VL

Universit
s of Glasgowy

https://theses.gla.ac.uk/

Theses Digitisation:

https://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/

This is a digitised version of the original print thesis.

Copyright and moral rights for this work are retained by the author

A copy can be downloaded for personal non-commercial research or study,
without prior permission or charge

This work cannot be reproduced or quoted extensively from without first
obtaining permission in writing from the author

The content must not be changed in any way or sold commercially in any
format or medium without the formal permission of the author

When referring to this work, full bibliographic details including the author,
title, awarding institution and date of the thesis must be given

Enlighten: Theses
https://theses.qgla.ac.uk/
research-enlighten@glasgow.ac.uk



http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
https://theses.gla.ac.uk/
mailto:research-enlighten@glasgow.ac.uk

A study of telomere and telomerase
biology in the dog and cat

Tom Patrick McKevitt
BVMS MRCVS

A thesis submitted to the University of Glasgow Veterinary School for

the degree of Doctor of Philosophy

UNIVERSITY
of
GLASGOW

Department of Veterinary Clinical Studies
University of Glasgow Veterinary School

January 2004




ProQuest Numler: 10320538

All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

ProQuest.

ProQuest 10390538

Published by ProQuest LLC (2017). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code
Microform Edition © ProQuest LLC.

ProQuest LLC.

789 East Eisenhower Parkway
P.O. Box 1346

Ann Arbor, MI 48106 - 1346



GLASGOW
UNIVERSITY
LIBRARY:



ABSTRACT

The primary aims of this project were (o carry out 4 comprehensive investigation of telomere and
telomerase biology in the doyg and cat, and more specilically to investigate the potential of telomeres
and telomerase as targets for novel cancer chemotherapcutics.

Telomeres are nucleoprotein structures that cap the ends of all eukaryotic chromoesomes analysed to
date. ‘The mammalian teiomere is composed of duplex, nen-coding hexanucleotide DNA repeats of the
sequenice (TTAGGG)n, terminating in a 37 single-stranded DNA overhang of varying length. The
protein components of the telomere are involved in the maintenance of normal structure of the
telomere, and the proper functioning of that structure within the cell.

Not all of the functions of the telomere are fully understood, however of primary interest is the
regulation and restriction of cellular replication via a proposed telomere based ‘mitotic clock.” This
counting mechanisin {s based on the generally irretrievable telomere loss that accompanies cell
division, referred to as the ‘end replication problem.” The telomere attrition caused by end replication
problem eventually triggers a replicative arrest and a characteristic cellular phenatype, referred to as
senescence. Senescence has been linked to organ dysfunction and organismal ageing, amd bay therelore
brought telomeres to the attention of a wide spectrum of rescarch disciplines.

Whilst the majority of cell types suffer the effects of end replication problem, there arc marked
exceptions, Cells with high replicative burdens, germ line cells, and cancer cells do not show the
replicative restrictions of other cell types. These cell types overcome end replication problem, in the
majority of cases, by activation of a ribonucleoprotein complex called telomerase. This specialised
reverse transcriptase enzyme replaces lost telomere sequence and is responsible, in approximatcly 80%
of human tumours, for the unlimited replicative potential that is one of the hallmarks of cancer cells.
Furthermore, inhibition of this complex has resulted in senescence and apoptosis of maliguant cclls,
and overall tefomerase has proven to be an excellent tamour marker, with potential diagnostic and
prognostic applications, and is considered one of the most promising targets for anti-cancer therapy
currently under investigation.

The majority of telomere and telomerase research carried out to date has been directly or indirectly for
the benefit of human medicine. Research in he veterinary fietd lags far behind, and very little
information was available on basic parameters such as telomere length and distribution of fclomerasc
activity in dogs and cats at the beginning of the project. The first experiments carried out were
therefore coucerncd with investigating mean telomere lengths in a wide age and tissue range of both
the dog and cat. The protocol used for telomere length assessment was based on a DNA probe,
Southern Blot and chemilwminescent technique referred to as Terminal Restriction Fragment analysis.
Telomere lengths in peripheral blood samples taken from 112 dogs and 30 cats were found to range
from 4.7 to 20.6 kb, and 9.6 to 23.5 kb respectively. These are similar to telomere lengths typically

found in human samples (5-15 kb). The telomere lengths in a panel of normal canine and Feline organ



samples, tumowr samples, and primary fibroblast cultures also did not differ significantly from these
values. Telomere lengths decreased significantly with increased age o both species, and whilst gender
did not have a significant effect in either species, an intriguing finding was that breed of pedigree dog
had a significant effect on telomere length. Primary canine and feline fibroblasts were found to cease
replicating and assume a senescent phenotype in vitro after an average of 10 and 16 population
doublings respectively. Over the course of these population doublings, telomere attrition was shown to
occur in bhoth canine and fcline cclls, and averaged 175 and 130 bp/cell division respectively. In
summary, telomeres in the dog and cat are of a similar size to that found in humans, and telomeric
attrition has been shown to occur in hoth species in vivo and ir vitro. Furthermaore, loss of telomeric
sequence is associated with the triggering of a senescent phenotype in both canine and feline
fibroblasts in virro.

Telomerase activity studies used a commercially available assay, refewred 0 as the Telomeric Repeat
Amplification Protocol (TRAP). Telomerase activity was strongly down regulated in a wide range of
somatic tissues of the dog and cat. Conversely, telomerase activity was detected in all canine and
feline tumours assayed (19/19), and was also present in a panel of immortalised canine cell lines,
These data linked telomerase with immortaiisation and malignancy in the dog and cat, and have
identified telomerase as a potential target for novel cancer chemotherapeutics in companion animals.
A pilot study to assess the efficacy of a reverse transcriptase inhibitor (azidothymidine triphosphatc) as
a telomerase inhibitor in two canine telomerase dependant cell lines produced inconsistent inhibition
of telomerase and no discernable eftect on telomere lengths. However, future use of this drug in
combination with agents that utilise different modalitics [or targeling telomerase may produce more
favourable results. Such combinational therapies are currently producing the most promising results in
the human field.

Expression of the catalytic component of human telomerase (WTERT) is sufficient to reconstitute
telomerase activity and prevent senescence in a number of human tissues. This is definitive proof of a
link between telomere atlrition and senescence in humans. The canine and feline homologues of
hTERT were not available to carry out this investigation in the dog and caf; however, heterologous
expression of hTERT using a mamumalian expression vector was used in canine fibroblasts to
investigate the control of telomerase activity and the links with senescence in that species. Expression
of hTERT mRMA was confirmed in the primary canine fibroblasts by reverse transcriptase PCR and
sequence analysis; however the cells remained telomerase negative, and entered senescence normaily.
This may be due to sequence differences in the catalytic components of canine and human telomerase
rendering hTERT ineffective in canine cells. Inferestingly, telomerase activity was briefly
reconstituted in an equine primary fibroblast culture that was subject to the same procedure.
Telomerase was also successfully reconstituted in a human telomerase independent control cell {ine.
The studies described above went some way to addressing the biology of telomeres and tclomerase in

canine and feline cells, however, the wider implications of telomere attrition and telomerase
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reactivation within cells remained unknown. The importance of an understanding of the possible
knock-on effects of telomere length reduction on the transcriptome of the cell is important as potential
telomerase inhibitors are likely to operate through telomeric attrition. Furthermore, telomerase
reactivation has been suggested as 4 possible therapy for conditions when loss of replicative potential
is part of the pathology, such as liver cirrhosis. These strategies will rely on the absolute safety of
telomerase reactivation in vivo, and will also require knowledge of the wider effects of telomerase
reactivation within the cell. These issucs were addressed by examining the chaapes in the
transcriptome of canine primary fibrablasts as they switched from actively replicating (o senescent.
The effect of lelomerase reactivation in canine and feline primary cells also needs to be addressed,
however, as described above, it was not possible to reconstitute telomerase aclivity in those cells.
Instead, the effect of telomeruse reactivation was investigated in a human telomerase independent cell
line, as it is likely that many of the down-stream effects will be conserved between species. The
experiments utilised DNA wicroarray technology (Affymetrix, Santa Clara, CA), as this allowed
changes in wRNA expression levels of many thousands of genes to be monitored simultaneously. The
experiments idenfified a number of genes of interest that warrant further investigation, Chiel among
these was the finding that mRNA levels of the gene product epiregulin were up regulated greater than
8-fold in telomerase posilive, compared with telomerase negative cells. This is important, as epircgulin
activity has been assocliated with cancer progression, and is therclore associated with a matignant
phenotype. This immediately casts doubt over the safety of telomerase reactivation for therapeutic
purposes. Genes of interest in senescent fibroblasts were thrombospondin-1, phosphatidic acid
phosphatase type 2A, and ATPase, Na+/K+ transporting, beta 1 polypeptide. These gene producis may
be associated with inhibiting tumour angiogencsis, tuimowr inhibition, and regulation of senescent cell
volume respectively. The upregulation of thrombospondin-1 and phosphatidic acid phosphatase type
Z2A in senescent canine f{ibroblasts may provide evideace of additional anti-tuimour mechanisms in
senescent cells, and the down regulation of Na+/IK+ transporting, beta | polypeptide, which encodes a
component of the Nat+/K+, ATPase osmotic ‘pump’ may have a part to play in the increased volume
of senescent cells.

Overall, the findings of this project indicate that teloteres and fclomerase are dircetly involved with
cancer development and progression in the dog and cat, and identify telomerase as a promising target

for the development of future cancer chemotherapeulics in companion animals.
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Chapter 1
General introduction and review

of the literature

1.1 Abstract

Telomeres are nucleoprotein structares that cap the ends of eukaryotic
chromosomes, Under normal circumstances, cell division results in an
irretrievable reduction in telomere length that eventually triggers loss of celtular
proliferative potential. However, telomeres are occasionally maintained or even
lengthened; in the vast majority of cases this is facilitated by a specialised
ribonucleoprotein, telomerase. Telomeres and telomerase have been associated
with ageing and malignant transformation respectively, and this Chapter reviews
current evidence for and against these associations. The bulk of research in the
field of telomere biology to date has been human based, and the review reflects
this bias, however where possible, special reference is given to research of direct

relevance to the dog and cat.



1.2 Telomere structure

Telomeres are specialised nucleoprotein structurcs that cap the ends of all
eukaryotic chromosomes analysed to date. Telomeric DNA scquences and
structure are highly conserved across otherwise wide species boundaries, and are
based on a simple tandemly repeating unit. (Blackbun 1991) The sequence
TTAGGG is the unit found in humans, other vertebrates, slime moulds and
trypanosomes, whilst a wide range of organisms adhere to a {elomeric repeat
based on the simple formula d(T/A);.4dG.s, examples include the GGGGTT and
GGGGTTTT sequences found in the ciliate protozoans Tefrahymena and
Euplotes respectively (Blackburn & Szostak [984) (Moyzis, Buckingham, ef af
1988) (Blackburn 1990).

The G rich strand of eukaryotic telomeres analysed to date are all orientated in
the 57 to 37 dircction towards the terminus, and work carried out initially in
Oxyiricha showed that this strand produces an overhang beyond the
complimentary C rich strand. The length of this overhang is specics specific,
from the exact 16 base pairs (bp) in Oxytricha to a variable 50-100 bp in humans
and the mouse (Klobutcher, Swanton, et a/ 1981) (Greider 1999), The basic

structure of the mammalian telomere is shown diagrammatically in Figure 1-1.

The overall length of telomeric sequence found in vertebrates typically runs to
tens of thousands of base pairs, though there is considerable variation hetween
species. Canine telomeres have been found in the range of 11 to 23 kilobases
(kb) (Yazawa, Okuda, et al 2001) (Nasir, Devlin, et al 2001), and feline
telomeres in the region of 12-23 kb (McKevitt, Nasir, ef o/ 2003). Human germ
line telomeres are 15-20 kb, whilst the laboratory mousc (Mus mussculus) has
unusually long telomeres ranging from 30 to >50 kb (Allshire, Dempster, ef af
1989) (Campisi, Kim, ef af 2001). The closely related interfertile specics M
spretus has telomeres that are slightly shorter than in humans, usually rcaching
5-15 kb (Smogorzewska, van Steensel, ef a/ 2000), illustrating the wide variation
found between even closely related species. Aside from interspecies variation,

diversity in telomere lengths is found at an organismal, tissue, cellular and even



chromosmmal level, albeit with less marked variety, and telomere length is
affected by cellular replicative history. Takubo et al demonstrated that telomere
fengths arc not significantly linked to tissuc renewal times in humans. For
example there is no typical telomere length for human myocardial tissue at a
given age, despite this tissue being relatively static with respect to cellular
turnover (Takubo, Izumiyama-Shimomura, ef af 2002) (Cameron 1970).
Furthermore, an individual with longer than average telomeres in one tissue is
likely to have longer than average telomeres in a number of different tissues,
illustrating telomere length variation at an individual organism basis around a

species average {Takubo, [zumiyama-Shimomura, et al 2002).

Germ line cells have the ability to maintain or increase their telomere lengths,
however the mean telomere lengths found in germ line cells remains constant for
any given species (Kipling & Cook 1990) (Wright, Platyszek, ef af 1996 160
fid).



Figure 1-1. Structure of the mammalian telomere. Telomeres are specialised
nucleoprotein structures found at chromosome ends, as shown diagrammatically
below. The duplex telomeric DNA sequence is based on a repeating hexamer,
and a single stranded G-rich 3" overhang of variable length is found at the

terminus.

AGGGTTAGGGTTAGGGTTAGGGTTAGGG 3’
ATCCCAATCCCAATCCC §’



1.2.1 G-quartcts

The G-quartet is the defensive structure hypothesised to be formed from the
single stranded 3’ overhang at the end of the telomere, and it is believed to shield
chromosome ends from the attentions of DNA repair complexes (Williamson,

Raghuraman, ef al 1989).

The suspicion that a specific telomeric sequence structure may be present at the
telomeric terminus was initially aroused by the observation that oligonucleotides
formed from the G-rich strand of telomeric sequence had greater elecirophoretic
mobility than would be expected for their size. Furthermore, the oligonucleotide
Tet-4 formed from four Tetrahymena telomeric repeats, d(TTGGG()4 has been
shown to contain G-G base pairs. (Henderson, Hardin, ef al 1987). Experimental
work based on these data has implied that in vitro, such G-G base pairs lead to
the formation of the structure that has been termed the G-Quartet, under the
intfluence of certain cations at physiological concentrations; the implication
being that such structures may exist in vivo (Williamson, Raghuraman, ez al
1989). The proposed structure is shown diagrammatically in Figure 1-2, and in
this arrangement the common telomeric sequence elements, the G-strings (for
example GGG in the human telomere) are the basis of the G-Quartet, whilst the
variable elements, the T/A bases form loop regions around the Quartets. This
structure has the potential to accommodate the telomeric sequences of a number
of different species, as G-strings arc a common feature in telomeric DNA
(Blackburn & Szostak 1984).

1.2.2 Telomere associated proteins

In addition to a DNA repeat sequence, a number of proteins are also associated
with the telomere. These telomeric proteins are believed to play important
structural roles, and are integral to the proper functioning of the telomere
(Greider 1999).



Figure 1-2. Proposed structure of the G-quartet. The diagram shows two G-
quartets (linked by dashed lines) utilising the telomeric sequence of Oxytricha
sp. d(TTTTGGGG). Variations in the telomeric sequence may be accommodated
by variation in the number of stacked quartets, and by changes in the length of
the connecting DNA loops. Every fifth base is numbered, and the
deoxyguanosine residues involved in the quartets are shaded to clarify the

arrangement of bases in the structure.




1.2.2.1 TRF1

(TTAGGG repeat binding factor 1) is a double siranded telomeric DNA. binding
factor that binds along the length of duplex telomeric DNA and was first
identified and cloned in 1995, The discovery of TRF1 was the first evidence that
tclomeres form nucleoprotein complexes in vertebrates {Chong, van Steensel, ef
al 1995). The protein is described as being related to the proto-oncogens Myb
due to its Myb-like DNA binding domain at its carboxy terminus, and acidic
amino terminal domain. It is a ubiquitous protein, and has been found associated
with telomeres at all stages of the cell cycle (Broccoli, Smogorzewska, et al
1997), Telomeric DNA has been shown to recruit TRF1 in the form of u
tetramer, and at high protein concentrations in vifro will coat the entire length of
avatlable telomeric sequence with a 10 nm thick array of bound proteins. In
addition, the presence of TRT'1 attached to the telomere has the in vitro effect of
promoting telomeric tracts to form pairs, with a strong bias for the parallel

arrangement. (Griffith, Bianchi, ez af 1998).

TRF1 has been shown to act as a negative regulator of telomere length, and it is
proposed to carry out this function by inhibiting the ribonucleoprotein
telomerase (vanSteensel & de Lange 1997). When new telomeres are transfected
into cultured cells, these stretches of DNA arc elongated, presumably by
telomerase until they rcach the average length for that type of cell. At this time,
TRF1 is recruited to the new telomeres, and growth is halted. This provides an in
vitro insight into the function and mede of action of TRE1 (Smogorzewska, van

Steensel, ef af 2000).

1.2.2.2 TRF2

TRE2 was initially classified as a duplex DNA binding protein, and was first
identified by Broceoli ef al in 1997 (Broccoli, Smogorzewska, et af 1997). It is a
distant homologue of TRF1 and has a similar Myb like DNA binding motif at its
carboxy terminus. Unlike TRF1, however, it has a basic amino terminus.

Inhibition of TRF2 has serious consequences for the cell, resulting in an



immediate threat of damage to the chromosomal ends by cellular activation of
the ataxia telangectasia mutated (ATM)/p53-dependant DNA damage
checkpoint pathway (Katlseder, Broccoli, et af 1999). Chromosomal end to end
fusions follow, and the 3” G rich single stranded DNA overhang at the telomere
end is lost (Griffith, Comeau, ef g/ 1999). This indicates that TRI'2 interacts with
both single and double stranded DNA, and supports the idea that TRF2 is crucial
for the proper functioning of the telomere. Griffith e al used elcctron
microscopy o demonstrate that TREF2 is capable of remodelling linear telomeric
DNA into large duplex loops in vitro (Griffith, Comeau, et af 1999). As the
presence of telomeric DNA per se is not enough to protect chromosomal ends
from degradation, these telomeric DNA or ‘T’ loops are proposed to be the
additional structure necessary for protection of the chromosomal ends (van

Steensel, Smogorzewska, ef al 1998).

Currently, the proposed view of telomeric structure in vive is that the 3, single
stranded DNA overhang loops back to invade the duplex telomeric DNA and
form a displacement loop in the order of a fow hundred nucleotides. Tn many of
the experimental cases the T-loops were very large and encompassed the entire
length of the telomere. Whether this is always the casc is unknown (Griffith,
Comeau, ¢f al 1999). TRFI may also have a role to play in "I'-loop formation, as
it has been shown to possess the ability to promote parallel pairing of telomeric
tracts in vitro, which may help to stabilise the T-loop arrangement {Griffith,
Bianchi, et ¢f 1998). The structure of the T-loop is shown in Figure 1-3,

The fact that inhibition of TRF2 has such an immediately deleterious effect on
the cell; (cells expressing a dominant negative allele of TRI'2 rapidly undergo
apoptosis (Karlseder, Broccoli, et af 1999)) led to difficulty assessing any
potential role of this profein in regulation of telomere length. Smogorzewska ez
al circumvented this problem by examining the effect of over expression of
TRF2, using a tetracycline induciblc cxpression system in the human
fibrosarcoma line F'TC75. 'This study indicated that TRF2 is also a negative
regulator of telomeric length, though in a transicnt way which is eventually

corrected (Smogorzewska, van Steensel, ef af 2000).



Figure 1-3. Structure of the T-loop. TRF1 stabilises a loop structure formed by
the telomere and allows TRF2 to mediate invasion of the duplex DNA at the
base of the telomere by the 3" ssDNA overhang. This T-loop is thought to be
important in allowing the cell to differentiate between a natural chromosomal

end and a double stranded DNA break.

T-loop

D-loop



1.2,2.3 TANK1

TANKI, or tankyrase is a protein with homology to the catalytic domain of
poly-adenosine phosphate ribose polymerase (PARP). This type of enzyme
aclivity is usually associated with DNA repair (de Murcia & de Murcia 1994),
and recombinant TANK has demonstrated PARP activity in vitro. TANKI has
been found to interact with TRF1 in vitro, and binding of TANKI1 to TRFI
diminishes the ability of TRFI to bind to telomeres. The long term over-
expression of tankyrase in telomerase positive cell lines results in a gradual and
progressive lengthening of lelomeres, whilst PARP deficient forms of TANKI1
do not demonstrate this effect. This suggests TANKI1 regulates the negative
effect of TRF] on telomere length via ribosylation of TRIF1, though it is possible
TANK | may act on other, as yet unidentified telomere associated factors as well
(Smith, Giriat, e a/ 1998) (Smith and de Lange 2000). Tankyrase is likely Lo act
by causing a structural change in the telomere end, which allows the enzyme

telomerase access to the telomere sequence.

1.2.2.4 TANK2

This protein is a rccently identified second tankyrase with telomere associations.
This protein has a very similar amino acid identity to TANK], but has a unigue
N-terminal domain. TANK? also interacts with TRF1, however over expression
of TANK2 leads to rapid cell death by necrosis, with loss of mitochondrial
membrane potential. The PARP inhibitor 3-aminobenzamide blocks this effect ir
vitro, linking this activity with the cell death. If this is the case, it may be that the
PARP activity of TANKI is more efficiently regulated than that of TANK2, or
that TANK?2 acts on substrales thal are not 4 target for TANK1 (Kaminker, Kim,
et al 2001). This idea is supported by the fact that both TANKZ and TANKI are
not restricted to the telomere alone; both these proteins are abundant in the
nuclear periphery and in the Golgi. It is therefore possible that they carry out
non-telomere related activities in the cell, and so act on other substrates
(Campisi, Kim, et a/ 2001).

10



1.2.2.5 Ku70 and Ku86

These proteins are components of DNA-dependant protein kinase (DNA-PK).
DNA-PK is a trimeric complex that is essential for the repair of double stranded
DNA breaks in the cell. Ku binds and stabilises the broken ends of DNA, and
then recruits the catalytic component of the DNA-PK to carry out the necessary
repait. Ku70 has been shown to specifically bind TRFI, and deficiency of Kug6
in mice causes genetic instability cue to frequent telomere-telomere fusions.
‘This is similar o the cffect of TRF2 deficiency, however Ku86 deficiency is not
associated with loss of the 3* overhang, or loss of telomere sequence overall.
This indicates that as well as its documented role in DNA repair, Ku is also
important for protection of the terminal telomeric structure and that fusions
associatcd with Ku deficiency are not mediated by loss of TRF2 function

{Samper, Goytisolo, et af 2000).

1.2.2.6 TIN2 and HRAP1

TIN2 and HRAPI also appear to be exclusively sited at the telomere, but in
association with other proteins rather than the telomere directly. TIN2 interacts
with TRFI, and HRAPI with TRF2, and whilst their precise functions are
unknown, they hoth play important roles in regulating telomere length (Campisi,
Kim, et al 2001).

1.2.2.7 POT1

POT]1 is a recently identified single stranded DNA binding protein first isolated
in yeast. The human homalogue, hPOT1 has been shown to bind specitically to
the G-rich telomere strand, and acts as a positive regulator of telomere length in
a telomerase dependant manner (Bawmann, Podell, et af 2002), (Colgin, Baran,
et uf 2003).

11



1.3 Telomere function

A primary role of the telomere is to protect the integrity of chromesome cnds.
This idea was first proposed by McClintock (McClintock 1941) and later works
have demonstrated the importance of this function in a wide variety of species
(Cervantes & Lundblad 2002). It is likely this faculty evolved in response to the
development of natural chromosomal ends that may be mistaken within the cell

as double stranded DNA breaks (Zakian 1989) (Bouffler, Morgan, et ol 1996).

Telomeres prevent loss of genetic information during replication of
chromosomes by providing a non-ceding DNA buffer that is expendable in the
face of ‘end replication problem,” (Blackburn & Szostak 1984) and they promote
correct mitotic sepatation of sister chromatids during ccll division (Kirk,
Harmon, ¢t a/ 1997).

1.3.1 End replication problem and telomere loss

End replication problem describes the difficulty encountered by a cell containing
linear chromosomes in dealing with the established mechanics of cell division,
specifically DNA replication. The semi-conservative mechanism of DNA
replication describes how the strands of the DNA double helix separate and each
acts as a template to direct the synthesis of a complementary daughter strand
(Meselson & Stahl 1958). ‘U'he point at which the DNA strands separate and
synthesis of ncw DNA begins is termed the replicatton fork, two of which
proceed bi-directionally from each other from an otigin of replication. These
single units of replicating DNA are referred to as replicons, and the typical
mammalian cell may contain 50,000 to 100,000 of them with a size range of 40-
200 kb. The DNA polymerases responsibie for carrying out the replication are
unidirectional in action in the 5° to 3" direction, and they require a short, labile
tract of RNA to act as a primer. Whilst leading strand replication may proceed in
the 5° to 3’ direction to the end of the chromosome, lagging strand replication
may only occur in the 5’ to 3° direction in short fragments, termed Okazaki

fragments. The Okazaki fragment includes the newly formed segment of

12



daughter strand DNA along with its RNA primer arranged 5'-RNA-DNA-3’
{(Sugino & Okazaki 1973). The removal of these individual RNA primers feaves
multiple internal gaps in the DNA sequence. These internal gaps are filled in by
extension of the DNA and ligation, however a 5" gap is left in the newly
synthesised DNA strand as there is no terminal primer allowing it to be filled in
{Olovnikov 1973) (Blackburn 1991). Despite the difficulty caused by end
replication problem linear chromosome development may have facilitated the
advent of meiosis, and the genetic diversity this enabled may well explain the
evolutionary advantage provided by this otherwise unstable system (Griffith,

Comeau, ¢f al 1999) (Naito, Maisuura, ef al 1998).

The model of telomere attrition by incomplete lagging strand synthesis predicts
that 50% of chromosomes will have a G-rich overhang, and that chromosomal
shortening will proceed at a rate of approximately 8-12 bases per cell division, a
figure which is based upon the size of the RNA primer (Tseng, Erickson, et af
1979). However, experimental work using a variety of cell types has reported
long overhangs of between 130-210 bases in >80% of the ielomeres tested
{Makarov, ITirose, et af 1997). In addition if is known that the telomeres of
human fibroblasts shorten by 31-85 bp per cell doubling. (Harley, Futcher, er af
1990). This suggests that incomplete lagging strand replication is net alone in
producing G-rich overhangs. Leading strand replication requires only one RNA
primer, atlowing DNA replication to proceed directly to the end of the sequence
and resulting in no DNA sequence loss. To account for this, a revised model of
telomere shortening has been proposcd in which DNA is lost from both ends of
the chromosome due to degradation of both 5” strands of the DNA at the time of,
or shortly after veplication. This is termed the strand degradation hypothesis. A
5'-3" exonuclease has been isolated from calf thymus tissue and advanced as the
likety cause of the missing bases. This exonuclease may be active by itself or ag
a component of DNA polymerase, and it has been shown to act specifically on
single strands of duplex DNA (Siegal, Turchi, et af 1992). The G-rich overhang
may have developed at both ends of the chromosome to atlow protection of the
chromosome ends by T-loop formation (Campisi, Kim, et o/ 2001) (Klapper,
Parwaresch, et af 2001).

13



1.3.1.1 Other causes of terminal sequence loss

Factors not considered in the sirand degradation hypothesis are aiso likely to
confribute to terminal sequence logs. Recent work has shown that oxidative
damage is repaired less efficiently in telomeric DNA than elsewhcre in the cell,
and that oxidative stress accelerales telomeric atlrition (von Zglinicki 2002). The
conversc has also been shown to be true, namely antioxidant (such as ascorbic
acid 2-O-phosphate) treatment of cell lincs attenuates telomere sequence loss
{(Furumoto, Inoue, et af 1998). These data have led some observers to the
opinion that oxidative stress is an important modulator of telomeric attrition, and
that telomere driven replicative senescence itself is primarily a stress response
(von Zglinicki 2002). Evidence in support of this is found in data showing that
some fibroblast cell lines lose as few as 10-20 bp per cell division, indicating
that strand degradation and end replication problem may not always be the major
determinant of telomeric sequence loss. It is possible that in those cell lines that
arc alfecled by greater sequence loss (and have higher peroxide levels) the major
factor at work is oxidative stress (Lorenz, Saretzki, er «/ 2001). This additional
factor does help explain the huge heterogeneity in replicative potential of
clonally derived cell lines identified by Smith and Whitncy (Smith & Whitney
1980). Evidence of such a stress response has been identified iz vivo in the
shortened replicative capacity of fibroblasts from subjects with Fanconi anaemia,
a condition that is known to result in chronic oxidative stress. (von Zglinicki,
Serta, ef «f 2000). It is likely that the cffect of oxidative damage on the rate of
telomeric attrition allows the individual cell to ‘fine tune’ entry into sencscence
to account for the greater risk of mutation, and therefore malignancy associated
with higher levels of oxidative stress. This view appeals from an evolutionary
standpoint, as it is a tumour suppressor mechanism by which those cells most at
risk from malignant transformation may be removed from the replicating

population more swiftly than would result from end replication problem alone.

14



1.3.2 Role of telomeres in chromosome separation

Rirk e af have demonstrated that telomeres are essential for chromosomal
stability during mitosis in an experiment focused on the ciliated protozoan
Tetrahymena. Telomeric DNA mutants were produced by expression of a
telomerase RNA with an altered template sequence, and this prevented division
of the germline nucleus in anaphase, consistent with a physical block to

separation of the telomeres (Kirk, [Iarmon, ef al 1997).
1.3.3 Role of telomeres in gene silencing

A transcriptional silencing mechanism has been proposed that is caused by
proximity to lhe telomere, This has been termed the telomere position effect
(TPE), and was (irst identified in Saccharomyces cerevisae where TPE can cause
reversible gene silencing by a mechanism that is dependant both on telomere
length and the proximity of the gene to the telomere (Tham & Zakian 2002).
This has prompted investigations to ideutify if this effect can be demonstrated in
mammalian cells. Promising results have been obtained using [IeLa clones in
which a luciferase reporter adjacent to a newly formed telomere expressed 10
times less luciferase than controls that have been randomly incorporated.
Furthermore, lengthening ot the telomere produced further reduction in reporter
activity in the telomere adjucent reporters but not in the controls (Baur, Zou, et
al 2001). Attempts to reprocduce this effect in natusal telomeric genes have not
met with the same success; telomere length alone is not sufficient to determine
the expression status of the genes investigated (Ning, Xu, e/ «f 2003). However,
this study has also identified a discontinuous pattern of genc cxpression during
telomere shortening that may be related to senescence. Further work is necessary
to clarify to what extent telomeres affect the expression level of genes located
near to them, though the present evidence suggests that such proximity is a
factor governing expression, and suggests another important role for the

telomere in the mammalian cell.
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1.4 Replicative senescence

Senescence 1s the final phenotypic state adopted by a cell in response to several
distinct physiological processes including proliferation, oncogene activation and
oxygen firee radical toxicity. In the context of this study, the qualified term
replicative senescence is used to avoid confusion in cases where cells might for
cxample be described as ‘sencscent’ because they were derived from an aged
individual, or becausc they are derived from post-mitotic tissue demenstrating

age related decline in function.

The behaviour of individual cells in culture was initiaily thought to display
immortality. The first flawed experiments in this field were carried out by
Carrell in 1912, using cells dissociated from chicks and sub cultured in a
medium derived from chick embryo extract. Carrell claimed these cells could be
sub cultured indefinitely. and that organismal ageing and therefore mortality was
a function of multicctlularity. The cells culwred were in fact mortal, being
sensitive to a wide varicty of poor growth conditions and noxious substances.
They were also being replenished regularty with a medium that was
contaminated with fresh cells, and the cultures correspondingly underwent
phases of growth when new, presenescent cells were added with the growth
medium {Cristofalo & Pignolo 1993) (Hayflick 1965). Since then and despite
advances in the field, Carrel’s results have never been duplicated despite several
attempts (Hayflick 1965) (Witkowski 1980). However, the view that the
individual cell is inherently immortal persisted until the landmark experiments ot
Haytlick and Moorchead in 1961 and 1965, which proved conclusively that
normal human fibroblasts have oaly a limited capacity for division. The process
that eventually limits cell division has been termed replicative senescence, and
with the exception of cells in the germ line and some stem cell types it affects all
mammalian cells (Hayflick 1965) (Hayflick & Moothcad 1961) (Hayflick 1997).
Olovnikov first proposed that loss of chromosomal end genes, or ‘telogenes’ was
the trigger for Hayflick’s limit, and linked telomeres to replicative senescence
(Olovnikov 1973).
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Replicative senescence occurs in two distinct phases in human fibroblasts,
mortality stages 1 and 2 (M1 and M2, shown in Figure 1-4), and this model is
the accepted sequence of events that occur in normal somatic cells approaching
replicative exhaustion (Wright & Shay 1992). M1 probably occurs when
telomeres are sufficiently short that they can no longer be effectively ‘masked’
from cellular DNA repair machinery and are treated as double stranded DNA
breaks (Ilarley 1991). The replicative block that occurs at M1 is mediated by cell
cycle checkpoint proteins that are associated with response to DNA damage,
such as the p53 and pl6/pRb pathways (Kohn 1999). As such, mutations or
transforming oncogenes that inactivate these checks atfow further cell division
with concomitant telomeric attrition untit M2 is reached {Lundberg, Hahn, ef af

2000).
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Figure 1-4. Two step hypothesis of cellular immortality. Germ line cells and
pluripotent stem cells are telomerase positive, although pluripotent stem cells do
not maintain their (elomere lengths. Normal somatic cells are telomerase
negative and undergo telomeric attrition. At a critical length this erosion triggers
a replicative block termed Hayflick’s limit, or mortality stage 1 (MI).
Abrogation of cell cycle checkpoints such as p53 or pl6/pRb allows further cell
division and concomitant telomeric loss until a genctic crisis, or mortality stage
2 (M2) is triggered characterised by massive cell death, Almost all the rare cells

that survive beyond this stage contain mutations that have led to telomerase

rcactivation.
A
— » Germ line cells
\‘~ hTERT transduced cells
_—
= T Stem cells
=3 1]
=
a
|
QL
Tt
D
g M1
E I
H
Telomere stabilisation
M2 7 L
e { I'elomerase activation
i
1
I
|
1
1
1
1

Sencscence  Crisis

Cell divisions

18



M2 (crisis) represents the end result of critically short telomeres, and is
characterised by end-to-end fusions, and chromosome breakape fusion cycles
resulting in apoptosis (Wright & Shay 2000), The stringency with which
replicative senescence is adhered to vartes between species, for example whilst
there are no confirmed reporls of either human or chick fibroblasts from normal
donors spontaneously immortalising, this occurs relatively frequently in cells

derived from mice (Ponten 1971).

The onsct of replicative sencscence is determined by the number of times the
cells divide, and not by calendar time. It is characterised by itreversible growth
arrest in the (G1 phase of the cell cycle and the ability to survive and remain
metabolically active in this condition for a period of time that may extend to
several years, despite an inability to synthesise DNA (Matsumura, Zerrudo, ef af
1979). Senescent cells also appear enlarged and flattened, and express a -
galactosidase activity at pII6 (Dimri, Lee, et al 1995). ‘l'hese criteria are few,
partly as other changes that occur in senescence are also seen in the reversible
state of quiescence ito which some culiured cells fall in the absence of growth
factors (Berube, Smith, et o/ 1998). Even very young cultures are found to
contain a small proportion of cells that are senescent, and this proportion slowly

increases throughout the life span of the cell line until all the cells are affected.

It has been found that human fibroblasts, when treated with high concentrations
of hydrogen peroxide stop dividing and become cnlarged. This has been
interpreted as a means by which replicative senescence may be triggered for
experimental purposes. However as other cell statcs (such as terminal
differentiation) may mimic the senescent phenotype, this means of inducing
senescence should be treated with caution; at least until the underlying control
mechanisms are more fully understood (Chen & Ames 1994) (Smith & Pereira-
Smith 1996). In contrast, a recognised means for delaying the onset of
replicative senescence 1s via cellular expression of DNA tumour viral genes,
such as simian virus 40 (SV40) ‘1" antigen. SV40 acts as a dual inactivator of the
genes p33 and RBI1. The same effect is seen by treatment with antisense

oligonucleotides to the tumour suppression genes p53 and RB1, or by expression



of a dominant negative p53 mutant (Smith & Pereira-Smith 1996). These
treatments allow cells an extra 10-20 doublings comparcd to controls. though
they ate only effective it’ carried out on pre-senescent cells, as senescent cells
cannot be stimulated to divide (Sager, Tanaka, ef af 1983). After the extra
population doublings treated cells will cater sencscence normally, with the
cxception of SV40 treated cells, which will instead undergo a period ol genetic

crisis, usually leading to cell death.
1.4.1 How is scnescenee triggered?

When considering this subject, it should first be noted that whilst the finite
replicative potential of nonmnal somatic cells is now as much a central dogma as
Carrel’s view of cellular immortality was before 1961, there are still dissenting
voices. Notably HMarry Rubin states (hat the concept of a genetically
predetermined number of human fibroblast replications, and its implied
extension to other cells, is based on an artefact resulting from the damage
accumulated by the explanted cells during their replication in the radically
foreign environment of cell culture (Rubin 1998). Rubin is not alone in this
view, and it must be accepted that the cell culture environment, improved though
it is from the days of Carrel’s work does represent a radically alien and crude
environment for the cells grown within it; as such the true naturc of cellular
replicative potential may not lend itself entirely to one view or the other but lie
somewhere between the two camps. That aside, replicative scnescence as a
phenomenon is widely accepted (Kipling & Wyndford-Thomas 1999), and
explanations of how it is triggered usually fall into two broad camps. First, the
cell is considered to play a passive role, having senescence thrust upon it as the
resuit of accumulation of errors associated with, [or example, imperfect repair of
DNA damage and inadequate scavenging of harmful free radicals. Second,
senescence is considered an active, programmed cellular process, and implies

cellular ageing is part of an intrinsic genetic programme.
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1.4.1.1 Mechanisms under consideration

Several hypotheses have been advanced to explain the link between telomeric
attrition and replicative senescence. First, telomeres might bind transcription
factors necessary for triggering senescence that are released upon loss of enough
repeats. Whilst there is as yet no firm evidence for this in mammalian cells, this
idea is based on experinental work cagrried out in yeast, where the telomere
associated Rapl protcin sequesters silencing faclors thal normally acl al non-

telomeric sites (Marcand, Buck, ef al 1996).

Second, the heterchromatic structure of DNA near the telomere may act to
silence genes necessary for triggering the senescent phenotype. These genes
would then become derepressed as telomeric sequence is lost, and
hetcrochromatin diminishes. Again, the cvidence put forward in support of this
hypothesis is ycast-based rescarch where there is strong evidence of desilencing

of loci near telomeres (Shore 1995).

Finally, short telomeres may cause a DNA damage response that leads to cell
cycle arrest, and veplicative senescence. The key to this mechanism is believed
to be the T-loop structure identified by Griffith et &/ and described previously
{Griffith, Comean, et a/ 1999). T-loops allow the telomere end to be sequestered
from DNA repair complexes, and it is possible that loss of this loop forming
ability due to telomeric attrition is the mechanism through which the senescence
response is inmitiated. This is likely to occur through a p53 mediated DNA

damage response.

1.4.1.2 Evidence in favour of a genetic basis to replicative

senescence

Smith ef al exploited irn vitro hybrids between young and old cells to investigate
how replicative senescence is controiled. Such hybrids were found to have no
greater replicative potential than the old set of parental cells from which they

were partly derived. This suggests that the senescent phenotype is dominant.



Further evidence of this is the observation that hybrids of two old cell lines never
show greater replicative potential than their parental cells. In addition, fusion of
immortal and mortal human fibroblasts produce hybrids that are invariably
mortal, indicating that cellular immortality arises due o recessive mulations that

allow escape from senescence (Pereira-Sinith, Robetorye, et al 1990).
1.4.2 Replicative senescence and ageing

The link between replicative senescence and ageing was first postulated by
Hayflick (Hayflick 1965), who linked the aged appearvance of senescent cells to
organismal ageing, and suggested replicative senescence may therefore play a
part in the many phenotypic changes that occur during this process. This proved
a popular idea, as it provided a mechanism by which cell culture studies could
contribute to the investigation of the ageing process. The study of ageing, and
more specifically age related discase is extremely important in the human field
as we live in a world with an ageing population (HMSO 1995). Many of the
improvements in human healthcare that have produced this effect have filtered
into the veterinary field resulting in an increased demand for treatments for age
related disease such as cancer (Bronson 1982). Hayflick’s original hypothesis of
ageing through the mechanism of replicative sencseence indicates a cellular,
genetic programme for how we age, but does not address why this might have
evolved. The question of why we age is engaged more recently in the concept of
antagonistic pleiotropy, which has the central tenet that evolutionary pressure
docs not have any effect on the post-reproductive age organism. This fits
conveniently with Hayflick’s idea, as replicative senescence would be strongly
selected for as a potent anti-cancer mechanism and if any deleterious effects
were co-selected they would be unchecked by the forces of evolution if they
occurred n the older post-reproductive organism. The supposition is therefore
that ageing may be the price paid for a cancer free reproductive lifespan

(Krtolica, Parrinello, et af 2001).

A second idea is the disposable soma theory of ageing, in which evolution is

viewed as the force behind the most efficient use of tesources between
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reproduction and somatic tissuc repair (Kirkwood 1996). The theory is well
illustruted by the mousc, a creature with a short lifespan, high fecundity and high
predation rate. According to the theory, evolution has allocated the lion’s share
of resources to reproduction ratheyr than a long-lived body, as a mouse with a
body designed fo live to for fifty years will in its natural environment most likely
be caten after two. Therefore the life spans of species may be a reflection of a

logical use of resources in the face of predation and disease.

Aside from the hypotheses about why we age, Hayflick’s idea about how this
might happen has yet to be tested critically, Even if proved to play a part in the
ageing process, replicative senescence cannot be the sole mechanism involved,
as it does not provide an explanation for the age related changes that are clearly
documented in post-mitotic tissues such as neurones (Smith & Whitney 1980).
Yet cell culture has provided indirect evidence of a link between the two
processes. First, a numbcr of i vitro studies have shown an inverse relationship
between donor age and the number of population doublings (PDs) until
replicative senescence (Allsopp, Vaziri, et af 1992). Sccond, interspecies studies
have shown a correlation between species life span and the replicative potential
of fibroblast cell cultures derived from them. For example, whilst murinc
fibroblasts senescence after only 10-15 PDs, fibroblasts cultured from the long-
lived Galapagos tortoise routinely undergo more than 100 PDs before exhausting
their replicative potential (Soldstein 1974). This points to an overlap in the genes
governing replicative senescence and organismal ageing (Rohme 1981). Allied
to this data is the observation that cell lines derived from sufferers of the human
progeric syndromes Wemer's syndrome and Hutchinson-Gilford exhibit
decreased proliferative potential compared to age matched controls. Such
decreased proliferative potential is also found in Down’s syndrome patients
(Oshima, Campisi, et al 1995} (Goldstein & 1larley 1979). Furthermore, recent
research has demonstrated an association between loss ol replicative potential

and premature cardiac ageing in humans (Chimenti, Kajstura, ef af 2003).

