n some cases, special immunohistechemnical
stains, including glial fibrillary acidic protein  (GFAP), neurcfilament (NF), vimentin,

synaptophysin and other stains as required were used to confirm the original diagnosis.

All sections used in the study were re-evaluated with Dr S Robinson, NHS Consultant
Neuropathologist, Department of Neuropathiology, Southern General Hospital, Glasgow, and the
diagnosis of intracranial neoplasia was confirmed. Each tumour sample was classified according to
the World Health Organisation classification system of tumours (Koestner ef ¢f. 1999). Tumours

were then divided into two grades, | and 2, based on their classification, as described in Table 3.3.
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Table 3.3: WHO Classification of Canine Brain Tamours and Grading Scheme Used

WIHO Classification Grade
" Meningioma
Low grade meningioma 1
Anaplastic meningioma 2
Oligodendroglioma
Oligodendroglioma ]
Anaplastic oligodendroglioma 2
Astrocytoma
Low gradc astrocytoma l
Anaplastic astrocytoma 2
Glioblastoma multiforme 2

Other glial tumours

Gliosarcoma 2
Oligoastrocytoma 1
Anaplastic oligoastrocytoma 2

Choroid plexus tumours
Choroid plexus papilloma |
Choroid plexus carcinoma 2
Pituitary tumours
Pituitary adenoma I
Pitvitary adenocarcinoma 2
Primitive Neuroectodermal Tumours
Mcdulloblastoma 2

Ependymal tumours

Ependymoma 1
Anaplastic ependymoma 2
Metastatic tumours 2
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3.4.1.3 Cell Lines

Cells used in this chapter include the D17, CMT7, U87-MG and K9SF cell lines. The D17 and
CMT7 cell lines ace canine osteosarcoma and mammary tumour cell lines, and the K9SF cell line is
a canine skin fibroblast primary culture, The U87-MG cell line is a human glioblastoma cell line.
All cell lines are detailed in Chapter 2, Cells were grown in T75 flasks and passaged routinely

upon reaching confluence.

For immunchistochemical cvaluation, artificial clots were created using cells from the CMT7, D17,
U87 and K9SF cell lines. Following trypsinisation, cells were counted and an aliquot of § x 10°
cells was transferred to a 1.5ml eppendorf tube and pelleted at 3000 rpm for 5 minutes. The growth
medium was discarded and the pellets washed twice in sierile PBS at 4° C. Following the second
wash, cells were centrifuged at 3000 rpm for 5 minutes at 4° C and supernatant was carefully
decanted. Fifty pl of bovine plasma was added to the resultant cell pellet, followed by 50 pl bovine
thrombin, and the cell pellet agitaled at 37" C until a clot had formed. Clots were then fixed in 10%

BNF and processed as described below.

For Western blotting, cell pellets were created using cells from the CMT7, D17, UB7 and K9SF
cell fines. Following trypsinisatian, cells were counted and an aliquot of 2 x 10° cells was
transferred to a 1.5ml eppendorf tube and pelleted at 3000 rpm for 5 minutes. The growth medium
was discarded and the pellets washed (wice in sterile PBS at 4° C. Following the sccond wash,
cells were centrifuged at 3000 rpm for 5 minutes at 4° C and supernatant was carefully decanted.

Aliquots were then flash-frozen in LNO, for storage prior to Western blotting.

3.4.2 Telomerase Activity

3.4.2.1 Telomerase repeat amplification protocol (TRAP assay)

Telomerase activity was measured using the TRAP assay as described in 2.2.10.1: Telomerase

repeat amplification protocol,

3.4.2.2 Reverse transcriptase-PCR

34221 Prmers

Primers were designed as detailed in 2.2.6.1: Primer Design, und supplied by Sigma-Genosys.



3.4.2.2.2 Sample Preparation

To assess TERT gene expression in DI7, CMT7, K9ST and U87 cells, reverse-transcriptase PCR
was performed. Following trypsinisation and counting, aliquots of 2 x 10° cells were transferred to
a DEPC-treated 1.5ml eppendorf tube and pelleted at 3000 rpin for 3 minutes, The growth medium
was discarded and the pellets washed twice in sterile PBS at 4° C. Following the second wash,
cells were centrifuged at 3000 rpm for § minutes at 4° C and supernatant was carelully decanted.

Cell pellets were then flash-frozen in LNO, and then stored at —=70° C prior to RNA extraction.

3.4.2.2.3 RNA Extraction

RNA was extracted {rom cell pellets using RNA-Wiz™ (Ambion, UK) as described in 2.2.4.1:

Extraction and Purification of RNA.

34224 Assessing RNA Quality

RNA quality was assessed in 2 ways. Firstly, the RNA was visualised using agarose gel
electrophoresis on a 1% gel. This allowed visualisation of the 288 and 188 ribosomal subunits. In
addition, 2pl of each sample was diluted 1:50 in autoclaved distilled water and analysed using

spectrophotometric analysis to assess the concentration and quality of RNA in the sample.

3.4.2.2.5 DNA Removal

To ensure RNA samples were not contaminated with DNA, DNA-free™ (Ambion, UK) was used
as described in 2.2.4.1.2: DNase Treatment of RNA.

3.4.2.2.6 ¢DINA First Strand Synthests

Following RNA extraction, ¢cDNA was synthesised using Superscript III™ reverse transcriptase

(Promega, UK} as described in 2.2.5: First strand ¢cDNA synthesis,

3.4.22,7 PCR amplification

Following synthesis of ¢DNA, PCR was performed using the primers EX2F and EX2R for canine
TERT, and DNHTOO0JF and DNHTOOIR for human TERT. As a control, ampiification ol a
fragment of the canine cyclophilin gene was simultancously performed using the primers CYCLOF
and CYCLOR, and a fragment of the human -actin gene, both of which are constitutively

expressed housekeeping genes. These primers are detailed in Table 3.4,
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Tabic 3.4: Primers Used in RT-PCR

Primer Oligonucleotide primer sequence Tm (C) & GC
Identification (5'-3") (%) content
"DNHTO0IF BECTGTTCAGCGTGOTCAACTA 62.6°C : 47.6%
DNHTOO R TCATTCAGGGAGGACCTCTGCT 68.5°C : 54.5 %
CycleF CCTSCTCTGAGTACTGRAGAGAAGGGA 802 C:55.6%
CycloR CCACTCAGTCTTGGUGETGCAGATGRA 75.0°C : 60.0 %
FEX2F CAGGAGCTGCTTGGEANCCA 69.8 C:60.0%
EX2R CTGGETTCOCGTGCAGCCAL 74.4 C:70.0%
Actin I CARGAGATGGCCACGCCTGCT 58.0°C:61.9%
Actin R TCCTTCTSCATCCTGTCEGCA 56.0°C :57.1%

Platinum High-Fidelity Taq polymerase {Invitrogen, LK) was used for second strand PCR. For
each sample, 1-5 pl of cDNA was mixed in a 0.2l thin-walled PCR tube with 5pl of High Fidelity
PCR buffer, Tul ANTP mixture, 2pl MgSO,, 1 of each primer {forward and reverse) used and
0.2pd Platinum Taq High Fidelity. The reaction mix was made up to a total volume of 50ul with
autoclaved, distilled water. Samples were kept on ice during pipetting and prior to PCR. As a
negative control, 5 pl of total RNA was also included in each reaction to ensute resultant products
were not amplified from genomic DNA. Cycling condilions invelved denaturation of the template
and activation of the Taq polymerase at 94° C for 2 minutes followed by 30 cycles of the following:
denaturation at 94° C for 30 seconds, annealing at 55° C for 30 seconds, extension at 68° C for |
minute. Finally, the mix was incubated at 72° C for 10 minutes to add a run of adenosine residues

to the 3 end of each template, belore being maintained at 4° C.

3.4.2.2.8 Assessment of RT-PCR results

Following PCR, visualisation of reaction products was performed using 1% agarose gel

electrophoresis using 5 pl of the PCR product.

3.4.3 Immunohistochemistty

Immunchistochemistry (IHC) is a technique that allows identification of cellular or tissue antigens
by means of interaction between a specific antigen-antibody combination. Since the early direct

labelling experiments performed using a primary antibody conjugated directly to a fluorochrome
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(Coons et al. 1941). Commonly, a modification involving an indirect immunoperoxidase labelling
approach is used (Sternberger ef af. 1970), and this is the method used for the experiments
described here. This method involves a dual antibody system in which an unlabelled primary
antibody is bound 1o a sccondary biotinylated ‘bridging’ antibody, derived from a species
immunised against immunoglobulins of the species from which the first antibody is derived. A
complex formed from streptavidin and horseradish peroxidase (HRP) is then conjugated to this
secondary antibody to provide signal at the site of the primary antibody., The substrate for the HRP
is 3,3 diaminobenzidine (DAB; Sigina, USA) which produces a brown end-product at the antigen
site that is highly insoluble in alcohol and other inorganic solvents. Sections are then stained with a

counterstain, typically haematoxylin, to visualise negatively-stained structures.

3.4.3.1 Staining Technique

34311 Staining Procedure

For this project, staining was performed by Mr C Nixon, University of Glasgow Vet School.
Parallin sections were dewaxed in histo-clear (National DRiagnostics, USA), rehydrated in alcohol
and incubated in 0.5% H,O, methanol solution for 20 minutes. Sections were then subjected to
antigen retrieval with 0.01M sodium citrate (pH6) in a pre-warmed microwave pressure cooker for
6 minutes. All sections were blocked in 1% normal unlabelled scrum (Scottish Antibody
Production Unit, UK) in ¢.01M Tris buffered saline for 30 minutes at room temperature and
incubated for 2 hours at room temperature with one of a panel of antibodics against hTERT (at a
range of concentrations) or with the MIB-1 monoclonal antibody (at a concentration of 1/100). A
standard 1/200 dilution of the appropriate secondary antibody (polyclonal anti-goat/mouse/rabbit,
biotinylate; Dako, UK) was then applied and sections were incubated for 45 minutes at room
temperature. Sections werte then washed three times for five minutes in wash boffer before signal
amplification was achieved by incubation with HRP-conjugated streptavidin-biotin complex
(DakoCytomation, UK) for 45 minutes. The chromagen DAB (Sigma, UK} was reconstituted in 5
ml tap water as per manufacturers instructions as ions contained in the lap water enhance the
reaction and improve the intensity of final staining. The chromagen was then applied for 5 minutes
to produce the stable brown insoluble product visible when viewed by light microscopy,
Counterstaining was performed using Gills’ hacmatoxylin followed by washing of the stained cells
in watcr, dehydration via a serics of graded alcohols and clearing in Histo-Clear (AGTC
Bioproducts). Cover slips were then permanently mounted using DPX mounting medium (BDH,
UK) before being examined by light microscopy. Negative controls were run in paralle} with

omission of the primary antibody step.



3.4.3.1.2 Staining Optimisation

Optimisation of the staining procedurc was pertormed with a panel of antibodies against h'TERT to
identify the concentration of primary antibody that provided the maximum amount of specific
staining with the least amount of backgraund. A range of dilutions (1/50, 1/100, 1/200, 1/500,
1/1000, 1/1200, 1/2000, 1/10,000, 1/20,000, 1/40,000) was used to stain the positive control tissue
(canine testis}. Evalvation of staining by light microscopy then identified the most favourabie

dilution for each antibody which was then used on all subsequent scetions,

3.4.3.2 TERT evaluation

For each section the distribution of staining within cells and throughout each sectian was noted. In
addition, the nature of TERT staining within cells was noted. To evaluate TERT staining in tumour
sections, sections were examined at high power for areas of TERT positivily and an assessment of
the number of nuclei staining posilive was made. In fields with TERT-positive cells, a slaining
percentage of greater than 10% positive-staining nuclei in each high power field was regarded as
positive, based on the findings by Poremba er af that >10% of cells from tumours with intermediate

telomerase activity stain positively for TERT (Poremba ef af. 2000b).

3.4.3.3 Ki67 evaluation

In order to cvaluate proliferation in tumour sections, Ki-67 staining was evaluated and a MIB-i
Labelling Index (LI) calculated. A minimum of 5 fields were selected for each slide from ascas
with the highest number of positive-staining nuclei. Within these fields, a minimum of 500 nuciei
per casc were counted, and the number of positive colls expressed as a percentage of all nuclei

counted.

3.4.3.4 Statistical Analysis

For comparison of MIB-1 1.1, histological grading, and TERT positivity, the Mann-Whitney U Test
was used, with the leve] of significance set at p<0.05. For comparison of MIB-1 LI and histological
grade, the mean MIB-1 LI of grade | tumours in cach {umour subgroup was compared with the
mean MIB-1 LI of grade 2 tumours. Tor comparison of TERT staining and histological grade, the
number of TERI-positive grade 1 tumours in each subgroup was compared with the number of
TERT-positive grade 2 tumours, For comparison of MIB-1 LI and TERT staining, the mean M1B-
1 L1 of TERT-negative tumours in each subgroup was compared with the mean MIB-1 LI of

TERT-positive tumours in each subgroup.
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3.4.4 Antibody Evaluation

3.4.4.1 Western Blotting

In order to assess the specificity of the antibody used, Western blotting was performed using the
NuPage® Bis-Tris Electrophoresis System (Invitrogen, UK)., The NuPage system uses a nettral
pH, discontinnous Sodium Dodecy! Sulphate {(SDS)-PAGE pre-cast mini-gel. The pre~cast gel is
formulated with a varying gradient of polyacrylamide (4%-12%) to allow separation of a ranpe of
proteins over a range from 1-200 kDa. Samples are reduced using a reducing agent containing 500
mM dithiothreitol (DTT) at a 10x concentration, "T'his prevents oxidation of the samples and allows
sharper resolution of bands during electrophoresis.  Following addition of the reducing agent,
ectrophoresis is then performed with protein either in a denatured (through the addition of an
antioxidant to the running buffer) or non-denatured (native) state. Protein is then transferred to a
aylon membrane and stained with the primary antibody of interest followed by detection with a
secondary antibody which is directed against the immunoglobulin molceule of the species in which
the primary antibody was generated. This secondary antibody is conjugated to a molecule
(horseradish peroxidasc) which produces a colour change when a chromagen is applied that can be
viewed. This system therefore produces amplification of the original signal sufficient to allow

visualisation by light microscopy.

34411 Sample Preparation

In order to assess the specificity of staining, several samples were used of known telomerase

activity (see 3.4.1: Sample Details):

Normal canine brain

D17 Cells

CMT7 Cells

K9SF Cells

KOST Cells transfected with the human DNhTERT construct (see 4.4.1.3: Generation of
stable transfectants)

U-87 Cells

Tissue samples approximately 0.2 mm x 0.2 mm x 0.2 mm in size were used to extract protein. For
all cell lines, 2 x 10° aliquots previously frozen in LNO, were used. 1o cach sample, 200 pl of
lysis buffer was added. 1.ysis buffer was composed of 0.5% NP40, 1530mM NaCl, 50 mM TrisHCI
(pH 8.0) and shortly before use¢ 1 Complete Mini Protease Inhibitor Cocktail Tablet (Roche, UK)
was added per 10 ml. Samples were then centrifuged at 13,000 rpm for 30 minutes at room

temperature. The supernatant was then removed and placed in a fresh [.5 mi eppendorf tube. The
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prolein concentration of each sample was then assaved using the BCA assay (sce 2.2.9: Protein

analysis).

For Western blotting, initial cxperiments were performed using 10-30 pg of protein, Subsequently,
a total of 10 pg of protein from each sample was used. To the volume of sample was added 5 pl of
LDS Sample Buffer containing marker dye (Invitrogen. UK} and 2 pl of Reducing Agent
(Invitrogen, UK). The total volume was then made up to 20 pl using deionised water. Samples
were then heated at 70° C for 10 minutes for deoaturation prior to electrophoresis. Following

heating, samples were flash-spun to collect contents in the bottom of cach tube.

34412 Polyaceylamide Gel Ejectraphoresis (PAGE)

To perform PAGE, the precast gel was taken out of its wrapping, the comb and tape removed,
rinsed with deionised water, rinsed twice with running buffer and then loaded into the Xcell
Surelock™ Mini-Cell (Invitrogen, UK). Gels were run singly, using the buffer dam instead of the
opposing gel. SDS Running Buffer was then made up to a volume of 1000 mil by adding 50 mli of
NuPAGE® 20x MES Running Buffer Stock Solution (Invitrogen, UK) to 950 ml of deionised
water and mixed thoroughly. To the outer (lower) buffer chamber of the Xcell Surelock™ Mini-
Cell 860 ml of runring bulfer was then added. To the remaining 200 mi of running buffer, 500 pl
of NuFAGE® Antioxidant (Invitrogen, UK) was added and mixed thoroughly, before being added
to the inner (upper) chamber. The antioxidant is added to perform electrophoresis under reducing
couditions and migrates with the proteins during electrophoresis in order to prevent reoxidation and
maintain the proteins in a reduced state. The antioxidant also protects sensitive amino acids such

as methionine and tryptophan from oxidising.

Chnce the gel was loaded into the Mini-Cell, 20 pl of each sample was then loaded into each well.
Twenty microlitres of a protein mass ladder (SeeBlue™ Plus2 pre-stained standard; Invitrogen,
UK) was added to the end well of the gel. Electrophoresis was then performed with a constant

voltage of 200 V for 50 minutes.

34413 Membrane Transfer

Following electrophoresis, proteins were transferred to a nitrocellulose membrane, supplied pre-cut
with filter paper (Novex® membrane/filter paper sandwiches; Invitrogen, UK). NuPage® transfer
buffer (Invitrogen, UK) was then made up by adding 50 mt transfer butfer (20x) to 100 ml of
methanol. The tolal volume was then made up to 1000 ml using deionised water. The membrane

and filter pupers were briefly soaked in transfer buffer prior w transfer.
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The gel sandwich was then oricnted so that the notched (well side) plastic plate was on top and the
slotted plate undetneath the gel. The plastic plates were separated using the gel kuife and the upper
plate discarded. The wells of the gel were then cut off using the gel knife. One picce of pre-soaked
filter paper was then carcfully placed on the gel so no air bubbles were trapped between the gel and
the filter paper. The lower plate, gel and filter paper were then inverted and the gel pushed off the
plate by pressing the foot of the gel out of the slot in the plate, and the lower plate discarded. The
nitroceliulose membrane was then placed on top of the gel, again making surc that no air bubbles

were trapped underneath, and the second piece of filter paper placed on top.

Two blotting pads were scaked in transfer buffer before being placed in the cathode (-) core of the
Xcell II™ Blot Module. The gel/membrane/filter paper sandwich was then placed on these pads,
making sure the gel was closest to the cathode core. Another two blotting pads (pre-soaked) were
placed on top and the anode (+) core of the blotting module placed on top. The entire assembly
was then placed into the buffer chamber using the guide rails and locked in place using the gel
tension wedge. To the Ix transfer buffer, Iml of antioxidant was added and mixed well before
adding to the centre of the blot module, The bulfer chamber was then filled with deionised water
outside the blot module to dissipate heat, the chamber lid was put in place, and transfer performed

using 30V constant for 90 minutes.

34414 Protin staining

Following membrane transfer, the gel and membrane sandwich was removed and the orientation of
the membrane marked so that the lane containing the protein ladder could be identified later. The
membrane was then briefly stained with Ponceau S solution to confirm protein transfer. The
membrane was placed in a shallow tray and approximately 5 ml of Ponceau S was added. Colour
was allowed to develop for approximately 30 seconds before the membrane was washed with

deionised water. Successful transfer was noted by visualising multiple red bands in cach lanc.

34415 Blocking

Prior to staining, the membrane was blocked overnight in dried skimmed milk (5%) dissolved in
0.1% PBS — Tween at 4° C, Alternatively, the membrane was blocked at room temperature on a

shaker for 1 hour.

344,16  Staining — primary antibody

After blocking, the blocking solution was discarded and the membrane was washed briefly in 0.1%

PBS-Tween. In order to titrale the concentration of antibody required, for the initial experiment the
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membrane was cut into strips, each strip caontaining a single lane. Each strip was then stained with
antibody at one of the following dilutions: 1:100, 1:500, 1:1000, 1:2000. For all subsequent
experiments, a 1:300 dilution of antibody was used with the whole membrane. The appropriate
dilution of antibody was made up in 5% dried skimmed milk dissolved in 0.1% PBS-Tween. Five
mi was then added to the membrane which was agitated cither on a plate shaker or on a roller for

90 minutes at room temperature,

34417 Sraining — secondary antibody

Following initial staining, the membrane was then washed four times in 0.1% PBS-Tween for five
minutes per wash. The secondary antibody, consisting of goat anti-imouse 1gG conjugated to
horseradish peroxidase (Amersham, UK) was then made up to a 1:5000 dilution using 5% dried
skimmed milk dissolved in 0.1% PBS-Tween. Ten ml was added to the membranc and incuhated

for 60 miuutes on a plate shaker at room temperature.

34418 Visualisation

After staining with the secondary antibody, the membrane was washed four times with 0.1% PBS-
Tween for five minues per wash. Excess liquid was drained from the membrane which was then
placed on clingfilm. ECL-Plus (Amersham, UK) was made up by adding 25 pl to 5 ml of reagent
which was then evenly distributed over the membrane and incubated for five minutes at room
temperature. The membranc was then sealed within clingfilm and placed inside an autorad x-ray

film cassette,

In a darkroom, x-ray fitm was placed inside the casseute together with the membrane and developed
for 1 minute before being removed and processed using an automatic x-ray film processor. This
was repeated with exposure times of 2 minutes, 5 minutes and 10 minutes. From these exposures,

the most appropriately exposed filin was then selected for analysis.
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3.5 Results

3.5.1 Telomerase Activity

3.5.1.1 Telomerasc Repeat Amplification Protocol analysis of positive
and negative control cell lines

In order to confirm the telomerase status of the cell lines used as positive and negative controls, TRA}
assays were performed on D17, CMT7, U87 and K9SF cell lines. TRAP resuits showed that 217, CMT7
and U87 cell lines were all positive for telomerase activity, whilst the K9SF cell line was found to be

negative (Table 3.5).

3.5.1.2 Telomerase Repeat Amplification Protocol analysis of
telometase activity in normal canine brain

Tissue extracts obtained from the cerebellum and olfactory lobe of the canine brain were negative for
telomerase activity. in contrast, lissue extracts prepared from the caudate nucleus were positive for

telomerase activity (Table 3.6).
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Table 3.5: TRAP Analysis of telomerase activity in cell lines used as positive and negative controls.

Ag is the absorbance of the sample, Ag is the absorbance of the heat inactivated version of each
sample, AAs is the corrected absorbance of each sample (calculated by subtracting the mean of all
heat inactivated samples (Ago)from Ag), AAs/Asp is the ratio of sample to background activity and
RTA is the telomerase activity relative to Lhe positive control.  Samples were considered
telomerase-positive if the correcled absorbance (AAg) was greater than twice the background
activity, and if AAs/Age was greater than 2.0. Using these criteria, samples werc designated
positive {POS) or negative (NEG). The results shown are the mean of at least two experiments,
and the assay gave a mean background absorbance of 0.049 and a (Arsg-Arsso)Arsss value of

2.353 after 10 minutes of colour development using the high activity pasitive control.

Cetl Line As Ao AAg AAgAsy RTA Result
CMT7 0.39 0.07 0.32 4.0 1.7 POS
D17 0.24 0.07 0.17 2.1 0.9 POS
Us7 2,61 0.10 2.51 24,0 10.2 POS
K9SF D.18 0.15 0.03 0.0 0 NEG

Table 3.6: TRAP Analysis of samples taken from normal canine birain,

Ag is the absorbance of the sample, Agg is the absorbance of the heat inactivated version of each
sample, AAg is the corrected absorbance of each sample {calculated by subtracting the mean of al!
heat inactivated samples (Ago)from Ag), AAg/Agy is the ratio of sample to background activity and
RTA is the telomerase activily relative to the positive control.  Samples were considered
telomerase-positive if the corrected absorbance {(AAs) was greater than twice the background
activity, and if AAg/Agy was preater than 2.0. Using these criteria, samples were designated
positive (POS) or negative (NEG). The results shown are the inean of two samples, and the assay
gave a background absorbance of 0.10 and a (Aysg-Aqss o)/ Atses) value of 2.597 after 10 minutes

of colour development using the high activity positive control,

As Agy AAs AAg/Ag RTA Result
Olfactory Lobe 0.07 0.05 0.02 (.4 0.5 NEG
Cerebellum 0.08 0.0 0.03 1.6 0.6 NEG
Subventricular Zone 021  0.05 0.16 4.3 1.7 POS
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3.5.2 Reverse transcrptase-PCR

RT-PCR analysis of U87, D17, CMT7 and K9SF cell lincs was performed. The primer pair
Ex2F/EXZR was used to amplify a 200 bp fragment from exon 2 of the canine TERT gene in D17,
CMT7 and K9SF cells. The primer pair DNHTOOTF/DNHTO0IR was used 10 amplify a 450 bp
fragment of human TERT in U87 human cells. As a positive control, the CycloF/CycloR primer
pair was used to amplify a 200 bp Iragment of the canine cyclophilin gene in canine cell lines and
the ActinF/ActinR primer pair was used to amplify a 200 bp fragment of the humman beta actin gene
in U87 cclls. Agarose gel electrophoresis of PCR products revealed a 200 bp product in D17 and
CMT?7 cells, whilst K9SF cells had no such product. Similarly, a 200 bp product was amplified

from U87 cells, confirming the existence of the hTERT transcript.

3.5.3 Immunohistochemistry

3.5.3.1 Antibody Evaluation

35311 Antbodics

Three commercially available anti-hTERT antibodies were tested. Staining was performed with
hTERT antibodies supplied by Oncogene (Anti-TERT, which recognises an internal 21 amino-acid
sequence), Novocastra ( NCL-hTERT, an antibody recognising a 147 amino-acid sequence near the
N terminal region of hTERT), and Alpha Diagnostics (EST-22A, an antibody directed against a 21
amino-acid sequence found in the mid-rcgion of hTERT) in formalin-fixed and paralfin-embedded
human tissues by immunohistochemistry (IHC). Staining patterns observed using the Oncogenc
and Alpha Diagnostics antibodies were non-specific and revealed uniform cytoplasmic staining of
all cells in positive and negative controls. No nuclear staining was visible and all cells were stained

equally.

3.5.3.12 Staininge Patterns

Only one antibody (NCL-'TER'l; Novacastra) showed sutficient specificity in canine tissucs and
this antibody was used in all subsequent experiments. To determine whether the anti-hTERT
antibody could recognise canine TCRT protein, TERT immunoreactivity was first examined using
the NCL-hTLERT antibody in positive contral D17, CMT7 and U187 cells and in canine testis tissue
sections. K9SF cells were used as a negative control. In all telomerasc-positive cell lines, TERT
staining was restricted mainly to the nucleus (Figure 3.4A-B), although faint cytoplasmic staining
was also observed. Staining was particularly prominent in nucleoli, and in some cells nucleolar

staining was the only detectable pattern. In other cells, staining was distributed throughout the
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nucleus, cither in a punctuate/granular pattern or diffusely. Similarly, in normal canine testis
tissues staining was confined to the germinal cells of the sperminiferous tubules (Figure 3.4D). In

contrast, no immunoreactivity was detected in the negative controls (Figure 3.4C).

3.53.13 Antibody Tittation

Staining using the NCL-hTERT antibody was performed with the following dilutions: 1/50, 1/100,
1/200, 1,500, 1/1000, 1/10,000, 1/23,000, 1/40,000 in sections of canine testis. At dilutions of
17200 and below, strong nuclear and nucleolar staining was seen but some background staining of
cells was also observed. At dilutions above 1/500, staining became very faint. At 1/500 dilution,
staining was restricied to the nucleus, with occasional nucleolar staining. For this reason, staining

of all subsequent sections was performed with a 1/500 dilution of the antibody.

3.5.3.14 Western Blotting

Western blotting was performed on samples obtained from the olfactory lobe, subventricular zone
(in the region of the caudate nuclei) and the cerebellum of a normal dog. In addition, Western
blotting was performed on the TRAP-positive cclf lines D17, CMT7 and US87, as well as the
TRAP-negative K9SFE cell line.

Staming of blots with the NCL-hTERT antibody revealed a number of bands in all samplecs (see
Figure 3.3). The largest band was present in all samples, approximately 100 kDA in size.

However, no bands of 127 kDa were present.
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Figure 3.3: Western Blots

No clear band was identified approximately 127 kDa in size (the expected size of the canine TERT
protein) in any lane. Strong bands approximately 100 kDa in size were detected in the CMT7,
D17, U87 and K9SF cell lines but not in normal brain. A slightly larger. weak band was detected
in samples derived from the subventricular zone of the normal brain and in CMT7 and D17

samples, but not in U87 samples.
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Figure 3.4: Immunohistochemical staining of TERT in positive and negative controls

A: D17 Cells, TERT staining. Note intense nucleolar staining, diffuse strong nuclear staining and
weak cytoplasmic staining. X 400 Magnification.

B: CMT7 Cells, TERT staining. Note similar staining pattern to D17 cells but with weaker nuclear
staining. X 400 Magnification.

C: K9SF Cells, TERT staining. Note negative nuclear staining. X 400 Magnification.

D: Normal canine testis, TERT staining. Note germinal layer with diffuse nuclear staining
(arrowheads) but progressive loss of staining of cells with further differentiation. In addition, some
cells in interstitial areas (white arrow) were found to have isolated nucleolar staining. X 100
Magnification.
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3.5.3.2 Immunohistochemical detection of TERT in the normal canine
brain

To determine whether TERT protein is expressed in normal canine brain, immunolistochemistry
was performed on brain sections of the olfactory lobe, subventricular zone at the level of the
caudate nuclei, and the cerebellum. Some cells were found to stain positively in all sections of the
brain, largely restricted to neuronal cells (Figure 3.5A-D). in the cercbellum, Purkinje cells
appearced to be the only cell type stained positively (Figure 3.5E). [n general staining appeared
be confined to nuclei of cells, In Purkinje neurons, nucleoli were not found to stain pasitively. The
region of the brain that showed greatest staining was the subventricular zone, in the region of the

caudate nucleus, with large numbers of neurons and glial cells staining positively (Figure 3.5A-B).
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Figure 3.5: TERT staining of normal canine brain

A: Normal canine brain, TERT staining — subventricular zone. Note large number of positively

stained cells. The majority of these cells are neurons, displaying a mixture of diffuse nuclear and
nucleolar staining (black arrowheads), nucleolar staining only (white arrow) and cytoplasmic
staining (white arrowhead). However, some smaller cells, comprising oligodendroglia and
astrocytes, also display positive staining (black arrow). x 200 Magnification

B: Normal canine brain, TERT staining — subventricular zone. Higher power view of A showing
neuronal staining. x 400 magnification.
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Figure 3.5 (cont)

C: Normal canine brain, TERT staining — olfactory lobe. Note lower number of TERT-positive

cells, all of which are neurons, and some negatively staining neurons (arrowhead).

x 200 magnification.

D: Normal canine brain, TERT staining — olfactory lobe. Higher power view of C showing
neuronal staining. x 400 magnification.

E: Normal canine brain, TERT staining — cerebellum. Note positive staining of Purkinje neurons
only, with adjacent granule cells staining negatively. x 400 magnification.
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3.5.3.3 Validation of Ki-67 Staining

Immunoreactivity [or the Ki67 antigen was exclusively confined to the nucleus with no evidence of
cytoplasmic staining. Staining was strong and diffusc throughout the nucleus, Whilst normal cclls
- showed no positivity, proliferating cells stained strongly positive for Ki-67 in all tumour types
cxamined. Examples of staining ave shown in Fipure 3.6. In those tumours stained for Ki-67,
MIB-1 LI correlated significantly with tumour grade, with a mean MIB-1 LI of 1.5% for grade 1
tumours, as compated with a mean MIB-1 LI of 21.7% for grade 2 tumours (p<<0.0001). The
highest MIB-1 LI for alf grade | tumours was found to be 8.9%, which was also the lowest MIB-1

LI for grade 2 tumours (Figure 3.7, Table 3.8).
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Figure 3.6: Examples of MIB-1 staining in canine brain tumours. Right: Corresponding H&E sections

A: Oligodendroglioma. MIB-1 L1 0.0% x 200 magnification

B: Anaplastic oligodendroglioma. MIB-1 LI 25.0% x 200 magnification
C: Astrocytoma. MIB-1 L13.2% x 200 magnification

D: Glioblastoma multiforme. MIB-1 LI 26.1% x 200 magnification
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Figure 3.6 (cont).

E: Meningioma. MIB-1 LI 0.0% x 200 magnification

F: Anaplastic meningioma. MIB-1 LI 14.8% x 200 magnification
G: Choroid plexus papilloma. MIB-1 L1 3.0% x 200 magnification
H:Choroid plexus carcinoma. MIB-1 LI 9.2% x 200 magnification
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Figure 3.6 (cont).

[: Metastatic Lymphoma. MIB-1 L1 49.3% x 400 magnification
J: Metastatic carcinoma. MIB-1 LI 10.4% x 200 magnification
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Figure 3.7: Graph showing MIB-1 LI vs grade in 51 canine brain tumours

MIBI1 LI vs Grade in 54 Canine Brain Tumours
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3.5.3.4 TERT staining in canine brain tumours

In general TERT staining in canine brain tumours appearcd to be remarkably similar to that
described in human tumours. The staining pattern seen varied between tumours, with discrete
nucleolar staining in some tumowrs, and morce diffusc mclear staining in others. The strength of
this staining also appeared Lo vary, with some tumours showing only faint nuclear staining and

other others very strong staining. Some examples of this staining are shown in Figure 3.8.

There appeared 10 be no consistent staining pattern associated with particular tumour types,
although some obscrvations can be made, Qverall, oligodendrogliomas and meningiomas tended to
show diffuse staining patterns, with almost the entire tumour either slaining positively or negatively
(Figure 3.8B). Astrocytomas, on the other hand, tended to show more patchy staining patterns,
with some areas focally positive, and with individual cells showing positive staining (Figure 3.8C).
In addition, in some glioblastomas, TERT staining was not restricted to tumour cells but was also
found to be present in areas of vascular endothelial hyperplasia (Figure 3.8D). In these arcas,
endothelial cells stained positively, cither with nucleolar staining or with a more diffuse nuclear
localisation. In addition, there appeared to be some background cytoplasmic staining in these cells.
Cytoplasmic staining was also found in choroid plexus papillomas and carcinomas, both of which

tumour types contain cells of endothelial origin.
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Figure 3.8: TERT staining in canine brain tumours

A: Anaplastic astrocytoma, TERT staining. Note discrete nucleolar staining with little
nuclear staining. X 400 magnification.

B: Anaplastic oligodendroglioma, TERT staining. Note that the vast majority of cells in
this section exhibit diffuse nuclear staining. X 200 magnification.

C: Glioblastoma multiforme, TERT staining. Note the focus of positive-staining cells
within a predominantly negative-staining field. X 200 magnification.

D: Glioblastoma multiforme, TERT staining. Note the central vascular endothelial cells
with positive-staining cells. X 200 magnification.
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Figure 3.8 (cont.)

E: Meningioma, TERT staining. Note absence of immunoreactivity X 200
magnification.

F: Anaplastic meningioma TERT staining. Note mixture of cytoplasmic and nuclear
staining. X 200 magnification.

G: Metastatic adenocarcinoma, TERT staining. X 400 magnification.
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3.5.3.5 Correlation between TERT and Ki67 staining in canine brain
tumours

A total of 93 canine brain tuinour sections were evaluated for TERT staining, of which 50 were
classified as Grade 1 and 43 as Grade 2 (‘l'abie 3.7). Positive immunostaining for TERT was
evident in 16 of 50 Grade | tumours (32%) compared to 29 of 43 Grade 2 tumours (67%), showing
a significant association with histological grade (p=0.00012) (Figure 3.9, Table 3.9). Similarly
TERT staining was found to correlate with malignancy in meningioma and oligodendroglioma
tumour subtypes (p=(.01 and p=0.004 rcspectively), but no significant association was evident for

the remaining subtypes (Figure 3.10).

