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Abstract

The permanent cell cycle arrest known as cellular senescence is a major block to
tumorigenesis. Currently the effects of latent senescence signaling on disease
progression, response to therapy and outcome are poorly understood.
Furthermore, the role of microRNAs in the regulation of senescence remains to
be fully elucidated. For immortalisation to occur replicative senescence must be
bypassed usually by activating a telomere maintenance mechanism (TMM).
However, the expression differences between TMMs are also poorly understood.
To address these questions a combination of gene expression and miRNA
microarray profiling, virtual drug and siRNA kinase screening were utilised.
These findings highlight the distinct roles of secretory and damage associated
senescence pathways in disease progression and in response to therapy.
Examination of the differentially expressed genes between TMMs also highlighted
a differentially expressed gene expression network surrounding TERT, regulated
by c-Myc and TCEAL7 in TMMs. These findings give further insight into the
complex regulation network surrounding senescence signaling during

tumorigenesis.
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1 Introduction

1.1 Cellular Senescence

To become fully transformed, cancer cells must undergo a process of
immortalization after which they are able to grow and divide unrestricted.
Immortalization requires the bypass of the permanent cell cycle arrest induced
by the activation of the senescence program. Upon induction of the senescence
program, cells remain metabolically active but permanently exit the cell cycle,
stalling at the G1/S checkpoint (di Fagagna et al. 2003). Senescent cells also
become large and flattened in phenotype. Furthermore, senescent cells can be
identified in vitro through the histological identification of p-galactosidase
expression (Dimri 2005). Another marker commonly used in senescence
identification, are the formation of senescence associated heterochromatin foci
(SAHF). SAHF are unique senescence induced chromatin foci that contain HMGA
proteins and are mediated by the heterochromatin chaperone molecules ASF1a
and HIRA. Furthermore, SAHF have been associated with the repression of
proliferative markers such as the E2F genes and may therefore be directly
involved in senescence induction rather than simply associative markers (Narita
et al. 2003; Zhang et al. 2005; Narita et al. 2006). Characterisation of the exact
mechanisms behind SAHF function and pathways regulating their function
continues. Recently, the HIRA associated protein UBN1 was found to be
sequestered to SAHF during senescence and was shown to be required for SAHF
formation (Banumathy et al. 2009). Furthermore, overexpression of UBN1 was
found to reduce cellular proliferation and increased p-galactosidase staining,

thus suggesting a direct role for UBN1 and SAHF in the induction of senescence.

Senescence induction occurs in response to multiple stimuli however always
results in the same phenotypic endpoint suggesting higher levels of molecular
regulation coordinating a preprogrammed cellular response as visualized in

Figure 1.1.
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Figure 1.1 - The establishment of a complex cell phenotype, such as senescence, requires
the interaction of many regulatory mechanisms leading to changes in individual pathways

and processes.
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1.1.1 Replicative Senescence

Cellular senescence induced in response to critically short telomeres, known as
replicative senescence, represents a key mechanism by which cells prevent
unlimited cellular proliferation. Telomeres consist of 1000-2000 tandem DNA
hexanucleotide repeats of the sequence, TTAGGG in humans. Telomeres exist at
the ends of chromosomes to protect coding DNA from degradation through the
end replication problem of the cell cycle (de Lange 2009). To achieve this
telomeres form a DNA-protein complex, with 6 protein subunits TRF1, TRF2,
POT1, TIN2, Rap1 and TPP1 proteins, known as the shelterin complex (de Lange,
2005) . This complex protects chromosomes from end-to-end fusion events and
recognition as DNA double strand breaks by introducing secondary structure to
the chromosome end. However, with each successive round of cellular division
short sections of the end of the telomeres are lost, circa 50bp per cell doubling,
due to the DNA polymerase’s inability to copy the last section of a linear
chromosome (Levy et al. 1992). Eventually telomeres become critically short,
circa 4 kb, and induce a crisis stage, which in turn induces the cellular
senescence program. On a molecular level, it is thought that it is the recognition
of the critically short telomeres as DNA double strand breaks leading to the
induction of a DNA damage response that induces senescence rather than the

physical length of the telomeres themselves.

The induction of the senescent phenotype is thought to occur through the
complex interactions of multiple signaling cascades (see Figure 1.2). This
signaling is thought to primarily occur through the tumour suppressor gene p53

and secondarily through pRB.

Although there is some disagreement in the field as to whether actual p53
protein levels increase (Atadja et al. 1995; Kulju et al. 1995), p53 DNA binding
activity has been shown to increase upon the induction of the replicative
senescence in diploid fibroblasts. This indicates a primary response of p53 to the
DNA damage signaling of telomere erosion (Atadja et al. 1995).The tumour
suppressor protein p53 is a transcription factor, encoded by the gene TP53 in
humans, commonly expressed at low levels in normal cells and tissues. p53 is a

well known mediator of DNA damage responses and the apoptotic pathways and
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Figure 1.2 - An overview of some of the many genes implicated in senescence signaling.
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within the senescence cascades as well as the central nature of p53 and pRB regulation.
Red lines indicate negative interactions whereas green indicate positive. P =
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mutations of p53 are found in up to 50% of human tumours (Bitomsky et al.
2009). Furthermore, p53 has been observed to play regulatory roles at the G1
and G2/M cell cycle checkpoints (Agarwal et al. 1995) concurrent with its ability
to induce the cell cycle arrest required for the senescent phenotype. As the
ability to bypass accumulated DNA damage responses, apoptotic pathways and
senescence signaling through the perturbation of a single molecule would be a
highly efficient route to tumourigenesis; it is therefore unsurprising that
mutation of p53 is commonly observed in cancer. One mechanism thought to
influence the activity increase of p53 during replicative senescence is through
the neutralisation of p53 inhibitor MDM2 (HDM2 in humans) by p14“f", commonly
known as ARF (Pomerantz et al. 1998). The release of p53 from HDM2 targeted
degradation leads to increased p53 stabilisation and activity. Consistent with
this concept HDM2 is frequently overexpressed in cancer where such tumours
have little or no detectable p53 (Momand et al. 1998). In addition, further
inferences to the central nature of p53 in the induction of the senescence
program is gained from gain of function p53 mutations in mouse models. Mice
with a p53 gain of function mutation in one allele show increased accumulation
of senescent cells compared to wild type in response to radiation induced DNA
damage (Hinkal et al. 2009).

As a consequence of increased transcriptional activity of p53 in senescing cells,
p53 downstream target p21 also shows increased transcription in senescent cells
(Roninson 2002). The role of p21 itself in replicative senescence signaling is
becoming increasingly investigated. Cyclin-dependent kinase inhibitor 1A,
CDKN1a also known as p21, plays a central role in the transduction of DNA
damage signals during the cell cycle. Through regulation of cyclin-CDK
complexes and PCNA, p21 causes G1\S cell cycle arrest upon the activation of
DNA damage signals (Cazzalini et al. 2010). The importance of p21 in mediating
p53 signals to bring a successful halt to the cell cycle at the G1/S checkpoint is
exemplified by the fact that p21 knockout mice show similar extended
proliferative lifespan as those with deficient p53 (Deng et al. 1995).
Interestingly, knockout of p21 does not lead to the same tumourigenic potential
as the knockout of p53 suggesting that although a key mediator in the
prevention of tumourigenesis, p53 may have further effector mechanisms
through other downstream targets (Deng et al. 1995). However, increased p21

expression is a well established hallmark of replicative senescence induction and
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is therefore likely to be a primary mechanism by which p53 signaling induces a
G1/S arrest in response to the DNA damage signals caused by critically short

telomeres.

However, the absence of functional p53 signaling alone is not sufficient for
complete replicative senescence bypass, although p53 deficient cells do show an
increased replicative potential compared to wild type p53 cells (Medcalf et al.
1996; Dulic et al. 2000). p53 independent senescence induction is thought to
occur through the actions of the pRB regulator p16™*. The nuclear
phosphoprotein RB1, or pRB, was the first tumour suppressor gene to be
identified. Progression of the cell cycle through the G1/S checkpoint requires
inactivation of the pRB protein by phosphorylation. pRB regulates the cell cycle
through transcriptional repression of the E2F family of transcription factors
(Harbour et al. 2000). The stalling of the cell cycle of senescent cells may
therefore be further amplified through deactivation of the proliferative E2F
family of transcription factors as hypophosphorylation of pRB is commonly
observed (Jarrard et al. 1999). Deactivation of pRB during the cell cycle is
caused by phosphorylation by cyclin D-dependent kinases CDK4 and CDKé6. During
cellular senescence the CCDK4/CDKé inhibitor cyclin dependent kinase 2A, or
p16™“ shows increased expression (Jarrard et al. 1999) and it is through this
mechanism that pRB reactivation is thought to occur during cellular senescence.
Consistent with this the INK4a locus, which encodes both ARF and p16™** is
frequently deleted in human cancers (Kim et al. 2006). A recent study used a
combination of a dominant negative allele of shelterin component TRF2 and

6INK4a

siRNA to directly explore the role of p1 in response to telomere damage

(Jacobs et al. 2004). Upon transfection with a dominant negative allele of TRF2

and p1 6INK4a

siRNA, some but not complete alleviation of telomere damage
induced damage growth arrest was observed. Although siRNA knockdown of p16
alone was insufficient to alleviate telomere damage induced growth arrest,
combination of p16 knockdown with knockdown of p53 lead to near complete
bypass of senescence, consistent with previous observations in fibroblasts using
SV40 T-antigen (Shay et al. 1991). In addition, perturbation of the pRB-p16™*“
signaling pathway through the expression of polycomb protein BMI1 has been
observed to increase the replicative lifespan of human diploid fibroblasts
(Itahana et al. 2003) is insufficient for complete senescence bypass. As p16™**

and ARF are derived from the same locus, BMI1 may therefore be down-
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642 and ARF and further enhance the anti-

regulating the expression of both p1
senescence signal by reinstating MDM2 inhibition of p53 in combination with pRB-
p16™¢“® depletion. This suggests that although not the primary mechanism the
pRB-p16™**® senescence signaling pathway does have a potentially important
secondary signaling regulatory role in the induction of the senescent phenotype.
Consistent with p16™*® signaling being a secondary signal, p16™*** induction has
been observed to be a particularly slow event when compared to that of p53 and
p21 and has been suggested to be more involved in senescence maintenance
than senescence induction per se (te Poele et al. 2002; Jacobs et al. 2005).
Furthermore, the observation that p16™ is required for the establishment of
the senescence associated heterochromatin foci is suggestive that its role in
senescence induction may go further than a simple back-up mechanism to p53
signaling (Narita et al. 2006). The induction of replicative senescence signaling
appears therefore to be a complex highly regulated process, with multiple
opportunities for perturbation to achieve the immortalization required for

tumourigenesis.

Additional pathways also have evidence of involvement in response to replicative
senescence stimuli. The ATM/ATR kinase pathway is commonly activated in
response to damaged telomeres (d'Adda di Fagagna et al. 2003). ATM and ATR
are normally activated in response to DNA damage signals, and through
inhibitory phosphorylation of cell cycle positive regulator Cdc25 via CHK2 and
CHK1 respectively, ATM and ATR regulate cell cycle progression (Reinhardt et al.
2009). Furthermore, ATM and ATR signaling leads to phosphorylation of H2AX
(yH2AX), which then flanks the DNA double strand breaks and attracts further
DNA damage machinery to the DNA lesion. Observations of co-localisation of
yH2AX and p53 in senescent cells adds a further mechanism by which ATM and
ATR may play an important role in the induction of replicative senescence, by
directing the senescence machinery to the critically short telomeres (d'Adda di
Fagagna et al. 2003).

Further complexity to the cross-talk between senescence signaling cascades are
found when considering reports of the cooperative nature of ARF and ATM/ATR
signaling in response to oncogene expression (Pauklin et al. 2005). The complex
and often overlapping signaling cascades utilized to induce the senescence

phenotype may be reflective not only of the requirement to coordinate multiple



Kyle Lafferty-Whyte, 2010 Chapter 1,8

signaling pathways to halt to the cell cycle but also of potential fail-safe
mechanisms should one aspect of the senescence machinery be perturbed. Such
fail-safe mechanisms may make the successful transformation of damaged cells

into neoplasms the rare event it currently is.