At a molecular level correlations have been uncovered between replicalive
senescence and ageing. The ability to respond to stressors by induction of heat

shock protein 70 is attenuated in both scnescent human fibroblasts and aged
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rodent tissue (Choi, Lin, ef al 1990) (Fawcett, Sylvester, et a/ 1994). Such

observations are circumstantial only, but add to the overall weight of evidence.

Finally, a senescence associated marker enzyme {[-galactosidase activity at pl6,
Dimri, Lee ef «f 1995) has been found to be more prevalent in ceils from
physiologically aged tissue of the Rhesus monkey (Macaca mulatta) than young
equivalents, providing the first in sity evidence that replicative senescent cells
accumulate in aging tissue. Crucially, this enzyme activity is not displayed in
reversibly arrested cells, such as young, growing cells that have been affected by
removal of growth factors. This allows clear differentiation between quicscence

and true replicative senescence (Pendergrass, Lane, ef al 1999).

The above evidence is not without contradiction; for example Cristotalo er al
could not demonstrate an age effect on fibroblast replicative potential using a
health screened donor population, and pointed out that weaknesses in candidate
selection may pive rise W fulse correlations (Cristofalo, Allen, ef al 1998). One
example of this is a study that could demonstrate an inverse relationship between
the two parameters only when diabetics and pre-diabetics were included in the
study group, even though diabetes is a disease that is known to increase cell

turnover (Goldstein, Moerman, ef «/ 1978).

Furthermore, whilst the decreased growth potential of cultures from patients
with progeric syndromes would appear to provide strong circumstantial evidence
of a link between replicative senescence and ageing, closer examination of carly
senescent cells from donors with perhaps the most documented condition, the
Wernet syndrome are found not to repress c-fos, which is a halimark of normal

senescence (Oshina, Campisi, e al 1995).

Perhaps most crucially ot atl, whilst the above evidence supports the idea of
replicative senescence and ageing being co-dependent variables this docs not
imply causality; thus whilst telomeric attrition is associated with ageing it has

not been shown conclusively that it is the major cause of ageing,
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1.4.3 Senescence as a tumour suppressor mechanism

The ability of cells to replicate is essential for repairing and renewing the tissues
of muiti cellular organisms throughout life. [lowever, his capacity to divide is
also an opportunity for mutations to develop, and such mutations can lead to
malignant transformation, The risk of malignant transformation increases with
oxidative stress, environmental insults and errors in DNA replication. This is
because all these factors cause damage to the genome, which increases the risk
of mufation. It is mutation that may cause a genome to become unstable
{hypermutable), and confer a growth or other survival advantage over normal

cells that allows the development of cancer (Campisi 20018).

The dividing cell has two strategies for dealing with the risk of malignant
transformation. First, apoptosis or programmed cell death eliminates at risk cells
from the population. Second cellular senescence eliminates risk by irreversibly
arresting growth, The term ‘cellular sencscence’ is used specifically in this case
to denote a senescent phenotype that may be induced by a range of factors other
than telomeric attrition, such as DNA damage, chromatin remodelling and strong
mitogenic signals (Campisi 2000). Evidence linking ccllular scnesecnce and
tumour suppression has been uncovered both in vitro and in vive. DNA damage
in the form of double strand breaks or oxidative damage will induce a senescent
phenotype, and oxidative stress is known to shorten telomeres (von Zglinicki
2002). Agents that open or unravel chromatin structure will induce a senescent
phenotype (Young & Smith 2001), and such agents have the capacity to cause
loss of the gene silencing capacity of chromatin., Over expression of both the
growth stimulatory transcription factor E2F1 and activated forms of the growth
factor signal transducing protein Ras will induce a senescent phenotype {Dimri,
Itahana, et a/ 2000) (Servano, Lin, ef af 1997). Malfunctions of these factors may
contribute to the development of cancer; and this points to senescence being a
general fumour suppressor mechanisim with the capacity to respond to a wide

range of signals from difterent sources within the cell.
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The genes controlling cellular senescence give further insight into the
importance of this process as a tumour suppressor mechanism. Genes governing
cellufar senescence encode two proteins that are at the heart of the two most
important tumour suppressor pathways in the cell. Together, functional loss of
the tumour suppressors p53 and pRb are the most disabled in mammalian
cancers (Hickman, Moroni, et af 2002), and such functional loss has been shown
to occur in canine cancers, for cxample canine melanoma (Koenig, Bianco, et al
2002). p53 controls the expression of gencs that respond to genomic damage
through cell cycle arrest or apoptosis, and p53 levels are incrcasced in sencscent
cells (Bringold & Serrano 2000) (Lundberg, Hahn, ef a/ 2000). pRb does a
similar job of policing the gencs controliing cell cycle progression and cellular
differentiation, though by the indirect route of interacting with transcription
factors such as G2T (Berube, Smith, ef af 1998). Other oncogenes, such as c¢-
myc, and the viral oncogenes E6 and E7, also act by overcoming senescence,
underlining the importance of this process for tumour suppression in the cell

(reviewed in Campisi, Dimri, et al 1996).

In vivo evidence of the link between senescence and tumour suppression has
been demonstrated in the highly cancer prone state of mice that have been

engineered to produce inactive p33 or plg™

protcins (Ghebranious &
Donechower 1998). Converscly, premature senescence of mammary epithelial
tissue suppresses the developiment of mammary cancer in young micce exposed o

the mouse mammary tumour virus (Boulanger & Smith 2001).
Finally, a clear piece of evidence for the importance of replicative senescence as

a tumour suppressor mechanism is the fact that cells with a finite replicative life

span are orders of magnitude less likely to form tumours than immortal cells

(Campisi 1997).
1.4.4 Celular senescence as a facilitator of tumorigenesis

In light of the above evidence, it may appear strange to describe senescent cells

as a cancer risk [uctor, however recent evidence shows this to be the case; not by
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any direct action of the senescent cells themselves, but via adjucent cells that still

have replicative potential (Krtolica, Parrineilo, et af 2001).

Cellular senescence has been described as an example of antagonistic pleiotropy
{Campisi 2001a). Therefore whilst replicative senescence may have evolved to
provide the advantage of tumour suppression to organisms of breeding age, it
may also have selected for undesirabie characteristics, one of which may be a
tendency to develop cancer in the older, post-reproductive organism. Krtolica es
al using in vitro human fibroblast cultures provided the main experimental
evidence of this effect. This work showed that both premalignant and malignant
epithelial cells are stimulated to proliferate by senescent fibroblasts via factors
that are at least in part scereted by the senescent cells (Krtolica, Parrinello, et af
2001). This effect was obscrved when the senescent cells comprised onty 10% of
the cell population as a whole, and was unaffected by the method by which

ARF
4

sengscence was induced (replicative exhaustion, oncogenic RAS, pl , and

hydrogen peroxide).

1.5 Telomerase structure

Not all mammalian cells undergo telomeric attrition; for example germ-line cells
and cancer cells do not. However these cells possess linear chromosomes, and
are therefore prey to thc end replication problem, The solution is the
ribonucleoprotein telomerase, a complex composed of an RNA sequence that is
complimentary to the telomere sequence, a catalytic component, and several
other associated structural proteins with an estimated total melecular mass of
1000 kilodaltons (kDa) (Dhaene, Van Marck, ef af 2000). Telomerase was
identified in 1985, and the earliest purification of the active components
oceurred in Euplotes aediculatus (Greider & Blackburn 1985) (Lingner & Cech
1996). Telomerase activity allows maintenance of telomere length despite cell
division, and accordingly activity is strongly associated with immorialiscd and

cancerous tissues (Kim, Piatyszek, ef a/ 1994) (Shay & Bacchelti 1997).
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Telomerase is frequently described as a “specialised’ reverse transcriptase, and
there ware three main reasons for granting it specialised status. First, and
unusuaily for a reverse transcriptase, telomerase utilises only a part of its RNA
subunit functionally. Second, during the proccssive synthesis of telomeric
repeats, the substrate translocates from one end of the template to the other by an
unknown mechanism, and finally, thc RNA subunit of telomerase is stably

associated with the protein complex as a whole.

Telomerase acts by using the RNA sequence as an internal template, guiding the
addition of nucleotides to the 3" end of the telomere by the catalytic component,
telomerase reverse transcriptase. The complex is then repositioned at the new
telomere terminus and the process is repeated until the effects of end replication
problem have been negated (Buys 2000). Accordingly, tclomerase activity
should be absent from those cell types that undergo telomeric attrition, and this

15 indeed the case (Reviewed in Dhaene, Van Marck, ef «f 2000).

1.5.1 Telomerase RNA

This component was lirst cloned in Teirahymena thermophila, and the human
analogue is referred to as hTR (human telomerase RNA component). In humans,
the hTR transcript is 451 nucleotides in length and lacks polyadenylation. It
contains a ‘template’ sequence that is complimentary to the telomere repeat, and
in humans this sequence is 11 micleotides in {ength (3’-CUAACCCUAAC-3’)
(Feng, Funk, e o/ 1995). Mammalian telomerase RNAs resemble small
nucleolac RNAs (snoRNAs) due to the presence of a H/ACA box in their 3’
domain (Mitchell, Cheng, e a/ 1999). The vital nature of the RNA component to
telomerase function was revealed first in 7Tefrahymena, where distuption of
telomerase RNA was shown to lead to progressive telomere shortening (Ahmed,

Sheng, ef af 1998).
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1.5.2 Telomerase reverse transcriptase

The telomerase reverse transcriptase gene (the hwman analogue is refetred to as
hTERT) consists of 16 exons and 15 introns and extends over 40 kb (Wick &
Hagen 1999). Of the threc major subunits that comprise the telomerase
tibonucleoprotein, the hTERT gene product is considered to be the most
common rate-limiting determinant of activity. This is due primarily to studies
connecting telomerase activity directly with transcriptional activity of hTERT at
all stages during the process of malignant transformation, in contrast with the
hTR subunit that is expressed in many tissues irrespective of telomerase activity
(Avilion, Piatyszek, et al 1996) (Wisman, De Jong, ef al 2000). The reverse
transcriptase domain has been shown to be essential for telomerase activity
{(Weinrich, Bodnar, ef a/ 1997), however in humans both the amino and carboxyl
terminus also have important functional roles to play, and even minor deletions
in these regions may lead to loss of telomerase activity (Beattie, Zhou, et al
2000) (Banik, Guo, et af 2002).

‘The importance of the TERT component is further supported by studies
demonstrating that forced expression of hTERT in telomerase negative cells is
enough to reconstitute telomerase activity and extend replicative life span
(Badnar, Ouellette, ef o/ 1998). This work was subsequently extended by
Takakura et ¢/, who showed conclusively that hTERT is significantly activated

in cancer cells, but repressed in normal primary cells (Takakura, Kyo, ef af
1999).

1.5.3 Human telomerase associated protein 1

TEP1, or hTEPI in humans (human telomerase associated protein 1), is a 240
kDa protein which is asseciated with telomerase activity, but in common with
RTERT, expression of this protein alone in a cell does not imply telomerase is
active (Harrington, McPhail, et af 1997). hTEP] is the human homoelegue of p80
in Tetrahymena, p80 being onc of the first telomerase associated proteins

identified. This protein was initially thought to be the catalytic component of
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telomerase before TERT was identified (Dhaene, Van Marck, et al 2000). Some
light has been shed on the possible function of this protein by recent work that
has shown TEP1 Lo be identical to the 240 kDa vault protein. Vault proteins ate
large cytoplasmic ribonucleoprotein complexes, and whilst their function is as
yet unknown the sharing of TEP1 between vault proteins and telomerase
suggests TEP1 may play a structural role in ribonuceloproteins, or aid generally
with their function or assembly (Kickhoefer, Stephen, ef o/ 1999). In the same
study, Kickhoefer ef al demonstrated that vault proteins themselves display no

detectable telomerase activity.
1.6 Telomerase activity

Many human tissues display telomerase activity during early embryonic
development, however this period is short lived, and telomerase activity is
repressed in most normal human somatic tissues after birth (Kim, Piatyszek, ef a!
1994) (Shay & Bacchetti 1997). Teloinerase activity may still be found in
specific tissues throughout adult life, and this pattern correlates with tissues that
require a large replicative potential due to functional demand. For example,
Tahara et of detected telomerase activity in normal colonic glandular epithelial
crypt cells (Tahara, Yasui, et a/ 1999). Telomerase activity is induced by antigen
activation of mature resting tymphocytes, (Weng, Palmer, ef al 1997) and gerin
cells are telomerase positive, along with normal endometrial tissue (Dhaene, Van
Marck, ef al 2000},

1.7 Regulation of telomerase activity

1.7.1 Transcriptional regulation of the hTERT gene

As TERT is the primary determinant for telomerase activity the regulation of
TERT cxpression has been the focus of many studies. The isolation and
characterisation of the hTERT promoter (Wick & Hagen 1999) (Cong, Wen, et
al 1999) led to transient transfection experiments that used hTERT promoter-

luciferase constructs to show promoter inactivity in mortal and transtormed

30



preimmortal cells, but activity in immortal cells, hightighting the importance of

transcriptional control (Takakura, Kyo, ez af 1999).

Regulation of hTERT promoter activity is likely to be a key point that is
controlled at a number of different levels. The large numbers of transcription
factor binding sites within the hTERT promoter provide evidence for this. Of
these, several have been implicated n the control of hTERT expression and may

be defined as transcriptional activators or repressors (Cong, Wen, et al 1999).

1.7.1.1 TERT transcriptional activators
1.7.1.1.1 C-Mye

C-myec is a well-characterised oncogene that promotes growth, proliferation and
apoptosis (Grandori, Cowley, ez «f 2000). Alterations in the structure or
expression of this gene have heen linked to a wide variety of human cancers.
The link between c-myc and hTERT transcription are the two E-box recognition
sequences in the h'TERT promoter sequence. This sequence (5'-CACGTG-3") is
recognised and bound by heterodimers formed by c-myc and the Max protein
(Grandori, Cowley, et af 2000). C-myc has been shown to induce hTERT
expression and telomerasce activily in primary fibroblasts (Wang, Xie, ef af
1998). Thesc data provide clear evidence of a direct effect of c-myc on hTERT

activation.

1.7.1.1.2 Spl

Spl is a general transcription factor that binds to specific sequence arcas of
promoters termed GC boxes. It helps to initiate transcription of a large number
of genes, particularly by aiding transcription of promoter sequences that are
without the TATA-box binding protein, which is part of the general transcription
machinery of the mammalian cell. The hFERT promoter is TATA-less, and Spl
has been shown to cooperate with c-myc to activate transcription of h\TERT in a

cell-type dependant manner (Kyo, Takakura, et a/ 2000).
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1.7.1.1.3 ITuman papillomavirus 16 E6 protein

Telomerase activity can be induced in a number of human cell types by the
human papillomavirus 16 FE6 protein, via up regulation of hTERT transcription.
The mechanism by which E6 causes hTERT up regulation is as yet unknown,
however it occurs independent of any interactions with either p53 or c-Myve

(Klingelhutz, Foster, ef ¢/ 1996).

1.7.1.1.4 Steroid hoermones

[nitial studies focusing on telomerase activity in normal human ovarian and
endometrial tissues identified telomerase activity at those stages of the menstrual
cycle that are under the influence of oestrogen. It has been recognised for some
time that certain types of cancers arc ocstrogen dependant (Henderson, Ross, er
al 1993}, and so research has been directed at identitying whether a causal link
between cestrogen influence and telomerase activity can be identified. Kyo ef o/
were the first to demonstrate that oestrogen activates telomerase, and that this
phenomenon is due to direct transcriptional regulation of hTERT expression in

hormone sensitive tissues (Kyo, Takakura, ef al 1999).

1.7.1.2 TERT transcriptional repressors

The crucial importance of TERT cxpression for reconstiluting telomerase
activity has been outlined above, and in accordance with the finding that
telomerase activity is absent from most normal post-embryonic human somatic
tissues it is considered likely that repression of hTERT transcription in these ccll
types is a key control point. Consistent with this hypothesis, fusion between
normal somatic cells and some immortal telomerase positive cells results in
repression of telomerase aclivity (kshii, Tsuyama, ef o/ 1999). Furthermore,
down regulation of telomerase activity in cancer cells has been achieved via
repression of h"TERT expression by the transfer of specific chromosames from
normal cells, implying that normal cells express negative regulators of hTERT

expression (Oshimura & Barrett 1997). To datc scveral hTERT repressors have
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been identified inctuding Madl, p53, pRb, E2F1, WTI1, and anti-proliferation

agents, as detailed below.

1.7.1.2.1 Madl

The proteins c-Myc, Max and Madl are crucial to the proper cellular control of
growth and differentiation. As hus been described in Section 1.7.1.1.1 the
heterodimers formed by c-myc and max have a positive effect on hTIERT
transcription. Mad/Max dimers act as the counterbalance to this retationship and
produce downregulation of hTERT transciption through competitive inhibition

of the c-mye/Max dimers (Xu, Popov, et al 2001).

1.7.1.2.2 p33

p53 is a tumour suppressor protein that acts by inducing cell cycle arrest or
apoptosis and can respond to a variety of types of cellular damage. The
importance of this protein is reflected in the fact that it is functionally disabled in
50% of human tumours (Asker, Wiman, ef ¢/ 1999). Recent evidence has shown
that p53 down regulates hTERT expression dircctly, and therefore its anti
teloincrase cffccts arc not dependant on its cell cycle arrest or apoptosis

functions {(Xu, Wang, e a/ 2000) (Kusumoto, Ogawa, ef af 1999).

1.7.1.2.3 pRb and E2F1

Over expression of both pRb and E2F1 resulted in repression of telomerase
activity in a number of human cancer cell lines. The exact mode of action of this
effect has yet to be elucidated, and whether pRb and B2F1 act independently or
cooperate (Ying C.Henderson, , ef al 2000) (Nguyen & Crowe 1999),

1.7.1.2.4 Wilms’ tumour 1 tumour suppressor (WT1)

WTI1 is a tissue specific (kidney, gonad and spleen) repressor of the hTERT
promoter, inactivation of which may contribute to aclivativn of telomerase

during tumorigenesis in its target tissucs (Oh, Song, ef af 1999).
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1.7.1.2.5 Antiproliferation and differentiation agents

Telomerase activity is reduced by cellular differentiation and cell cycle exit,
therefore focus has been given to identifying possible inhibitory effects by
factors governing these cellular changes on hTERT activity. Both Interferon-o
and autocrine transforming growth factor B have been shown to exert a direct
inhibitory ¢flect on TERT expression in cell lines derived from human
malignant cancers. Both these factors arc involved in control of cellular
proliferation, and it is possible many more such factors exert similar influence

(Yang, Kyo, et ¢l 2001).
1.7.2 Epigenetic regulation of TERT gene

DNA methylation is a common, programmed alteration of genomic sequences
that has been shown to be essential for normal development (Reik & Dean
2001). The possibility that abnormal methylation may lead directly to up
regulation of hTERT activity exists though whether this occurs remains to be
resolved. Tt is clear that abnormal methylation down regulates tumaur
suppressors such as pl6 and pRb and is associated with human cancers and so
such a relationship may be implied (Laird & Jaenisch 1994), In addition, a
rcverse correlation has been shown between the degree of methylation of the
hTERT promoter and telomerase activity in B-ccll lymphocytic leukaemia
(Bechter, Eisterer, ¢f af 2002); it is possible such relationships are not rarities,

but are as yet undiscovered.
1.7.3 Other TERT controls

Transcriptional regulation of hTERT is undeniably important for the regulation
of telomerase activity in cells. However, the large volume of work that has been
dedicated to categorising the telomerase activity status of normal human tissues
has revealed other points of control. For example full-length hTR and hTERT

mRNA are readily detectable in human tymphocytes, tonsils, peripheral B and T
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cells and ovarian tissue without the prescnce of detectable telomerase activity
(Ulaner, Hu, ez af 2000) (Lin, Schoonmaker, ef al 1999). This posttranscriptional
control is likely to relate to phosphorylation of hTERT by serine/protein kinases,
which is a modification necessary for activity that has been demonstrated by a
number of different workers {Akiyama, Hideshinia, ef &/ 2002) (Minamino &
Kowrembanas 2001) (Haendeler, Hoffmann et al 2003). Interestingiy,
phosphorylation regulation of hTERT may exert control over telomerase activity
in part by influencing the location of hTERT within the cell. hTERT tyrosine
phosphorylation at position 707 has been linked with nuclear export of hTERT,
and increased antiapoptotic activity (Haendeler, Hoffmann et al 2003). This also
indicates novel effects of TERT within the cytosol that are unrelated to
telomerase actvity, and demonstrate clearly that regulation of telomerase and its
components is more complex than initially thought. Furthermore, the finding of
hTERT transcripts in foetal tissues and tumour cell lines that would result in a
truncated or inactive protein indicate that alternative splicing also has a role to
play in rcgulating telomerase activity. These include an o transcript which facks
36 nucleotides from the 5° end of exon 6, the [ trunseript, which lacks exons 7
and 8 entirely, both o and B spliced transcripts and a number of insertional
alternative transcripts (Ulaner, Hu, ez af 1998) (Ulancr, Hu, ef a! 2001) (Ulancr,
Hu, et af 2000) (Yokoyama, Wan, ef al 2001).

The exact repressor gene or genes responsible for suppressing hTERT
transcription have yet to be identified, however a gene/number of genes on the
short arm of chromaosome 3 suppress telomerase activity, (Lanaka, Shimizu, ef a/
1998) and produce permancnt growth arrest in breast cancer cells (Cuthbert,
Bond, ef «f 1999). Antagonism of growth hormone releasing hormone also
produces down regulation of the hTERT gene in human glioblastomas, but the

mechanism of suppression is not known (Kiaris & Schally 1999).

Initial investigations into the location of thc tclomerase gene placed it at a sub-
telomeric region of the short arm of chromosome 5p (Bryce, Morrison, ef af
2000). This data led workers to speculate that telomere position effect (TPE)
might be the key to explaining transcriptional regulation. TPE has been

characterised in both yeast and human cells, and refers to the reversible silencing
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of a gene near the telomere (Tham & Zakian 2002) (Baur, Zou, et af 2001).
More recent data indicates that the h'ERT gene is positioned more than 2 Mega
bases from the telomere, and so it is likely other control mechanisms are at work

(Leem, Londono-Vallejo, ef al 2002).

1.8 Telomeres, telomerase and cancer

The unchecked cellular division that is a feature of cancer cells indicates these
cells have evolved a way to overcoine the end replication problem. Telomerasc
reactivation is the most common way in which cancer cells overcome end
replication probletn, and telomerasc activity in a growing mass is a strong
indicator of malignancy (Shay and Bacchetti 1997). Bodnar ef al described the
first direct evidence of the ability of telomerase to extend the replicative life
span of a cell line. This showed conclusively that forced expression of the
catalytic component of human telomerase, hTERT was sufficient to reconstitute
telomerase activity in the test cells, and that the newly telomerase positive cells
were capable of dividing well beyond their accepted replicative limits. In
addition to this the telomerase positive clones had elongated tetomeres, and
reduced [-galactosidase activity compared with their telomerasc negative

counter parts (Bodnar er al 1998).

A number of telomerase positive cell lines have shown continued telomeric
attrition after immortalisation, which has lead to the opinion that another
property of telomerase beyond felomere mainienance may contribute to the
process of immortalisation (Zhu, Wang, ef «/ 1999). Stewart ef al examined the
capacity of oncogenic II-Ras to transform previously ummortalised cells and
provided experimental evidence for this. Expression of H-Ras in a cell linc
immortalised by an alternative pathway did not cause transformation, however
when these cells where forced to express h'TERT and the experiment repeated

successful transformation occurred and the cells developed a tumorigenic
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phenotype. Crucially, this was also possible using a mutant form of hTERT that
retains catalytic activity, but cannot maintain telomeres; providing clear
evidence for a non-telomere bascd contribution of telomerase to tumorigenesis

(Stewart, Hahn, ¢f af 2002).

Whilst these data indicate telomerase activity acts as a facilitator of malignancy,
telomerase activity per se is not sufficient to cause cancer, i.e. telomerase is not
an oncogene. This is borne out by the observation that certain germ line cells and
stem cells are telomerase positive, but are not cancerous (Kim, Piatyszek, ef of
1994) (Broccoli, Smogorzewska, ef al 1997). Telomerase activity does however
confer unlimited replicative potential on a cell, which allows for the

accumulation of mutations that may eventually lead to malignancy.

1.8.1 The Alternative Lengthening of Telomcres (ALT)
pathway

Not all tumours, or tmnout derived cell lines arc telomerase positive, As many as
10% of human tumour derived cell lines are telomerase negative and rely on an
alternative mechanism of telomere maintenance termed ‘Alternative
Lengthening of Telomeres,” (ALT) (Bryan & Reddel 1997). The mode of action
of the ALT pathway is poorly understood, however cell fusion experiments have
shown that ALT is triggered by recessive mutation{s) (Perrem, Bryan, et ¢/
1999). The initial insight into the mechanism of ALT was gained by Murane et
af, whose experimental work demonstrated fluctuations in telomere lengths of
ALT positive cells consistent with a recombination mechanism (Murnane,
Sabutier, et al 1994).

[Human cells with an active AT pathway characteristically have widely varying
telomere lengths within the same cell, inchuding telomeres so short as to be
undetectable, and those so long as to be considered abnormal for that particular
cell type (Grobelny, Godwin, ef @/ 2000). This is in contrast to the situation in
telomerase positive human cell lines, where mean telomere length is relatively

homogenous around 5 kb (Chu, Piatyszek, e «f 2000). The two modes of



telomere length maintenance are not mutually exclusive, and both telomerase
activity and the ALT mechanism have been demonstrated in the same human

cell Hine (Cerone, F.ondono-Vallejo, et af 2001).

Many ALT cell lines have also been found to contain nuclear structures referred
to as ALT associated PMI. bodies {(APBs) (Yeager, Neumann, ef ¢/ 1999). PML
(promyelecytic leukaemia) nuclear bodies (PNBs) have been implicated in
oncogenesis and viral infection. They are usually 0.3-1 um in diameter, and a
typical mammalian nucleus may contain 20-30 such structures. (Ruggero, Wang,
et al 2000) (Botsvest, Hendzel, ef «f 2000). APBs are disc or ring shaped PMLs
with ALT specilic contents, such as telomeric DNA and TRF1 and TRF2. APBs
are the first PBLs found to contain DNA (Yeager, Neumann, et al 1999). In
addition they have been found to contain a range of proteins involved in DNA
replication and recombination (reviewed in Henson et «f 2002). It is possible
APBs may gather or modify the proteins required for functioning of the ALT
mechanism. Recent work has shown thut APBs may localise at nuclear foci in
response to DNA damage, in association with factors that are associated with

DNA repair such as RADS1 (Bischof, Kim, et o/ 2001).

Presently there are four proposed mechanisms by which homologous
recombination may result in telomere replication. The first proposes inter-
telomeric recombination cvents as the mechanism by which ALT maintains
telomeres (Dunham, Neumanty, et af 2000). As this mechanism involves the
formation of a displacement loop, it raises the sccond possibility that the
displacement loops created by the formation of the T-loops identified by Griftith
et al (Griffith, Comcau, et a!/ 1999), and described previously may be the basis
of another mechanism of recombination dependant replication; in essence a self-
replicating telomere (Henson, Ncumann, e/ af 2002). The third and fourth
hypotheses are based on an extra-chromosomal step involved in the copying of
telomeric sequence. This mechanism involves extrachromosomal telomeric
repeats (ECTR) in either a linear or circular format. ECTR have been identitied
in various types of cells, however they are generally resiricted to ALT positive

cells (Ogino, Nakabayashi, et ¢/ 1998). Circular ECTR has been utilised by K.
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lactis to extend its telomeres, and linear ECTR has been identified in all ALT
cell lines that have been tested (McEachern 2001) (Yeager, Neumann, er of
1999).

An important recent development in ALT research is the (inding that ALT
positive cell lines failed to produce macroscopic lung tumours even seven weeks
after tail vein injection in mice using five different cell lines. By contrast once
telomerase activity had been reactivated, the same five cell lines produced
tumours large enough to kill the injected mice after 5 weeks, The conclusion
reached is that ALT positive tumours, whilst capable of producing locally
aggressive lesions appear to lack the ability to metastasise. This could be of great
importance for the targeting of future cancer therapies based on anti telomerase
therapy (Chang, Khoo, et af 2003).

1.8.2 Telomerase as a therapeutic target

The clear evidence linking telomerase activity to cellular immortalisation and
cancer development makes telomerase an attractive target for anti-cancer
therapeutic research (Yan, Coindie, ef al 1999). The aim of this therapy would
be to restore mortality to telomerase positive cuncers via telomerase inhibition,
allowing telomeric attrition to lead to cell senescence, or preferably a genetic
crisis resulting in cell death. The therapeutic strategy is outlined in Figure 1-5.
One of the main attractions of this type of therapy and a potential advantage over
traditional methods is the very low levels of telomerase aclivity in normal
tissues, allowing selective targeting of cancer cells with a minimum of toxic side
effeets (Bearss, Lawrcnce, ef af 2000). As previously mentioned, a range of
normal tissucs do retain telomerase activity, however selective tumour cell
killing ts still feasible as the majority of tumours investigated have shorter
tclomeres and higher proliferation rates than wuormal proliferating cell
populations (Ilastie, Dempster, et al 1990), (Bacchetti 1996). Thus, targeted
anti-telomerase therapy aimed at a tumour cell population known to possess
short telomeres would only require a short number of cell divisions before a

therapeutic effect is seen, and this period of therapy should not effect the
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telomere functions of the subject’s population of germ and stem cells. The
corollary of this is that anti-telomerase therapy may be ineftective in tumours
with long telomeres, as the tumour may have progressed to a fatal outcome
before senescence is triggered. It is possible that such tumours, whilst having
substantial mean telomere lengths may have telometes on specific chromosomes
that are short enough to trigger a swift growth check. Despite this, the reality is
that it is very unlikely all tumours will lend themselves to this type of therapy.
These drawbacks, particularly the lag before therapeutic effect mean that
antitelomerase therapy is unlikely to be a first line treatment for cancer, rather at
present if is envisioned that these drugs will be deployed after primary therapy
(such as surgery, radiotherapy, traditional chemotherapy) in a ‘mopping up’ role
against surviving cancerous cells. Such therapy would be aimed at increasing
remission times in elinical cases, or perhaps to atfect a curc if the cancer was
particularly sensitive to the agenti (i.e. had short tclomeres). In this regard,
tandem research using existing therapies will focus on identitying which of these

agents increase cancer cell vulnerability to telomerase inhibitors (Corey 2002).
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Figure 1-5. Strategy for anti-telomerase cancer therapy. The aim of anti-
telomerase therapy is to cause telomeric attrition in treated cancer cells, leading
to senescence, or more favourably cell death. Such therapy is likely to be used as
an adjunct to traditional treatment strategies, and the specificity of such agents
will likely mean this therapy is particularly useful against metastatic disease and

after primary debulking of a tumour.

-
=
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1.8.3 Telomerase inhibitors

1.8.3.1 Reverse transcriptase inhibitors

The catalytic component of lelomerase functions as a reverse transcriptasc, and
some of the earliest telomerase inhibition studies investigated the effects of
drugs thal are known to inhibit retroviral reverse transcriptase. The drugs used
included Azidothymidine triphosphate, dideoxyguanosine, arabinofuranyl-
guanosine, dideoxyinosine, dideoxyadenosine, didehydrothymidine and
phosphonoformic acid. Whilst all these drugs are known inhibitors of retroviral
reverse transcriptase, the emerging results with hTERT are not encouraging.
Prolonged exposure of telomerase positive immortalised B- and T-cell lines to
the panel of drugs resulted in telomerase inhibition in only two cases; with
azidothymidine and dideoxyguanosine. Of these two, only dideoxyguanosine
translated this effect into telomere shottening in every test culture, but crucially
it had no effect on population doubling or cell survivability, even when drug
exposure was extended to almost a year. The results indicated that the drug
effect is caused by dideoxyguanosine binding to and competing for the
nucleoside friphosphate binding site, and the results were not made more

favourable by using combinations of the test drugs (Strabl and Blackburn 1996).

1.8.3.2 Telomerase RNA targeting

The majority of antitelomerase therapy tested to date has been directed against
hTR. These agents are stably transfected antisense compleincntary DNA
(cDNA), synthetic modified oligonuclcotides with antiscnsc polarity, targeted
ribozymes and RNA interference (Feng, Funk, ef af 1995), (Mata, Joshi, ef «f
1997), (Yokoyama, Takahashi, et a/ 1998).

£.8.3.2.1 Oligonucleotides
The RNA template region is considered a good target for antisense

oligonucleotides for several reasons. First, the necessity of telomerase RNA to

base pair with the telomere sequence for telomerase function indicates that this
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region of the ribonucleoprotein must be accessible exlernally, and therefore it is
a relatively available target within the cell. This is particularly the case when
using oligonucleotides, as previous experience has given rise to compounds with
favourable pharmacokinetics for cellular uplake, and furthermore chemically
similar oligonucieotides have similar pharmacokinetics regardless of their target
sequence (Corey 2002). Sccond, as the 11 base pair sequence of the RNA
template region of hTR is known, design of the oligonucleotide itself is simple.
Third, there are commercially available sources of oligonucleotides with widely
varying chemical properties that may assist in achieving therapeutic effect, and
as this is not a nascent technology, previous experience in this field will assist in
development of clinical trials. Finally, use of oligonucleotides containing
mismatched bases provides a convenient control of target specificity. An
example of oligonucleotide technology already in development as an anti-cancer
therapy is ‘Gentasensc,” being developed by Genta Corp. to target Bel-2. This
drug has shown promising results in trials against a number of different cancers
(Dias & Stein 2003).

A hexameric phosphorothioate oligonucleotide has inhibiied telomerase activity,
lengthened cell-doubling time and induced apoptosis in a Burkit’s Lymphoma
derived cell line in vitro. Using a xenograft human-nude mouse model to asscss
in vive efficacy, this oligonucleotide caused a significant reduction in tumour
sive and splenic metastasis compared with mismatched sequence and saline only
negative controls (Mata, Joshi, ef a/ 1997}. These results show that despite the
drawbacks associated with tejomerase inhibition therapy it is an arca with

potential for considerable success in the future.

1.8.3.2.2 Ribozymes

Prcliminary results using hammerhead ribozyme technology have also gained
promising results. Hammerhead ribozymes are small RNA motifs that have the
ability to catalyse cleavage of the RNA phosphodiester chain at defined sites
(Blount & Uhlenbeck 2002). Ludwig et a/ have reported thc use of a
hammerhead ribozyme that cleaved telomerase (hTERT) mRNA in vitro

(Ludwig, Sarctzki, ef ¢! 2001). This compound was stably expressed in a breast
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cancer tumour cell line (MCF-7) using a mammalian expression veclor delivery
system, and in addition to resulting in reduced telomerase activity caused

telomere reduction, growth inhibition and apoptosis.

1.8.3.2.3 RNA interference

RNA interference (RNAI) is a recent innovation that utilises cellular machinery
that has evolved to target parasitic RNAs, including RNA viruses (Hutvagner &
Zamore 2002). The mechanism is triggered by dsRNA, which becomes
processed by double strand specific RNase to shorter RNA fragments. The
shorter RNA fragments become incorporated into, and confer sequence
specificity upon an RNasc protein complex termed RISC that then targets the
homologous RNA sequence for degradation (Hammond, Boettcher, ef af 2001).
The system may be triggered by artificially generated short dsRNAs, and these
short interfering RNAs (siRNAs) have been tried against hTERT and the
telomerase template RINA. Both agents reduced telomerase activity in a variety
of human cancer cell lines, and although the effect was minor and shoct-fived,
the result is interesting as it represents a success against a target thought to be
restricted to the nucleus by a modality thought only to be effective in the

cytoplasm (Kosciolek, Kalantidis, et a/ 2003),

1.8.3.3 Telomerase specific gene therapy

Recent studies have focussed on the potential to exploit the significant
correlation between TERT promoter activity and telomerase activity to target
telomerase specific suicide gene therapy (Gu, Kagawa, ef ¢/ 2000). Considerable
success has been achieved using a bacterial nitroreduclase sysiem under the
control of the telomerase gene promoter for hTERT. This strategy has been

shown to result in cell death ii vitro in cell lines with high promoter activity, and

result in significant tumour reduction in vive using a xenograft model (Plumb,

Bilsland, ef a/ 2001).
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1.8.3.4 Other compounds

Non-nucleoside low molecular weight mofecules thal inferact with the proposed
G-quadraplex structures have also been tested. One such molecule, a pentacyclic
acridine (RT1PS4) is a potent telomerase inhibitor. Such therapies target the four-
stranded G-quadruplex structurc formed by single stranded tclomeric DNA.
‘lhese drugs have been shown to be efficacious, and are hypothesised to act by
stabilising a quadruplex structure formed by the first few hexanucleotide repeats
synthesised by telomerase. This is inhibitory because telomerase requires a
single stranded telomeric primer for positioning, and thus folding of the target

sequence in a four-stranded structure prevenls this (Gowan, Heald, er a/ 2001).

1.9 Micc as models for human telomerase studies

As described previously, the frequency of spontancous immortalisation of
human fibrobiasts is vanishingly small (Wright & Shay 2000), and this is linked
to the tight cellular controls on telomerase activity. However, telomerase activity
is widespread in murine tissue, and yet murine cell lines that arc tclomerasc
negative actually immortalise with approximately ten million fold greater
frequency than normal human cells. Furthennore, although the telomeres of the
laboratory mouse, Mius musculus are several times the size of human telomercs
(40-60 kb versus 5-15 kb), cell lines derived from these mice develop, after 10-
15 population doublings, the characteristic phenotype and biochemical markcrs
of senescent cells. This occurs in both wild type (telomerase positive) and
murine telomerase RNA knockout (mTR™) mice, and would seem to provide
direct evidence to refute the idea of a telomere driven replicative senescence that
may be overcome by telotnerase activity (Artandi and DePinho 2000) (Blasco,
Lee, et al 1997 36 /id).

Closer examination of this data reveals that mice may not represent a paradox
after all. The postulated role of telomerase in cancer development is that
telomerase activity allows the additional divisions necessary for genetic

mutation to lead to full-blown malignant transformation. Such a mechanism is




only necessary if telomeric attrition represents an effective block to these extra
replications. As pointed out by Wright and Shay (Wright and Shay 2000), this is
clearly not the case in an animal with the large telomeric reserve of the mouse,
and so telomerase down regulation has not evolved in normal murine Lissue, as it

would be ineffectual as an anti-cancer mechanism in this species,

In addition, it would appear murine tissue does not foliow the established M1,
M2 growth blocks that occur in human tissue, as M2 in the mouse appears to
contribute to, rather than help to prevent tumour formation, Tifth and sixth
generation mTR™ mice with normal pS53 activity provide the cvidence for this.
By the fifth generation, these mice have sufficiently short tclomeres to produce a
growth check, however the frequency of escape from crisis in sixth generation
mice approaches 100%. This contrasts sharply with the figure of 10”7 for human
cclls that arc tclomerase negative at the equivalent crisis/M2 stage (Chin,
Artandi, et af 1999) (Shay & Wright 1989).

The evolutionary advantage {ong telomeres confer on an organism is thought to
be the facility to cfficiently aulign chromosomes during metosis, and is therefore
completely independent of any cellular division counting mechanism (Wright &
Shay 2000). Tt is postulated that telomerase repression evolved in tandem to
mainfain telomeres at the appropriate size for this function. Further to this line of
argument, it is postulated that shorter telomeres, and the co~existent telomere
driven growth arrest would be of little use to the mouse, first because the
restriction on tissue repair would outweigh any potential anti-cancer benefit in
an animal with a short life-span, and second, in an organism the size of a mouse
a lelomere based growth arrest with a lag period encompassing many rounds of
cell division is unlikely to be of benefit when even a small mass in any part of

the body is life-threatening (Wright & Shay 2000) (Takahashi, Kuro, et al 2000).

This intriguing explanation for the unusual telomere length and telomerase
activity found in the mouse is based on work carried out in highly inbred
laboratory sirains, and has recently been countered by new evidence that
inbreeding causes a net increase in telomere length with strain specific

significant variation, and thercforc the traditional mean telomere length of the
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mouse (40-60 kb) may be an artefact (Hemann & Greider 2000) (Manning,
Crossland, ef al 2002). If this is proven to be the case, then the view of Wright e/
al (Wright & Shay 2000) that long telomeres are the evolutionary result of small

size and short life span will need to be revicwed.
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1.10 Aims of the project

There is much evidence to suggest that telomeres and tclomerase are key
components in the process of immortalisalion and cancer progression, and
possibly the ageing process. However, the majority of research carried out to
date has been in the human field, and relatively little is known of the biology of
tclomeres and telomerase in the dog and cat. The aims of this project were to
carry out a comprehensive investigation of telomere and telomerase biology as it

relates to companion animals along three broad themes,

I. Telomere studies

The aims were to assess tclomere lengths in a wide range of normal canine and
feline tissues, peripheral blood samples, tumours and immortalised cell lines,
and examine the effect of age, breed, and gender on telomere length in the dog
and cat in vivo, whilst telomere attrition was also investigated in vitre using

primary fibroblast cultures.

2. Telomerase studies

The aims were to assess the distribution of telomerase activity in a wide range of
normal canine and felinc somatic tissues, fumour samples, immortalised cell
lines and primary cultures. The effects of a potential telomerase inhibitor were
assessed in telomerase dependant canine cell lines, and the link betwecn
telomere attrition and senescence in the dog and cat was investigated using
heterologous expression of the catalytic component of human telomerasc in

canine and feline primary cultures.

3. Gene expression studies

The aims were to carry out an investigation of changes in the transcriptome of
ageing canine fibroblasts using a DNA microarray platform, The same
technology was used to assess changes in gene expression levels concurrent with

reactivation of telomerasc in a human ALT cell line,
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Materials and Methods

2.1 Materials

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

this scction.

2.1.1 Cell culture materials

2.1.1.1 Souvxces of cell lines

CMT3, CMT7 and CMTR cells were donated by G. Ruttemann, Department of
Clinical Sciences of Companion Animals, Faculty of Veterinary Medicine,
University of Utrecht, PO Box 80.154, 3508 TD Utrecht, The Netherlands.
GMB847 cells were donated by W. N. Keith, Department of Medical Oncology,
Beatson Laboratories, University of Glasgow.

S22, SFA and EQ1 culturcs were all generated from post mortem skin biopsy
samples taken with informed owner consenl at Glasgow University Veterinary
School. The 3132T and GHK cell lincs were generated from post-mortem biopsy
samples taken with informed owner consent at GUVS.