Of these tumours, 51 werc also available for MIB-1 staining, of which 26 were classified as Grade
I and 25 as Grade 2 (Table 3.8). When TERT staining was compared with MIB-1 LI, a significant
association was also found between the mean MIB-1 1] value and TIERT cxpression in brain
tumours overall (p << 0.0001) and in the meningioma and oligodendrogtioma subtypes (p = 0.002
and p = 0.007 respectively) (Table 3.9, Figure 3.10). A trend for association between TERT
staining and MIB-1 LI was obvious in other tumour subtypes, although this was not significant
(Figure 3.10, Table 3.9).
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Table 3.7: Diagnosis, grading and TERT staining in 93 brain tumours

Tumour Type Grade No. No. TERT +ve P Value
Astrocytotnas -
Astrocytoma 1 5 0
Astrocytoma anaplastic 2 5 3
Astrocyvtoma glioblastoma 2 4 2
14 5 (36%) 0.10
Meningiomas o N
Meningioma 1 21 8
Meningioma anaplastic 2 6 4
27 T 12 (44%) 0.008

OligO(lendl‘c_)gliomas

Qligodendroglioma 1 17 7
Oligodendroglimna anaplastic 2 10 8
" 27 15 (56%) 0.004
Choroid plexus tumours
Choraid plexus papilloma 1 6 0
Choroid plexus pupilloma: anap[asﬁc 2 1 |
Charoid plexus papilloma: carcinama 2 ] 0
o ‘ 8 F(13%) 0.19
e L
----- Ependymoma ) 1 ' | i
Gliosarcoma 2 i I
Medulloblastoma 2 1 ]
Pituitary adenocarcinoma 2 I 1
4 4 - WA
Metastases
Adenocarclnoma 2 6 4
Lymphoma 2 7 4
13 8 (61%) N/AS
Al tumours "
Grade | 50 16
Grade 2 432 29
93 45 0.00012

a Mol applicabie due (o insufficient nuinbers ir: group
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Table 3.8: Diagnosis, grade, MIB-1 L! and TERT staining in 51 canine brain tumours

Tumour Type Grade No. Mean MIB-1 MIB-1 TERT P value
Ll (%) Range (%) +ve
Astroeytomas
Astrocytoma ! | 32 32 0
Astrocytoma anaplastic 2 2 1.6 8.9-14.2 1
Astrovytoma gliublastoma 2 2 22.9 O 19.6-26.1 1
5 2 0.44
_d[_\"féninginnms
Meningioma ] 10 0.0 020 o -
Meningioma anaplastic - 2 5 19.3 ' 13.0-41.4 4
3 ' 4 0.0015
Oliguden(ll'ogliolﬁas
Oligodendroglioma 1 10 2.5 0.-8.9 2
Oligodendroglioma anaplastic 2 9 22.3 9.2-37.8 8
— . 5 —— = 0657
Choroid plexns tumours
" Choroid plexus papilloma s 0.8 0-0.3 0
Choroid plexus papilloma: 2 1 9.2 N/A 0
carcinama
6 0 009
“Other
Gliosarcoma 2 1 206.1 N/AY I
Pituitary adenocarcinoma 2 | 16.9 N/AT I
2 2 N/A*
iVietastases
Lymphoma 2 3 47.1 ' 19.4-72.5 2
Adenacarcinoma 2 1 194 N/AY 0
4 R 2 N/A®
All tumours
Grade 1 26 1.5 0-8.9 2
Grade 2 25 21.7 8.9-72.5 18
Total 5 o 20 <<0.001

a Mot applicable due to inse{licien] numbers in group
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Figure 3.9: Graph showing TERT staining vs Malignancy in 93 canine brain tumours

B hTERT negative
B hTERT positive

Number of tumours stained for h-TERT

Grade

Table 3.9: Mann-Whitney U Test Calculations — TERT staining vs Malignancy. P values are

highlighted in bold

Tumour type

Meningioma Astrocytomas  Oligodendrogliomas  Choroid Other All
plexus tumours tumours
tumours

TERT 14 9 15 7 12 48
negative

TERT 6 5 12 I 5 45
positive

nl 14 9 15 7 12 48

n2 6 5 2 I 5 45

U 78 35 148.5 6.5 325 1581

normal: z 2.55 1.67 2.85 1.30 0.26 3.85

P (2 tail) 0.013 0.11 0.00 0.25 0.80 0.00

0.01 0.10 0.00 0.19 0.79 0.00

P (1 tail) 0.00 0.06 0.00 0.13 0.40 0.00

0.01 0.05 0.00 0.10 0.40 0.00




Number of tumours stained for h-TERT

Number of tumours stained for hrTERT

Figure 3.10: Immunohistochemical hTERT staining vs Malignancy in 93 brain tumours by subtype
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3.6 Discussion

The primary aims of this chapter were to examine and validate the usc of commercially-available
hTERT antibodies in canine paraffin-ecmbedded tissves. In addition, the secondary aim of the
chapter was to validate the Ki-67 proliferation marker in canine brain tumours, and then to
correlate proliferation with telomerase activity in canine brain tumours.  Analysis of three
commercially avaiiable antibodies in lclomerase-positive and negative cell lines and in canine testis
showed that the novocastra antibody NCL-hTER'I' specifically stained telomerase-positive cells
and tissues at a dilution of 1/200,

3.6.1 Antibody Validation

In general, staining with the hTERT antibody in canine tissues cotrelated well with TRAP and RT-
PCR results, with all TRAP-positive cell lines revealing strong TERT staining, and TRAP-negative
cell lines showing no staining. Tlowever, Western blot analysis failed to demonstrate the presence
of specific binding of NCL-hTERT in (elomerase-positive samples. Instead, the NCL-hTERT
antibody detected a 100 kDa band in all samples, irrespective of telomerase activity (Figure 3.3).
Since performing this work, the NCL-hTERT antibody has also been found to recopnise a 100 kDa
band in canine cells exogenously expressing wiki-type hTER'L (. Nicholson, unpublished data). A
slightly larger, faint band was detected in samples obtained from the subventricular zone, D17 and
CMT17 cells, but not in UB7 cells. In addition, a number of smaller bands were present in some
samples, in particular a strong 28 kDa fragment in D17 and CMT?7 cells, and a smaller fragment
was present in all samples with the exceplion of those oblained from the normal brain. A single
fuint band approximately 40 kDa in size was also detccted in samples obtained from the

subventricular zone that was not present in any other samples.

Severat reasons could explain the lack of a single 127 kDa band on Western analysis, Firstly,
technical issues with the process of Western blotting could be involved. The use of Sodium
Dodecylsulphate {SDS) linearises the proteins in the sample and coats them with a negative charge.
It addition, the presence of reducing agents (D7TT) reduces the disulphide bonds between peptides.
This denaturation alters the three-dimensional structure and in some cases may also alter the
antigenicity of the protein. Some antibodies will only recognise the native, unreduced antibody,
and this may be one of the reasons the hTERT antibody did not recognise TERT in our samples.
However, as non-denatured proteins often migrate anomalously through the SDS-PAGE gel used, it
may be difficult to estimate the size of any bands detected by the antibody in a non-denatured state.
Another possibility that may explain the presence of bands smaller in size than expected is
proteclytic degradation of thc sample prior to clectrophoresis. The presence of protcascs in

samplcs can lead to proteolysis of proteins, and this can be avoided through the use of protease
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inltibitors included during sample preparation. Although protease inhibitors were included in our

sample preparation, it is possible that some proteoiysis still occurred.

An alternative reason for multiple bands in the samples examined is the presence ol alternately-
spliced variants of the TERT transcript. The NCL-hTERT is raised against a 147 peptide sequence
located at the amino terminal end of hT'ERT. This region does not contain any reported splice
sites, and so the antibody would be expected to cross-react with all of the splice variants known.
Thus, the NCL-hTERT antibody docs not distinguish between catalytically and catalytically
inactive hTERT. However, the prescace of the same 100 kDa band in U87 celis as well as all
canine celf lines would not be explained by alternate splicing, as splice sites would be expected to

be different in dogs as compared to humans,

Another reason for the lack of a 127 kDa-sized band in our samples is the possibility that
insufficient TERT protein was present in our samples for antibody detection. It is well known that
only a small number of copies of the hTERT mRNA transcript (3-4) are present in any given
telomerasc-positive human cell (Yi er el. 2001}, For this reason it may be that the TERT protein is
equally scarce within tclomerase-positive cells. In order to investigate this possibility, protein-
concentrating or TERT-concentrating techniques such as immunoprecipitation techniques may help
{o clarify this issue by increasing the number of copies of TERT molecules present prior to Western

blotting.

Another unexpected finding when Western blots were examined was the presence of smaller bands
in all samples. [t is possible that the NCL-hTERT antibody was dectecting alternative antigens in
addition to hTERT itself, suggesting that it was not entirely specific for hTERT. However, given
the conformational changes undergone by samples when reducing SDS-PAGE is performed, it is
unknown whether the peptides would also be detected by NCL-hTERT in a natural state.
Alternatively, the fact that proteolytic digestion may have occurred prior to electrophoresis raises

the possibility that these fragments are partially-digested forims of hTERT.

3.6.2 TERT staining paticins

NCL-RTERT staining of positive controls produced cesults that are similar to those reported by
other authors reporting hTERT staining. ln particular, the strong nucleolar localisation of WTERT
has been reported by other studies investigating the NCL-hTERT antibody (Maes ef af. 2005,
Smith et af. 2004). This would make sense given that it has been shown that W'TERT can be
concentrated in the nucleolus, and that functional assembly of telomerase occurs there (Smith ef al.
2004). However, after the hTERT mRNA. is transcribed, it is transported to the cytoplasm where it
is translated into prolein hefore being phosphorylated and re-entering the nucleus and locating to

the nucleolar region. For this reason, cells that are producing 'TERT in large quantities could be



expected ta show in the nucleus and possibly the cytoplasm, in addition to the nucleolus. It is also
likely that cells with lower levels of TERT expression may only show nucleolar staining, as was
found in some cells in sections of the canine testis (Figure 3.4). Additionally, some authors have
suggested that the speckling pattern seen within the nucleus could be the presence of the active

telomerase complex at the chromosome ends (Maes ef af. 2005).

3.6.3 TERT staining of the normal canitie brain

An unexpected finding was the significant staining of cells in the canine brain. The number of
nuclei stained positively in the subventricular zone was considerably greater than in other areas of
the brain. In this area, predominantly astrocytes and neurons stained positively, whilst in other
areas staining was restricted to neurons. In the cerebellun, the only cell type observed to stain
strongly was the Purkinje neuron, whilst the adjacent granule cells did not stain with NCL-hTERT.
[nterestingly, the nucleali of Purkinje neurons were found not to take up stain, whilst the rest of the

nucleus stained diffusely {with no obvious speckling).

The staining pattern in the subventricular zone correlated with TRAP results, with this part of the
brain showing weak telomerase activity. In ilself this is an interesting finding, as the brain contains
predominantly populations of terminally differentiated cells that in general are not able to undergo
further proliferation. However, there is increasing evidence (o suggest that even in the brain
populations ol stem cells and precursor cclls exist, which may be stimulated to divide, In fact, the
subventricular zone is now known 10 be one area in which these stem cells reside, and in mice this
part of the brain does possess telomerase activity, which may account for this finding (Caporaso et
al. 2003). l1lowever, this does not explain the staining scen in cells from other parts of the brain.
Perhaps the simplest explanation for this is that the NCL-hTERT antibody cross-reacts with a
similar epitope within neurons in the canine brain, and it wonld be very hard io disprove this
possibility, Alternatively, as may be the case with Western analysis, it may be that the hTERT
antibody is recognising a splice variant of TERT that is non-functional. At this point, it is not
known whether splice variants of TERT exist within canine neurons, but an important further study
would be 1o determine whether this is the case. Thirdly, it is possible that telomerase activity can
be upregulated in neurons, under some circumstances. For instance, telomerase can be found in
neurons in mice following hypoxia induced by middle cerebral artery occlusion, and
overexpression of TERT protects these nourons from hypoxic damage (Kang ¢t af. 2004).
Teiomerase has also been shown to promote survival of neurons in the brain of mice under other
circumstances (Fu ez af. 2000; Lu et a/. 2001). TFor this reason, it is possible that telomerase
expression is inducible in the brain under situations of stress, and that this may ocecur in canine
brains., However, given the lack of 1elomerase activity in parts of the brain other than the
subventricular zone as determined by TRAP assay, this seems an unlikely explanation for the

staining pattern seen in this case. Finally, an important caveat to the findings so far described is



that at this stage only a single canine brain has been examined for tclomerase activity and TERT
staining, and an important first study requircd would be to determine by TRAP assay whether these
results are also found in thesc and other areas of normal brains of other dogs. If TRAP assay
results can be shown to correlate with TERT staining in the brain, it would be interesting to

examine TERT staining in other pathological states such as hypoxia and cerebral oedema.

3.6.4 Validation of Ki-67

Our results correlating Ki-67 staining in canine brain tumours suggest that it provides a useful
marker of proliferation. Our results are consistent with resulls described in human brain tumours.
In our study, a MIB-1 LI of approximatcly 9% appeared to be the cutoft between grade 1 und grade
2 tumours (Figure 3.7). In general, the majority of grade [ tumours had a low MIB-1 LI, usually
less than 4%, as is seen in the majority of benign human brain tumours. One interesting finding in
our study was that two of the grade 2 meningiomas had a MIB-I 1.1 of >20%. However, three had
a substantially lower MIB-{ of between 9 and 14%, In humans, the WHO classification includes
three grades of meningioma: the benign, atypical and anaplastic variants (Kleihues & Cavence
2000). Of these, the atypical variant has been reported to have a MIB-1 L1 of less than 20% whilst
the anaplastic variant has a MIB-1 Li of greater than 20% (Kleiles & Cavenee 1999). It is
possible that in dogs a third, atypical variant may be present based on a proliferative index of less
than 20%, as described in people, although current WHO grading systems only describe two
variants. Further work correlating survival with grading would be needed to determine this,
however. Overall, it would appear that the MIB-1 1.1 for most canine brain tumours is similar to

that seen in human brain tumaurs.

3.6.5 TERT staining in canine brain tumouss

In general, the staining pattero seen in canine brain tumours appearcd ta be similar to that described
in humans. However, some discrepancics were apparent in the proportion of some tumour types
positive for TERT. A higher proportion of canine meningiomas appeared to be immunoreactive for
TERT as compared with human meningiomas, with 8 of 2t canine meningiomas (38%) versus 0-
27% of human meningiomas being TERT-positive, This may be related to the more aggressive
behaviour of canine meningiomas, which show a tendency to invade into the Virchow-Robin
spaces and surrounding brain tissue, and which recur as a matter of course following surgical
resection (Koestner ef of., 1999). On the other hand, a tower proportion of canine astrocytomas
appeared to be positive for TERT than has been reported in human tumours. Only 5 of 9 (54%)
grade 2 canine tumours were positive for TERT. This includes 2 of 4 glioblastomas. Although the
number of astrocytomas overall was small, some authors have suggested that in humans, 100% of
glioblastomas are positive for TERT expression, although tlis expression varies throughout the

tumour mass and may be missed il carclul sampling is not used {Falchcuti er @l 2000). In dogs, it
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would appear that less than 100% of glioblastomas are positive for TER'T expression, although a
larger number would need to be cxamined to ascertain the true incidence. It ray be that this
reflects a fundamental underlying ditference in biological behaviour between the canine and human
glioblastoma, To date, little work has examined these tumours in dogs to confirm whether they
possess similar genetic characteristics to those seen in humans, and minimal data (especially
regarding survival) arc available by which to judge their clinical behaviour. 1t must also be noted,
however, that studies examining telomerase activity in human astrocytic tumours overall have

produced wide variations in the stated proportion of tumours positive for telomerase activity.

Although the numbers within each tumour type positive for TERT appeared 1o differ slightly,
staining patterns appeared to be similar for both species. In particular, the more homogenous
nature of oftgodendroglial tumours appeared 10 be reflected in the TERT staining pattern seen,
although this was not always the case. The trend towards more tocal, patchy localisation of TERT
activity in astrocytomas also appcars to parallel the human situation (Kleinschmidi-DeMasters
1998a). This may reflect the evolution of these different tumour types. The tact that glioblastoma
multiforme may arise through one of several different pathways, either as a de novo tumour or as
malignaat transformation of more benign astrocytoma subtypes, demonstrates the genetic variation
underlying this phenotype. Indeed, Harada et of found that a significantly grealer proportion of
secondary glioblastomas possessed telomerase activity as compared with de novo tumours (Harada
et ol 2000b). Some authors have suggested that tclomerase activation occurs early in
glioblastomas, and that with increasing tumour growth and the development of necrosis, telomerase
activity subsequently disappears in some areas (Falchetii ef of. 2000). However, other authors have
suggesled telomerase activation may occur in association with areas of greater anaplasia, a finding
which could argue against this as anaplasia is more iikely to occur [ater in tumour development
(Kleinschmidt-DeMasters ef a/. 1998a). Whether this pattern of telomerase loss with glioblastoma
development oceurs in dogs as well as in people remains to be seen. The finding that TERT was
present in endothelial cells undergoing vascular endothelial hyperplasia has also been reported in
humans (Ialchetti et al. 2003; Pallini et of 2001). The involvement of telomerase in tumour
angiogenesis is likely to be the result of similar factors responsible for tumour development. For
instance, the SP-1 transeription factor which is known to be important for the activation of TERT
transcription, also acts on the promoter region of the Vascular Endothelial Growth Factor (VEGF)
gene, a major player in the initiation of angiogenesis in tumours as well as in other situations
(Falchetti ef al. 2003). There uppeared to be no association between TERT localisation and other

features of malignancy, however, such as necrosis or mitotic activity.

At this stage the significance of cytoplasmic staining in samples is unclear. The staining of
endothelial cells may reflect a non-specific interaction with (he antibody, as several other

antibodies stain endothelial cell cytoplasm in a non-specific manner. Indeed, the MIB-1 antibody



showed frequent cytoplasmic staining of endothelial cells in some sections of choroid plexus

papillomas (Figure 3.6).

3.6.6 Correlation between TERT staining and prolifecation in canine
brain tumours

In our study, TERT staining generally appeared to correlate with proliferation in all tumours
overall, and in the meningioma and oligodendroglioma subtypes. The association between
proliferation and telomerase activity in human brain tumours is not entirely clear. Whilst many
studies have found that telomerase activity is associated with proliferation {Cabuy & de Ridder
2001, Falchetti e af. 20600; Fukushima er . 2002; Sallinen ef ¢/. 1997; Simon et al. 2000), some
studies have not (Nakalani ef a/. 1997). Given that increased proliferation is the most usetul
prognostic indicator for many brain tumour types, and that telomerase activity is commonly
associated with malignancy, it would be expected that these two characteristic features of tumours
should overlap 1o some degree. Evidence for a link between cell prolileration and telomerase
acttvity has also emerged from somatic cells (Masutomi et ai. 2003). llowever, it is not entirely
clear whether the two {actors are directly linked ot whether they stem from a common determinant
of tumomr behaviour. One interesting study in breast cancer cells showed by immunocytochemical
restaining that many of the cells undergoing proliferation were also cxpressing telomerase,
suggesting that at least in some tumour types the pathways initiating these two factors are shared by
the same cells (Ikeda er af. 2003). However, it is possible thal t¢lomecrase activation may occur
either betore or after the signal to proliferate. For instance, Maes er af found that TERT expression
could be found in a subset of benign meningiomas, and that this predicted recurrence {Maes et al.
2005). Proliferation, however, was not significantly different between recurrent and non-recurrent
tumours, suggesting that at least in these tumours TERT expression occurs before significant
proliferation.  Although in canine brain tumours overall we found a direct correlation between
TERT expression and cellular proliferation, significant variation was found between the different
tumour subtypes. For instance, the most proliferative tumour, a metastatic lymphoma, was found
not to express TERT. In humans, the level of telomerase expression in metastatic brain tumours
does nol seem Lo correlate with either the tumour type or patient survival (Kleinschimidt-DeMasters
et af, 1998b). However, telomerase activity is a very common finding in metastatic tumours, which
makes our casc surprising. It may be that in caninc metastatic tumour cells TERT expression may

be regulated in a different manner to human tumours.

3.6.7 Potcaiial uscfilness of TERT staining in canine tuimouts

Ultimately, the potential uscfulness of TERT staining and telomerasc activity in canine cancer cells

depends on the corrclation between telomerase activity and patient survival. In dogs, evaluating
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this is less straighttforward than in humans, because of the variahility inherent in measuring patient
survival. This is influenced by the fact that the endpoint of cancer in dogs is determined by owner
issues more often than by the death of the patient. The decision to euthanase is based on 4 number
of factors, some emotional, some financial, with the resull that the point at which owners elect to
euthanase varics cnormously. This is accentuated in patients with brain discase, where the clinical
signs of a tumour may be less dependent on the size ol the tumour than its location and its growth
rate — a small tumour within the brainstem growing rapidly may lead to severc clinical signs more
quickly than a larger tumour growing slowly in the cerebrum. In addition, tumours in the cerebrum
may lead to clinical signs such as scizures and blindness which some owners find unaccepiable but
others ar¢ able to accommodate to prolong life for as long as possible. As a result, the assessment
of survival in dogs with brain tumours is complicated by the variability inherent in the decision to

cuthanase.

Given this limitation in assessing patient suevival, it is important to try to correlate the TERT stain
described here with clinical outcome. The advantage of the immunohistochemical stain we have
described s (hat it can be applied retrospectively to archival material. Therefore, acquiring a
sufficient number of cases to asscss survival following definitive treatment can be simplified by

including retrospective as well as prospective case material,

There is considerable evidence already from the human literature that TERT expression will indeed
be a useful prognostic indicator. For example, in meningiomas, up to 20% of the most benign
subtype will recur despite suirgical resection. Whilst proliferative markers do not predict those
tumours which go on o recur, Maes er af found that TERT expression dees, since recurrent
tumours were found to have significantly more cells TERT-positive than non-recurrent tumours
(Maes et al. 2005). Simon ef af reported similar findings, finding that all recurrent meningiomas in
their study had acquired tclomerase expression (Simon er al. 2000). Similarly, [farada e of found a
similar situation in tracking a recurrent pituitary tumour, with suecessive resections showing an
increasing level of tclomerase activity (Harada et af. 2000a). Studies examining telomerase
activity within individual tumours as they progress are likely to provide useful information on
tumour progression which is not necessarily available from surveying larger groups of tumours.
Given the expensc and morbidity of these repeat rescctions in dogs, it is unlikely in the near future
that we will be able to perform similar evaluation in dogs as in people. However, given the nature
of the stain we have described here, should such a situation arise, it will be possible to examine the
telomerase activity at any point, which would not be possible without prior preparation with other

methods of assessing telomerase activity.
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CHAPTERIV

TELOMERASE INHIBITION IN CANINE CANCER CEILLS




4,1 Abstract

Given the importance of telomerase activation as a means for attaining an immortalised phenotype,
considerable research has focused on inhibiting telomerase,  Several approaches have been
investigated: using strategies interfering with the function of either TR or TERT, strategies
targeting telomerasc-associated proteins, and strategies interfering with the interaction between
telomerase and the telomere. A large number of naturally-occurring and synthesised molecules are
now in existence that fall into one of these categories. The aim of this chapter was to investigate
two of these in canine telomerase-positive cell lines: the dominant ncgative mutant of human
TERT, DN-h'TERT, and the G-quadruplex inhibitor telomestatin, isolated from Streptomyces
anulatus, We tested the DN-hTERT dominant negative mutant by cstablishing cell lines stably
transfected with this construct carried by the selection vector pCINeo, and found that over 50
populalion doublings, the DN-hTERT mutant failed to inhibil telomerase activity in telomerase-
positive D17 and CMT7 cells. Over this period, growth rates and telomere lengths ol transflected
cells were similar to those of negative control mock-transfected cells,  Surprisingly, the same
construct reactivated telomerase activity in telomerase-nepative K9SF fibroblasts. Moreover,
K9SF cells transfected with DN-hTERT appeared to underge morphological changes consistent
with a cancerous phenotype and exhibited accelerated growth as compared to negative contrals.
Investigation of telomestatin treatment of telomerasc-positive cell lines yiclded more encouraging
results, Treatment of D17 and CMT7 cells with telomestatin at varying concentrations showed that
a concentration of 2 pM caused a decreasc in telomerase activily by approximately 80% as
compared with negative contrals. Over a longer treatinent period, telomestatin was also shown to
cause slower growth and telomere shortening in thesc cell lines, together with an increase in the
proportion of celis undergoing apoptasis. Treatment of K9SF cells, however, did not cause any
change in growth rate or apoptosis. ‘These findings suggest that telomestatin treatment specifically
abrogates telomerase activity in canine telomerase-positive ccll lines and warrants further

investigation of this promising telomerase inhibitor in canine cells.
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4.2 Introduction

Since telomerase represents a major pathway to the acquisition of an immortal phenotype in cancer
cells, considerable research has been performed livestigating ways in which to inhibit its activity.
This work has been carried out for 2 reasons: firstly, to further elucidate the effects of telomerase
activity within cells, and secondly to explore new forms of cancer therapy. Telomerase reprosents
an ideal target for cancer therapy since expression is largely restricted to tumour cells and since it
plays a critical role in promoting tumour cell survival and extended lifespan. This chapter aims to
explore telomerase inhibition as a means of treating cancer in dogs. There are several potential
methods by which this inhibition can be achieved. Breadly speaking, (hese methods can be divided
into three groups: 1) strategics interfering with the activity of either TR or TERT; 2) strategies
largeting the telomerase-associated proteins {eg protein inhibitors); and 3) strategies interfering
with the binding ol t¢lomerase to the telomere. The agents which have shown most promise within

each of these graups will be reviewed brietly here.

4.2.1 Strategies interfering with the activity of TR or TERT

4.2.1.1 Reverse transcriptase inhibitors

Since the TERT subunit of telomerase functions as a reverse transcriptase, carly searches for
telomerase inhibitors focused on drugs known to inhibit other reverse transcriptases. Thesc
included the drugs Azidothymidine Triphosphate (AZT), dideoxyguanosine, arabinofuranyl-
guanosine, dideoxyinosine, dideoxyadenosine, didehydrothymidine and phosphonoformic acid
(Kelland 2005). Although these drugs have been shown 1o inlibit retroviral reverse transcriptase,
their ability (o specifically inhibit the activity of h'TERT have not been promising. Long-term
treatment of telomerase-positive B-cell and T-cell lines with these agents in one study resulted in
telomerase inhibition only with AZT and dideoxyguanosine (Strahl & Blackburn 1996) When these
were then tested in other cultures, only dideoxyguanosineg also induced telomere shortening, but
had no effeet on population doubling or cell survivability, despite exposure of cells to the drug for
almost 12 months. The effects of didcoxyguanosine were shown to be due to binding and
competitive inhibition at the nucleoside triphosphate binding site. The addition of other agents to
dideoxyguanosine did not improve the efficacy of action (Strahl & Blackburn 1996). Importantly.
a recent study by Argyle et af has demonstrated that AZT alone is not an effective inhibitor of
telomerase activity in the canine telomerase-positive cell tines MDCK and CMT7 (Argyle e al.

2004).
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4.2.1.2 Small molecule inhibitors of TERT

Small molecule inhibitors are moiecules that target the active sitc of TERT. The most extensively
studied non-nucleoside moelecule is BIBR1532. BIBR1532 inhibits teclomerase i vitro with a hall-
maximal inhibitory concentration {ICsp) of 93 nM (Damm et af. 20G1) and is a mixed-type non-
competitive inhibitor of telomerase with a proposed binding site distinet from the sites for
deoxyribonucleotides or the DNA primer (Pascolo er al. 2002), However, studies in vivo have
shown that a lag phase exists between enzyme inhibition and subsequent cell growth arrest,
apoptosis and tumour growth slowing, similar to that encountered with dominant negative mutants.
Thus, NCI-[1460 non-small cell lung cancer cells required a treatment time of 120 days in vitro
before a decrease in cell proliferation became apparent (Damm ¢r af. 2001), and in vivo effeets
were only noticeable when tumour cells used to xenografl nude mice were first pre-cxposed iz vitro
for over 100 days prior to implantation, For this reason, the /n vive antitumour efficacy of

BIBR1532 appears (0 be marginal,

A similar mixed-type non-competitive inhibitor of WTERT is 2,3,7-trichloro-5-nitroquinoxaline
(TNQX), which has an ICs of 1.4 uM (Pascolo ef of. 2002). However, as with BIBR 1532, i vitro
effects such as growth inhibition and induction of senescence in telomerase-positive cells have

required extensive periods of treatment.

4.2.1.3 Dominant-negative TERT mutants

The characterisation of splice variants of human TERT (see 5.2.2.2; Post-transeriptional
modification of hTERT) revealed that one of the splice variants, the a deletion variant, results in
the loss of 12 amino acids in the RT domain A, as the result of a 36 bp deletion (Kilian ef «/. 1997).
This splice variant, in addition to being non-functional, was found to inhibit the activity of wild-
type TERT in telomerase-positive cells and thereby to inhibil telomerase activity by competing for
binding with other components of the telomerase holoenzyme (Colgin e af. 2000). This finding
led other groups to examine the impact of other mutations in the reverse transcriptase A domain
(Zhang ¢ ai. 1999), and Hahn er ol subsequently showed that a substitution of only 2 amino acids
in the third (A) RT motif of hTERT was sufficient {o create a dominant-negative mutant of h"TERT,
DN-hTERT (Figure 4.4) (Iahn ¢ ¢/. 1999a). Mutant hTERT subunits have been effective tools in
studying the characteristics of relomerase and several studies have shown that DN-hTERT
abrogates the cxpression of wild-type (WT) hTERT in several telomerase-positive cell lines,
including ovarian, breast, colon and hepatic cancer cells (Hahn er al. 1999a; Zhang et af. 1999).
Interestingly, Sachsinger et af demonstraled thal telomerase activity was reactivated in murine

RenCa cells expressing DN-mTERT, suggesting there are fundamental differences in regulation
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between mouse cells and human cells (Sachsinger ef af. 2001).

The use of the DN-hTERT mutant as an inhibitor of telomerase has led to some interesting tindings
thal suggest elomerase inhibition may lead to clinical effects distinct from those induced by
telomeric shortening. Typically, inhibition of telomerase in telomerase-positive cell lines leads to
cell death through crisis aver a time-course dependent on the initial length of telomeres in those
cells. Cell lines with longer telomeres must therefore go through more population doublings before
undergoing crisis as compared to cell lines with shorter telomeres. However, DN-hTERT mediated
inhibition of telomerase activity has also been shown to reduce the growth rate of some cell lines in
vitro and to reduce the ability of these cells to form tumours xenografted mouse models i vivo.
confirming the involvement of tclomerase in other features of malignancy (Hahn er af. 19993,

Zhang et al. 2002).

4.2.1.4 Hammerhead ribozyimes

Ribozymes are catalytic antisense RNAs that cleave RNA substrates in a sequence-specific
manner, first discovered in saiellite RNA of tobacco ringspol virus (Komata ef af. 2002a).
Ribozymes have been developed that target both hTR and hTERT. Althougl ribozymal cleavage
of h'TR has been found to reduce telomerase activity in tumour cells in some studies, no change in
proliferation occurred in treated cells, suggesting that it is of limited use in the clinical sefting
(Kanazawa et al. 1996; Yaokoyvama ef af. 1998). However, other studies have shown that ribozymal
cleavage of KTERT leads to shortened telomeres and apotosis as well as senstitising tumour cells to
inhibitors of topuisomerase, suggesting that ribozymes targeting TERT may be worth considering

for further development (Ludwig ez a/. 2001; Yokoyama ef of. 1998).

4.2.1.5 Oligonucleotides

A number of strategics have been developed using synthesised oligonucleotides designed to bind in
a complementary fashion to cither "TERT or, more commonly, the hTR component of telomerase.

Typical antisense oligonucieotides contain DNA bases that form DNA-RNA hybrids upon binding
to mRNA. These hybrids are recognised by RNase H which cleaves them and, in thus destroying
the target mRNA, reduces the level of expression of the desired protein.  Problems with
oligonucleotide therapy include their rapid destruction by DNase, the large doses necessary (o
achieve a therapeutic responsc and the difficulty associated with directing oligonucleotides to target
cells. However, improvements in their design and synthesis suggest that they may present an
attractive option for clinical use for several reasons, They can now be administered systemically
by intravenous injection, methods have been developed for their large scale synthesis, their
pharmacokinetics are well characterised and toxicity is low (Corcy 2002). There are also some

indications that adcquate bioavailability can be achieved following oral administration (Khatsenko
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et al. 2000). Telomerase is an atypical antisense target, because binding of the oligonucleotide ta
its target site is all that is required to interfere with telomerase activity, with cleavage by RNase i [
being of secondary importance. As a result, the inclusion of DNA bascs in the strueture of anti-
telomerase oligonucleotides is unnecessary, and they can be composed entirely of chemically
modified bases that bind complementary sequences with clevated affinity. Some of the
modifications that have been examined include peptide nucleic acids (PNA), 2°-O-alkyl RNA and
locked nucleic acid (LNA) (Braasch & Corey 2001; Elayadi er af. 2001; Herbert e/ ¢l. 1999). In
addition, modification to the linkages between bases within the oligonucleotide can alter the
potency of eftects (Corey 2002). The number of synthesised anti-telomerase oligonucteotides so

far examined is considerable, and only a few will be discussed here.

42151 2-5A-linked Antisense Oligonucleotides

Kondo et af showed that expression of a conventional autisense oligonucleotide targeting hTR
eliminates telomerase activily [rom matignant glioma cells and results in apoptosis after a lag phase
of approximately 30 population doublings (Kondo er of. 1998a). Interestingly, in some subclones
of cells treated, apoptosis does not oceur but cells enter a more differentiated state, as shown by
increased expression of glial fibrillary acidic protein (GTFAP) and decreased motility. This would
suggest that telomerase activity is linked in other, as yet undetermined, ways to the dedifferentiated

phenotype of these cclls,

A more rapid onset of apoplosis can be readily induced in these cells by linking the antisense
oligonucleotide to 2°-5" phosphorylated aligoadenylate (2-5A). 2-SA is an activator of the
endoribonuclease Rnase L, a single-strand specific endoribonuclease that functions in the antiviral
mechanisms of interferons (Kondo er a/. 1998b). Although Rnasc 1, is a ubiquitous protein, it has
na detectable ribonuclease activity until it comes into contact with 2-5A. Linking 2-5A to an
oligonueleotide therefore creates an RNA-degrading molecule that specifically targets a single
RNA species. The use of 2-5A linked to the hTR antisense oligonucleotide resulted in rapid onset
of apoptosis in malignant glioma cells, both in virro and in vivo in a nude mouse model (Kondo ef
al. 1998b; Mukai et af. 2000), The onset of apoptosis in these cells occurred within 5-7 days, too
rapidly to be accounted for by telonteric attrition, although the mechanisms underlying this arc not
well understood, I[n addition, the 2-3A-hTR antisense oligonucleotide shows an additive effect
when used in conjunction with adenoviral vectors expressing wild type pS53, but only in those cell

lines with a mutated form of p33 (Komata ef af. 2000).

4.2.152 Oligonucleotide N3-P5° Phosphoramidates

N3:-P5* phosphoramidate (NP} oligonucleotides are compounds complementary to hTR sequence

that have a high in vitro potency for telomerase inhibition. NP oligonucleotides contain a 3’ -amino
g f Y g
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group substituted for the 3" oxygen in the 2’~dcoxyribose rings. These compounds form very stable
duplexes with single-stranded RNA, are resistant to nuclease degradation and display high
speeificily for RNA and DNA targets. Oligonucleotides directed at both the template region and
another region 100 nucleotides further downstream have been used, and both lead to abrogation of
telomerase activity and consequent apoptosis in telomerase-positive cefls after a lag phase that
corrclates with initial telomere length (Pruzan ef of. 2002). Howcver, the use of these agents in
cells requires a lipid-based cellular uptake enhancer for efficient entry into cells. Substitution of a
single sulphur atom for an oxygen atom, 1o create an NP thiophosphoramidate, results in a
malceunle with similar specificity for target RNA. but which is able to enter cells more efficiently

without the presence of cellular uptake enhancers,

The most advanced of the phosphoramidates so far cxamined is GRN163, which is able to inhibit
telomerase activity at nanomolar concentrations (Flerbert ef of. 2002). However, as with BBR1532,
antitumour effects are largely dependent on telomere length, with little effect in U266 multiple
myeloma cells (with long telomeres of 9kb) after 56 days of cell culture, but more rapid growth
inhibition in 28 days in MM.IS cclls {with short telomeres of 2.5 kb) (Akiyama et al. 2003).
Similar effects have heen demonstrated in vivo using xenografted nude mice bearing tumours with
short telomeres from prostate cancer, mycloma and glioblastoma cancer cell lines (Asai ¢f al. 2003;
Wang et al. 2004), GRNI63L, containing a lipid covalently conjugated to an aminoglycerol
thiophosphate linker, is currently undergoing late-stage preefinical development in preparation for

Phase I clinical evaluation.

4.2.15.3 2%O0-allyt and 2-methoxyethyf-RNA

The synthesis of 2°-O-alkyl RNA oligonucleotides has provided another potentially usetul class of
telomerase inhibitor. Both 2°-O-alkyl RNA and 2’-methoxyethyl (ME)} RNA oligonucleotides
comprising [3-base oligonucleotides complementaty to 'I'R have been shown to inhibit telomerase
activity with an 1Cs value in cell lysate of approximately 10 nM (Elayadi et af. 2001; Herbert er o.
1999; Pitts & Corey 1998). Introducing phosphorothicate (PS) linkages inta these molecules
improves their pharmacokinetic profile by enbhancing resistance to nuclease digestion and
increasing the serum half-life, with the result that the ICsy can be lowered to 3-10 nM while
retaining selective inhibition. Thesc agents have been trialled in cell lines of varving telomere
lengths, and show growth rale slowing after a time lag related to the initial telomere length of each
celt line. Importantly, in all cell lines examined, telomere lengths returned to pre-treatment size
after the agent was removed, and in the cell line with longest (12 kb) telomerces, no impact on
growth rale was seen at all (Herbert er ol 1999).  These results suggest that despite their

pharmacokinetic advantages, the clinical usefulness of these agents is likely to be marginal.
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4.2.1.6 RNA Interference

Most recently, considerable interest has focused on the growing [ield of RNA interference as a
means of interfering with gene expression. dsRNA, a hybrid of a sense and an antisense strand of
an endogenous RNA species, can initiate a cellular response that vesults in the sequence-specific
degradation of homologous single-stranded RNA (Kosciolek er af. 2003). This oceurs in a wide
variety of eukaryotic organisms and is known as RNA interference, or RNAL 1o this process, RNA
synthesis is not itsell affected, but rather the RNA transcript is specifically degraded so that the
corresponding gene becomes silenced. This apparently represents an old and evolutionarily
conscrved defence mechanism against parasitic RNAs, and is reviewed in (Hannon 2002},
(Hutvagner & Zamore 2002) and (Sharp 2001). The key trigger of this response is dsRNA, which
is processed by double-strand-specific RNase to shorter RNA fragments of both polarities. The
enzyme responsible, first identified in Drosophila, is known as Dicer, and is an RNase Ill-type
enzyme {Bernstein ¢f ¢f. 2001). The product generated following Dicer’s processing is 4 dsRNA of
approximatelty 21-22 bp, also know as short RNAs. Rather than being composed of a stmple
double strand, this short RNA has characteristic termini consisting of two unpaired 3’-terminal
nucleotides on cither side (Eibashir ez o/, 2001a), and is an important intermediate of the RNAI
reaction which then becomes incorporated inta a multicomponent protein complex called RISC
(Flammond ef ¢, 2001), RISC acts as an RNase, the sequence-specificity of which is conferred by
the short dsRNA.

The importance of the short RNAs in this process led several researchers to investigate the
possibility of artificially-generated short dsRNAs to initiate the RNAI response and led to the
important discovery that chemically-synthesised RNAs that could form a donble sirand with the
characteristic two unpaired nucleotides at the 3° termini could initiate RNAI in mammalian cells
(Eibashir et al. 2001b), and the term ‘siRNA® was introduced for these short duplexes. As an
effective means of silencing genes, siIRNA has been utilised in a range of situations, and most
recently has been used to silence telomerase expression both through targeting of hTR and h'TERT
{Kosciolek et al. 2003). The use of siRNA to inhibit telomerase activity has been successfully
reported both # vitro and in vive {(Del Bufalo er al. 2005; Guo ef al. 2005; 1.i er af. 2005;
Nakamura ef «f. 2005; Sciamanna er af. 2005; Zou et al. 2005), suggesting that it may be a
promising approach for clinical anticancer therapies. However, perhaps more importantly, results
of some of these experiments have uncovered fundamental links between telomerase activity and
cancer cell biotogy that were not previously known, Li ef of showed, using RNAI directed at hTR,
that telomerase inactivation led to rapid slowing of cell growth independent of telomere shorterting,
uncapping or the activation of DNA damage-response pathways such as p53 and p2] (Li er al.
2005). In addition, telomerase activity in tclomerase-positive cancer cell lines seems to bc
inexiricably linked to other characteristics of tumour cell behaviour, since inactivation of
telomerase activity led to downregulation of a number of genes, including integrin oV, known to be
related to cancer cell proliferation, angiogenesis and survival {Cruet-Hennequart ef af. 2003;
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Elicciri & Cheresh 2001; Hutvagner & Zamore 2002: Li ef af. 2005). These findings have been
suppotted by in vivo experiments in which inhibition of h'TERT expression through RNAi resulied
in reduced colony-forming ability and tumorigenicity in mice, and also increased sensitivity to

ionizing radiation and chemotherapeutic agents {Nakamura ef al. 2005).