1.1.2 Oncogene induced senescence

Replicative senescence although the most studied mechanism for cellular
senescence is not the only mechanism by which senescence forms a barrier to
tumourigenesis. Senescence induction is also a common event in response to
oncogene activation. Upon expression of the oncogene RAS, increased
accumulation of p53, p16 and pRB proteins are observed (Serrano et al. 1997).
Furthermore, cells undertake a large flat morphology, arrest at the G1/S
checkpoint of cell cycle and stain positively for [3-galactosidase at pH 6. All of
these factors give strong evidence that induction of RAS expression induces a
senescence phenotype similar to that induced by telomere erosion in replicative
senescence. The human RAS family of oncogenes includes HRAS, NRAS and KRAS
all of which under normal circumstances provided proliferative signals following
stimulation by growth factor receptors. RAS family activating mutations are
common events in human neoplasms. A recent review of RAS mutation rates in
different tumour types showed KRAS to be the most frequently activated RAS
family member with activation found in up to 90% of pancreatic cancer
(Downward 2003). In contrast to the signaling pathway observed in replicative
senescence, bypass of oncogene-induced senescence caused by RAS
overexpression is achievable by mutation of either p16 or p53 alone (Serrano et
al. 1997). This may suggest that the strong proliferative signals given by the
oncogene are enough to push the cell forward into the cell cycle and negate the
need for bypass of both genes. Further elucidation to the mechanisms behind
oncogene induced senescence through RAS overexpression is gained when
examining the effects of downstream signaling molecule MEK. Examination of
the effects of constitutive MEK overexpression highlighted differential effects on

6™ (Lin et al.

normal mortal fibroblasts and those lacking functional p53 or p1
1998). The study showed that in response to a gain-of-function mutant of the
dual specificity kinase MEK1, normal fibroblasts were caused to senescence with
the characteristic p53, p21 and p16 protein level increases and p-galactosidase

staining. Treatment of fibroblasts with a MEK specific inhibitor was sufficient to
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bypass RAS induced senescence, suggesting that MEK signaling is a required
pathway for oncogene induced senescence by RAS. Consistent with their previous
study the group also observed that cells deficient in either p53 or p16 and ARF
transfected with the same gain of function mutant in MEK caused senescence
bypass. Providing further evidence for a core role in oncogene induced
senescence for MEK, the oncogene RAF was also observed to induce cellular
senescence that is dependent on MEK function (Zhu et al. 1998). RAF also signals
to the proliferative MAP kinases through MEK and therefore MEK dependent
senescence appears to form a major barrier to tumour formation by both
oncogenes. Furthermore, the senescence inducing potential of the Ras/Raf
pathways are further exemplified by the ability of an oncogenic mutant variant
of the downstream kinase BRAF, known as BRAF®® to also induce oncogene
induced senescence (Michaloglou et al. 2005). Gain-of-function in the RAS/RAF
pathways are not the only mechanism available to tumour cells for senescence
bypass. Loss of tumour suppressor genes regulating RAS or RAF would also be
sufficient to increase their proliferative signaling. Interestingly however, loss of
the tumour suppressive function of the gene NF1 has also been shown to induce
oncogene induced senescence (Courtois-Cox et al. 2006) suggesting that
activation of this pathway in any form, without the loss of p53 or p16 function,
will induce the cellular senescence program. Evidence of RAS induced
senescence in vivo is given by observations in various benign premalignancies
such as adenomas (Collado et al. 2005) and melanocytic nevi (Michaloglou et al.
2005).

Oncogene activation represents only one of the two main mechanisms for
neoplastic transformation. The suppression of tumour suppressor genes is also a
common event in human cancer. Evidence is beginning to gather for a novel
mechanism of senescence induction through the tumour suppressor gene PTEN
that is independent of oncogene induced senescence. PTEN deletion/inactivating
mutation is a common event in many human cancers, such as prostate cancer
(Jiao et al. 2007). The involvement of PTEN loss in the induction of cellular
senescence was first highlighted by Chen and colleagues in 2008. The
investigation of PTEN and p53 inactivation models in mice showed that PTEN
inactivation with a wild-type p53 background induced non-lethal prostate
cancers. Furthermore, loss of both p53 and PTEN induced an invasive prostate

carcinoma. Examination of mouse embryonic fibroblasts with PTEN loss
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highlighted the induction of p53 dependent cellular senescence. Furthermore,
recent research by the group confirmed that the induction of PTEN-loss-induced
cellular senescence was independent of DNA damage responses and its
applicability in humans through its activity in a human xenograft model of
prostate cancer (Alimonti et al. 2010). In addition, this study highlighted the
requirement of mTOR function for the induction of PTEN-loss induced
senescence through the abolishment of the phenotype through the inhibition of
mTOR using Rapamycin. However, p53 stabilisation through the application of
the MDM2 inhibitor Nutlin-3 was able to overcome mTOR inhibition and restore
PTEN-loss induced senescence, further confirming the dependence of the
phenotype on p53 activity. Whether PTEN loss causes or represses cellular
senescence induction is currently under debate. The identification of CSIG adds
confusion to this field. CSIG was identified as a gene whose expression is
reduced upon the induction of replicative senescence and CSIG overexpression
delayed the onset of replicative senescence (Ma et al. 2008). Characterisation of
the function of CSIG showed that it inhibited translation of PTEN conflicting with
the reports by Chen and colleagues of PTEN-loss induced senescence induction.
Therefore, further investigations into the role of PTEN in cellular senescence is

required before therapies targeting this signaling cascade can be utilized.

However, not all oncogenic events trigger a senescence response. Recent
evidence has shown that the chromosomal translocation responsible for the
Ewing’s family of tumours, the EWS/FLI1 fusion, is an inhibitor of senescence.
EWS/FLI1 knockdown appears to induce the activation of pRB and down
regulation of pRB inhibited targets suggesting that EWS/FLI1 either directly or
indirectly represses the activation of the senescence program through the
inhibition of pRB (Matsunobu et al. 2006; Hu et al. 2008). Indeed, after
knockdown Ewing’s cells exhibit the phenotypic characteristics of senescent
cells including a large flat morphology and staining for B-galactosidase. The
effects of other known oncogenic chromosomal rearrangements on senescence
induction pathways is currently unknown, future study in this direct may

elucidate new mechanisms of senescence induction and bypass.
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1.1.3 Stress induced senescence

A further senescence inducing stimuli is that of non-cytotoxic cellular stress. The
induction of oxidative stress through the exposure of multiple cell types to a
hyperoxidative environment has been shown to induce the same cellular
characteristics as replicative and oncogene induced senescence (Toussaint et al.
2000). Furthermore, treatment of human diploid fibroblasts with an oxygen
scavenger extends their replicative potential under oxidative stress. Examination
of the mechanisms behind stress induced senescence by H,0, treatment of
human diploid fibroblasts highlighted the role TGFpB (Frippiat et al. 2001). Cells
that were exposed to sub-cytotoxic doses of H,0, for 2 hours showed senescence
induction, measure by p-galactosidase staining, and was thought to be mediated
through TGFB. Consistent with this theory cells stimulated by increasing
concentrations of TGF3 showed a dose dependent induction of senescence and
antibody mediated knockdown of TGFp activity significantly decreased the
proportion of cells that underwent senescence induction in response to H,0,
cellular stress. Furthermore, senescence induced by cellular stress caused by
low level UVB exposure show increased levels of TGFp expression (Debacq-
Chainiaux et al. 2005). The exact molecular mechanisms underlying stress
induced senescence are currently not fully understood but appear to involve
multiple regulatory cascades. For example stress induced senescence caused by
treatment with ethanol or tert-butylhydroperoxide is protected against by
overexpression of the anti-apoptotic molecule apolipoprotein J (Dumont et al.
2002) and repeated UVB exposure induced an increase of apolipoprotein J
expression (Debacg-Chainiaux et al. 2005). This suggests a potential negative
feedback loop that could be used to promote cellular survival and prevent

senescence induction in high stress environments.

1.2 Senescence pathways

Closer examination of the combined signhaling cascades highlights the complex
and highly regulated nature of senescence induction and the regulation of key
molecules, such as p53 and pRB, by many different mechanisms (Figure 1.1 &
1.2). The roles of individual molecules in the induction of cellular senescence is

well studied. However, in today’s era of high throughput genomics it is
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becoming increasingly necessary to looking beyond individual genes in linear
signaling cascades and consider the larger phenotypic implications of signaling
pathways and networks. To date, little is clearly understood about the roles and

impacts of these larger senescence pathways in human cancer.

1.2.1 Damage associated senescence

The induction of the senescence molecular signaling cascades appears to induce
a damage-associated cellular response regardless stimulus. Upon receiving a
cellular senescence stimulus cells induce signaling pathways classically
associated with DNA damage for example p53, p16™**®, ARF, ATM and ATR
regardless of whether DNA damage is actually involved, for example in the case
of oncogene induced senescence. Furthermore, senescence associated
heterochromatin foci are suggestive of the recruitment of DNA repair machinery
to sites of DNA damage. Again, senescence associated heterochromatin foci are
induced in response to oncogene overexpression where no actual DNA damage
has occurred. It is therefore possible that the use of the DNA damage machinery
is more reflective of the activation of a larger cellular damage pathway that is
used to protect against potentially tumourigenic mutations and bypass of
cellular replication limits. A recent model of an anti-viral origin for senescence
has recently been proposed (Reddel 2010). The induction of this damage
associated pathway stalls the cell cycle at the G1/S stage and may therefore
help to prevent the successful replication of infecting viral DNA. The induction
of cell death by apoptosis after infection by a virus may risk viral particle
release into the neighbouring cellular microenvironment and risk infection of
nearby cells. The stalling of the cell cycle through the damage associated
senescence pathway would therefore protect against such events and allow

sufficient opportunity for natural clearance of such cells by the immune system.

1.2.2 Secretory senescence

The clearance of virally infected senescent cells by the immune system would
require a mechanism for attracting immune cells to the site of infection. Such
opportunity is given by the secretory senescence pathway. The first hints of the
importance of the secretory senescence pathway came from a key study into the

mechanisms behind oncogene induced senescence (Kuilman et al. 2008).The
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authors had observed the requirement for an IL6 regulated pro-inflammatory
network for successful oncogene induced senescence induction. The direct
observation of a secretory element to senescence signaling led to further
investigations and eventually the identification of secretory signatures of
senescence. One of the first of these signatures to be published was senescence
associated secretory phenotype (SASP). SASP was identified as an independent
signaling mechanism from experiments using antibody arrays to assess those
factors secreted by cells undergoing senescence (Coppe et al. 2008). The study
highlighted the increased secretion of IL6, IL8, IGFBP3 and GRO1 after DNA
damage caused senescence induction. Furthermore, SASP induction was
observed in a number of different cell types normal epithelial cells, epithelial
tumours and normal fibroblasts as well as directly in vivo in tumour biopsies
from prostate cancer patients after DNA damage inducing chemotherapy. This
observation confirmed that the secretory senescence pathway was a novel
unexplored aspect of cellular senescence and further similar signatures soon
confirmed the importance of secretory senescence signaling, highlighting further

elements of the pathway.

Many senescence studies utilise mouse models to investigate the specific role of
individual molecules in senescence signaling cascades and recent investigations
of the secretory senescence pathway are no exception. However, a recent study
of the secretory senescence pathway highlights the need for care when
interpreting such results and the false assumption that human senescence
signaling will be identical to that in the mouse. Investigations of the presence of
SASP in mouse cells under standard culture conditions of ~20% oxygen showed
that the fibroblasts showed no signs of SASP unlike they counterpart human
fibroblasts (Coppe et al. 2010). Upon culture in lower oxygen levels more similar
to those fund in vitro, ~3% oxygen or senescence induction by radiotherapy the
mouse fibroblasts were found to trigger SASP. This may suggest that mouse cells
have potentially different pathways for stress induced senescence via oxidative
stress that differ from those found in humans, however given the correct
environmental conditions these cells can still be utilized to model senescence
pathways in humans. This study highlights the need for validation of senescence
signaling cascades discovered through the use of mouse cells under standard
culture oxygen levels (~20% oxygen) using a more physiological conditions and

where possible using human cellular models directly.
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Further expansion of the original SASP genes was provided shortly after by
Peeper and Kuilman through detailed collation of experimental evidence in the
literature for a secretory aspect to senescence, or the secretory-messaging
secretome (SMS) (Kuilman et al. 2009). The secretory senescence pathway now
included over 13 molecules each with evidence for a role in senescence. IGFBP3
had been previously identified as part of SASP but SMS also included further
interferon growth factor bind proteins 5 and 7 as well as IGF1. Both IGFBP3 and
IGFBP5 had been found to be associated with the induction of replicative
senescence (Kim et al. 2007; Kim et al. 2007) during the study of human
umbilical vein endothelial cells whereas IGFBP7 had been similarly shown to be
mediate BRAF®® oncogene induced senescence in human fibroblasts and
melanocytes (Wajapeyee et al. 2008). The evidence for the involvement of IGF1
was not as direct. IGF1 overexpression was found to extend the replicative
lifespan of skeletal muscle cells through the activation of AKT signaling however
senescence biomarkers themselves in response to IGF1 have yet to be directly
tested (Chakravarthy et al. 2000). Further molecules of particular interest in SMS
are WNT2, CXCR2, and PAI1. WNT2 has previously been implicated in the
maintenance of cellular proliferation signals. Its potential involvement in
senescence is implicated by its pRB and p53 independent repression during both
oncogene (RAS) induced and replicative senescence leading to increased SAHF
formation (Ye et al. 2007). CXCR2, also known as IL8Rb, is a receptor that
transduces multiple cellular signals by molecules previously implicated in the
secretory senescence pathway, such as GRO1 and IL8. CXCR2 has been shown to
be upregulated during replicative and oncogene induced senescence (Acosta et
al. 2008). Furthermore, the same study showed that shRNA mediated knockdown
of CXCR2 alleviated replicative and oncogene induced senescence. As a
downstream target of p53, the role of the serine protease inhibitor SERPINET1,
SERPINE1 in humans, in senescence is unsurprising. RNA interference of
SERPINE1 in mouse embryonic fibroblasts and human diploid fibroblasts was,
however, found to be sufficient for replicative senescence bypass (Kortlever et
al. 2006). This implicates SERPINE1 as a potential key effector of p53 mediated

senescence.

Subsequent additions to the secretory senescence pathway provide links
between the damage associated pathway and secretory senescence pathways.