CCL-176, CML10, MDCK, 293T, MCF7, D-17 and A-72 cells were all supplied
by the American Type Culture Collection (ATCC), Manassas, VA.

AGO8075, AGO7906, AGO7648 and AGO8157 primary cultures were ail
supplied by Coriell Cell Repositories (CCR), 403 Haddon Ave., Camden, NJ
08103.

2.1.1.2 Plasticware
Tissuc cultwe flasks, 6, 12, 24 well plates, Falcon conical centrifuge tubes (15
and 50 ml), and pipeties (5, 10, 25, and 50 ml} were supplied by Greiner

(Gloucestershire, UK). Ninety-six well plates were supplied by Packard
(Berkshire, UK).
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2.1.1.3 Solutions, media and supplements

Gibeo BRL Life Technologies and Sigma Genosys supplied all solutions and

media, unless otherwise stated.

2,1.1.3.1 Media

All the following media were delivercd as sterile solutions and stored at 4°C-
Dulbecco’s Minimum Essential Medium (MEM) with Glutamax-L and 4500
mg/L glucose and pyridoxine

MEM-Alpha, with ribonucleosides and deoxyribonuclcosides

MEM with Earle’s salts

MEM with Earle’s salts and NaHCO; without L-Glutamine

RPMI 1640 wmedium without L-glutamine.

2.1.1.3.2 Supplements

Foetal Calf Serum (FCS): virus and mycoplasma screened. FCS was stored in 50
ml aliquots at -20°C, and was used both with and without heat inactivation.
When heat inactivation was required this was carried out at 56°C for 30 minutes
before storage in aliquots.

L~-glatamine: supplied as a 200 mM (100x) stock, and stored at -20°C in 5 ml
aliquots.

Penicillin/streptomyein (P/S): supplied as a 100x stock of 10,000 units peniciilin
and 10,000 units streptomycin per ml and stored in 5 ml aliquots at -20°C,

G418 antibiotic: supplied as a 50 mg/ml solution and stored in 800 pl aliquats at
-20°C. G-418 is an aminoglycostde antibiotic produced by Streptomyces that
induces cytotoxicity by blocking translation.

Fungizone (Amphotericin B): supplied as a 100x stock solution and stored in 3

mtl aliquots at -20°C, at a working concentration of 1.25 pg/ml.




Non-gssential amine acids: supplicd as a 100x stock solution and stored at 4°C.
Concentrations and constituents of the 1x working solution are available from
the supplier (GibcoBRL, Catalogue number 11140)

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

Essential amino acids: supplied as a 50x stock solution and stored at 4°C.
Concentrations and constituents of the 1x working solution are avatlable from
the supplicr (GibcoBRL, Catalogue number 11130)

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

Vitamins for MEM media: supplied as a 100x stock solution and stored at 4°C.
2.1.2 General chemicals

Chemicals used were of analytic, ultrapure or molecular grade quality and were

supplicd by a range of companies.
2.1.3 Complete kits

QIAquick@ Gel Extraction kit {QIAGEN, UK)

QIAamp® DNA blood midi and maxi kits (QTAGEN, UK)

EndoFree® Plasmid Maxi Kit (QIAGEN, UK)

TOPO TA Cloning®™ (Invitrogen, UK)

DNA Sequencing Kit Big Dye™ Terminator Version 3.0 Cycle Sequencing
Ready Reaction (ABI, UK)

TeloTTAGGG PCR ELISAPE“S Kit (Roche, UK)

RNeasy Total RNA Isolation Kit (QIAGEN, UK)

ENZO® Bioarray HighYield RNA transcript labelling kit (A ffymetrix, CA)
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2.1.4 Bacterial strains
2.1.4.1 E.coli One Shot® TOP10

Chemically competent E.coli cells (>1 x 10° colony forming units/pg)
(Invitrogen). Genotype: F mcrA  A(mrr-hsdRMS-merBCYDB0  lacZAM15
AlacX74 deoR recAl araD139 Alara-ten)7697 galU galK rpsL (St™) endAl
nupG

2.1.5 DNA

Plasmid, molecular weight markers and oligonucleotide DNAs were stored at -
20°C.

2.1.5.1 Plasmid vectors-PCl-neo Mammalian Expression Vector

PCl-neo Mammalian Expression Vector {s supplied by Promega UK, and is
derived from the pGEM®-34f(+) vector and contains a cytomegalovirus (CMV)
immediate-early enhancer/promoter region with a downstream chimeric intron,
T7 and T3 RNA polymerase promoters, an SV40 late polyadenylation signal and
a ncomyein phosphotransferase selectable marker which confers resistance to the

antibiotic G-418, causing antibiotic inactivation through phosphorylation.
2.1.5.2 Molecular size standards

Molecular size standards used include a 1 kb DNA ladder (size range: 75-12,216
bp), I kb Plus DNA ladder™ (size range: 100-12,000 bp), 100 bp DNA Ladder
(size range: 100-2072 bp), and a Low DNA Mass™ Ladder (size range: 100-
2000 bp and 5-400 ng) all supplied by GIBCOBRL Life Technologies, and a
CHEF DNA Ladder supplicd by BIO-RAD Ltd (size range: 8-48.5 bp).
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2.1.5.3 Oligonucleotide primers

Oligonucleotides for polymerase chain reaction (PCR) and cycle sequencing
were supplied by both MWG Biotech and Sigma-Genosysis, and were delivered
as lyophilised DNA. Primers were reconstituted in distiiled water (dH;0) and
stored at -20°C in 20 pl aliquots at 10 WM.

2.1.6 Enzymes

All enzymes were stored at ~20°C and werc removed from storage immediately

before use.
2.1.6.1 Restriction enzymes

All enzymes and their associated buffers were supplied by GIBCQO BRL (UK)
and Invitrogen (UK). Dectails of rcstriction enzymes, their restriction sites and

reaction conditions arc shown in Tabie 2-1.
2.1.6.2 T4 DNA Ligase

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

cohesive-ended or blunt-ended configuration.
2.1.6.3 Ready-To-Go™ PCR beads

Ready-To-Go™ PCR beads {Amersham, Pharmacia) are premixed and pre-
dispensed reactions for PCR applications. When brought to a final volume of 25
pl, each reaction contains 7ag DNA Polymerase (1.5 units), 10 mM Tris-HCl
(pH 9.0), 50 mM KCI, 1.5 mM MgCl,, 200 uM of each dNTP and Bovine
Serum Albumin (BSA).




Table 2-1. Restriction enzymes.

Restriction Restriction site Buffer Incubation  Temp
enzyme "C)

Hinf1 [5-GJANT C-3'] REacr 2 37

Rsal [5°-GT]AC-3"] REAct® | 37

EcoR | [5-G]JAATT-3"] Buffer6 37

Xho 1 [5-C]TCGAG-3"} Buffer6 37

Sal 1 [5-GJTCGA-3"]  REact" 10 37
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2.1.6.4 Murine Moloney Virus Reverse Transcriptase

Murine Meloney Virus Reverse Transcriptase (MMLV-RT) enzyme
(GIBCOBRL) uses single stranded RNA in the presence of a primer to
synthesise a complementary DNA strand. This enzyme is isolated from E.cofi

expressing a portion of the po/ gene of the MMLYV on a plasmid,
2.1.6.5 DNase I: DNA~free™

DNase I (Ambion) is a deoxyribonuclease I enzyme that cleaves both double
stranded and single stranded DNA. Cleavage occurs preferentiaily adjacent to
pyrimidine (C or T) residues, and the enzyme is therefore an cndonuclease.
Major products are 5 ~-phosphorylated di, tri and tetranucleotides. In the presence
of Magnesium ions, DNase I hydrolyses each strand of duplex DNA
independently, generating random cleavages. In the presence of Manganese ions,
the enzyme cleaves both DNA strands at approximately the same site, producing

blunt ends or fragments with !-2 base overhangs. DNase I does not cleave RNA.

2.1.7 Equipment

2.1,7.1 Major Equipment

PCR Machines: GeneAmp PCR System 2400, 2700, and DNA Thermal Cycler
480 (Perkin Elmer, Boston MA, USA)

Stirrer: Magnetic Stirrer Hotplate (Stuart Scientific, Surrey, UK)

Balance: Precisa 100A-300M (Precisa Balances Ltd, Buckinghamshire, UK)
Power packs: PAB 35-0.2 (Kikusui electronics corporation, Yokohama, Japan)
Gel systems: Hoefer HE 33 Mini [orizontal Submarine Unit, CHEF system
(Biorad, Hertfordshire, UK)

Incubator: B5042 (Heraeus, Surrey, UK)

Horizontal orbital shaker: 4628-ICE Labline Instruments Inc. (IL, USA)

Gel documentation system: Uvi tec (Thistle Scientific, Glasgow, UJK)

Ultraviolet trans-illuminator: T220( (Sigma Chemical Company, Surrey, UK)
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Pipettes: Finnpipette Techpette (0.5-10, 5-40, 40-200, 200-1000 pul, UK)
Automatic Sequencing Apparatus: AB1 3100 (Amersham, UK)
Spectrophotometer: GeneQuant pro RNA/DNA calculator, Agilent 2100
Bioanalyzer, Nanodrop ND-1000 (Cheshire, UK)

Walter baths: Sub36, and W6 (Grant, Cambridge, UK)

Microcentrifuges: Centrifuge 5402, S415R and Minispin (Eppendorf, Cambridge
UK)

Benchtop centrifuge: CPR Centrifuge (Beckman, Buckinghamshire, UK)
Biological safety cabinet (Microflow, Andover, UK)

Affymetrix: GeneChip™ station and HGU133-A GeneChip® (Alfymetrix UK)
2.1.7.2 Consumables

Eppendorf tubes: Flip-top and screw-top in both 1.5 ml and 0.5 inl sizes
(Thermo Life Sciences, Basingsioke, UK)

Pipctte tips: (Greiner, Gloucestershire, JK)

Filter tip pipette tips: A range of capacities (10, 100, 200, 1000 wl) supplied by
Finntip (Thermo Lab Systems, Basingstoke, UK)

Petri dishes: {Sterilin, Staffordshire, UK)

Bijoux: { Greiner, Gloucestershire, UK)

Universals: (Greiner Gloucestetshire, UK)

Scalpel blades: Schwann-Morton (Shefficld, UK)

Parafilm: (Sigma, Surrey, UK)

Phase lock gel: Eppendorf, Basingstoke, UK

2.1.8 Buffers, solutions and growth media

2.1.8.1 Water

Water for the preparation of general solutions and media was provided by a
Vivendi Water systems (USF ELGA) filter system. Sterile water for more

sensitive procedures such as PCR was supplied by Baxter Ltd.




2.1.8.2 Buffers and solutions

50x TAE bufter solution: 2M Trig base, S0mM Nag;EDTA, 1M glacial acetic
acid. pH adjusted to 8.15 using glacial acetic acid and made up to a 2 litre
volume,

TBE buffer solution: 0.09 M Tris Borate, 0.002 M EDTA

1 M Tris HCL: 121 g Tris base, 800 ml dH,O. Adjusted to the desired pH with
concentrated HCI and made up to 1 litre.

TE buffer: 10 mM Tris-HCI (pH 8.0), | mM EDTA

1x Phosphate buffered saline (PBS): 140 mM NaCl, 2.7 mM KCl, 10 mM
NaHPO4, 1.8 mM KILPO4 (pH 7.3)

20x SSC: 3 M Na(ll, 0.3 M Sodium citrate, pH 7.0

10x DNA Gel loading buffer: 20% w/v Ficoll 400, 0.1 M Na;EDTA (pH 8.0),
1% w/v sodium dodecyl sulphate, 0.25% bromophenol blue. Stered at room
temperature and used at a 1:10 dilution,

Ethidium bromide: made to a working dilution of 10 mg/ml with dH,0 in a fume
cupboard. Stored away from light.

Transfast™ f{ransfection reagent: Supplied as a dried lipid film to be
reconstituted with 400 pl of water per vial to form multi-lamellar vesicles.
Storage of dried and recounstituted reagent is at -20°C. (Promega)
Lipofectamine™ transfection reagent: Supplied in liquid forim at a concentration
of 2 mg/ml and stored at 4°C. (Invitrogen, UK)

DEPC water: 0.5 ml of Diethylpyrocarbonate was added to 500 mi water, left
overnight in a fume cupboard and then autoclaved before storage at 4°C,

Lysis mix: 0.32 M sucrose, 10 mM Tris, 5 mM MgCl, 1% ‘Iriton X, pH of
solution adjusted to 7.5 and stored at 4°C.

Nuclei lysis mix: 10 mM Tris, 0.4 M NaCl, 2 mM EDTA (pH 8.0), stored at

room temperature,

2.1.8.3 Bacteriological media

Media were sterilised by autoclaving at 121°C for 15 minutes.
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I.B medium: 20 g tryptone, 20 g NaCl, 10 g yeast extract made up to 2 L with
dH,0, pH then adjusted {0 7.0 with NaOH

SOC medium: 2% tryptone, 0.5% yeast extract, [0 mM NaCl, 2.5 mM KCI, 10
mM MgCly, 10 mM MgSO,, and 20 mM glucese. (Invilrogen, UK)
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2.2 Methods

Methods vsed commonly throughout the thesis are detailed in this section whilst
more specific methods are dealt with in the relevant chapter. Many of the
methods described here are based on standard protocols that atrc detailed in
Current Protocols in Molecular Biclogy Valumes 1 & 2 (Ausubel, Brent, ef af
1994).

2.2.1 Growth of mammalian cells

2.2.1.1 Basic technique

All procedures involving mammalian cells were carried out in a laminar flow

hood wsing standard aseptic procedures.
2.2.1.1.1 Cell counting

Cells were counted in a haemocytometer as follows. Cell pellets were suspended
in an appropriate volume of media (usually 5 ml) to allow ease of counting in the
haemocytometer chamber. A 25 pl volume of the cell suspension was then
diluted 1:1 in 0.4% trypan blue (Sigma) and incubatcd at rooin {emperature for 1
minute. The suspension was then introduced to the haemocytometer chamber
and cell counts made using an inverted microscope with a 4 x 10 objective. Cells
lying on the top and right side of the marked squares were not included in the
count, those lying on the bottom and left perimeters were. Cell concentrations
{cells/ml) were calculated by multiplying the mean numbers of cells per large
marked square by 10° to account for the volume of the hacmocytometer chamber
and 2 to correct for the dilution factor, Dead cells were differentiated by uptake

of the trypan bluc stain and appear blue.
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2.2.1.1.2 Passage and cryoprescrvation of cells

Stocks of cells for long-term storage were preserved over liquid nitrogen. Cells
to be preserved were harvested using 0.05% Trypsin- 0.53 mM EDTA at mid-
log phase growth and removed to a sterile {5 ml centrifuge tube. Cells were
centrifuged at 1200 g for 2 minutes and the supernatant discarded. The cells
were then re-suspended in freeze medium at a concentration of approximately 2
x 10° celis/ml. Freeze medium consisted of 45% culture medium, 45% foetal
bovine serum, and 10% DMSO as a cryoprotectant, Cells were transferred in 1
ml aliquots to labelled cryovials (NALGENE™) and brought to -70°C at a
controlled rate of -1°C per minute using a NALGENE*™ Cryo 1°C Freezing
container (NALGENL, USA). The vials were then transferred to a liquid
nitrogen freezer. Cell stocks were revived by rapid thawing in a 37°C water bath
and used following standard techniques as described. All cell lines were

reseeded at a concentration of 1 x10° cells/ml after passaging,

2.2.1.2 Cell lines

All cell lines form an adherent monolaver in culture, and were cultured in 75

cm? tissue culture flasks kept at 37°C and in 5% CO> unless otherwise stated.
2.2.1.2.1 MDCK

S.H. Madin and N.B. Darby established the MDCK cell line from the kidney of
an apparently normat fernale Cocker Spaniel in Scptember 1958 (Gaush, Hard ef
al 1966). The cclls were maintained in 20 ml Dulbecco’s MEM with glutamax-1
mediuwm supplemented with 10% FCS, 100 international units (IU)/mi penicillin
and 100 IU/ml streptomycin and 1.25 pg/ml fungizone. Cultures were split,
typically 1:9 every 3-4 days when sub-confluent. Cells were (rypsinised and

seeded into new flasks as described above.
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2.2.1.2.2 AG07648

The primary canine fibroblast culture AG07648 was cstablished from a post-
mortem skin biopsy taken from the thorax area of a 6 year old female Beagle in
May 1984. The species of origin was confirmed by chromosomal analysis; the
karyotype was normal diploid female, 78XX. The cells were maintained in
MEM Eagle medium with Earle’s salts, 2 times normal concentration of
csscntial and non-essential amino-acids (Section 2.1.1.3.2), MEM Vitamins, 2
mM L-glutamine, 100 IU/ml penicillin and 100 IU/ml streptomycin and 1.25
ng/mi fungizone and 20% I'BS. Cultures were split, typically 1:5 every 5-7 days
when sub-confluent. Cells were trypsinised and seeded into new flasks as
described.

2.2.1.2.3 AG07906

The primary equine fibroblast culture AG07906 was established from a post-
mortem sample taken from a skin biopsy sited at the right inner thigh of a 3 year
old female thoroughbred horse. The samplc was taken in June 1984, The species
of origin has been confirmed by chromosome analysis, and the karyotype is
confirmed as normal diploid female, 64XX. The cells were maintained in MEM
Eagie medium with Earle’s salts, 2 times normal concentration of essential and
non-essential amino-acids (Section 2.1.1.3.2), MEM Vilamins, 2 mM L-
glutamine, 100 IU/ml penicillin and 100 [U/ml streptomyein and 1.25 pg/ml
fungizone and 20% FBS. Cells were trypsinised as standard, and rcsceded at a

ratio of approximately 1:5.

2.2.1.2.4 AGOBO75

The AG08075 primary canine fibroblast culture was established from a post-
mortem skin biopsy from the abdomen of a 14-year-old female Beagle taken in
March 1985, The species of origin and karyotype were established by
chromosome analysis; the karyotype was normal diploid female (78XX). The
cells were maintained in MEM Eagle medium with Earle’s salts, 2 times normal

concentration of essential and non-essential amino-acids {Section 2.1.1.3.2),
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MEM Vitamins, 2 mM L-glatamine, 100 IU/ml penicillin and 100 TU/ml
streptomyecin, 1.25 pg/ml fungizone and 20% ['BS. Cultures were split, typically
1:5 every 5-7 days when sub-confluent. Cells were trypsinised and seeded into

new flasks as described.

2.2.1.2,5 GM847

The GM847 cell line is an SV40 transformed human fibroblast cell line. The
cells were grown in DMEM medium supplemented with 10% FCS, 100 [U/ml
penicillin and 100 1U/ml streptomycin and 1.25 pg/ml fungizone. Cells were
trypsinised as standard cvery 3-4 days, and reseeded at a ratio of approximately
1:5.

2.2.1.2.6 CCL-176

The primary feline fibroblast culture CCL-176 was established from a post-
mortem biopsy taken from the tongue of an embryonic female domestic cat. The
cells were propagated in MEM Eagle medinm with Earle’s salts supplemented
with a normal concentration of non-essential amino-acids (Scetion 2.1.1.3.2),
and 0% FBS. Cultures were split, typically 1:5 every 3-4 days when sub-

confluent.

2.2.1.2.7 CMT7

CMT?7 is an immortal cell line established from a canine mammary tumour.
CMT7 cells were maintained in RPMI medium supplemented with 10% FCS,
100 1U/ml peniciliin and 100 [U/ml streptomycin and 1.25 jg/ml fungizone.
Cells were trypsinised as standard every 3-4 days, and reseeded at a ratio of

approximately 1:5.

2.2.1.2.8 SFA

The canine primary fibroblast cullure SFA was derived from a post-mortem

flank biopsy from a 13 year old mule Staffordshire Bull Terrier at GUVS. Cells
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were maintained in MEM-alpha medinm supplemented with 106% FCS, 100
1U/ml penicillin and 100 IU/ml streptomycin, 1.25 pg/ml fungizone and 2 mM
L-glutamine. Cells were passaged routinely after 5-7 days. The culture was
confirmed to be canine i origin by RT-PCR and sequence analysis for canine

cyclophilin.

2.2.1.2.9822

The feline primary fibroblast culture S22 was derived from an eight week old
female DSH cat from a flank skin biopsy. Cells were maintained in MEM-Eagle
medium supplemented with [0% FCS, 100 IU/ml penicillin and 100 IU/ml
streptomyecin, 1.25 pg/ml fungizone and 2 mM L-glutamine. Cells were passaged

routinely after 5-7 days growth in culture.

2.2.1.2.10 2937

A human derived, SV40 transformed cell line sourced from renal epithelial cells.
Cells were maintained tn DMEM medium supplemented with 10% FCS, 100
IU/ml peniciilin and 100 1U/ml streptomycin, §.25 pg/ml fungizone and 2 mM

L-glutamine. Cells were passaged routinely atter 3-4 days growth in culture.

2,2.1.2.11 MCF7

The MCT7 cell line comprises epithelial-like cells derived from a human
Caucasian breast adenocarcinoma patient, The cells were maintained in DMEM
medium supplemented with 10% FCS, 100 {U/ml penicillin and 100 IU/m}
streptomycin and 1.25 pg/ml fungizone. Cells were trypsinised as standard every

3-4 days, and reseeded at a ratio of approximately 1:5.

2.2.1.2.12 AG08157

This canine primary fibroblast culturc was established from a post-mortem skin
biopsy taken from a 42-day-old male Beagle dog in 1985. The cell line was

maintained in MEM Eagle medium with Earle’s salts, 2 times normal
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concentration of essential and non-essential amino-acids (Section 2.1.1.3.2),
MEM Vitamins, 2 mM L-ghitamine, 100 [U/ml penicillin and 100 IU/nt
streptomycin, 1.25 pg/ml tungizone and 20% FBS. Cultures were split, typically
1:5 every 5-7 days when sub-confluent. Cells were trypsinised and seeded into

new flasks as described.

22,1213 CMTS

CMTS8 is an immortal cell line established from a canine mammary tumour.
CMT7 cells were maintained in RPMI medium supplemented with 10% FCS,
100 IU/ml penicillin and 100 TU/ml streptomyein and 1.25 pg/ml fungizene.
Cells were trypsinised as standard every 3-4 days, and reseeded al a ratio of

approximately 1:5.

2.2,1,2.14 CMT3

CMT3 is alse an immortal cell line established from a canine mammary tumour.

Conditions for culture were as for CMTS,

2.2.1.2.15 CML104

This canine cell line contained cpithelial-like cells and was derived from a
melanoma biopsy taken from a 10-year-old female dog. The cells were
maintained in DMEM wmedium supplemented with 10% ICS, 100 [C/ml
penicillin and 100 [U/ml streptomycin and 1.25 pug/ml fungizone, Cells were

trypsinised as standard every 3-4 days, and reseeded at a ratio of approximately

1:5.

2.2.1.2.16 D17

A canine osteosarcoma cell line derived from an eleven year old female poodle.
Cells were maintained in DMEM medium supplemented with 10% FCS, 100
IU/ml penicillin and 100 IU/ml streptomycin and 1.25 pg/ml fungizone. Cells
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were trypsinised as standard every 3-4 days, and reseeded at a ratio of

approximately 15,

2.2,1.2.17 A72

An immortal canine cell line comprising cells of fibroblast morphology derived
[rom an 8 year old female dog. Cells were maintained in DMEM medium
supplemented with 10% FCS, 100 1U/mi penicillin and 100 1U/ml streptomycin
and 1.25 pg/ml tungizone. Celis were trypsinised as standard every 3-4 days, and

reseeded at a ratio of approximately 1:5.

2.2.1.2.18 GHK

A cell line comprising renal epithelial cells derived from a greyhound at GUVS,
age and gender unknown. Cells were maintained in DMEM  mediun
supplemented with 10% FCS, 100 IU/ml penicillin and 100 IU/ml streptomycin
and [.25 pg/ml fungizone. The cells were trypsinised as standard every 3-4 days,

and reseeded at a ratio of approximatcly 1:5.

2.2,1.2.19 3132T

This immottal canine cell line comprised cells of an epithelial morphology and
was derived from a lymphoma sample taken from a 10-year-old female dog. The
cells were maintained in RPMI medium supplemented with 10% FCS, 100
[U/mi penicillin and 100 TU/ml streptomycin and 1.25 pg/ml fungizone. Cells
were trypsinised as standard every 3-4 days, and resceded at a ratic of

approximately 1:5.

2.2.1.2.20 EQ1

This primary equine fibroblast culture was detived from a skin biopsy faken
from a 7 year old male neutcred horse at GUVS. Cells were maintained in
MEM-alpha medium supplemented with 10% FCS, 100 fU/ml penicillin and 100

[IU/ml streptemyein, 1.25 pg/ml fungizone and 2 mM L-glutamine. Cells wete
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passaged routinely after 5-7 days growth in culture. Species of origin wus
confirmed Dby RT-PCR and sequence analysis for equinc major

histocompatability complex class [I, DQB locus (Szalai, Bailey, ef a/ 1993).

2.2.2 Preparation of DNA from blood samples

2.2.2.1 Phenol/chloroform/isoamyl alcohol extraction and ethanol

precipitation

To each 3 ml blood sample 10 mi of lysis mix (Scction 2.1.8.2) was added
followed by gentle mixing and incubation on ice for [0 minutes. Samples were
then centrifuged at 2800 g for 10 minutes al 4°C, the supernatant decanted and
pellets resuspended in 500 @l of nuclei lysis mix (Section 2.1.8.2) and
thoroughly mixed. A 100 p volume of 10% SDS and 50 ul of proteinase K werc
then added and the samples were incubated at 37°C overnight, Samples were
then deproteinised with an equal volume of a phenol/chloroform/isoamyl alcohol
extraction mixture (25:24:1), followed by centrifugation at 2800 g for 10
minutes to separate the samples into aqueous and organic phases. The upper
aqueous phase of each sample was then carefully transferred to a sterile 1.5 ml
eppendmt tube and the DNA recovered by precipitation in an equal volume of
molecular biology grade 100% ethanol. DNA was pelleted by centrifugation at
2800 g for 10 minutes at 4°C followed by a wash step in 70% ethanol. DNA was
again pelleted and allowed to air dry, before resuspension in an appropriate

volume of 'I'E butfer (usually 50 1) and storage at -20°C

2.2.2.2 DNA extraction using the QIAamp® DNA kit (QIAGEN,
UK)

Both the Midi and Maxi kits were used for DNA extraction as per
manufacturer’s instructions. Thesc kits are used for total DNA purification from
[-2 ml and 5-10 ml of whole blood respectively. Briefly, the protocol involved a
lysis step, followed by adsorption of nucleic acid fo a membranc contained

within a specially designed QIAamp spin column through which lysate was
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forced by centrifugal force. DNA bound to the membrane was then washed in
two further centrifugation steps before slution in a concentrated form in etution
buffer. All cenirifugation steps were carricd out at room tcmperature, and at

3000 rpm.

2.2.3 Recombinant DNA techniques

2.2.3.1 Storage and growth of bacteria

Plasmid DNA was maintained and stored in the E.cofi strain One Shot®.
Glycerol stocks were prepared from these bacteria and their transformants for

long-term storage as outlined below,

The desired bacterial culture was streaked onto a 1.5% agar plate (15g agar in 1
litre LB medium); as the plasmid conferred ampiciliin resistance the medium
was supplemented with 50-100 pg/ml ampicillin, The plate was then incubated
overnight al 37°C and the following day single colonies were picked using a
sterile pipette tip into a sterile universal containing 3-5 ml LB medium
supplemented with 50-100 pg/ml ampicillin. These cultures were then incubuted
at 37°C overnight in a horizontal orbital incubator at 225 rpim. Confirmation that
this overnight cultuwre was derived from bacleria containing the correct plasmid
was confirmed by DNA isolation and restriction digestion. Glycerol stocks were
prepared by addition of 90 pl of 50% glycero! to 210 ul of culture broth to
produce a 15% glycerol mixture. These glycerol stocks were then stored at —
20°C and --70°C. Bacterial stocks were subsequently revived by taking a surface

sample of the glycerel stock and streaking this onto an agar plate.

2.2.3.2 Extraction and purification of plasmid DNA

2.2.3.2.1 Large-scale plasmid preparation

Large quantities of highly pure, endotoxin free plasmid necessary for
applications such as transfections and sequencing were prepared using the
EndoFree® Plasmid Maxi Kit (Qiagen,UK). A starter culture in 3-5 ml of LB

broth was used to seed an overnight multiplier culture in 250 ml of LB broth
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incubated at 37°C with constunt agitation. These exponentially growing bacteria
werce harvested by centrifugation of the culture broth in 50 ml sterile centrifuge
tubes at 2800 rpm. The remainder of the pratocol was performed according to

the manufacturers instructions. DNA was stored at -20°C.
2.2.3.2.2 Small-scale plasmid preparation

Requirements for small amounts of plasmid DNA, such as sequencing, were met
using the QIAprep®™ PCR Spin Miniprep Kit (QTAGEN, UK). This kit isolated
plasmid DNA from 4 ml] LB broth culturcs of exponentially growing bacteria.
The bacteria were harvested by centrifugation (2800 rpm for 10 minutes), and
the manufacturers protocol was then followed. The method involved lysis of the
bacterial cells to release the DNA constructs, which were then harvested after
centrifugation, filtration and wash steps into 50 p! of sterile water. DNA storage
was at -20°C.

2.2.3.3 Determination of nucleic acid concentration and quality

2.2.3.3.1 Determination by spectrophotometry

Nucleic acid samples were diluted 1:20 by addition of 5 pl of resuspended
nucleic acid in 95 ul of dHLO. Optical density readings were taken at 260 nim
and 280 nm, using blank dH,O as a comparison. An optical density reading of
1.0 at 260 nm corresponds to an approximate nucleic acid concentration of 50
ug/ml for double stranded DNA, 40 ug/ml for RNA and 33 pg/ml for single
stranded oligonucleotides. The ratio of the readings taken at 260 nm and 280 mn
(OD250/OD5g0) was used to give an cstimatc of the purity of the nucleic acicl.
Pure preparations of DNA and RNA have an ODz5/ODhag of 1.8 and 2.0
respectively; a lower value suggests contamination, typically with protein or

phenol.
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2.2.3.3.2 Estimation of double stranded DNA concentration and quality by

agarose gel electrophoresis.

This method was used when there were insufficient amounts of dsDNA for
spectrophotometry, or when purity of a particular DNA fragment needed to be
investigated. Agarose gel electrophoresis was carried out by standard methods as
detailed clsewhere (Section 2.2.3.5), and the intensity of the fluorescence of the
unknown DINA was compared to that of a known size marker (Low DNA
Mass™ Ladder) following staining with ethidium bromide and visualisation by
UV transillumination. Smearing of a DNA band indicated degradation of the

sample and resulted in exclusion of that DNA from further analysis.

2.2.3.4 Restriction endonuclease digestion

The required amount of DNA was digested in a volume of 20 pl containing
appropriate buffer for the restriction endonuclease(s), 4 units of each enzyme per
microgram of DNA and dH;0 to make up the volume. The reactions were

incubated at the appropriate temperature for a minimmun of 1 hour.

2.2.3.5 Electrophoresis of DNA

DNA fragments of 0.1-22 kb were separated and identified by agarose gel
electrophoresis using u Hoefer HE 33 Mini Submarine Electrophoresis Unit
{Amersham Pharmacia Biotech, San Franciso, CA.). Typically 0.5 g of agarose
was added to 50 ml of 0.5% TBE buffer and heated in a microwave oven for 1-2
minutes to produce a 1% gel. This was allowed to cool to 55°C before addition
of 1.5 ul of 100 mg/ml ethidium bromide. The gel was then mixed and poured
into a casting tray containing a comb with a suitable number of wells (10-20).
After solidification the gel was transferred to the electrophoresis unit containing
chilled 0.5% TBE buffer and the comb was carctully removed. DNA samples
and molecular size standards were prepared by addition of a snifable amount of
10x DNA loading buffer (Section 2.1.8.2) and introduced te the wells using a

micropipette. Gels were run at 100 V for approximately 20 minutes, then
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removed from the clectrophoresis unit and the DMNA visualised using a UV
transilluminator {Uvi tec, Thistle Scientific) and photographcd using a

Mitsubishi P91 photographic unit.
2.2.3.6 Purification of restriction enzyme fragments

When purification of DNA fragments was required for construction of
recombinant plasmids, the DNA was purified from agarose gels using the
QIAquick® Gel extraction kit (QIAGEN). DNA fragments of interest were cut
from an agarose gel using a clean scalpel blade and the protocol was then

performed according to the manufacturers instructions.
2.2.3.7 Ligation of vector and insert DNA

TFragments of DNA gencrated by resiriction digestion were ligated with
approximately 50-100 ng of vector DNA using T4 DNA ligasc {Promega)
according to the manufacturers instructions. The quantities of vector and insert
DNA to be used were calculated to produce a molar ratio of between 1:1 and 1.5

using the equation:

X ng of vector x Y kb of insert x insert : vector ratio = ng of insert required

Z kb of vector

Vector and insert were mixed with ligation buffer and 1 unit of DNA ligase in a

total volume of 10 ul. Ligation reactions proceeded at 16°C overnight.

2.2.3.8 Transtormation of bacteria with plasmid DNA

The TOP10 cells used in transformation experiments were stored in volumes of
25-50 pl in microcentrifuge tubes at -80°C. Aliquots were thawed on icc, and
0.5-5 pl of ligation reaction was added to the cells representing 1-20 ng of DNA.
Mixing was carried out very gently to avoid damage to the bacterial celfs, The

cells were then left on ice for 30 minutes, followed by a 30 second heat shock at
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42°C. The celis were then quenched on ice for 2 minutes, 200 pl of SOC
medium was added and the tubes were incubated at 37°C for 1 hour with shaking
at 225 rpm. The cells were streaked onto LB agar plates containing ampicillin at
100 mg/ml. The addition of ampicillin enabled selection of transformants as the

plasmid used in this project conferred ampicillin resistance on the host bacteria.
2.2.4 Preparation of total RNA

The unstable naturc of isolated RNA and the necessity for very pure isolates for
downstream applications required that all materials used in RNA preparation be
totally free from ribonuclease (RNAse) activity. RNAse is a very stable,
ubiquitous enzyme that degrades RNA requiring no cofactors for function.
Inhibition of this enzyme was carried out using RNAse ERASE (ICN
Biomedicals Inc., Ohio), followed by rinsing with DEPC trcated water, All
plastic-ware used for RNA storage was pre-treated by an overnight soak in
DEPC treated water followed by autoclaving and drying. Solutions were also
prepared using DEPC treated water only, and gloves were used in all procedures

involving RNA.
2.2.4.1 RNA extraction using RNAwiz™

Various methods have been described for the isolation of undegraded RNA, and
progress in the field have led to the development of single step methods for the
procedure (Chirgwin, Przybyla, et af 1979) (Chomcyznski & Saachi 1987).
RNAwiz™ is a combination of denaturants and RNAse inhibitors for the
isolation of tolal RNA, and it 1s effective for animal, plant and microorganism
based RNA. The samples used for RNA isolation in this project were cell pellets
harvested from tissue culture experiments, stored in 1.5 ml DEPC treated
eppendorf tubes, as described above. These were homogeniscd directly in
RNAwzT™ by simply pipetting vigorously several times. Onc ml of RNAwiz™
was used per 107 cells. The homogenate was then incubated at room temperature
for 5 minutes to allow dissociation of nucleoproteins from the nucleic acids,

Chloroform was then added (0.2x starting volume), and thorough mixing was
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carried out by shaking the tube vigarously for approximately 20 seconds. t'he
chloroform used was free from isoamyl! alcohol and any other additives. The
mixture was then centrifuged at 13000 rpm at 4°C for 15 minutes to allow
separation of the mixturc into three distinet phases, an upper aqueous phase
containing the RNA, a semi-solid interphase containing most of the DNA, and a
lower organic phase. The upper aqueous phase was removed carefully by
pipetting and transferred to a clean DEPC (reated 1.5 ml tube. RNase-free water
was then added (0.5x starting veolume), and thorough mixing carried out. This
was followed hy addition of Ix starting volume of isopropanol, mixing, and
incubation of the sample at room temperature for 10 minutes. The RNA was then
pelleted by centrifugation at {3000 rpm for 15 minutes at 4°C. The supernatant
was decanted, and a wash step using 75% ethanol was carried out, followed by

centrifugation as noted above.

The RNA samples were stored at -20°C in 70% ethanol until required. When
required, the RNA samples were pelleted by centrifugation as above and the
supernatant decanted. The pelicts were then aflowed to air dry for no {onger than
10 minutes (complete drying of the pellet makes resuspension very difficult) and

resuspendexd! in 40 pl of DEPC water.

2.2.4.2 Assessment of RNA using agarose gel electrophoresis

An aliquot of each RNA sample was tun on a 1% agarose TAE gel (10g agarose
in 1 litre TAE buffer). Assessmecut of RNA quality was carried out by checking
the integrity of the 18S and 288 ribosomal subunit bands, and examining their
rate of migration in comparison to a 100 bp molecular weight standard (GIBCO
BRL).

2.2.4.3 DNase treatment of RNA

RNA samples were freed from contaminating DNA by use of the DNA-frec™
kit (Ambton). 0.1x volume of 10x DNase buffer and 2 units of DNasc [ were
added directly to RNA samples, mixed and incubated at 37°C for 30 minutes.
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The enzyme reaction was then halted by addition of 5 pl of well-mixed slurry of
DNase TInactivation Reagent followed by a 2-minute incubation at room
temperature. The inactivation reagent was then pelleted by centrifugation at
10,000 g for one minute and the RNA sample transferred to a clean DEPC

treated eppendorf for storage.

2.2.5 Amplification of DNA by polymerase chain

reaction

The polymerase chain reaction (PCR)} is a technique that allows the
amplification of a specific scquence of DNA and is effcctive even when the
target DNA is very scarce. The technique was developed by Mullis ¢f al, and
allows large amounts of a single copy genc to be generated from genomic or
viral DNA (Mullis, Faloona, er al 1986) (Mullis & Faloona 1987) (Saiki,
Gelfland, et al 1988) (Kwok, Mack, et a/ 1987). The initial procedure used the
Klenow fragment of DNA polymerase [. This enzyme needed to be replaced at
each cycle as it was denatured by the reaction conditions. Efficiency was greatly
improved by introduction ol a thermoslable Tag polymerase isolated from

Thermus aquaticus, as this allowed automation of the procedure (Saiki,
Gelfland, ef a/ 1988).

PCR allows the amplification of any unknown DNA scquence by the
simultaneous extension of primer pairs flanking the unknown sequence, each
complementary to opposite strands of the DNA. An overview of PCR and its
applications is available (Innis & Gelfland 1990), and although the basic
technique has been developed to include other applications such as cloning
(Scharf 1990), basic PCR remains widely used. An outline of the procedure is

provided below.
2.2.5.1 Primer design

Primers were designed following the guidance of a standard text (Innis &

Gelfland 1990). The goal of primer design is to produce an oligonucleotide that
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will hybridise efficiently with the DNA sequence of interest, and not hybridise
with any other sequence. The amount of sequence permissible between primers
is flexible, and up to 10 kb is pessible, however beyond 3 kb efficiency is
decreased (Jeffreys, Wilson, er af 1988). The disadvantages of minimising the
distance between the primers include reducing the ability to re-amplify the
sequence using nested internal oligonucleotides, and short distances between
primers result in fess sequence information being gained from the PCR. For any
given pair of primers, the annealing temperatures (Tm) and GC content were

balanced.

Whilst in many PCR applications the primer design wili be exactly
complementary to the template DNA, in some cases, such as efforts to clone or
detect homologues when sequence information is lacking, mismatches will be
unavoidable. Independent of the reason for mismatches between template and
primer DNA, it is best if these are located close to the 5 end of the primer, The
closer a mismatch is to the 3" end of the primer the more likely it will prevent

cxtension, as DNA polymerase will be acting in a 5” to 3 direction.

The annealing portion of primers should generally be between 18 and 30
nucleotides in length; any increase in size beyond this is unlikely to improve
primer specificity significantly and this size of primer is sufficient for sequence
as complex as the human genome. Other potential features of the primer
sequence, such as restriction enzyme sites should be engineered onto the 5° end
of the primer. Such additions can have a detrimental effect on primer specificity
al low temperatures, and so are best used when amplifying from a single
template vector. Primer GC content should match that of the template as closely
as possible. Unusual stretches of sequence such as internal complementarities
can lead to secondary structurcs and a loss of anncaling efficiency, and so should

be avoided.

A common artefact in PCR is the formation of primer-dimers. A primer-dimer is
the produet of primer extension annealing on itself or on the ather primer in the
PCR. Since the primer-dimer product contains onc or both primer sequences and

their complementary sequences it provides an excellent template for further

74




amplification. Given the small size of the product, and that small products are
copied more efficiently, primer-dimers can swamp thc PCR and scquester primer
from the real target on the template DNA. These can be avoided by not using
primers with complementary sequences in the 3° region. Primer dimers can be

minimised by optimising the MgCl, concentration.

2.2.5.2 Preparation of PCR reacfions

The sensitive nature of PCR means that very stringent steps must be taken if
contamination is to be avoided. First, physical separation of the PCR area from
bench space used for other work is recommended. In the case of PCRs carried
out in this project, a dedicated PCR suite isolated [rom the main laboratary was
used. In addition, a set of instruments used to aliquot reagents (micropipettes and
their tips) were kept within the PCR suite and restricted to PCR use. Filter tip
pipette tips were used to reduce the chance of carryover from one step to the
next, and master mixes of reagents were used whenever possible 1o reduce the
number of pipetting steps required per reaction. Reaction components including

primers were aliquoted prior to use and stored at -20°C.

2.2.5.3 Reaction conditions

A number of PCR amplification kits containing all the necessary reagents were
used according to the manufacturers’ instructions. The reaction mixes were
made up to either 50 or 25 pl and contained variable concentrations of primers,
dA'l'Ps, dCTPs, dTTPs, dGTPs, MgClz, DNA polymerase, and 1x PCR bufter
containing Tris-HCI, KCl, and gelatin. To this was added an appropriate volume
of DNA or cDNA template. Two thermal cyclers were used; a Perkin Elmer 480
which requires a layer of mineral oil to be placed over the reaction mixes, and a
Perkin Elmer 2400 with a heated lid that docs not require any mineral oil.
Reactions were placed in these machines in 0.5 ml and 0.2 ml thin walled
eppendorf tubes respectively. The exact parameters of the reactions varied, but
generally consisted of an initial denaturation at 94°C for five minutes followed

by 25-45 cyeles of the following; denaturation at 94°C for one minute, annealing
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at 55-72°C for one minute, extension at 72°C for one minute thirty seconds
followed by a final extension step at 72°C for 4-30 minutes. Reaction praducts
were visualised using agarose gel electrophoresis using 5-10 pl of the reaction

mix.