A number of useful and importanl points are worlh noting in relation to these studies. Fisstly, it
appears that many of the effects of telomerase inhibition such as growth inhibition occur
itrespective of whether the target of RNAj is hTR or hTERT. Secondly, these clfeets occur
capidly, without the time lag attributable to telomere-shortening seen with the majority of other
methods of inhibiting telomerase, such as antisense oligonucleotide treatment or DN-hTERT
treatment, and also oceur without interfering with telomere length or capping. Finally, RNAI
techniques appear to work by reducing the overall level of telomerase ribonucleoprotein complex,
rather than by interfering with the quantity of ¢cnzyme activity, For all these reasons, RNAi

techniques are worth investigating as methods of tclomerase inhibition.

4.2.2 Strategies targeting telomerase-associated proteins

Heat shock protein 90 (FISP90) is a molecular chaperone that plays a role in protcin refolding in
cells exposed to environmental stress. [t is required for the conformational maturation, stability
and activity of several proteins involved in signal transduction pathways. but acts on a more narrow
range of targets than ather chaperones. Target proteins include receptor and non-receptor kinases
(eg HER-2, epidermal growth factor receptor and Src family kinases), serine/threonine Kinases (eg
c-Raf-1 and Cdk4), steroid hormone receptors {(androgen and ocstrogen) and cell cycle and
apoptosis regulators {(eg mutated p53) (Hartson & Matts 1994; Sepp-Lorenzino ef af. 1995;
Stancato ef af. 1993; Stepanova et al. 1996; Veldscholte et af. 1992; Villa ef af. 2003). HSP90
regulates the hall-lives of these target proteins by forming conformation-dependent higher order
chaperone complexes. Since all of these proteins are invelved with the growth and or survival of
cancer cells, HSP90 may be a potential anti-tumour target. Studies have also shown that HSPS0
and the co-chaperone p23 are required for efficient tolomerase assembly, in a proposed model
whereby both proteins bind hTERT and influence its assembly with hTR in the formation of an

active enzyme (Holt e al. 1999).

The benzoquinone ansamycin antibiotic geldanamycin (GA) and its derivative, 17-allylamino, 17-
demethoxygeldanamycin (17-AAG) are both inhibitors of 11SP90 (Neckers et af. 1999; Schulte &
Neckers 1998). Trcatment of JR8 melanoma cells resulted in inhibition of telomerase activity, and
apoptosis, although no telomere shortening was seen (Villa ¢/ . 2003), These effects were
dependent on the level of telomerase activity within the particular clone of celis used. 17-AAG is

currently undergaing Phasc 1 clinical trials for its other anti-tumour effects, and it is possible that
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the level of cfficacy of the drug may be partly related to the levels of telomerase aclivity in the

tumour being treated.

4.2.3 Stratcgics interfering with telomere-telomerase interactions

A potential strategy to target telomerase activity involves interfering with its abilily to bind to the
telomere. One important way of doing this would be to physically change the stiucture of the
telomere in such a way that it is no longer accessible to the telomerase holoenzyme. The highly
repetitive, G-rich nature of telomeric sequence allows it o potentially fold into a 4-stranded
(quadruplex) intramolecular structure, and approaches exploiting this ability have been pursued
since the 1990s (Keltand 2005). G-quadcuplex lipands aftect telomere structure by covalently
binding 1o the quadruplex and preventing its dissociation. Since the first demonstration of
telomerase inhibition by a G-quadruplex-interacting compound (a 2,6-diamidoanthraquinone) in
1997 (Sun et af. 1997), an enormous array of G-quadruplex ligands has been described, inclading
cationic porphyrins, trisubstituted acridines, dibenzophenanthrolines, ethidium derivative, triazines,
pentacyclic acridines, fluoroquinophenoxazines and 2,6-pyridine-dicarboxamide derivatives (Duan
et af. 2001; Gowan ef al. 2001; Koeppel et afl. 2001; Mergny ef al. 2001; Pennarun ef al, 2005,
Read ef al. 2001; Riou et al. 2002; Shin-Ya et af. 2001; Wheelhouse ez a/. 1998). Given the vast
array of agents, only two of the most promising will be discussed here — the trisubstituted acridine

BRACO19 and naturally-occurring telomestatin.

4.2.3.1 BRACO19

Many of the first generation G-quadruplex ligands suffered from a relative lack of selectivity for 4-
stranded over 2-stranded DNA, resulting in non-specific acute cytotoxicity at similar
concentrations to those used fo inhibit telomerase activity (Harrison et a/. 1999). However, the
resolved crystal structure of parallel quadruplexes from human telomeric DNA allowed the
development of' improved maolecules, including BRACOI19 (Parkinson ef af. 2002). BRACOI19
was shown 1o induce extensive end-to-end chromosomal fusions in BU1435 prostate cancer cells
and senescence from 7 days following exposure at non-acute cytotoxic concentrations (Incles et al.
2004). Senescence was associated with an increase in the CDK inhibitor p21, consistent with
senescence being triggered by telomere shortening or loss of integrity (Ilerbig er al. 2004). In vivo
work has also been promising, with significant growth inhibition (96% compared with controls} in
a uterus carcinoma xenograft model and against DU-145 prostate cancer xenografts (Burger er al.

2005).

4.2.3.2 Telomestatin
‘T'elomestatin is a natural product isolated from Streptomyces anulatus 3533-SV4 which has been
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shown to be a very potent inhibitor of telomerase, with an ICgy of approximately 2 pM (Kim ez al.
2002). It possesses siructural similarity to the G-tetrad (Tigure 4.1) and it is thought that its effects
are due to its ability to either facilitate the formation of or stabilise pre-formed G-guadruplex
structures, thereby sequestering the primer needed for elongation by telomerase. Telomestatin also
shows preferential interaction with intramolecular G-quadruplex structures rather than
intermolecular structures and is 70 times more sclective in binding quadruplex structures than
duplex DNA (Kim ef al. 2003a). This allinity for intramolecular G-quadruplexes appears to be
important in avoiding detrimental side effects such as the formation of anaphase bridges in
telomerase-negative cells (Kim e/ @f. 2003a). In addition to interfering with the function of
telomerase, stabilising the formation of G-quadiuplexes may also have other useful properties, such

as the ability to down-regulate c-myc expression (Lemarteleur ef gl. 2004 Scenisamy ef af. 2005).

The use of telomestatin in telomerase-posilive cell lines results in delayed growth arrest and/or
apoptosis (Shammas ef af. 2004; Tauchi ez af. 2003). In addition, telomere shortening is also
observed in these cells, although it occurs earlier than cxpected for a single mechanism involving
telomerase inhibition and is limited to only a few kilobases (Gomez ef al. 2003). lts nse in the
leukaemic cell lines OM9; 22 and K562 in one study resulted in telomere shortening, and
telomerase inhibition (Tauchi er of. 2003). Over a period of 10 days, {reatment also resulted in
significant celf death, through activation of p2l, p27 and the ATM-~dependent DNA damage
response pathway, consistent with telomere uncapping. Similar results in multiple myeloma cells
have also been reported (Akivama e «f. 2003). These results sugpest that telomestatin holds

considerable promise as a telomerasc inhibitor.

Tigure 4.1: Structures of G-quadruplex tetrad in relation to telomestatin

G-Tetrad Telomestatin

(Reproduced with parmission from (Kim e af. 2002))
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4.3 Aims of the Chapter

The aims of this chapter were to investigate two potential methods of inhibiting telomerase activity.
The first aim was to investigate inhibition of canine TERT activity using a dominant negative
mutant of canine TERT. However, at the time this work was performed, although the degTERT
cDNA sequence had been established, a vector containing the entire canine TER'T ¢cDNA was not
available for mutational analysis of dominant ncgative forms of dogTERT. Given the close
homology between the canine and human TERT molecules in the regions of the | and reverse
transcriptase motifs, these studics were therefare performed using the human dominant negative

mutant DN-h'TERT.

Given the success of the G-quadruplex ligands in inhibiting human telomerase, the second atm of
this chapter was to investigate inhibition of canine telomerase activity through the use of one of
these - telomestatin, and to examine the effects of consequent telomerase inhibition in telomerase-

positive canine cancer cell lines.
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4.4 Materials and Methods

4.4.1 Inhibition of canine telomerase with the dominant-negative mutant

DN-hTERT

4.4.1.1 Cell Lines

D17 (canine osteosarcoma) and CMT7 (canine mammary tumour) are canine celi lines which have
previously been shown to be telomerase positive (Nasir e o/. 2001). Canine primary skin
fibroblasts {(K9SF) are cells which have similarly been shown to be telomerase negative. (Nasir ef
al. 20001) The D17 cell line was cultured in DMEM (Gibco BRL, Grand lsland, New York)
supplemented with 10% fetal calf serum. The CMT7 cell line was cultured in RPMI (Gibeo BRL,
New York) supplemented with 10% fotal calfl scrum and 2mM L-glutamine. Canine primary skin
fibroblasts (K9SF) were cultured in MEM-u (Gibco BRL, New York) supplemented with 10% fcial

calf serum, 2 mM L-glutamine and epithelial growth factor (CGT).

4.4.1.2 Generation of pCINeo-DNhTERT Plasmid vector

DNhTERT was kindly donated by the laboratory of RA Weinberg, Whitehead Institute, within the
plasmid vector pBabepura. Following restriction digestion with EcoR/ and Salf/, DNhTERT was
cloned into the plasmid vector pCINeo, which conveys resistance to G418, a cukaryatic analogue

of the antibacterial agent ncomyecin.

44.12.1 Resteiction enzymne digestion of vectors

The pBabePuro vector containing the DN-hTERT dominant negative mutant was digested with
FeoR 1 and Sal 1 restriction enzymes. The pCINco vector was also digested with EcoR | and Saf |
restriction enzymes. More specifically, the pBabePuro containing DNhTERT (5pg) was digested
for one hour with £coR | (5 units) in buffer D (10X) in t0pl at 37 C, before adding S T (5 vnits)
to a final volume of 20w and continuing with incubation for a further 3 hours at 37 C. The
recipient pCINeo vector (5pg) was digested with £coR 1 (5 units) and Se/ 1 (5 units) using the same
protocol. Samples (4ul) were analysed on a TAE agarose gel (1%) by comparing the bands created

to a 100bp DNA ladder to confirm digestion before purification and ligation.

4.4.1.22  Purification, Higation and transformation

Digested DNA samples (linearised pCINeo and released DN-hTERT) were purified using the

QIAquiCk®Ge| Extraction Kit (Qiagen, UK) and eluted in 30p] of sterile water, The DNA was
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quantified (2ul) by gel electrophoresis on a TAE agarose gel (1%) by comparing the bands created
to a Low DNA Mass™ Ladder (2ul).

The quantity of vector (pCINeo) and insert (DN-hTERT) for cach ligation reaction was calculated
according to the equation shown in 2.2.3.7: Ligation of restriction digested DNA fragments. For
each calculation the vector mass (X) was 100 ng, and the insert size (Y) was approximately 3.6 Kb,
Ligation was performed using molar ratios of 3:1 and 1:1 insert to vector. The cut ends of the
inserts were ligaled (o complementary ends of the cut pCINeo vector using T4 DNA ligase
(Promega, UK} overnight at 16° C. The ligations (20ng)} were transformed into 50pl of One Shot™
TOP10 competent cells which were heat shocked for 15 seconds at 42° C before adding 250ul SOC
medium, shaking horizontally at 225 rpm at 37 C and then grown overnight at 37° C on
LB/ampicillin agarose plates. Six to ten colonies were selected from each plate and transferred to

LB broth for overnight culture at 37°C.

441423 Isolation and screeninng of recombinant plasmids

The DNA constructs were isolated from overnight cultures by the alkaline lysis method of plasmid
DNA isolation using the QIAprep®PCR Spin Miniprep Kit (Qiagen, UK) and eluted in 50l of
sterile water. The DNA samples were then assessed by spectrophotometry for quantification.
pCINeo promoter constructs were screened with EcoR 1 and Saf | restriction enzyme as described
in 2.2.3.11: Screening of transformants for desired recombinant plasmids. Sincc all the promater

inserts were directionally cloned it was not necessary to screen for correct orientation.

4.4.2.2.4 Sequence evaluation

Recombinant plasmids were sequenced and analysed as deseribed in section 2.2.3.11: Screening of
transformants. Briefly, plasmid samples were prepared for sequencing with PCR reactions using
plasmid DNA samples (400 ng) and the Big Dye™ Terminator Cycle Sequencing Ready Reaction
(ABI Prism) with 0.5pM of both sense (DNHTO001F) and anti-sense (DNHTOO0R) primers (Table
4.1). These primers were designed to amplify a 450 bp fragment containing the mutation site
responsible for the dominant negative function of DNWTERT. Samples were amplified, and the
DNA purified by precipitation methods before samples were loaded into the ABI 310 genetic
analyser for generation of automated sequence data. Scquence files were downloaded from the
chromas file, saved as Word decuments using FASTA format, and then lined up with the relevant

cotreet sequence for the WTER'T sequence using VectorNTT (Invitrogen Bioinformaties).

4.4.1.3 Generation of Stable Transfectants
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Liposomes are one of a growing number of chemical reagents used to deliver nucleic acids to
eukaryotic cells. Transfeetions were performed using the TransFast™ liposome-based transfection
reagent (Promega, UK). Liposomes are lipid bilayers that form colloidal particles in an aqueous
medium.  Liposome reagents spocifically designed for transfection applications incorporate
synthetic  cationic  lipids, often formulated together with the neutral lipid L-dioleoyl
phosphatidylethanolamine {DOPE), which enhances the gene transter ability of certain synthetic
cationic lipids. The TransFast™ transfection reagent is comprised of the synthetic cationic lipid
()-N,N [bis(2-hydroxyethyl)-N-methyl-N-[2,3-di(tetradecanoyloxy)propyl] ammonium iodide and
the neutral lipid DOPE., The reagent is supplied as a dried lipid film that forms multilamellar

vesicles upon hydration with water.

Incubation of cationic lipid-containing liposomes and nucleic acids results in quick association and
compaction of the nucleic acid and the positively charged head group of the synthetic lipid. The
liposome-nucleic acid complex is then presented to the cells that are to be transfected. The
liposome complex neutralises the negative charge of the nucleic acids, allowing closer association
of the complex with the negatively charged cell membrane. The liposome complex then gains
entry into the cell either through endocytosis or by fusion with the plasma membrane via the lipid
moieties of the liposome. Once inside the cell, the complexes often become trapped in endosomes
and lysosomes. Endosomal disruption is facilitated by DOPE, which allows the complexes fo
cscape into the eytoplasm. The manner in which the transfected DNA or Jiposome-DNA complex

gains entry to the nucleus is not precisely known.

Transfections were performed following the supplier’s recommended protocol using a ratio of
TransFast™ Reagent:DNA of 2:1. The day before transfection, 16 x 10° cells were sceded into a
25 em? flask to achieve a confluence of approximately 50% on the day of transfection. On the day
of transfection, 3 pg of plasmid DNA (pCiNeo-DN-I'TERT and pCINeo negative control) was
added to serum-free medium (2 ml) and vortexed, Then, 18 ul of TransFast™ rcagent (6 pl/pg
DNA) was added and the mixture vortexed again. The mixture was then incubated for 10-15
minutes at room temperature. While incubation was occurring, the growth medium was carefully
aspirated from adherent cells. The TransFast™/DNA mixture was then added to the cells and
flasks were returned to the 37° C incubator for 1 hour. At the end of this incubation, cells were

overlaid with 4 ml of complete growth mediun,

Forty-eight hours after transfection, cells were trypsinised, counted and plated in 25 cm? flasks at 4
different concentrations: 1:5, 1:10, 1:20, and 1:100. in addition, G418 was added to the medium at
a concentration of 400 mg/ml. For the remainder of the experiment, medium was reptaced every 3-
4 days, and fresh G418 added. For the 14 days following addition of G418, cells were monitored
for cell death, The flask containing surviving colonies was retained and the remainder discarded.

When this flask reached confluence, cells were trypsinised and transferred to 75 cm® flasks, In

175



addition, following initial selection at 400 mg/ml, the concentration of (G418 was increased to 600
mg/ml over approximately 2 weeks. Cells were trypsinised when they reached confluence

(approximately every 7-10 days) and reseeded at a cell density of 1 X 10° cells per 75 em® flask.

4.4.1.4 Confirmation of transfection with RT-PCR

44141 RNA Extraction

RNA was also extracted [rom cell pelfets containing 2 x 10° cells stored at -80°C using RNAwiz' ™
(Ambion, UK) as described in 2,2.4,1: Extraction and Purification of RNA.

44142 cDNA Synthesis

Superscript [II™ reverse transcriptase was used for first strand cDNA synthesis, which was

performed as described in 2.2.5: First strand ¢cDNA synthesis.

4.4.14.3 PCR amplification and sequencing

Following synthesis of cDNA, PCR was performed using the DNHTOOIF and DNHTOOIR
primers.  As a positive control, amplification of a fragment of the canine cyclophilin gene was
simultaneously performed using the primers CYCLOF and CYCLOR. These primers are detailed
in Table 4.1.

Platinum Iligh-Fidelity Taq polymerase (Invitrogen, UK) was used for second strand PCR. For
each sample, 1-5 pl of cDNA was mixed in a 0.2pl thin-walled PCR tube with Spl of High Fidclity
PCR buffer, Tul dNTP mixture, 2l MgSO,, 1l of each primer (forward and reverse) used and
0.2l Platinum Taq High Fidelity. The reaction mix was made up o a total volume of 50ul with
autoclaved, distilled water, Samples were kept on ice during pipetting and prior to PCR. As a
negative control, 5 pl of total RNA was also included in each reaction fo ensure resultant products

were not aruplified from contaminating genomic DNA.

Cycling conditions involved denaturation of the template and activation of the Taq polymerase at
94°C for 2 minutes followed by 30 cycles of the following: denaturation at 94° C for 30 seconds,
annealing at 55° C for 30 seconds, extension at 68°C for t minute. [Finally, the mix was incubated
at 72° C for 10 minutes o add a run of adenosine residues to the 3’ end of each product, before
being maintained at 4° C. PCR products were analysed by agarose gel electophoresis (1.5%) using

a | Kb molecular weight marker.,

PCR products were purified using the QlAquick™ Gel Extraction Kit (Qiagen, UK) and eluted in
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30pl of sterfle water 4pl of which was assessed by gel electrophoresis on a TAE agarose gel (1%0)
by comparing the bands created to a 1 kb molecular weight standard. Scquencing was performed
direcily from PCR products as described in 2.2.7: DNA sequence analysis. Briefly, plasmid
samples were prepared for sequencing with PCR reactions using plasmid DNA samples (400 ng)
and the Big Dye™ terminator Cycle Scquencing Ready Reaction (ABI Prism, UK) with 0.5uM of
both sense (DNHTOQTF) and anti-sense (DNHTOQ1R) primers. Samples were amplified, and the
DNA purified by precipitation melhods before samples were loaded into the ABI 310 genetic
analyser for generation of automated sequence data. Sequence files were downloaded from the
chromas file, saved as Word documents using FASTA format, and then lined up with the retevant

correct sequence for the hTERT sequence using VectorNTI (Invitrogen Bioinformatics).

Tuabhle 4.1; Primers used in RT-PCR

Primer Oligonucleotide primer sequence Tm (°C) & GC
identification (5'-3) (v) content
DNHTOO0IF ACTGTTCAGCGTGCTCARCTA 62.6°C:47.6%
DNHTO0IR TCAICAGGGAGGAGC ICIECL 68.5°C - 54.5 %
Cyclol’ COTGCTCTGAGTACTGGAGAGRAGGGA 80.2C 1 55.6%
CycloR CCACTCAGTCTTGGCGGTGCACATGAR 75.0°C : 60.0 %
EX2F CAGGAGCTGCTTGGGEAAZCA 69.8 C: 60.0%
EX2R CTGGGTTCCCCTGCAGCCAS 744 C:70.0%

4.4.1.5 Growth Rates

. ’ . . - 2 L
Cell lines were grown as an adherent monolayer in culture, in cither 25 or 75 em- tissue culture
flasks stored in an incubator at 37°C with 5% CQ;. Cells were routinely split when they reached
confluence, counted, and once stable translectants had been generated, re-seeded at a cell density of

I X 10° cells per flask. Population doublings were calculated according to the following formula:

PD = Logy (Cell count), — Loga {Cell count),

0.301

Where n=current passage and n-1= previous passage



4.4.1.6 Telomerase repeat amplification protocol

Telomerase activity was measured using the TeloTAGGG Telomerase PCR ELISA™YS

assay
(Rache, UK), following the manufacturers recommended protocol as described in 2.2.10,1:

Telomerase repeat amplification protocol.

44.1.6.1 Sample Preparation

Samples used for telomerase assay analysts included cell pellets from the D17, CMT7 and K9S[F
and U87 cell lines. Cells were harvested and counted as described in 2.2.1: Growth and
manipulation of mammalian cells. Aliquots of 2 x 10° cells were harvested for each assay. Cells
were pelleted at 3000g for 5 minutes at 4° C, the supernatant withdrawn, and following a brief
resuspension in 100 ul of PBS the cells were again pelleted and the supernacant carefully removed.
Cell pellets were then resuspended in 200 pl of ice-cold lysis reagent (Roche, UK) and incubated
on ice for 30 minutes. The lysate was then centrifuged at 16000g for 20 minutes at 4°C and the 175
ul supernatant was carefully removed with a micropipette, taking care not to disturb the pellet of
cellular debris. Cell extracts were then either used immediately or snap frozen liquid nitrogen and

stored at -80°C.

4.4.1.7 Telomere Length Analysis

4.4.17.1 Ihgestion of DINA with Hinfl/Rsal

The selection of the restriction endonucleases Hinfl and Ksaf was based on the Ffact that these
enzymes do nol contain recognition sequences that cut within mammalian telomeric sequence.
Although these enzymes are not alone in this respect, they are the most commoniy used (Lauzon et
al. 2000; Nakamura ef ol. 1999). The use of these enzymes allows complete digestion of non-
telomeric DNA, up to the first recognition site for the enzymes. The remaining intact telomeric
DNA is referred to as a Telomere Restriction Fragment (TRF). Three ug of DNA was digested per
sample at 4U of enzyme mix per ug of DNA for 12-16 hours at 37° C. To verify restriction
enzyme digestion, samples (2 pl) were analysed by agarose gel clectrophoresis {1.5%) by

comparing to a 100 bp molecular weight marker (Figure 4.,2).
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Figure 4.2: Representative 1.5% Agarose gel analysis of Hinf 1 / Rsa | digestion of DNA samples from
CMT?7 cells transfected with pCINeoDNhTERT. Lane 1: 100 bp marker, lane 2: passage (P) 12, lane

3: P18, lane 4: P21, lane 5: p23, lane 6: Negative control (empty pCINeo) P13, lane 7: Negative control

(empty pCINeo P15)

600bp
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44,172 DNA lragment separation

4.4.1.7.2.1 Agarose gel elecirophoresis and Southern blot

Separation of digested DNA was achieved by 0.8% agarose gel elcetrophoresis in | X TAE butfer
using highly pure agarose (Sigma, UK) following a standard protocol(The DIG system user’s guide
for filter hybridisation 2003) (Southern 1979). A DIG molecular weight marker was uscd (23.1-
0.12 kb, Roche UK). Equal amounts of sample were run in each lane and each sample was run i
duplicate. Individual samples were made vp to 20 pl using di,0 and 2 pl of 10X DNA loading
buffer. Samples were run at 5 Viem for between 4 and 5 hours untif the loading dye front was

approximatcly 2 cm from the hase of the gel.

Southern transfer (Southern 1975) of the digested DNA was cartied out by capillary action using
20X SSC as a transfer buffer following a standard protacol (Current pretocols in molecular
biology) to a high quality positively charged nylon membrane {Amersham, UK). Gels were pre-
treated first by submersion in 0.25M HCI lor 5 - 10 minutes; completion of this step was indicated
by a change in colour of the bromophenol blue loading dye from blue to yellow. Following a rinsc
in dH,0, gels were submerged in a neutralising solution (0.5M Tris-HCI, 3M NaCl at pH 7.5) for
30 minutes with a change of solution after 15 minutes. All pre-treatment steps were carricd out at

room temperature and with gentle agitation using a rocking table (Luckham, UK).

Gels were inverted before Southern transfer to reduce the likelibood of irregularities in the upper
gel surface resulting in uneven DNA transfer. Transfer was carried out overnight, and the DNA
was then UV cross linked with 120 mJoules of energy using a trans-illuminator (Sigma, UK) to the
nylen membrane, After twice washing the membrane with 2X SSC the blot was ready for probe

hybridisation and chemilumincsceiit detection.

4.4.17.3 Hybridisation and chemiluminescent detection

All hybridisation steps were cartied out using a Hybaid Maxi hybridisation oven (Hybaid, UK) and
standard hybridisation flasks on a rotary mount. Pre-hybridisation was cartied out at 42° C for 45
minutes using 25 ml ol DIG Easy Hyb solution {Roche, UJK). This solution was then discarded and
replaced with 10 ml of DIG Easy Hyb containing 2 pl of digoxigenin (DIG) labelled telomere
probe (TTAGGG,). Hybridisation was carried out at 42° C for 3 hours,

Following hybridisation, 2 stringency washes were carricd out; the first consisted of two washes in
2X SSC, 0.1% SDS for 5 minutes each at room temperature. This was foHowed by 2 washes in
0.2X SSC, 0.1% SDS at 50° C for 20 minutcs each. Gentle agitation of the membrane was

performed during both stringency washes and throughout the detection proceduire,
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Membranes were rinsed in a washing solution {0.3% w/v Tween® 20, 0.1M maleic acid, 0.15M
NaCl, pH 7.5) for 5 minutes at room temperature followed by a 30 minute incubation at room
temperature in freshly prepared blocking buffer {Roche, UK) dissolved in maleic acid buffer
solution (0.1M malgic acid, 0.15M NaCl, pH7.5). Blots were then incubated with a DIG-specific
antibody (750 units/ml anti-digoxigenin., TFab fragments) covalently coupled to alkalinc
phosphatase (Anti-DIG-AP) (Roche, UK). The Anti-DIG-AP working solution was prepared to a
final concentration of 75 mU/ml (£:10,000) in blocking buffer (Roche, UK). The antibody solution
was centrifuged for 5 minutes at 13,000 rpm before careful pipetting from the surface of the liquid

to avoid background signal being generated by aggregated antibody.

[ncubation in the antibody solution was followed by (wo further 15 minute washes at room
temperature in wash buffer (Roche, UK), followed by a 5 minute incubation in detection buffor
(100 mM Tris-HCI, pH 9.5, 100mM NaCl). Excess detection buffer was briefly blotted from the
membrane by placing it DNA sidc up on @ piece of 3MM Whatman filter paper. The blot was then
placed on an acetatc sheet and approximately 3ml of substrate solution placed drop-wise onto the
DNA side before overlaying with another acetate. This system used the chemiluminescent alkaline
phosphatase substrate CSPD® (25 mM Disodium 4-chiloro-3-(4-methoxyspiro( 1,2-dioxetane-3,2’-
(5’-chloro)tricyclo[3.3.1.1]decan)-4-y1) phenyl phosphate} (Roche,lUK) diluted 1:100 in detection
buffer, Any bubbles were carefully removed from between the sheets and the composite was
incubated at room tempecature for 10 minutes. Excess substrate solution was then squeezed out
and the two plastic sheots sealed with sellotape. The sealed membrane was incubated at 37° C for a
further 10 minutces to aid the chemiluminescent signal. The membranes were then used to generate
autoradiographs.  Exposure time varied between 5 and 20 minutes to achicve optimum image

quality for analysis,

4.4,1.7.4  Anaulysis of autoradiograpls

Autoradiographs were analysed by densitometry by using TotalLab v2.01 software. Each smear
was divided into equally sized segments, and a densitomelric reading taken from each. Mean TRT

(Kb) values were determined from the densitometric readings according to the formula:

% {Od L)

TRE (Kb) = % (Od)

Where Od; is the chemiluminescent signal and L; is the length of the TRF fragment at position i.
The calculation takes into account the higher signal intensity from larger TRF fragments because of
multiple hybridisation of the telomere-specific probe. Duplicate analyses were carried out on each

sample.
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4.4,.2 Inhibition of canine relomerase with Telomestatin

4,4.2.1 Cell Lines

For Telomestatin assays, the D17 (canine osteosarcoma) and CMT7 (canine mammary tutmour)
telomerase-positive cell lines, along with the telomerase-negative K9SF cells were used. Culture

conditions were as described in 2.2.1: Growth and manipulation of mammalian cells.

4.4.2.2 Telomestatin treatment

Telomestatin was provided as a kind gift from Professor Kazuo Shin-ya, Institute of Molecular and
Cellular Biosciences, University of Tokyo, at a concentration of 10 mM in DMSO. Telomestatin

was stored at --20° C until ready for use.

44221 Optimisation of iclomeseatin concenttation

In order to optimise the concentration of telomestatin to be used in further experiments, cells were
plated in 6 well plates at a cell density of 5 x 10° cells per well in 5 mt of complete medium. Cells
were placed in an incubator at 37° C for 4 hours to settle, then withdrawn and telomestatin added

before cells were replaced in the incubator,

For optimisation, DI7 and CMT7 cells were incubated in telomestatin ai the following
concentrations in order 1o assess the telomestatin concentration required to give optimal telomerase
inhibition: 0.1 pM, 1.0 pM, 2.0 uM, 5.0 pM and 10 M. As a ncgative control, cells were also
incubated with an identical volume of DMSQ only. Cells were incubated in the presence of DMSO
for 7 days, afler which they were trypsinised, centrifuged, washed in PI3S and cell pellets stored lor

TRAP analysis, All experiments were carricd out in duplicate.

44222 Prolonged treatment with tclomestatin

Following the initial optimisation, D17, CMT7 and K9ST cells were plated at a concentration of 5
x 10° cells in 25 cm® flasks with 2 pM telomestatin for a total of 21 days. As negative controls,
cells were also incubated in an equivalent volume of DMSO and without the presence of any
additive. At 7 days, 14 days, and 21 days cells in all flasks were trypsinised, and divided into 1 x
10° 2 x 10° and 2 x 10° cell aliquots for FACS analysis, TRF analysis and TRAP assays
respectively. [n addition, cells were reseeded at each timepoint at a density of 5 x 10° cells per

flask for continued incubation with telomestatin.
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4.4.2.3 Growth Rates

Cells were counted at each passage and the population doubling calculated as detailed in 4.4.1.5;

Crowth Rates.

4.4.2.4 Detection of apoptosis

Apoplosis was detected in cells treated with telomestatin using the Annexin-V — FLUOS kit
(Roche, UK). In the early stages of apoptosis, various changes occur at the cell surface, ane of
which is the translocation of phosphatidylserine (PS) from the inner part of the plasma membrane
to the outer layer, by which PS becomes exposcd at the external surface of the cell. Annexin V is a
Ca**-dependent phospholipid-binding protein with high affinity for phosphatidylserine (Vermes er
al. 1995). This protein can therefore be used as a probe for PS exposure upeon the outer feaflet of
the ecll meinbranc and is therefore able ta detect apoptotic cells (Homburg ¢t a/. 1995; Koopman ez
al. 1994; Verhoven ef «l. 1995). Since necrotic cells also expose PS due to loss of membrane
integrity, the simultaneous application of propidium iodide (1) diseriminates thesc cells by also

staining DNA. In cells which are in the early stages of apoptasis, annexin is taken up, but not P1.

During all pipetting procedures prior to Annexin V staining, cells were handied gently to avoid
excessive disruption of cell membranes and consequent false positive results. Annexin V staining
solution was made up by diluting 2 utl of Annexin-V-FLUOS and 2 ul of Propidivm lodide solution
in 100 wl of incubation buffer (Roche, UK) per sample. Cells were trypsinised for no more than 5
minutes, and 1 x 10% cells withdrawn. These cells were washed twice with cold PBS and
centrifuged at 200g for 5 minutes. The cells were then resuspended in 100 pl of Annexin V and
incubated for 15 minutes in the dark at room temperature. After this incubation, 500 wl of
incubation buffer (Roche, UK) was then added to cach sample and placed on ice prior to FACS
analysis which was performed immediately. Samples were analysed using a FACS flow cytometer
{Beckman-Coulter Inc., Miami) with an excitation wavelength of 488 nm and a 515 nm bandpass
filter for fluorescein detection and a filter >600 nm for PI detection. Analysis was performed using

Epics XL™ (Beckman-Coulter, Miami) software,

4.4.2.5 'Y'elomerase repeat amplification protocol

TRAP assays were performed on 2 x 107 cel! pellets as described in 2.2.10.1: Telomerase repeat

amplification protocol.

4.4.2.6 Telomere restriction fragment (TRF) analysis

TRT telamere length analysis was performed on genomic DNA prepared from cell pellets as

described in section 4.4.1.7: Telomere Length Analysis.
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4.4.3 Statistical Apalysis

For comparison of telomere lengths in cells treated with DN-hTERT, the Wilcoxon Signed Rank
Test was used. For each cell line paired values were taken at each passage number with positive
values for pCINeo-DN-hTERT transfected cells and negative values for pCINeo (negative control)

transfected cells. A p valuc ol <0.05 was taken as the limit of statistical significance.
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4.5 Results

4.5.1 Inhibition of canine telomerase with the dominant-negative murtant

DNHITERT

4.5.1.1 Generation of pCINeo-DNhTERT construct

Restriction digestion was perforimed using the EcoRl and Safl enzymes to subclone DNhTERT
from the pBabePuro vector into pCINeo. The 3.6 Kb frapment comprising DNhTERT was
successfully removed from pBabePuro and ligated into pCiNeo using 14 DNA 1igase with both
1:] and 1:3 vector:insert ratios. Following transformation into One Shot™ TOP10 cells, pCINeo
containing DNIVIER'T was then purified and sequenced to confirm the correct insert was present

(Figure 4,3, Figure 4.4),

4.5.1.2 Generation of stable transfectants

Following synthesis of the DNhTER'T construct, stable transfectants containing pCINeo-
DNNTERT and ecmpty pCINeo (negative control) were established in both the CMT7 and D17 cell
lines. Following the addition of G418 ta Masks and reseeding at different dilutions, the 1:10 flask
was selected as having the most appropriate cell density in both cell lines, Initial selection of cells
was performed with a G418 concentration of 400 pg/ml which then was increased to 600 pg /ml.
Stable transfeclants were also generated in the K9SF cells using the pCINeo-DNhTERT construct.
Untransfected (wild-type) K9SF cells were also maintained as negative control, Despite repeated
attempts, it was not possible to generate a stable transfectant using the empty pCINeo vector in

KO9SF cells due to slow growth and problems with fungal contamination.
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Figure 4.3: Chromas file sequencing of pCINeoDNhTERT using DNHTO001F Primer and comparison
with wild type hTERT sequence. Mutated site is underlined. Sequence from wild type (WT) hTERT

in the region of the mutation from genbank accession No. AF015950 shown boxed for comparison.

110 120 130 140 150
TG AGCTGTACTTTG TCAAGGTCGCGATCACGGGCGCGT ACGACACCAT

Ll

GTCAAGGTGGATGTGACGGGC
vV K VvV D VvV T G

Sequence of WT-hTERT in the mutated region from Genbank file
AF015950 together with translation

Figure 4.4: Illustration of position of telomerase specific (T) and reverse transcriptase motifs (1,2, A-E)
within hTERT mRNA transcript, together with translation of mutated sequence in RT motif A used to

generate the DNhTERT construct.

T 12 A B C D E

WT-hTERT

“ DN-hTERT
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4.5.1.3 Confirmation of transfection

Following the generation of stable transfectants, cells were harvested for RT-PCR confirmation of
transfection. RNA extraction was performed vsing RNAWiz® {(Ambion, UK) and ¢cDNA synthesis
was performed using random hexamers. PCR amplification using the DNHTCO1E/R primer pair
revealed a 450 bp band in the pCINeo-DNITERT but not negative control cells (Figure 4.5). This
band was gel purified and sequenced using the DNHTO0F and DNHTO0 IR primers. Sequencing

confirmed that the pCINeo-DNhTERT-transfected cells contained the mutated sequence.

4.5.1.4 Growth rate analysis

Growth rates of all cell lines were followed over 50 population doublings to assess the effect of the
DNATERT construct on the growth of telomerase-positive D17 and CMT7 cells. These are shown
in Figure 4.6. No significant difference was seen hetween the pCINeo-DNhTERT-transfected cells
and ncgative controls. Interestingly, in the K9SF cells, transfection with pCiNeo-DNOTERT
resulted in a marked increase in growth rate (Figure 4.7). In addition, the morphology of
fibroblasts altered, and rather than assuming a spindle shape, cells became more rounded with
altered growth. With further passaging, cells also showed a tendency to abandon growth in a
monolayer and to form ‘clumps® or ‘spheroids’ of cells. Examples are shown in Figure 4.8,
Untransfected wild type cells were maintained up to passage 9 {(PDG) before growth slowed and

cells exhibited signs of senescence.
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Figure 4.5: Representative 1.5% agarose gel electrophoresis of RT-PCR confirmation of transfection
of D17 and CMT?7 cells with pCINeo-DNhTERT. A: PCR amplification of cDNA using DNHTO001F/R

primers, B: PCR amplification of cDNA using CycloF/R primers

Lane:

I D17 transfected with pCINeo-DNhTER'

2 DI7 transfected with empty pCINeo

3 CMT7 transfected with pCINeo-DNhTERT
4  CMT7 transfected with empty pCINeo

5 -8 Negative controls: RNA template used for amplification in place of cDNA

A MW Marker 1 2 3 4 5 6 7 8

600 bp

B MWMarker 1 2 3 4 5 6 7 8

600 bp —P»
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Figure 4.6: Growth rates of CMT7 and D17 Cells transfected with either pCINeoDNhTERT (DNHT)

Population Doubling:

20.00

or empty pCINeo (NC).