Study of telomere dysfunctional mesenchymal stem cells, revealed increased
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expression of CRAMP, stathmin, EF1a and chitinase and were detectable in the
blood/serum of aging mice and humans (Jiang et al. 2008). As the proteins were
induced to be secreted by the damage associated senescence pathway they
provide evidence for a functional link between the two pathways. Furthermore,
their induction as a post damage event is also suggestive of a higher order to the
signaling of the two pathways during senescence induction. Consistent with this
concept, a recent study of human diploid fibroblasts with induced DNA damage
through high dose radiation exposure highlighted increased IL6 secretion
alongside the formation of SAHF in arrested cells (Rodier et al. 2009).
Interestingly a low dose of radiation, such that it was only sufficient to induce
temporary DNA damage signaling before returning to the cell cycle, did not
cause increased IL6 secretion. This suggests that DNA damage signaling alone is
not sufficient for secretory senescence activation instead the damage associated
pathway and the senescent cell phenotype must instead first be established to
trigger the induction of secretory senescence. Through the knockout of key
effector molecules of the damage associated senescence pathway the group also
showed the secretory senescence signaling was triggered through the ATM
signaling cascade and did not require p53 during replicative or oncogene induced
senescence. Interplay between the two known senescence pathways is therefore
evident and current evidence suggests that the main function of the secretory
senescence pathway is to signal the cells’ surrounding microenvironment of the

induction of cellular senescence.

Unfortunately, such signaling events may have a pro-tumourigenic effect on
surround cells due to the increased blood flow from proangiogenic signals and
proliferative signals intended to stimulate the immune system. Such antagonistic
pleotrophy may have originally been intended to signal cellular distress to
surrounding microenvironment due to ongoing tumourigenic events or cause
senescence induction in neighbouring cells that may have also been infected
with the virus. Regardless of whether senescence was derived from an anti-viral
response, the attraction of the immune system through the release of pro-
inflammatory and chemotactic signals would also be of benefit to an anti-
tumourigenic mechanism and as such may have been retained as the senescence
response evolved. Indeed increased local immune infiltration is associated with
improved survival in cancer patients (Roxburgh et al. 2009) and activation of the

secretory senescence pathway may be intended to evoke this response.
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However, as with all biological systems, the exact levels of such signaling must
be closely regulated. Over-activation of the secretory senescence pathway may
also have a deleterious effect, reflected by the fact that patients showing an
increased system-wide immune activation, as opposed to tumour localized
immune response, show a poorer prognosis (Roxburgh et al. 2009). Due to the
relative infancy of the investigations into the secretory senescence pathway, the
exact details and implications upon clinical factors such as outcome of the
secretory senescence pathway are still under investigation but may in the future

present novel opportunities for adjuvant pro-senescent therapies.

1.2.3 Autophagy and senescence

The latest pathway to be implicated in senescence induction is that of
autophagy. Current evidence of the exact mechanisms by which autophagy and
senescence interact is underdeveloped but the few studies that do exist have
quickly identified what may be a particularly important factor in senescence
induction. Autophagy, or self-eating, is the genetically orchestrated process of
digesting internal organs and proteins of a cell. As such, it represents a third cell
fate upon the receipt of cellular stress signals distinct from that of apoptosis or
senescence. More precisely autophagy consists of the formation of double
membrane vacuoles, known as autophagosomes, containing the organ or proteins
to be digested. The autophagosomes are then fused with lysosomes to provide
the digesting enzymes. The most frequently utilized marker of autophagy is LC3,
which when bound to the autophagosomes, known as LC3-Il, can be identified
using immunoblotting techniques (Young et al. 2009). Upon starvation conditions
autophagy can be induced to recycle proteins into their amino acid constituents
for use in protein synthesis. Furthermore, autophagy activation is frequently
observed when a cell needs to change from one metabolic state to another and
facilitates the fast turn over of proteins to facilitate this. As senescence involves
a major switch from a proliferating cell state to an arrested cell state
accompanied by large phenotypic changes it is logical that autophagy may

facilitate the large protein turn over required for this.

The most compelling evidence for a link between autophagy and senescence
comes from a large and detailed recent study by Young and colleagues (Young et

al. 2009). In this study, the authors utilized a combination of the
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aforementioned immunoblotting techniques for LC3-1l and protein degradation
assays on human diploid fibroblasts induced to senescence by RAS or MEK
overexpression to investigate whether autophagy became activated upon
senescence induction. LC3-1l concentration was found to increase upon both RAS
and MEK activation implying that upon senescence induction autophagy became
activated. Furthermore, LC3-ll increases did not occur when the induction of
senescence was blocked. The group then went on to model the kinetics of
autophagy activation during senescence induction using an inducible RAS
activation model. The authors observed that after RAS activation the cells
underwent a brief spell of increased cellular proliferation followed by
senescence induction 5-6 days after. It was during the 4-5 days between the
proliferative burst and induction of senescence that autophagy activation
reached its peak. This suggests that autophagy may mediate the conversion of
the proliferative cellular state to the senescence phenotype, through increased
protein turnover. Some contradictions in the involvement of autophagy do exist
however. mTOR has previously been seen to be required to induce the PTEN-loss
induced senescence pathway however mTOR has also been observed to be a
negative regulator of autophagy (Mathew et al. 2007). As such, senescence
induction should repress the autophagic process. Upon investigation of the
phosphorylation activity of mTOR, Young and coworkers found that an initial
spike in activity following RAS activation then decreased in correlation with the
activation of the autophagic transition to senescence. This suggests that
continuous mTOR signaling is not required for maintenance of the senescent
phenotype, an initial burst of activity is sufficient to activate the signaling
cascade and induce senescence completely. This is consistent with the negative
feedback loop through NF1 inhibition of downstream RAS pathways previously
observed to regulate oncogene induced senescence (Courtois-Cox et al. 2006)
Furthermore, NF1 has been shown to directly repress mTOR (Johannessen et al.
2005) and thereby may provide a further direct pro-autophagic signal upon
activation of oncogene-induced senescence. Through microarray analysis, Young
and colleagues went on to show that overexpression of the gene ULK3 was
sufficient to induce both autophagy and senescence and may provide a key
signaling molecule for the concurrent activation of both pathways. Although the
only study to date that mechanistically links autophagy with senescence

induction, Young and colleagues have made a convincing argument for
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autophagy as an effector mechanism for the switch from proliferating to

senescent phenotype.

Although to date B-galactosidase staining at pH6 has been the most consistent
marker for senescence available the exact mechanism behind the association of
B-galactosidase expression and senescence still remains a mystery; autophagy
may provide a reason behind the marker however. [3-galactosidase staining in
senescent cells was recently attributed to the activities of the gene GLB1 (Lee
et al. 2006). GLB1 encodes lysosomal B-D-galactosidase, which is one of the
enzymatic components of autophagosomes. Knockdown of GLB1 with shRNA has
been shown to delay p-galactosidase staining but not the induction of the
senescent phenotype (Lee et al. 2006). Furthermore, knockdown of autophagy
upregulated genes ATG5 and ATG7 has been observed to delay the onset of B-
galactosidase activity in senescent cells (Young et al. 2009). If p-galactosidase
activity in senescent cells is truly representative of autophagy-mediated
senescence then it makes some sense of an observation of lack of j-
galactosidase activity in melanocytic nevi in vivo (Cotter et al. 2007). If B-
galactosidase activity is a product of the autophagic transition phase of
senescence and this phase is limited to the transition between proliferative and
senescent phenotypes, then the lack of B-galactosidase activity in melanocytic
nevi may suggest that these cells have moved passed the transition phase and
are fully in the senescent phase. Further investigations of the dynamics of
autophagy and senescence in vivo are required however, before any firm
conclusions as to the relationship between senescence associated f-
galactosidase staining and autophagy can be made. It is, however, curious to
think that the most recent addition to the senescence story is behind one of the

most consistent markers for senescence detection.

1.3 Physiological Senescence: Senescence in vivo

With an increased understanding of the molecular mechanisms behind
senescence gradually coming to light the physiological roles of senescence
become increasingly important. Senescence in vivo has so far been seen to play
important roles in three major processes; tumour suppression, aging and wound

healing.
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1.3.1 Senescence and Aging

As senescence is a mechanism of controlling the level of cellular proliferation
and, in the case of replicative senescence, halting cell division after a set
number of cell cycles it makes logical sense that it should have some links with
the larger process of aging. Indeed an increase of cells showing senescent
markers in aging tissues and age related diseases such as atherosclerosis, skin
ulcers, osteoarthritis and liver cirrhosis has been observed (Herbig et al. 2006,
Sedelnikova et al. 2004, Campisi 2005; Price et al. 2002; Wiemann et al. 2002).

The premature aging syndrome dyskeratosis congenita (DKC) adds further weight
to the role of senescence in the process of organismal aging. DKC is an
autosomal dominant disorder caused by mutations in the genes diskerin, TERT or
TERC and results in a failure to maintain telomeres in stem cells and the germ
line (Kirwan and Dokal 2009). DKC results in bone marrow stem cell failure as
stem cells telomeres are no longer maintened by telomerase and therefore
eventually induce replicative senescence. Furthermore, patients with DKC often
present with premature aging-like symptoms such as premature hair
loss/graying, deafness, osteoporosis and liver disease (de la Fuente and Dokal
2007).

Although observation of the senescence markers in aging tissues and organisms
presents a strong case for the role of senescence in the aging process further
function studies are required to directly link the two processes. Mechanistic
studies in the BubR1 insufficiency mouse models of premature aging and have
shown that p16 inactivation attenuates both cellular senescence and premature
aging while ARF inactivation exacerbates both phenotypes (Baker et al. 2008).
However, as discussed in the discussion of the secretory senescence pathways
(see 1.2.2) the use of mice to model complex phenotypes in humans must be
done with caution as results are not always directly comparable. In the case of
of p16’s role in the aging process there is some evidence that this link may not
be limited only to mouse models however.Recently p16 has also been suggested
as a human molecular marker of ageing due to its increased expression in human

tissues and particularly peripheral blood lymphocytes (Liu et al. 2009).
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The premature aging of patients with DKC; reduction of tissue function and the
induction of age related diseases may be a further example of where
senescence, whilst providing a barrier to potentially harmful diseases such as

cancer (see 1.3.3) may also cause harm in the longer term.

1.3.2 Senescence and Wound Healing

A recent addition to the repertoire of senescence in vivo is its role in the repair
of tissue damage known as wound healing. Upon receipt of an injury tissues
undergo a program of tissue repair and remodeling that involves the activation
of fibrosis to heal the wound and maintain tissue stability (Friedman et al.
2008). Recent evidence highlighted the prescence of senescent hepatic stellate
cells, the cells initially responsible for the production of the fibrotic
extracellular matrix, in the liver in response to injury induced by carbon
tetrachloride (Krizhanovsky et al. 2008). These senescent hepatic, like other
sencescent cells, secrete matrix metalloproteases as part of the secretory
senescence pathway and therefore serve to limit the level of fibrosis created
during the process of wound healing in the liver. More recently the link between
senescence and wound healing was further strengthened by a study by Jun and
Lau. In this study the matricellular protein CCN1 was found to induce senescence
in fibroblasts through the activation of p53 and pRB pathways (Jun and Lau
2010). These senescent fibroblasts were found to accumulate in cutaneous
wounds and CCN1 knockout mice were found to have extra fibrosis in cutaneous
wounds, corrected by the application of CCN1 protein solutions directly to the
wound. The evidence for the role of senescence as a crucial component of the
normal healing process is therefore growing and with further mechanistic studies
will continue to aid our understanding of the different physiological roles of

senescent cells.

1.3.3 Senescence as a block to tumour progression.

Immortalisation, the ability to proliferate exponentially, is a prerequisite of the
transformation of a normal cell into a cancer cell. As senescence has the ability
to permanently remove the cell from the cell cycle it forms a major barrier to
neoplasia and tumour progression. In fact senescence induction appears to

perfectly placed to respond to early tumorogenic events and prevent the
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establishment of the tumour through its activation in response to oncogene
activation and inhibition of tumour suppressors. Furthermore, the removal of the
cells from the cell cycle would also prevent the accumulation of further
neoplastic mutations that may overcome other tumour suppressive signaling

cascades with continued rounds of cell division.

Detection of cells with the chacteristics of senescence have been detected in
vivo in a number of different tissue types. Through the investigation of
senescence markers, B-galactosidase staining and p16 expression, in an inducible
KRas mutant mouse model Collado et al highlighted the prescence of senescent
cells in adenomas of the lung and in premalignant pancreatic lesions (pancreatic
intraductal neoplasias (Collado et al. 2005). These senescent cells were seen at
much lower levels in adenocarcinomas and pancreatic ductal adenocarcinomas
implying that the senescent cells may indeed be early cancer cells prevented
from entering full immortality by the senescence program. Similarly, senescent
cells have also been observed in benign dermal neurofibromas and melanocytic
nevi (Coutois-Cox et al. 2006, Braig et al. 2005. Michaloglou et al. 2005).

As the majority of melanomas rely on activating mutations in BRAF, which has
been seen to trigger the senescence reponse, it makes logical sense that
senescence should be activated in the early pre-cancerous cells and establish
benign nevi instead. In fact recent clinical trials into the inhibition of BRAF
expression in melanoma have been highlighy successful (Bollag et al. 2010).
Unfortunately, many of these studies focus on the oncogenes addiction of these
tumours and do not examine senescence markers so it is not always possible to
say whether this is through the reversion of cancerous melanoma cells to a
scenecent state. However, mouse model studies in liver carcinomas and
sarcomas, showed that restablishment of key senescence genes, such as p53,
successfully causes tumour regression (Xue et al. 2007; Ventura et al. 2007).
Furthermore, senescence has been observed to be induced in response to
chemotherapeutic agents in vivo (te Poele et al. 2002) and as such senescence
therefore presents a strong role as a tumour suppressive mechanism in vivo as

well as in vitro.