2.2.5.4 Purification and assessment of PCR products

Single PCR products were purified following the QIAquick™ PCR purification
kit protocol (QIAGEN). Briefly, the DNA band of interest was removed from
the agarosc gel with a sharp scalpel. Visualisation was by UV transillumination.
The DNA binds to the filter within the column, facilitating separation from all
other components of the mixture by a series of washing steps. The PCR products
are finally eluted in 30-50 pl of sterile water, 4 pl of which was assessed by 1%

TAE agarose gel electrophoresis against a 100 bp molecular weight standard
(GIBCO BRL).

2.2.5.5 First strand DNA synthesis for reverse transcriptase
(RT)-PCR

Analysis of gene cxpression requires accurate determination of mRNA levels,
but as PCR is based on amplification of DNA, the process of amplifying RNA
sequence requires an initial step of conversion of the RNA to ¢DNA by reverse
transcription. The MMLYV reverse transcriptase enzyme was used to mediate the
formation ¢cDNA for RT-PCR in the experiments detailed in this thesis. Reverse
transcriptuse synthesises a DNA strand complementary to an RNA template
when provided with a primer that is base paired to the RNA and has a free 3"~
OH group. Three types of primcrs are used, namely random primers, gene
specific primers (GSP) and oligo-dT primers. Oligo-dT primers pair with the
poly A sequence found at the 3"-end of most eukaryotic mRNA moleculcs. All
of the above primers can be used to initiate the synthesis of ¢cDNA strands in the
presence of the four dNTPs. The RNA-DNA hybrid is subsequently hydrolysed
by either raising the pH (as DNA, unlike RNA is resistant to alkaline

hydrolysis), or by using a ribonuclcase. The 3° end of the newly synthesised

76




DNA strand forms a hairpin loop that primes the synthesis of the complementary
DNA strand. The hairpin loop is then removed by digestion with S1 nuclease,

which recognises unpaired nucleotides.

The specific conditions used involved first a denaturation step of the RNA (in 9
ul of DEPC water) at 65°C for § minutes to ensure no secondary RNA structure
remained that might interfere with the process, The sample was then quenched
on ice, and the first strand synthesis was carried out in a total reaction volume of
25 pl containing the heat treated RNA, the MMLYV reverse transcriptase enzyme
and its buffer, DL-Dithiothreitel (DTT), dNTPs, an RNAse inhibitor and
primers. The reaction conditions vary between protocols. A Perkin-Elmer
thermal cycler 480 was used for the reaction, and the reaction mix was kept on

ice immediately before use or at -20°C for more long-term storage.

2.2.6 DNA sequence analysis

2.2.6.1 Automated sequencing

Sanger dideoxy DNA sequencing is the most commonly used method for DNA
sequencing, particularly for large-scale genomic sequencing (Sanger, Nicklen, ef
al 1977). A variation of automated DNA sequencing using dye-labelled
terminators, in which the dyes are attached to the terminating dideoxynucleoside

triphosphates has been used in this project (Prober, Trainor, ez af 1987).
2.2.6.1.1 Sample preparation

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 each DNA molecule is labelled with onc dyec molecule, but up
to five dyes can be used to label the DNA sample. More specifically, PCR
reactions were petrformed using DNA samples (200-500 ng) in a total volume of
20 i contaming 0.5 pM of primers, 40 mM Tris-HCI, 1 mmol/l MgCl; and 4 nl
of Big Dye™ Terminator Cycle sequencing Ready Reaction (ABL Prism).

Samples were prepared in the PE 2400 thermal cycler incorporating 25 cycles of
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amplification, each c¢ycle consisting of a denaturing step at 96°C for 10 seconds
followed by an annealing temperature of S0°C for § seconds, and an elongation
step of 60°C for 4 minutes, DNA was then purified by precipitation using
cthanol (95%). Pelleted DNA (14000 rpm for 20 minutes) was washed in ethanol
(70%) and repelleted betore all cthanol was removed and the pellet dried at 90°C
for | minute. Template Suppression Reagent (25 pl) was then added and the
mixfure heated to 95°C for 5 minutes and chilled before transfer to genetic

analyser sample tubes.
2.2.6.1.2 Sample sequencing

Samples were loaded and run on the ABI PRISM® 3100 Cienetic Analyzer (PE
Applied Biosystems, UK) under standard sequencing conditions for generation
of automated sequence data. The ABI 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 tully automated from sample loading o data

analysis.
2.2.6.1.3 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 filc. A series of different
computational soltware were utilised for sequence analysis including the ‘Blast’
search engine within the NCBI database, Genetics Computer Group (GCG) and
ClustalW (http://www.ch.embnet.org/softwarc/Clustal W html).

2.2.7 Estimation of protein concentration

Protein concentrations were estimated using a bicinchoninic acid (BCA, Sigma,
UK) method (Smith, Krohn, et af 1985). The protocol combines the reduction of
Cu®* to Cu'* caused by protein in an alkaline environment with the capability of

BCA to form an intense purple complex with Cu'". The complex produced from
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this reaction is stable and increases in a proportional fashion over a broad range
of increasing protein concentration. It is also waler-soluble and cxhibits a strong
absorbance at 562 nm, thus allowing the spectrophotometric quantitication of
protein in aqueous solution. A standard panel of 6 bovine serum albumin (BSA)
dilutions from a 2 mg/ml stock solution (Sigma, UK) were used as a standard
against which protein samples of unknown concentration could be compared.
Standard concentrations were 80, 100, 200, 400, 1000, and 2000 ug/mi. A 10 ul
volume of each standard solution was added in duplicate to individual wells of a
96 well plate. An additional 3 wclls were used as blanks (ie. contained 10 ul of
dH,0). A 1:10 dilution of each protein sample to be tested was then made in
diI20 and 10 pl of each diluted sample added to the test wells in duplicate

according to a predetermined pipetting scheme,

The developing solution was a mixture of 5 ml of BCA and 100 ul of CuSQ,
{Copper (ID) Sulphate pentahydrate, 4% w/v solution, Sigma, UK). A 200 ul
volume of this solution was added to each of the standard, blank and tcst wells
and the test plate then incubated at 37°C for 45 minutes to allow for colour
development. Absorbance of wells was then measured using a microtitre plate
reader and concentrations of test samples determined by comparison with the

standard dilutions.

2.2.8 Electroblotting of DNA fragments to a positively

charged nylon membrane

Electroblotting was necessary for the transfer of DNA f{ragments after
polyacrylamide gel electrophoresis (Section 4.3.2.5) to a nylon membrane, as the
small pore size of polyacrylamide gels does not allow the effective transverse

diffusion of DNA required for successful Southern blotting.
After electrophoresis, the polyacrylamide gel was removed from its glass

backing by laying a piece of wet Whatmann 3MM filter paper slightly larger

than the gel onto the gel surface, being careful to avoid air bubbles. This allowed
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the gel to be lifted safely from its backing without risk of breakage. Two Scotch-
Brite pads and a further 7 pieces of 3MM Whatmann filter paper of the same
size as the gel were presoaked for 15-30 minutes in 0.5% TBE, carcfully
removing air pockets from the Scotch-Brite pads by repeated squeczing and
agitation. These pieces were necessary for building up a sandwich around the gel

for electroblotting.

Electroblotting experiments catried out in this thesis used the Mini-PROTEAN"
II cell (Bio-Rad) and non-denaturing polyacrylamide gels. The electroblot
apparalus contains a gel holder consisting of hinged grey and black pancls on
which the components of the sandwich are built up on the grey panet as follows;
Scotch Brite pad, 3x filter papers, filter paper with gel (gel surface uppermaost),
prewetted positively charged nylon membrane {(Amersham, UK), followed by
the remaining 4 pieces of filter paper and the second Scotch Brite pad. At cach
stage any air bubbles are carefully removed from between the layers, and the
filter paper carrying the gel and the gel surface itself are floaded with 0.5% TBE
before they are put into place. The gel holder is then closed and placed in the
transfer cell with the grey panel facing the cathode. An ice block is included to
prevent overheating of the transfer buffer. The cell is then filled with 0.5% TBE
and electroblotted for 4 hours at 30 V. Following this the membrane is removed
and denatured for 10 minutcs, DNA side up in 0.4 M NaQH. The membrane is

then rinsed in 2x SSC and is ready for downstream applications.
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Chapter 111
In vivo and in vitro canine and feline

telomere studies

3.1 Abstract

The mujority of telomere research carried out to date has focussed on humans,
and has established links between telomere attrition and senescence. Senescence
has been associated with organismal ageing, and failure or bypass of senescence
has been associated with immortalisation and malignancy. Telomeres are
therefore of great interest to both oncologists and gerontologists, however,
despite a small number of studies demonstrating similarities between companion
animal and human telomeres, the amount of information available to veterinary
rescarchers is relatively very small. The experiments detailed in this Chapter
describe investigations to establish the typical range of telomere lengths found in
the dog and cat in both healthy tissues and tumour samples. Possible associations
between age, gender, breed, life expectancy and telomere [ength were
investigated. A scparale set of experiments aimed at demonstrating and
quantifying lelomeric attrition in vitro in the dog and cat using primary fibroblast
culturcs were carried out, and senescent cells in both species were characterised
using a number of cstablished biomarkers. The major aim of this research wus to
investigate possible links between telomere attrition, sencscence and apeing in
the dog and cat and thereby establish the importance of telomerc biology to

current veterinary rescarch.
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3.2 Introduction

‘The study of canine and feline telomeres is still a relatively new area. Interest in
this subject has been spurred by advances in human telomere biology that have
identified telomeres and their cellular functions as being important to the process
of malignant transformation, and perhaps ageing itsclf (Artandi & DePinho
2000) {Bearss, Laurence, et al 2000) (Corey 2002), and reviewed in (Campisi,
Kim, e af 2001). In confrast to the large volume of work already dedicated to
human telomere biology relatively little work has been carried out in other
species, with the exception of the laboratory mousc. The experiments detailed in
this chapter aim to improve understanding of canine and feline telomere biology

as it relates to organismal ageing and cancer.

Yazawa et al in 2001 were the first to provide tclomere length data for canine
fumours and somatic tissues (Yazawa, Okuda, et «f 2001). This study
investigated telomere lengths by restriction endonuclease digestion and Southern
blot and in a panel of 27 mammaty gland tumours tound telomere length to vary
from 11.0 to 21.6 kb. A panel of 12 normal mammary gland sections were found
to have slightly longer telomeres but the groups could not be compared, as a
significant age difference existed between them. Increasing age was negatively
cotrelated with telomere length in the control dogs, whilst such a relationship
was not found in the twmour tissue sections. These data imply that the canine
tumour samples investigated contained an active telomere length maintenance
mechanism that is not found in the corresponding non-cancerous tissue (Yazawa,
Okuda, er a/ 2001). Brummendorf et @l examined the telomere lenglhs in
peripheral blood Ieukocytes of cats ranging in age from newborn kittens to 10
year old animals using fluotescence in ity hybridisation and flow cytometry and
again could demonstrate that the older animals had shorter telomeres in the cell

types examined (Brummendorf, Mak, e/ af 2002).
A negative correlation between age and telomerc length has been a major finding

in human telomere research (Lindsey, McGill, ef af 1991) (Hastie, Dempster, ef

al 1990), and these preliminary investigations of telomere biology in the dog and
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cat have revealed similarities with human telomere biology, and represent an
encouraging start. These data have also raised the possibility of using telomerc
length measurcment as a novel way of determining age in wildlife, and a pilot
study has produced promising results in birds (Haussmann & Vieck 2002).
However studies to date have assumed a uniform rate of telomeric attrition with
age [or a given species, and as rceent work has detailed that other, variable
factors such as oxidative stress affect telomeric decline these initial data must be

treated with caution (von Zglinicki, Pilger, ef of 2000) (von Zglinicki 2002),

The study of ageing and age related diseasc is of major importance in human
mexdicine, and the centrepiece of most theories of the ageing process revolves
around DNA damage. Telomeric loss, such as that noted to occur in dogs and
cats can lead to DNA damage and this fact has lead some researchers in the
human field to conclude that the ageing process begins in the embryo when
telomerase activity is repressed in the majority of human somatic tissucs
(Skulachev 1997) (Ahimed & Tollefsbol 2001). Evidence of an actual link
between telomere length dynamics and the characteristic phenotypic changes
associated with ageing is circumstantial only, so for example associating
decreasing telomere length in human fibroblasts and B- and T- lymphacytes with
the clearly age related changes of decrcased wound healing and impaired
immune function may be a case of confusing sequence with consequence

{Allsop, Chang, ef af 1995) (Weng, Levine, et al 1995),

There is also cvidence of telomere association with age related disease. [Towever
the short telomeres found in artherosclerotic blood vessels and endothelium
under haemodynamic stress, comparcd with healthy tissue counterparts, may be
an effect of the disease process, yather than the cause of ii. Such associations
may be useful in future diagnostic protocols, for cxample tclomere length has
been found to be inversely proportional to arthersclerotic grade (Okuda, Khan, ef
al 2000). Recent work has also shown short telomeres in human peripheral blood
leukocytes (PBLs) to be associated with an increased risk for the development of

carcinomas in a number of organs (Wu, Amos, ef al 2003).




Despite the lack of firm evidence of a link between telomeric attrition and
ageing, it is intercsting to hypothesise how such a rclationship might work. A
recent idea advances the prospect that the telomeric contribution to phenotypic
ageing may rcvolve around a mosaic effect (Toussaint, Remacle, e af 2002).
Accumulation of functionally impaired sencscent cclls may cause a reduction in
the ‘vitality’ of the tissue as a whole that is sufficient to produce a phenotypic
effect and yet does not have a large impact on mean tclomere length of the cell

population.

The ability to accurately identify senescent cells in vifro and in vivo is therefore
central to telomere-based studies of ageing. The most commonly used biomarker
is senescence associated B-galactosidase activity at pH 6.0, useful both in vitro
and in vive (Dimri, Lee, et af 1995). The expression of the cyclin dependant
kinase inhibitor p2] increases as cells near senescence, and pl16™* has been
shown to accumulate in senescent cells. pl6™“® is also a cyelin dependant
kinase inhibitor, and acts as an inhibitor of cell replication through ils interaction
wilh the retinoblastoima gene product pRb (Iluschtscha & Reddel 1999) This
interaction results in the maintenance of pRb in a hypophosphorylated form in
senescent cells, and this has been advanced as additional means by which

senescent cells may be identified in vitro (Alcorta, Xiong, ef af 1996).

More than one method has been described to determine telomere length, The
bulk of telomere length rcscarch carried out to date, and all the experiments
detailed in this chapter use a Southern Blot and hybridisation approach, though
recent studies reflect a trend towards variations on the original technique or use
of completely new methodologies. A discussion of the other methods currently

in common usage is detailed in Section 3.2.1.
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3.2.1 Alternative methods for determining telomere

length in mammalian cells

3.2.1.1 Hybridisation protection assay

The hybridisation protection assay (FIPA) is a rapid (45 minutes) and sensilive
way to determine telomere lengths directly by a chemiluminescent method. Cell
lysate or DNA solution is mixed with a hybridisation solution containing a light
emitting (acridium ester labelled) tclomere specific probe. A selection buffer
then differentially hydrolyses unhybridised probe, allowing chemiluminescence
of the sample to correlate directly with the amount of telomere repeats it
contains (Nakamura, [Lirose, ef af 1999). As only telomeric DNA is included in
the analysis, the concern over inclusion of sub-telomeric DNA. that has been
raised with reference to the Southern Blot method is avoided (Saldanha,
Andrews, ef al 2003). Shearing of the sample DNA has no effect on the result,
and the DNA wvsed does nol require purification either from cells or tissue
lysates. The entire procedure can be performed in a reaction tube, Results
obtained using the HPA mecthod compare favourably with those obtained by
Southern Blot, however in cominon with Southern Blot this method does not
allow measurement of telomeres in individual cells. The equipment required for
the HPA method is not specialised beyond that available in most laboratories so

it is not an expensive method to adopt (Nakamura, Hirose, ef af 1999).
3.2.1.2 Iluorescent ir sity hybridisation (FISH)

The original theme of the FISIT method consisted of hybridising fixed cells to a
{fluorescent peptide nucleic acid probe that is complementary to the telomere
sequence. This method has the advantage over the HPA mcthod thal the
telomere lengths of individual cells may be assessed; the usefuiness of it is
clearly demonsirated by the number of variations that have been created. The
variants in current use include quantitative FISH (Q-FISH), quantitative flow
cytometry (Q-FISH™™) and flow cytometry and FISH (flow FISH) (Hultdin,
Gronlund, e a/ 1998). The direct labelling of the telomere sequence with the

fluorescent probe and its visualisation allows Cfor greater accuracy in
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mcasurement of tclomere length than other methods, however the method
requires the use of metaphase spreads thus introducing an inherent bias to the
method as senescent cells are excluded from the sample population. The addition
of flow cytometry allows small subsets of cells to be included in the analysis on
an individual basis, however another level of complexity is added to an already
technically demanding technique. The most complex variant includes the use of

digital fluorescence microscopy in a Q-FISH™™

technique. This method utilises
both a telomere specific fluorescent PNA probe and the 47, 6-diamidino-2-
phenylindole (DAPL) dye specific for chromosomes allowing accurate telomere
length measurements of individual chromosomes within the same cell to be

performed.

3.2.1.3 Telomeric-oligonucleotide ligation assay (T-OLA)

This method is comparatively less complex than FISH derived methods,
however telomeric DNA must be isolated from sub-telomeric sequence, a large
amount of DNA (approximately 30 pg) is required, and the method requires the
use of an electron microscope. The assay involves hybridisation of a highly
specific  “oP-labefled  oligonucleotide to non-denatured DNA. The
oligonucleotide binds in the presence of ligase to single stranded DNA with high
base pairing specificity and the products are rvesolved on a denaturing
potyacrylamide gel. The probe specificity for single stranded portions of non-
denatured DNA allow this method to be used to estimate the length of the 3°
single stranded overhang found at the telomere terminus, and has an effective
range from 24-650 nucleotides. As this method involves the use of radioactive
nucleotides, safety is more of a concern than with the other procedures

(ITuffman, Levene, et a/ 2000) (Cimino-Reale, Pascale, et al 2001).

A summary of the methods detailed above is provided in Table 3-1.
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Table 3-1. Methods currently used to measure telomere lengths and G-rich

overhang. Southern Blot is the least complex technique and requires the least

specialist equipment, however the higher throughput capabilities of the newer

methods reduce time constraints and improve accuracy.

Technique Summary

Southern Blot Time consuming, labour intensive

HPA Simple rapid and sensitive

Q-FISH Labout intensive and more complex than Southern Blot and HPA
Q-FISH™M Similar complexity to Q-FISH, however process takes

Q-FISH™™ 4

digitd fluorescence

microscopy

T-OLA

approximately 30 hours

Use of digital fluorescence microscopy reduces time required,
however very corplex technique

Less complex than FISH based methods, used primarily to
measure G-rich overhangs
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3.2.2 Chapter aims

The aims of the experiments detailed in this chapter were to evaluate telomere
tengths in a number of different breeds of dogs and the domestic shorthaired cat
(DSH) across a wide age range of individuals. This study allowed the effect of
age, breed and gender on telomere length in the dog and cat to be investigated.
In vitro studies aimed at exploring the replicative potential of a number of
primary fibroblast cell lines and the interrelationship between replicative
potential and the age of the donor animals concerned. In addition, the analysis of
telomere lengths of necropsy specimens from healthy tissues, and a panel of

canine and fcline tumour specimens were carried out.
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3.3 Materials and Methods

3.3.1 Sample details
3.3.1.1 Blood samples

Five ml jugular blood samples were taken from dogs and cats kept in
envirommentally enriched housing at the Waltham Centre for Pet Nutrition
(WCPN). Samples also included excess blood from 2 ml jugular samples taken
ftom clinical cases for routinc biochemical analysis at GUVS. A (otal of 112
dogs and 30 cats were samplcd. Sampling carried out at WCPN was in
accordance with WALTHAM® research ethics guidelines. Cats ranged in age
from 1 to 17 years and were all Domestic Shorthaircd (DSH). Dogs sampled
were aged [rom <1 to 15 years from five recognised breeds, the Labrador
Retriever (7 = 24), Miniature Schnauzer (# ~= 16}, Beagle (» = 10), Golden
Retricver (n = 22), and Great Dane (7 = 4), and 37 dogs described as cross breed.
All animals were clinically healthy at the time of sampling following a routine

health inspection by a veterinary surgeon,
3.3.1.2 Necropsy specimens

Tissue samples were colleeted from canine and feline necropsy cases at GUVS,
In all cases animals had either been euthanased for unrelated medical reasons at
GUVS prior to necropsy ot had been delivered for necropsy to the pathology
department. All necropsies performed at the school are carried out with informed

owner consent.

Approximately 1 om® tissue samples were taken under aseptic conditions from as
many organs as the particular necropsy would allow and immediately flash
frozen in liquid nitrogen (LNO,) before storage at -70°C. Details of individual

animals are shown in Table 3-2.
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Table 3-2. Details of necropsy sample animals. Canine {(a) and feline (b)

necropsy sampling was carried out with informed owner consent on gach of the

. . s N . 3
animals detailed. Tissue samples of approximately 1 cm” were harvested from as

many organs as the particular necropsy would allow. Any evidence of post-

mortem DNA degradation (ODz60/0D2g <1.7, or evidence of smearing after

agarose gel electrophoresis) resulted in exclusion of the particular sample from

the study.
(a)
Breed Age (years)  Gender Cause of death
CN1I English 0.25 Female Aspitational
Bulldog pnsumonia
CN2 Yorkshire 0.75 Malc Tracheal
terrier collapsc
CN3 Dachshund 6 Male Vertebral disc
collapse
CN4 Cross breed 11 Female Neoplasia
neuter
CN5 Staffordshire 13 Male Trauma
Bull terrier
(b)
FELINE Breed Age (years) Gender Cause of death
FN1 DSH 1 Male neuter  Trauma
FN2 DSH L5 Male neuter Trauma
FN3 DSH 3 Male ncuter  Protein losing
nephropathy
FN4 DSH 13 Female neuter luntestinal
carcinoma
FN5 DSH 15 Trauma

Male
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3.3.1.3 Tumour samples

Tumour samples were collected from two sources; necropsics carricd out at
GUVS and samples from excisional biopsies harvested al the time of surgery at
the Peoples” Dispensary for Sick Animals (PDSA) hospital, Shamrock Street,
Glasgow. All necropsies were carricd out with informed owner consent, and
decisions to perform excisional biopsies were made solely on clinical grounds
and with informed owner consent, the samples used in this project representing
surplus tissue beyond that required for histological diagnosis of tumour type as
part of routine diagnostic work-up. Samples were flash frozen in LNO; at time
of harvesting before storage at -70°C. A total of 21 tumour samples were used in
this study, 17 canine and 4 feline. All tumours were identitied by histopathology
carried out at the pathology department of GUVS, and samples includcd
examples of anaplastic  sarcoma, chondrosarcoma,  fibrosarcoma,
haemangiosarcoma, leiomyosarcoma, liposarcoma, lymphoma, nephroblastoma,
neurofibrosarcoma, rhabdomyosarcoma, spindle cell tumour, synovial cell

sarcoma, mammary catcinoma and squamous cell carcinoma.
3.3.1.4 Cell lines

Cells used in this chapter include the SFA, AGO8157, AG07648, AGOB07S,
CCL-176 and S22, all of which are primary fibroblast cell cultures as detailed in
Section 2.2.1.2. Cells were grown in T75 flasks and passaged routinely upon
reaching approximately 80% confluence. The timing of passage is particularly
important for tclomere length studies, as evidence exists that prolonged
confluence may affect telomeric attrition rate (Sitte, Saretzki, ef al 1998). Cell
numbers were counted (Section 2.2.1.1.1) upon harvesting, and all cell lines
were seeded at | x10° cells/ml. 2 x10° cells were retained at each passage,
transferred to 1.5 ml eppendorf tubes and pelleted at 500 g for 5 minutes. The
growth media was discarded and the pellets washed in sterile PBS. A further 5~
minute centrifugation step was performed; PBS was carefully aspirated from the
cell pellet, which was then flash frozen in LNO; before storage at -70°C. DNA

extracted from these pellets was used for telomere length estimation.
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Cell counts at harvesting were used to generate growth curves for the cell lincs

according to the formula:

Te= 037
Log (4/4g)

Where T, represents the doubling time for the cell population, 7 is the time
elapsed, 4 is the number of cells at the time of harvesting and 4y is the number

of cells at an initial point (Wicder 1999).

3.3.2 DNA extraction
3.3.2.1 Isolation of DNA from peripheral blood samples

Canine DNA was isolated from 5 mi blood samples using either the QlAamp
DNA blood maxi kit, or phenol/chloroform extraction as detailed in Section
2.2.2. DNA was resuspended in 50 pl TE buffer, and DNA quality and quantity
were estimated using spectrophotometry (GeneQuant), and quality of all DNA
isolates was confirmed by 1% agarose TBE gel electrophoresis (Section 2.2.3.3).
DNA samples were then stored at -20°C in screw-top 1.5 ml Eppendort tubes

untit required for analysis.
3.3.2.2 Isolation of DNA from necropsy specimens and cell pellets

Cell lysis and digestion was carried out in 1.5 ml eppendorf tubes using either 2
x10° cells or approximately 100-200 mg of tissue. Tissue samples were crushed
in the eppendorf tubes using a sterile pestle. Digestion buffer consisted of 100
mM NaCi, 10 mM Tris HCI (pH 8), 25 mM EDTA (pI 8), 0.5% sodium
dodecyl sulphate (SDS) and 0.1 mg/ml proteinase K (Roche). Approximately |
m] of digestion buffer was uscd per tissuc sample, whilst cell pellets required
only 0.3 ml per sample. All samples were incubated with shaking at 50°C for
between 12 and 16 hours in tightly capped tubes. Deproteination was achieved
by equal volume phenol/chloroforn/isoamyl alcohol (25:24:1) extraction.

Separation of the phases was achieved by a 10 minute centrifugation at 1700 g;
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separation was further aided by carrying out this step in 15 ml tubes containing
Phase Lock gel (eppendorf) which forms a stable barrier between the upper,
DNA contaiming aqueous phase and the lower organic phase. This allowed the
aqueous phase to be easily transferred to a fresh tube for precipitation of the
DNA in 2x(original} volumcs of 100% ethanol and 2 volume of 7.5 M
ammonium acetate. This precipitation step in the presence of high salt
concentration helps reduce the amount of RNA in the DNA sample. The DNA
was then pelleted by centrifugation at 1700 g for 2 minutes. A further wash step
in 70% ethanol was then carried out before again pelleting the DNA, decanting
the alcohol and allowing the DNA to air dry. DNA samples were then
resuspended in 50-100 pl of TE buffer and quality and quantity checked as
described in Section 2.2.3.3.

3.3.3 Telomere length analysis

3.3.3.1 Digestion of DNA with Hinfl/Rsal

The selection of the restriction endonucleases Hinfl and Ryal was bascd on the
fact that these enzymes do not contain recognition sequences that cut within
mammalian telomeric sequence. These enzymes are not alone in this respect,
however, they are the most comnmonly used in the literature (Nakamura, Hirose,
et al 1999) (Lauzon, Dardon, er al 2000). 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 Fragmen{ {TRF). Three [lg of DNA was digested per sample at 4U of
enzyme mix/ug of DNA for 12-16 hours at 37°C.

3.3.3.2 DNA fragment separation
3.3.3.2.1 Agarose gel electrophoresis and Southern blot

Separation of digested DNA was achicved by 0.8% agarose gel electrophoresis
in Ix TAE buffer using highly pure agarose (SIGMA) following a standard
protocol (The DIG system user's guide for filter hybridisation 2003) (Southern
1979). A DIG molecular weight marker was used (23.1 kb- 0.12 kb, Roche UK).
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Equal amounts of sample DNA were run in each lane, and each sample was 1un
in duplicate. Individual samples were made up to 20 ul using dH,0 and 2 ul of
10x DNA loading buffer (Section 2.1.8.2). Samplas were run at 5 V/em for

between 4 and 5 hours until the loading dye was approximately 2 em from the

base of the gel.

Southern transter (Southern 1975) of the digested DNA was carried out by
capillary action using 20x SSC as a transfer buffer following a standard protocol
(Current protecols in molecular biology) to a high quality positively charged
nylon membrane (Amersham, UK). Gels were pre-treated first by submersion in
0.25 M HCI for 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
rinse in dH,0 the gels were submerged in denaturation solution (0.5 M NaQH,
1.5 M NaCl) for 30 minutes, with a change of solution afier 15 minutcs. This
step was not complete until the loading dye colour had changed from yellow to
blue. After a further rinse in Hz0 the gels were submerged in a neutralisation
solution (0.5 M Tris-HCi, 3 M NaCl at pI1 7.5) for 30 minutes with a change to
fresh solution after 15 minutcs. All pre-treatment steps were carried out at room

temperature and with gentlc agilation using a rocking table (Luckham, UK).

Gels were flipped before Southern transfer as this reduced the likctihood 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) to the nylon membrane,
After twice washing the membrane with 2x SSC the blot was ready for probe

hybridisation and chemiluminescent detection (Section 3.3.3.3).

3.3.3.2.2 T'ulsed field agarese gel clectrophoresis

Pulsed field electrophoresis was carried out using a CIIEF-DR® II system
(Biorad). This system allows resolution of large DNA fragments (approximately

10-2000 kb) beyond the capacity of simple gel electrophoresis and is necessary

for resolution of DNA fragments beyond approximatcly 25 kb in size (Carle,
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Frank, et @/ 1986). The pulsed field electrophoresis used in this Chapter is
described as ‘contour clamped homogenous electric ficld’ (CHEF). In this
system the gel is surrounded by a set of elcctrodes that allows alternation of the
electric field to be coupled with a uniform direction of DNA migration (Chu,
Vollrath, ef a/ 1986). One percent agarose gels in 0.5% TBE as buffer were used
in all procedures, and the apparatus includes a pump and cooling system to keep
the buffer temperature steady at 14°C for the duration of the ¢lectrophoresis. The
gels were run at 6 V/em with a 1 to 6 second ramped switch time and a total run
time of 15 hours. These parameters are within that recommended by the
manufacturer to resolve DNA of 1-100 kb in length. An 8-48 kb CHEF DNA
size standard (Bio-Rad) was used consisting of 13 bands: 8.3, 8.6, 10.1,12.2, 15,
17.1,19.4, 22.6, 24.8, 29.9, 33.5, 38.4 and 48.5 kb.

Following electrophoresis, gels were stained [or 30 minutes in 1.0 pg/ml
ethidium bromide to visualisc thc DNA size standard that was then
photographed with the aid of UV transillumination (Uvi, Thistle Scientitic, UK).
These photographs allowed the position of thc DNA marker bands (0 be
accurately rccorded on the final autoradiographs. Gels were UV treated in a UV
cross-linker with 60 mJoules of energy to cleave the separated DNA fragments;
this is necessary to allow efficient Southern transfer of fragments greater than
approximately 20 kb. The gels were pre-treated in (.4 M NaOH, 1.5 M NaCl for
15 minutes to reduce background and increase transfer efficiency then Southern
blotted using the same solution as a transfer solvent onto a positively charged
nylon membrane overnight. Following this the nylon membranes were
neutralised in 0.5 M Tris, pH 7.0 for 5 minutes, then briefly rinsed in 2x SSC
(Section 2.1.8.2) before proceeding with hybridisation. The hybridisation and
chemiluminescent method are common to the standard and CHEF

cleetropharesis protocols.

3.3.3.3 Hybridisation and chemiluminescent detection

All hybridisation steps were carried out using a Hybaid Maxi hybridisation oven

(Hybaid) and standard hybridisation flasks on a rotary mount. Pre-hyhridisation
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was carried out at 42°C for 45 minutes using 25 ml of DIG Easy Hyb sotution
(Roche, UK). This sclution was then discarded and replaced with 10 ml of DIG
Easy Hyb containing 2 1l of digoxigenin (DIG) labelled telomere probe
{TTAGGG). Hybridisation was carricd out at 42°C for 3 hours,

Twao stringency washes were carried out; the first consisted of two washes in 2x
SSC, 0.1% SDS for 5 minutes each at room temperature. This was followed by 2
washes in 0.2x SSC, 0.1% SDS at 50°C for 20 minutes each. Gentle agitation of
the membrane was carried out during both stringency washes and throughout the

detection procedure.

Membranes were rinsed in a washing solution (0.3% wiv Tween® 20, 0.1 M
maleic acid, 0.15 M NaCl, pH 7.5) for S minutes at room temperature followed
by a 30-minutc incubation at room temperature in freshly prepared blocking
buffer (Roche, UK) dissolved in maleic acid buffer solution (0.1 M maleic acid,
0.15 M NaCl, pH 7.5). Blots were then incubated with a DIG specific antibody
{750 units/ml Anti-Digoxigenin, Fab fragments) covalently coupled to alkaline
phosphatase (Anti-DIG-AP) (Roche, UK). The Anti-DIG-AP working solution
was prepared to a final concentration of 75 mU/m! (1:10,000) in blocking buffer
(Roche, UK). The antibody solution was centrifuged for 5 minutes at 13000 rpm
befare careful pipetting from the surface of the liquid to avoid background signal

being generated by aggregated antibody.

Incubation in the antibody solution was followed by two further 15-minute
washes at room temperature in wash buffer (Roche, UK), followed by a 3-
minute incubation in detection buffer (100 mM Tris-HCI, pH 9.5, 100 mM
NaCl}, Excess detection buffer was briefly blotted from the membrane by
placing it DNA side up on a piece of 3MM Whatman [iter paper. The blot was
then placed on an acetate sheet and approximately 3 ml of substrate solution
placed drop wise onto the DNA sidc before overlaying with another acetate. The
system uscd the chemiluminescent alkaline phosphate substrate CSPD® (25 mM
Disodium 4-chloro-3-(4-methoxyspire(1,2~dioxetane-3,2°-(5'-
chloro)tricyclo[3.3.1.1%7|decan)-4-yl) phenyl phosphate) (Roche, UK) diluted
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1:100 in detection buffer. Any bubbles were carefully removed from between the
sheets and the composite was incubated at room temperature for 10 minutes.
Excess substrate solution was then squeezed out and the two plastic sheets sealed
with sellotape. The sesled membrane was incubated at 37°C for a further 10
minutes to aid the chemiluminescent signal. The membranes were then used to
generate autoradiographs. Lxposure time varied between 5 and 20 minutes to

achieve optimum image quality for analysis.

3.3.3.4 Analysis of autoradiographs

Autoradiographs were analysed by densitometry using TotalLab v2.01 software.
Mean TRF (kb) values were determined from the densitometric readings

according to the formula:

TRF (kb)= Z(OdiLy)
2(0dy)

Where Od; is the chemiluminescent signal and Li is the length of the TRF
fragment at position . The calculation takes into account the higher signal
intensity from larger TRF f{ragments because of multiple hybridization of the

telomere specific probe. Duplicate analyses were carricd out on cach sample.

3.3.4 Confirmation of senescence

Replicative senescence in primary cultures was marked by cessation of cellular
replication and morphological changes of the senescent cells, involving an
increased cell size and a rounded, flattened appearance. In addition to these
visual indicators, a number of biomarkers were employed to confirm the

presence of senescent cells in cultures, and these are detailed below,
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3.3.4.1 Senescence associated [-galactosidase (SA-B—GAL)
staining at pH 6

Replicative senescence was detected in cell lines by staining for the presence of
a senescence associated f-galactosidase activity at pH 6.0. This method was
developed [rom that originally outlined by Dimri ef o/ (Dimri, Lee, ef af 1995)
and detects SA-B—GAL using the compound X-Gal, which forims a perinuclear
blue precipitate upon cleavage (Miller 1972). Cells were stained in sifu in tissue
cutture flasks or grown on cover slips contained in 6 well plates, and were first
washed three times in PBS, then fixed for 10 minutes at room temperature in 2%
formaldehyde/0.2% glutaraldehyde in PBS. Cells were then washed a further
three times in PBS and incubated at 37°C (without COy) in fresh SA- B —~GAL
staining solution consisting of 40 mM citric acid/sodium phosphate buffer
{pHO6.0), 5 mM potassium ferrocyanide, 5 mM potassium ferricyanide, 150 mM
sodium chloride, 2 mM magnesium chloride and 2 mg/ml X-gal dissolved in
dimethylformamide all madc up in distilled water.

Staining was evident after 2-4 hours and maximal after 12-16 hours. Five fields
of at least 100 cells were counted, and cells positive for SA- B —-GAL activity
expressed as a percentage of the total number counted. Staining was recorded by

digital photography.

3.3.4.2 Immunocytochemistry

Immunocytochemistry (ICC) is a technique that allows identification of cellular
or tissue antigens by means of a specific antigen-antibody interaction. The
method has been greatly refined since the initial direct labelling experiments that
employed a primary antibody conjugated directly to a fluerochrome (Coons,
Creech, et al 1941). A common variation that wuses an indirect
tmmunoperoxidase {abelling approach is used in these experiments (Sternberger,
Hardy, er af 1970). This method involves a dual antibody system in which an
unlabelled primary antibody is bound to a secondary biotinylated ‘bridging’

antibody. A complex formed from strept-avidin and horseradish peroxidase
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(HRPO) is then conjugated to this secondary antibody to provide signal
amplification at the site of the primary antibody. The tinal substrate for the
HRPO is 3,3 diaminobenzidine (DAB) (Sigma, USA) which produces a brown
end product at the antigen site that is highly insoluble in alcohol and other
inorganic solvents. This method was used to identify the presence of pl16™<4
and p21 in cells grown on cover slips in the primary canine culture SFA and the
primary feline culture S22 (both detailed in Secetion 2.2.1.2). The primary
p16™84 antibody uscd was the H~156 purified rabbit polyclonal antibody (Santa
Cruz Biotechnology) raised against a rccombinant protein corresponding lo
amino acids 1-156 representing full length pl6™** of human origin. The p21
antibody, SX118 {murine 1gG,) was sourced from BD PharMingen and is raised

against the final 20 amino actds of human p21.

Accumulation of both pl6™** and p21 has been associated with replicative
senescence in human cultures (Alcorta, Xiong, ¢ o/ 1996) (Huschischa &
Reddel 1999). Alcorta et of found that p21 accumulated as buman fibroblasts
approached senescence (in the last few passages), and then reduced in the
sencscent cells, concomitant with an increase in p16™* levels (Alcorta, Xiong,
et al 1996). The staining carried out on the SFA and 822 culturcs detailed in this
chapter were on the final passages (p12 and pl0 respectively) and the cells had
been senescent, as determined by SA-B-GAL activity, for two weeks before

staining was carried out,
3.3.4.2.1 Staining optimisation

This procedure involves identifying a concentration of primary antibody that
provides the maxitmum amouni of specific staining with the least amount of
background. A rvange of dilutions (1/50, 1/100, 1/200, 1/400) is used to stain a
positive control tissuc for each antigen to be investigated, Repeating this
procedure and omifting the primary antibody provides negative controls.
Evaluation of control slides by light microscopy identified the most favourable
dilution for each antibody, which was then used on all subsequent test cells. The
H-156 (pl6) antibody has previously been shown to cross react with canine
pl6™* in fibroblasts (Koenig, Bianco, et a/ 2002), and the MCF7 cell line
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(Section 2.2.1.2) was used as a positive control for the p21 untibody as

recommended in the product datasheet.

3.3.4.2.2 ITmmunocytochemical staining procedure

The antibody diluent used in this study consisted of 0.1 g BSA (BDH, UK) and
0.01 g sodium azide (BDH, UK) in 100 ml of 0.01 M TBS (pH 7.5). Test cells
were incubated with primary antibodies for two hours at room temperature
followed by three five minute wash steps in the wash buffer (I'ween20, 0.01 M
TBS at pH 7.5). A standard 1/200 dilution of the appropriate secondary antibody
(polyclonal swine anti-goat/mouse/rabbit, biotinylated, Dako, UK) was then
applied for a 45-minute incubation at room temperature. This was followed by
another three five minote washes in wash buffer before signal amplification was
achicved by a 45-minute incubation with the HRPO conjugated strept-avidin
complex (Dako, UK). The chromagen DAB was reconstituted in 5§ ml tap water
as per manufacturers instructions as ions contained in the tap water enhance the
reaction and improve the intensity of the final staining. ‘The chromagen was then
applied for 5 minutes to produce the stable brown inseluble product that may be
viewed by light microscopy. Couterstaining was performed using Gills’
haematoxylin followed by washing of the stained cells in water, dehydration via
a series of graded alcohols and clearing in Histo-Clear (AGTC Bioproducts).
Cover slips were then permanently mounted using DPX mountant (BDH, UK)

onto microscope slides before examination by light microscopy.
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3.4 Results

3.4.1 DNA quantity and quality

Gcenomic DNA was isolated from PBLs using both phenol/chloroform extraction
with ethanol precipitation, and also using the QIAamp DNA blood maxi kit
(QIAGEN, UK). Good quality DNA samples wete obtained and checked by
spectrophatometry to have an Ajg/Asge value of >1.7. Agarose gel asscssment
was also carried out revealing intact, high molecular weight DNA with no
evidence of smearing associated with DNA degradation, as shown in Figure 3-
la. Complete digestion of the DNA was confirmed by agarose gel
electrophoresis to reveal a smear of DNA with no evidence of residual high

molecular weight DNA. An examplc of a post digestion gel is shown in Figure
3-1b.

3.4.2 Comparison of CHEF electrophoresis and standard

agarose gel electrophoresis

A number of samples were analysed using both standard agarose gel
electrophoresis and CHEF clectrophoresis (Figure 3-2). TRF results were found
to be comparable in size using the two methodologies (average difference 0.6 kb,
standard deviation 0.44). All future TRF investigations were performed using

standard agarose gel electrophoresis,

3.4.2.1 Analysis of autoradiographs

A TRF valuc was determined for each sample as detailed in Section 3.3.3.4.
Duplicate analysis was cairied out for each sample, and the average difference

between samples was 0.42 kb with a standard deviation of 0.42. A represcntative

autoradiograph with telomete length analysis is shown in Figure 3-3.
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Figure 3-1 (a) 1% agarose gel electrophoresis of genomic DNA isolated from
canine PBLs, and (b) canine DNA after a 2-hour digestion with 4 iu/ug of Hinf

[ and Rsa 1. Both gels include a 100 bp marker (100-2072 bp, Invitrogen)

(a) (b)
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Figure 3-2. Comparison of CHEF and standard agarose gel electrophoresis
The autoradiographs below demonstrate comparable telomere smears generated
using both CHEF and standard agarose gel electrophoresis. Both
autoradiographs show necropsy samples from an 11-year-old female crossbred
bitch. The autoradiograph shown on the left contains smears generated from
specimens using CHEF electrophoresis as described in Section 3.3.3.2.2. The
samples shown are duplicates of skeletal muscle (lanes 1 and 2), liver (3 and 4)
and kidney (5 and 6). The same samples were re-analysed to produce the
autoradiograph shown on the right using the same protocol except that these
smears were separated by standard agarose gel electrophoresis as outlined in
section 3.3.3.2.1. Skeletal muscle is shown in lanes 1 and 2, liver in lanes 3 and
4 and kidney in lanes 7 and 8. Lanes 5 and 6 contain a lung sample. Averages of
the duplicates were taken to demonstrate that for each of the three samples the
telomere lengths were comparable. Skeletal muscle was estimated at 22.7 kb
using CHEF and 22.4 kb using standard gel electrophoresis, liver at 21.5 kb by
CHEF and 20.4 kb by standard gel electrophoresis and kidney at 17.4 kb by
CHEF and 17.8 kb by standard agarose electrophoresis.