40.00 60.00

Time (days)

—&—DI17 DNHT

——DI17 NC

—&— CMT7 DNHT

—¢— CMT7 NC

80.00
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Figure 4.7: Growth rate of K9SF cells transfected with pCINeoDNhTERT. Also shown is the growth
rate of untransfected (WT) K9SF cells. These cells were maintained up to PD 6 before growth ceased

and signs of senescence appeared.
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Figure 4.8: lllustration of morphological features of K9SF stable transfectants.

Note spindle shaped appearance and growth pattern of wild-type K9SF cells (A) compared with
more rounded cell morphology and disordered growth of KO9SF cells transfected with
pCINeoDNhTERT (B and C). In addition, later passage cells showed a tendency to grow as
spheroids rather than in monolayers (C). Magnification: A: x 10, B: x 10. C: x40.
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4.5.1.5 Telomerase activity

TRAP assays were performed on CMT7, D17 and K9SF cetls following the establishment of stabie
cell lines after approximately 25 population doublings had elapsed to evaluvate the telomerase
activity in each cell line following transfection with either pCINeoDNhTERT construct or empty
pCiNeo (negative control). CMT7 and D17 cells transfected with pCINeaDDNKTERT were shown
to have telomerase activity at similar levels to negative control cells transfected with empty
pCINeo. Interestingly, KI8T cells wransfected with pCINcoDNOTERT also showed strong
telomerase activity with higher levels of activity than the CMT7 and D17 cells. These results are

shown in Table 4.2 and Table 4.3 respectively.

Table 4.2: Tclomerase vepeat amplitication protocuol results of CMT7 and D17 cells transfected with

pCINecoDNhTERT (DNHT) or pCINce (NC)

As is the absorbance of the sample, Agp is the absorbance of the heat inactivated version of each
sample, AAg is the corrected absorbance of each sample (calculated by subtracting the mean of ail
heat inactivated samples (Ago)}from Ag), AAg/Ag, is the ratio of sample to background activity and
RTA is the telomerase activity relative to the positive control (AAg/Corrected absorbance of
positive control). Samples were considered telomerase-positive if the corrected absorbance (AAg)
was greater than twice the background activity, and if AAg/Agy was greater than 2.0, The results
shown are the mean of at least two experiments, and the assay gave a mean background absorbance
of 0.033 and a (Arsg-Arszo)Arsss) value of 0.34 after [0 minutes of colour development using the

low activity positive control.

Cell Line Ag Ago AAg AAs/Asp RTA. Result
D17 DNHT 0.18 0.03 0.15 4.5 0.44 POS
D17 NC 0.18 (.04 0.15 4.4 .44 POS
CMT7 DNHT 0.44 0.03 0.41 12.5 1.2 POS
CMT7NC 0.29 004 0.26 7.7 0.76 POS
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Table 4.3: TRAP results for KISF cells transfected with pCiNeoDNRTERT

Ag is the absorbance of the sample, Agg 1s the absorbance of the heat inactivated version of each
sample, AAg is the corrected absorbance of cach sumple {calculated by subtracting the wcan of all
heat inactivated samples (Agg)from Ag), AAs/Ag is the ratio of sample to background activity and
RTA is the telomerase activity relative to the positive contral {AAs/Corrected absorbance of
positive control). Samples were considered telomerase-positive if the corrected absorbance (AAs)
was greater than twice the background activity, and if AAs/Agy was greater than 2.0, The results
shown are the mean of at least two experiments, and the assay gave a mean background absorbance
of 0.105 and a (Ayse-Arss )/ Avsss) value of 0.51 after 10 minutes of colour development using the

high activity positive control.

Cell Line Ag Aso AAs AAs/Ag RTA Result
i KO9SF DNHT 344 0.10 3.35 31.9 6.57 POS

4.5.1.6 Telomere Length Analysis

TRF analysis of tclomere length was performed on D17 and CMT7 cell lines. Samples for TRF
analysis were harvested every 3-4 passages over the course of the experiment. A representative
picture of typical TRFs is shown in Figure 4.9. Table 4.4 shows the mean TRF analysis of alf
tumour cell lines. No significant change in the mean telomere length of any cell line measured was
seen over the course of the experiment. Using the Wilcoxon Signed Rank Test, no statistical
difference was noted between telomere length of pCINeo-DNhTERT wransfected cells and negative

controls for ¢ither the CMT7 (p=0.62) or D17 (p= 0.25) cell lines.



Figure 4.9: Representative example of TRF Autoradiograph. CMT?7 cells transfected with either

pCINeoDNhTERT or empty pCINeo. Samples are run in duplicate in adjacent lanes.
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Table 4,4: TRF analysis of CMT7 and D17 cells transtected with DNhTERT and negative controls

Cell Line  Construct Passage Mean TRF
Number length (kb)
CMT7 DNhTERT 42 5.73
CMT7 DNhTERT 46 5.15
CMT7 DNhTERT 19 5.51
CMT?7 DNhTERT 53 5.95
CMT? DNhTERT 56 5.90
CMT7 NC 42 5.52
CMT7? NC 45 4.99
CMT7 NC 48 5.46
CMT? NC 51 6.25
CMT7 NC 55 5.82
D17 DNhTERT 12 5.30
D17 DNRITERT 18 5.26
D17 DNhTERT 21 5.44
D17 DNhTERT 23 5.14
D17 NC 13 4.91
D17 NC t5 4.97
D17 NC 18 512
D17 NC 22 5.19
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Figure 4.10: Graphs showing mean TRF lengths of CMT7 (A) and D17 (B) cells transfected with
pCINeoDNhTERT (DNHT) and empty pCINeo (NC). Each graph represents the mean of two

samples, each run in duplicate.

"

6

5
g
= 4 @ CMT7 DNHT
[~ S
= B CMT7NC

o)

|

()

42/42 46 / 45 49 /48 53/55 56 /57
Passage

O - _——— — e

4
_ EmDI7 DNHT
=
% 3 mDI7NC
€9
o
P 5 ]

|

Passage

195



4.5.2 Inhibition of canine telomerasc with Tclomestatin

4.5.2.1 Optimisation of telomestatin concentration

[n order to assess the oplimal concentration to treat D17 and CM'Y7 cells for prolonged treatment
with telomestatin, cells were seeded into 6-well plates at a density of 5 x 10° cells per well and
treated for 7 days with varying concentrations of telomestatin in DMSO. Cells treated with 5 uM
and 10 uM of telomestatin were found to have undergone cell death within 3 days of the addition of
tclomestatin, with all cells rounding up and lifting off the base of the wells. Following
trypsinisation and staining with trypan blue at 7 days, staining confirmed that all of these cells were
non-viable. All cells treated with (elomestatin and negative controls were prepared for TRAP

assays as described in section 4.4.1.6,1: Sample prepatation.

45211 TRAP Assays

TRAP assays were performed on all cells following 7 days of treatment with telomestatin at
varying concentration. The results of these are shown in Table 4.5, Figure 4.11. TRAP assays
showed that in the 0.1 uM and negative control cells, no significant reduction in telomerase activity
was seen. Cells treated with 5 WM and 10 pM telomestatin were found to have no detectable
telomerase activity, Cells treated with 2 UM telomestatin showed approximately an 80% decrease
in telomerasc activity for CMT7 cells and approximately 67% decrease for D17 cells as compared
with 0.1 uM-treated and ncgative control cells, Interestingly, the telomerase activity in D17 cells
was consistently lower than that of CMT7 cells at all telomestatin concentrations with the

exception of 2.0 pM.
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Table 4.5; TRAD assay results of (reatment of CMT7 and 1317 cels with telomestatin at

concentrations of (.1, 1.0, 2.0, 5.0, 10.0 M and negative control {NC) cells for 7 days.

As is the absorbance of the sample, Asq is the absorbance of the heat inactivated version of each
sample, AAj is the corrected absorbance of each sample (calculated by subtracting the mean of all
heat inactivated samples (Agg)from As), AAg/Agy is the ratio of sample to background activity and
RTA is the telomerase activity relative to the positive control (AAg/Corrected absorbance of
positive control). Samples were considered telomerase-positive if the corrected absorbance {AAg)
was greater than twice the background activity, and if AAg/Asy was greater than 2.0, Using these
criteria, samples were designated positive (POS) or negative (NEG). The results shown are the
mean of at least two experiments, and the assay gave a mean background absorbance of 0.081 and
a {Atss-ATtss o)/ Arssz) value of 0.34 after [0 minutes of colour developient using the low activity

positive control.

Cell Line Telomestatin Ay Asy AAg AAGAgy RTA Result
Concentration
(WM)
CcMm17 0.] 0.51 0.08 0.43 53 1.26 POS
CMT? 1.0 025 007 018 22 0.53 POS
CMT7 2.0 0.t4  0.07 0.07 0.89 0.21 NEG
CMT7 5.0 0.07 0.08 -0.01 0.1 -0.03 NEG
CMT7 10.0 0.07 0.08 ~0.01 0.1 -0.03 NEG
CMT7 NC 039 0.07 0.32 4.0 0.94 POS
D17 0.1 035 0.1 0.25 3.1 0.74 POS
D17 1.0 0.5 0.09 0.06 0.7 0.18 NEG
D17 2.0 0.14 0.07 0.07 0.89 0.21 NEG
D17 5.0 0.07 0.08 -0.01 0.1 -0.03 NEG
D17 10.0 0.07 0.09 -0.02 0.1 -0.06 NEG
D17 NC 024 0.07 0.17 2.1 0.50 POS




Figure 4.11: Graph showing TRAP activity of CMT7 and D17 cells treated with telomestatin at

concentrations of 0.1, 1.0, 2.0, 5.0, 10 pM and untreated (NC) cells.
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4.5.2.2 Prolonged treatment with telomestatin

Following initial optimisation, the concentration of telomestatin that resulted in greatest telomerase
activity reduction without causing cell death at 7 days was selected for longer term treatment of
D17 and CMT?7 cells. Cells were therefore seeded into 25 cm’ flasks at a density of 5 x 10° cells
per flask and treated with telomestatin at a concentration of 2.0 uM for the duration of the
experiment. In addition, control cells were cultured in the absence of telomestatin, and with the
same volume DMSO as telomestatin as a second negative control. KO9SF cells were also
maintained with the same conditions as a further negative control. All samples were maintained in
duplicate. At the end of 7 days, cells were trypsinised, counted to assess growth rate, and re-seeded
at a density of 5 x 10° cells per flask. In addition, aliquots of 2 x 10°, 1 x 10° and 2 x 10° cells were
removed for TRF analysis, apoptosis and TRAP assays respectively. The same process was
repeated at 14 days. A final trypsinisation was performed at 20 days and the samples retained for

TREF, apoptosis and TRAP studies.
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45221 Growth Rates

Growth rates of all cells are shown in Figure 4,12, Both CM'1'7 and D17 telomestatin-treated cells
showed slower growth than negative controls (untreated and DMSQ-treated cells), although this
was much morve prominent in D17 than CMT7 cells. When flasks weve examined prior to
trypsinisation at day 14, it was found that telomestatin-trcated CMT7 and D17 cells had not
reached confluence, and for this reason these tlasks were not (rypsinised at 14 days but rather at 20
days. These cells were rinsed, and fresh medium with telomestatin was added. Negative conlrol
flasks, however, were trypsinised at both 14 and 20 days. At 20 days, a significant proportion of
D17 cells were found to have undergone apoptosis, with cells rounding up and no longer adherent
to tissue culture flasks, This had also occurred in CMT7 cells, although a greater percentage of

cells were still adberent,
K9SF cells were found to grow very slowly in the culture conditions used. For this reason, {lasks

of these cells were only maintained for 7 days. However, all tlasks showed similar growth rates.

At the end of 7 days these flasks were trypsiniscd and samples removed for apoptosis studies.
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Figure 4.12: Growth rates of CMT7. D17 and K9SF cells following treatment with 2.0 uM telomestatin.

A: D17 growth rates, B: CMT7 growth rates, C: K9SF cell rates, Telo: telomestatin-treated cells. NC:

negative control (untreated) cells. DMSO: negative control (DMSO-frcated) cefls. Each graph shows
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4.52.22 Telomerase activity

TRAP assays were performed on D17 and CMT7 cells at 7 days and at 20 days, due to the
pronounced slowing of growth that occurred. I'RAP results showed that all telomestatin-treated
cells were negative for telomerase activity at 7 days and at 20 days, with a reduction in TRAP
activity of 65% and 75% at day 7 for D17 and CMT7 cells respectively (vs untreated negative
controls) and with a reduction of 68% and 65% at day 20. In contrast, all negative contro!l cells

were positive at these time points {lable 4.6, Figure 4.13).

Table 4.6: TRAP activity of CMT7 and D17 cells treated with (elomestatin al 2.0 pM for 20 days.

As is the absorbance of the sample, Agy is the absorbance of the heat inactivated version of cach
sample, AAy is the corrceted absorbance of each sample {calculated by subtracting the mean of all
hieat inactivated samples (Agg)from Asg), AAs/Age is the ratia of sample to backgraund activity and
RTA is the telomerase activity relative to the positive control (AAg/Corrected absorbance of
positive control). Samples were considered telomerase-positive if the corrected absorbance (AAg)
was greater than twice the background activity, and if AAg/Age was greater than 2.0, Using these
criteria, samples were designated positive (POS} or negative (NEG). The results shown are the
mean of at least two experiments, and the assay gave a mean hackground absorbance of (0.074 and
a {Aqss-Aysxo) Avrssys) value of 0.27 afler 10 minutes of colour development using the low activity

positive control,

CellLine Time  Telomestaiin  Ag Ao AAs AAJAg  RTA Result
(days) Concentration

(uM)
CMT7 7 2.0 0.14 007 007 0.89 026 NEG
CMT7 7 NC 0.33 007 026 3.51 096  POS
CM17 7 DMSO 0.27  0.07 020 2.56 0.74  POS
CMT7 20 2.0 14 0.08  0.06 0.77 022 NEG
CMT? 20 NC 027  0.08 0.9 2.57 0.70  POS
CMT7 20 DMSO 029  0.08 02] 2.68 0.78  POS
D17 7 2.0 0.14  0.07 047 0.89 0.26 NEG
D17 7 NC 029  0.09 020 2.56 0.74  POS
D17 7 DMSO 030 0.0 020 2.56 0.74  POS
D17 20 2.0 0.14  0.08 0.6 0.77 022 NEG
D17 20 NC 031 0.07 024 3.1 0.89 POS
D17 20 DMSO 027  0.08 0.19 2.43 070  POS




Figure 4.13: Graph showing telomerase activity of CMT7 (A) and D17 (B) cells treated with

telomestatin at 2.0 pM for 20 days. NC: negative control cells, DMSO: negative control cells treated
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4.5.2.2.3 Telomere length analysis

To assess whether the reduction in telomerase activity was associaled with tclomeric attrition,
duplicate samples from CMT7 and D17 cells were analysed to examine the effect of telomerase
inhibition on telomere length. The mean TRF value was obtained by averaging the mean TRFs
ohtained from (wo independent experiments, with each sample run out in duplicate. Results are
shown in Table 4.7, Figure 4.14. In addition, a representative autoradiograph is shown in Figure

4.15.

TRF analysis showed that telomere length of negative control (untreated) CMT7 cells was 4.5 and
4.3 kb after 7 and 20 days respectively. Telomere lengths of ncgative control (DMSO-treated)
CMT?7 cells at equivalent timepoints were 3.99 and 4,33 kb. [n contrast, the telomere length of
CMT7?7 cells treated with telomestatin was shorter, at 3.15 and 3.0 kb after 7 and 20 days
respectively. The mean telomere length of negative control (untreated) D17 cells was 5.34 and 4.87
kb in length after 7 and 20 days respectively. The mean telomere length of ncgative counfrol
(DMSO-treated) D17 cells was 5.47 and 4.87 kb in length after 7 and 20 days respectively. [n
conwrast, the mean elomere length of telomestatin-treated D17 cells was 5.00 and 2.95 kb after 7
and 20 days. These results show that telomestatin treatment resuited in telomere shortening in both
CMT7 and D17 cell lines. 1n CMT7 cells, telomeres shortened by 1.45/1.62 Kb at day 7/20
relative to negative contrels — a change of approximately 30-40%. In DI7 cells, telomeres
shortened by 2.01/1.35 Kb at day 7/20 relative to negative controls {(untreated) — a change of
approximately 30-40%. Therefare, in both cell lines tclomere shortening occurred to a similar
degree. However, no further shortening appears to have occurred after day 7 since there is minimal

difference between the telomere lengths at the two timepoints.

203



Table 4.7: TRF Analysis of CMT7 and D17 cells treated with telomestatin at 2.0 pM for 20 days

Cell Line Time Telomestatin Ag Mean TRF

(days)  Concentration length (kb)
e — (uM) S
CMT7 7z 2.0 0.14 3.15
CMT7 7 NC 0.33 4.50
CMT7 7 DMSO 0.27 3.99
CMT7 20 2.0 0.14 2.68
CMT7 20 NC 0.27 4.30
CMT7 20 DMSO 0.29 4.13
D17 7 2.0 0.14 3.00
D17 7 NC 0.29 5.01
D17 7 DMSO 0.30 5.47
D17 20 2.0 0.14 2.95
D17 20 NC 0.31 4.30
D17 20 DMSO 0.27 4.13

Figure 4.14: Mean telomere length of CMT7 (A) and D17 (B) cells treated with telomestatin.
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Figure 4.15: Representative TRF autoradiograph of CMT7/D17 cells following treatment with

telomestatin at 2.0 pM for 20 days

Lane Cell Line Treatment Time
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2-3 D17 Negative control (untreated) 7 days
4-5 D17 Negative control (untreated) 20 days
6-7 D17 Telomestatin 20 days
8-9 D17 Negative control (DMSO) 20 days
10-11 CMT7 Telomestatin 7 days
12-13 CMT7 Negative control (untreated) 7 days
14-15 CMT7 Negative control (untreated) 7 days
16-17 CMT7 Telomestatin 20 days
18-19 CMT7 Negative control (DMSO) 20 days
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4.5.2.2.4 Apoptosis following prolonged treatment with telomestatin

To assess the ability of telomestatin to induce apoptosis in telomerase-positive cells, annexin and
PI staining were performed on CMT7, D17 and K9SF cells following 7 days’ exposure to 2 pM of
telomestatin, and on CMT7 and D17 cells following 20 days’ exposure to telomestatin, Apoptosis
was assessed by counting the percentage of cells positive for annexin staining but negative for Pl
staining. The results of annexin staining for all cclls arc shown in Table 4.8 and Figure 4.16,
together with representative graphs in Figure 4.17. At 7 days, D17 cells treated with telomestatin
showed higher levels of apoptosis than negative contrels (both untreated and DMSO-treated cells),
with mean annexin staining of 3.2% as compared with 1.05% for untreated cclls and 1.2% for
DMSO-treated cells. CMT7 cells showed mean annexin staining of 3.75% as compared with
1.86% for untreated cells and 1.65% for DMSO-treated cells. Canine skin fibroblasts showed
similar levels of apoptosis in all samples, with annexin staining percentages of between 8.0 and
8.9% for telomestatin, untreated cells and DMSO-treated cells. However, cell death, as assessed by
the percentage of cells staining positively for both annexin and Pl was found in all flasks, as
assessed by the number of cells staining negative for both annexin and PI (Table 4.8). This was

particularly marked in K98F cells.

At 20 days. the levels of apoptosis in D17 cells treated with telomestatin were significantly higher
than at 7 days, with 18.65% of cells displaying annexin staining as compared with 0.25% of
negative controls and 0.1% of DMSO-treated cells. By comparison, CMT7 cells showed less
apoptosis, although stifl higher than at 7 days, with 6.4% of tclomestatin-freated cells annexin-
positive as compared with ¢.5% of negative controls and 0.4% of DMSO cells. [n all CMT7 flasks
at both 7 days und 20 days, a significant proportion of cells had undergone either late apoptosis or
cell death, with only 74 — 80% of cells showing survival. D17 flasks showed some cell death at 7
days, with mean survival of approximately 80 — 87%, but in both negative control flasks at 20 days,
mean survival was 953% and 96.4% for non-treated and DMSO-treatod flasks respectively.
However, in the telomestatin-treated D17 and CMT7 cells, mecan survival at 20 days was
considerably lower than negative control cells, with only 34.6 % and 58.9% cell survival in D17

and CMT7 cells respectively.
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Table 4.8 Apoptosis and survival in D17, CMT7 and K9SF cells after 7 and 20 days exposure

Cell Line Time Telomestatin Apoptosis  Survival (%)
(days)  Concentration (M) (%)
D17 7 2.0 3:2 80.4
D17 7 NC 1.05 87.15
D17 7 DMSO 1.2 86.4
D17 20 2.0 18.65 34.6
D17 20 NC 0.25 95.25
D17 20 DMSO 0.1 96.4
CMT7 7 2.0 3.75 73.85
CMT7 7 NC 1.86 753
CMT7 T DMSO 1.65 73.7
CMT7 20 2.0 6.4 58.9
CMT7 20 NC 0.5 80.5
CMT7 20 DMSO 0.4 74.1
K9SF 7 2.0 8.9 39.9
K9SF 7 NC 8 44 .4
K9SF 7 DMSO 8.4 50.6

Figure 4.16: Graph showing apoptosis (%) in D17 and CMT7 cells treated with telomestatin

(Telomestatin), negative control — untreated (NC) and negative control - DMSO-treated (DMSO) cells

Apoptosis (%)

following 7 and 20 days’ exposure.
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Figure 4.17:

A: Telomestatin-treated cells following 7 days exposure

B: Telomestatin-treated cells following 20 days exposure

C: Negative control (untreated) cells following 7 days exposure
D: Negative control (untreated) cells following 20 days exposure
Iz

Representative FACS analysis of Annexin and PI staining in CMT7 cells at 7 and 20 days

Annexin-negative and Pl-positive (dead cells), J2: Annexin-positive and Pl-positive (late

apoptotic/dead cells), J3: Annexin-negative and Pl-negative (live cells), J4: Annexin-positive and

Pl-negative (early apoptotic cells).
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4.6 Discussion

The aims of this chapter were to investigale bwo forms of telomerase inhibition in telomerase
positive canine cancer cell lines. The first of these, DN-h'TERT is the dominant negative muant of
the human TERT reverse transcriptase catalytic subunit. The second, telomestatin., is a naturally
ocewrring G-quadruplex ligand, which functions by binding telomeric DNA in a G-quadruplex and

preventing access of telomerase.

4.6.1 Inhibitdon of Canine Telomerase with DNhTERT

To evaluate the cffects of inhibition of the dominant negative mutant DNhTERT, we synthesised
the construct pCINeo-DNNITERT and used it to gonerate stable transfected cell lines in the
telomerase-positive CMT7 and D17 ccll lines. As negative controls, we also generated stable
transfectants in these cell lines using empty pCINeo. In addition, we generated stablc transfectants
in tclomerase-negative K9SF cells using the pCiNeo-DNITERT construct, but were unsuccessful

in our attempts to stably transfect these cells with empty pCINeo.

When we examined the growth rate of transfeeted cells over time, we found that the pCINeo-
DNhTERT construct had no impact on the growth rate of either CMT7 or D17 cells (Figure 4.6).
in addition, TRADP assays performed on these cells showed that telomerase activity was still
present, despite the confirmation of successful transfection (Table 4.2, Fignre 4.5). Tn addition, no
significant change in telomere length was found in these cells over the course of 50 population
doublings (Figure 4.10). These findings suggest that the human dominant negative mutant of
TERT, DNHhTERT, whilst abrogating telomerase activity in human (clomerase-pasitive cells, does
not have an inhibitory effect on canine tclomerase. The reasons for this remain to be determined.
Although canine and human TERT share a total homology at the amino acid level of 67%, similar
enough to allow WTERT te finction in canine celis (Nasir ¢f al. 2004), it may be that the homology
in the region of the mutation in Motif A (62% across the reverse ranseriptase region) is sufliciently
different 10 prevent mutations in this region from creating a dominant negative effect.
Alternatively, it may be that dominant negative splice mutapts either do not occur in the dog or
avise from splice sites not located in motif A. However, given the similarity between the two
molecules, it seems reasonable to expect that, given its important for reverse transcriptase
functioning, alterations-to motif’ A of canine TERT should interfere with the ability of TERT (o
function and may also result in dominant ncgative mutants as they do in humans. An important
experiment to try to confirm this would be to mutate canine TERT in the region of motif A (firstly
by deleting motif A altogether) and examining the cffects of such mutations in tclomerase-positive
cells. However, the generation of these mutants requires obtaining wild type canine TERT ¢DNA,

a hurdle which has yet to be overcome.
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Inicrestingly, the growth ratc of the K9SY telomerase-nepative cells transfected with pCiNeo-
DNWhTERT was significantly increased over untransfected KOSF cells. In addition, these cells
became telomerase positive and appeated to change their morphology and growth pattern, with
less-ordered growth and the ability to grow out of a single monolayer (Table 4.3, Figure 4.8). An
important caveat must be attached to this last obscrvation however. When [urther passages of wild-
type fibroblasts were grown over a longer period of time, in one case a single {lask appeared 1o
develop an area of cells with similar morphology (results not shown). Thus, it is possibic that the
cells may have undergone spontaneous imymortalisation. This seems unlikely since RT-PCR
confirmation of transfection revealed the presence of a 450 bp band when amplified using the
DNHTQOIF/R primer pair, and also since the change in growth pattern and morphology appeared
to coincide with the point of transfection (Figure 4.7), whereas the single transformed {lask

occurred only after several further passages of these cells had elapsed.

Our findings would appear to suggest that the human DNhTERT mutant functions to reslore
telomerase activity in telomerase-negative canine cells. More significantly, the presence of
DNhTERT appears to alter the morphology and growth pattern of these cells, inducing a potentially
malignant phenctype. An alternate explanation is that in these cells, DNhTERT activity, in
allowing more rapid growth and division, aiso allowed other mutations 1o occwr that led to the
developmenl of a malignant phenotype. In either case, these findings would appear to be different
from the situalion in human telomerase-negative fibroblasts, in which the induced expression of
hTERT allows unlimited cell divisions, but does not change the growth pattern or morphology of
cells (Bodnar er al. 1998). An important question that arises from this is whether this effect fs
simply the result of reactivaled tclomerase activity or whether structural differences between
human and canine TERT result in other changes related to a cancerous phenotype in dog cells.
Several further experiments need to be performed to isolate these. Firstly, it would be valuable to
repeat (his experiment in a different telomerase-ncgative canine cell line, to conlirm our findings.
In addition, the transfection of these cells with wild type human TERT as well as the DNhTERT
mutant should be performed to determine whether any diffcrence in morphology or growth pattern
is due to the mutated sequence in DNhTERT. If these morphologic changes are confirmed, it is
then possible to assess whether the induced phenotypic changes are indeed similar to those
acquired by cancer cells, by examining growth in low-serum conditions, and also by examining
growth in agar to determine whether these cells acquire invasive polential. Secondly, a vital
experiment is to transfect canine telomerase-negative skin fibroblasts with wild type canine TERT
to examine the effects of immortalisation on these cells. This last experitment, however, again
relies on abtaining the full length canine TERT ¢DNA, which has so far proved technicaily

challenging.

It should be noted that wc werc unable to create a stable transtectant using empty pCINeo in
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telomerasc-ncgative K9SF cells.  Untransfected fibroblasts from this cell line grow slowly, and
undergo senescence ul approximatcly passage 8-11. Transfections were performed at passage 4-5.
In addition, the tansfection process resulted in significant cell death and slowed growth,
Following the initiation of sclection with G418, Turther cell death in the pCINeo-transfected cells
combined with the naturally slow growth rate meant that cells did not reach confluence despite
being maintained for a period of 4 weeks. Furthermore, technical problems with persistent fungal
contamination meant that flasks had to be discarded. As a result, despite repeated attempts, stablc
transfectants could not be generated to act as negative controls, and untransfected wild-type cells

were used instead.

4.6.2 Inhibrtion of canine tefornerase with tclomestatin

Telomestatin showed considerably more promise as a tclomcrase-inhibitor in canine cells
compared to DNhTERT. To cvaluate the effect of telomestatin on telomerase activity, we initially
incubated CMT? and D17 cells with (elomestatin at varying concentrations for 7 days and
monitored telomerase activity by performing TRAP assays. This experiment showed that
concentrations of 1.0 and 2.0 pM successfully reduced telomerase activity, with the greater
reduction oceurring at a concentralion of 2.0 pM (Figure 4.11). Treatment of cells with either 5.0
AM or 10.0 UM telomestatin also reduced telomerase activity, but resulted in the death of all cells
within 2 days. For this reason, longer-term inhibition studics were performed using a telomestatin

concentration of 2.0 M.

Treatment of CMT7 and D17 cells with 2.0 uM telomestatin led to a reduction in growth rate in
both cell lines. In addition, TRAP assays, TRI analysis and apoptosis studies showed that
teiomestatin treatment led to decreased telomerase activity (Table 4.6), telomere shortening (Table
4.6), and cell death (Figure 4.16) that occurred from approximately 7-10 days after initiating
treatment. Interestingly, the magnitude of telomerase inhibition, growth rate slowing and apoptosis
were all greater in D17 cclls than in CMT7 cells. This may be due to the fact that D17 cells
naturally possess lower levels of tefomerase activity than CM'1'7 cells, and consequently are less
resistant to the effects of telomestatin. Telomere longths, however, were roughly similar in both
ccll lines, with telomere lengths in treated DI7 cells falling to 3.0/2.95 at 7 und 20 days
respectively, as compared with 3.15/2.68 in CMT7 cells. There appeared to be no change in
telomere length between 7 and 20 days for either cell tine. This would appear to suggest that
apoptosis occurred in both cell lines independently of tclomere length, since apoptosis at 20 days
was cansiderably higher in both cell lines than at 7 days. Similar results have been reported in the
human Jliterature, and support the theory that apoptosis in cells treated with G-quadrupicx ligands
oceurs through uncapping of the tclomeres and change in telomere structure, rather than as a result
of exhaustion of telomere reserve {Pennarun er al. 2005; Shammas et af. 2004). An alternative

explanation, however, is that a telomere length of approximately 3.0 kb represents the minimal
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viable telomere length for these two cell lines, and that any cells with a telomere shorter than this
underwent apoptosis. If this were the case, the number of cells undergoing apoptosis would have
accumulated as more and more cells reached the critical limit of telomere length. Given that
critical minimal lengths in human cell lines can approach 2.0 kb, this seems perhaps unlikely
(Tauchi et af. 2003). However, in order to prove the means by which the canine cell lines entered
apoplosis, several other experiments should be performed, Firstly, a number of other telomerase-
positive cell lines with telomere lengths of varying size should be examined to determine whether
the length of time between onset of telomerase inhibition and apoptosis is rctated 10 telomere
length. Secondly, it would be important to cvaluate levels of p21 and p27 expression in these cells
to examine whether DNA damage response pathways are upregulated, as would be consistent with
an uncapping maodel, and to examine whether that upregulation accurs independently of telomere
length,  Similarly, other factors involved in the DNA damage response pathway, such as ATM,
should be examined, as they are known to be upregulated with telomestatin treatment (Tauchi ef af.
2003).

The change in growth rate in all cells was an interesting finding. Both cell lines appeared to have
an initial lag phase of approximately 7 days in the case of D17 cells and slightly longer than this in
the CMT7 cells. Some authors have reported that the effects of elomestatin occur after an initial
lag phase of 5-7 days (Shammas ef a/. 2004), but this time varies between repotts, with some cell
lines requiring exposure for up to 30 days to show a loss in proliferative capacity (Tauchi er af.
2003). The initial telomere length of CMT'7 cells was approximately 1.0 kb longer than that of
D17 cells, which could account for this difference if apoptosis was induced by exhaustion of
telomeric reserve. However, the rate of telomere loss seems to have been more rapid than this
would suggest, since both cell lines had mean telomere lengths of approximately 3.0 kb at 7 days, a
shortening rate of approximately 2-3 kb within the first 7 days. In addition, this rate of shortening
is much more rapid than that reparted in human cell lines, where a loss of 1.0 kb over 39 days was
reported in response to exposure of SW26 cells to telomestatin (Kim ¢f af. 2003a). However, there
does seem to be disagresment over the amount of telomere shortening induced by telomestatin,
with other authors suggesting considerably greater telomeric attrition (Tauchi ef of. 2003). In order
to confirm this, our experiments could be repeated with more frequent evaluation of telomere
length.  This would also allow a more precise determination of the timepoint at which growth

inthibition oceurred in both cell lines.

The annexin and PI staining appeared to show increasing levels of apoptosis with prolonged
expasure to telomestatin.  Consistent with our other findings, the level of apoptosis in D17 cells
appeared to be considerably higher at 20 days than in CM1'7 cells. For this reason it would be
important to repeat this experiment with a longer duration of treatment for CMT7 cells to see if
similar levels of apoptosis are reached with longer treatment. An important caveat should be

attached to these results, however, as evidernced by the high levels of cell death that occurred in all
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flasks. Up to 30% of untreated D17 cells and 20% of untreated CMT7 cells at 7 days were found
to have undergone either late apoptosis or cell death as shown by positive staining for both annexin
and Pl. These figures were even higher for K9SF cells, The anncxin-V staining protocol is
destgned primarily for non-adherent celfls in suspension. During trypsinisation and counting of
adherent cells, some trauma occurs, leading to exposure of PS on the outer membrane leaflet, with
the result that some normal cells can show positive staining for anncxin (van Engeland et al. 1998).
To minimise this, trypsinisation was restricted to no longer than S minutes, and all procedures weic
performed slowly to minimisc disruption of cell membranes during trypsinisation and staining, 1In
addition, we performed an initial experiment in untreated CMT7 and D17 cells to assess the
baseline level of annexin-positive staining that occurs, and found this to be generally less than 1%
(results pot shown). However, this does not account for the high number of annexin and Pi-
positive stained (ie late apoptotic or dead) cells present in negative control flasks. [n addition, the
level of early apoptosis present in telomestatin-treated cells was considerably higher than in
negative contro} cells. It is possible that other factors in the culture conditions were not optimal,
with the result that cells in all flasks underwent cell death. Alternatively, it is possible that
handling of cells resulted in such severe membrane discuption that Pl-positive staining became
apparent, although this seems unlikely. Another approach to resolving this dilemma would be to
investigate other means of assaying apoptosis (eg TUNEL-staining) or alternatively to stain cells
without trypsinisation and examine and count both annexin- and Pl-positive staining using

fluorescence microscopy.

4.6.3 Potential problems with therapeutic strategies based on telomerase

Inhibition

The value of telomerase inhibition as a clinical means of veating cancer must be tempered by the
fact that successful inhibition, theoretically, leads anly to the restoration of a mortai phenotype to
tumour cells, without affecting other characteristics of cancer growth. Initial studies using the
dominanl negative mutant of TERT in humans seemed to support this, with growth inhibition
occurring only after telomeric reserve in treated cells had been exhausted (Hahn er al. 1999a;
Zhang er af. 1999). [n some locations, such as the brain, further expansion of tumour size during
this ‘lag phase’ following telomerase inhibition may not be possible without causing the death of
the patient, rendering this approach on its own unfeasible in many situations. Indeed. in U251-MG
glioblastoma cells, this tag phase constitutes approximately 30 doublings, or one month (Kondo er
al. 1998b). lowever, studies inhibiting telomerase using other means such as ribozymes directed
at hTERT or oligodeoxynucleotides directed at hTERT mRNA have suggested that growth
inhibition of tumour cells may occur more rapidly, due to other effects (Kraemer et af. 2003;
Saretzki ef af. 2001). For instance, expression of mutant KTR in human telomerase-positive cells
[cads rapidly to a decrease in cell viability and an increase in apoptosis, independent of p53 status

and initial telomere length (Guiducci et af. 2001; Kim et @f. 2001; Marusic ef af. 1997). The fact
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that such cell death occurs without exhaustion of telomeric resceve and only in telomerase-positive
cells is likely to be the result of a change in the physical statc of the tclomere, with uncapping
leading to the activation of DNA damage response genes such as p21 (Abdul-Ghani et af. 2000).
Most studies examining G-quadruplex ligands also support this mode of action, with apoptosis
oceurring rapidly and independently of initial tclomere length, These findings suggest that G-
quadruplex ligands may be worth investigating in the clinical setting, It should be noted that two
other factors may also allow the usc of telomerase inhibitors in the clinical sctting. Firstly, if the
physical bulk of tumour cells can be reduced through surgical excision or other means, it may be
that telomerase inhibition can be employed subsequently to limit tumour regrowth, Secondly, it
may be that direct inhibition of telomerase could be employed alongside other telomerase-targeted
therapics, such as TERT-promoter driven gene expression (discussed in Chapter V). The
combination of different approaches targeting tclomerase. involving both direct inhibition and
telomerase-targeted gene expression, holds great promise and may have synergistic effects on

tumour cell killing.

Another potential problem concerns the development of resistance to telomerase inhibitors. This
may oecur in scveral ways, but onc important ways involves the developing of alternative
mechanisms for maintaining telomere fength, such as the ALT pathway. Importantly, 4 relatively
high proportion of pglioblastomas have been shown to maintain telomere length using the ALT
pathway (Carroll e/ al. 1999). However, the mechanism by which telomestatin and other G-
quadruplex ligands work suggest that they may still be able to interfere with telomere maintenance
in ALT cells due to their interaction and stabilisation of telomere ends. I[ndeed, work with the
ALT-possessing SAQS-2 cell line indicates that these cells still undergo apoptosis following
treatment with G-quadruplex ligands (Pennarun ef af. 2005)  Thus, lelomestatin is worth

investigating even in ALT cells.