A further mechanism by which senescence presents a block to tumourogenesis is

through the potential of the secretory senescence pathway to induce a local
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immune response and immune clearance of premalignant cells that have entered
senescence. As discussed previously (see 1.2.2) the secretory senescence
pathway results in the secretion of many proinflammatory and immune
activatory proteins and as such may be able to attract the immune system to
cells that are undergoing pre-malignant transformations. In support of this
concept work in mouse liver carcinomas showed that reactivation of p53 induced
cellular senescence and clearance by the innate immune system (Xue et al.
2007). The tumour clearance was seen to be mediated by the NK cells of the
immune system which was ablated by the application of NK blocking antibodies
or gadolinium chloride. Therefore although the secretory senescence pathway
may be pleotrophic in its ability to suppress tumorigenesis there is strong
evidence that if utilised correctly it may be an important tool in the induction of

tumour regression.

Senescence therefore presents a major block to tumour establishment and
progression however as cancer does still exist it is obviously not a fool proof
mechanism. In fact even in well established models such as melanocytic nevi it is
know that a small number of nevi established for decades still progress to
cancerous melanomas (Michaloglou et al. 2005). Therefore although senescence
exists as a tumour suppressive mechanism in vivo, cancer cells also have

adapted a number of senescence bypass mechanisms.

1.4 Senescence bypass by telomere maintenance

The induction of replicative senescence through telomere attrition forms a
major barrier to tumour progression. Regardless of a cell’s ability to tolerate
oncogene overexpression or cellular stress, the gradual telomere shortening
caused by repeated cell cycling still requires bypass. In order to become fully
tumourigenic cells commonly bypass senescence through the induction of a

telomere maintenance mechanism.

1.4.1 Telomere maintenance by telomerase

The enzyme telomerase is a ribonucleoprotein with reverse transcriptase activity
capable of lengthening telomeres and is utilised by the majority of cancer cells

to overcome crisis and avoid senescence (Ju et al. 2006). The only normal cell



Kyle Lafferty-Whyte, 2010 Chapter 1,23

types observed to naturally express active telomerase are germ cells (Kim et al.
1994), stem cell populations, such as haematopoetic stem cells (Vaziri et al.
1994; Counter et al. 1995; Yui et al. 1998) and leukocytes (Counter et al. 1995).
Recent evidence from mutations in the hTERT gene suggest that lack of
telomerase activity in stem cells may lead to their premature loss (Hills et al.
2009). Furthermore, mutations in the components of the telomerase enzyme
have also been observed in cancers such as acute myeloid leukemia (Calado et
al. 2009) and may highlight the potential importance of other mechanisms of

telomere maintenance in these tumour types.

Telomerase consists of two components, the catalytic component encoded by
the hTERT gene and the RNA template component encoded by the hTR gene.
Expression of both subunits is required for in vivo telomerase activity (Weinrich
et al. 1997) and consistent with this, hTERT and hTR, are specifically up
regulated in cancer compared to normal tissues and cell lines (Parkinson et al.
1997). Dyskerin, encoded by DKC1, has also recently been shown to be
associated with telomerase and is thought to stabilize the RNA/enzyme complex
(Cohen et al. 2007). Further evidence for the potential requirement for dyskerin
for telomerase activity is provided by the reduced telomerase activity resulting
from mutated dyskerin (Mitchell et al. 1999). In addition to this the autosomal
dominant disease dyskeratosis congenita is attributed to reduced telomerase
activity and, to date, mutations in only DKC1, hTR and hTERT have been seen to
cause the phenotype (Mitchell et al. 1999; Vulliamy et al. 2001; Armanios et al.
2005). Previous studies have highlighted the ability of the components of
telomerase to dimerise (Wenz et al. 2001) and examination of the molecular
weights of hTERT, hTR and dyskerin of purified catalytically active human
telomerase suggest that the telomerase construct may exist as 3 dimers of each
of these components (Cohen et al. 2007). However, these studies result from in
vitro reconstitution of recombinant telomerase components or purified
telomerase and therefore may not be truly reflective of the in vivo active

enzyme complex.

Given the tumourigenic properties of telomerase expression, it is not surprising
that it is highly regulated on multiple levels. Firstly, both hTERT and hTR
transcription are highly regulated processes. Both genes show balance of

multiple layers of transcriptional regulation at their promoters. For example,
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hTERT expression is repressed by transcription factors such as AP1, p53 and
RUNX2 and activated by c-Myc, SP1 and STAT3 (Kanaya et al. 2000; Kyo et al.
2000; Konnikova et al. 2005; Takakura et al. 2005; Isenmann et al. 2007). Of all
of these transcriptional regulators probably the most important link with
senescence regulation comes from p53 and c-Myc. Given that p53 is a key
effector of induction of the senescence pathway it is logical that it should also
act as a negative transcriptional regulator of the main mechanism of senescence

bypass.

c-Myc’s role in senescence and telomere maintenance by telomerase is well
studied. Overexpression of c-Myc is common in cancer playing a regulatory role
in the cell cycle (Wang et al. 2008), angiogenesis and cell migration (Meyer et
al. 2008; Herold et al. 2009). c-Myc therefore presents an attractive target for
anti-cancer therapy. A recent study found that the potent anti-cancer drug
butein causes a decrease in telomerase expression and inhibits cell proliferation
through the suppression of c-Myc expression (Moon et al.). Recent evidence that
further chromatin remodelling is required before c-Myc can access the hTERT
promoter for activation (Bazarov et al. 2009) suggests chromatin modification
may also play a factor in the lack of hTERT expression increases in these cell
lines. Aside from hTERT, another down-regulated c-Myc target that may play a
role in telomere maintenance is hnRPA3. It was recently shown that hnRPA3
binds the single stranded telomere repeat in vitro, protects against nuclease
activity and inhibits extension by telomerase (Huang et al. 2008). C-Myc
therefore clearly plays an important role in the regulation of telomere
maintenance by telomerase. Consistent with this, in melanoma, c-Myc
overexpression has been shown to be required for the bypass of oncogene
induced senescence (Zhuang et al. 2008). Similarly, c-Myc repression has been
shown to induce cellular senescence and tumour regression in osteosarcoma,

hepatocellular carcinoma and lymphomas (Wu et al. 2007).

hTERT is further regulated by alternative splicing. Several splice variants of
hTERT exist where only the full length variant is active. hTERT has been shown
to have at least 6 different splice variants where three main alternative splice
forms have been extensively studied to date, known as the «, p and o/ forms.
All the splice variants produce truncated inactive forms of the protein, however,

there is evidence that the o variant may function as a dominant negative form
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(Colgin et al. 2000; Yi et al. 2000). This suggests a further level of post-
transcriptional regulation through regulatory feedback loops from alternative
splice variants. A more recent study utilized sequential RT-PCR of primer pairs
covering the entire full-length hTERT mRNA in a panel of cDNAs from 5 normal
and tumour tissues. Upon examination of the resulting fragments the study
highlighted a further 6 novel alternative splice forms and therefore the potential
for up to 12 alternatively spliced variants of hTERT (Saeboe-Larssen et al. 2006).
These observations further highlight the importance of the strict regulation of
the telomerase enzyme to prevent senescence bypass and lead to potential
tumorigenesis. The importance of this mechanism is further emphasised by their
observation in different forms of human cancers. A study of malignant breast
tumours and their surrounding tissues showed that expression of full-length
hTERT correlated with telomerase activity in breast tumours (Zaffaroni et al.
2002). However, in surrounding normal tissue and benign lesions the study
interestingly showed that expression of the full-length splice variant alone was
not sufficient for telomerase activity. This suggests that further regulatory
mechanisms for the inhibition of telomerase activity are present and active in
these cells. Further studies of melanoma cells, typical carcinoids, large cell
neuroendocrine carcinomas and small cell lung cancers have highlighted
requirement of the full length hTERT splice variant for telomerase activity and
the potential importance of alternative splicing as a telomerase regulatory
mechanism in vivo (Zaffaroni et al. 2005; Lincz et al. 2008). As negative
regulators of telomere maintenance by telomerase, the induction of the
dominant negative splice variants of telomerase make and attractive target for
anti-cancer therapy. The role of splice variants of hTERT in response to therapy
has been implicated in recent studies of breast cancer. One study highlighted
shifts in splice variants away from negative forms after treatment of breast
cancer with tamoxifen, potentially highlighting a primary mechanism of

resistance induction in cancer cells surviving treatment (Strati et al. 2009).

A further layer of regulation to senescence bypass by telomerase is given by
post-translation protein modification. Phosphorylation of telomerase by AKT and
PP2A have been observed to enhance telomerase activity in breast cancer and
melanoma cells (Li et al. 1997; Kang et al. 1999). In addition, the recent
observation that decreased activity of telomerase in highly differentiated T-cells

is due to the decreased activity of AKT further highlights the importance of the
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mechanism in vivo (Plunkett et al. 2007). Phosphorylation also presents a
mechanism by which telomerase activity can be down regulated upon
senescence induction as the phosphorylative actions of the tyrosine kinase c-ABL
have been found to repress telomerase activity rather than activate it
(Kharbanda et al. 2000). As c-ABL is frequently activated in response to DNA
damage this represents a further feedback loop by which senescence bypass via
telomerase activation could be repressed upon the induction of the damage

associated pathway of senescence.

The importance of repressing telomerase activity to prevent senescence bypass
is further highlighted by recent evidence of the involvement of the TGFp
downstream target SMAD3 in the suppression of telomerase during cancer
induction (Li et al. 2007). SMAD3 is a known c-Myc inhibitor and as such its
activation would repress the transcription of hTERT. As TGFp is a member of the
secretory senescence pathway, it is possible that such secretion acts as a
regulatory mechanism to prevent senescence bypass through telomerase
telomere maintenance. The repression of telomerase activity after activation of
both the damage associated and secretory senescence pathways highlights
intrinsic mechanisms by which cells attempt to respond to and prevent the

bypass of senescence through telomere maintenance by telomerase.

1.4.2 Telomere maintenance by alternative lengthening of

telomeres

There are however, cells that maintain their telomeres without the reactivation
of the telomerase enzyme. Such cells are said to use the alternative lengthening
of telomeres mechanism or ALT. Currently, the underlying molecular

mechanisms of ALT are poorly understood.

Existing assays for ALT rely on phenotypic cellular traits. These include
heterogeneous telomere lengths ranging from 3 kb to 50 kb (Henson et al. 2002),
small nuclear foci called ALT-associated PML bodies (APBs) (Reddel 2003) and an
abundance of extrachromosomal telomeric DNA, known as t-circles (Fajkus et al.
2005). The actual role of these markers in the mechanisms by which these cells
maintain their telomeres is yet to be fully understood. The current standard
assay for ALT identification is primarily focused on the identification of ALT

unique form of the APBs. However, the role of APBs in ALT is still under debate.
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These nuclear structures contain the PML protein and SP100 of normal
promyleocyclic leukaemia bodies (PML bodies) (Yeager et al. 1999) as well as
telomeric DNA repeats, telomere binding proteins TRF1 and 2, RAD51, RAD52
and replication factor A. RAD51, RAD52 and Replication factor A have well
characterised roles in recombination and DNA synthesis (Benson et al. 1998) and
therefore in combination with the TRF1 and 2 highlight a possible role for APBs
in telomeric maintenance. Further APB characterization has highlighted that
proteins such as NBS1, PML, TRF1, TRF2, TIN2, RAP1, MRE11 and RAD50 are
required for APB construction and other molecules, such as BRCA1, hRAP1, SP100
and 53BP1, simply associate with APBS (Wu et al. 2003; W-Q Jiang 2007). These
complex and multiple interactions of APBs are indicative of a possible higher
order structure in APB construction rather than their production as a byproduct
of telomere maintenance by ALT. The association of molecules with various DNA
interacting abilities such as the helicases BLM (Stavropoulos et al. 2002) and
WRN (Johnson 2001) and DNA damage signaling and repair proteins like MRE11
and RAD50 (in complex with NBS1) gives further weight to their potential for
direct involvement in telomere maintenance (Zhu 2000). Evidence for this direct
role is, however, still under debate with some evidence ALT telomere
maintenance failing in their absence (Jiang et al. 2005) but also evidence of ALT
in cells without any APBs (Fasching et al. 2005).

Regardless of the direct involvement of APBs, the most prevalent theory as to
the mechanism through which ALT cells maintain their telomeres is by
homologous recombination. The use of fluorescently tagged telomeres has
demonstrated the copying of telomeres from one chromosome to another
(Dunham et al. 2000). In addition, through the introduction of a telomere tag it
has also been shown that intra-telomere recombination can also be utilized by
ALT cells (Muntoni et al. 2009). Investigation of the telomere recombination
rates of ALT cell lines reveals higher rates in ALT in comparison to telomerase
positive cells whilst non-telomeric regions show no significant rate differences,
adding weight to the concept that this could be the mechanism behind telomere
maintenance by ALT (Bechter et al. 2003; Londono-Vallejo et al. 2004). Further
suggested models of telomeric recombination that could result in the observed
telomere heterogeneity, as shown in Figure 1.3, and add further evidence to the
theory (Muntoni et al. 2005).
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Certain telomere binding proteins have also been implicated to play roles within
the homologous recombination mechanism. This provides opportunities for the
recruitment of the homologous recombination machinery to the telomeres. For
instance, WRN is a helicase which when mutated causes the premature aging
disease Werner Syndrome (Multani et al. 2007). It has been shown to interact
with members of the shelterin complex, well known telomere interacting
proteins, such as TRF1, TRF2 and POT1 (Smogorzewska et al. 2004) and as such
could be seen to potentially have a role in telomere maintenance. However,
their role may be more complex than previously thought. Patients with a defect
in the WRN gene suffer rapid telomeric shortening. This suggests that the
removal of active WRN affects the cell’s ability to stabilise the telomeres to
their natural gradual degradation rate. WRN has also been successfully used as a
tool to investigate spontaneous escape from the cell crisis resulting from short
telomere lengths. Laud et al.demonstrated that cells deficient in WRN are
capable of senescence escape and telomere maintenance through the ALT
pathway (Laud et al. 2005). This shows that WRN may not be essential for ALT
but that its expression and regulation could still play some role at the telomeres
in ALT cells.