L2 3 :4.5:6.:7 8

23.1kb

9.4kb

6.6kb

4.4kb

2.3kb
2.0kb
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Figure 3-3. Autoradiograph of feline TRFs highlighted by
chemiluminescence. Lanes order is as follows- Lane 1, DNA molecular weight
marker II (Roche); lane 2, control DNA (3.9 kb, Roche, UK); lanes 3 and 4, 10
year old mean TRF 5.0 kb; lanes 5 and 6; 1 year old mean TRF 7.3 kb; lanes 7
and 8, 9 years old, mean TRF 6.4 kb; lanes 9 and 10, 9 years old, TRF 7.2 kb;
lanes 11 and 12, 4 years old, TRF 16.3 kb; lanes 13 and 14, 1 year old, TRF 13.3

kb; lane 15, second marker lane.
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3.4.3 In vivo telomere length studies

3.4.3.1 TRF analysis of PBL samples in the dog

Duplicate TRF analysis was carried out on a total of 112 canine PBL DNA
samples. The final mean TR value was then determined by averaging each pair
of analyses. Caninc samples were derived from five distinct breed groups and 36
cross breed dogs revealing a heterogeneous population of telomeres ranging
from 9.6 kb to 23.5 kb. Of these individuals, 24 animals were Jabrador
Retrievers, comprising 15 females und 9 males with an age range of <1 to 13
years, and mean TRF values of 14.7 to 19.7 kb. Sixteen dogs belonged to the
Miniature Schnauzer breed comprising 7 females and 9 males with an age range
of <1 to 9 years and a mean TRF range of 9.7 to 19.9 kb. Two females and 8
males represented the Beagle breed, with an uge range of 4 to 13 years and 2
mean TR range of 14.9 to 22.3 kb. Four Great Dane dogs were also included, 1
female and 3 males, age range 2 to 3 ycars and TRF values of 10.7 to 18.5 kb.
Gender data was unavailable for the Golden Reiriever and crossbreed group.
Golden Retrievers numbered 22, aged from | to 13 years and with mean TRFs
ranging from 9.6 to 22.1 kb. Thirty-six crossbreed dogs made up the remainder
of the canine PBL samples, ranging in age from [ to 15 years and with a mean
TRF range of 12 to 23.5 kb, TRF results for individual dogs are shown in Tables
3-3, 3-4, 3-5, 3-6, 3-7 and 3-8, corresponding to Labrador Retrievers, Miniature
Schnauzers, Golden Retrievers, Beagles, Grcat Danes, and Crossbreeds

respectively,

These data were used to examine the effect of age, breed and gender on telomere
length in the dog. Regression plots of age against TRF in the canine PBL
samples are shown in Figures 3-4 and 3-5. An analysis of covariance for all 112
dogs revealed no trend of changing telomere length with age (Figure 3-6),
however a significant association between dccrcasing telomere length and
increasing donor age was identified in all pedigree dogs (p = 0.001) when these
were analysed in isolation. [n contrast, the crossbreed group showed a trend of
increasing telomere length with increasing age. An analysis of covariance

including the five pedigree breed groups (Beagle, Great Dane, Golden Retriever,
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Labrador Relriever and Miniature Schnauzer) revealed breed to have a highly
significant effect on telomere length (p = <0.0001). This is the first report of
breed specific differences in telomerc length in the dog. There was no significant
interaction between age and breed in the analysis, so the age distributions of the
individuals within each breed group did not contribute to the breed effect on
telomere length. A Least Squares mcans analysis was carried out on the pedigree
dog PBL samples as shown in Table 3-9. This revealed that when mean TRF
values are cotrected for age the Great Dane group had the shortest telomeres,
and that the felomeres of the Great Danes and the Miniature Schnauzers were
significantly shotter than the Golden Retricver and Beagle group (p <0.05). The
Miniature Schnauzer breed also displayed signiticantly shorter telomeres than

the Labrador Retrievers ( <0.05).

Gender had no effect on telomere length within the canine PBL sample

population.

106



Table 3-3. TRF analysis of PBL DNA isolated from Labrador Retrievers; 15
females (F), 9 males (M) ranging in age form <1 to 13 years old. TRFs in this

group ranged from 14.7 to 19.7 kb.

Sample number Age (years) Gender Mean TRE (kb)
1 <1 F 14.8
2 <] F 18.5
3 <l F 19.5
4 1 M 15.8
5 1 M 18.2
6 l K 16.9
7 3 M 17.4
8 3 M 14.7
0 3 M 17.5
10 3 M 18.2
11 3 F 18.2
12 3 F 17.1
13 4 F 163
14 4 M 18.5
15 5 F 17.7
16 S |3 17.1
17 5 M 14.8
18 5 I 14.8
19 6 M 16.3
20 6 F 19.7
2] 7 F 17.7
22 8 F 17.9
23 13 F 152
24 13 F 15.8
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Table 3-4. TRF analysis of PBL DNA isolated from Miniature Schnauzers; 7
females (F), 9 males (M) ranging in age [rom <1 to 9 ycars. TRFs in this group
ranged from 9.7 to 19.9 kb.

Sample number Age (vears) Gender Mean TRE (kb)
1 <1 F 15
2 <] M 14

3 <1 M 14.6
4 <1 F {5.2
5 2 F 19.2
6 2 F 19.9
7 5 M 15.4
8 6 F 15.8
9 6 M 16.9
10 6 F 14,5
11 6 M 15.1
12 6 M 10.6
13 7 M 12
14 9 M 12.6
5 9 M 103
16 9 E 9.7
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Table 3-5. TRF analysis of PBL DNA isolated from Golden Retrievers;
ranging in age from | to i3 years, gender information for this group is not

available. TRFs in this group ranged from 9.6 to 22,1 kb.

Number Age (years) Mean TRF {kb)
1 1 = o+ i
2 2 17.8
3 2 17.7
4 2 17.4
5 4 17.9
6 4 17.8
7 5 20.6
8 5 19.7
9 5 18.4
10 6 18.5
11 7 213
12 8 19.7
13 9 20.4
14 9 16.7
IS 9 22.1
16 10 19.1
17 10 16.4
18 11 16.7
19 12 15.1
20 i2 10.2
21 13 9.0
22 13 18
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Table 3-6. TRF analysis of PBL DNA isolated from Beagles; 2 females (F)
and 8 males (M), with an age range of 4 to 13 years, represent the breed. TRFs in
this group ranged from 14.9 to 22.3 kh.

Number Age (years) Gender Mean TRT (kb)
1 4 M 21.7
2 4 M 16.3
3 5 M 21.6
4 6 F 22.3
5 6 M 8.7
6 7 F 14.9
7 9 M 15.1
8 12 M 18.7
9 12 M 16.7
10 13 M 18.1
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Table 3-7. TRT analysis of PBL. DNA isolated from Great Danes, 3 males
(M) and one female (F). TRFs ranged from 10.7 to 18.5 kb.

Number Age (years) Gender Mean TRF (kb)
1 2 M 18.5

2 2 M 13.5

3 2 F 10.7

4 3 M

16.5
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Table 3-8, TRI' analysis of PBL DNA isolated from crossbreeds; gender
information for this group is not available, ranging in age from 1 o 15 years.

TRFs in this group ranged from 12 to 23.5 kb.

Number Age (years) Mean TRF (kb)
1 I 16
2 1 20

3 1 19.8
4 1 12

5 1 17.9
6 1 14
7 l 19.2
8 2 19.4
9 2 16.9
10 2 123
91 3 16.3
12 4 19.1
13 4 21.7
14 5 19.2
15 6 19.2
16 7 21.2
17 7 20.8
18 7 20.4
19 7 14.8
20 8 21.8
21 8 20.9
22 8 23.5
23 8 20.9
24 9 21.9
2§ 9 23
26 9 21.5
27 9 21.6
28 10 19.9
29 10 219
30 10 21.7
31 10 22
32 11 23.5
33 12 19.4
34 12 18.7
35 12 16
36 15 17.3
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Figure 3-4. Regression plot of TRF against age for the Golden Retriever,
Beagle and Crossbreed dogs. A regression plot of TRF against age for the
Golden Retriever and Beagle PBL DNA samples both show a trend of
decreasing TRF with increased age. However the group of 36 cross breeds show
a trend of increasing TRF with increasing age. It is believed this is an artefact
caused by a breed effect on TRF, therefore the apparent increase in TRF with
increasing age is considered to reflect the breed backgrounds within the sample

population and is not a true reflection of the effect of age on telomere length.
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Figure 3-5. Regression plot of TRF length against age for Miniature
Schnauzer and Labrador Retriever PBL DNA samples. In this case both

breeds show a trend of decreasing TRF with increased age.
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Figure 3-6. Regression plot of TRF length against age for all canine PBL
DNA samples combined, including and excluding crossbreed animals.
Analysis of all samples together does not reveal any trend of decreasing TRF
with increasing age. However, removal of the crossbreed dogs from the analysis
reveals an association between decreasing telomere length and increasing age (p
= 0.001) in pedigree dogs. These data are likely a reflection of large genetic
diversity in the crossbreed group, in effect some individuals inheriting longer
than average telomeres, others shorter than average telomeres. Although it is not
possible to examine whether there is any interaction between breed inheritance
and age within the crossbreed dogs such an interaction could cause an
overshadowing of the age effect on telomere length. These data underscore the
importance of removing breed as a variable when examining the effect of age on

telomere length in the dog.
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Table 3-9. Least Squures Means analysis of canine PBL TRF length from
the five pedigree breed groups. Great Dane and Miniature Schnauzers had
significantly shorter TRFs than the Golden Retriever and Beagle groups, and the
Miniature Schnauzer group had significantly shorter TRFs than the Labrador
Retrievers. Groups with overlapping confidence limits are denoted with the same

superscript letter.

Breed Mean TRT 95% confidence limits
Great Dane™ 13.8 11.4-16.3
Miniature Schnauzer® 14.2 13.0-15.4
Labrador Retriever™ 16.7 15.7-17.7
Golden Retricver” 18.2 17.1-19.2
Beaglc” 19.0 17.5-20.6
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3.4.3.2 TRF analysis of PBL samples in the cat

All thirty feline PBL. DNA samples were derived from cats belonging to the
DSH breed group. Of these, 12 were female and [8 male with ages ranging from
1 to 17 ycars and mean TRF values ranging from 4.7 to 20.6 kb. TRF results for
individual cats are shown in Table 3-10. A regression plot of TRF against age
(Figure 3~7) showed a significant association between decreasing TRF length

and increased donor age (p =0.001).

An analysis of covariance was also carried out on the 30 feline samples to
investigate the effect of age and gender on tetomere length in the cat. Breed was
not ncluded in the analysis as all the cats were DSHs. Again age was shown to
have a significant effect on telomere length (¢ = 0.001), whilst gender did not
alfect {elomere length at a significant level. In addition the cats had significantly

different PBL TRF values to the dogs sampled (p = <0.01).
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Table 3-10. TRF analysis of PBL DNA samples taken from 30 DSH cats, 12
female (F) and 18 male (M), TRF values range from 4.7 to 20.6 kb.

Number Age (vears) Gender TRF (kb)
1 1 F 14.5
2 ] M 14.9
3 1 M 9.2
4 1 M 7.6
5 | M 13.3
6 ! M 20.6
7 1 M 4.7
8 i M 9.5
9 ] M 12.6
10 4 F 10.8
11 4 M %4
12 4 F 6.2
13 4 M 9.2
14 9 FN 11.4
15 9 M 10.4
(6 9 FN 7.2
17 9 M 6.9
18 9 MN 11.3
19 9 N 6.4
20 9 M 8.9
21 10 FN 5

22 10 M 7.1
23 10 FN 4.8
24 10 FN 113
25 10 F 7.4
26 12 M 0.1
27 12 M 6.1
28 12 M 7.6
29 12 F 6.1
30 17 FN 5.6
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Figure 3-7. Regression plot of TRF length against age for the feline PBL
DNA samples. The cats sampled all belong to the DSH breed type, with an age
range of 1 to 17 years, TRFs ranged from 4.7 to 20.6 kb, and show an

association of decreasing size with increasing age (p = 0.001).
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3.4.3.3 TRF analysis of necropsy samples in the deg and cat
3.4.3.3.1 Normal tissue

Tissue samples were harvested from 5 dogs and 5 cats necropsied at GUVS for
unrelated medical reasons, Details of donor animals are shown in Table 3-2.
After DNA cxfraction and quality assessment as detailed in Section 2.2.2, 48
DNA samples were considered fit for duplicate ‘I'RF analysis comprising 26
canine and 22 feline samples. The canine samples included cardiac muscie (n =
2), liver {(n = 4), skeletal muscle {n = 4), lung {# = 2), kidney (7 = 4), small
intestine (n = 3), spleen (r» = 2), stomach (7 = 3), testis (n = |) and ovary (» = 1).
The feline samples included brain (# = 2), cardiac muscle (# = 2), liver {(n = 5),
skeletal muscle (12 = 3), lung (» = 4), kidney (#» = 3). small intestine (» = 2), and
testis (w = 1). TRF values for each sample are shown in Table 3-11. Regression
plots of TRF against age of donor animal are detailed in Figures 3-8, 3-9, 3-10
and 3-11. These arc included in cases where maore than 2 sampies per organ are

availabic for comparison.

When all canine organ samples were analysed together (TRFs ranged from 11.6-
22.8 kb) no trend in telomere length between the different ages of animal is
visible, however when tissue samples were analysed individually the liver,
kidney and small intcstine samples showed a trend of decreasing TRF with
incrcased age of donor animal. A repeat of this analysis using only the feline
samples {TRFs ranged from 8.5-26.3 kb) revealed a trend of decreasing TRF
with increascd donor age even when the different tissue types were included in
the same analysis. The canine and feline necropsy sample TRFs were not
signiticantly different from the range of TRFs found in canine (9.6-23.5 kb) ,
and feline (4.7-20.6 kb) PBLs.

3.4.3.3.2 Tumour tissue

A totat of 21 tumour samples, 17 canine and 4 feline were subjected to TRF

analysis. TRFs ranged from 7.2 to 22.2 kb for the canine samples and 11.6 to

120




18.3 kb for the feline samples. Details of individual results are shown in Table 3-

12,
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Figure 3-8. Regression plot of TRF length against age for canine necropsy

specimens (1). A trend of decreased TRF with increased donor age is present in

both the canine liver (range 13.5 to 22.7 kb) and kidney samples analysed (range

14.8 to 22.8 kb). Both liver and kidney trends may reflect cell turnover in these

organs. No such trend is seen with canine skeletal muscle samples, reflecting the

post-mitotic nature of this tissue. The increased TRF in the samples from older

animals may reflect individual variation in donor animals.
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Figure 3-9. Regression plot of TRF against age for canine necropsy
specimens (2). A trend of decreased TRF with increased donor age is present in
the canine small intestine samples (range 11.6 to 20.3 kb), but not in the stomach
samples (range 13.7 to 18.6 kb). A regression plot of TRF length against age for
the entire canine necropsy samples combined displays no trend of changing TRF

with age. This may reflect breed variation in the sample population.
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Figure 3-10. Regression plot of TRF length against age for feline necropsy

specimens (1). Feline liver (range 9.2 to 22.7 kb), lung (range 11.5 to 26.3 kb)

and skeletal muscle (range 11.3 to 19 kb) all show a trend of decreased TRF

length with increased age of donor animal.
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Figure 3-11. Regression plot of TRF against age for feline necropsy
specimens (2). Feline kidney (range 13.7 to 22.8 kb) samples show a trend of
decreasing TRF length with increased age of donor. Combining all feline organ

samples (range 9.4 to 26.3 kb) reveals the same trend.
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Table 3-12. TRTF analysis of canine (a) and feline (b) tumours sampled
during biopsy and at post-mortem examination. Matched normal tissue

samples from each individual case were unavailable,

(a)
Number Tumour type TRF (kb)
1 Anaplastic sarcoma 18.3
2 Chondrosarcoma 17.6
3 ['ibrosarcoma 20.9
4 Haemangiosarcoma 20
5 Leiomyosarcoma 14.7
6 Leiomyosarcoima 17.5
7 Leiomyosarcoma 19.4
8 Leiomyosarcoma 16.7
9 Liposarcoma 21.4
10 Lyphoma 19.1
11 Nephrobtastoma 14
12 Neurofibrosarcoma 7.2
13 Rhabdomyosarcoma 15.5
14 Spindle ceil tumour 222
15 Spindlc cell tumour 19.5
16 Spindle cell tumour 12.8
17 Synovial cell sarcoma  22.2
(b)
Number Tumour type TRF (kb)
| Mammary carcinoma 149
2 Squamous cell 11.6
carcinoma
3 Squamous cell 14.9
carcinoma
4 Squamous cell 18.3
carcinoma
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3.4.4 In vitro telomere studies

3.4.4.1 Growth of primary fibroblast cultures

The canine primary fibroblast cuttures AG08075, AGOR157, AGO7648, ST'A and
the feline primary fibroblast culture S22 (all detailed in Section 2.2.1.2) were
maintained in culture until cell replication ceased. Growth curves were generated
for cach ccll line and used to determine how many population doublings
oceurred in the cell population before replication arrest. This ranged from 4.7 o
16.6 population doublings, as shown in Figures 3-12 und 3-13. The AGO807S,
AGO08157, AGO7648 and SFA cultures were then maintained in the growth
medium of the S22 culture, as it displayed the greatest replicative potential (16.6
PDs). The change of growth medium did not increase the replicative potential of

the other cultures beyond that which had already been achieved.

3.4.4.2 TRF analysis of primary fibroblast cultures

Telomere length analysis was carried out on selected passages of the SFA, $22
and AG07648 cell lines, as shown in Figures 3-14 and 3-15. The SFA canine
primary fibroblast culture underwent a reduction in mean TRF from 20.5 kb at
passage 2 to 17.5 kb at passage 13 during which the culture underwent 13.3
population doublings. This equates to a telomere loss of approximately 220 bp
per cell division. The 822 feline fibroblast culture demonstrated telomerc foss
from 10.6 kb at passage 3 to 9.3 kb ai passage 10, during which the cell line
underwent 16.6 population doublings, in this case equating to approximately 80
bp per cell division. The AG07648 cell line also underwent telomere loss, from
11.0 kb at passage 2 to 9.7 kb at passage 15. This occurred over 10.1 population
doublings, and thus equates to a tclomerc loss of approximately 130 bp per cell
division. No correlation between age of donor animal and replicative potential of

the in vitro culture dertved from il could be identified.
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Figure 3-12 Growth curves for canine primary fibroblast cultures SFA,
AG07648, and AGO08157. These cell lines underwent 13.3, 10.1 and 8.9

population doublings respectively before cell replication ceased.
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Figure 3-13. Growth curves for the canine primary fibroblast culture
AGO08075 and the feline primary fibroblast culture S22. These cell lines

underwent 4.7 and 16.6 population doublings respectively before replication

ceased.
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Figure 3-14. Autoradiographs demonstrating telomeric attrition in the SFA
and AG07648 cell cultures. Lanes 1, 2, 3, 4, and S in the SFA autoradiograph
represent passages 2, 4, 7, 10 and 12 respectively, and equate to telomere lengths
of 20.5, 20.1, 19.7, 18.9, and 17.5 kb. The SFA cell culture ceased replicating at
passage 13 after a total of 38 days in culture. Lanes | and 2 both represent
passage 2 and lanes 3 and 4 passage 14 of the AG07648 cell culture and equate
to telomere lengths of 11.0 and 9.7 kb respectively. The AG07648 culture was in
culture a total of 98 days. Lane 5 is a standard TRF marker lane (DNA molecular

weight marker 11, Roche, UK).
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Figure 3-15 Autoradiograph demonstrating telomeric attrition in the S22
feline fibroblast culture. Cells were maintained in MEM Eagle medium
(Sigma) supplemented with 10% heat inactivated FCS, penicillin-streptomycin
and fungizone and passaged routinely upon reaching approximately 80%
confluence. The cell line was initially seeded with 2 x10° cells, and reseeded
after passage at a concentration of 1x10° cells/ml. After 66 days in culture the
cell line ceased replication and the majority of cells within it were shown to be
senescent by SA-B-GAL staining. Autoradiograph lanes 1 and 2 show telomeric
smears generated from passage 3 cells, 3 and 4 correspond to passage S, 5 and 6
to passage 7 and lanes 7 and 8 to passage 9. These telomeric smears represent

mean telomere lengths of 10.6, 10.7, 9.9 and 9.3 kb respectively.
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3.4.4.3 Detection of senescence in vitro

SA-B-GAL staining was the main method by which the accumulation of
senescent cells in vifro was recorded. Presence of a perinuclear blue dye
indicates that a cell is senescent, and staining was found to be clear and easily
interpreted in the cell lines used, as illustrated by Figure 3-16. Staining of the
SFA primary culture was carried out at passage 2, 4, 10 and 12. For comparison
purposes all other cell cultures were stained initially, again at pagsage 10 and
when the culture had effectively stopped replicating. 'I'he S22 and AGO8075 cell
cultures did not grow beyond passage 10 and were therefore stained only twice.
In addition, the replicatively immortal human cell line GM847 was stained as a

negative control.

Initial staining, cartied out as soon as possible after the cell lines were
introduced to culture conditions revealed varying percentages of senescent cetls.
Both the STFA and S22 cultures contained less than 5% senescent cclls,
increasing to 20% al passage 4 in the SFA culfure. The other ccll cultures
contained 14, 16 and 21% SA-B-GAL positive cells at passage 2 in the
AGO8157, AGO8075 and AGO7648 cultures respectively. The S22 and
AGO08075 lincs were the first to cease replicating, and at passages 10 and 7
respectively both these cell lines contained >95% SA-B-GAL positive cells. At
passage 10 AGO8157, SFA and AG07648 were 43%, 80% and 65% SA-B-GAL
positive, and these cell lines stopped replicating and reached >95% SA-B-GAL
positive status at passages 14, {2 and 17 rvespectively. The GM847 cell line, as
expected did not contain any SA-3-GAL positive cells.

Purther confirmation of senescence in the primary fibroblast cultures was
determined by ICC for p16™* and p21, as detailed in Section 3.3.4.2. Working
dilutions of 1/50 were used for both the F-156 (pl6) and the SX118 {p2l)
antibodies. ICC was carried out on the final passage of each culture tested, (p12
and pl0 for SFA and S22 respectively). The fest cells had been in a state of
replicative senescence for 2 weeks prior to ICC, and had previously been shown

to be SA-3-GAL positive, as described above. In both cell cultures, ICC for
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6N pesulted in strong nuclear, and moderate cytoplasmic staining,

pl
indicating the accumulation of p16™** in the sencscent cells. A representative
image of this staining for the S22 culture is shown in Figure 3-17. In both cases
the cultures were found to be negative for p2l. as shown in Figure 3-18. These
results follow the pattern noted by Alcorta er a/ in senescent human fibroblasts

(Alcorta, Xiong, ef al 1996).
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Figure 3-16. Senescence associated B-galactosidase activity at pH 6. A stable
perinuclear blue dye allows visual identification of cells that have entered
replicative senescence, as indicated in image (a) by arrows. Five fields of at least
100 cells were counted, and cells positive for SA- § ~GAL activity expressed as
a percentage of the total number counted. Percentage positive varied greatly
depending on the replicative age of the cell line, as shown in image (b),
indicating the canine primary fibroblast cell line SFA at p4 with 20% of cells
estimated to be SA-B-GAL positive and image (c), generated from the same cell

line at pl12, where 100% of the cell population appear to be SA- B ~GAL

positive.

(a) (b)
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Figure 3-17. ICC for p16'"~*** in late passage S22 primary feline fibroblasts.
Image (a) shows the presence of the brown insoluble DAB end product in
passage 10 S22 feline fibroblasts using the H-156 anti-p16 primary antibody
(Santa Cruz Biotech). This culture entered replicative arrest 2 weeks before
staining was carried out, and staining was strongest in the nuclei of the senescent
cells. Image (b) is taken from the same passage cells with omission of the
primary (H-156) antibody. No uptake of stain is apparent, implying that the stain
is binding specifically to the primary antibody. Counterstaining of nuclei used

Gills haematoxylin. Both images are at 200x magnification.
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Figure 3-18. ICC detection of p21 in late passage canine and feline
fibroblasts. Both the passage 12 canine fibroblasts from the SFA culture (a), and
the passage 10 feline fibroblasts from the S22 culture (b) entered replicative
senescence 2 weeks before staining. No DAB stain is visible in either culture,
implying an absence of p21 in both cell cultures. Image (c) shows staining of the
positive control cell line (MCF7), illustrating that the primary antibody (SX118,

BD PharMingen) was working effectively. All images are at 400x magnification.
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3.5 Discussion

The primary aims of this chapter were to investigate telomere lengths in the dog
and cat and to determine what if any effect the varigbles of age, breed and
gender have on telomeres in these two species. An analysis of 112 canine PBL
DNA samples demonstrated that PBL telomeres range from 9.6 to 23.5 kb in the
dog. Analysis of the same cell types from 30 DSH cats revealed a siinilar range,
from 4.7 to 20.6 kb. Furthermore, this study found telomere lengths in a panel of
26 canine and 22 feline somatic tissues {o range from 11.6 kb to 22.8 kb, and 8.5
kb to 26.3 kb respectively. These ranges are very similar to those typical of
human telomeres (Blackburn 1990) (Harley 1995), and arc in contrast with the
much longer telomeres found in the mouse, which is a species commonly used to

model humaun telomere biology (Kipling & Cook 1990).

3.5.1 Age effect on PBL telomere length in the dog and

cat

This study has shown age to have a significant effect on telomere length in five
pedigree dog breeds and the DSH cat, (p = 0.001 for both species). This age
effect supports previous reports documenting the cffect of age on telomere
fength in human PBLs (Rufer, Brummendorf, ef a/ 1999), in canine mammary
tissue (Yazawa, Okuda, et @/ 2001) and feline blood cells (Brummendorf, Mak,
et al 2002).The rate of tefomere loss in human PBLs is not linear throughout lifc,
instead telomere loss appears accelerated in infancy. In granulocytes this
corresponds to 3052 bp/year for the first 6 months of life, compared with an
average of 39 bp/year over a human lifespan (Rufer, Brummendorf, ef a/ 1999).
Such a pattern is nol apparent for the dog and cat PBLs investigated in this
study; however the priorily in this investigation was to encompass a broad age
range of animals, and particularly in the cat this has resulted in the majority of
the samples being from cither old or young individuals. The use of animals from
the tails of the age distribution is a powerful tool to investigate the relationship

between age and lelomere length as this experimental design emphasizes the
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contribution of age to the variation in telomere length. The results indicate that
old dogs and cats have shorter telomeres than young individuals, This implies
that telomere length reduces with increasing age; however {urther work will be

required to reveal whether this relationship is linear or more complex.
3.5.2 Breed eftect on telomere length in the dog

In addition, this study has considered the effect of breed on canine telomere
length. We have shown breed to have a significant effect in the pedigree canine
PBL sample population (p = <0.0001). This is interesting as it correlates with
findings in human rescarch that have determined telomere length to be a
heritable trait (Slagboom, Droog, et al 1994) (Teanclos, Schork, ef af 2000}, and
also because breed has an effect on lifespan in the dog. An age corrected
analysis of the breeds examined revealed the Great Danc population to have the
shortest mean TRFs, and the Beagle breed to have the longest. Of the five
pedigree breeds examined the Great Dane also has the shortest life expectancy
(Maynagh 1983) (Michell 1999). The same sources of breed specific data also
credit the Beagle breed with the longest life expectancy (Maynagh [983)
(Michell 1999).

These correlations between breed specific telomere length and life expectancy
provide evidence of a link between telomere length and ageing in the dog, albeit
circumstantial evidence from a relatively small population, but nevertheless
adding to the growing list of such evidence linking telomere dynamics with the
ageing process (Rohme 1981) (Oshima, Campisi, ez ¢/ 1995) (Benetos, Okuda,
et al 2001). In addition thesc data provide an area for further investigation in
canine telomere studies. It would be interesting to investigate if selective
breeding such pedigrees on the basis of longer than average telomeres in the
parental stock would result in an increased life expectancy in the progeny. It is
realised such a study would require careful selection of candidates to avoid
interference with existing breeding programmes aimed at reducing the

prevalence of inherited disease.
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3.5.3 Gender effect on telomere length in the dog and cat

Gender did not have a significant effect on telomere length in the sample
population for which gender data was available. This is interesting as a gender
effect on telomere length has been identified in humans (Benetos, Okuda, et af
2001), and more recently rats (Cherif, Tarry, et af 2003). In both these studies,
males were found to have shorter telomercs than females in an age corrected
analysis. This provides a novel mechanism for the gender related differences in
lifespan that are known to exist in both humans and rats; in both species females
have a greater life expectancy (Cherif, Tarry, et a/ 2003). The results of studies
on the effect of gender on canine lifespan are complicated by tfactors such as
entire versus neutered, and natural death versus euthanasia within the samplc
population. Michel! found entite female dogs to have the greatest natural fife
expectancy in a panel of over 3000 individuals (Michell 1999), and whiist
Moore ef @f found castrated male dogs to have the greatest life expectancy in a
different study, this sample population of 927 military animais did not include
any entire females (Moore, Burkman, ef af 2001). Thus the cffect of gender on
canine litespan is still unclear, and therefore the lack of gender effect on
telomere length in the canine samples in this study docs not add or detract from a

possible link between telomere length and life expectancy in the dog.

The author is unaware of any research on the effect of gender on life expectancy
im the DSH cat, and so the lack of rclationship between telomere length and
gender in the DSH population cannot be correlated with life expectancy at

present.

3.5.4 Telomere lemgth amalysis of normal canine and

feline organ samples

Necropsy samplc analysis showed a ttend of TRF length reduction with
increased donor age in canine liver, kidney and smali intestine, and all the feline
samples for which a comparison was possible, including liver, lung, skeletal

muscle and kidney. Tissue renewal times are not available for canine and feline
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tissues, however these results correlate with findings in the adult, non-growing
mouse where only neurones and myocardium wcre found to be static with
respect to cell turnover (Cameron 1970). Other tissues would be expected to
undergo a decline in telomere length proportional to their renewal rates. Human
liver and renal cortex also show a trend of decreused telomere length with
increased donor age (Takubo, Izumiyama-Shimomura, et af 2002), as does
gastric mucosa, small and large intestinal mucosa and the spleen (Furugori,
Hirayama, ef af 2000) (Hiyama, Hiyama, ef «f 1996) (Takubo, Izumiyama-
Shimomura, ef af 2002). However, given the small sample size the experiment
primarily provides an insight into the average size of telomeres in these organs
in the dog and cat, as the trends noted may simply be a reflection of natural
variation in the telomere lengths of the individuals concerned. This is clearly
illustrated in the canine gastric mucosal samples. If tissue renewal times are
similar in the dog and the mouse a greater telomeric loss would be expected in
gastric mucosa than any of the other tissues examined, yet no such trend is

displayed. This may simply be a reflection of individual variation and the small

of pastric mucosa mmay bhe key to explaining the lack of appreciable telomere loss
with age. Telomerase activity has been detected in gastrointestinal mucosa in
humans and in dogs (Section 4.4.1) (Bachor, Bachor, er of 1999), and so it is
possible that transient telomerase activity in canine gastric mucosa counteracts
the effect of end replication problem brought on by high celf fumover. This is
also likely to be the case in human gastric mucosal samples, as despite what
must be a higher cell turnover in this tissue, telomere loss is not significantly
greater in gasiric mucosa than any other human tissues that have been examined

(Takubo, Izumiyama-Shimomura, ¢t af 2002).

3.5.5 Telomere length analysis of canine and feline

tumours

Telomere lengths in a panel of canine and feline tumours were also examined to
determine if a quantifiable reduction in telomere length of the cancerous tissue

had occurred before transtormation. Unfortunately matched normal tissuc
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samples from the same individual were not available [or comparison, and so it is
nol possible to gauge how many cell divisions were undergone i cach casc
before transformation occurred. It is only possible to state that the tumours
examined did not show any significant differcnce in telomere length to normal

canine and feline organ or PBL samples.

Recent work has identified short PBL telomeres as a risk factor for the
development of a number of diseases in humans, including cancer and
myocardial infarction {Wu, Amos, et @/ 2003) (Reviewed in Wong & dePinho,
2003). This raises the possibility that assessment of telomere length in PBLs
may provide a non-invasive ald to diagnosis of a range of diseases (Reviewed in
Wong & dePinhe, 2003). Furthermore, this research in the human field raises the
possibility that a genetic predisposition to short telomeres may predispose a
canine breed to, for example, cancer development, Whilst the situation in vivo
will be more complex than this simple relationship it would be interesting to
discover whether this single factor is important by determining whether a breed
with an increased cancer risk also tends to display shorter than average PBL
tclomeres. If such an association were discovered, this would have great
potential for use in evaluating disease risk in individuals, or aid non-invasive

diagnosis.

3.5.6 In vitro telomere studies

The in vitro study carried out using canine and feline primary fibroblast cultures
revealed these cultures to have much less replicative potential than their human
counterparts. Normal human primary fibroblast cultures will enter replicative
senescence after approximately SO population doublings (Flarley 1995), however
the greatest replicative potential of any of the canine or feline primary cultures
used was only 16.6 population doublings. Replicative potential of canine and
feline primary fibroblast cell cultures has not been investigated before and it is
possible the reduced proliferative potential of the cell lines studied in this project
represent a genuine species difference between companion animals and humans.

Rohme et al (Rohme 1981) demounstrated a correlation between species lifespan
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and replicative potential of fibroblasts in a study that included mammalian
species with a wide range of life cxpectancy; those findings indicate that the
shorter the lifespan of the specics the poorer the replicative potential of the
fibroblast cell line derived from it. These data fit well with our findings, and
provide an ¢xplanation for the comparatively poor replication of our caninc and

feline primary cultures.

Furthermore, no clear correlation between age of donor and replicative potential
of cell line could be demonstrated in this study. Although the cell line with the
greatest replicative potential was derived from an eight-weck-old feline, a cell
line derived from a six-week-old canine had less replicative potential than one
derived from a thirteen year old dog. Whilst stucdics have presented evidence that
a negative correlation belween age and replicative potential does exist (Bruce,
Deamond, e/ «f 1986) (Cristofalo & Pignolo 1993), a more recent evaluation has
not been able to repeat the findings (Cristofalo, Allen, et af 1998). Lt must aiso
be borne in mind that the in vifro environment is a crude simulacrum of the
situation encountered by the cell in vivo; even the best regulation of culture
conditions and the constituents of growth media lag far behind physiological
regulation in the living organism. It is therefore possible that the variation in
replicalive potential of the primary fibroblast cultures may be in partt the product

of sub-optimal conditions, or ‘culture shock’ (Sheirr & dePinho 2000).

In addition, it is possible that the initial telomere length of the specific cell from
which a culture is derived is the morc important factor in determining its
proliferative potential (Allsopp, Vaziri, et al 1992), however applying these
criteria did not reveal any insight into the varying potentials of the cell lines
studied. The S22 cell line initially contained mean TRFs of 10.6 kb, and
although these were eclipsed by the mean TRF of the SFA cell line at the first
passage (20.5 kb), the SFA cell line underwent 3.3 fewer population doublings
before senescence. It is possible that inclusion of a larger number of ¢cll lines in
the experiment might reveal a relationship between initial mean telomere length
of a culture and its replicative potential, however far fewer canine and feline
primary fibroblast cell lines are available than human equivalents, and make

such an analysis beyond the scope of this project.



All primary cell cultures demonstrated SA-J-GAL staining that increased with
passage number and approached 100% once replicative exhaustion had been
reached. Furthermorc, >95% positive SA-J-GAL staining was shown to
cortelate with an accumulation of pl6™** in primary canine and feline
fibroblast cultures, thus confirming that scnescence was the cause of the
replicative arrest rather than quicscence (Dimei, Loe, er af 1993) (Alcorta,

Xiong, et af 1996) (Huschtscha & Reddel 1999),

Telomere attrition was detected i vitro in the SFA, S22 and AG07648 cell lines
despite the small number of population doublings before senescence. At 220, 80
and 130 bp per cell division respectively, only the SFA ccll line demonstrated
telomere loss greater (han that usually detected in human cells iz vifro (estimated
at 30-200), and only by a small margin (Harley 19935). It is also likely that these
values overestimate the rate at which telomeric attrition would ocecur under
normal circumstances iz vive, as this has been shown to be the case in human
tissues where a realistic estimate is closer to 10-50 bp per cell division (IIarley
1995).

The choice of TRE analysis for these telomere length studies was governed by
the tact that this is still widely regarded as the method of choice (Saldanha,
Andrews, et @/ 2003), and also by the practical consideration of available
equipment and expertise. However, the TRF method is not without its critics,
and the chiel query regarding the accuracy of the technique lies in the inclusion
of sub-telomeric repeats in the analysis, up to the first restriction enzyme cutting
gitc in the target DNA. Typically comiments on the subject refer to a study
carried out by Hultdin ef af that estimated this sub-telomeric DNA component to
average 3.2 kb in a number of human cell lines and cell suspensions by
comparing a Southern Blot analysis with a fluorescence in siftu hybridisation and
flow cytometry (Q-FISH"™™) protocal developed for the purpose (Hultdin,
Gronlund, ef a/ 1998). Given these data it must be conceded that the tclomere
length vatues presented in these experitments will encompass a small proportion

of sub-~telomeric DNA. However, the same study found that results gained by Q-
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FISH™ correlated significantly with those gained by Southern blotting. This is
evidence that the sub telomeric DNA content was consistent given the same
cxperimental conditions across the whole sample population, and therctore does
not exclude the usc of TRF analysis for the accwrate investigation of telomerc

length changes.

Without comparison of TRF analysis with telomere length estimation methods
beyond the scope of this project it is impossible fo state the actual amount of
sub-telomeric DNA included in the canine and feline telomere length results
documented, however human sub telomeric DNA has been found to vary

between 2.5 and 4 kb in a review carried out by de Lange (de Lange 2003).

The TRF analysis method has been found to give reproducible results that meet
the demands of the project, however it is clear that the labour intensive nature of
the technique make it less suitable for larger scale applications. From receiving a
tissue, blood or cell pellet sample to getting a TRF value takes three to four days,
and the technique is prone to complications such as uneven transfer of DNA to
the membrane, uneven probe and chemiluminescent substrate distribution, and
high, uneven or mottled background all of which can interfere with analysis of
the final blot and result in cxclusion of a blot from the study. Even with
cxperience of the technique and due allention paid to optimisation, the multi-step
nature of the Southern Blot and chemiluminescent detection will inevitably
result in loss of a number of blots to these cornplications, Whilst an investigation
of the newer technigues for telomere length analysis has not been carried out in
our laboratory it is envisioned that if' techniques such as the hybridisation
protection assay {Section 3.2.f.1) compate favourably with Southern Blot in
terms of sensitivity and repeatability then the TRF method will not remain in

common use for large scale telomere length analysis.

The decision to examine mean telomere length rather than investigate telomerc
length on individual chromosomes was again based on what was practically
achievable within the scope of the project, however it is noted that although
mean telomere length decreases as the canine and feline cells investigated divide

it is likely, given research carried out in the mouse that the trigger for entering
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senescence is the shortest telomere within a particular cell, rather than the

average length of all the telomeres {Hemann, Strong, et al 2001).
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3.6 Summary

The experiments described in this Chapter have determined the range of
telomere lengths that are found in both canine and feline PBLs and normal,
healthy organ samples taken from a wide spectrum of ages using a standard TRF
method. A TRF analysis of PBL samples taken from 112 dogs of various breeds,
and 30 DSH cats found TRFs to range from 4.7 to 20.6 kb, and 9.6 to 23.5 kb
respeetively. PBL telomere lengths in both the pedigree dog and DSII cat have
been shown to decrease significantly with increased age, and whilst gender did
not have a significant effect in either species, an intriguing finding was that
breed of pedigree dog had a significant effect on telomere length. An age
corrected analysis revealed that the shortest mean PBL TRFs in the sample
population were sourced from the breed with the shortest life expectancy.
Telomere lengths in a panel of canine and feline tumours were not found to be
significantly different from telomere lengths of PBL or healthy organ origin. /»
vitro telomere length studies determined that the replicative potential of four
canine primary fibroblast cultures was an average of 10 population doublings,
whilst a feline primary fibroblast culture had u replicative potential of 16
population doublings. Once replicative potential had been exhausted, the cells
adopted an enlarged and rounded appearance typical of senescence, were
positive for SA-B-GAL activity and pl6™  Telomere attrition was
demonstrated iz vitro in primary [ibroblast cultures of canine and feline origin,
and averaged 175 and 130 bp/cell division respectively. The in vive and in vitro
datasets have demonstrated that tclomeric atirition occurs in both the dog and
cat; that the telomere lengths of companion animals are similar to humans, and
the data supports the idea that the telomere may be involved in companion

animal ageing.
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Chapter 1V
In vive and in vitro canine and

feline telomerase studies

4.1 Abstract

Activity of the ribonucteoprotein telomerase is absent from the majority of
normal human somatic tissues, however telomerase activity has been detected in
approximately 80% of hurnan malignancies. These findings have established a
clear link between telomerase activity and cancer in humans. However, very
little rescarch has been cartied out on the biology of telomerase in companton
animal specics, and the cxperiments described in this Chapter aim to address this
lack of information. Tirst, an investigation was carried out to determine if
telomerase is active in normal canine and feline somatic tissues. Second, an
investigation of telomerase activity in a panel of canine and f{eline tumour
samples, and immortalised canine cell lines was undertaken to determine if
telomerase activity in dogs and cats is associated with immortalisation and
malignancy. Further to this work, a study on the potential use of a reverse
transcriptase inhibitor 1o inhibit felomerase activity in two immortalised canine
cell lines is described. Finally, an attempt was made to transfect the human
telomerase rveverse transcriptase sequence into primary canine and feline
fibroblasts to reconstitute telomerase activity in those cells. This was undertaken
in a bid to extend the replicative lifespan of the fibroblasts, and thereby provide
direct cvidence of a link between telomeric attrition and replicative senescence

in the dog and cat.
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4.2 Introduction

The ribonucleoprotein telomerase has been a major focus for research since its
telomere specific DNA polymerase activity, initially identified in Tetrahymena
was confirmed to have a specific association with immortal cells and cancer
{Greider & Blackburn) (Kim, Piatyszek, et af 1994). This initial study led fo a
large volume of research aimed at determining exactly where this polymerase
activity could be found in normal, pre-malignant and malignant tissues (for
review see Dhaene, Van Marck, ef af 2000). The conclusion of this large volune
of work was, that with the exception of germ cells and the siem cells of
renewable tissues, telomerase is not readily detectable in normal human tissue.
In contrast telomerase activity is found in the vast majority of human cancers
(Shay & Bacchetti 1997) and this has led to the identification of telomerase as a
promising molecular target for therapeutic intervention in the field of oncology.
At present this is one of three main applications that have been identified with
respect to telomerase, the other two being cancer diagnosis and prognosis, and

tissue engineering (Kelland 2001).