One important question that remains to be answered in particular with respect to the use of
telomestatin is whether adequate concentrations can be achieved at the tissue level with systemic
administration. In the brain, controiled, continuous delivery could potentially be achieved using
recently developed delivery systems such as osmotic minipumps combined with stercotactic
techniques {(Zhu et al. 1996). However, to date no studies have examined the pharmacokinetics of
telomestatin with systemic dosage. Experience with another G-guadruplex ligand, BRACOI19,
which was used in one study at a dose rate of 2 mg/kg for 2-3 cycles of 5 daily doses given
intraperitoneally in a mouse xenograft model suggest that systemic administration should be
feasible {Kelland 2005), Thus, although pharmacckinetic data still needs to be established,
telomestatin represents a potentially valuable way of targeting telomerase-positive tumours, and

further work examining its use in dogs appears to be warranted.
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5.1 Abstract

Several anticancer therapies have been developed using either tissue-specific or cancer-specilic
gene promoters to drive the expression of transgenes. The only truly cancer-specific promoters
currently known are the promoters of the TR and TERT genes involved in telomerasc aclivity,
Since telomerase activity is dependent principally on regulation of the TERT gene, research has
focused on the activity of this gene in normal and cancer tissues. Upregulation of the TERT gene
depends primarily on transeriptional activity of its promoter, although post-transcriptional
modification of the TERT transcript and methylation of the TERT promoter may also play a role.
The human TERT promoter is GC-rich, has no TATA box and containg multiple binding sites for
transcripticn factors including Spt, e-Myc and p53. Using this promoter, several groups have
developed a number of promoter-driven therapies to induce apotosis or cell death by other means
both in vitro and in vivo in nude mouse models, with considerable success. Some groups have also

utilised the TR promoter in a similar fashion with good results,

The aims of this chapter were o0 sequence and characterise the canine TERT promoter and TR
promoter as a prelude to developing TERT and TR promoter-driven therapies. We successfully
sequenced approximately 5.4 Kb of the canine TERT promoter and created deletion constructs to
identify the core promater responsible for activity in telomerase-positive cells following luciferase
assays. The core promoter was identilied as a region 314 bp upstream of the ATG start codon, and
conveyed approximately 50% of the activity of a positive control vector in CMT7 and D17 cells.
lmportantly, inclusion of the initial part of the TERT gene with the core promoter reduced activity
by approximately 75%, suggesting that important negative regulatory factors exist within the
canine TCRT gene, Transfection of other telomerase-positive cells with the core promoter
construct showed promoter activity varied from between approximately §% to 50% of the activity
of the positive control. In addition, transfection of telomerasc-negative fibroblasts with all deletion
constructs showed that the activity of the TERT promoler was restricted to telomerase-positive
cells. A number of potentially important putative transcription factor binding sites were identified
within the core promoter, as well as within the TERT gene itself, although there were also
significant differences between the canine promoter and its human counterpart. In addition to
sequencing and characterising the TERT promoter, initial sequencing and analysis of the canine TR
promoter was performed. In this experiment, gename walking was used to generate approximately
700 bp of the canine TR promoter sequence amplified from genomic DNA. The most remarkable
finding in the TR promoter sequence was the presence of multiple (TAAAA)N repeats. Although
the significance of these repeats is currently unkiown, there is some evidence from the human
literature to suggest that they arc important for transcriptional regulation of some genes. Together,
these experiments, by elucidating the canine TERT and TR promwoters, have provided an important

tool that can be used in the design of future telomerase-specific promoter-driven therapies.
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5.2 Introduction

Although telomerase inhibition has shown promise as an anti-cancer straicgy, it has limitations
which have prompted the investigation of other strategies using telomerase. In particular, the
possibility that telomerase could be used as a target to guide gene expression specifically in cancer
cells has excited considerable interest. This introduction will examine the principles underlying
such targeted gene expression and the ways in which it has been used to date in designing cancer

treatments for humans as a background to the development of similay strategies in dogs.

5.2.1 Promoter-driven gene thetapy

Gene therapy ivolves the transfer of exogenous genes (transgenes) into the somatic cclls of a
patient to elicit a desired effect. Early work investigated gene therapy for the treatment of inherited
diseases in people, and this strategy is particularly suited to the treatment of specific conditions
involving the abscnce of a single gene and its product. A good example of this is the recently-
published treatment of autosomal recessive u-mannosidosis in cats (Vite et al. 2005). Gene therapy
may also be used to treat cancer, either by replacing the function of defective tumour suppressor
genes or by introducing genes capable of killing tumour cells. The challenge facing all forms of
cancer therapy is to selectively kill cancer cells whilst sparing normal cells. Conventional anti-
cancer treatments such as radiotherapy and chemotherapy are wsually designed to kil rapidly
dividing cells, bul this can inctude normal celis which are undergoing mitosis. ‘This teads to a dose-
limiting toxicity in normal tissuc and limits their use. However, gene therapy strategies might

avoid this toxicity il they can be designed to specifically deliver their products to cancer cells.

It has become clear that gene expression is regulated by a complex interplay of factors that act in a
cell-type-specific manner to produce a wide range of effects. The diversity of these effects arises
from the interaction between tissue-specific transeriptional control elements present in the various
cell types (Robson & Hirst 2003). These transcriptional control elements, or promoters, can be
exploited to drive the transcription of a therapeutic gene either in a tissue-specific or tumour-

spectfic manner.

Strategies using tissue-specitic promoters employ the promoters of genes that are switched on only
in cerlain tissues. Expression of transgenes under the control of these promoters generally results
in the constitutive expression of genes throughout the target tissute. Cne of the main limitations of
this sort of promoter is that transgene expression may lead to cytotoxic effects in normal tissue as
well as tumour tissue derived from the same cells. For this reason, the use of these promoters must
necessarily be restricted to tissues in which damage is not critical for the survivat of the host, for

example prostate, melanocytes or thyroid (Robson & Hirst 2003). Notwithstanding this limitation,
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tissue-specific gene expression has been examined using several tissue specific promoters,
including the tyrosinase (melanocytes), prostalc-specific antigen (prostate), ghal fibrillary acidic
protein (glial cells), Nex (neural crest-derived cells), albumin (liver), thyroglobulin (thyroid), and

ovarian specific {ovaries) promoters (reviewed in (Robson & Hirst 2003)).

The idcal tumour-specific promoter should be highly active in tumour cells and have no activity in
anarmal cells. This encompasses a vast number of promoters, but they have been divided into
subgroups depending on their characteristics (Harrington ¢ «/, 2000), Tumour-specific promoters
can be described as 1) cancer-specific (ie. specific for the malignant process without being
influenced by the tissue type), 2) tumour-type-specific (i.e. specific to the type of tumour, and
therefore the cell-type from which it arises), 3} tumour microenvironment-related (i.e. promoters
which respond to factors within the tumour microenvironment such as hypoxia) and 4) tumour
vasculature related promoters (i.e. promoters which arc more active in the tumour vasculature as
compared with normal vasculature). Whilst there are a number of promoters within the other
groups, the promoters of only a singlc enzyme, telomerase, can be considered to he cancer-specific
(Robson & Hirst 2003). and this chapter will focus on the design of gene therapy strategies in dogs
based on these promoters. However, an essential prerequisite for the design of such therapies is a
basic understanding of the regulation of telomerase activity in normal and cancer cells. Therefore,
a brief review of our current understanding of human telomerase regulation will be covered before
reviewing the telomerasc promatet-based therapics currently under development as a comparison

for the design of such therapics in dogs.

5.2.2 Regulation of telomerase activity in humans

Several strands of cvidence point o the fact that the regulation of telomerase expression depends
primarily on the activity of the TERT gene. Uirstly, although cxpression of both the TR and TERT
genes are necessary for telomerase activity in vitro, TR is widely expressed in somatic tissues
where TERT is undetectable in most somatic cells (Beattie ¢/ ol. 1998; Meyerson ef al. 1997,
Weinrich ef al. 1997). Secondly, levels of TERT mRNA expression in humans temporally parallels
changes in tclomerase expression during cell differentiation and neoplastic transformation
(Takakura et al. 1998, Wu et a/. 1999). Thirdly, ectopic cxpression of hTERT is sufticient to
restore telomerase activity in some (although not all) telomerase-negative cell lines, including
human foreskin fibroblasts, mammary epithelial cells, retinal pigment epithelial cells, and umbilical
endothelial cells (Bodnar e/ ¢f. 199%; Counter ef o/, 1998; Vaziri & Benchimol 1998; Weinrich ef
al. 1997). These three findings together suggest that vegulation of the TERT gene is the major

factor responsible for controlling telomerase expression.
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In gencral, regulation of the TERT gene occurs throngh three mechanisms: regulation of gene
transcription, posi-transcriptional modifications and promoter methylation. A brief description of

these three mechanisms follows.

5.2.2.1 ‘I'ranscriptional Regulation

When SV40-transformed HAt cells are maintained in culture, telomerase activity is not found
during their extended [ifcspan, but is found after cells have gone through proliferative crisis ancd
become immortalised. Cong et of found that transfection of these cells with a construct containing
the h'TERT promoter driving a luciferase reporter gene resulted in luciferase activity in cells only
after proliferative crisis (Cong e af. 1999). This experiment showed that telomerase activity
coincided with "TER'T promoter activity, and thus showed that 1clomerase expression is principally

regulated at the level of gene transcription.

5.2.211 The hTERT core promoter region

Transcription of any gene is regulated via the upstream regulatory, or promoter, region of the gene
~ the region of DNA extending in a 5” direction from the ATG start codon. Defining the region of
the TERT promoter that conveys greatost activity was an important step in understanding the
regulation of TERT prior to the development of promoter-driven therapies in humans. Wick e a/
reported that following promoter fragment linkage to the luciferase reporter gene, insertion into a
plasmid veetor and transient transfection of HEK-293 cells, the promoter fragiment 43 — 1125 bp
upstream of the ATG start codon conferred greater luciferase expression than fragments of longer
length extending further upstream (Wick er af. 1999). However, within this region, Cong e a/
reported that a smaller, core region extending from 330bp upstream of the ATG start codon to the
first 37bp of exon 2 conveyed the greatest activity (Cong e al. 1999). Most other authors refer to
this as the core promoter of the TERT gene. However, in addition to core activity being contained
in the upstream region, several authors have alsa reported the presence of detectable regulatory

activity within exons 1 and 2 and intron 1 of the hTERT gene (Renaud et al. 2003).

5.2.2.2 Post-transcriptional modification of R TERT

Telomerase has been widely reported to be expressed in a cell and age-specific manner. In higher
eukaryotes, such tissue and developmeni-dependent regulation of gene expression often involves
alternate splicing of mRNA transcripts (Cong er al. 1999). In addition to full length hTERT
mRNA, several authors have deseribed the existence of six mRNA splice variants (Kilian e of.
1997; Wick e af. 1999) (Figure 5.1). The variants contain variations in the region comprising the

RT domains and also in the C-terminal region. Alignment between respective ¢cDNA sequences

219



and the genomic hTERT sequence has shown that all the hTERT variants identified can be
explained by the use of alternative splice sites in the h"TERT genomic sequence (Wick ef af. 1999).
Deletion variants DEL1 and DEL2 are characterised by the deletion of specific sequences. Variant
DELI, also known as a-B+, a-del or Adel, comprises a 36 bp in-frame deletion and leads to the
partial loss of RT inotif 3, most likely resulting from the use of an alternative 3° splice acceptor
sequence in exon 6. The DEL.2 variant, also known as o+f-, B-dcl or Bdel, arises when the normal
5 splice donor and 3° splice acceptor sequences of introns 6, 7 and 8 are not utilised. As a result,
exon 6 is directly fused to exon 9, causing an ORF shift with a wanslation stop codon present in

cxon 10, The DEL1+2 (u-§-) variant results [rom the combination of DEL1 and DEL2.

By contrast, a second group of variants is defined by the insertion of intron sequences which lead to
the introduction of premature translation termination codons, The variant INS| encodes an
alternative 3°-[ocated splice site instead of the normally used 5° splice donor sequence of intron 4,
resulting in an insertion of the first 38 bp of intron 4 between exons 4 and 5. Sunilacly, INS2 is the
result of insertion of intton 11 sequences following the use of an aiternative 5° splice donor
sequence in intron 11, although the exact alternative 5° splice donor sequence used has not been
determined. INS3 is generaled by the use of an alternative 3” splice acceptor sequence, causing a
159 bp insertion of intron 14 sequence between exons 14 and 15 leaving the 3° part of intron 14
unspliced. Finally, a fourth insertion variant, INS4 , was identified from the human leukacmic cell
linc K562, In this variant, the first 600 bp of intron 14 replaces exon |5 and the §° part of exon 16.
Splicing occurs through the use of an alterpative internal S’ splice donar sequence in intron 14 and
an alternative 3° splice acceptor sequence in exon 16, leading to an hTERT variant with an altered

C-terminus.



Figure 5.1: Genomic Organisation of the hTERT gene. RT motifs (T, 1,2, A ,B’, C, D, E) and

alternate splicing sites are shown together with upstream and downstream untranslated regions.
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There appears to be some uncertainty as to the role splice variants play in regulating telomerase
activity. Yi ef /. cxamined the presence of splice variants in a number of lelomerase-positive
immortal cell fines and found that there is surprisingly little variation in the proportion of
alternatively-spliced forms of hTERT in different cell lines (¥Yi et af. 2001). In all cells with
endogenous telomerase activity, approximately 5% of the total hTERT mRNA exists as the wild
type version, and most cell lines have only 1- 30 copies of total h\TERT mRNA per cell (Yi et /.
2001). Approximately 80-90% of the total N[ERT mRNA exists as a!f- (DEL2) form, and 5-
15% in a-f- (DELI42), and <i% in w-p+ (DELI) form. IHowever, the fact that there is an
approximately 20-fold variation in telomerase activity between these cell lines and that these
proportions remain relatively consistent suggests that telomerase activity is not regulated by the
presence of splice variants (Yi e al. 2001).  Several studies have also examined the presence of
splicc variants in tumour tissues of varying origin, including meningiomas, liver tumours, ovarian,
uterine and breast (Cabuy & de Ridder 2001; Kotoula ¢/ of, 2002; Ulaner ef of. 2000; Zat¥faroni et
ol 2002). In all telomerase-positive tissues so far examined, wild-type (o+B+) 'TERT mRNA is
found only together with other variants. However, the i~ (Bdel or DEL2) variant has been
reported as the sole transeript expressed in some tissucs (Cabuy & de Ridder 2001; Kotoula et af.
2002, Ulaner et ¢f. 1998; Ulaner ef al. 2000; Wick et af. 1999; Zaffaroni ef o, 2002). Kotoula ef o/
reported that in gliomas, telomurasc activity is associated with predominant expression of the wild-
type transeript ([Sotoula er af. 2004). However, a third of these tumonrs also posscss retatively high
levels of the u+f- variant. The o-B+ variant was found in all low grade {I-il]) grade tumours, the
majority of which were felomerase-negative.  However, in no tumour was this variant
predominantly cxpressed. Iu addition, it was found in 60% of high grade (IV) tumours. Overali,
the total hTER'T mRNA level was only associated with the presence of the wild-type splice variant.
Although this picture is somewhat complicated, overall it does not appear that telomerase activity

regulation is heavily influenced by splice variants in these tumours.

5.2.2.3 h'TERT promoter methylation

Several groups have noted the existence of highly GCe-rich sequence within the core promoter.
Two CpG islauds have been identified, 900 bp and 4600 bp upstream of the start codon in exon |
(Wick et al. 1999). A large CpG island, with a GC content >70% and an observed/expected CpG
ratio >0.6 extends from bp —900 inio exon 2. A smaller CpG island, with GC content >60% and
observed/expected CpG ratio >0.6 extends from bp —4300 to -4600. No TATA- like sequences are

present in the putative transcription start regian.

Given the presence of these CpGoislands and the highly GC-rich status of the hTERT promoter,
several authors have investigated the potential for methylation as a means of regulating hTERT
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activity. The addition of mcthyl groups to cytosine residucs alters and restricts the access of
transcription factors to binding sites within the promoter and thus represses promoter activity.
Several tumour suppressor genes use this mode of gene silencing  (Herman 1999; Zingg & Jones
1997). Al this stage, the significance of methylation as a means of regulating hTERT gene
expression remains unclear, with conflicting reports of the unpact of methylation on gene activity.
hTERT promoter methylation has been observed in most hTERT-negative normal ceils and
approximately one third of hTERT-positive cells, suggesting different means of regulating h'I'ERT
expression, with methylation dependent and - independent pathways both existing (Dessain ¢/ al.
2000; Devercux et al. 1999; Guilleret et al. 2002). In normal human oral keratoinocytes and
fibroblasts, the absence of telomerase activity is associated with a hypermethylated hTERT
promoter (Shin e ai. 2003). Furthermore, when telomerase-paositive human teratocarcinoma (HT)
and HLG0 myeloid leukacmia cells are induced to differentiate into tclomerase-negative cells,
WTERT promoter methylation gradually increases prior to a drop in telomerase activily, suggesting
that in these cclls promoter methylation is 4 means by which the hWI'ERT gene (s downregulated
(Liv ez al. 2004).  However, telomerase-positive Lan-1, HeLa and Coll5 celis possess
hypermethylated hTERT promoters, and treatment with a demethylating agent in these cells
reduces methylation and hTERT expression (Guilleret & Benhattar 2003).  Thus, whilst
methylation may still be an important means by which telomerase is regulated in these cells,
methylation has the opposite effect — ic to activate, rather than silence 'TERT gene expression. In
addition, whilst methylation of the hTERT gene promoter is seen more commonly in cervical
cancer than in normal cervical tissue, the same does not hold true for ovarian cancer, and
methylation status does not correlate with gene expression in either tumour type (Widschwendter ef
al. 2004). Collectively these data suggest that methylation may play a role in regulating hnTGRT
gene expression, but the manner in which this occurs and its significance arc both likely to vary

between tumour and cell types.

5.2.3 Charactetisation of the human TERT gene promoter

5.2.3.1 "Transcription factor binding sites within the core promoter

Using transcription element search software, several authors have reported the existence of
canonical and non-canonical motifs for the binding of numerous transcription factors. These
transeription factors can be divided into those that enhance hTERT expression and thosc that
repress it. In addition, the function of some transcription factors is curiently poorly understood.
Thosc actlivating transeription factors with binding sites located in the hTERT promoter include ¢-
Mye, Spl and oestrogen (Kyo er al. 2000; Misiti er a/. 2000; T'akakura er al. 1999; Wick ef af.
1999). Binding sitcs for repressor products have also been elucidated, including WTi (Wilm’s

tumour suppressor gene protein), MZEF-2, pS3 and Madl. The location of all known binding sites
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together with the putative function of their associate binding factors is listed in Table 3.1, Within
the most proximal 900bp of the promoter, Wick ef a/ reported the presence of live Spl binding
sites, one c-Myc binding site, one AP-2 binding site and onc CCAC box (Wick ef . 1999). In
addition, a CCAAT box and a second c-Myc binding site are located 1788 and 3993 bp upstream of
the start codon respectively. The five Spl binding sites and one c-Myc binding site are contained
within the promoter region 43 — 1125 bp upstrcam of the ATG codon which conferred greatest
promoter activity. The clustering of Spl binding sites is common in promolers of genes that do not
contain TATA promoter sequences (Wick er a/. 1999). Additionally, the oncoprotein c-Mye has

heen shown to induce hTERT cxpression in HMEC and normal fbroblast cetls (Wang e af. 1998).

Table 5.1: Characterisation of M'I'ER'T promueter transcription factor binding sites

Transcription Activator / Position in h'TERT promoter relative to ATG
Factor repressor
AP2 Activator -620,-559,-322,-228,-167,-151,-139,-131,-127,-113,-
108,-5,+12,+98,1-129 +193 ,+313
AP4 Activator -853,-618,-331,-509,-315,-192,-36,-118,+28%
cCcaAaC Aclivator ~827
¢-Els-2 Activator -247,-29
c-Myb Activator -894,+242
c-Myc Aclivalor -242,-34
CREB/ATF/API Activator -728
ER Activator -2754
ER/API Activator =794
IK2 Activator -815,-647,-377,-227.+-121,-175
Madl Repressor -242 -34
MAZ Activator -117
MAZ/Sp Activator ~151,-108
MyoD> Agtivator -183,+214,-319
MZEF-2 Repressor -761,-696,-620,-594
NF1 Activator ~929,-841,-458,-232,-96,-17,+68,+149,+343
NF-E2/Spl Activator -206
NFKB/T3Re/NMYC Activator -669
pS3 Repressor -1954,-1317
PR ? -477
Spl Activator -953,-806,-358,-323,-262,-2006,-188,-168,-151,-133 -
113,-108,-84,+254
Spl/ER Activalor -950
WTI Repressor -358
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52311 Activators of 'TERT gene expression

5.2.3.1.1.1 e-Myc

Correlation between c-Myc oncogene expression and wwlomerase activity was first identified before
characterisation of the hTERT promoter region had been established, Wang ef a! induced
telomerase expression in tefomerase-negative human mammary epithelial cells vsing directed c-
Myc expression to levels similar to those measured in breast carcinoma cell lines (Wang et al.
1998).  These cells showed a 50-fold increase in WTERT mRNA following c-Myc vector
transfection, Later, characterisation of the hTERT promoter identified several c-Myc binding sites
which account for this finding. The c-Myc oncoprotein forms a complex with the Max protein that
binds as a heterodimer to aclivale gene transcription (Blackwood & Eisenman 1991). This dimer
recognises and binds the consensus sequence 53-CACGTG-37, known as an ‘E-Box’ (Kyo et al.
2000; Wu er al. 1999). An additional, related sequence, 5°-CA(C/T)YGCG-3’, also binds the c-
Myc/Max heterodimer, potentially providing further regulation through binding at these non-
canonical sites (Wu ef a/. 1999). Overall, of the 29 ¢-Myc complex binding silcs that have been
identified in the region of the h"TERT gene, 18 are canonical (Wu et @l 1999). Of these, much
research has focused on the two E-boxes located centrally within the hTERT minimal promoter
(Greenberg ef «f. 1999; Horikawa er al. 2002; Takakura ef al. 1999). Gene reporter analysis using
the luciferase gene and mobility shilt assays have suggested direct activation of hTERT by ¢-Myc
at these I'-boxes (Greenberg e/ ¢/, 1999; Horikawa et af, 2002; Takakura ef ol 1999; Wang et al.
1998; Wu ez al. 1999). Additionally, studies revealing that c-Myc-induced up-regulation of hTERT
occurs in the absence of new protein synthesis provide further evidence of direct activation of

hTERT by e~-Mye (Greenberg ef of. 1999),

The relative importance of the two E-boxes for full activity of the hTERT promoter has been
debated. Removal of the proximal E-box (at position —34) results in a 10-fold decrease in promoter
activity, similar to expression levels for promoterless constructs {Greenberg e¢f af. 1999). This
finding, together with the observation that the distal E-box is not conserved in the mouse TERT
promoter, suggest that c-Myc activation of hTERT is mediated predominantly through the proximal
E-box (Greenberg e al. 1999). However, luciferase assay results following distal E-box deletion
(at position —242) also reveal significant reduction in activity in all cell types studied (Horikawa ef
al. 2002; Kyo et al. 2000, Takakura et o/, 1999), These apparently contradictory results suggest
that a synergistic system may operate in the human TERT promoter, with occupation of both E-
boxes by c-Mye necessary for maximal activity. Additionally, in RD rhabdomyosarcoma cells
induced to differentiate into muscle cells, both E-boxes appear to be essential for regulating
telomerase activity (Ma er «/. 2003). However, some studies have also suggested that E-box-
dependent regulation of the hTERT promoter can occur independently of e-Mye {Ducrest ef af.

2001).

225



523112 Spl

The co-activity of Spl and c-Mye in regulating hTIERT expression has been examined in some
depth (Kyo et al. 2000). Co-transfection of a c-Myc or c-Myc/Max expression vector together with
an Spl expression vector results in an increase in hTERT transcription of up to seven fold,
depending on ecell type (Kyo er af, 2000). [n the absence of Spl, however, anly marginal activation
aceurs, suggesting that Spl is important for full activity of c-Myc (Kyo ef a/. 2000). Although Spl
has traditionally been considered to be a constitutively-expressed factor, expression has been
reported to vary up to 100-fold in different tissues {Saffer ef ¢/, 1991). In addition, the findings that
cancer cells express high levels of c-Myc and Spl while normal cells do not, and that levels of Spl,
Myc and hWTERT all rise in a co-ordinated fashion during SV40-induced transformation of
fibroblasts, both suggest it acts as an important co-operative factor with ¢-Myc {(Kvo er o/ 2000).
Similarly, the decrease in telomerase activity in murine muscle cells during differentiation is
associated with decreased Ievels of Spl (Nozawa er al. 2001). In addition, some reports have
sugpested that Spl may also co-operate with vestrogen to activate hTERT transcription in ovary

epithelial cells (Kyo er of. 1999; Misiti ez al. 2000).

5.2.3.11.3 Oestrogen

Whilst most somatic cefls do not exhibit telomerase activity, a few important cel! types do, These
include cells with high proliferative potential, such as endometriat cells (Tanaka ef al. 1998).
Telomerase activity during the proliferative phase of the uterine eycle has been shown to corrclate
with rising oestrogen levels (Kyo ef @/, 2000, Tanaka es al. 1998). Moreover, in vitro treatment of
breast cancer cells and normal ovarian epithelium with oestrogen induces a rise in h\TERT mRNA
levels and telomerase activity (Kyo et ol 1999; Misiti et o/. 2000). Two potential oestrogen
response elements (EREs) exist within the hTERT promoter, The ERE located 2754bp upstream of
the ATG start codon binds oestrogen and its receptor (ER), and luciferase reporter assays using this
sequence show a 10-fold increase in promoter activity following treatment with oestrogen (Kyo ef
al. 1999). However, this effect is not seen in ER-negalive cells, suggesting that the regulatory role

of oestrogen is limited to ER-positive cells.

The ER site located 950bp upstrcam of the ATG contains an Spl recognition sequence adjacent to
an ER half site (ER/Spl} constituting a motif that functions as an ERE., Although some groups
have found this potential ERFE to be less important for function than the more distal site, mutation
at this site drastically reduces WIER'T promoter activity, suggesting an important role for direct

activation of hTERT by oestrogen at this site as well {Kyo ef af. 1999; Misiti et al. 2000).
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5.23.12 Repressots of h-TERT gene expression

523121 WI1

Many of the studies characterising the hTERT promoter have found evidence for repressors of
promoter function in a region between 300 and 700 bp upstream of the ATG (Horikawa ef al. 1999;
Takakura et ol 1999). Within this area is a binding site for the Wilms® Tumour 1 tumour
suppressor gene product (WTIL) (Oh er of. 1999). Previously, the anti-oncogenic WTIL protein had
been shown to be involved in growth regulation of kidney cells (Coppes ef al. 1993; Englert 1998),
However, WT1 is cxpressed in a very limited range of tissues, with additional expression in gonad
and spleen, suggesting that WT1-mediated control is regulated in a tissue-specific manner. As
confirmation of this, gene reporter assays in which mutation of the WT1 binding site is performed

affects promoter activity only in those cells known to express WT1 (Horikawa e al. 2002}

5.2.3.1.2.2 ps3

The possibility that the anti-oncogenic protein p53 might be invelved in regulating hTERT
transcription was first raised by the discovery of an inverse rclationship between p53 levels and
telomerase activity. Kanaya ef @/ found that overexpressing p53 in SiHa cervical cancer cells
resulted in significant repression of hTERT transcription (Kanaya et /. 2000). Two binding sites,
located at 1954 and 1317 bp upstream of the ATG appeared to be responsible for this finding.
Importantly, the repressive effects of exopenous p53 preceded the cell growth inhibition
traditionally associated with p33 activity, suggesting a possible additional pathway for cell
proliferation control by p53, perhaps through the direct repression of hTERT gene expression.
Interestingly. as with c-Myc and oestrogen, Spl is also likely to play a co-operative role in pS3-
based regulation, since mutation of Spl binding sites completely eliminates the repressive effects
of p53 (Kanaya ef al. 2000).

5.2.3.1.2.3 MZF-2

Although WT1 has been implicated in the negative regulation of hTERT, the tissue-specific nature
of this protein intensified the search for other repressors. Four binding sites for the myeloid-
specific zinc finger protein 2 (MZF-2) within a region 200 bp upstream of the hTERT core
promoter (Fujimoto ez a/. 2000). Promoter constructs with their 5° boundary within this area (ic -
800 to =600 bp) characteristically have lower activity than other constructs (Horikawa ef al. 1999,
‘Takakura et al. 1999). However, MZI*-2 levels have been found to remain relatively stable during
cellular differentiation (the time at which telomerase activity is repressed), casting doubts on the

activity of MZF-2 alone being responsible for this repression (Fujimoto ef al. 2000). Therefore, the
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importance of MZF-2 as a factor controlling hTERT gene cxpression in mast cell types remains

uncertain,

5.2.3.1.2.4 Madl

The E-box motifs bind a dimer of transcription factors that can either contain c-Myce and Mux or
Mad]l and Max (Gunes ez af. 2000), The Max transcription factor is ubiquitously expressed in
many cells, and dimerisation with c-Myc produces a transeription factor capable of activating the
hTERT promoter, whilst dimerisation with Mad! produces a transcription factor capable of
repressing the hTERT promoter. In undifferentiated cells. as well as most neoplastic and
transformed cell lines, high levels ol c-Myc expression are gencrally present, while Mad]
expression is generally minimal (Gunes et al. 2000). Conversely, in cells with minimal expression
of hTERT, such as normal somatic cells, the situation is reversed and c-Myc levels arc low white
Madl levels are high (Gunes er /. 2000; Oh ¢r al. 1999). This antagonism between c-Myc and
Mad] in the control of hTERT expression suggests that hTERT expression relates directly (o the
relative levels of c-Myc and Mad1 (Oh et i, 1999), Indeed, cctopic expression of c-Mye in normal
somatic cell lines with Madl-mediated repression leads to activation of h"TERT gene expression,
presumably by oulcompeting endogenous Madl levels in dimerisation with Max (Oh et al. 1999).
Thus, it may be that reversible control of h"TERT gene expression involves the interplay between c-

Myc and Mad|1 at one or both of the E-box sequences in the hTERT core promoter.

52313 Regulatory factors within the hI'ER1 gene

Whilst several authors confirmed the extent of the core KTERT promoter, some evidence began to
emerge that the hTERT gene itsell inffuences the activity of hTER'T transcription. Takakura er af,
in their characterisation of the promoter, created a deletion construct extending from 19 to 78 bp of
exon | downstream of the ATG start codon (Takakura ef al. 1999}, This construct displayed
_significantly Iess activity than the smallest of all other deletion constructs {containing 31 bp of
promoter upstream of the ATG as well as 78 bp of the exon). Following this, Renaud ef af
examined the activity of promoter construets containing the minimal promoter together with up to
1000 bp of the h'TERT gene (Renaud et al. 2003). Surprisingly, whilst the core promoter was
confirmed to exist within the 297 bp upstreamm of the ATG, the addition of exon 1 and intron 1
sequence decreased the transcriptional activity of the promoter to 10% of the original.
Interestingly, as more of the gene was included in these constructs, the transcriptional activity of
the promoter fell by up to 100-fold, with the greatest reduction found in constructs with 1000 bp of
exon 2 in addition to exon 1 and intron 1 (Renaud ¢ . 2003). Thus, structural elements within the

WTERT gene appear to be important for repression of transcription.
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5.2.4 Telomerase promoret-driven thetapy

The finding that up to 95% of human tumour cells conin (clomerase activity has prompted
extensive investigation into telomerase promoter-driven gene expression as a cancer-targeting
strategy designing promoter-driven gene expression using the promoters involved with telomerasc
activation. Since hTERT expression seems to be the major determinant of telomerase activity, the
majority of this work has focused on using the hTERT gene promoter. However, some authors

have also employed the hTR promoter (Bilsland ef o/, 2003; Plumb e a/. 2001).

The ability to drive gene expression selectively within telomerase-positive cells has been employed
in a number of ways. A number of pro-apoptotic genes have been used, including members of the
caspase family, both initiators (caspase-8) and effectors (caspase-6) in the caspase cascade
(Takeuchi et al. 2004). In malignant glioma cells, using a 378bp fragment of the core hTERT
promoter to drive these genes results in apoptosis in 20-30% of cells, with caspase-6 being a
slightly stronger inducer of apoptosis than caspase-8 (Takeuchi e o/, 2004). This effect is also
reproduced in a nude mouse model in which targeted expression of cither genc results in significant
tumour volume shrinkage that persisis for up to 3 weeks following treatment (Komata et of. 2001a;
Komata ¢ al. 2002b). In other cell lines, caspase-8 expression under the control of the hTERT
promoter can also induce apoptosis in up to 80% of cells, and result in a 50% shrinkage of tumour
volume in a similar nude mouse model (Koga et of. 2000). Similarly, the h'TERT promoter has
been used to direct expression of the pro-apoptotic Bax gene i vitro and i vivo in tumour cells, the
systemic administration of which normally causes significant liver toxicity (Gu et al. 2000).
Another pro-apoptotic gene which has been investigated is lhe FADD gene, which causes selective

cell apoptosis in transfected cells (Koga er a/. 2001; Komata et af. 2001b),

A similar approach is to direct the cxpression of genes capable of causing cell death by means other
than apoptosis. A number of genes, including the bacterial nitroreductase and herpes simplex virus
thymidine kinase (FSV-TK) genes, are capable of converting harmless prodrugs into a toxic
byproduct that causes cell death. An advantage of this approach over the pro-apoptotic gene
approach is that the toxic by-produets, it they diffuse readily between cells, can cause significant
cell death through a ‘bystander effect’. A number of groups have investigated the ability of the
HSV-TK gene to causc sclective cell death in telomerase-positive cells, HSV-TK converts
gancyclovir {GCV) into a cytotoxic metabolite, resulting in cell death, The WTERT promoter has
been used to drive expression of 1ISV-TK in telomerasc-positive cells in several systems, including
carcinoma cells, ovarian and cervical cancer cells, and in oslcosarcoma cells, and has shown
promising results bath in vitro and in vive (Majumdar ef a/. 2001; Song et /. 2003; Takeda et al.
2003). Targeted expression of the bovine aGal epitope, a major xenc-antigen in human cells, has
been used to induce antibody-mediated cell {ysis in telomerase-positive pancreatic carcinoma cells

(Sawada et of. 2002). Similarly, targeted expression of the diphitheria toxin A-chain (DT-A) gene
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in telomerase-positive bladder and hepatocellular carcinoma cells results in significant cell death in

vitro (Abdul-Ghani ez al. 2000).

A slightly different approach also makes use of (clomerase promoters 1o target telomerase positive
cells, but rather than driving the expression of a gene of interest, the promoters are used to drive
replication of a normally-quiescent viral vector, In these circumstances, replication of the virus can
proceed to such an extent that the resultant viral load causes lysis of telomerase-positive cells.
Such ‘conditionally-replicating” oncalytic viruses have been created usually by replacing the E1A
internal promoter of adenoviral vectors with the W' 'ER'T promoter (Wirth et of. 2003). Kim er of
went further by modifying the NTERT promoter through the addition of an extra E-box and Spl
binding site before vsing it 1o drive replication (Kim ef af. 2003b). Both wild-type and modified
promoters have shown promising results both /# vitre and in vive, with several groups reporting
signilicant reductions in tumour size following treatment with this strategy (Huang ef «f. 2003; Kim
et al. 2003b; Wirth et al. 2003). The advantage of this approach is that viral infectivity is not
affected by these modifications, so that infection ol tumour cells with the virus leads to viral spread
throughout the tumour, but replication and subsequent cell death only occurs within those cells

possessing telomerase activity.

Although the majority of strategies using the telomerase promoter have used the h\TERT promoter
to drive either gene expression or viral replication, some groups have also investigated the hTR
promoter as a means for driving gene expression (Bayd er a/. 2001). Interestingly, although hTR is
expressed in a greater variety of normal somatic cells than h'TERT, the hTR promoter seems to
drive gene expression with similar specificity to the hTERT promoter and in some cases is slightly
stronger (Bilstand et af. 2003). Using the hTR promoter, Bilsland e @/ showed significant
reduction of tumour size following injection with an adenovirus expressing bacterial nitroreductase
under the control of the hTR promoeter in xenografted nude mice (Bilsland ez o/, 2003). Similar to
the 1ISV-TK construct, bacterial nitroreductase converts the prodrug CBI1954 into a readily

diffusible, active cytotoxic agent, again providing a useful bystander effect.
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5.3 Aims of the Chapter

The overall aim of this chapter was to begin developing telomerase promoter-driven therapies for
canine cancer. In order to do this, our first aim was to sequence and characterise the upstream
regulatory region of the canine TERT promoter, identifying potential transcription factor binding
sites within the promoter along with the transcription start site. Secondly, using promoter deletion
constructs, we set out to identify the minimal promoter region responsible for activity in
telomerase-positive cells to enable the development of future telomerase-targeted therapeutic
strategies. Thirdly, given the potential shown by the hTR promoter in specifically driving gene
expression in human tumour cells, we also aimed to sequence and characterise the canine TR gene

promoter.
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5.4 Materials and Methods

5.4.1 Genomic Libraty Screening

The promoter sequence of canTERT was initially isolated by Dr § Campbell by lambda library
screening using a canine genomic DNA Lambda FTX® 1§ Library (Clontech, UK). A radiolabelled
450bp PCR fragment comprising exon 2 of the can1ER'T gene (Nasir ef af. 2004) was used as the
probe. A single colony of the XL.1-Blue MRA strain was used to inoculate 50ml L13 broth. Aliguots
of Library suspension {containing 2.5 x10° pfu of bacteriophage) were mixed with 1.7 ml bacterial
cell suspension and incubated for 15 minutes at 37°C, NZY top agar was mixed with the infected
cell preparation and spread evenly over 4 NZY agar plates before incubation at 37°C for § hours.
Plagues were then (ransferred o nitrocetlulose membranes, and membranes were hybridised
overnight followed by exposure 1o film. Developed radiographs were aligned in duplicate to
identily spots corresponding to unique plaques which were subsequently submerged in SM
buffer/chloroform at 4°C overnight. Phage DNA was isolated from one positive clone using

standard protocols. The phage DNA contained an insert of approximately 8.0Kbp.

lL.ambda phage IDNA was sequenced using an automated ABI 310 genetic analyser (PE Applied
Biosystems, UK) using the ‘I'7 primer. Based on the sequence generated using the T7 primer, a
further primer was designed and used 1o scquence the phage DNA. This was repeated until the
entire upstream reguiatory sequence of canTERT was identified. [rom these analyses, raw

unanalysed sequence data of approximately 8Kbp was determined (provided in Appendix B).