Such cross-talk with other telomeric interacting proteins is not the only
consideration that the homologous recombination theory has suggested. A study
in 2005 examined minisatellite sequences which have known mutations created
by homologous recombination. (Jeyapalan et al. 2005) The results showed a
much higher level of minisatellite instability of one of these minisatellites,
MS32, in ALT cell lines but not in normal or telomerase positive cell lines. This
suggests that the increase in homologous recombination in ALT may have far
reaching effects in the genome and may not simply affect the pathways involved
in this one particular process. The alteration of genomic information in ALT cells
could have far reaching effects and possibly allow the involvement of other

relevant pathways through alterations in their regulation and expression.
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Figure 1.3 - Telomeric heterogeniety achieved through asymetric telomere recombination
and net gain through intertelomeric strand invasion. (A) Model proposed by Cesare and
Reddel by which ALT cells would achieve heterogeneity in their telomeric lengths via
recombination(B) Secondarily a further model is proposed by which telomeres would
achieve an overall net gain of telomere length through the utilisation of other telomeres as a
template strand for DNA synthesis, Image taken from Cesare and Reddel, 2010. Nat. Rev.
Gen., 11(5) 319-330.
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Further theories on the mechanisms behind ALT also exist. Evidence is growing
for the role of the small telomeric circles, t-circles, in telomere maintenance.
Homologous recombination has been found to create a small deletion
approximately the size of t-circles (Wang et al. 2004). T-circles are present in
high abundance extrachromasomally in ALT cell lines which may suggest a
potential “rolling circle” mechanism of telomeric maintenance (Natarajan et al.
2002) or maintenance mechanisms that could involve the integration of t-circle
to telomeres or by use of the t-circle as a template (Tomaska et al. 2004).
Further evidence is supplied in studies that show that even the smallest of t-
circles are active and capable of the rolling circle mechanism of telomeric
maintenance (Hartig et al. 2004). This suggests that homologous recombination
may not be solely responsible for the maintenance of the telomeres in ALT cell
lines. As discussed previously, the interactions of telomere associated and
homologous recombination associated proteins with other pathways supplies the

opportunity for potential cooperation of mechanisms to a common goal.

The interaction of t-circles as part of other ALT TMMs has become a distinct
possibility since a recent study showed that Nbs1 is required for the production
of t-circles (Compton et al. 2007). Nbs1 is well characterised as a foundational
protein in APBs (Wu et al. 2003) and therefore their requirement for t-circle
production suggests that there is a more complex set of interactions required for
the full ALT TMM to occur.

The use of ALT for telomere maintenance is predominantly found in cells of
mesenchymal origin. However, even within mesenchymal tumour subtypes the
frequency of ALT varies greatly, for example 77% of malignant fibrous
histiocytomas use ALT whereas only 6% of rhabdomyosarcomas (Henson et al.
2005). ALT has also been shown to correlate with patient outcome and prognosis
however the exact correlation of ALT with outcome and prognosis varies
depending upon tumour type. Studies of bone and soft tissue sarcomas show an
improved survival for patients with ALT or telomerase negative tumours
(Terasaki 2004). Osteosarcomas in particular show strongly favourable outcome
with ALT (Ulaner et al. 2003; Sanders et al. 2004). Conversely, liposarcomas
utilizing ALT have increased linkage to mortality (Costa et al. 2006). Study of

metastatic potential of mouse embryonic fibroblasts provides some evidence for
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why some ALT tumours may have more favourable outcome than others (Chang
et al. 2003). Telomerase reconstitution in subcutaneous ALT tumours led to a
high metastatic ability whilst tumours that remained as ALT were unable to
undergo metastasis. A lower metastatic potential could be one explanation for
the prognostic implications of TMM and why some osteosarcomas, bone and soft
tissue sarcomas have a more positive prognosis with ALT. However given the

complexity of the ALT phenotype it is likely that other factors are also involved.

Telomere maintenance by either telomerase or ALT is an essential step in the
bypass of senescence, however the reason that a cell utilizes one mechanism
rather than another is unknown. Examination of the molecular differences
between the two mechanisms has shown that chromatin modifications may play
a role in the decision. Methylation at the hTR promoter in ALT cell lines has
been shown to be responsible for the repression hTR expression in ALT (Hoare et
al. 2001) and similarly methylation and hypoacetylation of the hTERT promoter
of ALT cells lines is suggestive of epigenetic suppression of hTERT expression in
ALT cells (Atkinson et al. 2005). Such active regulation of the promoter of the
two components of telomerase in ALT cells is suggestive of a regulatory network
initiating and maintaining the choice of TMM during neoplasia. The details of

such a regulatory network are currently not explored.
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1.5 Aims of this Study

As a major block to tumorigenesis an understanding of the regulatory networks
surrounding the process of cellular senescence is required. Although the roles of
individual molecules such as p53 and p16 during senescence induction have been
well defined, the regulatory mechanisms surrounding the larger processes of
senescence are currently poorly understood. The understanding of the regulatory
networks involved in senescence bypass through mechanisms such as telomere
maintenance may also improve current understanding as to how tumours perturb
the process of senescence and achieve immortalization. Furthermore, the
degree to which bypassed senescence pathways remain latently expressed in
human tumours and their potential impact on clinical factors such as patient
outcome is completely unexplored. The investigation of these regulatory
networks and latent senescence signaling may therefore facilitate the improved

targeting of therapeutics and reveal novel diagnostic and prognostic biomarkers.

It was therefore the specific aim of this study to investigate regulatory networks
surrounding senescence signaling and bypass and assess the potential impact

upon clinical factors such as outcome.

Through the application of gene expression and miRNA microarray profiling,

kinome siRNA and virtual drug screening the following questions were addressed:

¢ What molecular differences exist between cells utilizing different TMMs

for senescence bypass?
e Do miRNAs have a regulatory role in senescence bypass and signaling?

e Does latent senescence signaling exist in human tumours and how can it

be measured?

¢ Can such measures be used to assess the impact of latent signaling on

clinical factors such as outcome and response to therapy?
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2 Materials and Methods

2.1 Materials

2.1.1 Tissue Culture Reagents and Consumables

Minimum Essential Medium (MEM) Invitrogen
RPMI 1640 growth medium Invitrogen
Dulbeccos modified Eagles MEM Invitrogen
L-glutamine (200mM) Invitrogen
Trypsin (2.5%) Invitrogen
Foetal calf serum (Batch ID) Autogen Bioclear
96-well plates Iwaki
12-well plates Iwaki

28 cm” flasks Nunc

75 cm” flasks Iwaki

150 cm* flasks Nunc

500 cm” triple-flasks Nunc
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Human cell lines used in this study:
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Telomere Age and Sex Known
Cell Line Source | Maintenance of Donor Mutations
Mechanism
ALT 60 years, CDKNZ2A,
SK-LU-1 lung
) ATCC Female CDKN2A(p14),
adenocarcinoma
KRAS, TP53
KMST6 ALT 9 weeks, TP53
immortalised lung CCR Female
fibroblast
Wi38-VA13/2RA ALT 3 months SV40 antigen
(WI138-5v40) gestation, renders TP53
) . CCR Female null
immortalised lung
fibroblast
SUSM1 carcinogen ALT Fetal human | TP53
transformed liver CCR fibroblasts,
fibroblast unknown
SAQS-2 ALT 11 years, RB1, TP53
ATCC
osteosarcoma Female
ALT 15 years, CDKN2A
U20S osteosarcoma | ATCC
Female
Telomerase | Unknown, PTEN
A2780 ovarian ECACC Female
carcinoma
HT1080 Telomerase | 35 years, CDKNZ2A,
fibrosarcoma ATCC Male CDKN2A(p14),

IDH1, NRAS
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Telomere Age and Sex Known
Cell Line Source | Maintenance of Donor Mutations
Mechanism
5637 bladder Telomerase | 68 years, RB1, TP53
ATCC
carcinoma Male
Telomerase | 66 years, RB1, TP53,
C33a cervical Female PTEN,
ATCC
carcinoma PIK3CA,
MSH2, FBXW7
None 3 months None
WI38 lung fibroblast | ECACC gestation, documented
Female
IMR90 lung None 16 weeks, None
ECACC
fibroblast Female Documented

2.1.3 Primary Cell Cultures

Primary cells used in this study:

Human mesenchymal stem cells (hMSCs): Primary hMSC aspirates isolated by
centrifugation at 700 g for 15 min at 4 °C over a Ficoll-Hypaque gradient

(Sigma).

Human Tumour Biopsies

The table in Appendix Il details all of the current information on file for the

mesenchymal tumours used in this study.
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2.1.4 Luciferase Reporter Plasmid Vectors

pGL3 hTERT 24/9: hTERT reporter vector; contains the firefly luciferase gene
driven by a 576bp fragment of the hTERT promoter, constructed by Sharon Burns

and Rosalind Glasspool.

pSGG MYEOV: MYEOV reporter vector; contains the firefly luciferase gene driven
by 1072bp fragment of the MYEOV promoter, constructed by Switchgear

Genomics.

2.1.5 Antibodies

KAT2A/GCN5 Rabbit polyclonal Abcam (ab18381)
E2F1 Rabbit polyclonal Active Motif (39313)
HDAC5 Rabbit polyclonal Active Motif (40970)
PKC alpha Rabbit polyclonal Abcam (ab32376)

Anti-Rabbit 1gG HRP-linked Antibody New England Biolabs (7074)

ERC antibody Abcam (ab50132)

2.1.6 Kits, Reagents and Enzymes

Kit/Reagent Supplier
Lipofectamine 2000 Invitrogen
Passive lysis buffer Promega
Luciferase assay system Promega
Protein assay reagent Biorad
Nucleospin Il RNA extraction kit Macheray-Nagel
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Kit/Reagent Supplier
RNeasy lipid tissue RNA extraction kit Qiagen
RNeasy mini kit Qiagen
GeneAmp RNA PCR core kit Roche
Taq PCR core kit Qiagen
Hotstar Taq DNA polymerase Qiagen
DyNAmo SYBR Green gPCR kit Finnzymes
ECL detection reagents for western | Amersham
blotting
Restriction endonucleases and buffers | Invitrogen
E.coli Top10 competent cells Invitrogen
S.0.C. medium Invitrogen
Plasmid Maxi Prep kit Qiagen
Qiaquick Spin Miniprep kit Qiagen
Multimark protein molecular weight | Invitrogen
marker
NuPAGE Novex 4-12% BIS-TRIS gels Invitrogen
NuPAGE MES SDS running buffer Invitrogen
NuPAGE MOPS SDS running buffer Invitrogen
NuPAGE antioxidant Invitrogen
NuPAge transfer buffer Invitrogen
RNAseZap Ambion

Agilent RNA 6000 Nano reagents &

supplies

Agilent Technologies
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Kit/Reagent

Supplier

RNA 6000 Nano Chips

Agilent Technologies

Nuclear Extraction Kit

Active Motif

TRANSAM c-Myc

Active Motif

Recombinant c-Myc

Active Motif

Gene expression microarray kits and

reagents

Agilent Technologies

MiScript miRNA gPCR kit

Qiagen

2.1.7 Chemicals

2.1.8 General laboratory supplies and reagents

Provided by Beatson Institute Central Services:

LB-Medium (Luria-Bertani Medium)

Sterile Distilled Water

Sterile phosphasphate buffered saline (PBS)

Sterile PBS + EDTA (PE)

10x TBE electrophoresis buffer (Tris Borate/EDTA)

Sterile glassware and measuring pipettes

General:

supplier
Ampicillin Sigma
Kanamycin Sigma
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Supplier

Falcon Tubes 50 & 15ml Becton Dickson

Universal containers 5ml, 20ml & | Bibby Sterilin
100ml

Microcentrifuge tubes 1.5ml & 0.5ml Eppindorf & Abgene

Cell scrapers Corning

Pipette tips Gilson & Griener

Plastic stripettes 1ml, 5ml, 10ml, 25ml | Corning

& 50ml
X-ray film Fujifilm
Nitrocellulose membrane Millipore

2.1.9 Oligonucleotide Primers for qPCR

Oligonucleotide primers given in a 5’ to 3’ direction.
hTERTF: 5’- CTGCTGCGCACGTGGGAAGC,

hTERTR: 5’- GGACACCTGGCGGAAGGAG,

s15F: 5’-TTCCGCAAGTTCACCTACC,

s15R: 5’-CGGGCCGGCCATGCTTTACG,

MYEOVF: 5’-TGGGAGGACACGCAAGTT,

MYEOVR: 5’-CCAGCAGCCAAAGCAAAG,

WNT5BF: 5’-AGGAGGGAGGTTGTGGTT,

WNT5BR: 5’-GAACCGTGGAGGATGAAG,

DSC54F: 5’-ACCCTTCTACGAAATGGA,

DSC54R: 5’-ACTGTGGCTTATTCCCAT,
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NSUN5F: 5’-TGAGACCACACTCAGCAG,
NSUN5R: 5’-GAGAGGACAGGCATCTTC
GAPDHF: 5’ ACCACAGTCCATGCCATCAC,
GAPDHR: 5’TCCACCACCCTGTTGCTGTA
TCEAL7F: 5’GAAGGAAGAGCTGGTTGAT
TCEAL7R: 5’GACCCCTTATCTCTTCCAA
ChipTERTF: 5’ TCCCCTTCACGTCCGGCATT