4.2.1 Telomerase and cancer

The six hallmarks of cancer are described as being a sell-sufficiency in growth
signals, insensitivity to antigrowth signals, avoidance of programmed cell death,
sustained angiogenesis, invasion and metastasis and finally, linitless replicative
potential (Hanahan & Weinberg 2000). The trait of limitless replicative
potential, acquired by all canccr cells, is dependant in the majority of cases on
telomerase and for this reason it has become a key player in cancer research
today. In fact, less than 20 years after its discovery, the ectopic expression of its
catalytic subunit is one of only three conditions required to successfully produce
direct tumotigenic convetsion of normal humwan epithelial and fibroblast cells
(IIahn, Counter, ¢t al 1999),

The strategies for targeting telomerase have been outlined elsewhere (Scction

1.8.2), and the significant advances that have been made in the field appear to at
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least partly justify the initial optimism with which researchers approached the
subject. A number of companies involved in drug discovery have made
significant investments into targeting tclomerasc for new cancer drugs. Geron
Corporation has produced an oligonucleotide telomerase inhibitor (GRN163)
that targets the template region of hTERT, and has been shown to inhibit
telomerase activity and has passed initial safety tests. Geron is also in the
process of developing a telomerase vaccine with Phasc I clinical trials alrcady
underway (Goldman 2003). Isis pharmaceuticals, a drug discovery company that
focuses entirely on RNA targeting have a number of oligonucleotide based anti-
telomerase therapies in various stages of development, several of which have
reached Phase II clinical trials (Corcy 2002). In addition, telomerase positive
cancer cells have been targeted vsing an adenovirus vector containing bacteriat
nitroreductase under the control of the hTR and hTERT promoters. Bacterial
nitroreductase bivactivates the prodrug CB1954 into an active cytotoxic
alkylating agent, and this approach has produced favourable results in both

tclomerasc positive cell lines and in vivo (Bilsland, Anderson, et af 2003).

One of the major criticisms levelled at anti-telomerase therapies is termed the lag
effect, meaning the lime required after telomerase inhibition for natural telomere
attrition to lead to senescence or apoptosis. For instance, one of the carliest
strategies employed an antisense vector directed against hTR in the cervical
cancer cell line Hela; this did result in telomeric attrition and crisis (M2)
however the strategy required up to 26 population doublings in the transfected
cells to be effective. /n vive such a degree of tumour growth would almost
certainly result in death of the patient before destruction of the transformed cells

(Feng, Funk, et al 1995).

These data imply that it will be necessary 1o assess iclomere length in individual
cancers before the decision to use antitelomerase therapy can be made. Whilst
this is certainfy a drawback, a survey of telomeres across 60 human tumour cell
lines in the US has revealed mean telomere length to be onty 5 kb {Chu,
Piatyszek, ef af 2000), implying that a large proportion of human telomerase
positive tumours would lend themselves to such therapy. In addition it has heen

found that functional p53 is not required lor telomere driven apoplosis to oceur,
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thus allowing telomerase therapy to be effective in a much broader range of
cancers, given that p53 function is known to be abrogated in a wide range of

human malignancics (Zhang, Mar, ef al 1999).

A second major concern over telomerase as a target for cancer therapy is the
potential that the selection pressures such therapy would cause could result in the
emergence of an ALT competent phenotype that would be resistant to the
treatment. This may well be a problem in individual cases, however a number of
studics alrcady carricd out have found no evidence that such a switch from
telomerase to ALT under the selection pressure of antitclomerasc therapy oceurs
(Herbert, Pitts, ef af 1999) (Zhang, Mar, ez a/ 1999). Furthermore, tclomerasc
inhibitors that target the G-rich single strand overhang at the end of the telomere
(G-quadruplex interacting compounds) may be less susceptible to ALT as a
resistance mechanism as they target the substrate of telomerase, and do not
interfere with the enzyme itself. An example of such a compound is tclomestatin,
which has shown favourable resulls in vifro using a number of human leukaemia
cell lines (Tauchi, Kazuo, ef a/ 2003). An important feature of this compound is
that it appears to act at lcast partly by indncing telomere dysfunction rather than
shortening, and therefore does not suffer a ‘lag effect’ in its mode of action
(Tauchi, Kazuo, et al/ 2003). This may make it ideal choice to combine with
other types of telomerase inhibitor, which may be potent but not immediate in

their effect, for an overall improved efficacy.

4.2.2 Telomerase as a tumour marker and prognostic

indicator

It is not surprising that the greatest part of research that has been carried out in
this area has focussed on humans and the traditional model specics, the mousc.
However, a number of investigators have begun to examine thc cxtent of
telomerase activity in the tissues of the dog and cat, and this research has already
uncovered interesting parallels between human, canine and feline telomerase
biology (Nasir, Deviin, et af 2001) (Argyle & Nasir 2003) (Biller, Kitchell, et af
1998} (McKevitt, Nasir, et af 2002). Yazawa et al detected telomerase activity in
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26/27 examples of mammary carcinoma in the dog, compared to telomerase
activity in 4/12 examples of normal canine mammary tissue {Yazawa, Okuda, e/
al 2001). Funakoshi ef al also investigated the telomerase activity of canine
mammary fumouts, and found telomerase activity in all the adenomas, benign
mixed tumours and adenocarcinomas examined. In contrast to the findings of
Yazawa, Funakoshi also found telomerase activity to be entirely absent from
normal and hyperplastic canine mammary tissuc, though intetestingly telomerase
activity was also absent from two malignant mixed fumours (Funakoshi,
Nakayama, et af 2000). This is evidence that an ALT pathway may be present in
a subset of canine cancers. In addition there was a relatively greater level of
telomerase activity in the adenocarcinomas than any of the other positive tissues,
raigsing the possibility that relative telomerase activity (RTA) could be used as a
prognostic indicator. These findings are also reflected in the human literature,
were telomerase is considered a useful marker tor the detection of cancer cells,
and in cancers were telomerase becomes up regulated during tumour progression
telomerase is considered a useful prognostic indicator (reviewed in Hiyama &
Hiyama 2003).

Telomerase activity is considercd to be abscnt from normal human somatic
tissues (Forsyth, Wright ez i 2002), and this has been tinked to the fact that the
majority of manunalian somatic tissues do not require great replicative potential,
and so telomerase activity has been tightly down regulated as an anti-cancer
mechanism. However Leri ef af have detected telomerase activity in a large
proportion of canine cardiac myocytes (up to 20%) (l.eri, Barlucchi, ef al 2001).
The animals included in the study were all suffering from a form of dilated
cardiomyopathy, and these data alone raise an interesting question mark over the
simple association between telomerase activity in somatic tissue and malignancy
(Kim, Piatyszek, et al 1994). These data also imply that canine myocytes from
non-growing adults are capable of division, as even in cells that are telomerase
competent tclomerase activity appears to be tightly correlated with entry into the

cell cycle and replication (Chadeneau, Siegal, ef af 1995).

In this context the intriguing findings of Leri et al (Leri, Barluechi, et «f 2001)

underscore the importance of considering health screening of samples for
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telomerase activity assays and make it clear that a simple association between
tclomerase activity, immortalisation and malignancy is by no means all
encompassing. Indeed, the discovery of telomerase activity in the heart has been
a substantial addition to the evidence calling into question the dogma that the
heart is one of the two major organs in the body that are unable to undergo
physiological repair (the other being the brain), due to the inability of myocytes
and neuroncs to divide (Kajstura, Leri, et af 1998) (Horner & Gage 2000).

A number of studies have also investigated telomerase activity in the tissues of
the cat. Cadile et af (Cadile, Kitchell, ef a/ 2001} examined the potential of using
telomerase activity as a marker for malignancy in teline tissues. The results are
encouraging; 1/22 benign samples and 29/31 malignant samples were positive
for telomerase activity, translating to a sensitivity and specificity for cancer
detection of 94 and 95% respectively. In addition telomerasc activity has been
detected in normal feline fenses, and a4 number of feline immortalised cell lines

{Colitz, Davidson, et ol 1999) (Muleya, Nakaichi, et al 1998).
4.2.3 Telomerase therapy

Not all potential therapeutfic interventions invelving telomerase are concerned
with switching off the enzyme. The ability of telomerase to extend the
proliferative life of a cell population has lcad to the possibility of using
telomerase to intervene in discasc statcs where the pathogencsis includes failure
of cellular proliferation. A potential application for this approach is in the
treatment of liver cirrhosis; a common disorder, which, left unchecked, results in
end-stage liver failure and ultimately death (Williams & Iredale 1998). A major
component of liver cirrhosis is the failure of hepatocyte proliferation, and it is
likely that telomere attrition has a large part to play in this because the sustained
hepatocyte turhover associated with liver disease results in accelerated telomere
loss compared with a healthy organ (Miura, Horikawa, et al 1997). Rudolph ef af
have shown that adenoviral delivery of mTR inhibitcd the development of
experimental liver cirrhosis in mTR™™ mice by enabling hepatocytes to overcome

the proliferative block imposed by short telomeres (Rudolph, Chang, ef a/ 2000).
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The telomeres of human cirrhotic patients have been shown to be short enough
to produce a proliferation check, and so it is feasible that a variation of this
technique could be used to treat liver cirrhosis in humans, and that such an

approach could be extended to the veterinary field (Rudolph, Chang, ef o/ 2000).

Another arca where therapeutic use ol telomerase activity has already shown
great promise is in bone regeneration and repair. A new and very effective
treatment for farge bone defects beyond the capacity of normal healing is the use
of bone marrow stromal stem cells (BMSSCs). These are defined as pluripotent
progenitor cells with the ability to differentiate into ostcoblasts, chondrocytcs,
adipocytes, muscle and neural cells (Caplan & Bruder 2001). T'hese cells must
be expanded ex vivo to preduce the large nuimbers necessary to aid bone repair
upon cell transplantation to the site of a defect. The major restriction to the
application of the technique is the limited replicative potential of BMSSCs in
cell culture, coupled with a gradual loss of ostcogenic potential (Bianco,
Riminueci, ef o/ 2001). Shi et ! have demonstrated that ectopic expression of
hTERT in these cells extended their lifespan and maintained their osteogenic
potential (Shi, Gronthos, ef o/ 2002). Again, clear potential exists to exploit this

application of telomerase in both the medical and veterinary medical (elds.

A major concern over the use of telomerase for therapeutic intervention is the
potentially increased risk of malignant transformation in the target tissuc (Kim,
Piatyszek, et al 1994). In the examples described here, if is envisioned that the
risk of developing cancer secondary to telomerase therapy will be slight. For
example, when considering tclomerase for the (reabment of human liver cirrhosis
it is likely that any telomerase therapy will be used only to prolong the life of a
patient until such time as a liver transplant becomes possible, therefore
minimising the long-term risk of exposure to the initial therapy. Furthermore,
Shi et af have been able to show that the bonc gencrated by their telomerase
expressing stem cells is of a normal architecture (Shi, Gronthos, ez af 2002). This
is an important finding as lack of normal architecture and failure to differentiate
would be indicative of genetic instability and therefore risk of malignant
transformation. However, not all findings in this area have been so encouraging.

Recent work carried out by Maondello ef ol found that ectopic exptession of
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hTERT resulted in karyotype instability and anchorage independent growth in
human fibroblast cell lines (Mondello, Chiesa, ¢f af 2003). These results indicate
that a case-by-case approach will be necessary when assessing the safety of
telomerase therapy in the future, and that such therapy might not be entirely

without risk,

All these studies based on the analysis of tclomerase activity have utilised a
protocol originally designed by Kim et of termed the Telomeric Repeat
Amplification Protocol (TRAP) (Kim, Piatyszck, ef a/ 1994). Initially this
technique was qualitative only, utilising an oligonucleotide primer as a substrate
for telomerase. Il the telomerase enzyme is active in a sample then telomeric
repeats arc synthesised and added to the 3’ end of the primer. These extension
fragments are subsequently amplified by PCR and may be detected by
polyacrylamide ge! electrophoresis. The assay is sensitive enough to detect one
telomerase positive cell in 10,000 negatives. The original technique has been
modified and updated to improve sensitivity and quantification (Kim & Wu
1997), and Roche molecular biochemicals have produced a variant that includes
an enzyme linked immunosorbent assay {ELISA) to allow semi-quantification of

telomerase activity and more accurate comparison between sampies.

Whether the TRAP assay can be used as the basis for clinical applications of
telomerase testing is still debatable. Tseng ez af determined the TRAP assay to
be 100% sensitive and 90% specitic in relation to the detection of malignant
ascites secondary to ovarian cancer in a series of 97 cases. These results
compared favourably to the 96% sensitivity and 100% speciiicity of cytology,
and led the authors to recommend telomerase activity testing as an adjuvant to
cytopathological methods (Tseng, Jain, e of 2001). Braunschweig et af carried
out a similar test of the assay as a marker of malignancy in cytological effusions
and in a total of 291 cases determined the TRAP assay to perform relatively
poorly; only 76% sensitive and 82-91% specific (Braunschweig, Guilleret, ez al
2001) when compared to routine histopathological diagnosis. The TRAP assay is
vulnerabie to false negatives caused by inadequate handling and storage of

material [or the assay. To cnsure integrity of the telomerase RNA subunit it has
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been proposed that samples should be snap frozen in liquid nitrogen and stored
at -80°C within 20 minutes of collection, as the assuy relies on the presence of

functionally intact RNA (Cadile, Kitchell, et af 2001).

Telomerase is not an oncogene (Harley 2002), and therefore coupling a
telomerase activity assay with other markers of abnormal bchaviour in a tissue
may be necessary to reduce the potential for false positives when associating
telomerase activity with malignancy. Work carried out by Chu ef ¢/ (Chu, Lin, ef
al 2001) on canine transmissible venereal tumour (CTVT) is a good example of
why such a strategy may be necessary. CTVT occurs in (wo phases, a
progressive growth phase (P-phase) followed by spontansous regression (R-
Phase). ‘lelomerase activity is present in both phases ot the disease, but is higher
in P-phase tissue samples. These samples also have a greater mitotic index.
However, despite the fact that P-phase tissue has high telometase activity and an
increased mitotic index, it inevitably regresses to the R-phase. Therefore whilst
telomerase activity is broadly acceptable as a marker of malignancy it will be
necessary to validate results in a case-by-case approach before the results of
telomerase testing are used as a basis for making clinical decisions (Chu, Lin, ef
al 2001).

4.2.4 Chapter aims

4.2.4.1 To investigate telomerase activity in normal canine and

feline somatic tissue and tumour samples

As described, to date only limited information is available on telomerase activity
in the tissues of the dog and cat. In light of this, an investigation of telomerasc
activity was conducted encompassing a wide variety of tissue samples taken
from healthy organs of the dog and cat. In addition telomerase activity was
assessed in a panel of canine and feline twnour samples to ascertain if the
widespread dependence on tetlomerase reactivation found in human tumours was
mirrored in the dog and cat, such that telomerase status may be of

diagnostic/prognostic significance in companion animals.
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4.2.4.2 To assess if telomerase inhibition could be achieved using

a potential telomerase inhibitor in vitro

Some of the earliest anti-telomerase strategies tested in human immortatised cell
lines involved the use of reverse transcriptase inhibitors (RTIs) (Strahl &
Blackburn 1996). A number of these drugs were found to be capable of
inhibiting telomerase activity and reducing telomere length in vitro. In this
chapter, the effect of the reverse transcriptase inhibitor 3’-Azido-3'-
deoxythymidine triphosphate (AZT-TP) on telomerase activity was assessed in

two telomerase positive canine cell lines.

4.2.4.3 Telomerase reactivation study

It is known that ectopic expression of the catalytic component of human
telomerase, hTERT, greatly extends the lifespan of primary human cell cultures
in vitro by causing reconstitution of tclomerase activity in the transformed cells
(Bodnar, Ouellette, et af/ 1998). Whilst at the time of this study the caninc and
feline homologous sequences to hTERT were not known, an investigation was
conducted to determine if ectopic expression of hTERT in primary canine and
feline cell lines is capable of reconstituting telomerase activity using
heterologous gene expression, and whether this is sufficicnt to cxpand

replicative potential /w7 vitro.
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4.3 Materials and Methods

4.3.1 Sample details

4.3.1.1 Normal somatic tissues

Normal somatic tissue samples were collected from the same animals that were
described in Chapter III for tclomere length assessment. These were 5 dogs
(CN1-CN5) and 5 cats {FN1-FN5). Details inctuding age, sex, breed and cause
of death of individual animals from which samples were taken are presented in
Table 3-2. The 26 canine samples included kidney (# = 4), liver (n = 5), ovary (n
= 1), skeletal muscle (# = 4}, small intestine (7 = 4), stomach (» = 2), cardiac
muscle {# = 3), lung (» = 2) and testis (# = 1). The 25 feline samples included
brain (n = 4), cardiac muscle (# = 3), liver (n = 5), skeletal muscle (# = 4), lung

{(n = 4), small infestine (n = 3), testis (# = 1) and kidney (» = 1).
4.3.1.2 Tumour tissues

A total of 19 tumour Lissue samples were collected from 15 dogs and 4 cats
during necropsy examination at GUVS and surgical biopsy at the PDSA
hospital, Shamrock Street, Glasgow. The canine samples inciuded 10 examples
of mammary carcinoma, 3 fibrosarcomas and 2 squamous cell carcinomas. The
four feline samples included 1 mammary carcinoma and 3 squamous cell
carcinomas. The tumour types were confirmed by routine histopathological
examination carried out at GUVS, and all samples were harvested with informed
owner consent. Each of the tissue samples was snap frozen in LNO; at the time

of collection to ensure integrity of the telomerase RNA until required.
4.3.1.3 Primary cultures and cell lines

Primary fibroblast cuitures of canine (SFA and AG0O8157), feline (S22 and CCL-
176) and equine (EQ1) origin, and a human immortalised cell line (GMB47)

were used in the telomerase reactivation study. Additionally, a number of
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immortal cell lines of both canine and human origin (results shown in Table 4-
14) were used for telomerase activity testing. Two cell lines from this panel
(MDCK and CMT7) were subsequently used to test the cfficacy of a potential
tclomerase inhibitor in vifro. The sources of cach of these cclls are provided in
Section 2,1.1.1, and individual details including culture requirements are
provided in Section 2.2.1.2. Additional details of the investigation of telomerase

activity in cell lines and the telomerase reactivation study are provided befow.

4.3.1.3.1 Telomerase reactivation study

Primary fibroblast ccll cultures were utilised for this study. These included the
canine cultures SFA and AGO08157 and the feline cell cultures S22 and CCL-
176. All the primary fibroblast cultures were at passage 2 at the beginning of the
experiment to preserve the greatest possible replicative potential for the
experimental procedure. The human ALT compctent ccll line GM847 and the
primary equine fibroblast culture EQl were included, GM847 as a positive
cxperimental control and EQI as a [urther species control for the specificity of
the h'TERT sequence. A full-length hTERT clone was kindly donated by Robert
Weinberg (Whithead Institute for Biomedical research, Cambridge, MA), and
the mammalian expression vector PClneo (Promega, UK), detailed in Section

2.1.5.1 was used as the vehicle for eniry of h"TERT into the test cells.

4.3.1.3.2 Telomerase inhibition study

The ability of a RTI to reduce telomerase activity was assessed in two
immortalised canine cell Tine lines that were found to be telomerase positive in
the telomerase activity study. The RTI AZT-TP was used in this study. The drug
was supplied as a 10 mM solution of the tetralithium salt in water (Calbiochem,
La Jolla CA), and was stored in a tightly closed confainer in aliquots of 60 pl at -
70°C, and protected from light when not in use. The drug is considered toxic and
was used only with appropriate safety precautions (within a fume cupboard and

wearing protective clothing and gloves).



4.3.2 The TRAP assay

TRAP assay testing of all samples in this project used the TcloTAGGG

Telomerase PCR ELISA™™ kit available commercially from Roche, UK.
4.3.2.1 Sample preparation for the TRAP assay

Samples used for telomerase activity analysis inciuded cell pellets derived from
cultured cells and protcin extracts derived from tigssue samples. Cells were
harvested and counted as described elsewhere (Section 2.2.1). A total of 2 x 10°
cells were harvested for cach assay. Cells were pelleted at 3000 g for 5 minutes
at 4°C, the supernatant decanted, and following a brief resuspension in 100 pl of
PBS the cells were again pelleted and the supernatant carefully removed. Cell
pellets were then resuspended in 200 ul ice-cold lysis reagent (Roche, UK) and
incubated on ice for 30 minutes. The lysate was then centrifuged at 16000 g for
20 minuates at 4°C and the supernatant carefully removed with a micropipette,
taking care not to disturb the pellet of cellular debris. To facilitate this, only 175
pul was removed per sample. Cell extracts were then either used immediately for

the TRAP assay or snap frozen in LNO; and stored at -80°C for later use.

Normal tissue samples and tumour samples were placed in tumour pots and snap
frozen in LNO; immediately after harvesting. Samples were then stored at -
80°C. Such precautions in tissue handling were necessary to safeguard the
integrily of telomerase RNA and catalytic subunit and thus reduce the likelihood
of false negative results (Cadile, Kitchell, ef &/ 2001). Thin sliccs of frozen
samples were then removed (approximately 10 slices being sufficient) using
sterile scalpel blades on disposable petti dishes and immediately transferred to
1.5 ml eppendorf homogenisation tubes containing 200 Wl of ice-cold lysis
reagent {Roche, UK). Samples were then thoroughly homogenised using a sterile

pestle and stored on ice for 30 minutes (o achieve thorough lysis.
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Following tysis, samples were centrifuged at 16000 g for 20 minutes at 4°C and
the protein rich supernatant carefully removed with a micropipette, as described
for cell pellets. Protein concentration was then determined using a standard
protocol, as described in Section 2.2.7. The tissue extracts were either
immediately used for the TRAP assay or snap frozen in LNO; and stored at -
80°C for later use.

4.3.2.2 Primer elongation and amplification

All preparation steps for the TRAP PCR procedure were carried out on ice,
including the thawing of frozen samples prior to analysis. Unless otherwise
indicated sample numbers were limited to six per individual assay to minimise
the potential cost in reagents of failure of any assay. Master mixes were made up
for all samples and controls consisting of 25 LUl of a 2x reaction mixture (Roche,
UK) and 5 ul of an internal standard (Roche, UK). A 30 pl volume of the mix
was placed into a PCR tube for each sample and to this was added 1 U of the
cell extract or a volume equivalent to 5 g of total protein. A 1 ul volume of two
separate positive controls, one of high and one of low telomerase activity were
used, and 1 ul of lysis buffer alone was used as a negative control. Analysis of a
heat-inactivated version of cach test sample provided an additional level of
control. Heating these control samples to 85°C for [0 minutcs inactivates
telomerase protein within the sample and ensures any positive result is specific
to telomerase activity. All reactions were then made up to a total volumc of 50
Kl using nuclease~free water (Roche, UK) und trunsferred to a DNA Thermal
Cycler (Perkin Elmer) for thc combincd pritner clongation/amplification

reaction. Reaction ¢conditions are shown in Table 4-1.

4.3.2.3 Hybridisation and ELISA

Hybridisation steps were carried out in 0.5 ml eppendorf tubes placed in colour
coded racks to differentiate between test, internal standard and negative
(including heat inactivated) controls. A 2.5 ul volume of amplification product

from the previous step was added to 10 ul of a denaturation reagent (Roche, UK)
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in the corresponding eppendarf tube. These mixtures were then incubated at
room temperature for 10 minutes before addition of 100 ul of either a test
hybridisation buffer (to test and control samples) or an internal standard bufler

(to internal control samples). These buffers contained DIG-labelied detection
probes specific for telomeric repeats and the internal standard respectively.
Thorough mixing of the contents of all tubes was ensured by vortexing before
100 ul of the contents of each was removed and placed in a corresponding well
of a streptavidin precoated microtitre plate {Roche, UK) according to a
predetermined pipetting scheme. A plate contained 12 modules of 8 wells cach,
and moduies could be removed to facilitate separate analysis such that more than

one assay could be performed per kit.

The microtitre plate wells were then clearly labelled, covered with an adhesive
strip to prevent evaporation 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 label of
the kit primer. Following hybridisation the solutions were completely removed
from the wells, following which the wells were washed three times for a
minimum of 30 seconds per wash with 250 ul of wash buffer, (Roche, UK)

ensuring complete removal of the buffer from the wells between steps.

The anti-DIG working solution was a polyclonal antibody (Roche, UK) raised in
sheep conjugated to HRP that was diluted to a concentration of 10 mU/ml in a
conjugate dilution buffer (Roche, UK). A 100 ul volume of this anti-DIG-HRP
working solution was then added to each of the wells that were again covered
with adhesive {ilm 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 carried out as described
previously. Following this, 100 pl of a substrate solution, equilibrated to room
temperature and containing the HRP sensitive compound 3,3, 5,5'-
tetramethylbenzidine (TMB) was added to each well and the plate covered und

incubated for colour development at room temperature for 10 minutes with
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rotation at 300 rpm. Without removal of the substrate solution from the well, 100
pl of a stop reagent {< 5% sulphuric acid, Rache, UUK) was then added; this
stopped the reaction and in addition caused a colour change of the reacted HRDP
substrate from blue to yellow, which increased the sensitivity of the reaction.
The absorbance of the samples was then immediately measured at 450 nin, with
a reference wavelength of 690 nm using a microtitre plate reader {Dynex
Technologies, UK). An overview of the TRAP assay procedure is provided in

Figurc 4-1.



Table 4-1. Telomcerase primer clengation/amplification reaction protocol

Step Time Temerature Cycle

Primer elongation 20 minutes  25°C

Telomerase inactivation 5 minutes 54°C

Amplification

Denaturing 30seconds  94°C 30 cycles

Annealing 30 seconds  30°C 30 cycles

Polymerisation 30seconds  72°C 30 cylces
10 minutes  72°C

ITold 4°C
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Figure 4-1. Overview of the TRAP assay. In the first step, telomerase adds
telomeric repeats (TTAGGG) to the 3" end of the biotin labelled synthetic primer
(green rectangle). These elongation products, as well as the internal standard
included in the same reaction vessel are amplified by PCR. The PCR products
are split into two aliquots, denatured and hybridised separately to DIG labelled
detection probes, specific for telomeric repeats (blue) and internal standard (red),
respectively. The resulting products are immobilised to the streptavidin-coated
microtitre plate wall via the biotin label. The immobilised amplicons are then
detected with an antibody against DIG that is conjugated to HRP and the

sensitive peroxidase substrate TMB.
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4.3.2.4 Quantification of telomerase activity

The level of telomerase activity in positive samples was determined from the
absorbance of each test sample and the absorbance obtained from 1 pl of the
control templates. The control templates (TS8) were identical to a telomerasc
elongation product of & telomeric repeats and were at a concentration of 0.001
amol/ml (low activity) and 0.1 amol/mal (high activity). As amplification of the
telomerasc spccific products and internal standards were competitive, both low
and high controls were used in each experiment to cover for a potentially broad
range of telomerase activity in the test samples. The most appropriate control
was then used depending on the level of telomerase activity in the test samples.
In practice this meant use of the high activity control in the majority of cases.

RTA in a sample was then determined using the formula:

(As-Aso)/Asis
RTA = EEm— x 100
{ATss-A 1s8.0)/ATss,is

where,

Ag= absorbance of sample

Asp= absorbance of heat-treated samiple

Ag s = absorbance of the internal standard of the sample

ATsg = absorbance of the control template (TS8)

Arsgo= absorbance of Lysis buffer

Aqssis— absorbance of the internal standard of the control template

The values (Arss-A tszo)/Atss s oObtained using 1 pl of the high and low control
templates were considered acceptable if within the range of 2.0-4.0 and 0.2-0.5
respectively after 10 minutes of substrate reaction, Test samples with absorbance
readings grealer than three times the background reading (imean absorbance of

the heat treated samplcs) were considered to be telomerase positive.
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4.3.2.5 Detection of telomerase mediated DNA-ladder

The biotin labelled primer used in the TRAP assay allowed tdentification of the
amplification products by polyacrylamide gel electrophotesis (PAGE). The Mini
PROTEAN 3 vertical gel clectrophoresis system (Bio-rad) was used for this
procedure. First, 20 ul of the PCR product was mixed with a loading dye
containing bromophenol blue and xylene cyanol. Separation of amplification
products was achieved using a precast 12% non-denaturing polyacrylamide gel
(Bio-Rad, Hertfordshire, UK) run for 30 minutes at 100 V. After electrophoresis,
products were transferred by electroblotting (Section 2.2.8) to a positively
charged nylon membrane {Amersham, UK), whiclh was then blocked with a 2%
blocking reagent (Roche, UK) for 30 minutes at room temperature to prevent
binding at non-specific sites, Blocking solution was then discarded and the
membrane incubated with 20 mi of a streptavidin-alkaline phosphate conjugate
which bound to the biotin labels on the DNA fragments. Following this the
membrane received two 15-minute rinses in 100 ml of wash buffer (0.1 M
Malcic acid, 0.15 M NaCl pH 7.5; 0.3 v/v Tween 20) at room temperature before
equilibration with 20 ml of detection bufter (0.1 M Tris-HCI, 0.1 M NaCl, pH
9.5) for 2-5 minutes. The membrane was then placed DNA side up on an acetate
sheet and 1 ml of CSPD ready-to-use (Roche, UK) applied drop wise. (CSPD
ready-to-use is a chemiluminescent substrate for alkaline phosphatase at a
concentration of 0.25 mM). A seccond acctate sheet was placed over the
membrane, ensuring no air bubbles were trapped in the process, to help
distribute the substrate solution evenly over the surface after which there was a 5
minute incubation at room temperature before excess CSPD solution was
squeezed out and the acetate sheets scaled with sellotape. At this point an
incubation of the damp membrane at 37°C for 10 minutes helped to enhance the
chemiluminescent reaction. The membrane was then exposed to X-ray film for

15-20 minutes to produce an autoradiograph.

4.3.3 Yelomerase inhibition study

167



The effect of the RTI AZT-TP on telomerase activity of canine cells was
investigated i# vitro using the immortalised canine cell lines MDCK and CMT7
(detailed in Section 2.2.1.2). An initial investigation assessed the toxicity of the

drug to the test cells before any telomerase inhibitory effects could be examined.

4.3.3.1 Investigation of acute cytotoxic etfect

plate format to assess cytotoxicity of the drug. Lach cell line was seeded at 1
x10° cells/ml in triplicate and allowed to settle overnight before exposure to
concentrations of 480, 240, 120, 60, 30, 15, 7.5 and 3.75 uM AZT-TP in
complete celture medium for a period of 7 days. Treated medium was replaced
with ficsh, diug containing solution after 3 days, following normal practice for
growth medium replacement, Paralicl cultures of the test cell lines, seeded at the
same concentration were mainfained in complete culture medium without the
addition of the test drug. These cultures also received fresh medium after 3 days.
This experiment allowed the identification of AZT-TP concentrations that did
not kili the test cells outright, and the experiment was then repeated in duplicate
using the identified concentrations of AZT-TP in a T25 flask format, as this
allowed easier harvesling and counting of cells, given the relatively greater
numbers. This second stage was used to identify the highest concentration of
AZT-TP that did not effect cell morphology or growth rate, and this

concentration was duly selected for the main study.
4.3.3.2 Investigation of effect of AZT-TP on telomerase activity

MDCK. and CMT7 cclls were maintained in T75 flasks under normal culture
conditions. Each cell line was initially seeded at 1 x 10° cells/ml, and two
batches of each cell line were maintained. One batch of cach cell line was
exposed to AZT-TP at a concentration previously determined not to exert any
acute cytotexic effects on the cells. A second batch was maintained in parallel in
AZT-TP free medinm. Cells were passaged normally as described elsewhere

(Section 2.2.1) upon reaching 80% confluence, and at each passage ceils were
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counted (Section 2.2.1.1.1) and 2 x10° and 2 x10° cells from each treated and
control cell line harvested and retained for analysis. These cells were pelleted at
3000 g for 5 minutes to facilitate removal of the culture medium. The pellets
were then briefly resuspended in cold PBS, repelleted as described and the
supernatant decanted to remove the last traces of culture medium. These
precautions were necessary due to the theoretical possibility of the presence of
Tag DNA polymerase inhibitors in the media used to culture the cells. Pellets
were then snap frozen in LNO; and transferred to -80°C storage. The 2 x10° cell
peltet was subsequently used to assess telomerase activity in the sample by the
TRAP assay, and the 2 x10° pellet used for telomere length analysis. In addition,
growth curves were generated for each cell line and any difference in growth
rate between test and control cells noted. The techniques used for tclomere
length analysis and the production of growth curves have been detailed
elsewhere (Sections 3.3.3 and 3.3.1.4).

4.3.4 Telomerase reactivation study
4.3.4.1 Cell lines

In addition to the canine and feline primary cultures used in this study (Section
4.3.1.3) a number of other cell lines were included as controls. Telomerase
activity has been successfully reconstituted in the human ALT positive cell line
GM847 by ectapic expression of h\TERT (Perrem, Colgin, ef af 2001), and this
cell line was therefore included to ensure the experimental protocol was working
effectively. In addition, the ability of hTERT to rcconstitute telomerase activity
was investigated in an equine primary fibroblast culture, CQ1. The aim here was
to use equine cells as an additional control to determine whether heterologous
TERT expression is sufficient to activate telomerase in a range of mammalian
cells. Currently, there are no published dala on the feline, equine or canine
TERT sequences which limits the investigation of homologous TERT
reconstitution analyses. However, during the preparation of this thesis, our group
have isolated and cloned the cDNA encoding the canine TERT sequence

{submitted for review, Nasir, Gault, ez af 2004).

169



4.3.4.2 Cloning of hTERT ¢DNA into a mammalian expression

vector

The PClneo mamimalian expression vector {Section 2.1.5.1) was selected to act
as the plasmid for introducing WTERT into the test cells as it is designed
specifically for mammalian gene expression studies and includes a strong,
constitutively active CMV promoter, and has the capacity for sclection of
transtected cells via its neomycin phosphotransferase sequence. Furthermore,
PClneo has been successfully used to transfect several canine cell lines within
the laboratory. PClneo required linearization to facilitate insertion of the hTERT
cDNA, and this was achieved by a 2-hour digestion of 5 ug of PCIneo with 4
IC/ug each of EcoR 1 and Saf | at 37°C. As these restriction enzymes have one
recognition sile each within the PCIneo sequence (at nucleotide positions 1096
and 1120 respectively), they were ideal for linearising the vecior. Following
digestion, linearised vector was subjected to 1% ugarose gel eleclrophorcsis
(Scction 2.2.3.5) with a 1 kb DNA ladder to confirm integrity of the DNA and
size of fragment. The band containing the vector was visualised using a UV
transitluminator (Sigma, UK), removed from the gel using a sterile scalpel blade
and purified using the QIAquick™ Gel extraction kit (QIAgen, UK) following the
manufacturers recommended protocol. Concentration of plasimnid DNA was then

determined by a standard protocol (Section 2.2,3.3.2).

A full-length hTERT clone (Table 4-2) was kindly donated by Robert Weinberg
(Whithead Institute for Biomedical research, Cambridge, MA), supplied cloned
into the pBABE-puro retroviral vector. The hTERT c¢cDNA was isolated from
this vector using the same enzymes as described for the PClneo, and vector and
insert DNA were then ligated using T4 DNA ligase (Promega, UK) following
the protocol detailed in Section 2.2.3.7. A molar ratio of vector: insert DNA of
'3 was used. A 1 ul volume of the ligation praducts from cach rcaction were
then used to transform E. cofi TOPLO bacterial cells as described in Section
2.2.3.8. After overnight growth on agar conlaining ampicillin at 100 mg/ml

individual colonies were picked and grown as described in section 2.2.3.1,
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Table 4-2, hTERT clene sequence

ORIGIN

1 GCRGCICTCC GTCCTACTG GCATCGTGCEGA AGCCCTGEECC CIGECCACCC CCCGOIGATAECC

61
121
181
241
301

GOGRCRCTCCT
GCCGCTGRCT
CGACCCCECG
ACEECCECIC
CCGAGTGCTG
GCTGCTGGAC
CCTGCCCRAC
CCGLGTEEGC
GGCTCCCAGC
TCAGGCCCEG
C'I'GLEAACCAT
GaGGCECEsa
TGCCCCTEAG
GCGTGGACCG
CACCTCTITTG
GCACCACGCG
CCCGETETAL
GCCCTCCTTC
GACCATATTD
@FCCCCAGCAC
GTGCCCCTAC
AGCCGETATC
CACAGACCCC
CECCLLCELe
CARCGAACHC
GCTCTCGCTG
GACCCCAGGG
CAAGTTCCTG
TGTCACGGAG
CABRGTTGCAL
GGARGCAGAG
CTTCATCCCC
CAGAXCTTITL
CAGCGTGITC
CCTGGACGAT
GCOGCCTGAG
ACCCCAGAAT
CGTCCACARG
CCATCCTITC
CEUUUATICE

1 CTCRCCTCAC

TCACCTTCAR
PGLGEUTIGAA

CHCCRACAT
ACCTCCCATT

. ACACGGQCTC

CCARGGGCGC
TCCTGRONCRN

1 CAGCCCAGAC

CAGTCRACCC
ACKGCCAGEC
GEEAGAGACE
TGEGOCGAGGT
CCAGCCAAGG
CGECTCCACC
GAATRGTCCA

. ACCCCCRCCA

GRICAARGGET
UPUAARTTOE

LG

CGCTGCCGAG
ACGTTCGTGC
GCTTTCCGCG
CCTGECCGLCC
CAGAGGCTGT
GGEGECCCGCG
ACGGTGRCCG
GACGACGTGC
GCGCCTACC
CCCCCeCoal
AGCGTCAGGG
GGCAGTECCA
COGGAGCGEGA
ACTEACCETG
GAGGGTGCGEC
GECCCTCCAT
GUCEAGACCA
CTACTCAGCT
CTEACTTCCA
TACTCGCARAA
GEGGETGCTCC!
TETGCL(IGECE
CETCCICTGGE
CUcETCTECS
CGECYLCUTCA
CAGGACITGA
GTTGRCTGTG
CACTGGUTGA
ACCAIGTITC
AGCITTGGAR
GTCAGGCAGT
AAGCTTEALG
COCAGAGRAR
ARCTAZGAGC
ATCCACAGAH
CTGTAZTTTC
ACGTACTGLG
ACCTTCAAGA
CRCGCTGCTC
GCGOGGACGEE
CCACGIGCRAR
CCGCGGCTTC
BTGTCACAGC
CTACRAGATC
TCATCAGCRA
CCTCTGCTAC
CGCCGICCCT
GCLBACTCEA
GCAGCTGAGT
GGCACTGCCC
CGAGACUCAGN
GUCCACACCC
CTGCATGIUC
GCUIEABILGTC
CCAGSIGECCAT
TCCCCAGATT
TCCRGGTGGA
GTSCCCTGTA
GGGCAGGTGEC

CCETGTGCTC
GGOGCOTGGE
CGCTGETGGC
CCTCCTTCCS
GCGAGCGLGG
GGGGOECO
ACGCACTGCE
TEGETTCACCT
AGGTATICEY
ACGCTAGTGS
AGGCCG3GET
GCCGARSTCT
CECCCEITCU
GTTTOTOGTOT
TCTCTGGCAC
CCACATCGCG
AGCACTTCCT
CTCTGACGCC
GGCCCTGGAT
TGCGECCCCT
TCAAGACUCA
AGAAGCCCCA
TGCABCTECT
PECGCCEGeT
GEAACACCAL
CGTEGAAGAT
jylidleeldlalaeldd
TGAITATATA
ADANAGRACAG
TCAGACAGCA
ATCGGOARNGC
anireesoece
AGAGGGCCGH
CGECHBCEGCE
CCTESCECAC
TCAAGGACAG
TGCETCCRETA
GCCACGTCCT
TGCAGCCTGT
CTGCTCCTGC
ACCTTCCTCA
ALGGCTGGGA
CTGTTTCTGG
CTCCTEOTGC
GTTTGGAAGA
TCCATCCTGA
CTGCCCTCCG
CACCGTGTCA
CGGAAGTTCC
TCAGACTTCA
CACCAGOAGC
AGECCCGCAC
GGCTGARAGGC
CRECACRCCT
CTTTTCCTCA
CGCCATTGTT
GACCCTEACGA
CACAGECGAG
TETGGGAGTA

CCTGCTGCGT
GCCCTAGGET
CCRGTGCCTS
CCAGETGETCC
CECEaAAtAAC
CGEAGERUTTC
BACEAGCEESE
GCTEECRCGL
3CCaCGlTe
ACCCORARGE
CCCCCTGEGER
GCCETFGCCC
CSCAGEEETTUC
GGUETCACCT
GCGCCACTCC
GCCACCACST
CTACTCCTCA
CARGCCTGACT
GCCAGGGRCT
GTTTCTGGAG
CTGCCCGCTE
GGGCTCTERTG
CCGCCAGCAC
GGTGCCCCCA
GEAAGTTCATC
GAGCGTGCGEG
AGAGCALCGY
CGTCCTCCAG
GCcTerrrTe
CTTGAMGAGGE
CAGGCCCGCC
CATTGTGARC
GCGTCECACC
coceceeleTe
CrreGETeCTG
GCTCACGCRAG
TECCGTGGTC
ATGTCCAGTG
GUTACGGECCA
GTITTGGTGGA
GCTATGCCCG
GEAACATGCG
ATTTGCAGGT
KEGCGTACAG
ACCCCACALY
AAGCCAAGAA
AGGTCETARTA
CCTACGTGCC
CGGGCACCAC
AGAZUAICCT
CCMGTCACGC
CGCTGGGRGT
TGAGLGEICCGE
GCOGTCTTCR
CCAGCGAGCTC
CACCCCECGC
AGGACCCTGG
GACTECTGCAC
AANTACTGAN

AGCCACTACC
TEETCCCTCC
GTETECGTART
TGCCTGAAGE
CTCCTGECCT
ACCACCAGCOS
GCCTGEGGGGE
TECECECLICE
TACCAGCTCS
COTCTGGCAT
CTGCUAGCCC
AARGAGGCCCA
LEGECCCALC

CAGRCCCG
CACCCATCCG
CCUTGGGALA
GGEOEACARGG
GGTELTCSGA
CCCCGCRGGT
CTGCTTGGGA
CGAGCTGCGG
GCGECCCCCE
AGCAGCCCCT
QECaTCTOGHE
TCCCTGGGGA
GACTGCGECTT
CLECCTGAGE
CTGCTCAGGT
TACCGGAAGR
GTGCAGCTGC
CTGCTGACGT
ATGGACTACG
TCGAGGETGA
CTGGGCGCCT
CGTETGCEGG
GTCATCGCCA
CAGRAGGCCG
CCAGGEGEALC
CATCGAGRAC
TGATTTOTYG
GACCTCCATC
TCBCAAANCYET
GAACAGOOTC
GTTTCACGCA
WLTCCTGCGT
CGCAGGGATG
GTCGCTGTGT
ACTCCTGCGE
GCTGACTGCT
GGACTGATGE
CEGGCTCTAL
CTGAGGCCTE
GCTGAGGCCT
CTTCCCCACA
GGCTTCCACT
CCTECCCLC
GAGCTCTGEGE
CTGCATGGGG
TATATGAGTT

GCCACOTCC?
TGECAGCECGE
CCTGGGACGC
AGCTGGTGGC
TCGCITTCGC
TGCGCASCTA
TECTGCTGCS
TIGFGCTGGT
GUGCTECCAC
GCGAACGGGC
CGGGTGCGAT
GGCETGGCGC
CGEGCCAGGAC
COGBAGALRGC
TGGECCGCCh
CGCOTTOTCC
AGCAGCTGCG
GGULCETCUA
TEeICcaceT
ACCACGHCCCA
TCATCCCAGC
AGGAGGAGGA
GGUAGGTGTA
GCTQCAGGCA
BGCATGCCAR
GGUTGCGCAG
AGATCCTGGC
CTTTCTTTTA
GTGTCTGGAG
GEGAGCTGTC
CCAGACTCCE
TCGTGGGAGC
AGGCACTIGTT
CTGTGCTGRG
CCCAGEACCC
GCATCATCAA
CCCANBUGECA
CCECRGGECT
AAGCTGTTTG
ITTGGTGACAC
AGAGCCAGTC
PTTEOEEEICT
CAGACGGTGT
TETITGCTGC
GTCATCTCIC
TCGCTGEGEGEE
CACCAAGCAT
TCACTCAGGA
CIrE5AGECCG
CCACCCEaaa
GTCCCAGGEA
ACTSAGTGTIT
GAGCEMAGTGY
GECTEGCECT
CCCCACATAG
CTEGCCITTC
AATTTGGAGT
GTCCCTGTGGE
TITCAGTTTT
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Plasmid DNA was then purified from each individual clone using the QIAprep®™
PCR Spin Miniprep Kit (QIAGEN, UK, detailed in Section 2.2.3.2.2). This kit
allowed isolation of piasmid DNA from 4 ml LB broth cultures of exponentially
growing bacteria. The bacteria were harvested by cenirifugaiion (2800 rpm for
[0 minutes), and the manufacturers protocol was then followed. The method
involved lysis of the bacterial cclls to release the DNA constructs, which were
then harvested by cenirifugation, filtration and wash steps into 50 pl of sterile
water. DNA was stored at -20°C,

A 5 pl volume of each plasmid was then digested with 4 IU/Lg of £coR 1 and
Sal 1 as described previously, and the digests run out on a 1% agarose gel to
confirm the correct size of plasmid and insert. Plasmids found to contain the
hTERT inscrt were then used to produce bulk stocks of purified PClneo/hTERT
(Section 2.2.3.2.1) and glycerol stocks of bacteria containing the construct as

described in Section 2.2.3.1.