5.4.2 Counfirmation of the canine TERT promoter sequenice

In order to confirm the sequence obtained from phage DNA, five forward (scnse) primers and three
reverse anti-sense primers were designed as described in section 2.2.6.1: Primer design, and
supplied by Sigma-Genosys (Table 5.2} for PCR amplification from genomic DNA. The primers
were based on initial sequence of the canTERT promoter obtained from genomic library
sequencing, and were located as illustrated in Figure 5.2. Each primer of 25-28 nucleotides in
length required 40-60% GC content, Using ihese criteriz, sense oligonucleotide primers
(¢cTERTprom-5322F, cTERTprom-1572F.  ¢TERTprom-907F. ¢TERTprom-677F. can3F,
c¢TERTprom-172T) and anti-sense oligonucleotide primers (¢cTERTprom-G28R. LGO9R. LGTR.
cTERTprom+487R) were designed.



Figure 5.2: Location of forward (blue) and reverse (pink) primers used for sequencing and generation

of deletion constructs

UPSTREAM REGULATORY REGION EXON 1 EXON
-5522F -1572F -907F -677F Can3F -172F Intron |
= (=3 © 55 B » .
a aaa
-628R LGI9R LG7R +487k

Table 5.2: Details of primers used in sequencing the canine TERT promoter and generation of deletion

constructs
Primer Position Oligonucleotide primer sequence Tm (°C) & GC
Identification (Start/end (5'-3") (%) content
relative to
S ATG)
¢cTERTprom-5522F -5506/-5474bp GGCTCTCGAGCTCGAGTCTGGGTGACTCCAAA 66.4°C : 59%
¢TERTprom-1572F -1557/-1535bp GCTCAAGCCAACAACATCAATT 65.0°C : 60%
¢TERTprom-907I -890/-867bp GTCCTGTTCAAAGCGTCATGATGAA 69.2°C : 61 %
¢TERTprom-677F  -665/-644bp CTTTTTATCTCCTTTCGTGGAC 60.5°C - 60 %
¢TERTprom-172F  -172/-150bp CCGGGCCGGAGAGCAGAGGACG 802 C : 77%
Can3l -314/-290bp CTGTGACAGGGACAAACCCAAGGAC 75.0°C : 60 %
¢TERTprom-628R ~ -612/-577bp CGGTTTTCTCGAGCTCGAGCCCTACTTGCCAGGGA  75.0°C : 60 %
LGOR +38/+66bp AGCACCTCCCGGTAGCGGCCCCGCAGCA 75.0°C : 60 %
LGTR +313/4333bp  CTCCTTGAGGCAGGACACCT 72.0 C : 60%
¢TERTprom+487R  +457/+479bp  TTACCGTGTTGGGCAGGTAGCT 68.5 C : 55%

o
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5.4.2.1 PCR amplification

PCR was performed using the primers detailed in Table 5.2 in order to isolate a 5.6kbp fragment of
the canTERT promoter using genomic DNA isolated from PBMC (2pl) as a template in a final
volume of S0ul containing 0.4)pun of forward and reverse primers, 0.2mM of dNTPs, 1.5Mm
MgCl, and 2 units of Tag DNA polymerase (Invitrogen, UK), Using a thermal cyvcler {Perkin
Elmer) samples were subjected to an initial denaturation at 95° C for 2 minutes followed by 35
cycles of amplification, each cycle consisting of a denaturation step of 5° C for 30 seconds and an
annealing temperature of 55-70° C (depending on the annealing temperature of the primer pair
used) for 30 seconds followed by an elongation step of 72° C for 30 seconds per Kb of expected
product. The final elongation step of 72° C for 10 minutes completed the reaction. PCR products (4
nb) were visualised by agarose gel electrophoresis (1.5%) gel by comparing the bands created to a

100 bp molecular weight standard,

5.4.2.2 PCR amplification - Troubleshooting

As initial attempts to clone the entire promoter fragment were unsuccessful, the following
modifications and PCR sequencing kits were used as detailed below: HotstarTag, Q solution,
addition of 5% DMSQ, Failsafe PCR mix (Cambio, UK), PCRx enhancer system. PCR praducts {4
1l were visualised by agarose gel electrophoresis (1.5%}) gel by comparing the bands created to a

100 bp molecular weight standard.

5.4.2.2.1 Modification of PCR cycle conditions

Initial PCR conditions used included an annealing temperature calculated to be 5° C below the
lower of the two annealing temperatures of the primer pair used. Subsequent modifications of
cycling conditions included lowering the anncaling temperature to 55° C to decrease the specificity
of primer binding. If PCR using the lower annealing temperature produced a band of the expected
size along with other bands (due W uwon-specific priming), the annealing temperature was

subsequently increased in 2° C steps with successive PCR attempts until specitic priming occurred.

In addition to annealing temperature modifications, a modified ‘hot start® step was performed to
reduce mispriming events and primer-dimer formation at low temperatures. To perform a modified
‘hot start’, the reaction mix was chilled on ice until the thermal cycler had reached a temperature of
95 C before adding the reaction. In addition, the initial denaturation step was increased to 5

minutes.
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In addition to the above-mentioned modifications, samples were also made up with the addition of

Dimethylsulloxide (DMSQ) at 5% or glycerol at 10%,

54222 HotStarTaq and Q sofution

PCR amplification was performed using genomic DNA as a template (<1 pg) in a lnal volume of
100 pl, containing 0.5pum of forward and reverse primers. 0.2mM of dNTPs, 10 pl of 10x PCR
buffer (containing 15 mM MgCly), 20 pl of Q solution, and 2.5 units of HotStarTag DNA
Polymerase (Qiagen, UK). A master mix was prepared containing all compancnts nccessary for
the total number ol assays to be perforined with the exception of the DNA template, and 100 wl
aliquoted into each PCR tube. [n addition, duplicate reactions were performed without Q-solution,
DNA template was added to each tube immediately before the tubes were placed in the thermal
cycler. Samples were then subjected to initial denaturation of 15 minutes at 95° C followed by 35
cycles of amplification, each cycle consisting of a denaturation step of 94° C for 30 seconds and an
annealing temperature of 55-70° C (depending on the annealing temperature of the primer pair
used) for 30 seconds followed by an elongation step of 72° C for 30 seconds per Kb of expected
product. The final elongation step of 72° C for 10 minutes completed the reaction. PCR products (4
pb) were visualised by agarose gel electrophoresis (1.5%) gel by comparing the bands created to a

100 bp molecular weight standard,

54223 Faflsafe PCR mix

The Failsafc™ PCR Premix kit (Cambio, UK) contains a blend of thermostable DNA polymerases
together with a set of twelve reaction premixes, designed to amplity diflicult or long templates.
The enzyme blend contains a 3” - 3° proofreading enzyme for high fidelity amplification, whilst 1hc
premixes contain a buffered salt solution together with all four dNTPs, varying amounts of MgCl,
and FailSafe PCR Enhancer (with betaine). The presence of betaine is designed to improve the
yield and specificity of amplification of many target sequences, especially those containing a high
GC content or secondary struclure. In addition, betaine may also ¢nhance the PCR by protecting,
DNA polymerases froin thermal denaturation. The twelve premixes are designed to rapidly
optimise the PCR conditions required for maximal amplification of any given template, with the
appropriate premix then being used for further amplification reactions once optimisation has been

completed.

PCR was performed using genomic DNA as a template {5 ul) in a final rcaction mix of 25 pl,
containing 1 gl of each of the forward and reverse primers, 0.5 pl Failsafe PCR enzyme mix (1.25
units) and distilled water. A mastermix was made up sufficient for 14 reactions. Then 25 pl of

each premix was aliquoted into each of 12 0.2 ml PCR tubes and 25 pl of the mastermix added to
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each tube, PCR was then performed using the following conditions: initial denaturation at 98° C
for 2 minutes, followed by 35 eycles of: denaturation at 95° C for 30 sceonds, annealing at 55° C
for 30 seconds and cxtension at 68° C for 30 seconds per Kb of expected product, with a final
extension step of 68° C for 10 minutes. Samples (4 pl) were analysed by agarose gel

clectrophoresis (1.5%) by comparing the bands created to a 100 bp molecular weight standard.

5.4.22.4 KOD Hot Start Taq Polymerase

KOD Hot Start Taq (Novagen, UK) is an optimised buffer and 7ag polymerase designed for
amplifying GC-rich and complex templates. The {ag polymerase mix includes two antibodies that
prevent polymerase and 3° to 57 exonuclease activity at ambient temperatures and thereby avoids
mispriming events during reaction setup and initial temperature elevation. Genomic DNA template
(2 wl) was amplified in a final volume of 50 pl containing 5 ¢ ([X) 10X PCR buffer, 0.2 mM
dNTPs, 1 mM MgSOy, 0.3 uM of each of the forward and reverse primers, and 1 unit of KOD Har
Start DNA Polymerase. The reaction was assembled in PCR tubes and transferred to the thermal
cycler. PCR conditions consisted of an initial denaturation/polymerase activation step at 94° C for
2 minutes, followed by 35 cycles of denaturation at 94° C for 15 seconds, annealing at 60° C for 30
seconds and extension at 72° C for 30 seconds per Kb of expected product, Samplcs (4 pl) were
analysed by agarose gel electrophoresis (1.5%) by comparing the bands created to a 100 bp

molecular weight standard.

5.4.2.25 PCRxenhancer

The PCRx Enhancer System (luvitrogen, UK) is an optimised buffer and cosolvent system that
simplifies PCR amplification of problematic and/or GC-rich templates. The PCRx Enhancer
Solution offers higher primer specificity, broader optimal magnesiwm concentration range and
broader optimal annealing temperature range. The Enhancer Solution lowers the maximum primer
anncaling temperature by approximately 2° C per |X PCRx enhancer Solution concentration, but

also widens the effective annealing temperature over a much broader range.

In the initial optimisation step, genomic DNA template (1 ptl) was amplifted in 4 final velume of 50
1h A master mix sufficient for 30 wl per reaction for six reactions was made up initially, however,
containing 5 pl (1X) of 10X PCRx Amplification buffer, 0.2 mM of dNTPs, 1.5 mM MgSQ,, 0.2
1M of forward and reverse primers, 1 LU of template DNA and 2.5 units of Platinum® 7ag DNA
palymerase (Invitrogen, UK). Thirty pl of the master mix was then aliquoted into each of six PCR
tubes. Varying amounts ol PCRx Enhancer Solution were then added to each tube to veach a final

Enhancer Solution of 0X — 4X as detailed below.
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Component Final PCRx Enhaneccr Solution Concentration

0X 0.5X 1X 2x 3X 4X
Master Mix 30 30 30 30 30 30
10x Enhancer Solution { 0 2.5 5 10 15 20
Distilled Water 20 17.5 15 10 S 0

PCR tubes were then placed in the thertnal cycler and an initial denaturation at 95° C for 2 minutes
was performed, followed by 35 cycles of denaturation at 95° C for 30 seconds, annealing at 55° C
for 30 seconds and extension at 68” C for 30 seconds per kb. A final extension step at 68° C for 10

minutes was then performed. Products (4 ul) were then analysed by agarose gel electrophoresis.

5.4.2.3 Cloning into pCR2.1®TOPO vector

PCR products amplified from genomic DNA were cloned using methods described in scction

2.2.3.8: Ligation using TA cloning methads.

5.4.2.4 Bioinformatics analysis

The search for putative transcription factor binding sites was petrformed using web-based motif-
searching tools TFBIND (http://www ttbind.hgc.jp), TFSCEARCII
(http:/fwww.cbre jpfresearch/db/TFSEARCH.html), TESS {Transcription Element Search System:

http://www.cbil.upenn.edu/tess/) and MOTIF (http:/motif.genome.jp). Transcription factors were

only considered for analysis if they had the following scores: L, 212.0, L,=2.0, L,~1.0, L~0.
CpG island analysis was performed using the web-based CpG Island  Searcher

(http://www,uscnorris.com/epgislands/epg.cgi).

5.4.2.5 Transcription Start Site Identification

To determine the Transcription Start Site {TSS) of the canTERT gene, the GeneRacer™ kit
(lavitrogen, UK) was used for RNA ligase-mediated (RLM) rapid amplification of ¢cDNA ends
(RACE). This method sclectively ligates an RNA oligonucleotide to the 57 ends of decapped
mRNA. Reverse transcription using a primer specific to the gene sequence (GSP) or using an
oligo(dT) primer specific to the palyA tail of mMRNA can then be used to synthesise cDNA from the
mRNA. This ¢cDNA can then be PCR-amplified using a forward primer specific to the ligated
oligonucleotide and a reverse GSP to generate products which can be sequenced to determine the 5’

untranslated sequence.
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In the first step, total RNA was treated with calf intestinal phosphatase (C{P) to dephosphorylate
non-mRNA and truncated mRNA. Total RNA (5ug) previously extracted from C17 and D17 cells
was added to 10X CIP buffer (1ul), RnaseCut™ (40U), CIP {10U) and the total volume made up to
10 pl with DEPC-treated water in a |.5 mi eppendorf tube. This reaction mixture was mixed gently
by pipetting and briefly vortexed before flash-spinning to collect the contents in the boitom of the

tube. The sample was then incubated at 50° C for 1 hour.

Following incubation, samples were centrifuged briefly and placed on ice before RNA was
precipitated. To the eppendorf tube, 90 pl of DEPC-treated water and 100 pl of phenol:chloroform
were added and the samples vortexed vigorously for 30 seconds. Samples were then centrifuged at
maximum spced for 5 mmutes at room temperature, Following centrifugation, the aqueous phase
was withdrawn [rom the top of the samples and transferred to a new eppendorf tube. To this was
added 2ul of 10 mg/mi mussel glycogen and 10 pl of 3M sodium acetate, pH 5.2, and the tube was
then inverted several times to mix. Then 220 nl of 95% ethanol was added and the sample
vortexed briefly before being placed on dry ice for 10 minutes. To pellet RNA, the samples were
then centrifuged at maximum speed for 20 minutes at 4° C. The supernatant was then removed,
taking carc not to disturb the resultant RNA pellet, and 500 pl of 70% ethanol was added. The tube
was inverted several times and vortexed briefly before centrifugation at maximum speed for 2
minutes at 4° C. Supernatant was again carefully removed, and brief centrifugation performed to
collect any residual ethanol in the bottom of the tube. This was carefully removed and the pellet
left to air dry at room temperature for 1-2 minutes before being resuspended in 7 nl of DEPC-

treated water.

In the second step, the mRNA cap was removed from intact, fuil tength mRNA using tobacco acid
pyrophosphatase (TAP). To the eppendorf containing RNA from the previous step was added 10X
TAP buffer (1 ul), RnaseOut™ (40U)) and TAP (0.50U). The mixture was mixed gently by pipetting
and brief vortexing followed by a flash-spin to collect contents in the bottom of the tube. The
sample was then incubated for 1 hour at 37° C, centrifuged briefly and placed an ice. RNA was

then precipitated as described above.

Following decapping, the GeneRacer™ RNA Oligo was then ligated to the 5° end of mRNA in the
third step. The oligo is designed to optimise ligation to decapped mRNA by virtue of the fact that
it has minimal secondary structure to provide a free 3”7 end for efficient ligation and a string of
adenines at the 3° end to increase ligation efficiency (Uhlenbeck & Gumport 1982). Seven pl of
dephosphorylated, decapped RNA from step 2 was added to the tube containing lyophilised
GeneRacer™ RNA Oligo (0.25 pg). The sample was pipetted up and down several times to
resuspend the RNA oligo then flash-spun to collect the contents in the bottom of the tube. The
samplc was then incubated at 65° C for 5 minutes (o relax the RNA secondary structure then placed

on ice to chill for approximately 2 minutes before re-centrifuging to collect the contents in the
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bottom of the tube. Then, 10X Ligase buffer (1 ul), 10 mM ATP (1 ul). RnaseOut™ (401} and T4
RNA ligase (5U) were added to the tube which was then incubated for | hour at 37° C. The sample
was then flash-spun to collect the contents in the bottom of the tube and placed on tce. RNA
precipitation was then performed as previously, with the RNA peflet resuspended in 10 ul of

DEPC-treated water rather than 7 pl.

In the fourth step, the mRNA was reverse-transcribed into ¢cDNA using SuperSecript™ 1l RT
(Invitrogen, UK). To the RNA sample from step 3 was added 10 uM reverse primer (1 pl -
consisting of either oligo(dT) or LG7R GSP), dNTP mix {1 ul), and sterile, distilled water (1 pi).
The mixture was then incubated at 65° C for 5§ minutes to remove any RNA secondary structure
before being placed on ice for | minute and tlash spinning to colleet the contents in the bottom of
the tube. Then First Strand Buffer 5X (4 ul), 0.1 M DTT (! pl), RnaseQut™ (40U) and
SuperSeript™ 111 RT (200U) were added to the sample which was mixed by pipetting several
limes. The sample was then flash-spun to coilect the contents in the bottom of the tube and
incubated for 30 minutes at 50° C for Oligo(dT) or $5” C {or GSP, The RT reaction was then
inactivated by heating at 70° C for 15 minutes before being placed on ice for 2 minutes to chill.
The sample was flash spun to collect the contents in the bottom of the tube, then | ul of RNascH
(2U) was added to the mixture which was then incubated at 37° C for 20 minutes to inactivate any
remaining RNA. The sample containing ¢cDNA was then stored at —20" C until ready for use in

PCR amplification.

As a positive control, a sample containing total RNA from HeLa cells (Invitrogen, UK) was run in
parallel to samples obtained from CMT7/D17 cells. Following the synthesis of ¢cDNA, PCR
amplification was then performed using the forward primer specific to the GeneRacer'™ RNA oligo
and the GSP (LG7R). [nitial PCR was performed as described in 2.2.6: Amplification of DNA by
the polymerase chain reaction, vsing Platinum HiFi Taq polymerase (Invitrogen, LJK). Secondary
PCR was also performed using the nested forward primer specific to the GeneRacer™ RNA oligo

and a nested reverse GSP (LG9R).

5.4.3 Creation of canTERT promoter deletion constructs

Following confirmation of the canTERT pramoter sequence, selected fragments were PCR-
amplificd using plasmid DNA as a template. The same primers used for confirmation of the
canTERT promoter sequence, shown in Table 5.2 and Figure 5.2, were also uscd to amplify these
fragments, Following successful amplification and cloning into pCR2. I®TOPO of a 1.6 kb-sized
fragment of the promoter together with exon 1, intron | and I5 bp of exon 2 using the
~1572F/LG7R primer pair, purified plasmid DNA derived from this construct was used as a
template for further nested PCR using the following primer pairs: -1572F/LG9R, -907F/LG7R, -

907F/LGYR, ~677F/1.GOR, can3F/LG7R and can3F/LGIR. PCR products were purified and cloned
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into pCR2. [®'TOPO using methods described in 2.2.3.8: Ligation using TA cloning mcthods,
before being sequenced with the M13F and MI3R primers as described in 2.2.7: DNA sequence

analysis.

5.4.3.1 Restriction ¢nzyme digestion of vectors

All pCR®2.1TOPO/canTERT promoter constructs containing the canTERT promoter fragmoents
were digested with XAo [ and Sae 1 restriction enzymes. The luciferase reporter vector, pGL3-Basic
(Promega, UK) was also digested with Xfio [ and Sac [ restriction enzymes. More specifically, the
pCR®2.1/canTERT promoter vectors (Sug) were digested for one hour with Xho 1 (5 units) in
buffer D (10X) together with 0.3p] bavine serum albumin (BSA) in a 10ul total volume at 37° C,
before adding Sac 1 (5 uniis) and (10X) Multi-Core™ butfer to a final volume of 20 and
continuing with incubation for a further 3 hours. The recipient pGL3-Basic luciferase reporter
vector (Sug) was digested with XYho I (5 units) and Sac 1 (S units) using the same protocol. Samples
(4ul) were analysed on a TAE agarose gel (1%) by comparing the bands created to a 100bp DNA

ladder to confinm digestion before purification and ligation,

5.4.3.2 Purification, ligation and transformation

Digested DNA samplos (linvarised pGl.3-RBasic and released canTERT promoter fragments) were
purificd using the QIAquick®Gel Extraction Kit (QIAGEN, UK) and eluted in 30ul of sterile water.
The DNA was quantilicd (2pl} by gel electrophoresis on a TAE agarose gel (1%) by comparing the

bands created to a Low DNA Mass™ Ladder (2pl).

The quantity of vector (pGL3-Basic) and insert (promoter fragment) for each ligation reaction was
calculated according to the equation shown in section 2.2.3.7: Ligation of restriction digested DNA
fragments. FFor each calculation the vector mass (X) was 150 ng and the insert size (Y) was
approximately 2.1, 1.5, 1.2, 1.1, 0.9, 0.8, 0.7 and 0.3 kb for the canTERT promoter deletions (in
descending size). Ligation was performed using molar ratios of 3:1 and 1:1 insert to vector. The cut
ends of the inserts were ligated to complementary ends of the cut pGL3-Basic vector using T4
DNA ligasc (Promega, UK} overnight at 16° C. The ligations (20ng) were transformed into 50ul of
One Shot™ TQPI10 competent cells which were heat shocked for 45 seconds at 42° C before adding
250l SOC medium, shaking horizontally at 225 rpm at 37° C and then grown overnight at 37° C
on LB/ampicillin agarose plates. Six to ten colonies were selected from each plate and transferred

to LB broth for overnight culwure at 37° C.

The DNA constructs were isolated tfrom overnight cultures by the alkaline tysis method of plasmid

DNA isolation following the QIAprep®PCR Spin Miniprep Kit (Qiagen, UK) and eluted in S0ul of
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sterile water. The DNA samples were then assessed by spectrophotometry for quantification.
pGL3/canTERT promoter constructs were screened with Xho 1 and Sge | restriction enzyme
digestion as described in 2.2.3.11.2; Restriction analysis of small scale plasmid preparations. Since
all the promoter inserts were directionally cloned it was not necessary to screen for correet
orientation, Recombinant plasmids were sequenced and analysed as described in 2.2.7: DNA

sequence analysis,

5.4.4 Luciferase reporter assays

The pGL3-Basic luciferase reporter vector was chosen to analyse the canTERT promoter deletion
constructs since luciferase reporters offer an extremely sensitive system for measuring the activity
of regulatory regions of DNA such as promoters. A variety of luciferase-based vectors are available
enabling strictly controlled experiments including a negalive control (promoter-less vector, pGL3-
Basic), positive control (S¥40-driven luciferase, pGL3-Control) and a Rewnifla luciferase vector
(pRL-CMV) as an internal standardised control. This Dual-Luciferase®Reporter assay system has
the unique ability to assay both the fire-fty and Renilla luciferase activities sequentiaily in the same

sample to control for both cell number and transfection efficiency.

5.4.4.1 Cell lines

CML10 (canine melanoma), D17 (canine osteosarcoma), A72 (fibroblastoid tumour), GHK (canine
kidney), CMT3 (canine mammary tumour), CMT7 (canine mammaty tumour) and CMTS (canine
mammary tumour) are canine cell lines which have previously been shown to be telomerase
positive (INasir et af. 2001). CMI. 10, D17, A72 and GHK cell lines were cultured in DMEM
{Gibco BRL, Grand Island, New York) supplemented with 10% futal calf scrum. CMT3, CMT?7
and CMTS ccll lines were cultured in RI’M] (Gibco BRL) supplemented with 10% fetal calf serum
and L-glutamine. Canine primary skin fibroblasts (K9ST) were cultured in MEM-a, (Gibco BRL)

supplemented with 0% fetal calf serum, L-glutamine and epidermal growth factor (FGF).

5.4.4.2 Transfection of cclls with luciferase reporter constructs

Transient transfections were performed using Lipofcctamine™ in the prescnce of Plus™ reagent
(Invitrogen, UK). For each assay, 1.5 x 10° cells were seeded into 6-well plates and transfected the
following day, when the cells reached a confluence of approximately 40-50%. For comparison, the
transcriptional activities of pGL3basic {negative control) and pGL3control (positive control) were
also tested. All transfections were performed in triplicate, and the results of at least 2 independent
experiments were averaged. Cells were transfected with [pg of pGl.3/canTER'" promoter vectors

containing the firefly luciferase gene. For each well, tpg plasmid DNA was diluted in the presence
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of 100pl serum free media and precomplexed with 6uil Plus Reagent for 15 minutes at RT. Four pl
of Lipofectamine diluted in 100u] serum free media was then added to the precomplexed DNA and
the solution incubated at RT for a further [5 minutes. Cells were incubated in the presence of the
DNA-Plus-lipofectamine complexes at 37°C with 5% CQO, for 3 hours. The medivm was then
replaced with fresh prowth medium and cells incubated for a further 48 hours prior to harvesting.
Co~transiection with the pRL-CMV vector (Promega, UK), containing the Rewnifla luciferase gene

was used as an internal standardised control to assess transfection efficiency.

5.4.4.3 Luciferase assays

Dual-Luciferase®Reporter assays were performed in triplicate as described in 2.2.8.1: Genetic
reporter systems. Both fitefly and Renilla luciferase values were attained for cach well, The mean
of the 3 wells analysed for each sample was calculated, and luciferase values adjusted for cell
concentration by standardising cach sample against the mean protein concentration for all 3 wells.
The corrected firefly luciferase value for each sample was then expressed as a percentage of the
corresponding Renilla luciferase value, which served to correct for transfection transficiency. The
final corrected luciferase values of all test samples as well as the negative control were then

expressed as a percentage of the positive control (SV40 promoter-driven tuciferase).

5.4.5 Sequencing of the canine TR promoter

5.4.5.1 PCR amplification of the canine TR gene

Initial sequence searches were performed by screening partial, unannotated canine DNA sequences
obtained as  part  of the canine genome  project  via  NCBP  trace  files
(http://www.nebi.ndm.nih.gov/Traces/race.cgi?). Trace {iles were screened using the sequence of
the human TR gene obtained [rom Genbank (AFF221907). BLAST scarches revealed theee trace
files: 271822249, 239572746, 272209162, all of which showed good alignment with the hTR
sequence and with each other. One of these, 271822249 contained 329 bp of upstream regulatory

sequence,

The sequence obtained from trace files was used to design primers for amplification and
sequencing of the canine TR gene following genome walking, The details of these are shown in
Table 5.3. Initial primers dogTRIF and dogTR{R were designed to amplify a 286 bp fragment of
the canine TR gene from genomic DNA to confirm that the sequence obtained from trace files was
amplifiable. PCR was performed using the following conditions: injtial denaturation at 95° C for 2
minutes, followed by 35 cyeles of denaturation at 93° C for 30 scconds, annealing at 55° C for 30

seconds and extension at 68°C for 30 seconds per kb. A final extension step at 68°C for 10
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minutes was then performed. The products from this reaction were then analysed by agarose gel
electrophoresis, cleaned and cloned into pCR2.I®TOPO as previously described prior to

sequencing with the T7 forward primer.

5.4.5.2 Genome Walking

The Genome Walking procedure, shown in Figure 5.3, is explained in further detail below.

Figure 5.3: Summary of genome walking procedure
Canine genomic
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All genome walking performed during this part of the project was undertaken by Ms [.. Gault. The
GenomeWalker™ technique (BD Rioscence, UK) provides a method for walking up-stream
towards promoters from a known DNA sequence (Sicbhert e/ al. 1995) and is a simpler and
potentially laster approach than those protocols involving the generation and screening of gDNA
libraries. In summary, canine gDNA was digested with four different restriction enzymes aod
GenomeWalker Adaptors were then ligated to 5° ends of the cut fragments to form four fibraries
composed of gDNA fragments. These libraries were then used as templates for each of three
genome walks, which consisted of two PCR amplifications using sense adaptor primers and anti-
sense gene specific primers (GSPs) (Figure 3.3), The GSP sequences were designed based on the 5
end of partial canine TR gene sequence located through trace file screening. PCR products thus
generated were then cloned and sequenced allowing the design of new gene specific primers [or the

second and third genome walks.

5.4.5.2.1 Primer design

Two primers were designed for each genome walk as described in 2.2.6: Amplification of DNA by
the polymerase chain reaction, and were synthesised and supplied by Sigma Genosys (Table 5.3).
Each primer of 25-28 nucleotides in length required 40-60% GC content to ensure that primers
would clfectively anneal to the template at the recommended annealing and extension temperature
of 67° C. Primer sequences were designed (o prevent the folding and formation of intra-molecular
hydrogen bonds and particular attention was paid to reducing the GC content at the 3’ end of the

gene specific primers to prevent their binding to the 3’ end of the adaptor primers,

545211 Canine TR primers

Using these criteria, two anti-sense oligonucleotide primers (GSP-1R, GSP-2R) were designed
according to the 5’ region of the canine TR sequence obtained from screening trace files. On
completion of the first genome walle it was possible to design a third anti-sense oligonucleotide
primer {GSP-3R) which was used in combination with GSP-2R for the second genome walk along

the canine TR promoter sequence (Figure 5.12).

54.56.2.1.2 GenomeWalker Aduptor primers

Forward primers, specific to the Adaptor sequence attached to the 5 end of the gDNA fragments,
were supplied with the kit and are referred to as Adaptor primer-]1 (AP1) and nested Adaptor
Primer-2 (AP2).
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Table 5.3: Primer scqucences for genome walking

Primername  Oligonucleotide primer sequence 5'to 3/ Tm (°C) & GC (%)
content

DogTRIF TCCGTCTAACCCTAACTGAGCA 584°C:52%

DogTRIR GGCTGACAGAGCZCCAACTCTT 602°C:57%

GSPIR TGATTGGCCGAAGCCETCATCTCGCCTCT 82.6°C:59%

GSP2R I'TTCTCCACCCCCCTCCCTCTCCARC 77.3°C: 62 %

GSP3R CTACCGTTCTACTTCCGGCCGTGAGGA 75.9°C 159 %

APl GTAATACGACTCACTATAGGGT 58.4°C 45 %

AP2 ACTATACGGCACGCGTGGT 58.8°C: 58 %

5.4.52.2 Preparation of canine genomic DNA

Canine gDNA was prepared from peripheral blood mononuclear cells (PBMCs) as described in

2,2.2; Preparation of canine genomic DNA from peripheral blood mononuclcar cells.

54.86,23 PCR amplification of the canine TR gene from genamic DNA

In order to confirm the sequence of the canine TR gene, a 286 bp fragment was amplified using the
primers dogTR1F and dogTRIR. PCR was performed using genomic DNA (2 pl) as described in
5.4.5.1: PCR amplification of the canine TR gene.

5.4.5.2.4 Digestion and purification of canine genomic DINA

Four blunt ended digestions of canine gNINA (2.51g) were performed, each in a total volume of
100wl with the appropriate restriction enzyme St 1, Dra 1, Pvu 11 or EcoR V (80 units) and
restriction enzyme buffer (1x) combination (Table 2.1 in Chapter 2). Reactions were incubated al
37° C overnight before samples (5ul) were analysed for complete digestion by TAE agarose gel
(1%) electrophoresis. For DNA purification, phenol (95ul) was added to each reaction, vortexed
and flash spun to separate the aqueous and organic phases. The upper aqucous layer from each tube
was mixed with an cqual volume of chloroform added, vortexed and briefly spun to separate the

aqueous and organic phases. This time the DNA in the upper layer was precipitated with 2 volumes
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of ethanol (95%), 1/10 volume 3M NaOAc (pH 4.5) and 20ug of glycogen. After vortexing and
centrifugation at 15,000rpm for 10 minutes, supernatants were decanted and the pellet washed in
100u] ethanol (80%). After a final centrifuge at 15,000 rpm for 5 minutes and supernatant
discarded the pellet was air-dried and dissolved in 20ul of Tris-EDTA (10/0.1, pH 7.5). The quality

of gDNA was again assessed using TAE agarose gel analysis.

5.4.5.2.5 Ligation of digested canine gDNA to Genome Walker Adaptors

The digested, purified DNA (4ul) was ligated to the GenomeWalker Adaptors (25uM) in a total
volume of 8 pul with T4 DNA ligase (4 units) and ligation Buffer (1x) at 16" C overnight. The

reactions were incubated at 70° C for 5 minutes before dilution to a total volume of 80 pl with Tris-

EDTA (10/1 pH 7.4).

GenomeWalker Adaptor sequence

APl

5’ GTAATACGACTCACTATAGGGCACGCGTGGTCGACGGCCCGGGCTGGT | 3

AP2

5.4.5.2.6 PCR-based DNA Walking in Genomic Walker Libraries

The four different libraries were subjected to two rounds of PCR (primary and secondary) using a
PE 2400 thermal cycler. For the first genome walk, the primary round of amplification used the
adaptor-ligated gDNA as template with 0.2uM of sense primer ‘Adaptor Primer 1’ (AP1) and anti-
sense ‘Gene Specific Primer’ (GSP-1R) (Table 5.3), 10X BD Advantage 2 PCR Reaction Buffer
(40 mM Tris-HCI, 15 mM KOAc, 0.02% Triton X-100), dNTPs (10mM), and BD Advantage 2
Polymerase Mix (50x) (S units of Tth DNA polymerase, 0.5ug of TthStart Antibody, 1% glycerol,
0.2 mM Tris-HCI pH 7.5 and 4.6 mM KCI) in a total volume of 50ul. Primary PCR conditions
were held at 94° C for 25s, 72° C for 4 mins for 7 cycles, and 94° C for 25s, 67° C for 4 mins for 32
cycles, then 67° C for 4 mins. Primary PCR products were diluted 50 fold and 1l was used as a
template for secondary, nested PCR with 0.2uM of sense primer *Adaptor Primer 2’ (AP2) and
anti-sense ‘Gene Specific Primers’ (GSP-2R) (Table 5.3) in a reaction mix as described for primary
PCR. Secondary PCR conditions were 94° C for 25s, 72° C for 4 mins for 5 cycles, and 94° C for
25s, 67°C for 4 mins for 20 cycles, then 67° C for 10 mins.
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The second genome walk used anti-sensc ‘Gene Specific Primer” (GSP-2R) in the primary round of
PCR and nested primer (GSP-3R) in the secondary round of PCR. PCR conditions were altered
slightly with the annealing temperature redueed from 72 Lo 69°C and 67 to 64°C in secondary PCR.
In addition, 6% DMSO and 3% glycerol were added to the reaction mix. A negative control
containing al! PCR components {primers, dNTPs, Advantage 2 PCR buffer and Advantage 2
Polymerase Mix) except template was performed to ensure no contamination of the PCR reactions

with extraneous DNA that might setve as a template for PCR amplification.
PCR praducts were purified and cloned into pCR2. [®/TOPO using methods described in 2.2.3.8:

Ligation using TA cloning methods, before being sequenced with the MI3F and M13R primers s

described in 2.2.7: DNA sequence analysis.
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5.5 Results

5.5.1 Scquence analysis of the canTERT promoter

Screening of a canine genomic DNA library with a 450bp canTERT probe yielded a single positive
clone. Sequence analysis revealed that approximately 8Kb of sequences upstream of the canTERT
ATG were present within this clone. Initial attempts to clone a 5.6 Kbp subfragment using both the
cTERTprom-5522F/LG7R and cTERTprom-5522F/LGOR  primer pairs were unsuccessful.
However, a smaller subfragment of 4929 bps using ¢cTERTprom-3522F/cTERTprom-628R was
successfully amplified and cloned into pCR2.I®TFOPO. Following multiple attempts 1o amplify
the proximal upstream fragment, successful amplification of a fragment with the
¢TERTprom-1572F/LG7R primer was achieved using the PCRXx™ Enhancer system (Invitrogen,
UK). This fragment was also cloned into pCR2.I®TOPO. Sequencing of these two fragments at
least 3 times allowed the gencration of a composite sequence of the promoter region as [far
upstream as -5390 bp with an overlapping region between -600 and -1590 bp.  Sequencing
included the initial part of the canTERT gene (the ATG start codon together with exon | {218 bp),
intron | (106 bp) and |5 bp of exon 2. The initial A nucleotide of the start codon was designated
+1. The canTERT promoter sequence (5390bp) upstream of the ATG has been deposited in NCBI
GenBank database: AY563633 and this sequence together with exonl, intron | and the small

fragment of exon 2 is given in Appendix B,

5.5.1.1 CpG Analysis

Sequence analysis showed that the canTERT promoter is highly GC rich and has no detectable
TATA or CAAT boxes. Whilst genomic DNA has an overall GC content of 40% and an
observed/expected (O/E) CpG ratio of 0.25, within the 5390 bp fragment, 4 CpG islands were
found, defined as areas larger than 200bp with a GC content of at least 60% and an O/E CpG ratio
of greater than 0.6. The largest of these, with a GC content >80% and an O/E CpG ratio of 0.8,
was identified extending from bp —339 into exon 2. A smaller island was identified with GC
content >60% and O/E CpG ratic of 0.6 extending from bp —1280 to —1078. Further upstream, two
other CpG islands, with GC contents >62% and >65% and O/C CpG ratios of 0.6 were identified
extending from bp —4471 to 4267 and bp —5042 to -4766 respectively. This is shown in Figure
5.4.
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-5470 —

5.5.1.2 Transcription Factor Binding Sites

Multiple putative transcription factor binding sites were identified within the promoter and are
shown in Table 5.4. These include binding sites for the Oestrogen Receptor, MZF-2, a single E-
box and multiple Sp1 binding sites. The sequence of 1.6 Kb of the promoter together with potential
transcription factor binding sites is shown in Figure 5.5. A comparison of the canine and human
TERT 5° promoter regions showed that many of the same transcription factor binding sites known
to be involved in hTERT regulation are present within the canTERT promoter including API. c-
ets-2, c-myb, NFI, Myo D, WTI, c-myc, GR/PR, MZF-2, ER/Spl and MAZ (Figure 5.6). The
hTERT promoter also contains one PR and p53 binding site, which were not detected in the
canTERT promoter. Interestingly. several binding sites unique to the canTERT were also identified

including GR, c-ets-1, c-jun, myc-CF-1, SRY and MTF-1 (Figure 5.6).

5.5.1.3 Transcription Start Site

Using the GeneRacer™ (Invitrogen, UK) RACE kit, multiple attempts were made to obtain the 5°
end of the transcription sequence. For reverse priming of RACE-ready RNA, both oligo(dT) and
the gene-specific primer LG7R were used. Initial results revealed the existence of multiple, non-
specific bands. Secondary and nested PCR were then performed using platinum HiFi Tagq
Polymerase (Invitrogen, UK) in addition to the PCRx Enhancer system, to try to amplify the 5 end
of the untranslated region. However, all attempts were unsuccessful, yielding only multiple. non-

specific bands (Figure 5.7).