ChipTERTR: 5’AGCGGAGAGAGGTCGAATCG

2.1.10 Oligonucleotides for siRNA

Target Gene Supplier

TCEAL7 Dharmacon

2.1.11 Equipment

Medical Air Technologies Bio-MAT class Il microbiological safety cabinet
Scharfe Systems Casy-1 cell counter

Forma Scientific CO, H,0 jacketed incubator

Olympus CK2 phase contrast microscope

Sigma 4K15/ Beckman GS-6R bench top centrifuges

Bio-Rad sub-cell GT electrophoresis gel tank/model 200 power supply
M.J. Research PTC-200 Peltier thermal cycler

Beckman J6-MC centrifuge

Beckman Microfuge-R refrigerated micro-centrifuge

Turner Biosystems Veritas Luminometer




Kyle Lafferty-Whyte, 2010 Chapter 2,41

Molecular Devices 96 well colorometric plate reader
Kodak X-Omat 480 RA film processor

Syngene Gene Genius bioimaging system
SBeckman DU650 spectrophotometer

Atto AE 6450 polyacrylamide gel electrophoresis tank
Atto AE 6675 semi-dry blotting apparatus

Novex XCell SureLock Elecrophoresis Cell

Agilent 2100 Bioanalyzer, Agilent Technologies

IKA LabChip vortexer, Agilent Technologies
Nanodrop, Agilent Technologies

Ribolyser, Hybaid

2.2 RNA Methods

2.2.1 RNA extraction

RNase-free filter pipette tips were used throughout RNA extraction and
microcentrifuge tubes were pre-treated with Diethyl dicarbonate (DEPC) water.
Prior to extraction all surfaces and pipettes were wiped with RNaseZap (Ambion)

to remove RNases.

Total RNA was purified from cultured cells using the NucleoSpin RNA Il kit as per
the manufacturers’ instructions. In brief, approximately 1 x10° cells were lysed
by addition of 350ul of buffer RA1 and vigorous vortexing. This lysis buffer
contains large amounts of chaotropic ions, which inactivate RNases and create
appropriate binding conditions which favour adsorption of RNA to the silica
membrane. The lysate was homogenised by passing it 10 times through a 20
gauge needle and was then applied to a NucleoSpin filter which contains the
silica membrane. Contaminating DNA, which is also bound to the silica
membrane, was removed by treatment with DNase-1 solution for 15 minutes at

room temperature. Salts, metabolites and macromolecular cellular components



Kyle Lafferty-Whyte, 2010 Chapter 2,42

were removed in washing steps and the pure RNA was eluted under low ionic

strength conditions with RNase-free water.

Total RNA was extracted from fresh frozen tumour samples using RNeasy lipid
tissue RNA purification kit as per manufacturors instructions. In brief,
approximately 100 ug of fresh frozen tissue were homogenised in 350 pul of tissue
lysis/binding solution using a 20 second pulse at speed setting 5.5 on a Hybaid
Ribolyser. This lysis buffer contains the required concentration of chaotropic
ions to facilitate bind of nucleic acids to the silica membrane of spin columns in
combination with a low concentration of detergent to maximise tissue breakup
and cellular disruption. 350 pul of 100% ethanol was then added to create
optimial nucleic acid binding conditions. The solution was then applied to a
RNAqueous filter cartridge which contains the silica membrane optimised for
capturing low RNA concentrations. Contaminating salts, metabolites and
macromolecular cellular components were removed in washing steps and the

pure RNA was eluted under low ionic strength conditions with RNase-free water.

2.2.2 RNA quality assessment

RNA quality and quantity was analysed using the RNA 6000 Nano Assay reagents,
RNA Nano LabChips and Agilent 2100 Bioanalyzer, as per manufacturors
instructions. In brief, prefiltered RNA matrix gel combined with RNA dye
concentrate in an RNAse free microcentrifuge tube, vortexed well and
centrifuged for 10 minutes at 13000 g. Gel dye was added to the RNA chip and
pressurised to force the gel through the chip’s capillaries. 5 ul of RNA 6000 Nano
marker was then added to the ladder well and all sample wells on the chip. This
low molecular weight RNA complex gives the bioanalyser software software a
common reference point in all RNA samples for comparison. 1 ul of RNA
standards were then added to the ladder well and 1 ul of each RNA sample
added to their respective wells. The RNA labChip was then vortexed for 1 minute
on the IKA LabChip vortex, Agilent technologies. The Agilent 2100 Bioanalyser
electrodes were washed with RNase ZAP followed by DEPC-treated water before
insertion of the LabChip for analysis using the 2100 Bioanalyser software. The
samples are then filtered through the gel-dye electrophoretically allowing size

and quality assessment in relation to the provided standards.
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2.2.3 Gene expression microarray hybridisation, washing and

scanning

RNA for each tumour sample was amplified and labelled using the Agilent Low
RNA Input Linear Amplification Kit PLUS, One-Colour and hybridised to Agilent
whole human genome 4 x 44K gene expression arrays as per manufacturers’
instructions. Raw data was extracted from scanned images using Agilent Feature

Extraction software (Agilent Technologies, Santa Clara, CA).

2.2.4 miRNA expression microarray hybridisation, washing and

scanning

miRNA Microarrays were performed by S. Hoare using Agilent’s miRNA Microarray
System and Human miRNA Rel 12.0 (8 x 15K) arrays as per manufacturers
instructions (Agilent Technologies, Santa Clara, CA). 100ng of RNA was
dephosphorylated, DMSO added and then denatured. Samples were labelled
using T4 ligase and Cyanine 3-pCp, vacuum dried and resuspended in
hybridisation buffer mix containing blocking reagent. Samples were denatured
and hybridised overnight for 20hrs @ 55°C and 20rpm. Slides were washed then
scanned using an Agilent DNA microarray scanner with the miRNA default
settings. Data was extracted from scan files using Agilent Feature Extraction

software version 10.5.1.1 (Agilent Technologies, Santa Clara, CA).

2.2.5 cDNA synthesis by reverse transcriptase PCR

cDNA was prepared using the GeneAmp RNA PCR core kit (Roche). RNA was
quantitated and quality assessed using the Agilent 2100 Bioanayser and adjusted
to 1ug in RNase-free dH,0. Only RNA with an RNA integrity number of 9 or above
was used for cDNA synthesis. Reactions were prepared in a PCR workstation
(Labcaire) using RNase-free tubes and tips, which were UV crosslinked prior to
use. A reaction mix was made up with 4ul of 10x Buffer, 8.8ul MgCl;, 8 pl
dNTPs, 2 pl random hexamers, 0.8ul of RNAse inhibitor, 1pl of reverse
transcriptase (RT) and 1ug of RNA per sample, made up to 40ul with dH,0. For
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each sample a no RT control mix was also prepared. Samples were then
incubated at 25°C for 10 minutes, 48°C for 30 minutes and 95°C for 5 minutes
using a Peltier Thermal Cycler (PTC-200) DNA Engine (MJ Research). 1ul of cDNA
was used in subsequent PCR reactions. GAPDH specific PCR was performed for
RT-PCR reaction products and no RT controls to determine the quality of cDNA
produced and to check for DNA contamination of the RNA.

2.2.6 Polymerase Chain reaction

Polymerase Chain Reaction (PCR) master mixes were made using reagents from
the Qiagen Tag-core kit. Reaction mixes were prepared in a PCR workstation
(Labcaire) and all equipment was UV crosslinked before use. Reactions typically
contained 1ul template cDNA along with final concentrations of master-mix
components as follows: 1x PCR buffer; 0.5uM each primer; 0.2mM each of dATP,
dTTP, dCTP, dGTP; 1 unit Taq polymerase. Reaction volumes were made up to
25ul with sterile distilled H,0 and run on a Peltier Thermal Cycler (PTC-200) DNA
Engine (MJ Research) according to the cycling conditions detailed below. PCR
products were analysed by agarose gel electrophoresis. Typically 7 pl was
loaded onto a 1% agarose gel containing Gel Red (SUPPLIER) for UV visualisation
of DNA.

2.2.6.1 Cycling conditions

RT-PCR GAPDH
1. 25°C for 10 min 1. 94°C for 45 sec
2. 48°C for 30 min 2. 60°C for 45 sec
3. 95°C for 5 min 3. 72°C for 2 min
4. 4°C forever 4. Repeat 29 times from step 2
5. 4°C forever

2.2.7 Quantitative polymerase chain reaction (qPCR)

g-PCR master mixes were made using the Finnzymes DyNAmo SYBR green qPCR
kit. The 2x reaction mix provided contained pre-mixed SYBR green dsDNA
binding dye, buffer, Taq polymerase and dNTPs. Typical reactions therefore
consisted of 1x SYBR green reaction mix, 0.5uM each primer and 1ul DNA made

up to a 20ul volume with dH;0. Reaction mixes were prepared in a PCR
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workstation (Labcaire) and all equipment was UV crosslinked before use. All
reactions were set up in triplicate alongside a no-DNA control. A known
concentration range (100 ng - 10 pg) of 5 genomic DNA standards were also set
up in triplicate producing a standard curve to which the PCR product is
compared and quantified. Reactions were run on an Opticon 2 DNA Engine from
MJ Research according to the cycling conditions detailed below. The average

value of the triplicate reactions was taken as the concentration of PCR product.

2.2.7.1 Cycling conditions

DSC54 MYEOV

1. 94°C for 10 min 1. 94°C for 10 min

2. 95°C for 30 sec 2. 95°C for 30 sec

3. 60°C for 45 sec 3. 58°C for 45 sec

4, 72°C for 30 sec 4, 72°C for 30 sec

5. 80°C for 10 sec 5. 82°C for 10 sec

6. Plate read 6. Plate read

7. Repeat 34 times from step 2 7. Repeat 34 times from step 2
NSUN5 515

1. 94°C for 10 min 1. 94°C for 10 min

2. 95°C for 30 sec 2. 95°C for 30 sec

3. 60°C for 45 sec 3. 55°C for 45 sec

4, 72°C for 30 sec 4, 72°C for 30 sec

5. 84°C for 10 sec 5. 82°C for 10 sec

6. Plate read 6. Plate read

7. Repeat 34 times from step 2 7. Repeat 34 times from step 2
TCEALY WNT5B

1. 94°C for 10 min 1. 94°C for 10 min

2. 95°C for 30 sec 2. 95°C for 30 sec

3. 55.2°C for 45 sec 3. 56°C for 45 sec

4, 72°C for 30 sec 4. 72°C for 30 sec

5. 82°C for 10 sec 5. 82°C for 10 sec

6. Plate read 6. Plate read

7. Repeat 34 times from step 2 7. Repeat 34 times from step 2
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hTERT CHIPTERT

1. 94°C for 15 min 1. 94°C for 15 min

2. 95°C for 30 sec 2. 95°C for 30 sec

3. 69°C for 45 sec 3. 62°C for 45 sec

4, 72°C for 1 min 4, 72°C for 30 sec

5. 87.5°C for 10 sec 5. 88 °C for 10 sec

6. Plate read 6. Plate read

7. Repeat 34 times from step 2 7. Repeat 39 times from step 2

2.2.8 qPCR validation of miRNA expression in mesenchymal

tumours

miRNA gPCR was performed by S. Hoare according to MiScript protocol (Qiagen,
Crawley, West Sussex), in which 250ng-1ug of RNA is transcribed into cDNA by
addition of a polyA tail, using oligo dT primers with an additional unique
sequence. Quantitative-PCR was then carried out using the universal primer to
this sequence and the unique miRNA primer and visualised with SYBR green. Q-
PCR was tested for each tumour set with a range of small non-coding miRNA
primers (Qiagen). Using the most uniform expression of a control RNA across a
tumour type lead to the selection of RNU1A for liposarcomas, MPNST and
synovial sarcoma normalisation whereas RNU6B was used for mesothelioma
normalisation. A selection of Q-PCR reactions was carried out for the specific
miRNA, and these were normalised to the controls. Universal RNA (Stratagene,
La Jolla, CA) was used for standards in each case. Q-PCR was carried out on a
Chromo4 machine (Bio-RAD Laboratories Ltd., Hemel Hempstead, UK). Average
results from at least 2 reactions were plotted as box-plots using Minitab (version
15).

2.3 DNA techniques
2.3.1 Transformation of cells with Plasmid DNA

Transformation of plasmid DNA was performed by adding 1ul of plasmid DNA to

50ul of competent E. coli TopTen cells and incubating for 30 minutes on ice. The



Kyle Lafferty-Whyte, 2010 Chapter 2,47

bacteria were then heat shocked by placing in a 42°C water bath for 30 seconds
and then transferred to ice for 2 minutes. 100l of S5.0.C media was added and
the bacteria were incubated on a shaker at 37°C for 1 hour. 800 pl of S.O.C.
media was added and 100-300 pl was then spread onto Agar plates containing
ampicillin and incubated overnight at 37°C to allow growth of discrete colonies.
Individual colonies were then removed from Agar plates using a sterile 10 pl
pipette tip and placed in 10 ml LB-media containing ampicillin. Cultures were

incubated on a shaker at 37°C overnight.