4.3.4,3 Stablc transfection of cell cultures

Transfections were carried out using TransFast™ (Promega, UK) and
Lipofectamine™/Plus™ transtection reagents (Invitrogen life technologies, UK).
Test cell cultures were transfected with PCIneo/hTERT and PClncoe cmpty

vector as a control,
4.3.4.3.1 TransFast™ rcagent

The TransFast transfection reagent relies on interaction between liposomes and
DNA to facilitate entry of the nueleic acids into mammalian cclls. Liposomes are
lipid bilayers that form colioidal partictes in an aqueous medium. The lipids
contained in TransFast include the synthetic cationic lipid, (+)-N,N {bis (2-
hydroxyethyl)-N-methyl-N-[2,3-di(tetradecanoyloxy)propyl} ammonium iodide,
and the neutral lipid L-diolcoyl phosphatidyethanolamine (DOPE).
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The incubation of cationic lipid containing liposomes and nucleic acids results in
rapid association and compaction of the nucleic acid; this is thought to be caused
by electrostatic interactions between the negatively charged nucleic acid and the
positively charged head group of the synthetic lipid. Thus the negative charge of
the nuclcic acid is shiclded, allowing closcr association with the target cell
membrane, Entry of the liposome into the cell may then occur by either
endocytosis ar fusion with the cell membrane (Gao & Huang 1995). The neuiral
lipid DOPE, which allows the complexes to escape from endosomes and
lysosomes into the cytoplasi, enhances this process (Farhood, Serbina, e¢f al
1995). It is not known how the transfected DNA of DNA/liposome complex

gains entry to the nucleus.
4.3.4.3.2 Transfection protocol using TransFast'™ reagent

Cells were plated at normal concentration (1 x 10°/m1) the day before transfection
and allowed to settle overnight. The TransFast reagent was reconstituted with
400 pl of water on the same day to result in a 1 mM concentration of lipid, The
reagent was then vortexed thoroughly to resuspend the lipid film and stored at -
20°C overnight. The first stage of the transfection process involved optimisation
of the conditions. This involved a trial of different amounts of DNA in the
transfection reaction, and different charge ratios of TransFast reagent to DNA.
This was done in a 24 well plate format, and for each cell line to be transfected,
0.25, 0.5, 0.75 and 1.0 ug of DNA was used with a [:[, 2:| and a 3:1 charge
ratio. Each combination was also tested in complete medium, and medium
without the addition of FCS. The conditions resulting in the most effective

transfection were then adopted for the main study.

Master mixcs adequate for 6 replicates of each DNA concentration and charge
ratio were made up. First the required amount of medium (with or without FCS,
and prewarmed to 37°C} was combined with the requisite amount of DNA and
vottexed. To this was added the amount of TransFast reagent indicated by the
charge ratio. For a 24 well plate fonmat, the total volume of these 3 constituents

was 200 pl per well. The mixture was allowed to incubate for 15 minutes at
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room temperature, then growth medium was carefully aspirated from the test
cells and after a final vortex the TransFast/DNA mixiure was added to the cells,

which were then incubated under normal culture conditions for | hour.

At the end of the incubation period the cells were overlaid with prewarmed
complete medium {1 ml per well in the 24 well plate format). Cells were then
returned fo the incubator and left undisturbed for 48 hours. At the cnd of this
period, selection for transfected cells was achieved by the addition of fresh
medium containing the antibiotic G418 at a concentration previously determined
to sclect strongly for transfected cells. In general, mammalian cells require a
concentration of 400-600 ug/ml of G418 to achieve the selection criteria of
>930% cell death in control cells within 5-7 days (Manufacturer’s transfection
guidelines). As such, control (untransfected) cells from each cell line were
exposed to concentrations of 300, 350, 400, 500 and 600 pg/ml of G418 initially

to determine the concentration of drug required for adequate selection.

Test cells were maintained in scleetive medium for 3-4 weeks with twice-weekly
changes of medium to eliminate dead cells and debris until, if stable
transfectants were achieved, distinct colonies of surviving cells appeared. At this
point surviving cells were harvested and pooled to produce a cell line containing
stable transfectants only. These were maintained in sclective medinm and
otherwise cultured normaily. In addition a parallel transfection with empty

plasmid veetor was carried out, to provide a negative control.

4.3.4.3.3 Lipofectamine™ and Plus™ reagents

Lipofectamine is a different liposome formulation consisting of the polycationic
lipid 2,3-dioleyloxy-N-[2(sperminecarboxamido)ethyl]-N,N-dimethyl-1-
propanaminium trifluorcacetate (DOSPA) and DOPE, [t has the same mode of
action as TransFast™, and it is recommended [or use with the proprietary Plus™
reagent (Invitrogen, UK). The Plus reagent is used for precomplexing with DNA

and has been found to enhance cationic lipid-mediated transfection. Optimisation
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of conditions using Lipofectamine was determined in the same manner as

detailed for the TransFast reagent.
4.3.4.3.4 Transfection using the Lipofectamine/Plus reagents

Cells were plated at normal concentration (1 x10°/mi) the night before the
procedure such that they would be 60-80% confluent at the time of transfection.
Plasmid DNA was precompiexed with the Pius reagent; for each well of a 24
well plate format this involved dilution of 0.4 g of DNA in 25 pl of medium
without serum before the addition of 4 pl of the Plus reagent to the mixture, a
thorough mixing of the components and a !5 minute incubation at room

temperature.

A 1 ul volume of Lipofectamine reagent was then diluted in 25 pl of serum free
medivm in a second tube and mixed before this was added to the lube containing
the precomplexed DNA. After a thorough mixing there then followed another
15-minute incubation at room temperature. During this incubation, the growth
medium covering the test cells was replaced with 0.2 ml of transfection medium
(normal or without FCS) per well. The DNA-Plus/Lipofectamine complexes
were then added to the test wells, mixed gently and incubated under normal
culture conditions for 3 hours. Alter the incubation, transfection medium was
compietely removed and replaced with normal growth medium for each of the
cell types. Cells were then incubated under normal growth conditions for 72
hours, after which growth medium was replaced with selective medium

containing G418 at the previously determined concentration.

Cell lines were maintained under normal growth conditions in the selective
medium and passaged upon reaching 80% confluence. At each passage, cell
pellets were retained for TRF and TRAP analysis, as described previously for
the telomerase inhibition study (Scetion 4.3.3.2) Cell counts at passage were

monitored and used to construct growth curves tor each surviving test cell line.
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4.3.4.4 Confirmation of transfection

Successful transfection of the hTERT gene sequence info test cell lines was
confirmed by RT-PCR (Section 2.2.5). Any possible DNA contamination in the
isolated RNA samples was removed by inclusion of an RNAse-free DNAse 1
digestion step for each sample before RT-PCR {Section 2.2.4.3). First strand
cDNA synthesis was carried out using both random primers and the gene
specific primers detailed below. The use of oligo-dT primers was not appropriate
in this case as the mature hTERT transcript is not polyadenylated. The gene
specific primer sequences were 5-ACTGTTCAGCGTGCTCAACTA-3"
(DNHT001) and 35°-TCATTCAGGGAGGAGCTCTGCT-3" (DNITTO0IR),
corresponding to nucleotide numbers 1980-2000 and 2378-2399 respectively on
the Homo sapiens telomerase reverse transcriptase mRNA sequence, aceession
number NM_003219. The PCR was then carried out at 95°C for 5 minutes
followed by 25 amplification cycles of 94°C for 30 seconds, 55°C for 30
seconds, and 72°C for 30 scconds. The final polymerisation incubation at 72°C
was carried out for 7 minutes, after which the PCR products were held at 4°C
until further analysis. The PCR products were visualised by agarose gel
electrophoresis to confirm they were of the correet size, and then gel purified
before sequencing using the ABI PRISM® 3100 Genetic Analyzer (Section

2.2.6) and confirming the origin of the sequence using the ‘Blast’ search engine
(Scction 2.2.6.1.3).
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4.4 Results

4.4.1 Telomerase activity profile of normal canine and

feline tissues

Telomerase activity was assessed in a panel of tissues (26 canine and 25 feline)
sampled from 5 dogs (CN1-5) and 5 cats (FN1-5) as detailed in Table 3-2. Not
all the fissue types sampled were available from each of the 10 animals, due to
the individual nature ot each necropsy examination. RTA valucs were generated
from absorbance readings of test, control and internal standard wells as detailed
in the Materials and Methods (Section 4.3). A sample was described as
telomerase positive if the value determined by subtraction of background
absorbance (average of the absorbance of the heat inactivated samples, _fiso)
from the absorbance of the sample, Ag resulted in a value greater than twice the
background; ie. Ag - Aso ! Asp > 2.0. To reduce the likelihood of falsc
negatives due to this highly stringent standard, samples with Ag - ,Kgu / 7\5-,{, >1-
2 were said to contain low, or borderline telomerase activity. These samples
contained telomerase activity that was between two and three times greater than
the background. Background readings of less than 0.1 were acceptable, any
higher reading indicated inadequate heat inactivation and resulted in repetition of
the experiment, All experiments utilised the high activity positive telomerase
control, and {Aqsg-A 1sx.0)Arsgs values after 10 minutes of colour development

were between 2.0 and 4.0.

RTA values determined for the canine tissue samples from subjects CNI, CN2,
CN3, CN4 and CN5 are shown in Tables 4-2 to 4-6. In all thc subjccts where
kidney tissue samples were available for analysis, these were negative for
telomerase activity. Similarly, no activity could be detected in liver, cardiac
muscle, lung or skeletal muscle samples isolated from several dogs. Small
intestinal tissue samples were available for analysis in 4 subjects and low levels
of telomerase activity could be detected in 2 cases {CN2 and CN3). Similarly,

low levels of activity were identified in a stomach sample from CN1, however a
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stomach sample from CNS was negative for telomerase activity. One ovarian
sample was available for anslysis (CN1), however this sample was negative. A
single testis sample was also analysed (CNS), and this sample showed the

presence of low levels of activity.

RTA wvalues determined for the feline tissue samples from subjects FN1, FN2,
FN3, FN4 and FNS are shown in Tables 4-7 to 4-11. Of the feline samples
examined, telomerase activity was not detected in the following tissue samples
from several subjects; brain, cardiac muscle, liver, skeletal muscle, lung and
sinall intestine. Telomerasc activity was also abscnt from the single feline kidney
specimen (FNS). The one samgle that was telomerase positive out of the 25

examined was a testis sample taken from subject FN5.

The telomerase positive and low tefomerase activity results for both dogs and

cats were all confirmed by repeat TRAP analysis.

4.4.2 Telomerase activity profile of canine and feline

tumour samples

Telomerase activity was assessed in a panei of {5 canine and 4 feline tumours
utilising the same criteria as describad above for normal tissues, including the
use of the high activity positive control for all experiments. Canine tumours
sampled included fibrosarcoma (# = 3), mammary carcinoma (#» = 10), and
squamous ccll carcinoma (1 = 2). Feline umowr samples included mammary
carcinoma (xn = 1), and squamous cell carcinoma (7 = 3). All tumour samples
were identificd by histopathology carried out at the Pathology department at
GUVS. All tamour samples were either harvested during surgical biopsy and
immediately flash frozen in LNO;, or in the casc of tumours harvested post-

moricm, the necropsy was carricd out the same day as euthanasia.
High levels of telomerase activity were detected in 4 of 4 (100%) feline tumour

samples, and in 15 of 17 (88%) canine tumour samples. The remaining two

canine tumour samples contained low levels of telomerasc activity, which was

178



confirmed by repeat TRAP analysis. The TRAP resulis for the canine and feline

tumour samples are shown in Tables 4-12 and 4-13 respectively.
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Table 4-2. TRAP analysis of necropsy specimens from canine CN1. Ajs is the
absorbance of the sample, Ag, the absorbance of the heat inactivated version of
the sample, AAs was determincd by subtraction of the mean of the heat
inactivated samples ( Agp OF background) from Ag, AAg/ Ago is the ratio of
sample to background activity, and RTA the relative telomerase activity.
Samples were considered telomerase positive if the difference in absorbance
(AAs) was greater than twice the background activity (AAg / Aso > 2.0).
Samples contained low telomerase activity if AAg/ Aso was between 1 and 2.
Using these criteria samples were designated positive (POS), low activity
{(LOW) or negative (NEG) for telomerase activity. The CN1 assay pave a
background absorbance of 0.044, and a {(Atss-A 138,00/ Arss s value of 2.52 after

10 minutes of colour development using the high activity positive control.

CN1 As Aso AAs AAs  RTA Result
Kso

Kidney  0.042 0.05 0 0 0 NEG

Liver 0.054 0.046 0.01 0.23 4 NEG

Ovary 0.076 0.043 0.032 0.73 3 NEG

Skeletal ~ 0.041 0.042 0 0 0 NEG

muscle

Smaall 0.041 0.036 0 0 6 NEG

intestine

Stomach  0.090 0.046 0.044 1.05 3 LOW
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Table 4-3. TRAP analysis of necropsy specimens from canine CN2. Ag is the
absorbance of the sample, Agp the absorbance of the heat inactivated version of
cach sample, AAg was determined by subtraction of the mean of the heat
inactivated samples ( ng or background) from Ag, AAg/ Agg is the ratio of
sample to background activity, and RTA the relative telomerase activity.
Sampies were considered telomerase positive if the difference in absorbance
(AAs) was greater than twice the background activity (AAs / Agp = 2.0).
Samples contained low telomerase activity if AAg/ Asg wus between 1 and 2.
Using these criteria samples were designated positive (POS), low activity
(LOW) or negative (NEG) for telomerase activity. The CN2 assay gave a
background absorbance of 0,046, and a (Arsg-A 1ss.0)/Arsss value of 2.14 afler

L0 minutes of colour development using the high activity positive control.

CN2 As Aso AAs AAg RTA Result
_ASO

Cardiac 0.042 0.045 0 0 0 NEG

muscle

Kidncy 0.041 0.046 0 0 0 NEG

Liver 0.041 0.045 0 0 0 NEG

Small 0.101 0.048 0.055 1.20 3 LOW

intestine
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Table 4-4, TRAP analysis of necropsy specimens from canine CN3. Ag is the
absorbance of the sample, Agy the absorbance of the heat inactivated version of
each sample, AAs was determined by subiraction of the mean of the heat
inactivated samples ( Ago OF background) from As, AAg / Aso is the ratio of
sample to background activity, and RTA the relative telomerase activity.
Samples were considered telomerase positive if the difference in absorbance
(AAg) was greater than twice the background activity (AAg / Ag = 2.0).
Samples confained low telomerase activity if AAg / Agg was between 1 and 2.
Using these criteria samples were designated positive (POS), low activity
(LOW) or negative (NEG) for telomerase activity. The CN3 assay gave a
background absorbance of 0.052, and a (Arsz-A 1s8,0)/ATss, ;s value of 3.58 after

10 minutes of colour development using the high activity positive conttol.

CN3 As Asp AAg AAs RTA Result
Asg

Cardiac 0.032 0.037 0 0 0 NEG

muscle

Kidney 0.063 0.073 0.011 0.2 0 NEG

Liver 0.034 0.037 0 0 0 NEG

Lung 0.091 0.042 0.039 0.75 5 NEG

Skeletal  0.033 0.037 0 0 0 NEG

muscle

Small 0.388 0.086 0.336 6.5 172 LPOS

intestine

182



Table 4-5. TRAP analysis of necropsy specimens from canine CN4. Ag is the
absorbance of the sample, Asg the absorbance of the heat inactivated version of
cach sample, AAg was determined by subtraction of the mean of the heat
inactivated samples { Agp or background) from Ag, AAg/ Agp is the ratio of
sample to background activity, and RTA the relative telomerase activity.
Samples were considered telomerase positive if the difference in absorbance
(AAg) was greater than twice the background activity (AAg / Ago = 2.0).
Samples contained low telomerase activily if AAg/ Esu was between 1 and 2.
Using these criteria samples were designated positive (POS), low activity
{T.LOW) or negative (NEG) for telomerase activity. The CN3 assay gave a
background absorbance of 0.055, and a (Atss-A Tsz.0)/Arsss value of 2.35 after

10 minutes of colour development using the high activity positive control.

CN4 As Asg AAsg AAg RTA Result
Aso

Cardiac  0.071 0.067 0.016 0.3 <1 NEG

muscle

Kidney 0.061 0.070 0.006 0.1 Q NEG

Liver 0.058 0.038 0.003 0.1 3 NEG

Lung 0.086 0.063 0.031 0.6 3 NEG

Skeletal  0.072 0.060 0.017 0.3 7 NEG

muscle

Small 0.072 0.031 0.017 0.3 3 NEG

intestine
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Table 4-6. TRAP analysis of necropsy specimens from canine CNS. Ag is the
absorbance of the samplc, Ay, the absorbance of the heat inactivated version of
each sample, AAg was determined by subtraction of the mean of the heat
inactivated samples ( Asp or background) from Ay, AAg/ Asp is the ratio of
sample to background activity, and RTA the relative telomerase activity.
Samplcs were considered telomerase positive if the difference in absorbance
(AAs) was greater than twice the background activity (AAg / Agg = 2.0).
Samples contained fow tclomerase activity if AAg/ Asgo was between 1 and 2.
Using these criteria samples were designated positive (POS), low activity
(LOW) or negative (NEG) for telomerase activity. The CN5 assay gave a
background absorbance of 0.062, and a {Arss-A Ts8,0)/Atss,s value of 3.00 after

0 minutcs of colour development using the high activity positive control.

CNS Ag Ago AAg AAg RTA Result
Asq

Liver 0.070 0.069 0.008 0.1 <l NEG

Skeletal  0.059 0.068 0 0 0 NEG

muscle

Stomach  0.062 0.052 0 0 0 NEG

Testis 0.152 0.059 0.09 LS <1 LOW
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Table 4-7. TRAP analysis of necropsy specimens from feline FNL. Ag is the
absorbance of the saimple, Asy the absorbance of the heat inactivated version of
cach sample, AAs was determined by subtraction of the mean of the heat
mactivated samples ( Asg or background) from As, AAg/ Ay is the ratio ol
sample to background activity, and RTA the relative tclomerase activity.
Samples were considered telomerase positive if the difference in absorbance
{AAg) was greater than twice the background activity (AAg / Aso = 2.0).
Samples contained fow telomerase activity if AAg/ Agg was between 1 and 2.
Using these criteria samples were designated positive (POS), low activity
(LOW) or negative (NEG) for telomerasc activily. The FN! assay gave a
background absorbance of 0.063, and a (A ss~A 1830)/ATss s value of 3.00 afler

10 minutes of colour development using the high activity positive control.

FN1 Asg Aso AAs AAs  RTA Result
Aso

Brain 0.069 0.070 0 0 0 NEG
Cardiac 0.063 0.053 0.01 0.2 2 NEG
muscle

Liver 0.072 0.067 0.005 0.4 <1 NEG
Skeletal ~ 0.103 0.059 0.04 0.6 8 NEG
muscle

Lung 0.119 0.063 0.056 0.9 22 NEG




Table 4-8. TRAP analysis of nccropsy specimens from feline FN2. Ag is the
absorbance of the sample, Agp the absorbance of the heat inactivated version of
each sample, AAg was determined by subtraction of the mean ol the heat
inactivated samples { 1_-\50 or background) from As, AAs/ ./iso is the ratio of
sample to background activity, and RTA the relative telomerase activity.
Samples were considered telomerase positive if the difference in absorbance
(AAg) was greater than twice the background activity (AAs / Agp = 2.0).
Samples contained low telomerase activity if AAg/ Ago was between 1 and 2.
Using thesce criteria samples were designated positive (PQOS), low activity
(LOW) or negative (NEG) for telomerase activity. The FN2 assay gave a
background absorbance of 0.063, and a (Arsg-A 1s8,0)/ATss,s value of 3.00 after

10 minutes of colour development using the high activity positive control.

FN2 As Asg AAg AAs RTA Result
Aso

Brain 0.071 0.067 0.004 0.1 <l NEG

Cardiac ~ 0.063 0.072 0 0 0 NEG

muscle

Liver 0.056 0.041 0.015 0.24 3 NEG

Lung 0.066 0.061 0.005 0.1 1 NEG
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Table 4-9. TRAP analysis of necropsy specimens trom feline FN3. Ay is the
absorbance of the sample, Asy the absorbance of the heat inactivated version of
each sample, AAg was determined by subtraction of the mean of the heat
inactivated samples { Ago or background) from As, AAs/ Aso is the ratio of
sample to background activity, and RTA the relative telomerase activity.
Samples were considered telomerase positive if the difference in absorbance
(AAg) was greater than twice the background activity (AAs /' Ase = 2.0).
Samplcs contained low telomerase activity if AAg/ Ago was between 1 and 2.
Using these criteria samples were designated posidve (POS), low activity
(LOW) or negalive (NEG) for telomerase activity. The FN3 assay gave a
background absorbance of 0.038, und a (Arss-A rss8,0)/Arss,s value of 2.27 after

10 minutes of colour development using the high activity positive control.

FN3 Ag Aso AAg AAg RTA Result
Aso

[ung 0.037 0.046 0 0 0 NEG

Cardiac 0.033 0.032 0 0 { NEG

muscle

Brain 0.043 0.032 0.005 0.13 <] NEG

Liver 0.039 0.035 0.001 0.03 5 NEG

Skeletal  0.037 0.033 0 0 5 NEG

muscle

Stall 0.052 0.052 0.014 0.37 0 NEG

intestine

- eai dnin
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Table 4-10. TRAP analysis of necropsy specimens from feline FN4. Ag is the
absorbance of the sample, Ago the absorbance of the heat inactivated version of
each sample, AAs was determined by subtraction of the mean of the hcat
inactivated samples { Aso OF background) from Ag, AAg / Agy is the ratio of
sample to background activity, and RTA the relative telomerasc activity.
Samples were considered telomerase positive if the difference in absorbance
(AAg) was greater than twice the background activity (AAgs / Ago > 2.0).
Samples contained low telomerase activity if Ads/ Asy was between | and 2.
Using these criteria samples were designated positive (POS), low activity
(LOW) or negative (NEG) for tclomerase activity. The FN4 assay gave a
background absorbance of (1030, and a (Arss-A 1s30)/ATtss,is value of 3.97 after

10 minutes of colour development using the high activity positive control.

FNG As Aso Ahs AAs RTA  Result
7\30

Liver 0.025 0.035 0 0 0 NEG

Skeletal  0.040 0.035 0.005 0.17 <] NEG

muscle

Small 0.027 0.021 0.006 0.2 <] NEG

intestine
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Table 4-11. TRAP analysis of necropsy specimens from feline INS. Ag is the
absorbance of the sample, Asgp the absorbance of the heat inactivated version of
each sample, AAs was determined by subtraction of the mean of the heat
inactivated samples ( Agp of background) tfrom As, AAg/ Aso is the tatio of
sample to background activity, and RTA the relative telomerase activity.
Samples were considered telomerase positive if the difference in absorbance
(AAs) was greater than twice the background activity (AAs / Ase = 2.0).
Samples contained low telomerase activity if AAg/ Agp was between 1 and 2.
Using these criteria samples were designated positive (POS), low activity
{(LOW)} or negative (NEG) for tclomerase activity. The FN5 assay gave a
background absorbance of 0.043, and a (Arss-A 3,0/ Arss,is value of 2.69 after

10 minutes of colour development using the high activity positive control.

FN5 As Asp AAsg AAg RTA Resuit
Aso

Brain 0.048 0.043 0.005 0.12 <1 NEG

Kidney 0.041 (0.042 0 0 0 NEG

Liver 0.041 0.040 0 0 0 NEG

Lung 0.044 0.044 0.001 0.02 0 NEG

Small 0.047 0.041 0.004 0.09 <] NEG

intestine

Skeletal  0.037 0.047 0 0 0 NEG

muscle

Testis 0.171 0.047 0.128 2.98 7 POS
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Table 4-12. TRAP analysis of canine tumour samples. Ag is the absorbance of
the sample, Aso the absorbance of the heat inactivated version of cach sample,
AAg was determined by subtraction of the mean of the heal inactivated samples
( z—t\.sg or background) from As, AAg/ Eso is the ratio of sample to background
activity, and RTA the relativc tclomerasc activity. Samples were considered
telomerase positive if the difference in absorbance {AAg) is greater than twice
the background activity (AAs/ Asp> 2.0). Samples contained low telomerase
activity if AAg/ Agp was between 1 and 2. Using these criteria samples were
designated positive (POS), low activity (LOW) or negative (NEG) for
telomerase activity, The canine tumour assay gave a background absorbance of
0.071, and a {(Arsg-A T1sg0)/Arssis value of 2.10 after 10 minutes of colour
development using the high activity positive control. Low telomerasc activity

results were confirmed by repeat analysis.

Tumour Ag Ay Alg AAs RTA Result
Aso

Mammary carcinoma 0.335  0.07 0.264 372 11 POS
Mammary carcinoma 0.155  0.07 0.084 118 6 LOW
Mammary carcinoma 0.277  0.065 0.206 29 8 POS
Mammary carcinoma 0.301  0.07 0.23 324 14 POS
Mammary carcinoma 0272 0.07 0.201 283 10 POS
Mammary carcinoma 0.256 0075 0.185 2.61 7 POS
Manimary carcinoma 0.284  0.073 0.213 30 9 POS
Mamunary carcinoma 0.15 0.064 0.079 .11 3 LOW
Mammary carcinoma 0.709 0.074  0.63%8 8.99 29 POS
Mammary carcinoma 0.363 0.072 0292 411 13 POS
Fibrosarcoma 0.835 0.067 0.764 10.8 54 POS
Fibrosarcoma 0322 0.074 0.251] 354 14 POS
Fibrosarcoma 0.646 0.073 0575 810 36 POS

Squamous cell carcinoma  0.24 0.074 0.169 2.38 8 POS
Squamous cell caccinoma  1.428  0.072  1.357 19.1 8l POS
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Table 4-13. TRAP analysis of feline fumour samples. Ag is the absorbance of
the samplc, Ay the absorbance of the heat inactivated version of each sample,
AAs was determined by subtraction of the mean of the heat inactivated samples
( Agg or backpround) from Ag, AAg/ Agp is the ratio of sample to background
activity, and RTA the relative telomerase activity. Samples were considered
telomcerasc positive if the difference in absorbance (AAsg) is greater than (wice
the background activity (AAs/ Agy > 2.0). Samples contained low telomerasc
activity if AAg/ Ago was between | and 2. Using these criteria samples were
designated positive (POS), low activity (LOW) or negative (NEG) for
telomerase activity. The feline tumour assay gave a background absorbance of
0.04, and a (Arsg-A T1ss0)/Atsgs value of 3.90 after 10 minutes of colour

development using the high activity positive control.

Tumour Ag Aso AAsg AAg RTA Result
Agp
Mammary carcinoma 0510 0.037 047 11.8 13 POS

Squamous cell carcinoma  0.232  0.040 0.192 48 4 POS
Squamous cell carcinoma  0.481  0.043  0.441 1.0 10 POS
Squamous cell carcinoma 0477  0.039 0437 109 11 POS
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4.4.3 Telomerase activity in immortalised cell lines

Telomerase activity was assessed in the canine immortalised cell lines CMLI10,
MDCX, D17, A72, GHK, CMT3, CMT7 and CMTS, and in a number of
immortalised cell lines of human origin (GM847, 293T and 3132T), which were
included for comparison of fclomerase activity levels. The canine primary
fibroblast culture SFA was included as a negative control. Details of the entire
panel of cell lines used are provided in Scction 2.2.1.2, and the results of the
TRAP assay are shown in Table 4-14. Telomerase activity was confirmed in all
of the canine immortalised cell lines tested, with RTA valucs ranging from 3 in
the A72 cells to 38 in the CMT3 cells. The human cell lines 293T and 3132T
were also positive for activity, and with RTA values of 12 and 47 respeclively,
the human ccll lings displayed a similar level of telomerase activity to their
canine counterparts. No activity was detected in the human ALT competent cell
line GM847 or the primary fibroblast culture, which were confirmed to be
telomerase negative by repeat analysis. A representative autoradiograph showing
TRAP PCR products form three immortalised canine cell lines is shown in
Figure 4-2.

4.4.4 Effect of the RTT AZT-TP on telomerase activity in

canine telomerase positive cells

Canine MDCK and CMT7 cells identified as positive for telomerase activity
(Section 4.4.3) were used to test the teloinerase inhibitory effects of AZT-TP.
The initial step in this investigation was to assess the highest concentration of
AZT-TP to which the test cell lines could be exposed without inducing an acute
cytotoxic effect. To this end, cells were cxposed to two-fold dilutions of AZT-
TP in a 96 well plate format, whilst control cell cultures were maintained in drug
free medium, The initial screening ran for 7 days. Concentrations of 120 UM and
above resulted in death of both the cell lines. An AZT-TP concentration of 60
UM and below allowed survival of test cells, and the experiment was then

repeated in a T25 flask format with cells seeded at 1 x10° cells/ml.
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Tablc 4-14. TRAY analysis of immortalised cell lines. Ag is the absorbunce of

the sample, Agp the absorbance of the heat inactivated version of each sample,

AAs was determined by subtraction of the mean of the heat inactivated samples

( Ago or background) from Ag, AAg/ Ago is the ratio of sample to background

activity, and RTA the relative telomerase aclivily. Samples were considered

telomerase positive if the difference in absorbance (AAg) was greater than twice

the background activity (AAg / Aso 2 2.0) On these crileria samples were

designated positive (POS) or negative (NEG) for telomerase activity. The cell

line assay gave a background absorbance of 0.060, and a {Arss-A 1s3.0)/ATss,is

value of 2.78 after 10 minutes of colour development using the high activity

positive control.

Cell line  Ag Agp AAg ‘ AAs RTA Result
—ASU
AT2 0.287 0.062 0.225 3.75 3 POS
CMLIO  0.544 0.055 0.489 8.15 10 ros
CMT3 1.194 0.060 1.134 18.9 38 POS
CMT7 0.492 0.072 0.42 7 9 POS
CMTS 0.862 0.071 0.791 13.2 11 POS
D17 0.382 0.058 0.324 5.4 7 POS
GHK 0.605 0.057 0.548 9.1 11 POS
GM847  0.072 0.062 0.01 0.2 <1 NEG
MDCK 0.182 0.052 0.13 2.2 4 POS
SFA 0.064 0.066 0 0 0 NEG
293T 3.45 0.061 3.389 56.5 47 POS
3132T 1.190 0.060 1.13 18.8 12 POS
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Figure 4-3. Autoradiograph image of a representative PAGE of TRAP assay
PCR products. LB indicates the lysis buffer only negative control, lanes 1 and 2
are the CML10 cell line, lanes 3 and 4 are from the CMT?7 cell line, and lanes 5
and 6 from the CMT3 cell line. The 216 bp internal standard is indicated. The

banding pattern is caused by the presence of TTAGGG repeat sequences of

varying length, produced by active telomerase in the samples.




This repetition was carried out to facilitate harvesting and counting of cells.
Cells were passaged upon reaching approximately 80% confluence, and the
doubling time for each test and control flask noted. A concentration of 60 M of
AZT-TP caused an increase in doubling time and in the number of dead cells in
the culture, as shown in Table 4-15, compared with the control cell lines for both
MDCK and CMT7 cells. A 30 uM concentration of AZT-TP did not result in
any acute cytotoxic effect to either ceil line. This concentration was

subsequentiy used for the main study with both celi lines,

4.4.4.1 Effects of AZT-TP on cell growth parameters

In the main study, test cells were grown in T75 flasks and exposed to 30 pM of
AZLE-TE throughout the course ol the experiment. Conirol cells were also
maintained in T75 flasks in parallel with the test cultures and passage of each
cuiture was carried out as normal. Cell counts and population doubling times for
each of the cell lines were recorded at passage and are shown in Tables 4-16 and
4-17. Thesc data were used to generate growth curves for comparison beiween
control and test cell lines, as shown in Figurcs 4-3 and 4-4. Control CMT7 cclls
reached 36.2 population doublings over the time coutse of the experiment (70
days), whilst at 32.5 population doublings the AZT-TP treated CMT7 cells
achieved only 3.7 fewer divisions, The more rapidly replicating MDCK control
and test cells achieved 52.0 and 45.3 population doublings respectively, a
difference of 6.7 population doublings over the 70 days of the experiment. No
significant ditference in the growth rates between control cells and cells cultured
in the presence of AZT were discernible in either the MDCK cells or the CMT7

cells.

4.4.4.2 Effects of AZT-TP on telomerase activity

Telomerase activily was monitored in the conirol and AZT-TP {reated versions
of each c¢ell line al a number of time points during the course of the experiment.
These data were used to generate an RTA value for ecach cell type to allow a

comparison between the telomerase activity of the contro! and treated cells, as
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shown in Tables 4-18 and 4-19. Figure 4-5 illustrates that AZ1-TP exposure did
not result in a sustained, demonstrable reduction in telomerase activity in the
CMT?7 cell line. The equivalent analysis for the MDCK cell line is also shown in
Figure 4-5 and established that whilst the AZT-TP treated cells had a generally
lower RTA value than the control cells suggestive ol u telomerase inhibitory
effect, they retained demonstrable telomerase activity. Telomerase activity was
found to be lower in the control MDCXK cell line than the control CMT?7 cell {ine,
and whilst all the AZT-TP treated CMT7 cell pellets assayed for tclomerase
activity remain telomerase positive (AAg/ Agg > 2.0), passage 32, 44 and 49 of
the treated MDCK cell line had AAg/ 7\50 values of between 1 and 2, and are

therefore classitied as containing iow telomerase activity.

4.4.4.3 Lffects of AZT on telomere lengths

Telomere length was also monitored in the cell lines using 2 x10° cell pellets
refained at passage. The analysis was carried out as described previously
{Section 3.3.3) using standard agarose gel electrophoresis, and was undertaken
to determine if exposure to the RTI translated into any reduction in telomere
length in the test cells. Mcan TRF length was found to be 5.2 kb and 5.1 kb in
the control MDCK cells at the first and last passages used in the experiment
{passage 30 and passape 48). The AZT-TP ireated cells had u mean TRF value
of 5.0 kb at passage 30, and 4.9 kb at passage 48. A similar result was obtained
for the CMT7 cells. In these cells, both the control and AZT-TP treated cells
were found to contain mean TRFs of 4.2 and 4.3 kb at the beginning and end of
the cxperiment respectively (passage 49 to 67). Hence, no discernible change in
telomere lengths could be detected in cells cultured in the AZT-TP. The TRF

smears generated from the AZT-TP treated cells are shown in Figure 4-6.
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Table 4-15, Investigation of acute cytofoxic effect of AZT-TP on CMT7 and
MDCK cells. T, is the average doubling time in hours for cell lings maintained
in 0, 30, and 60 pM AZT-TP counted at day 3 and 7 of the experiment; these
values are followed by the average percentage of cells found to be dead during

cell counting as defined by uptake of (rypan blue stain (Seclion 2,2.1.1.1).

Cellline T.0 % dead T. 30 % dead T. 60 % dead
CMT7 40.9 <5 35.8 <5 594 14
MDCK 194 <5 19.3 <5 29.3 9
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Table 4-16. Proliferation of CMT7 control and AZT-TP treated CMT7 celis.
All cell counts are x10°, T, indicates the doubling time of the cell populations in
hours since the previous time point, and PD indicates the cumulative population
doublings undergone by the contrel and AZT-TP treated cells during the course

of the experiment.

Time Cell Cell T, T, PD PD
point count count {control) (treated) (control) (treated)
(control)  (treated)

1 3.6 3.0 25.7 30.2 [.9 1.6
2 2.6 3.6 52.1 38.8 3.3 3.5
3 3.2 2.0 42.8 71.8 5 4.5
4 3.0 2.8 60.4 64.4 6.6 6.0
5 3.6 2.0 38.8 71.8 8.5 7.0
6 3.2 3.4 57.0 54.2 10.2 8.8
7 2.7 2.4 50.1 56.8 11.6 10.1
8 6.2 4.6 45.4 543 14.2 12.3
9 32 3.6 28.5 259 15.9 14.2
10 34 2.6 81.3 104.1 17.7 15.6
11 2.0 2.0 95.7 95.7 18.7 16.6
12 5.6 5.4 19.2 19.7 21.2 19.0
13 42 3.4 34.7 40.6 23.3 20.8
14 7.0 6.6 42.6 43.9 26.1 235
15 6.0 5.4 64.8 68.8 28.7 259
16 1.6 1.6 105.8 105.8 29.4 26.6
17 6.6 6.6 35.1 351 32.1 29.3
18 3.4 3.2 40.6 42.8 33.9 31.0
19 4.8 2.8 31.7 48.3 36.2 3235
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Table 4-17. Proliferation of MIDCK control and AZT-TP treated MDCK
cells, All cell counts are x10°, T, indicates the doubling time of the cell
populations in hours since the previous time point, and PD indicates the
cumulative population doublings undergone by the control and AZT-TP treated

cells during the course of the experiment.

Time Cell Cell T, T PD PD

point count count {control)  (treated) (control) (treated)

(control)  {treated)

13 6.3 4.0 18.0 23.9 2.7 2.0

2 52 2.9 30.2 46.7 5.1 3.5

3 53 33 29.8 41.7 7.5 5.2

4 6.3 4.3 36.0 45.5 10.2 7.3

3 4.6 29 32.0 46.7 12.4 8.8

6 17 4.4 325 313 15.4 11.9
7 6.5 4.3 26.6 34.1 18.1 14.0
8 7.9 8.3 40.1 39.2 21.1 17.1
9 2.8 3.8 32.2 248 22.6 19.0
10 7.6 6.7 49.0 52.3 25.5 21.8
11 7.2 5.2 33.6 40.2 28.4 24.2
12 8.2 6.2 15.8 18.2 314 26.8
13 6.5 5.6 26.6 28.9 34.1 293
14 10.2 8.1 35.7 39.6 37.5 323
15 11.3 8.1 47.9 55.5 41.0 353
16 4.6 2.8 32.6 48.3 43.2 36.8
17 1.7 7.5 325 32.9 46.1 39.7
18 5.3 54 29.8 29.5 48.5 42.1
19 11.0 9.0 20.7 22.6 52.0 45.3
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Figure 4-4. Growth rates of control CMT?7 cells and CMT7 cells exposed to
30 uM AZT-TP. Population doubling of the control cells are represented by

blue squares, whilst green squares represent test cells. No significant difference

existed between the growth rates of the two cultures.
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Figure 4-5. Growth rates of control MDCK cells and MDCK cells exposed
to 30 uM AZT-TP. Population doubling of the control cells are represented by
blue squares, whilst green squares represent the AZT-TP treated test cells. No

significant difference in growth rate existed between the two cultures.
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Table 4-18. Relative telomerasc activity of AZT-TP treated and control
CMT7 eells. Ag represents the absorbance of the sample, Aso the absorbance of
the heat inactivated control of the sample, Ag s the absorbance of the internal
standard of the sample and RTA the relative telomerase activity, (Tx) and (Cx)
denote AZT-TP treated and control cells, respectively. The assay gave a
background absorbance of 0.069, and a (Arss-A 18,0/ Ayss,s value of 2,11 after

10 minutes of colour development using the high activity positive control.

l’assage As As Aso Ago AS,IS AS,IS RTA RTA
(Tx) {Cx) (Tx) (Cx) (Tx) (Cx) (Tx) (Cx)

49 0.706 1563 0064 0.056 0568 1279 54 36
53 0.635 1.137 0.066 0.066 1.487 1394 18 36
57 1272 1.050 0.072  0.056 1.296 1384 44 34
60 1.206  0.660 0075 0.095 139 0955 38 28
63 0.667 0.638 0.062 0.096 1569 0940 18 27

67 0.633 0457 009 0.088 1.195 1492 21 12
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Table 4-19. Relative telomerase activity of AZT-TP treated and control
MDCK cells. As represents the absorbance of the sample, Agg the absorbance of
the heat inactivated control of the sample, Ag,s the absorbance of the mternal
standard of the sample and RTA the relative telomerase activity. (Tx) and (Cx)
denate AZT-TP ireated and control cells, respectively. The assay gave a
background absorbance of 0.075, and a (A-sg~A Tss,0)/Arss,s value of 2.05 after

10 minutes of colour development using the high activity positive control.