Figure 5.4: CpG Island analysis of 5.5Kb of the canTERT promoter, including CpG islands in relation

to ATG start codon, Exon 1/Intron 1/Exon 2 and location of forward primers used to generate deletion

constructs.
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Table 5.4: Potential transcription factors present in the canTERT promoter

Transcription Activator/Repressor of htTERT Rinding Sites (Nucleotide position)
factor

Spl Activator (Coneer A O HaaRGA A 143G 1423 -1 157,-1104,-908,-838,-800,-76 1 .-

1959: Takakura ef of. 1999: Wick et al. 1999) 752,-742,-726,-663,-603,-447,-404,-3835,-285,-
248,-197,-89,-67,-50,-38,-16

c-ets-2 Activator Mok ei ol 1999 795

c-Myc/Mad/Max  Activator o @ 1995 Gunes eral 20001397

(E-BOX) | lonikaws ¢f af. 1999; Oh vr f. 2000; Taknkura v
ol 1999, Wick ef af 1599}

c-Myb Activator {Coms /! 199 -927,-858

GR/PR ? -1393,-1294,-891,-49 |

GR ? -993.-600,-474,-305

API Activator (Cons ¢« 1959) -1314,-774,-326

SRY ? -1306

Myc-CF1 ? -1134,-254

MTF1 ? 1101

NF1 Activatar (Cons e« 1999) -1047,-513

c-jun ? -1008

MZF-2 Repressor (Fnmuto « o 2000) 605

ER/Spl Activator (W0 «ral 199 Misiveral. 20000 106 774 547,326

M)/UD Activatlor (Cong. Wen, & Dacchetti 1999) 266

WTI-KTS Reprossor (Mism eral 2000) -254

MAZ Activatoy (1orkawa sre 1997 Tekakaral— 19
af. 1999y

c-ets-1 ? -1480, -1163
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Figure 5.5: Sequence of approximately L.6Kb of the canTERT proemeter together with potential
transcription factor binding sites (boxed). CpG islands are shown nnderiined, and the ATG start

codon in bold.

1557 CTCARG CCRACARCAT
-1540 CBATTITTTT CLGGARCACT TTTCACATTC ATGRCGCCGT GATTTCAGAC
-1420 lf-U.(.s}ﬁ.(.(;(. LLLLL(JAAA(-SP%(: FGATCGA GGAGATGARS iJGLE."-;F’%_l\;TTCGR/pR
-144c AfGCTGGG)s aacceoefice cechreacea cagratcast ccfacelrerc]

=1 TCTGCT 3G ITC CTE y 'ARNAA RCTS

139C CLCTCC TTGGTTTCTC C‘TLTTCCFC}P?TTTC'I ADD \C'I\:ATGTE%/FR
~134C TCTGACCAGS TTTCTCCAGG TGAATCGAC TABLTTTGIT GGRAARGRAC]

S AABARTCTUCA CIGH

-129C .'A'l".'.."l'CCL‘C AUACATIL

—1240 TCCATCOTGES

- 119C AAGGGCGACA CGTAATCCGA

~114C CATGAATATS GARSCTCGSGC

-109¢_TGCTAGGGCS ATGARTARAR GCAATTTCCR GRCChesTAC GTG

~104C GTTAACATTT GTGTAGCCGT CCAGTGTTTG CTGAGCTCAG GAGCATTGTC

£990 CCCGGGAGEC TCCIGRAGACT CACAAGAGCC TGITICTCAG CAATTCARAC
-3940, TTEARCGCGT cTfCeTITES ATGGTCTCAT m%r COTCIGEEEG

A GOCTCARGR I GARCATTGYC afRATTE o CELISeETSRT 5
-840 GGC— GTCTGEATIS TRGTGTAGAG G '1}:T<3c.rs.c§.Jr
~730 GHICTEICAC G'rc%g'rc:.qcﬂ: CeaCChechS coTeccoThe]
-740 GAGCR CGAt,_GEEf,A_G]: TGGEAGCGECE IFRGAGGAGS CTGLACAGEG
~690 TACCACCANG COCTATGOCT cccnw'rrccg‘;;:: fBEECTETG
~640 GTTAGGAGGG AGCTGAGTES GGTTTTTTTG CCTGT}'&G
550 RGCCCGAGGR CLTGRAGGAG ARACCACAGE,CTGGGGTCEA GG R
-540 TCTGGRGGLE GTACTGCCGC TGECTGETSG CTCTCACTG GCCG%?C
-450 fICCTETGEEG CTGCTTGTGE CCGTACCOC CRTGGCTCAG, frefeeeacke
-44Q CTGCTGGL:SE(:)(]‘ TLICACCCOET GLIAZCGTECA [_'P.'l”l'f_"l.'l'lj[_'.'l'CC'.'."!'

-3%0 GCACCLCCTC C:ﬁ(}}}TGl%bl}CCTCTCCCC CCTCGCCAGT CTCAGGCAGC

_________ REREEC e e s CGRCh, B
1

aGCHCAGOAG GTGCLCCATG

GCCTCGGOCG ACGGCATCGC
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Figure 5.6: Comparison of canTERT promoter with hTERT promoter
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Figure 5.7: Representative example of attempts to amplify the transcription start site using the
GeneRacer protocol. RT-PCR: Lane | D17, Lane 2 CMT?7. Note lack of product from D17 cells and
multiple bands suggesting non-specific priming in CMT7 cell sample. Approximate size of the two

largest bands in the 1 Kb mass ladder are shown.

2.0 Kb

1.6 Kb

5.5.2 Identification of the canTERT core promoter

In order to identify those areas of the canTERT promoter that convey strong activity and in order to
identify potential repressing and activating transcription factor binding sites. deletion constructs
were created from the 5.6 Kb promoter initially sequenced. Initial PCR amplification of a 1929 bp
fragment using the cTERTprom-1572F/LG7R primer pair was successfully accomplished using the
PCRx Enhancer system with genomic DNA template. This fragment, termed CTERTPROMI1. was
cloned into pCR2.1®TOPO and sequenced. Using this initial construct as a template. successive
PCR reactions were performed with the nested primer pairs: c¢TERTprom-1572F/LG9R,
cTERTprom-907F/LG7R, ¢cTERTprom-907F/LGI9R, ¢TERTprom-677F/LG9R, can3F/LG7R and
can3F/LGI9R.  Following cloning into pCR2.I®TOPO and sequencing, these were termed
CTERTPROM2, CTERTPROM3, CTERTPROM4, CTERTPROMS, CTERTPROMG6 and
CTERTPROMYT respectively. Constructs CTERTPROMI, CTERTPROM3 and CTERTPROM®6
contained sequence upstream of the ATG together with exon 1, intron | and 15 bp of exon 2. All

of these constructs are represented in Figure 5.8.

The ability of these constructs to direct expression of the luciferase reporter gene was assayed by
transient transfections in D17 and CMT7 telomerase-positive cells. Luciferase assays showed that
CTERTPROMI was active in both cell lines, with 9.1% and 8.3% of the activity of pGL.3control in
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CMT7 and D17 cells respectively (Figure 5.9). CTERTPROM2, which included the 1557 bp
upstream of the ATG but omitted structural gene sequence, displayed a twofold increase in activity
relative to CTERTPROMI, with 21.9%/20.3% of the activity of the pGL3control vector in
CMT7/D17 cells. CTERTPROM3 and CTERTPROMA4, containing 890 bp upstream of the ATG
with and without TERT gene sequence respectively, both displayed similar activity to that of
CTERTPROM2, with 17.3%/18.7% and 20.0%/22.4% of pGL3control in CMT7/D17 cell lines.
CTERTPROMS included 665 bp of the promoter but no gene sequence. CTERTPROMG6 and
CTERTPROM?7 included 314 bp of the promoter with and without gene sequence, respectively.
CTERTPROMS and CTERTPROMG6 displayed similar activity to CTERTPROM2. with
18.3%/15.5% and 15.5%/13.7% of the activity of pGL3control in CMT7/D17 cells respectively.
However, CTERTPROMY7, containing the most proximal 314 bp of the promoter, displayed
significantly greater activity than all other constructs, with 54.9%/49.4% of the activity of
pGL3control, and a near fourfold increase in activity when compared with
CTERTPROM6/CTERTPROMI1  (Figure 5.9). The sequence of CTERTPROMY7. the core

promoter together with 65bp of exon 1, is shown in Figure 5.10.

Figure 5.8: lllustration of deletion constructs
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Figure 5.9: Luciferase activity of canTERT promoter deletion constructs expressed as a percentage

relative to pGL3control in telomerase-positive CMT7 and D17 cells
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Figure 5.10: Sequence of core promoter (CTERTPROM?7) including exon 1, showing binding sites for

Can3F and LGI9R (underlined) and putative transcription factors (boxed). Start codon shown in bold.

Can3F
Promoter: o

I' GACAGGGACA AACCCAAGGA

""" . TI-KTS
‘ccare Tdegkcad)

-190 CGACCCTCGC CGCGCCCGCC GGGCCGGAGA GCAGAGGACG CGGCCGCGGC

-140 CCACGCGCTC CTGGGGCTCC GCACACCTCG GCGCGCACGC CCCCGGGCGE
Spl

MAZ/Spi
FTT CCTCCCAGGA GCCE ol

GGCGCGGACC

10 GG T TCCTCCCGCG CTCCCCGGTT
Exon 1:
t+1 ATGCCGCGAG CGCCCCGGTG CCGCGCCGTG CGCGCCCTGC TGCGGGGCCG

+51 CTACCGGGAG GTGCT
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5.5.2.1 Specificity of activity of the canTERT core promoter

The ability of the minimal core promoter to direct expression specifically in telomerase-positive
cells was then investigated in several telomerase-positive cell lines: CMLI10 (canine melanoma).
A72 (fibroblastoid tumour), MDCK (canine kidney). GHK (canine kidney). CMT3 (canine
mammary tumour) and CMT8 (canine mammary tumour). In addition, specificity of activity was
assessed by transfecting telomerase-negative canine primary fibroblasts. The level of activity of
CTERTPROM?7 varied in each cell line, with maximal activity of 52.5% of the positive control in
CMLI10 cells. However, the A72 and CMT3 cell lines displayed lower activity. with 13.9% and
10.3% of the activity of the pGL3control respectively. GHK and CMT8 cells showed intermediate
levels of canTERT promoter, with 27.7% and 22.7% of the pGL3control respectively (Figure 5.11).
Transfection of canine primary skin fibroblasts resulted in minimal activity with all constructs. as

shown in Figure 5.12.

Figure 5.11: Activity of CTERTPROM?7 promoter fragment in different cell lines expressed as
percentage of activity of positive control pGL3Control vector. Activity of negative control (pGL3Basic

with no insert) shown in maroon.
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Figure 5.12: Activity of all deletion constructs in telomerase-negative K9SF cells expressed as a
percentage of the activity of positive control pGL3Control (PC). Activity of negative control

(pGL3Basic with no insert) also shown (NC).
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5.5.3 Sequence analysis of the canTR promoter

Initial PCR amplification of the canine TR gene was performed. Using the conditions listed in
2.2.6: Amplification of DNA by the polymerase chain reaction, a 286 bp fragment was amplified
from gDNA, cloned into pCR2.1®TOPO and sequenced to confirm the presence of canine TR

sequence. Sequence of this product is shown in Figure 5.13.

Following initial PCR, primers were designed from trace file 271822249 to perform genome
walking. The positions of these are shown in Figure 5.13. The first genome walk, using primers
GSP-1R and nested primer GSP-2R, revealed the presence of a 700 bp band in the library created
with EcoR V and a 500 bp band in the Pvu II library of the DNA libraries. Both fragments were
excised, gel-purified. cloned into pCR2.I®TOPO and sequenced. The sequence obtained was then
used to design primer GSP-3R primer for a second genome walk. This genome walk was
performed with primer GSP-2R and nested primer GSP-3R. The nested PCR from the second

genome walk resulted in a 600 bp product from the EcoR V library and a 400 bp product from the
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Pvu II library (Figure 5.14). These bands were excised, gel purified, cloned into pCR2.1® TOP and
sequenced. The sequences obtained from all colonies containing correct sequence were
subsequently aligned and used to generate a consensus sequence of 700 bp of the promoter. The
consensus sequence is shown in Figure 5.15. Following sequencing and characterisation of this
promoter region, attempts were made to amplify fragments for the generation of deletion constructs
and subsequent luciferase reporter assays, as performed with the canine TERT promoter. However.
initial attempts at PCR were unsuccessful despite using the same modifications as previously
described, and due to time constraints, further troubleshooting was not performed. As a result full

characterisation of the core TR promoter could not be completed.

Figure 5.13: canine TR and promoter sequence obtained from trace file 271822249. Forward (blue)
and reverse (red) primers used for initial PCR and for genome walking are shown, together with the

TATA box (boxed).

Promoter:
NGGCGGATATTTCGCCTGTTGGTGGAATTCAGAAAAGAAAGAGAAAAGGARAAGAAAAAAGAAAAAGACT

CTTTAAAAGARAAAAGAAAARAAGAAAARAGAAAAAAGAARAGAAAAAAGAAAAGACCTAACATTTTACTT

@l sr-3r & srar

AAGGAACGTGGAGGAGGAGGCGGCGCAGGGTCCTCACGGCCGGAAGTAGAACCGTAGGGATGGAGAGGGA

@ srar

GGGGGGTGGAGAAAGGGGCGGAAGCCGGCTCTCGCGAGAGGCGAGATGACGGCTTCGGCCAATCAGCGCT

GGCGGCGGGCGCGCCCYTTATANGCGGCGGCGGCGGGCGGCGGTCGGLTE

TATA-box

TR gene:

AGGTCGCGGAGGGTGGGCCCE
DogTR1F I

GGAGAGGCGGCGGCCGGCCTCCGTCTAACCCTAACTGAGCAGGGCGTGGGCGCCGCGCTTTTGTTCCCCG

CGCGCTGTTTTTCTCGCTGACTTTCAGCGGGCGGAAAAGCCTCGGCCTACCGCCGTCCACCGTCCGGGTC
TGCAGCCAACAACAAARAAATGTCAGCCGCTGGCTCGCTCGCCCCTCCCGGGAGCCTGCGGCCGCTCGCCT
GCTCGGCCCCCCGCGTCCCGCCCGGAGGCCGCGGCCGGCCCGGGGCTTCTCCGGAGGCGCCCACTGCCGT

@ Vo TRIR

CGCGAAGAGTTGGGCTCTGTCAGCCGCGGGCCGTCTGGNGGCCGCAGGGCTGGGCTCGNGCCGCAGGGAG

AGCTACGGAGCGNGTCCCCTGCGCGCGTGCGTCTCCCTGAGCTGTGGGACTCGCACCCGGNACCGGCTCG

CACCGCNCCNCGCGGGNGCGCTGCTGGGCCCTTGGGNTCTGCGGCTGTCCTCCCCTGGCGNNGCGCCTGC

GTCTCACCGAAAGNAAAAGGGGGGCCCCCG



Figure 5.14: Fragments amplified from EcoR V and Pvu 11 libraries during genome walking

Genomewalker — agarose gel analysis of primary and nested PCR. Lane 1: EcoR V library: Lane

2: Dra I library; Lane 3: Pvu I] library: Lane 4: Ssp I library

A: Second genome walk. Primary PCR using primer GSP2-R. Notice multiple bands in all lanes.

B: Second genome walk. Nested PCR using primer GSP3-R. Notice 600 bp band in lane 1 and

400 bp band in lane 3.

600 bp —p

600 bp —p

Figure 5.15: Consensus sequence of canine TR promoter showing TATA box (boxed), TR gene

(underlined), and position of primers used for genome walking (purple)
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5.6 Discussion

The principal aims of this chapter were to sequence and characterise the promoter of the canTERT
gene as a potential tool for developing tumour-specific targeting of gene expression, We screened
a phage library and identified a clone containing 8Kb of the promoter region upstream of the
canTERT gene. 'rom the sequence obtained from this clone we designed primers which were then
used to ampiify and sequence approximately 5.6 Kb of the promoter from genomic DNA in two
large, overlapping subfragments. From within this region, 1.5 Kb of the promoter together with
approximately 340 bp of the gene was successfully subeloned into pCR2I®TOPO and used to
generate deletion construets that were subsequently subcloned into the pGL3basic reporter vector
and transfected into telomerasc-positive cell lines. luciferase assays in telomerase pasitive and
negative cells were then used to identify the specificity and strength of the core promoter, which
was found to be contained within a region extending 314 bp upstream of the ATG start codon. In
addition to sequencing and characterisation of the canine TERT promoter, using primers designed
from canine DNA trace files retrieved from Genbank, genome walking was performed which
allowed sequencing of a 700 bp region of the canine TR gene promoter as an initial step in its
characterisation. However, attempts to amplify regions of the TR promoter to gencrate luciferase

reporter constructs were unsuccessfl, and as a result full characterisation was not performed.

5.6.1 CanTERT promoter charactetisation

Scquenee analysis showed that the ¢canTERT promoter shares some regulatory motifs with the
hTERT promater: the 5°regulatory region of canTERT is GC-rich, lacks TATA and CAAT boxes
and contains binding sites for multiple transcription factors. In addition, four CpG islands were
identified within the 5.6 Kb of the promoter. Intriguingly, the largest of these coincides almost
exactly with the core promoter, with its origin at 349 bp upstream of the ATG and extending into
exon 2. This raises the question of whether methylation of the canine TERT promoter is likely to
play a significant role in regulation of telomerase activity. In the human literature, the importance
of promoter methylation in regulating hTERT function is as yet unclear, and the clinical relevance
of promoter methylation appears to be slight, and probably tumour-type dependent (Widschwendter
et al. 2004). Given the similarity in GC-content between the two species, this may also be the case

in dogs.

Analysis of deletion constructs revealed that core activity of the promoter is contained within 314
bp upstream of the ATG. This result is consistent with the h'TERT promoter where several studies
have shown that core promoter lies within approximately 300 bp of the transcriptional start site

(Horikawa ef af, 2002; Takakura er a/. 1999, Wick et «f. 1999),
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5.6.1.1 Difficulties encountered with amplifying the canTERT promoter

Considerable difficulty was encountered when we attempted to amplify the can'l ER'I promoter for
sequencing, due to the GC-rich nature of the proximal part of the gene. Ultimately, sequencing and
generation of deletion constructs was performed over approximately 12 months, considerably
longer than expected. An initial fragment upstream ol the large CpG island that exiends into the
canTERT gene was amplificd, cloned and sequenced with relative ease. However, the promoter
fragments extending into this CpG island were considerably more difficult to isolate. Regions of
genomic DNA containing a high percentage of guanidine and cytosine residues are commonly
associated with a high degree of secondary structure. This is due to the fact that G-C pairs contain
3 hydrogen bonds, rather than 2 as is the case with A-T pairs. As a result, following the
denaturation step of PCR amplification, which is designed to reduce secondary structure and
separate thc DNA strands, G-C pairing frequently recurs and secondary stricture reforms,
preventing access of primers to their binding sites and interfering with elongation by DNA

pelymerase.

Various methods exist to deal with these problem areas of the genome, many of which are designed
to alter the melting behaviour of the DNA strands. DMSO, glycerol and Q-solution are all
examples of additives that are used in this way. Another additive designed to alter the melting
behaviour of DNA strands is betaine, present within some of the buffers provided with the kit
supplicd by Cambio. 10 may be useful to investigate this in future attempts to amplify the canTERT
gene in its entirety since we did not employ it as an additive on ils own, In addition, many PCR
protacols involve modifying the percentage of the Mg~ in the reaction mix for the same reason,
Initial attempts at PCR involved lowering the annealing temperature to 55° C during the annealing
step. In theory, this should lower the specificity of priming and result in primer aimealing (o
multiple sites in addition to the desired site. However, the lower annealing temperature is likely to
have resuited in reforming of secondary structure in the area of interest. Techniques including the
HotStarTaq and KOD Hot Start Taq protocols are destgned to improve the amplification of difficult
templates by increasing the specificity of priming and elongation using hot start protocols.
However, without modilying lhe melting behaviour of the GC-rich areas, it seemns likely that
reducing the temperature of the reaction during the annealing step aliowed secondary structure to
reform and therefore inhibited primer binding and polymerase elongation. Ultimately, the
proprictary PCRx Eunhancer Solution, provided by Invitrogen, was the only additive capable of
dealing with our problem template. Using the Enhancer Solution, initial amplilication of the
largest promoter fragment (CTERTPROM 1) and cloning into pCR2. I®TOPO was achieved. Once
this fragment was present in a plasmid, it is likely that the amount of secondary structure present in

our template was significantly reduced. We were then able to amplify smaller fragments from this
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plasmid with greater success. [owever, (uture attempts (o amplify or sequence other GC-rich

regions of the canTERT gene are likely to be met with similar difficulties.

5.6.1.2 Potential transcription factor binding sites within the core
canTERT promoter

Transcriptional analysis of the canTERT promoter demonstrated that the promoter was active only
in telomerase positive cells, although the levels of transcription varied between cell lines. 1n

contrast, no significant promoter activity could be detected in primary fibrablast cultures.

5.6.1.2.1  Comparing the canine and buman TERT promoters

Within the canine core proximal promoter the most obvious feature was the presence of multiple
Sp! binding sites (Figure 5.6). Several Spl binding sites also exist within the core h'TERT promoter
and Spl mutations have been shown to reduce hTERT promoter activity, indicating a role in
hTERT transcriptional activation (Kyo er af. 2000). Whilst the exact mechanism by which Spl
enhances transcription is not known, Spl is a general transcription factor and is ubiquitously
expressed in a wide range of cells. The question remains, however, as to how significant a
contribution Spl makes to specific TER| activation in cancer cells. For instance, the finding that
adding Spl and ¢-Myc binding sites o the hTERT promoter increases activity specifically in
tumour cells suggests that regulation of the promoter in tumour cells may indeed involve the
control of Spl (Kim er af. 2003b). 1t is likely. however, that this control is complex and involves

other transcription factor binding sites in conjunction with Spl.

Inclusion of proximal promoter sequence extending up to —1557 bp reduced transcriptional activity,
indicating the presence of silencer/repressor elements within this region (-1557 bp to -314bp).
However, few potential sites for known hTERT repressor binding elements were identified within
the canTERT promoter. A single site for the Myeloid Zinc Finger 2 protein (MZF-2) was found at
position - 605 in the canine promoter, MZF-2 hinding sites have been reported in the hTERT
promoter, faur of which exist within a 200 bp region just upstrcam of the core promoter (Horikawa
et al. 1999; Takakura ef af. 1999) and constructs with their 5° end located within this region (-600
to -800bp) show lower expression, suggesting MZF-2-dependent repression. Interestingly, the
can TERT promoter seems to follow a similar pattern, with constructs comprising 890bp and 630bp
of promoter sequence showing reduced levels of activity when compared to the construct consisting
of 314bp of upstream sequence. This suggests that MZF-2 may play an important negative role in
the regulation of canine TERT. Furthermore, the inclusion of exon [, intron | and part of exon 2 in
all deletion constructs decreased promoter activity by approximately 50-75%, depending on the

coustruct. Transcriptional repression by the structural TERT gene has been demonstrated for the
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hTERT promoter (Renaud er a/. 2003), where transcriptional activity is reduced 20- to 50-fold
depending on the portion of exon 2 included and constructs comprising up to 753 bp of exon 2
result in 100-fold reduced activity . In our study, only a small portion of exon 2 was included, and
it would be of interest to determine whether additional exon 2 sequences would similarly lead to
further reductions in the transcriptional aclivity of the promoter. Other studies have also reported
involvement of the human TERT gene in transcriptional regulation (Cong et af. 1999), and support
the inhibitory nature of thig region. The only known transcription binding factor identified in this
region that is known to contribute to the inhibition of hTERT promoter aclivity is MZF-2, for
which a binding site is located in exon | of canTERT at bp 121. 1t is possible that this MZF-2
binding site is important for downregulation of canTERT promoter activity, however, currently
there is no evidence for a role of MZF-2 in cancers and hence the significance of MZF-2 mediated

hTERT repression is unknown,

Several additional sites for known hTERT repressor binding proteins were also identified. These
include a binding site for Wilms Tumor | tumour suppressor gene product (WT1), located within
the core region of the canine promoter. In the human promoter, one WT1 site is present at position
=338 bp (Poole ef al. 2001) and mutation of the binding site has been shown to increases activity in
293T cells but not Hela cells (Oh e al. 1999). The canine TERT promoter also contains a putative
E box binding site at —1397 bp. MadI/Max heterodimers have been shown to function as a
negative regulator of hTERT transcription by binding to E box sequences (Xu ef af. 2001).
Conversely, c-Myc/Max heterdimers can also bind to E box sequences and activate h'TERT activity
(Ryo et al. 2000). The hTERT minimal promoter contains two E-box sequences, however only one
[ box sequence was identificd within the canTERT promoter located upstrcam of the core

promoter at -1397 bp.

Four putative ER/Spl binding were also identified within the canTERT promoter. Scveral
ocstrogen-response elements (EREs) have been found within the h"TERT promoter region, some of
which bind oestrogen tagether with its receptor (ER) and some of which bind ER and Spl together
(Kyo er al. 1999; Misiti et al. 2000). Whilst some reports suggest the more distal ERE, located
2754 bp vpstream of the start codon, as being important for TERT activation, more recent reports
have suggested direct activation of h"TERT expression through binding of ER to a more proximal
Spl/ER site located at -950 bp (Misiti e af. 2000). The significance of these binding sites in the
canine promoter are currently unknown. However, the presence of a greater number of ER/Spl!
binding sites in the canine promoter, along with a greater number of PR and GR binding sites
suggests that hormonal regulation may play a significant role in the canine TERT promoter.
Further studies examining the activity of the canine promoter under the influence of these

hormones are required to verify this, however.
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Other potential transcription factor binding sites shared between the canine and human TERT
promoters include c-ets-2, MAZ, NF1, MycD, AP1, c-Myb and PR. Although the importance of
many of these transcription binding sites is currently unknown their presence in both the canine and
the human promoter would suggest that these may be hmportant activators/repressors contributing

to either telomerase repression in normal cells or activation in cancer cells.

Several putative binding sites within the human TERT promoter were not identified within the
canine promoter, namely: AP2, AP4, CCAC, NF-E2, NFB, NMYC or p53. In our transcriptional
binding sitc analysis, we identified several sites that appear to be unique to the canine sequence
including several glucocorticoid receptor binding sites (GR), several GR/PR sites, one SRY site,
two Myc-CI'1 sites, one MTT-1 sitc and one c-jun site (Table 5.4). With the exception of a myc-
CF1 binding site (-254 bp), all other sites were located outside the core promaoter region, however
the role of myc-CF1 in TERT transcriptional control remains to be established. One transcription
factor that may be of particular interest is c-jun. c-jun is thought to play an imporiant role in cell
proliferation working in conjunction with ras protein and recent studies have shown a dramatic
increase in c-jun expression in tumour cells from patients with myeloid leukemias, Hodgkins and

anaplastic large cell lymphomas (Lohr ef af. 1997; Weiss & Bohmann 2004).

5.6.1.22 Other potential regulatory factors

A wide variety of potential regulatory mechanisms have been examined in the regulation of
hTERT, illustrating the complexity underlying the irn vivo activation of telomerasc, Interestingly,
some pathways and mechanisms seem to be implicated in oncogenesis via several routes. For
instance, the human T-cell lymphotrophie virus type-1 (HTLV-1) upregulates the hTERT promoter
via the nuclear factor kB (NF-«kB) pathway to allow the development of an immortal phenotype in
T cells during the progression to adult T cell leukaemia/lymphoma (Sinha-Datta ez af. 2004). Other
viruses also appear to exploit the WFER'T promoter.  Part of the Hepatitis B virus, for instance,
integrates within the h'TERT promoter and activates hnTERT gene transcription, a factor which may
be important in the development of hepatacellular carcinoma (Horikawa & Barrett 2001). Human
papillomavirus (HPV) downregulates the W'TERT promoter via the E2 protein to suppress ccll
division in host cells. This occurs in pre-malignant lesions, with E2 function subsequently being
lost, allowing the E6 and E7 promolers to act, leading to the development of a malignant phenotype
in host cells {(Lee er al. 2002b). This mechanism thereby allows the virus fo induce a ‘dormant’

state in host cells, prior to the development of cancer {Lee et of. 2002a).

Another potentially important mechanism for regulating the TERT promoter is through
transcription factors responsive to hypoxic conditions in the external environment. Although they

were not detected by the transeription factor binding search, the canine promoter appears to contain
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two putative hypoxia response elements (HREs). The first of these is located within the E-box (5°-
ACGTG-3%), and the second is located at bp —460 (5°-CCGTGG-3"). HREs, containing the core
motif 3'-(A/CYCGT(G/C) -3° (Greco et ol. 2002), are located within pramoters or cnhancers of
genes involved in glycolysis, glucose transpott, erythropoiesis and angiogenesis (Nishi ef «. 2004),
These elements bind the HIF-1 hoterodimeric transcription factor, composed of the basic helix-
loop-helix PAS protein HIF-1a and the aryl-hydrocarbon receptor nuclear translocator (ARNT —
also known as HIF-1f3) and thereby mediate the transcriptional response ta oxygen deprivation.
HIF-1B is constitutively expressed, but HIF-la is tightly coupled to oxygen tension in the
extracellular environment and consequently is the key determinant in HIF-1 activity in hypoxia.
Since hypoxic stress is known to induce genetic instability by accelerating DNA breakage and gene
amplification in tumour cells {(Russo ef af 95), mechanisms by which tumour cells can protect their
chromosome structure offer a selective proliferative advantage in such sitvations. Several groups
have shown that telomerase becomes activated under hypoxic conditions (Seimiya et af. 1999),
suggesting that telomerase activation may offer just such a protective mechanism for tumour cells
in humans. The mechanism by which this occurs in has now been shown o be through the
upreguiation of HIF-le and its binding to the HREs present in the hTERT promoter {Yatabe er of.
2004). Thus it may be that hypoxia plays an important role in regulating the activity of the canine
TERT gene, and this will be of considerahle importance in the development of cancer-targeted

therapies.

5.6.1.3 Specificity of canTERT promoter activity

In order to assess the specificity of the core promoter, we performed transient transfections in a
range of lelomerase-positive canine cancer cell lines, and telomerase-negative canine fibroblasts.
No significant promoter activity was observed in the telomerase-negative fibroblasts, confirming
that the canTERT core promoter is only active in telomerase positive cell lines. A wide range of
activity was observed in the telomerase positive cell lines, with some cell lines exhibiting low
transeriptional activity. Interestingly low hTERT promoter transcriptional activity has been
reported in several human telomerase positive cell lines including MCF7, U737, U87, A543, 5637
(Bilsland ez al. 2003; Koga e «l. 2000, Plumb et «f. 2001). Given the spectrum of canTERT
promoter activity, il will be of prime importance to determine which tumour cell lines contain
sufficient promoter activity to drive potential targeted therapics. It may also be necessary to
consider enhancing the promoter’s activity in some cell lines with weak transcriptional activity, an

approach which has been pursued with the human TERT promoter.
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5.6.2 Sequencing the canTR promoter

In addition to sequencing and characterising the canTERT promoter, we have also sequenced the
canTR promoter. The most significant feature of the canTR promoter is that it contained fourtecn
repeats of the pentanucleotide sequence TAAAA (Figure 5.14), a finding not reported either in
humans or in mice (Zhao er al. 1998). The (TAAAA), repeat clement is a common feature of
repetitive elements such as afu sequences (Miltar e cl. 2000) and LINE elenenis as well as being
found in the prometer of some genes, such as Lhe sex hormone-binding globulin (SHBG) gene
(Hogeveen e af. 2001). Interestingly, the variation in the number of repeats is highly variahle
between individuals, and the number of repeats regulates the expression of the gene, with
increasing numbers of repeats in the SHRBG promoter increasing the expression of human SHBG
(Hogeveen ef of. 2001). In addition, when six TAAAA repeats are present, SHBG expression is
silenced altogether. The significance of these repeats in the canTR promoter is currently unknown,
but it seems likely that the number of repeats is likely to vary between individuals. Indeed, initial
atlempts Lo subclone fragments of the canTR promoter from genomic DNA for luciferase assays
suggested that allelic variation exists in the number of repeats within a single individual (data not
shown). This variation may have an important influence on the levels of expression of telomerase
between individuals. Indeed, it may be the (TAAAA), repeat number will be shown to have some
correlation with breed, since some breeds are notable in their predisposition to cancer. One of the
original aims of this part of the project was to generate deletion constructs with varying numbers of
(TAAAA), repeats for luciferase reporter assays. However, difficulties were encountered with
PCR amplification of the promoter as a single fragment, most likely related to the unusual sequence
n the region of these repeats. Despite modification of the PCR conditions as described with the
TERT promoter, repeated attempts at amplification were unsuccessful, and due to time constraints
full troubleshooting was not performed. Therefore, we were unable to completely characterise the
canine TR promoter. In the future, further analysis ot other individuals as well as luciferase assays
with varying numbers of {(TAAAA}), repeats will be necessary to fully characterise the TR
promoter. In addition, it remains to be seen whether the canine TR promoter shows similar
specificity to the human TR promoter, and therefore whether it will be useful as a cancer-specific

promoter.

5.6.3 Furure Directions

In defining and characterising the canine TERT gene promoter we are now in a position to evaluate
canTERT promoter mediated gene expression in canine cells expressing telomerase, This
knowledge witl help build our understanding of the events that are involved with cell
immortalisation during canine oncogenesis, an imporlant arca ol [uture research.  Further work
examining the importance of the different binding sites so far identified may also identify key

events involved with telomerase regulation in cells in the developing animal, as well as its
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regulation in stem cell populations. In addition, as has been shown in the human literature, TERT
promoter-driven gene expression can potentially serve a number of purposes. Whilst several
strategies have employed the hTERT promoter to drive apoptosis or the expression of suicide
genes, others have nsed the promoter for purposes such as the improved identification of tumour
cells (Umeoka er /. 2004; Yin ef «l. 2004). One of the more attractive possibilities for canTERT
promoter-driven therapies is the specific expression of the tumour necrasis factor-related apoptosis-
inducing ligand (TRAIL) gene within tuntour cells. TRAIL expression driven by the hTERT
promoter results in a large rednction in orthotopic pancreatic tumour volume in a nude mousc
model trealed with an adenovirus containing the TRAIL gene driven by the WTERT promoter
(Jacob ef al. 2004). Additionally, TRAIL expression elicits a significant bystander effect through
the interaction of TRAIL molecules expressed on the cell membrane with receptors on adjacent
cclls (Kagawa ef of. 2001). An additional aim of this project initially was to investigate the ability
of 'TRAIL, expressed under the control of the core canine TER'T promoter, to cause specific
apoptosis in canine telomerase-positive cells. Although this construct was apparently successfully
generated with the help of DJ Argyle, sequencing revealed that a 170 bp region of the core
promoter had been lost during cloning. Due to time constraints the reason for this was not fully
clucidated and troubleshooting was not performed, and consequently we were unable to examine
the ability of the core promoter to specifically direct expression of a pro-apoptotic gene within

elomerasc-positive oolls. However, this work is now being continued in our laboratory.

Another approach which could be investigated in the treatment of canine cancer is the use of the
TERT promoter to drive replication of an oncaolytic virus. This has been successfully performed by
a number of groups and shows considerable promisce {Kawashima et al. 2004; Zou et af. 2004),
One of the problems encountered in the human field is the development of resistance by some
tumours to the adenoviral vectors used. This is due, in most cases, to the downregulation of the
Coxsackie-adenovirus receptor (CAR), the receptor to which the adenoviral vectors bind and gain
entry to target cells (Bergelson er ol. 1997; Wickham et af. 1993). Modifications to the fibre
protein which interacts with CAR so that binding to cells can occur via CAR or ubiguitously
expressed integrins has successfully overcome this limitation (Taki ef @/, 2005). In animals, the
development of adenc-associated vectors offer an alternative to the adenoviral vectors used in
humans. However, it remains to be seen whether similar problems with resistance to adeno-
associated viral infection will be encountered in animals. In principle, however, the theory
undetlying the use of these vectors as oncolytic therapy remains sound and offers a promising hope

for future cancer treatments.

[t may be that the canTERT promoter alone may direct specific expression of a given gene or
replication of an ancolytic virus, but that the strength of expression is limited. If this proves to be
the case, there are a number of strategies that may be employed to enhance its strength. Inclusion

of other promoter/enhancer elements in the hTERT promoter has been shown to improve the
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strength of the promoter with minimal activity in telomerase-negative cells. Iuitially, some groups
increased the strength of the human promoter by adding Sp| binding sites and ¢-Mye binding sites
(Kim et al. 2003b). However, given the density of Sp1 binding sites in the canine TERT promeoter
it is perhaps unlikely the addition of further binding sites will increase strength of expression
significantly. Some groups have added the SV40 promoter in constructs downstream of the hTERT
promoter in addition to extra Spl/c-Mye hinding sites and used these constructs to drive strong
expression of a gene of interest (Song 2004; Song 2005). I'his approach may bear more fruit in the
canine promoter, although specificity of expression will need to be confirmed il this modification is

performed,
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CHAPTER VI

GENERAL DISCUSSION




6.1 Work described in this thesis

The aims of this thesis were to cxamine potential ways of using telomerase in the diagnosis and
treatment of cancer in dogs. Following on from other work examining telomere and telomerasc
biology in normal canine tissue, in canine cancer cell lines and in canine cancer tissue, there is pow
good evidence to support the theory that telomerase activation is an important step in oncogenesis
in canine cells as in human cells. There is now an cnormous amount of research in man that has
investigated means for using it in cancer diagnosis and therapy, and it is ta be hoped that some of
this knowledge can be applied to canine cancer as well as human cancer. However, this work
needs to be validated in the canine species before it can be taken into clinical trials, and it is the

first step of this process that this thesis tried to achievc.

Betore wotk can begin developing telomerase-based anti-cancer therapy, an absolute prerequisite is
an accuratc picture of the telomerase aclivity of the tumour being treated. The important paper by
Shay and Bachetti (Shay & Bacchetti [997) summarised the current state of knowledge of
telomerase activity across a wide spectrum of tumours. However, more detailed assessments of
telomerase activity in brain tumours revealed that within this collective group, there was a wide
variation in the reported percentage of tumouwrs that had reactivated telomerase. To some exient
this is not surprising, given that the nunber of tumour types that arise from cells in the brain is
probably greater than in any other organ in the body. It would be not unexpected, therefore, to find
that the different tumour subtypes acquire different hallmarks of malignancy in different ways and
through different biochemical pathways, However, even bearing this in mind, the variation in
percentage of glioblastomas positive for telomerase activity appeared 10 be very high, with
anywhere from 28% to 100% of tumours in this subtype positive for telomerase activity. Leading
on from this, the study reported by Falchetti et al, in comparing differen{ ways of assessing
telomerase activity in giioblastomas, suggested (hat amount of this variation could be due to the
way in which telomerase activity was assessed, with the lowest figures obtained when the TRAP
assay was performed (Falehetti ef of. 2000). This study, and others examining telomerase aclivity
in siru found that in fact the vast majority, if not all, glioblastomas, possess telomerase activity, but

that variation across dilferent regions of the tumour could lead to false negative results.