2.3.2 Glycerol stocks

1 ml glycerol stocks were prepared by combining 500 ul of fresh bacterial
culture with 500 pul of 50 % sterile glycerol. Glycerol stocks were stored at -70 °C

in 1.5 ml sterile microcentrifuge tubes.

2.3.3 Small scale preparation of plasmid DNA

Mini-preparation of DNA from small volumes of bacterial culture was performed
using the QIlAprep Spin Miniprep Kit (Qiagen) as per manufacturers’ instructions.
In brief, 10 ml of overnight culture was pelleted at 2500rpm for 10 minutes and
the supernatant discarded. The pellet was subjected to alkaline lysis followed
by neutralisation then centrifugation at 13000rpm to remove cell debris.
Supernatant was transferred to a spin filter containing a silica-gel membrane to
which DNA was specifically adsorbed in the presence of high salt. Following a

wash step to remove salts DNA was eluted in 50 pl of distilled water.

2.3.4 DNA sequencing

Sequencing of plasmid DNA was performed by Beatson Molecular Services.

2.3.5 Large scale preparation of plasmid DNA

Maxi-preparation of plasmid DNA was performed using the Qiagen Plasmid
Maxiprep kit as per manufacturers’ instructions. In brief, 500ml-1L of bacterial
culture was harvested by centrifugation at 4000rpm for 10 minutes and alkaline
cell lysis performed. Cell lysates were cleared by centrifugation at 4000rpm for

30 minutes at 40°C and then loaded onto an anion exchange column, which
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selectively binds plasmid DNA under appropriate low-salt and pH conditions.
Following wash steps in medium salt buffer plasmid DNA was eluted in high salt
buffer and precipitated by adding 0.7 x volume (10.5ml) of isopropanol and
centrifugation at 4000rpm for 30 minutes at 40°C. The DNA pellet was washed
with 5ml of 70% ethanol then centrifuged again at 4000rpm for 15 minutes.
Finally the pellet was air-dried at 37 °C for 10 to 15 minutes and redissolved in a
200 pl of TE buffer. DNA concentrations were then analysed using a Nanodrop

Spectrometer, Agilent Technologies, and adjusted to 1ug/pl.

2.3.6 Restriction Digests

Restriction endonuclease digests using up to 2ug of plasmid DNA were performed
in 20ul reactions containing 1uL of each restriction endonuclease (typically
10U/uL) diluted with 1x restriction endonuclease buffer. Reactions were made
up to 20 pl with sterile distilled water and incubated at 37°C for a minimum of 1

hour.

2.3.7 UV gel documentation

Analysis and photography of Gel Red (Cambridge bioscience)/ethidium bromide
agarose gels visualised under UV was performed using gene genius bioimaging

system by syngene.

2.3.8 Western blotting

Fifteen micrograms of protein equivalents were separated on 10% Bis-Tris gels
using NUPAGE MES running buffer (Invitrogen, Renfrewshire, UK), and then
blotted onto nitrocellulose membrane (Millipore, Watford, UK) and blocked in
phosphate buffered saline Tween-20 containing 5% nonfat dried milk. Membranes
were probed with the following antibodies: HDAC5 rabbit polyclonal (Active
Motif, Rixenstart, Belgium), PKCa rabbit polyclonal and KAT2A/GCN5 rabbit
polyclonal (both from Abcam, Cambridge, UK) and secondary anti-rabbit 1gG
horseradish peroxidase-linked antibody (New England Biolabs UK, Hitchin, UK).
After visualization, membranes were stripped of bound primary and secondary
antibodies by submerging in 1% SDS and 0.2m glycine (pH 2.5) and shaken for 1 h

at room temperature, and rinsed and reblocked before probing with loading



Kyle Lafferty-Whyte, 2010 Chapter 2,49

control antibody extracellular signal-regulated kinase 1 rabbit polyclonal

(1:3000) (Santa Cruz Biotechnology, Heidelberg, Germany).

2.3.9 Maintenance and Storage of mammalian cell lines

The ALT cell lines used were SKLU (lung adenocarcinoma), SUSM1 (liver
fibroblasts), KMST6 (lung fibroblasts), WI38-5V40 (SV40 immortalized lung
fibroblasts), SAOS (osteosarcoma) and U20S (osteosarcoma). Telomerase-
positive cells used were C33a (cervical carcinoma), HT1080 (fibrosarcoma),
A2780 (ovarian carcinoma) and 5637 (bladder carcinoma). Normal cell strains
used were WI38 (normal lung fibroblasts) and IMR90 (normal lung fibroblasts).
Bone marrow hMSCs were isolated as described earlier (Serakinci et al., 2006)
and cultured using Dulbecco’s modified Eagle’s medium with low glucose plus
Glutamax supplemented with 17% Hyclone fetal bovine serum (Thermo Fisher
Scientific, Waltham, MA, USA) at 5% CO2.

2.3.10 Transient transfection of sSIRNAs

Whole kinome siRNA library screen from Applied Biosystems (Applied Biosystems
Inc, Foster City, CA USA) in SKLU cells. In brief, 50 nM of siRNA or non-coding
siRNA control (Applied Biosystems Inc, Foster City, CA USA) were co-transfected
with 250ng of hTERT reporter plasmid in 96 well plates (Thermo-Fisher
Scientific, Rochester, NY, USA) using lipofectamine 2000 (Invitrogen, Paisley,
UK) according to manufacturer’s instructions. Cell lysis was achieved using
passive lysis buffer (Promega, Madison, WI, USA). TCEAL7 siRNA transfections
were performed using Dharmacon Smartpools (Thermo-Fisher Scientific,
Rochester, NY, USA) in 75 cm? flasks. TCEAL7 siRNA transfections for c-Myc
activity were performed in 125 cm? flasks. pCMV-XL4:TCEAL7 overexpression
plasmid was purchased from Origene (Origene Technologies Inc., Rockville, MD,
USA) and all transfections were performed in 75 cm? flasks. All transfections

were performed in triplicate.

2.3.11 Luciferase reporter assay

Luciferase assay system (Promega, Madison, WI, USA) was used to determine

luciferase activities according to manufacturer’s instructions.
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2.3.12 Nuclear extract purification and Trans-AM c-Myc

activity assay

Nuclear extracts of approximately 8 x108 cells of each of the six ALT cell lines
(WI138-Sv40, KMST6, SKLU, SUSM1, SAOS and U20S) and four telomerase-positive
cell lines (A2780, C33a, HT1080 and 5637) were extracted in triplicate using an
Active motif nuclear extraction kit (Active Motif, Rixenstart, Belgium) as per the
manufacturer’s instructions. c-MYC DNA-binding ELISAs (Active Motif) were
performed on three separate occasions with four technical replicates of each
cell line as per the manufacturer’s instructions. A standard curve of 5, 2.5, 1.25
and 0.625 ng/well recombinant c-MYC protein (Active Motif) was run on each
assay to allow relative quantification. Results of all ALT and telomerase-positive

cells were grouped and a t-test was carried out using Minitab (version 14).

2.3.13 c-Myc Chromatin ImmunoPrecipitation

ChIP assays were performed as per manufacturers’ instructions (Millipore,
Watford, UK) as previously published (Bilsland et al. 2009).

2.3.14 Telomerase activity assay

The TRAPeze XL kit was used for TRAP assay according to the manufacturer’s
instructions (Millipore, Watford, UK) and was performed by S. Hoare as

previously published (Bilsland et al. 2009).

2.4 Bioinformatic Methods

2.4.1 Gene expression microarray Data normalisation and quality

control

All array data was then imported into GeneSpring GX (version 7.3.1, Agilent
Technologies, Santa Clara, CA) and tumour data was normalised to the 70t
percentile and the cell line and hMSC data normalised to the 50 percentile.
Further quality control involved filtering based on flag values where only those

genes that had non-absent flag values for at least half of the ALT and telomerase
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samples were included in downstream analysis. DU145 and HT29 gene expression

microarrays were perfomed by L. Hanley.

2.4.2 Deposit of microarray data to GEO

Fully MIAME compliant gene expression data resulting from this study was
deposited with GEO under the following accession numbers: GSE14533 and
GSE17118.

2.4.3 miRNA expression microarray Data normalisation and

guality control

Raw miRNA microarray data was imported into BRB array tools and the following
quality control and normalisation filters were applied: signal intensity threshold
of 10, probes labelled as absent excluded, arrays normalised to the median of
the entire array using the median array as a reference. Furthermore, genes
where less than 20% of the data had a fold change of less than 1.5 from its
median expression or where more than 50% of the data was missing were also

excluded.

2.4.4 Hierarchical clustering

Gene Expression Hierarchical clustering was performed using Genespring GX
(version 7.3.1) using Spearman correlation and average linkage, merging
branches with similarity less than 0.01. Hierarchical clustering of NCI60
expression data was performed by importing the median normalized data from
BRB-array tools into Partek. miRNA hierarchical clustering was performed within

BRB-array tools using Pearson correlation and average linkage.

2.4.5 Telomere Maintenance Gene expression signature

generation Gene selection

Within GeneSpring GX, the 1305 gene signature was generated from cell line
expression profiles using a WELCH ANOVA with a false discovery rate of 0.05 and
the Benjamini and Hochberg multiple testing correction to test for significant
differences in gene expression between the two telomere maintenance

mechanism groups. A similar analysis in liposarcoma samples generated no
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results therefore to generate the refined 297 gene signature a Fishers Exact Test
using a p-value of <0.05 was performed using the liposarcoma expression profiles
to test for significant association of gene expression with telomere maintenance
mechanism. From this analysis 422 genes were also present within the 1305
signature. Those genes with fold change values in the same direction for both
cell line and liposarcoma data (i.e. an increased or decreased expression in ALT

compared to telomerase positive) were included in the refined signature.

2.4.6 Mesenchymal tumour miRNA sighature generation

The binary tree prediction method (utilising the compound covariate predictor
algorithm) in BRB array tools in combination with leave-one-out cross-validation
was used to identify miRNAs whose expression patterns had the ability to

distinguish between tumour types.

2.4.7 Survival Analysis

Kaplan-Meier plots of survival and Log Rank (Cox Regression) tests adjusting for
age and sex were performed using SPSS (v15, SPSS Inc, Chicago, Illinois, USA).
miRNAs with significant hazard ratios were highlighted using BRB array tools
“find genes correlated with survival” tool which develops an expression based
predictor of survival risk group as previously described by Bair and Tibshirani
(Bair et al. 2004).

2.4.8 Senescence scoring of gene expression data

Gene expression data was filtered to show only values associated with
senescence signature gene lists using BRB array tools. Filtered data was then
exported to Excel and normalised to median after which genes were scored as
“senescent” or “non-senescent” depending on their gene expression levels
relative to the median and their known expression pattern during senescence
signaling (see Table 1). For example, expression of the proliferation-associated
gene KI67 below median would be marked “senescent” but above median
expression would not. The overall senescence score was then calculated as a
percentage of the genes receiving a “senescent” score over the total number of

genes in a particular senescence signature. Median, and maximum and minimum



Kyle Lafferty-Whyte, 2010 Chapter 2,53

values plotted using Excel. As such, a senescence score could be summarized by

the following formula:
Score = ((number of proscescent genes)/(Number of genes in pathway))*100

Senescence scoring of drug treated breast cancer cells was performed by L.

Hanley and included for completeness.

2.4.9 Correlations of senescence signature rankings

To assess the correlations of senescence scores given to each individual sample
by each signature the scores for each tumour were placed into Minitab (v15,
Minitab Inc, Coventry, UK) and rankings for each signature score were used for

Pearson correlations.

2.4.10 Regression Analysis of Senescence scores and

compound Glg, data

Regression analysis was performed using the stat package of Perl and exporting

results to Excel.

24.11 Predicted compound activity mapping

This was performed by Cancer Research Technologies UK through the use of
graph-theory connectivity indices to build a decision tree model of predicted
activities. Compounds showing significant regressions for any of the three scores

were then aligned with their predicted activity in Excel.
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3 Senescence bypass by telomere maintenance
IS aregulated by a gene expression network with a
central role for c-Myc and TCEAL7 and highlights a

mesenchymal stem cell origin for ALT

3.1 Introduction

As previously discussed, for a cell to become fully tumourigenic it must bypass
replicative senescence and this is wusually achieved through telomere

maintenance.

Most cancers utilise the telomere rebuilding activities of the ribonucleoprotein
telomerase. Telomerase activity is strictly regulated in normal cells and only
occurs in specific normal cell types including germ line cells and activated
lymphocytes (Artandi et al. 2006). To obtain telomerase activity cells must
express both genetic components hTERT, which encodes the catalytic subunit,
and hTR which encodes the RNA template molecule used for reverse
transcription of telomeres. The senescence bypass effect of telomerase activity
is exemplified by its frequent ectopic expression leading to the creation of

immortalised cell lines (Morales et al. 1999; Yang et al. 1999).