Passage Asg Ag Ass  Aso  Ass Ass RTA RTA
(Tx) (€&x) (Tx) ) (Tx)  Cx)y  (Tx} (€x)
30 0342 0.154 0074 0066 2278 2.728 6 2
32 0.163  0.699 0.074 0.080 1476 2.134 3 14
37 0279 0346 0.068 0.077 2.658 2.166 4 5
39 0305 0834 0076 0070 1577 1401 7 27
41 0304 0330  0.073 0079 1973 1786 6 7
44 0.158  0.659 0.078 0079 2503 1534 2 1]
3 5

49 0.192 0244 0.075 0079 2229 1.624
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Figure 4-6. Effect of AZT-TP on the RTA of CMT7 and MDCK cells.
Control cells are represented by blue squares, whilst green squares denote AZT-
TP treated cells. Comparison of RTA values established that AZT-TP is
ineffective at reducing telomerase activity in vitro in the CMT7 cell line. Whilst
RTA values of AZT-TP treated MDCK cells are generally lower than the

matched control samples the test cells retain active telomerase.
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Figure 4-7. TRF analysis of first and last passage AZT-TP treated CMT7
and MDCK cells. Lanes 2 and 3 show passage 30 and passage 48 respectively
of the MDCK cell line, corresponding to mean TRFs of 5.0 and 4.9 kb. Lanes 4
and 5 show passages 49 and 67 of the CMT?7 cell line, corresponding to TRFs of
4.2 and 4.3 kb respectively. Lane 1 contains the DNA molecular weight marker

IT (Roche).
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4.4.5 Ectopic expression of hTERT in primary canine,

feline and equine fibroblasts

4.4.5.1 Generation of a PCIneo/hTERT expression vector

Prior to embarking on the experiments aimed at reconstituting tefomerase
activity in canine, feline and equine primary tibroblasts, the hTERT DNA was
cloned into the PClneo mammalian expression vector. PCIneo vector DNA was
linearised by EcoR 1 and Sall restriction digestion, as described in Section
4.3.4.2, and visualised following agarose gel electrophoresis. This generated a
fragment of the expected size of approximately 5.6 kb that was then quantified
by agarose gel electrophoresis using the Low DNA Mass Ladder (GibcoBRL)
following gel purification, as shown in Figure 4-7. Purified hTERT clone was
isolated from the pBABE-puro vector and quantified in the same ianner and the
expected size product of approximately 3.5 kb identified as shown in Figure 4-7.
Vector and hTERT DNA were found to be at a concentration of 25 and 10 ng/p!

respectively.

Following ligation and transformation, plasmid DNA was isolated from 12
overnight bacterial cultures and the presence of hTERT insert confirmed by
EcoR 1 and S/l digestion, Eleven of the 12 plasmids were confirmed to contain
the hTERT insert as shown in Figure 4-8. The use of two different restriction

enzymes ensured the correct oricntation ol the insert.

Following large sale purification of endotoxin free plasmid DNA {Section
2.23.21), the DNA quantity and quality was confirmed by UV
spectrophotometry. This process was also carried out using PCIneo empty vector
to provide sufficient empty vector to act as an experimental control. Plasmid
DNA concentration was determined to be 0.12 and 0.14 pg/ul for the empty
vector and PCIneo/hTERT construct respectively. Apgo/Agzsy valucs for the
suspensions were 1.71 and 1.79 respectively, indicating the plasmid DNA was of

u sufficiently high quality to be used for transfection,
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Figure 4-8. Quantification of PCIneo vector and hTERT insert. A 2 pl
volume of the vector and insert were quantified by comparison with DNA
fragments contained in the low DNA Mass™ Ladder (GibcoBRL). The ladder
contained an equimolar mix of 6 blunt ended DNA fragments of 2000, 1200,
800, 400, 200 and 100 bp. Electrophoresis of a 2 ul volume of this ladder
resulted in bands containing 100, 60, 40, 20, 10 and 5 ng of DNA respectively.
Samples of unknown concentration were then subjectively quantified by
comparing the intensity of the sample bands with the intensities of the bands in
the ladder. By this method, the hTERT and vector samples shown were
estimated to contain 10 and 25 ng/pul of DNA respectively. The 1 kb plus ladder

illustrated that each fragment was of the correct size; 3.5 kb for hTERT and 5.6

kb for PCIneo vector.
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Figure 4-9. Confirmation of ligation of hTERT with PCIneo vector. Plasmid
DNA isolated from 12 transformed bacterial colonies was digested with EcoR 1
and Sal 1 for 2 hours at 37 °C to cut insert DNA from the PClneo plasmid
backbone. Digestion products were then separated by gel electrophoresis to
confirm that a correctly sized insert (3.5 kb) was present in the plasmid samples.
This process confirmed the presence of hTERT insert in all samples except

number 4.
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4.4.5.2 Transtection of PClneco-hTERT into cells using the

Transfast” reagent

Scveral cell cultures were used to generate stable hTERT expressing cells. These
included the canine primary fibroblasts (SFA, AGOR8157), feline primary
fibroblasts (522, CCL-176), equine primary fibroblasts (EQ1) and the human
ALT cell line (GM847). Further information on these cultures is provided in
Section 2,2.1.2. The cells were initially exposed to varying concentrations of
G418 antibiotic to determine the concentration required to produce selection for
transfected cells. This was carried out in a 24 well plate format. Untransfected
SFA, AGO08157, S22, CCL-176, GM&47 and EQ1 cells were seeded at 1 x10°
cells/ml and after settling overnight were exposed to concentrations of 300, 350,
400, 500 and 600 ng/ml of G418. Control cells were maintained in paralle! in
drug free medium. In all cases, by day 7, a concentration ot 400 pg/ml or above
of G418 had resulted in the death of >90% of the cells, and this concentration

was adopled for all subsequent cxperiments.

Each cell line was transfected using a wide variety of conditions to offer the
greatest chance of success. In a 24 well plate format, each cell line was
transfected with 0.25, 0.5, 0.75, and 1.0 pg of plasmid DNA using a 1:1, a 2:1
and a 3:1 charge ratio in serum frec and complete growth medium as described
in Section 4.3.4.3.2. After the application of selective medium containing 400
pg/ml of G418, three weeks were allowed for the development of distinct islands
of surviving cells to form, representing clonal cxpansion of successfully stably
transfected cells. Sclective medium was replaced every 3 days during this period

to facilitate removal of dead cells and debris.

The GM847 (human ALT), SFA (canine) and EQ1 {equine) cell lines all
developed islands of surviving cells within this timeframe, providing evidence
for the generation of stable transfectants, The cells surviving in selective media
were trypsinised and pooled to form new cell lines. Each of these three cell lines
produced successful transfectants using 1.0 pg of plasmid DNA and a 2:1 charge

ratio (TransFast reagent to DNA) in medium containing serum, and the
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transfection was also successful in the GM847 cell line using 0.75 pg of plasmid
DNA in a 2:1 charge ratio in serum containing medium, and 1.0 ug DNA, with a

2:1 charge ratio in serum free medium.

Stable transfectants could not be generated in any of the other cell culturcs
(AGOR157, 822 or CCL-176) uvsing any ol the varying conditions described
above. Transfection of these cells was repeated in a 6 well plate formal using the
most success(ul conditions described above. This was carried out as the greater
cell numbers provided a relatively improved opportunity for successful
transfection. The repeat involved scaling the experiment up fivefold to account
for the greater area of the wells in 6 well plates. Transfection time was reduced
to 30 minutes in an attempt to reduce possible cell damage during the
transfection process, but again after 3 weeks in selective medium, no
successfully transfected cells were apparent in any of the cell lines, and all of the
test cells had been killed by the selective medium. In summary, modifying
various transfection protocol paramecters including the quantity of DNA, the
quantity of transfection reagent, transfection time, presence or absence of serum
within the media and increasing the number of cells had no effect on transfection

efficiency in the AGO8157, 522 or CCL-176 cell cultures.

4.4.5.3 Transfection using the Lipofectamine and Plus reagents

For the cell cultures in which Transfast failed to generate stable transfectants, the
transfection process was repeated using a second rcagent to investigate if a
different liposome formulation would improve efficiency. The AGO8157, S22
and CCL~176 cell cultures were transfected as described in Section 4.3.4.3.4.
After infroducing selective medium to the test plates three weeks was again
allowed for removal of dead cells and the emergence of colonies of surviving
cells. Using this methodology, cells of the AGO8157 fibroblast culture were
successfully transfected, however ncither of the two feline cultures (S22 and
CCL-176) survived the process. These cells exhibited cell death following
transfection with Lipofectamine/Plus as observed foflowing transfection using

Transfast reagent.

210



4.4.5.4 Evaluation of hTERT expression in stably transfected

cells

To further confirm the generation of stable transfectants, the presence of hTERT
mRNA was confirmed in the cells surviving in G418 supplemented medium by
RT-PCR as detailed in Section 4.3.4.4, and shown in Figure 4-9. In all cells RT-
PCR amplified a product of approximately 400 bp as expected, confirming
expression of hTERT. This demonstrated that the transfection process had been
successful in the STA, GM847 and CQ1 cell lines. Too few cclls remained after
negative TRAP analysis of the hTER T-transfected AGO8157 cclls to carry out
RT-PCR analysis for that cell line.

Further positive confirmation for the generation of hTERT expressing cells was
provided by sequence analysis of the PCR products using the ABL PRISM® 3100
Genetic Analyzer as detailed in Section 2.2.6. A BLAST homology search
demonstrated that the sequences isolated from the cells showed 100% similarity

to the hTERT mRNA sequence. The sequence data is shown in Figure 4-10.

4.4.5.5 Propagation of transfected cell lines and investigation of

telomerase activity

Stably transfected cell lines werc maintained in normal growth medium
supplemented with 400 wg/ml of G418 and passaged normally. However, after
pooling of the initial islands of transfected cells, the SFA/WTERT and
AGO8157/hTERT cell lines did not require further passage as in both cases the
cells developed a senescent appearance and ceased replicating before reaching
confluence. TRAP analysis confitmed that both hTERT transfected canine ccll

lines remained telomerase negative.

The GMB847/hTERT cell line and the EQIU/WTERT cell line were passaged
normally upon rcaching approximately 80% confluence, and at each passage cell
pellets were retained for TRAP analysis. The results of this analysis for

GMB47/hTERT are shown in Table 4-20. The GM847/hTERT cell line was
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passaged for 80 population doublings post iransfection, and was shown to
maiatain a high level of telomerase activity throughout this time. The replication
rate of the cell line remained steady with a mean population doubling time of 58
hours (standard deviation of {7.1 hours). In contrast, the EQUATERT cell
cxhibited increasing population doubling time with increased passage, and after
23.2 population doublings replication ceased (Figure 4-11). An untransfected
EQ1 culture maintained in parallel underwent 23.0 population doublings befote
enlering senescence, as also shown in Figure 4-11. SA-B-GAL staining was
carried out in the final passages of both these cell lines, which at 80 and 85%
positive were found (o contain a majority of senescent cells, as shown in Figure
4-12. Whilst TRAP analysis of the EQI/hTERT cell line proved tclomerase
negative at three separate lime points corrcsponding to passages 5, 9 and 15,
duplicate TRAP analysis of first passage transtected EQI/hTERT cells was
telomerase positive, as shown in Table 4-21. RT-PCR cartricd out on RNA
isolated from the three telomerase negative passages confirmed that hTERT

mRNA could not be detected in any ot the three, as shown in Figure 4-13.

In summary, generation of stablc transfectants was successful in the SFA,
AGO08157, EQI and GM847 cell lines, as confirmed by RT-PCR and sequence
analysis. Whilst hTERT expression was sufficient to reconstitute telomerase
activity in a lmman ALT cell line, no telomerase activity was detected in the
hTERT transfected canine fibroblasts, hTERT expression in the equine
fibroblasts did reconstitule telomerase activity briefly, but this was not

maintained, and the cells subsequently returned to # lelomerase negative status.
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Figure 4-10. RT-PCR confirmation of hTERT mRNA in SFA/hTERT,
GMB847/hTERT and EQI/hTERT cell lines. Duplicate analysis for each cell
line was carried out, using both random primers and gene specific primers for
the generation of cDNA. Lanes | and 2 represent SFA/hTERT, lanes 3 and 4
GMB847/hTERT, lanes 5 and 7 EQI/hTERT, lane 6 is a negative control and lane
8 contains a | kb plus DNA ladder. The DNHTO001 forward and reverse primers
used for the amplification of the cDNA produce a 380 bp product in the presence
of hTERT mRNA, therefore the results indicated successful transfection of the

SFA, GM847 and EQI cell lines.

o
oy



Figure 4-11. Sequence analysis of PCR producis generated using the
DNHTO001 forward and reverse primers for hTERT mRNA. In all three cascs
the sequence data shared 100% similarity with the hTERT mRNA sequence,
confirming the expression of hTERT mRNA in the EQI/hTERT,
GM847/hTERT and SFA/hTERT cell cultures,

EQI/WTERT (nucleotide positions 2094-2454)

NGGNGGCGGGLGCCCEGGCCTCCTGGGCECCTCTGTGCTGGGCCTGGARCGATAT
CCACANTTNCCTGGCGCACCTTCETGCTGCGTCTGCEGGCCCAGGAACCCACCG
CCTGAGCTGTACTTTCTCAACCTGGATGTGACCGGCGCGTACGACACCATCCCC
CAGGACAGGCTCACGGAGCTCANCCCCAGCATCATCAARCCCCAGAACACGTAC
TGCETGCETCGETATGCCATGGTCCAGAAGECCGCCCATGGECACETCCGCAAG
GCCTTCAAGAGCCACGTCTCTACCTTGACAGACCTCCAGCCETACATGCGACAG
TTCETGGCTCACCTGCAGGAGACCAGCCCACTGAGA

GMB847/hTERT (nucleotide positions 2035-2422)

TACTGTTCAGCGTGCTCAACTACCGAGCGGGCGCGGCECCCCEGECCTCCTRRERa
CCTCTGTGLCTGGGECCTAGACCATATNCACAGGGCCTEGGCGCACCTTCGTGCTGT
GTGCTGCGGGCCCAGGACCCGLCGCCTEGAGCTGTACTTTGTCAAGCTGGATNTNA
CGGGCGCETACGACACCAT CCCCCAGEACAGGCTCACGCAGGTCATCGUCAGCA
TCATCAAACCCCAGRACACGTACTGCETEGCETCEATATGCCETGETCCAGRRGG
CCGCCCATGGGCACGTCCGCAAGNCCTTCAAGAGCCACGICTCTACCTTGACAG
ACCTCCAGCCGNACATGCGACAGTTTCGTGGCTCACCTGCAGGAGACCAGCCCS
TTGAGGGATG

SFA/hTERT (nucleotide positions 2084-2410)

AGCGETGNTNAAACTACGANGCGEGCECGECGECCCCGECCTTCCTEEECGCCTC
TGTNCTGGGCCTGGACGATATNCACAGGNCCTGGCGCACCTTCETGLIGCGTGET
GCGEECCCAGCACCCGECCGCCTGAGCTGTACTTTGTCAAGGTGCGATGTGACGGEG
CGCGTACGACACCATCCCCCAGGACAGGCTCACGEGAGGE 'CATCGCCAGCATCAT
CAAACCCCAGAACACGTACTGCGTGCUETCGGTATGCCGETGGTCCAGAAGGCCGC
CCATGGGCACGTCCGCAAGGCCTTCAAGAGCCCACCTCTCTACCTTGNCANNCCT
ccc
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Table 4-20. Telomerase activity of GM847/hTERT cell line. TRAP analysis
was carried out as described previously before transfection and at the passages
indicated after transfection. RTA values are not included as the assays were
carried cut al different times. Telomerase activity was shown to be absent before
transfection, and maintained at a high level after transfection. This human cell
line control validated the suitability of the TransFast reagent for the transfection
of PCIneo/hTERT. As represents the absorbance of the sample, and Asgg the

absorbance of the heat inactivated control of the sample.

Passage As Aso AAg AAg Result
Aso
Pretransfection  0.072 0.051 0.021 0.4 NEG
3 2.039 0.050 1.989 39.8 POS
20 1.627 0.077 1.550 20.1 POS
25 2.197 0.084 2.113 252 POS
29 1.430 0.072 1.358 18.9 POS

48 1.557 0.053 1.504 28.4 POS
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Figure 4-12. Growth of untransfected and hTERT transfected EQI cells.
Both cell lines had equivalent replicative potentials of 23 population doublings.
The hTERT transfected cell line averaged 1.37 population doublings per passage
(s.d. 0.51), whilst the untransfected cell line averaged 2.04 population doublings
per passsage (s.d. 0.85).

EQI/hTERT

Population doubling

Passage

EQI

Population doubling

Passage

216



Figure 4-13. SA-B-GAL staining of EQ1 and EQ1/hTERT cell lines. Staining
was carried out on the final passage (p12) of the EQI cell line, shown in (a)
below, and the final passage (p17) of the EQI/hTERT cell line shown in (b)
below. These passages were found to contain 80 and 85% SA-B-GAL positive

cells, confirming that both cultures were entering senescence.

(a) (b)
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Table 4-21. TRAP analysis of EQ1/hTERT cell line, Ag is the absorbance of
the sample, Agp the absorbance of the heat inactivated version of the sample,
AAg was determined by subtraction of the mcan of the heat-inactivated samples
( Agy of background) from As, and AAs / Agy is the ratio of sample to
background activity. Samples were considered tclomerase positive if the
difference in absorbance (AAg) was greater than twicc the background activity
{AAs/ Ag> 2.0). Using these criteria samples were designated positive (POS)
or negalive (NEG) for telomerase activity. The assays werc carried out at
different times, however all assays used the bigh activity positive control, and
(Acrse-A rss0)Arssig values were between 2 and 4 for each assay. RTA values

are not included as results of different assays are shown together.

Passage Ag Aso AAg/ Agg  Result
1 0.184 0.032 4,75 PGS
| 0.113 0.030 2.77 POS
5 0.065 0.049 <] NEG
9 0.049 0.047 <l NEG
i5 0.046 0.046 <] NEG
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Figure 4-14. RT-PCR investigation of hTERT mRNA expression in the
EQ1/hTERT cell line. RT-PCR investigation of hTERT mRNA expression in
passages 5, 9 and 14 of the cell line EQI/hTERT, corresponding to lanes 2, 3,
and 4 respectively. Random primers were used for the generation of cDNA, the
production of which was confirmed by PCR for the equine major
histocompatability complex. The DNHTO00I forward and reverse primers were
then used for the amplification of the cDNA to produce a 380 bp product in the
presence of hTERT mRNA. Lane 5 is a positive control (GM847/hTERT), and
lane 1 shows the 1 kb plus DNA ladder. These results demonstrate that hTERT

mRNA is not expressed in any of the three passages.
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4.5 Discussion

4.5.1 Assessment of telomerase activity in canine and

feline somatic and tumour tissues

A primary aim of this chapter was to investigate the disiribution of tclomerase
activity in caninc and fcline somatic and tumour tissues. To identify tissue
specific telomerase activity in these species, TRAP analysis of post-mortem
healthy organ samples from 5 dogs and 5 cats was carried out. This investigation
found telomerase activity to be absent from a wide range of normal canine
tissues including canine liver, cardiac muscle, lung, skeletal muscle and kidney,
and [eline brain, cardiac muscle, liver, skeletal muscle, lung, small intestine and
kidney. The only canine sample in which telomerase activity was detected,
resulting in an AAg/ Asg value of >2.0, was taken fiom the small intestine of a
6-year-old male dachshund. The positive feline sample was testicular tissuc
harvested from a 15-ycar-old DSH. In both these cases, the tissues in question
have previously heen found to harbour telomerase activity in human samples.
Wright et of {ound the tissue of the human testis to be telomerase positive, whilst
mature human spermatozoa were telomerase negative (Wright, Mieczyslaw , ef
al 1996). Similarly, stem cells of the lower intestinal erypt have been found w be
telomerase positive using an immunohistochemical method in human sections
(Korsyth, Wright, et a/ 2002). Overall, these data reveal that telomerase activity
is absent from the majority of canine and feline somatic tissucs, and highlight a
marked similarity between the distribution of tclomerase activity in human

somatic tissues (Shay & Bacchetti 1997), and the tissues of the dog and cat.

Telomerase activity in the small intestine is likely a reflection of the replicative
demand placed upon basal intestinal cells, and as this high turn over is common
to the intestinal tracts of both species it 1s unsurprising that a canine sample was
also shown to be telomerase positive. Telomerase activity in the intcstine is
likely to vary with the rate of cetlular turnover, which in turn may vary

depending on factors such as the constituents of the diet und the feeding patterns
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of the individual animals. It is possible that these variables are the cause of the

lower absorbencies of the six other small intcstinal samples (four canine and two

feline).

Given the function of the testis and ovary and considering previous findings of
telomerase activity in human gonadal tissue, the telomerase positive result for
feline testis was not surprising, however a canine Llesticular sample, and a canine
ovarian sample were found to have AAg/ Agy values of < 2.0. Aside from the
issue of telomerase RNA integrity, it is important to notc that for a sample to
have met the standard for classification as telomerase positive the requirement
was for telomerase activity that was at least three times the level of background
absorbance. This was a hiphly stringent system, and it would therefore be
misleading to categorically declare all samples that did not meet this standard as
telomerase negative. For cxample, the testicular sample mentioned had an AAg/

Ago value of 1.5, meaning that this sample contained tclomerase activity that
was 250 % greater than the background. It is for this reason that the low
telomerase activity (AAs/ Agy values of between 1 and 2) class was included.
Included in this class were a stomach and small intestinal sample from dogs CN1

and CN2 respectively, in addition to the second testicular sample.

Even with a two-~tier classification scheme the ovarian sample from CN1 was
still telomerase negative, however rather than this being the permanent state for
that particular tissuc it is likely that the activity of telomerase in canine and
feline ovarian tissues fluctuates with time. This idea is based on recent findings
in human ovarian epithelium where it has been shown that it is incorrect to
regard this tissue as simply telomerase negative or positive; instead its status is
dependant upon the level of the sex hormone oestrogen. This interaction is
facilitated by oestrogen receptors that interact directly with a specitic set of
DNA sequenccs, the oestrogen response elements (EREs). The EREs are located
in the 5° flanking regions of hormone-regulated genes, and can cause
transcriptional silencing or activation of the target. An ERE has becn identified
within the hTERT promoter, and it has recently been shown that addition of

oestrogen to human ovary epithelium cell cultures results in the induction of
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hTERT ecxpression and telomerase activity (Misiti, Nanni, ef o/ 2000). An
equivalent hormonal control mechanism operating in the dog is likely to result in
mostly telomerase negative results for canine ovarian tissue, given the long
periods of anoestrus and associated periods of low oestrogen levels in the bitch
(Johnson 2000). This applies directly to the ovarian sample from CNI, as the
animal concerned was 3 months old at time of sampling and therefore still

prepubescent with basal vestrogen levels.

Telomerase activity was also assessed in a panel of 15 canine and 4 feline
tumour sections harvested during both necropsy examinations and at the time of
excisional surgery, The specilic association between malignancy and telomerase
activity has long been established in the human literature (Kim, Piatyszek, ef af
1994), and a large scale survey has found telomerase to be active in the majority
of human cancers (approximately 80%, Shay & Bacchetit 1997). Given this
evidence, the results of the survey carried out in this chapter point to a very
similar association between telomerase activity and malignancy in the dog and
cal. High tclomerase activity {AAs / Aso >2.0) was found in 13715 canine
tumours, and 4/4 feline twmours, cquating to 89% of the tumour sample
population. These results indicate that telomerase is active in the majority of
canine and feline tumours. The low telomerase activity (AAg/ Aso 1-2) found in
duplicate analyses of the remaining two canine tumours is very likely to be
sufficient for continued cell division, however as work carried out in this chapter
and elsewhere (Perrem, Colgin, ¢f o/ 2001) has shown that ALT and telomerasc
activity can coexist iz vifro it is possible that the lower tclomerase activity in the

two samples may be supported by other telomere maintenance mechanisms.

Tt is also possible that partial degradation of telomerase RNA might have lead
the two lower telomerase results, however considering that all the tumour
samples were handled in the same manner this is thought to be an unlikely
explanation. In both cases the internal standard of the PCR reactions worked
norimally indicating there were no inhibitors of the PCR reaction active in the
samples. A third possibility is that the particular sample contained too few

malignant cells to be detected by the assay. Whilst there will be inherent
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variability in the cellular composition of different tumour samples this is not telt
to be a major issue for two reasons; first all tumour sections were sampled by
harvesting thin full transverse sections of the tissue thus ensuring that tumour
cells in the core of the section, and not surrounding normal tissucs were
analysed. Second, the PCR based TRAP assay is known to be highly sensitive
and capable of detecting tclomerase activity in as few as 10 positive cells (Shay
& Bacchetti 1997). The most plansible explanation is that the ‘low’ telomerase
activity was simply sufficient for the replicative demands of the two tumour

samples in question.

In addition, telomerase activity was assessed in a number of immortalised canine
and human cell lines, and all of these were found to be telomerase positive with
the exception of the human cell line GM847, which is known to usc an ALT
mechanism for continuned proliferation (Bryan, Englezou, et «/ 1995). In this
casec the RTA values were useful in that they provided a semi-quantitative
comparison of telomerase activities between the cell lines. This analysis showed
that the CMT3 cell line had relatively the greatest telomerase activity of all the
canine cell lines tested. The fact that a greater than 10-fold difference in RTA
value between the canine cell lines with the highest and lowest activities (CMT3
and A72 respectively) existed clearly demonstrated that relatively low
telomerase activity can allow cellular replication to proceed. That such a broad
range exists reinforced the idea that the two borderline tumour samples
discussed above might well overcome end replication problem by telomerase

activity alone,

Overall, the results of the TRAP analysis have demonstrated that telomerase
activity is absent from the majority of canine and feline somatic tissues. Tissues
that did contain tclomerase activity either contained germ line ceils, or were
from tissucs that are subject to a high replicative burden. In contrast, telomerase
activity was dcteeted in all the samples from a panel of canine and feline
tumours, and aff canine immortalised ccll lines that were tested, linking

telomerase reactivation in the dog and cat with immortalisation and malignancy.



4.5.2 The in vitro inhibition of tclomerase activity using
the R1T1 AZT-TP

The usc of RTIs to target telomerase in malignant cells is an approach that has
recently shown some success in human leukaemia cell lines (Brown, Sigurdson,
et al 2003). The experiment described in this chapter investigated the effect of a
30 uM concentration of the RTI AZT-TP on two telomerase positive immortal
canine ccll lines, MDCK and CMT7 (cell lines detailed in Section 2.2.1.2). The
ultimate goal of such a treatment is to reduce telomerase aclivily in the target
cells to such an extent that end replication problem will eventually result in
growth arrest or apoptosis via critically short telomeres. The concentration of
drug uscd was determined in an initial calibration study, and corresponded to the
highest concentration of drug to which the cells could be exposed without
inducing an acute cytotoxic effect. This concentration was significantly less than
the 100 uM of AZT-TP to which human immortalised cell lincs were exposed in
a similar study, (Strahl & Blackburn 1996). This is likely a reflection of species

differences between the human and canine ceil lines.

The experiment ran over a course of 32.5 population doublings for the CMT?7
and 45.3 population doublings for MDCK AZT-TP {reated cell lines. The
experiment was discontinued at these points due to the cconoinic consideration
of the cost of AZT-TP, in addition to which data gained from further population
doublings would be of little relevance to the possible usefulness of the drug in
the in vivo sctting, as beyond these limits the majorily of canine malignancies
would have already proven fatal to the affected animal. The relatively poor
effect of the drug on the replication rates of the treated cell lines, (i.e. 3.7 and 6.7
fewer population doublings over the entite experiment for the CMT7 and
MDCK. cell lings respectively), was reflected in the negligible effect on the
telomere lengths of the treated cells. This is interesting as in the MDCK cell line,
monitoring of RTA values indicated that at several titne points in the experiment
telomerase activily was reduced in the AZT-TP treated cells compared with the
controls. This indicated that residual telomerase activily in the treated cell lines

was sufficient to maintain telomere length in the face of partial inhibition. This
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again indicated that a wide range of telomerasc activity is capable of supporting
replication in canine cell lines, and raiscd the potential that a successtul single
agent telomerase inhibitor may nced to alimost completely inhibit telomerase
activity in target cells before this translates to a reduction in telomere length
sufficient to result in growth arrest or cell death. Whilst these findings are
disappointing, and similar to the results of an experiment carried out in human
immortalised cell lines (Strahl & Blackburn 1996) it was important to detcrmine
that species differences did not effect the susceptibility of canine cells to the RTI
inhibitor. Furthermore, the efficacy of RTI inhibitors such as AZT-TP may be
greatly enhanced by the coneurrent use of other agents that target the telomerc
itself {e.g. Telomestatin, Tauchi, Kazuo, e o/ 2003). The specific example of
Telomestatin is given as this agent, which inhibits telomeragse by the formation
ol stable G-quadruplexes at the telomere terminus, also appears to act at least
partly by causing telomere dysfunction (Tauchi, Kazuo, ef af 2003). This cffect
will complement the use of RTIs by helping to alleviate any ‘lag effect’ caused

by the strategy of targeting telomerasce alone.

4.5.3 Ectopic expression of hTERT in primary
fibroblasts

The generation of stable transfectants was successful in the SFA, AGO8157,
EQI and GMB847 ccll lines, as confirmed by RT-PCR and sequence analysis.
Whilst hTER'T expression was sufficient to reconstitute tclomerase activity in a
human ALT cell line, no telomerase activity was detected in the hTERT
transfected canine fibroblasts. hTERT expression in the equine fibroblasts did
reconstitute telomerase activity briefly, but this was not maintained, and the cells

subsequentty returned to a telomerase negative status,

The successful entry of DNA into primary fibroblast cultures is difficult due to
their imited replicative potential and relative resistance to DNA transfection
(Quilliet, Chevallier-Lagente, e/ al 1996), however a number of different
strategies have evolved to facilitate this process. These methods include lipid

mediated transfection, calcium phosphate transfection, diethylaminoethyl




(DEAE)-dextran transfection, electroporation, biolistics, polybrene, and virus
mediated transduction, {(reviewed in Sambrook & Russell 2001) and (Ausubel,
Brent, ef o/ 1994). All these methods rely on different strategies to negatc the
repulsion between the negatively charged DNA and the negatively charged cell
membrane to allow successtul DNA entry to the target cells, or they facilitate
this entry by a physical (electroporation and biofistics) rather than a biochemical
means, Lipid mediated transfer strategies were used in this chapter as these
techniques are recommended for use in difficult situations (i.c. primary cultures)
where other methods have proved unreliable (Thompson, Frazier-Jessen, ef af
1999).

Both of the liposome formulations used (TransFast and Lipofectamine) are
commercially available, and both have been successful with a wide variety of
cell types, including for the Lipofectamine reagent primary fibroblasts (Baker &
Cotten 1997). The charge ratios and other conditions that were found to be
successful for canine, equine and human cells were typical for those described in
the manufacturer’s recommended protocols, and validate the choice of reagents.
However the manufacturers also note thatl individual variation in cell lines can
result in failurc of tested methodologies in specific cases, and this was true for
the primary feline cell cultures. This particular type of culture has previously
been shown to be resistant to transfection using a liposome formulation (Koksoy,
Phipps, ef al 2001). Furthermore, lipid mediated transfection is known to result
in variable toxicity in different cell lines (Sambrook & Russell 2001), and the
fact that the fcline culture used in this project did not survive the procedure
despite repeated attempts and the use of fransfection medium that included
serum would suggest that the feline fibroblast is at the upper end of this variable

toxicity range.

As the main aim of the experiment was to investigate the species specificity of
the hTERT gene product, further work concentrated on the successfuily
transfected canine cell lines (SFA and AGOB157). The fact that neither of the
transfected cell lines required passage immediately suggested that telomeruse
activity had not been reconstituted and that the cclls had entered senescence.

TRAP analysis confirmed that both ccll lines remained telomerase negative after
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transfection, and the phenotypic appcarance of the cells indicated they were
senescent. This could not be confirmed by SA-B-GAL staining as the number of
cells available never exceeded one sub confluent T25 flask for each culture, and
the overriding priorities were the confirmation of transfection and analysis for

telomerase activity.

It is interesting that neither the SFA/hTERT or the AGOR137/hTERT cell line
required passage despite how ecach entered the experiment at passage 2, with the
majority of replicative potential intact. This may be explained by the very fow
transfection cfficiency of the PClneo/hTERT construct. In cach cuse, it was
noted that only three or four distinct “islands’ of transfected cells repopulated the
test flasks after transfection and the introduction of sefective medium.
Considering that each of these islands detived possibly from only one cell, it is
not surprising that the cultures reached replicative exhaustion before confluence.
However, this did not occur with the equine celi line, EQ1/hTERT. This cell line
underwent 17 passages before finally entering senescence, as confirmed by SA-
B-GAL staining. This discrepancy is probably due to one or possibly two factors.
First, as confirmed by the control EQI cell linc (see Figure 4-11), the equine
cells had almost twice the replicative potential of the two canine cell lines (see
Figure 3-12). Second, transfection of the equine cell line was more efficient than

the canine cell lines, resulting in a greater pool of cells to begin the new culture.

Despite the fact that lelomerase activity was briefly detected in one early passage
of the EQL/WTERT cell line, this did not increase the replicative potential, as
shown in Figure 4-11. Why this cell line should subsequently revert to a
telomerasc ncgative status was investigated with further RT-PCR analysis for
hTERT mRNA. The negative results from three later passages of post
transfection EQL/WTERT cells implied that hTERT was no longer expressed in
the cells, explaining the telomerase negative status. The reason for this loss of
WTERT mRNA is likely due to the selection process that occurred after the
introduction of selective medium containing G418. Despite the efforts made to
contirm that the transfected vector contained the required insert (Figure 4-8) it is
possible that some empty vector was also transfected into the primary equine

cells, providing G418 resistance without expressing hTERT. Thesc emply veetor
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cells might have a survival advantage and overgrown hTERT-expressing cells in
the culture. It is also possible that the PCIneo/h'I'ERT constiuct removed the
hTERT insert post-transfection, thus producing cells containing empty PClneo
vector. Alternatively, mutation in the primary culture could have enabled
untransfected cells to survive in selective medium, and again overgrow hTERT-

expressing cells.

The finding that hTERT had the capacity, albeit briefly to reconstitute
telomerasc activity in a primary equinc culture raises the question of why this
was not possible in the primary canine cell lines in which hTERT mRNA was
detected. The main issue surrounding this question is the fact that the experiment
was catried out with the premise that hTERT rcgulation alone determined the
telomerase status of the cell lines investigated. This was not an unreasonuble
presumption, given that ectopic expression of hTERT is sufficient to reconstitute
tclomerase activity in a number of human tissues (Bodnar, Ouellette, er af 1998),
and given the experimental success detailed in this project with the
GMB847/hTERT cell line. However, cvidence cxists that hTERT status is not
alone in determining whether telomerase is active (Liu, Schoonmaker, ef al
1999). Successful activation of telomerase in the canine cell lines would require
that no post-transcriptional inhibition of hTERT mRNA was active, and that the
hTERT gene product associated successfully with mature canine telomcrase
RNA in a process that would require the participation of numerous ceilular
factors for both maturation of the RNA and association of this factor with the
catalytic component (reviewed in Collins & Mitchell 2002). It is not
unireasonable to suggest that one of these many factors, including cleavage of the
primary telomerase RNA transcript; primary and secondary structural
rearrangements to facililate association with the catalytic component (Mitchell &
Collins 2000), and association with other protein elements necessary for
maturation (Martin-Rivera & Blasco 2001) may have been inactive, inhibited or
otherwise unsuited to the production of functionally active tclomerase. That the
experiment was transiently successful in an equine cell line underscores the
point that differing status of these co-factors, rather than specics variation might
be the cause of the continued telomerase inactivity in the hTERT transfected

canine cell lines. An avenue for further investigation is to test this hypothesis by
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repeating the experiment using the recently cloned ¢cTERT sequence (submitted

for review Nasir, Gault, ¢f af, 2004).
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4.6 Summary

The experiments dctailed in this chapter have demonstrated that tclomerase
activity is strongly down regulated in a wide range of somatic tissues of the dog
and cat. The only normal tissues found to contain tclomerase activity at a low
level were canine and feline fesiis, and canine small intestine and stomach.
Telomerase activity in caninc and feline tissues is however associated with
immortalisation and malignancy; (clomerase activity was detected in 19/19
tumour samples analysed. Telomerase activity was also detected in a panel of
canine immortalised cell lines, and the relative telomerase activity in these cell
lines was similar to that detected in immortalised cell lines of human origin, The
attempt to reconstitute telomcerasc activity in canine and feline primary
fibroblasts was ultimately unsuccessful. Whilst the hTERT sequence was
successfully transfected into primary canine fibroblast cultures, the cells
remained telomerase negative and entered replicative senescence normalily. This
may be a product of significant differences between the human and canine TERT
sequences. Overall, the biology of telomerase in the dog and cat is very similar
to that found in huumans, and the research described in this Chapter has identified
telomerase as a promising target for the development of future cancer treatments

for companion animals,
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Chapter V
Gene expression profiling in
association with telomerase
reactivation and the onset of

replicative senescence

5.1 Abstract

Telomeres and (clomerase show considerable promise as targets for new anti-
cancer treatments; furtherimore they may provide insights into the mechanisins of
phenotypic ageing, and therapeutic reactivation of telomerase may have
applications for the treatiment of conditions where loss of replicative potential is
a major part of the pathology, such as liver cirrhosis. This wide range of
potential applications is reflecled in the availability of a wealth of information on
the biology of telomeres and telomerase in the human literature; however there is
a paucity of information regarding the wider effects of replicative senescence
and telomerase reactivation on the transcriptome of the mammalian cell. A wider
view of the effects of telomeric attrition and telomerase reactivation than is
currently available will be necessary to assess the safety of any potential
therapeutic  intervention involving telomeres and telomerase. Recent
technological advances in the devclopment of ¢cDNA microwrays, typified by
Affymettix GeneChips® have allowed rescarchers 1o take a global view of
changes in gene expression in human cells, and this technology can be used to

investigate the cellular consequences of tclomeric attrition and telomerase
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reactivation at the level of the transcriptome. The experiments detailed in this
Chapter describe the use Affymetrix technology to carry out an investigation of
the changes in mRNA cxpression levels as canine primary fibroblasts change
from actively replicating to sencscent, and following the reconstitution of

telomerase activity in a human cell line.
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5.2 Introduction

Genome projects worldwide have vastly increased our knowledge of the
genomic sequences of humans and other organisms, as well as the genes that
they encode. However, until relatively recently the study of the regulation and
function of these genes has been restrictcd to labour intensive step-by-siep
analysis of individual gencs. The last decade has seen a major advance in the
field with the advent of DNA microarrays, consisting of thousands of DNA
probes immobilised on a solid surface and hybridised against fluorophore
labelled ¢cDNA or ¢cRNA targets from template RNA sources. Although the
technology is heralded as breakthrough it is in essence a variation of a standard
Southern Blof (Southern 1979) with the traditional nitroceliulose membrane
replaced by a glass slide. DNA microarrays, along with Serial Analysis of Gene
Expression (SAGE) (Patino, Mian, ef af 2003) have become the core technology
used in gene expression profiling, and are ulso of major importance in the fields
of comparative genomics and genotyping (Harrington, Rosenow, et al 2000).
The main reason tor the wide application of this technology is the growing
awareness of the limitations imposed upon what may be extrapolated from
rescarch based around a ‘gene by gene’ approach, as typified by the Notthern
blot (Ausubel, Brent, ef o/ 1994). If the aim of genomics is to advance
understanding of the organisation and evolution of genomes (McKusick &
Ruddle 1987) then attempting to place the rclevance of each single gene
individually is a hopelessly ineffective approach to a biological system with the
complexity of a mammalian genome containing 30,000-40,000 genes (Venter,
Adams, ef al 2001) and with complexities such as polymorphic variation, time
and place of expression of RNAs and intermolecular interaction of gene

products.

DNA microarrays take a ‘global’ approach te gene expression studies, allowing a
simultancous readout of all the relevant components at a given time, thus
allowing for rapid assessment of gene expression profiles in disease states and
thereby representing a technological breakthrough in the analysis of biological

specimens. The technology also allows researchers to take a broader view than
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was possible before the advenl of the technology, and this global approach allows
the identification of complex patterns of interaction thut are invisible at the
individual component {evel. [ effect, the more genss and biological conditions

studied simultaneously the more obvious the underlying organisation becomes.

5.2.1 Applications of microarray technology

Microarray technology, despite being relatively new, has altcady proved very
useful to researchers und has lead to significant advances in the molecular
classification of tumours and the discovery of subsets previously not known to
exist, Notably, gene expression profiling using a DNA microarray has led to the
discovery of two distinct forms of diffuse large B-cell tymphoma likely arising
from two distinct non-transformed cellular progenitors. These two new groups
are associated with significantly different prognoses, and thus the use of the
technology has directly lead to more reliable predictions of the clinical course of

the disease and the expected treatment response (Alizedeh, Eisen, ef af 2000).

Furthermore, use of a DNA microarray has allowed Sorlie ef @/ to classify breast
carcinomas by gene expression profile. This system is sufficiently robust to be
used as a basis for judgements on prognosis in a subset of patients receiving
uniform therapy and has lead to the identification of a subset of tumours based
on an oestradiol rcceptor positive group not previously known to exist. This
examptle is particularly interesting as it represents an advance in understanding
directly atlributable to the microarray approach where previous research based
on individual genes in isolation could not corrclate established findings wilh
clinical outcome (Sorlie, Perou, e¢f o/ 2001). Microarray technology also has
potential for use in drug discovery applications by facilitating identification of
novel drug targets. The technology has alteady proved useful in antibiotic

development (Ivanov, Schaab, et a/ 2000).
A clear application of this technology to the field of telomere biology is the vse

of microarrays to help assess the safety of (telomcrase reactivation as a

therapeutic approach to conditions such as liver cirrhosis (Rudolph, Chang, ef af
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2000) and large bone defects (Shi, Gronthes, er a/ 2002). Of paramount
importance to such a therapeutic strategy will be the safety of reactivating
telomerase in an already diseased tissue given the clear association belween
telomerase and cancer (Kim, Piatyszek ef af 1994). Initial studies have identified
an encouraging lack of cancer associated changes in the phenotype of (clomerase
immortalised cells (Jiang, Jimenez, et af 1999) (Morales, Holt ef af, 1999),
however an association between immortalisation by telomerase and activation of
the oncogene c-myc has been found in human mammary epithelial cells
(Wang,J, Hannon,G ef af 2000). This study alone suggests that the usc of
telomerase r