With these findings strongly supporting the value of in sitir methods for detecting telomerase
activity, we attempted to validate an immunohistochemical method for detecting 'TER'T in canine
brain tumours. Canine brain tumours represent a relatively common and debilitating diseasc in
dogs, as in man. Surgical removal of these tumours is often challenging, if not impossible without
severely compromising the patient, and adjunctive therapies in the dog are not widely accessible,
In addition, the similarity between the range of tumouts seen in dogs and in humans makes them an
attractive model for studying human disease. Uliimately, our goal is to develop new telomerase-

bascd therapeutic strategies for their treatment, but since no work so far has cxamined the
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lelomerase status of brain tumours in dogs, we set out to achieve this, This work raised some
expected, and some unexpected findings. Firstly, in validating the NCL-hTERT antibody in the
normal brain, we found that a significant proportion of normal cells stained positively for TERT in
all parts of the brain cxamined. We also found that one part of the brain, the region of the
subventricular zone near the caudate nucleus, appeared to be positive for telomerase activity. The
significance of this finding needs to be conlirmed since at present only one normal canine brain has
been examined, and more individuals need to be surveyed. Secondly, in examining TERT staining
in canine brain tumours, we found both that TERT activity appears to correlate with both
malignancy and proliferation in canine brain tumours, but also that not all TERT-positive cells in
canine brain tumours are tumour cells, with some endothelial cells also staining positively for
TERT. This would appear to validate our decision to assess lelomerase activity using an in sify
technique. Ilowever, our study is stifl incomplete in that we have not comparcd TERT staining
with any other method of assessing telomerase activity, and idcally this should be performed in the
future. This will take considerably lenger, since mast other techniques require fresh or frozen
tissue, and the rate of sample collection in dogs is much slower than in man, due to the lower
numbers of dogs that present to clinics and the lower percentage of these cases that undergo
definitive wreatment involving tumour resection. In the future it is to be hoped that such work will
be carried out using tumour banks derived from collaborative tissue collection at muitiple centres,

but at present these tumour banks are still in their infancy.

Once we had established (hat elomerase activity is associated with malignancy in canine brain
tumours as well as in human brain tumours, we assessed two ways of inhibiting it in vitro: by vsing
the dominant negative mutant of human TERT (DNWTERT), and by using the G-quadruplex ligand
telomestatin. The initial intent of this study was to use canine brain tumour cell lines to perform
this work. However, no telomerase-positive canine brain tumowr cell lines had been isolated at
GUYVS prior to this study beginning, and no cases were obrained during the course of the study that
were suitable for establishing cell lines. During the course of the study, a meningioma celi line was
generously donated by T. Scase at the Animal Health Trust, Newmarket. However, this was found
to be contaminated and had to be discarded. For this reason, in vitre work was conscquently
performed in other, previously established, telomerase-positive canine cancer cell lines. Perhaps
the biggest problem encountered in this parl of the study was the lack of good negative control cell
lines for both the DNITERT study. During the course of the DNhTERT study it became apparent
that the K9SF cell line that we had previously isolated from a mature dog was sufficiently close to
senescence to prove problematic. In the absence of any transfections, the growth of these cells
became slower from approximately passage 8 or 9 and would cease almost entirely by
approximately passage 11. Transfections in these cells were performed at passage 6, and it became
apparent that the trauma of transfection dramatically slowed the growth of these cells so that they
would only continue growing for a further 1 or 2 passages. Unfortunately, duc to problems with

contamination in the laboratory, this slow growth meant that several flasks of K9SF cells
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transfected with empty pCINeo becamc conlaminated before stable transfectants could be
established. In some ways it was fortuitous that the DNhTERT construct conveyed increased
growth rate to these cells, as otherwise cells constructed with this construct might also have

become contaminated before establishment of stable transfectants,

Inhibition of telomerase with telomestatin was more successful. Again the issue of a suitablc
negative control ccll line became abvious once we looked at the growth rates of canine skin
fibroblasts. An alternative ideal control would be a telomerase negative canine cancer cell line that
elongates telomeres using thc ALT pathway., However, (0 date, such a celt line has not been
identified. Instead, we used a commercially available primary skin fibroblast cell line that had
heen isolated from a young beagle. This celi line should have been suitable for our work, but in the
medium uscd, the growth rate was too slow to provide cnough samples for more detailed
investigation. Despite these issues, this study showed that canine ceils could prove a useful testing
ground for pharmacological methods of inhibiting telomerase activity. In addition, this study has
gone some way to addressing onc of the key concerns of using telomerase inhibition as an anti-
cancer treatment in clinical setlings. Eliminating telomerase activity from cancer cells without
affecting other characteristics of tumour behaviour would allow continued tumour growth until the
majority of tumour cells had exhausted their telomeric reserve. In decaling with brain tumours,
particularly, this lag phase may result in the death of the patient before the death of the tumour.
However, our study showed that cell death occurred hefore the exhaustion of telomeric reserve
with telomestatin {reatment, probably as a result of telomere uncapping. In addition, telomestatin
treatment slowed the growth rate of both D17 and CMT7 cells, although after a grealer lag phasc in
CMT7 cells than D17 cells.  Both of these findings suggest that telomestatin may be useful in a
clinical setting. The implications for the treatment of brain tumours in humans are also interesting,
since a greater proportion of glioblastomas in humans maintain telomere length through the ALT
pathway than many other tumours, and since G-guadruplex ligands have a strong eflfect on these

cells as well as telomerage-positive cells,

Having confirmed the potential for tclomerase inhibition as a strategy for cancor therapy, in the last
part of our study we began work that may ultimately lead to strategies utilising telomerase-targeted
gene expression. Sequencing and characterisation of the canine TERT gene was achieved, despite
some problems, and identification of the core promoter sequence was successfully performed. This
is a vital first step in the generation of TERT promoter-driven gene expression. We also began the
process of sequencing and characterising the canine TR promoter, although this was not completed.
Similarities between the canine and human TERT genc promoters were identitied, but substantial
differences were also found. However, two important factors suggest that the canine TERT gene
promoter may function in a simifar manner to the human TERT promoter. Firstly, the core
promater region in dogs seems to be remarkably similar to that in people, and coincides almost

exactly with the largest CpG island identified. Secondly, elements of the canine TERT gene seem
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{o be involved in regulating genc exprossion, as they are in people. However, a number of the
transcription factor binding sites which have attracled most attention in humans are not present in
the caninc promoter or are present outwith the core promoter. This does suggest that the action of
the canine promoter may be regulated via different inechanisms. For instance, there appears to be a
greater number of hormone-related transcription factor binding sites in the canine promoter, as
compared with the human promoter. A much greater difference appears o exist between the
human and canine TR promoters, with the presence of the (YAAAA), repeats being of particular
interest. At this stage the distribution of TR expression in canine tissues is unknown. Given the
overall similarity between the presence of telomerase activity and the correlation between
telomerase activity and TER'T expression in dog and human tissues, it seems likely that these two
species hiave evolved with telomerase regulation occurring along similar lines, Therefore we could
expect TR expression in dogs to mimic that in humans. How the (TAAAA), repeats contributc to
any differences found is an intriguing question that deserves further investigation, Despite this,
however, this last part of the study has provided a good foundation for further work designing

promoter-driven gene expression targeted at telomerase-positive tumours,

6.2 Future Studies

The work carried out in this project has provided some very interesting information, However, in
many ways this information could be seen as a starting point, providing the foundation for more

divected studies, Some of the major themes of future work are discussed here.

6.2.1 In Situ Detection of Telomerase Activity

Our investigation of the immunohistochemical detection of TERT as an assay for telomerase
activity has provided interesting data. Howgver, it is felt that there is more work to be performed
before we can be certain of the sensitivity and specilicity of the NCL-hTERT antibody in canine
tissues. Aflthough we have examined the immunohistochemical detection of TERT in canine
telomerase-positive and —ncgative cells in tissue culture, we have yet 1o compare TERT staining in
tumour tissues with other methods of assessing telomerase activity such as TRAP assays or RT-
PCR. In addition, a more comprehensive survey of TERT staining in canine brains necds (o be
undertaken — it is certainly possible that the single brain examined is not representative of the
overall TERT staining status in canine brains. Furthermove, given the presence of so many TERT-
positive cells in telomerase-negative areas, the sensitivity of the stain in canine tissue needs to be
confirmed.  Anather strategy, which we are pursuing at the moment, is to synthesise a novel
antibody divected specifically at canine TERT. Whilst the peptide for immunisatian has been
synthesised, immunisation and antibody purification have yet to be completed. A different way of

assessing telomerase activity in situ would be to use ISH techniques, and this is worth examining to
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compare with immunohistochemical staining. These techniques can be technically demanding and
rely on good quality RNA, which may not be easily available from para(fin-embedded sections,

however they are worth attempting,

If validation of cither the NCL-hTERT antibody or a novel, canine-specific TERT antibody can be
successtully completed, this could prove an enormously powerful tool for surveying telomerase
activity in 4 wide range of tissues and pathological conditions in dogs. For instance, the possibility
of telomerase activation within the brain in other conditions, such as hypoxia or trauma could be
assessed. A definitive survey of which somalic cells in the body exhibit tclomerase activity (eg
within the gastrointestinal tract) as well as searching for other stem cell populations could be
performed. With the ability (o use archival material, the possibilities for investigating telomerase

activity become almost boundless.

6.2.2 Telomerase Inhibition

In our study we confirmed that it is possible 1o inhibit telomerase activity using G-quadruplex
ligands in canine cells. However, the inability to inhibit canine telomerase using the liuman
dominant negative mutant DNhTERT has raised other intriguing possibilities for future research.
Firstly, unlike the G-quadruplex figands, the dominant-negative splice variant approach eliminates
telomerase activity without interfering with tclomere capping. For this reason, DNhTERT has been
used extensively in the human literature to investigate the impact on telomerase-positive cell lines
of telomerase inhibition. 1t would be vaiuable to perform the same work in canine cell lines.
Therefore, a number of studies could be performed that could usefully help this. Firstly,
sequencing and characterising the full length canine TERT transcript would allow the generation of
mutant variants, and thus we could investigate whether changes to the A motif in the same region
as the human « deletion splice variant also produce dominant negative function in canine cells, I
we could generate such a construet, we could also investigate the possible consequence inhibiting
telomerase function without changing telomere structure. For instance, does interfering with
telomerase activity in canine telomerase-positive cells affect growth rate? Are there consequent
downstream effects within cells that might confound future telomerase-based therapies such as
compeasatory upregulation of transcription factors (eg Spl, c-myc)? These questions could be
answered with similar studies to the ones described here, if such a construct could be generated.
Further work examining the clinical usefulness of telomerase inhibition could also be performed
using other pharmacological methods, such as oligonucleotide inhibition or the investigation of
other G-quadruplex ligands. Importantly, further work characterising the behaviour of other
telomerase-positive canine cell lines in response to telomestatin should be performed, to examine

the growth pattern of different cell lines in response to telomestatin therapy, in particular to see
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whether the lag phase in growth rate inhibition correlates with the initial telomere {ength of those

cell lines.

6.2.3 Promoter-tatgeted gene expression

Perhaps the part of this project which generated the most fertile ground for further work was the
work investigating and characterising the canine TERT gene and TR gene promoters, in particular
the TERT gene promoter. 1n identifying the core promoter of the TERT gene and confirming the
strength of its expression in several (elomerase-positive cell lines, we now have very powerful
system that can be uscd to drive telomerase-specific gene expression. However, in sequencing the
TERT promoter and identifying putative transcription factor binding sites, we have also begun the
process of characterising the ways in which canine telomerase may be regulated in cancer cells.
Having obtained the core promaoter, the first step should be to identify whether it can be used to
specifically drive cell death in telomerase-positive canine cancer cells by using it to drive an
apoptosis-inducing gene such as the TRAIL gene. As well, the core promoter could be used 1o
assess the viability of other genes of interest, including thosc that offer some potential bystander

effect (eg the bacterial nitroreductase gene).

The sequence of the canine TERT promoter also allows us to investigate the manner in which
canine telomerase is aclivated within tumour cells. Given the density of Spl binding sites, the
importance of this as an activator of gene expression should be investigate, by co-transfecting
telomerase-positive cells with the pGL3-promoter constructs logether with a second vector
expressing Spl. This would allow us to measure the additional vpregulation ol TERT gene
expression by Spt. A similar strategy could be employed with some of the transcription factors
that are currently poorly understood, such as MZF-1 and WT-1. As a control, it would also be
interesting to transfect telomerase-negative control cells with the same constructs to examine the
effect of transcription factors in isolation or even in particular combination with each other.
Ancther alternative method of investigating the importance of particular transcription factor
binding sitcs that could be employed would be to mutate specific sequences to alter their function,
and then to examine the effects of these mutations on promoter activity. This approach has
certainty been used in humans to examine the effect of the E-boxes present within the human core
promoter, and could be employed to examine the importance of some of the hormone-receptor
binding sites such as ER, PR and GR binding sites. Another intriguing study would be 10 examine
the influence of hypoxic conditions on activity of the canine TERT promoter. 1t should be an easy
study to transfect telomerase-positive cells with the pGL3-promoter construct and incubate them

under hypoxie conditions to examine the cffect on the promoter.
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Having explored the importance of different transcription factors on the TERT promoter, the next
task should be to investigate engincering the TERT promoter construct to modify its activity under
different circumstances. It may be that the first modification would be to increase its strength of
expression under all circumstances, by introducing a promoter such as the SY40 promoter, In any
case, once modification of the promoter is complere, it could then be tested for its ability to drive
expression of an appropriate gene in telomerase-positive cells. Once this preliminary testing phase
is complete, the next step would be to investigate the function of the promoter i vivo, potentially
using a nude mouse model xenografted with canine tumour cells. This would be the first testing

ground on the way to final phase 1, phase [1 and phase II1 clinical trials.

These studies, which could be actively pursued with the canine TERT gene promoter, could
cventually also be applied to the TR promoter. However, rather more preliminary work needs to be
performed with the TR promoter, first confirming the promoter sequence, and secondly
investigating the activity of the TR promoter with different numbers of (TAAAA), repeats, In

itself this wotk is valuable because these repeats are relatively poorly understood in humans.
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GLOSSARY

ALT Alternative Lengthening of Telomeres
BrDU BromoDeoxylUridine

canTERT Canine TERT

cDNA Complementary DNA

CGH Comparative Genomic Hybridisation
CTp Cytaosine Triphosphate

DAB Diaminobenzine

DIG Digoxygenin

DIG-HRP Digoxygenin-Horseradish Peroxidase
DNA Deoxyribonucleic Acid

DTT Dithiothretol

ELISA Enzyme-linked Immunosorbent Assay
FISH Fluorescent I Situ Hybridisation
gDNA Genomic DNA

GBM Gilioblastoma multiforine

GTP Guanidine Triphosphate

WTERT Human TERT

HRP Horseradish Peroxidasc

ISH [n Situ Hybridisation

LOH LLoss of Helerozygosity

mTERY Murine TERT

NTP Nugcleotide Triphosphate

PAGE Polyacrylamide Gel Electrophoresis
PCNA Proliferating Cell Nuclear Antigen
PCR Polymerase Chain Reaction

PS Phosphatidylserine

RNA Ribonucleic Acid

RT-PCR Reverse-Transcriptase PCR

TERT Telomerase Reverse Transcriplase
TR Telomerase RNA

TRAP Telomerase Repeat Amplification Protocol
VEGF Vascular Endothelial Growth Factor
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APPENDIX A

IMMUNOHISTOCHEMISTRY SAMPLE DETAILS: TERT

AND MIB-1 STAINING

Table [: TERT Staining vs Malignancy for 93 Tumours

Sample Diagnosis Gracling  TERT Staining
l Astrocytoma ! Negative
2 Aslrocytoma 1 Necpative
3 Astrocytoma 1 Negative
4 Astrocytoma 1 Negative
5 Astroeyloma 1 Negative
6 Astrocytoma: anaplastic 2 Negative
7 Astrocytoma; anaplastic 2 Negative
8 Astrocyloma: anaplastic 2 Positive
9 Astrocytoma: anaplastic 2 Positive
10 Astrocytoma: anaplastic 2 Positive
11 Astrocytoma: glioblastoma 2 Negative
12 Astrocytoma: glioblastoma 2 Negative
13 Astrocyloma; glioblastoma 2 Positive
14 Astrocyloma: glioblastoma 2 Positive
15 Choroid plexus papilloma I Negative
16 Chorvoid plexus papilloma i Negative
{7 Choroid plexus papilloma | Negative
18 Choroid plexus papilloma 1 Negative
19 Choroid plexus papillomu | Negative
20 Choroid plexus papilloma I Negative
21 Choroid plexus papilloma: anaplastic 2 Positive
22 Choroid plexus papilloma: carcinoma 2 Negative
23 Ependymoma ] Positive
24 Gliosarcoma 2 Positive
25 Mecdulloblastoma 2 Positive
26 Meningioma ] Negative
27 Meningioma ! Negative
28 Meningioma ! Negative
29 Meningioma ! Negative
30 Meningioma 1 Negative
3l Meningioma t Negative
32 Mcningioma | Negative
33 Meningioma | Negative
34 Meningioma 1 Negative
35 Meningloma 1 Negative
36 Meningioma 1 Negative
37 Meningioma I Negative
38 Meningioma | Positive
39 Meningioma ] Positive
40 Meningioma i Positive
41 Meningioma 1 Positive
42 Meningioma 1 Positive
43 Meningioma i Positive
44 Meningioma 2 Negative
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45
46
47
48
49
50
51

1
P rA

33
54
55
56
57
58

60
61
62
a3
64
65
66
67
68
69
70
71
72
73
74
73
76
77
78
79
80
81
B2
83
84
85
86
87
88

90
Ea
92
93

Meningioma
Meningioma

Meningioma: anaplastic
Meningioma: anaplastic
Meningioma: anaplastic
Meningioma:; anaplastic
Meningioma: anaplastic
Meningioma: anaplastic
Metastasis: adenocarcinoma
Metastasis: adenocarcinoma
Metastasis: adenocarcinoma
Metaslasis: adenocarcinoma
Metastasis: adenocarcinoma
Metastasis: adenocarcinoma
Metastasis: lymphoma
Metastasis: lymphoma
Mectastasis: lymphoma
Metastasis: lymphoma
Metastasis: lymphoma
Metastasis: lymphoma
Metastasis: lymphoma

Oligedendroglioma
Qligodendroglioma
Qligodendroglioma
Oligodendroglioma
Oligodendroglioma
Oligodendroglioma
Qligodendroglioma
Oligodendroglioma
Oligodendroglioma
Oligodendroglioma
Oligodendroglioma
Oligodendroglioma
Cligodendroglioma
Oligodendrogiioma
Oligodendroglioma
Oligodendroglioma
Oligodendroglioma
Qligodendroglioma:
Oligodendroglioma:
Oligodendroglioma:
Oligodendroglioma:
Oligodendroglioma:
Oligodendrogtioma:
Oligodendroglioma:
Oligodendroglioma:
Oligodendroglioma:
Olipodendrogltioma:

anaplastic
anaplastic
anaplastic
anaplastic
anaplastic
anaplastic
anaplastic
anaplastic
anaplastic
anaplastic

Pituitary adenocarcinoma

Ean I I G B O S B S B N s B B S I O B i R ¥ A= I N2 N N T T NG N N T O T N T NG T 5 T N ST N6 T N T N0 ) N6 G T N

Positive
Positive
Negative
Negative
Positive
Positive
Positive
Positive
Negative
Negative
Pasitive
Positive
Positive
Positive
Negative
Negative
Negative
Paositive
Positive
Positive
Positive
Nceative
Negative
Negative
Negative
Negative
Negative
Megative
Negative
Negative
Pasitive
Pasitive
Pasilive
Positive
Negalive
Positive
Positive
Positive
Negative
Negative
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
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Table 2: MIB-1 LI and TERT staining for 51 tumours

Sample Diagnosis Grading  MIB1 LI TERT Staining
(%)

I Astrocytoma ] 32 Negative
2 Astrocytoma: anaplastic 2 14.2 Negative
3 Astrocytoma: anaplastic 2 8.9 Positive
4 Astrocytoma; glioblasioma 2 14.8 Negative
5 Astrocytoma: glioblastoma 2 26.1 Positive
6 Choroid plexus papilloma ] 0 Ncegative
7 Choroid plexus papilloma 1 0 Negative
8 Choroid plexus papilloma I 0 Negative
9 Choroid plexus papilloma ] 0.9 Negative
0 Choroid plexus papilloma ! 3 Negative
11 Choroid plexus carcinoma 2 9.2 Negative
12 Gliosarcoma 2 20.2 Positive
13 Meningioma I 0 Negative
14 Meningioma ! 0 Negative
15 Meningioma 1 0 Negative
16 Meningioma I 0 Negative
17 Meningioma I 0.2 Negative
18 Meningioma 1 0.4 Negative
9 Meningioma ] 0.4 Negative
20 Meningioma 1 1.2 Negative
21 Meningioma 1 1.5 Negative
22 Meningioma I 2 Negative
23 Meningioma: anaplastic 2 13 Negative
24 Meningionra; anaplastic 2 41.4 Positive
25 Meningioma: anaplastic 2 9.8 Positive
26 Meningioma: anaplastic 2 14.2 Positive

7 Meningioma: anaplastic 2 224 Positive
28 Metastasis: adenocarcinoma 2 t9.4 Negative
29 Metastasis: lymphoma 2 72.5 Negative
30 Metastasis: lymphoma 2 191 Positive
3l Metastasis: lymphoma 2 49.3 Positive
32 Oligodendroglioma 1 0 MNegative
33 Oligodendroglioma | 0 Nepative
34 Oligodendroglioma 1 1.1 Negalive
35 Oligodendroglioma 1 24 Negative
36 Oligodendroglioma [ 2.8 Negative
37 Oligodendroglioma 1 8.9 Negative
38 Oligodendroglioma 1 0.9 Negative
39 Oligodendroglioma ] 4.6 Negative
40 Oligodendroglioma ] 1 Positive
41 Oligodendroglioma 1 3.5 Positive
42 Oligodendroglioma: anaplastic 2 14.9 Negative
43 Oligodendroglioma: anaplastic 2 17.3 Positive
44 Oligodendroglioma: anaplastic 2 20,4 Positive
45 Oligodendroglioma: anaplastic 2 37.8 Positive
46 Oligodendroglioma: anaplastic 2 92 Positive
47 Oligodendroglioma: anaplastic 2 10.2 Positive
48 Oligodendroglioma: anaplastic 2 13.4 Positive
49 Oligodendroglioma: anaplastic 2 235 Positive
50 Oligodendroglioma: anaplastic 2 25 Positive
51 Pituitary adenocarcinoma 2 16.9 Positive

280



UNFORMATTED SEQUENCE OX CANIS FAMILIARIS

TELOMERASE REVERSE TRANSCRIPTASE UPSTREAM

APPENDIX B

RIEGULATORY REGION

>Canis familiaris telomerase reverss transcriptase promoter excn 1 intron

1l and initlal part of exon?

—-4450

-4400

-4350

CCCACCGICC

GGGTCTTITCC

TCTAGATCAC

CTAGGGGCCC

TGCCGCETGG

CCCCAGTAAT

TGTCYCCCAC

GCCCAGACCT

CUGCTTCCIT

CTCAACGGCGE

TGEGCHACCAT

GCTAGGTTAC

CTCCIGCGTG

GCAATCCTGR

CTITGTGCCAT

GGTCTTCCCA

AGACACCAGA

BAGTCCAGAN

GCTCGCACTT

TGGCAGGACH

CACGCCCCCC

@

TGCAGAGUA

TGGGACACCA

TGTGTLACAS

AATGTCCCASG

AGCCCCAGAC

CTGSTCCCTA

AGGGAAGGCC

GCTCGCCCTG

CTGCCTGTCC

CCGTTTCETCC

CTATGCCTCC

CCCTCTTGCC

CCAATGCGCA

CCCTCACTAC

AGCCCAGGAT

TTGCGTCTGC

GGGTCCTATA

TACAGTAACT

GCTGCCACGCA

CTTCTCAARG

GGANGCCACZA

GTCTTTCTCC

CCTGCCCLCH

GCTCCCCTCC

; ACCTICCCTC

CGCCCCTCAT

GGTCGGGGTG

TGTCCACTCT

AGGCGGTCTG

TCCCCECTGL

TCAGACCTCG

CTCTGCTACT

ACATGTTGTA

CCCCCRCCCT

GTICTCCCTG

GCAGTGCCTG

GTCSCTGEECC

ACGAGCCAGT

GTCACACAGA

GGTEAAAGCC

GCCTCAGCAA

TCATTCTSEGC

CCCAGGAGAA

TGCGGAGAGS

CCCCCGGCCC

CGCACCTGCC

CCIGAGTCCT

CCTTRCGRGA

TCCTCGCCGG

GCTGGGATGT

TCCCCCCRAG

CGGGCCGIGE

CTCTCCGEGCC

TCCTTCTTGC

CGTGAGCCCC

GCCTGCAGGA

TCCGGTTGGT

GAGGTGTTTG

CCTTCCTGGEE

GTCTCCACGG

CCACGCAGATA

ACAGCGAAGS

GTGCTCGCGG

CGCCBCTGGE

GACACAAGS

TGICTGTGCA

CACATGGGCA

GTTCACCCAT

TCRAGATTTG

CAGCTGTTTC

GTTGTGGICA

CCATGTTGETC

CATGTCTCCC

TCIGICCGGA

CTCTGTGCY

TGAACCTGTC

GTGACCCCTG

AACACCCTGC

TGTTGGACAG

GGGCATGGCG

GGAACTCGCG

ACATGAGGCG

CAGGGCCCAG

GTCTGGATTC

GATGTIGCCTC

ACGACGTCGGT

CACCTGGACC

GGGCCGGAAT
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~4300

~4250

-4200

-4150

-4100C

-405¢C

-400C

-3950

-3900

-3800

«3750

-3700

-3€5C

-3¢9¢C

-35350

~3300

~-3250

~3200

-3150

=-2100

-2950

-2900

-2850

-2800

-2750

~2700

CCAAGTGCCT

TCCTGCCCCA

CGTGTCCTTG

CGTGCTGTTC

CCACCTTTCA

TTTCATCAAR

CCGGAGCTGA

GGAGGGATTT

AGGGCAAGAG

GTGGTGGCAC

CGGACGCACA

GCCTTTTCIT

ACCCACGCACC

CACARCCTGG

GGAAGCCCCC

TTCTCAGGGG

GGACCATTCT

CCACTTETTLY

ARRIAARGAG

TGEEACCAGG

TEGGEGECTTCA

AGTGTCCAGA

ACCGLCCCTCC

CCCTAGACGG

CTGCCTGGAG

TTGTGACCTG

TTGGCAAGGA

ATCCCCCTCC

CCCATGTTGEC

CCTCCACACC

TCCCATGACT

CTCTCCTGGC

TCCCTGGTAC

CTTTGTRAAG

COCTGTGOCIG

GAGAGCCCCT

ACAMDAGTAG

GCCTECARGT

TAAGTTGCAA

GCTGTGTITG

AAGCCGTAAG

AMALGCACACA

CACCAGGGGA

CTTCTICCCC

GAGGCCCCI'G

CAAGCCAGCC

GTTTGTGTCC

ACCCTGAACC

CTCAGAGGIC

TCCCACTGCT

CECTGCTCAC

GGGGCTGCTT

GGCCAGCARC

CCCCCGCCAT

GGGGTCCCCT

GCCGTGGGGEC

CGCTCCTACC

GGGTGCTCTG

CTACAGAPI

OCTTGTCAAT

CAGAGGGGAT

TTCCAGRAAT

CCOTCCCTTC

CGTTGTCTAT

CCCGGEETCA

CATGCCGACA

TGCAGACGCC

GGAACCAGCG

CACCACCAGG

AGA"VARGGR

AGGTCAATTT

GARTGCAGAR

CCCAGATGCG

CACCII"I'PAT

GTGAGGUGGA

GOAGETGARR

CCCHLCGCTG

CCCCAGCCCG

CTGCACATGEG

TGECTCIGCC

TGACAGGACG

ATCCCCTCAG

GTCTGTCCCC

AGNCACCCAC

TCAGCTCCAG

ATGCAGCCCG

GCGCCGTGCAT

CCCCATGACA

ACTGGGGTAC

TGAGCCACAC

GCCCAGACGG

CAGTI'CCCAT

CTCTGAGGAT

CTGTGGAGGC

ACCCCATAAG

ANTCGTGCGT

GCTCCCTGAG

CAGCCTCCCG

GTACTGARGC

CTGGCTCTGE

GGGCCCGETC

ACCCAGGACA

CTTAATTCTA

ATCTTAAGAT

ATCCAGAGGC

AGGACCAAAT

TGGTTTTCAT

TGCAGTCGGG

GGCITCACCC

CCasTCTITCC

CTGCCITCTC

GGGACCCTGG

CCCGGGGATC

ATCGATACTCG

GTGGCAAATC

AGCATGRGGES

CTGGETAGAAT

GTTCGGGYGA

GCCTCACAAC

GCCCTCGICEG

GGGCGECCGTC

GTGTCYGCGS

GCIGIICCCT

CCTCGTTTCA

GGTGACCCTC

AATTTTCCCC

TTTGEGGELCC

ACCTAGGTCC

GGTCTGARGG

CCTGAACCTG

GGUACCCCAT

CCGTCCCARTG

COTCCTCACT

CCTGAGCACC

THAGTGGGRCA

TAAGTAARATT

TTTCTTAAAT

ACACAGGCAA

ACCCTICACTT

TAGGTGGTTS

ATGGATTAAT

ACCGGGGAGG

TGACCTGAGG

TCCTGACCTC

CCTGGCGCCA

GAGGTTTCCA

TCCACTTACT

CCACCGACCA

CACAGAGCAG

GAGGCTCAGE

CAGGAGCAGC

TCCACAGACG

GACACTGTGT

CTTCCCCTGC

CTGAGCTGAC

CTGCCTCTGT

CACCACTGGT

TCATAAAGTA

ACACACAACA

CGGGGLETCA

CTARACCTTGC

ACAGGGCECT

CCACAGGATC

CCTGGCCGTA

CACACCCCAC
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~2650

=2600

-2550

-25C0

-24530

-2400

~2350

-230C

-2200

-2.590

-2100

-205¢C

~2000

-1850

-1850

-18C0

-1750

~1700

~165C

~1600Q0

-1550

-1259

-1200

-1150

-1100

-13%0

CAGAGGCTAC

GGCAGCAGRA,

TCCTTACAGT

ARCALGGRCAL

CAGTAGCILT

CTGCCAGGCS

GCAGCTTCCA

GAGCAGAAGG

TCCCCACAAT

GGGCATAAGC

ACCCTOCTGE

CCACACACAC

GCGCTCCCGG

AGAGCCAATC

GCCACCTRAG

GCCTGGCAGA

GGRATCCAGA

GCGTGARGEC

CALGGCCACA

GTCACAGACA

COTGGEGCAGT

TTGCTGEGGRG

GCCAACABLCA

TGATTTCAGA

GGGCTTCETT

TCCCACGTCT

ABCTGATGTT

TGGAMNAAGAA

GTGAGTGGTT

ACTUZGICIA

ACCECCAGCA

GCCTGTCGAR

CETTGCCARA

AGTAACAGCC

SCCCTASTGG

GTGACCTGGC

CTGACATAAT

CCOTHTCACA

TGTGGTCCTC

CATGGGAAGC

TCAGTGTCCG

CACAATTTCC

ATGGGGGACT

TCATGCCGAT

TEGGCCAGGT

AGGTCACICG

AGCAGCTGTA

GATGCCGCAT

GGGACTTTTT

CTGACARCAGA

CTTTCCAAGG

CTGETGGGCCC

GTGGCTCGCA

GGCCTGGCTG

TTGGGGNAGGE

TCAATTTTTT

CHATCACCCG

CAGGCTGGCG

CCriCcTaTGe

TTCTGACTAG

CACATTTCCC

CTCCATCCTC

GAAGGGCGAC

CCATGAATAT

ATGCTAGGGC

GGTTAACATT

AGCGAGGCCG
TGTCCGCCAG
CGTGGCACTC
GAGGCNCAGA
GCCCTACAGT
TCCACCGTGC
AGCAGRUIGC
TGCGTZCIAT
CTGGTCAGEG
CYGAGGCCAG
CCACATAGGC
TTAGIGCGECT
CTGGGGACAC
TTCCTATCAL
CCTAGCCOTG
GGTTGGGATT
GCGZTGGCTTC
GGGCAGGGET
CACTTCTCTC
GETTZACTGAC
CGGRCCGAT'G
TGCCCAGCCA
TCTGGRACRC
CTTCCTGAAA
GAACCCCCCC
CTTGGTTTCT
GTTTCTICZAG
CAGACAGTCG
GCCOTGGAGA
NCGTAATCCG
GGAAGCCCGG
CATGAATAARA

TGTGCAGCCG

GCACTGCIGE

VACAGAAGLC

CYGCIGEGACT

ATCCTGTGTA

GCRAACATCC

ACCCGCAGCA

TGGCCCCACA

GTGCTGTGAC

GCTCAGGTIC

GGGCACCACC

AGGGACAGEA

GGTTCTGGCC

CAGGAGAGGG

ACTGAGGTTG

GARACCTGEGGE

TCTTGAGGGT

AGAGCAGCTG

CAGCGGGGGA

TCATGCZGTT

CGCTCACATT

TTTSGACGTCS

GCTCTTGTAT

TTTTCACATT

CALGGTGATGG

CGCCATCAGC

CCIGTTCIC

GTGAATCTGA

CANNCCTCC

CCACCCTGCG

AGTGTTACAG

CCACCAAGAG

AGCAATTTCC

TCCAGTCTTT

GAGGGCCCAG

AGCACCACCC

TUCATCCAGG

CARACATCCA

CCAATGTCCC

CCGACTEGGT

GGAGCATGCC

TCCATTTAT

(@]

TGGGCTGCGGG
CACAGCCAGA
CACGAGCCTC
BAGGGTCCCC
TCCTSCAGGC
ACGGCTGAGH
ATGTGGCCTC
CARAGTTAGG
GEAGGGTGCA
CCCCTGTTGG
GTGARCAGCT
CGGCTGTTCA
ACCTGTGTGT
TCTAGCTCAA
CATGACGCCG
AGGAGATGRA
ACAGTATCAG
TrTTCTAAA
GTAACZTITTOT
AGTGGCCGAA
CCTCGGRTGGA
GAAGGGCCAG
GGTGCAAGGS
TGACCACGTA

GCUGAGCICA
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-1000 GGAGCATTGT CCCCGGGAGC
-85C GCAAGTTCARA JTTGARCGCE
-90C TCCTCIGGCET GTCCTGTTCA
-850 TCCCIGGGTC TGEEGTGGOG
~800 TCGGCGGGRA GGETCTGTGA
=750 GCCTGCCCTS GGGCCTGAGC
~700 CCTGCACAGE GIGCTACCAR
-650 CCTGGACTGT GGCTTAGGAGG
~60C GGGACARCAG GAGCCCGAGG
~550 AGRAGGTCAG GTCTGGIGGC
-500 GGCCGGGCCT GILCTUTGSEEG
-450 GTGGGGCAGC CCTGCIGGLC
-400 CCCTGCTCCC TGCACCCCCY
-350 TCCAGGGAGC AGCCTCAG!IG
-300 AACCCAAGGA CCLCCTGCCC
~250 TCGGGUGEGE GUTGCCCTGE
-200 TCCCCGETCCE CGACCCTCGC
~15C CGGCCGCGGC CZCACGCGCTC
-100 CCCCGGGUGC CCCGCCCTCTT
=50 CCOTCCCCCG GCCCGCCCCT
Exon 1

+1 ATGCCGCGAG CGCCCCGGTG
+61  GTGCTGCICC TGGCCACTL
+121 GCGCEGGHAC CCGGCGGCCT
+181 GGGUGCGCGE CCGCCCCCCsH
Intron 1

+220 GGTGGGCCCEC GGGGGACCCT
+280 GGAGGUCCAC GGCCGTGCGC
Exon 2

+326 GTGTCCTGETC CTCAA

CTCCTGAGAC

TCTGCCTTTG

AGCGTCATGA

CGTCTGCATT

GGTCECCTGA

NCGAGGGCAG

GCCCTGTCGC

GAGCTGAGTG

ACCTGAAGGA

AGTACTGCCG

GCTGCTTGCTG

CTTCACCCLCG

CCLEGGCTGAR

ICTGGGTCAC

NGEGECGCEAG

GTACCCTCGA

CGCGCCCCCe

il
“~

CTGGGCC
CCTCCCAGCA

TCCTCCCGCG

CCGCGCCGTG

CCTGCCGCGL

TCCGTGCGLT

CCGCCCCCTG

GCTGGGGCCG

TTCAACACGC

CCACRAGAGC

CATGCTCTCA

TGAACACTGT

GUAGTGCAGA

CTCGTCCAGT

CTGEGHGAGCGG

TCCIATTTCT

GGGTTTTTTT

CAAACCACAG

CTGCOTROTG

CCCGCACCCC

TGTATCGTGC

CCCCTCCCCC

TCGCCCCTGT

AGCGCAGCAG

CCCTCGGCCG

GGGCCGGAGA

GCACACCTCG

GCCCCGCTCC

GACCCCCCCC

CGCGCCCIGT

CTHGGGEGCCCC

GGTGGCECAG

CTTCCGCCA

GCGGCCEGEEC

CeCesiecee

CTGTTTICTCA

TTAGGGTGGC

CACARCTSTC

GGCTCTGCAL

CCCACCTCCA

CTGAGNAGGAS

GCCCTCCTTT

GCCTGTCGTG

CCTGGGEGTCG

GCTGCTCACT

CCGTGGCTCA

ACATTITCCA

CTCGCCACGCC

GRCAGGGACA

STGCCCCAG

ACGGCATCGC

GCAGAGGACG

GCEUGLACGC

GGCGCGGACC

CTCCCCGGCC

TGCGEGGCCS
T

CEGGCLCGGC

TGCCTGETGET

TECGEGECCGGE

CCGCAG

CTACCGCGGAG

GUTCGTGECG

GCGTGCCCIG

GCCGGGGCTC
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