However, around 10% of cancers utilise the recombination based mechanism
known as the alternative lengthening of telomeres (ALT). ALT is predominantly
found in tumours of mesenchymal origin, however even within this group of
tumours, the predominance of ALT varies in individual types of tumours from
77% ALT in MFH to 6% in Rhabdomyosarcomas (Ulaner et al. 2004; Henson et al.
2005). Furthermore the prognostic implications of ALT for different tumour
types varies from being linked with good prognosis in osteosarcomas (Ulaner et
al. 2003) and poor prognosis in liposarcomas (Costa et al. 2006; Cairney et al.
2008). The molecular mechanisms behind telomere maintenance by ALT are
currently not well elucidated. Cells utilising the ALT mechanism use both inter
and intra telomere recombination to maintain their telomere lengths and have
increased rates of telomeric exchange (Dunham et al. 2000; Londono-Vallejo et

al. 2004; Muntoni et al. 2009) ALT is currently characterised by a combination of
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the presence of ALT associated PML bodies (APBs), lack of detectable telomerase
activity, presence of extrachromosomal T-circles and heterogenous telomere

lengths.

The telomere maintenance mechanism (TMM) used by a tumour is not usually
considered nor investigated during the course of a study and as a result, the
molecular details of the decision between telomere maintenance mechanisms is
currently poorly understood. To this end gene expression microarrays were
utilised to explore the transcriptional differences between TMMs in cell lines and
mesenchymal tumour biopsies for which the TMM had been previously
established.

3.2 Results

3.2.1 Gene expression analysis distinguishes telomerase and ALT

cell lines

To investigate the presence of a telomere maintenance mechanism (TMM)
specific gene expression signature expression profiles, 4 ALT (SKLU1, KMST6,
WI38-SV40, SUSM1) and 4 telomerase positive cell lines (5637, A2780, C33a,
HT1080) were investigated using Agilent whole human genome 1-colour
microarrays. A detailed description of the quality control measures and the
normalisation options applied can be found in Chapter 2, however boxplots show
that the normalised data was equally spread and comparable between the 2
groups (Figure 3.1a) with virtually equal medians of 0.78 and 0.79 for ALT and

telomerase positive cell line groups respectively.

A Welch ANOVA was used to find significant differences in gene expression
between the 2 groups with aim of exploring the possibility that expression of
individual genes within these large profiles was responsible for defining either
telomerase positive or ALT cells (Figure 3.1b, left panel). A list of 1307 probes
corresponding to 1305 differentially expressed genes with an adjusted p-value
<0.05 was generated (For all gene lists associated with this work see Appendix I).
Focusing on the expression values for individual genes within the larger 1305
gene signature it was clear that where expression was high in the ALT cell lines

it was low in the telomerase positive cell lines and vice versa (Figure 3.2a).
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Figure 3.1 - Gene expression analysis of ALT and telomerase positive cell lines. (A)
Boxplots show distribution of normalised data in ALT and telomerase positive cell line
groups. Grey boxes define 25 and 75% quartiles, while error bars represent the 1st and 99th
percentiles of the distribution. Dots represent outliers, black line represents the median,
while the cross represents the mean of the distribution. (B) Overview of signature
generation from cell line and liposarcoma tissue samples. A refined 297 gene signature
was generated from a combination of the 1305 gene cell line signature and the 6719 gene
liposarcoma signature. This signature shows a potential mesenchymal stem cell origin for

ALT and is involved in telomerase gene regulation.
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Figure 3.2 - Gene expression profiling distinguishes telomerase positive and ALT cell lines
and is suggestive of a mesenchymal stem cell origin for ALT. (A) Scatter plot representing
normalised microarray expression values for the 1305 gene signature in ALT (blue) and
telomerase positive (red) cell lines relative to overall median expression value. Each dot
represents the mean gene expression values for a gene, while error bars represent the
standard error. (B) Hierarchical clustering of the cell line data using the 1305 signature
accurately separates telomerase positive (red) from ALT (blue) cell lines. (C) Hierarchical
cluster ing cell line, mortal fibroblast and hMSC samples using the 1305 sighature whereby
hMSC and mortal fibroblasts cluster more closely to ALT than Telomerase positive cell
lines. All clustering performed using the Spearman correlation, average linkage and

merging branches with a similarity correlation of 0.001 or less.
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Furthermore, hierarchical clustering of the cell lines based on this signature
accurately separated out ALT and telomerase positive cell lines into 2 separate
groups (Figure 3.2b), suggesting that the genes responsible for defining
telomerase or ALT or those involved in regulating the decision of which TMM to

activate have been present within this signature.

3.2.2 Clustering using the 1305 gene signature is suggestive of a

mesenchymal stem cell origin for ALT

The fact that ALT is predominantly found in tumours of mesenchymal origin
prompted further investigation into whether ALT was a function of the cell of
transformation and if mesenchymal stem cells could be the potential cell of
origin for ALT tumours. To this end, supervised hierarchical clustering analysis
using the 1305 gene signature was performed to investigate any relationship
between telomerase positive, ALT and normal fibroblast cell lines and hMSC
(Figure 3.2c). The signature accurately separated out telomerase positive and
ALT cell lines, normal fibroblasts and hMSC. However, while the telomerase
positive cell lines clustered together on a separate branch the ALT cell lines,
normal fibroblasts and hMSC all clustered together. Normal fibroblasts were
found to be more directly related to hMSC than ALT, however fibroblasts and
hMSC were found to be equally related to the ALT cell lines, suggestive of a
mesenchymal stem cell origin for ALT. This may be as predicted, however this
was the first time any direct association between mesenchymal stem cells and
ALT had been documented.

Analysis of the signature revealed several genes associated with stem cell
maintenance and self-renewal processes were differentially expressed between
telomerase positive and ALT cell lines. Four of these genes with strong
differences in expression were chosen for validation by quantitative PCR (Figure
3.3a). Three of these were significantly up-regulated in ALT cell lines and
barely expressed in telomerase positive. DSC54 is a novel mesenchymal stem
cell protein for which little information exists; WNT5b is a well-known regulator
of stem cell function implicated in oncogenesis and development; MYEOV is
overexpressed in myeloma and has a role in promoting invasion and
proliferation. The final gene NSUN5 is a proliferation associated nucleolar

antigen, deletion of which may contribute to the premature aging effects of the
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Figure 3.3 - gPCR Validation of the 1305 gene expression signature highlights a stem cell
link (A) Expression levels of DSC54, WNT5B, MYEOV and NSUN5 were validated by
quantitative PCR in telomerase positive cell lines 5637, A2780, C33a and HT1080 (black
bars) and ALT cell lines WI38-SV40, KMST6, SKLU, SUSML1 (grey bars) cell lines. Each bar
represents the mean and standard error of triplicate reactions from a representative
experiment normalised to GAPDH. (B) Expression values for DSC54, WNT5B and MYEOV in
various normal tissues extracted from publicly available microarray expression data
(GSE3239), compared to those for ALT and telomerase positive cell lines and hMSC. Dots
represent the median while error bars represent the maximum and minimum normalised

expression values.
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developmental disorder Williams syndrome. NSUN5 was significantly up-

regulated in telomerase positive compared to ALT cell lines.

To further explore the link between ALT and mesenchymal stem cells the
expression of these genes within a variety of normal tissues of differing
embryonic origin and human mesenchymal stem cells (hMSC) was explored. To
this end publicly available gene expression profiles from normal fibroblasts,
smooth muscle, stromal, ectoepithelial, epithelial and endothelial tissues were
downloaded (GSE3239) and expression of DSC54, WNT5b and MYEOV in these
tissues was compared to that of hMSC, telomerase positive and ALT cell lines
(Figure 3.3b). No comparable data was available for NSUN5 in this dataset and

therefore this gene could not be included in the analysis.

Consistent with the Q-PCR validation expression, all 3 genes showed higher
expression in ALT than telomerase positive cell lines. When comparing all of the
expression patterns, DSC54 was only high in ALT cell lines and hMSC, consistent
with a mesenchymal stem cell origin for ALT. WNT5b on the other hand showed
varying expression across the different tissue types and cell lines with highest
expression in hMSC, ALT and mesenchymally derived tissues and lowest
expression in telomerase positive and epithelial tissues. MYEOV distinguished
ALT from telomerase positive cell lines, however a similar low level of

expression was seen across the various other tissue types.

3.2.3 Refinement of the 1305 gene signature using liposarcoma
gene expression improves separation of ALT and
telomerase positive liposarcomas and suggests a
mesenchymal stem cell origin for ALT in this mesenchymal

malignancy

Liposarcomas are tumours of mesenchymal origin in which telomere
maintenance mechanism is highly prognostic (Costa et al. 2006). In order to
refine the cell line derived signature with data from primary tumours, the power
of the 1305 gene expression signature to distinguish telomerase positive and ALT
in liposarcomas was investigated. Gene expression profiles were generated for a

group of 17 previously characterised liposarcoma samples, of which 9 were ALT
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and 8 were telomerase positive. Unsupervised clustering showed some split in
the samples depending on their TMM, which was not improved when the 1305
gene signature was applied. Furthermore, hMSC did not cluster with any
liposarcoma samples, but clustered together on a separate branch (Figure 3.4 a
& b).

Although the 1305 signature did not improve clustering, the liposarcoma
samples, for the most part, clustered together according to their telomere
maintenance mechanism. The obvious separation between ALT and telomerase
positive tumours in the clustering diagram suggested that differences in gene
expression exist between the 2 groups, although no significant differences were
found. In order to explore this further a Fisher’s exact test was used to test for
any association between gene expression level and telomere maintenance
mechanism. From this analysis 8227 probes corresponding to 6719 genes were
found to be significantly associated with TMM in ALT and telomerase positive

liposarcoma samples (Figure 3.1b right-hand panel).

To further refine this large signature the overlap, with the 1305 gene signature
determined from the cell lines was examined. Of these 1305 genes 422 genes
were also present in the liposarcoma signature and therefore had a significant
association with telomere maintenance mechanism in liposarcoma and cell lines.
Further refinement of the signature was carried out by examining the direction
of gene expression in telomerase positive and ALT tumours in comparison to the
cell line data. 297 of the 422 genes had gene expression that was comparable to
the cell line data, 152 genes up in ALT, down in telomerase positive and 145

genes down in ALT, up in telomerase positive (Figure 3.1b centre panel).

Hierarchical clustering of ALT and telomerase positive liposarcoma samples using
this refined 297 gene signature showed a clear separation between the 2 groups
with all but 2 ALT samples clustering on one branch while all telomerase positive
samples clustered together on a separate branch (Figure 3.4c). Furthermore,
consistent with the hypothesised mesenchymal stem cell origin for ALT seen
within the cell line data, hMSC clustered with the ALT liposarcomas using this
refined signature rather than as a separate group when the 1305 signature was
applied (Figure 4 b & c).
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Figure 3.4 - Hierarchical clustering of ALT and telomerase positive liposarcoma sample and
hMSC distinguishes telomerase positive from ALT and highlights an hMSC origin for ALT.
Liposarcoma samples were previously determined as ALT (blue) or telomerase positive
(red) by classical methods. Hierarchical clustering of these samples and hMSC (green) was
performed using the Spearman correlation, average linkage and merging branches with a
similarity correlation of 0.001 or less using (A) all genes (B) 1305 gene signature or (C) the

refined 297 gene signature.

(D) Network analysis of the 297 gene signature shows hTERT regulation. Signaling network
of known direct interactions between genes from the 297 gene signature drawn using the
analyse network building algorithm within Metacore. Green arrows represent positive, red
negative and grey unspecified interactions. Red and blue circles next to network objects
represent expression data. Red: up in ALT and down in telomerase positive liposarcoma
samples and cell lines; Blue: down in ALT and up in telomerase positive liposarcoma
samples and cell lines. The network highlights that a number of molecules activated by c-
Myc have reduced expression in ALT cells and those inhibited by c-Myc have increased

expression in ALT cells. This is suggestive of lower c-Myc activity in cell using ALT.
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Further validation of the refined signature was achieved by applying it back to
the cell line data for hierarchical clustering. As predicted it accurately
separated out telomerase positive from ALT cell lines (data not shown), further
validation that this refined signature held true and no power was lost by

reducing gene number.

3.2.4 The refined 297 gene signature is involved in telomerase

gene regulation and highlights lower c-MYC activity in ALT

Given the ability of the refined 297 gene signature to separate liposarcomas by
TMM it was logical that the genes within the signature may have comprised of
functional regulatory networks involved in aspects of TMM. In order to explore
this, network modelling using Metacore from GeneGo was performed. Using the
direct interactions and transcriptional regulation algorithms within the software,
a candidate network indicating possible interactions between genes from the
297 signature, mined from published data, was produced. A regulatory network
involving hTERT and telomeric DNA was revealed by this analysis (Figure 3.4d).
Expression data from the 297 gene signature was converted to fold change in
ALT over telomerase positive, uploaded into Metacore analytical suite and
overlaid on the direct interactions network. As can be seen from Figure 3.4d, by
combining interactions between known signaling pathways and experimentally
defined levels of expression for regulatory genes this approach allowed for
predictions relating to hTERT regulation and repression in ALT cells. hTERT
expression was reduced in ALT cells and tumours in relation to telomerase
positive samples. Consistent with this, expression of E2ZF1 a known repressor of
hTERT, was up-regulated in ALT samples, whereas chromatin modifying enzymes
with roles in gene activation such as GCN5 were down-regulated in ALT, in
agreement with the known decreased association of acetylated histones and low
hTERT expression in ALT cell lines (Atkinson et al. 2005). The analysis also
indicated that c-Myc regulation may contribute to the signature. Although c-Myc
was not itself differentially expressed, 21 signature genes including hTERT were

predicted transcriptional targets of c-Myc.

Interestingly, most signature genes expected to be activated by c-Myc were
repressed, while those expected to be inhibited were mainly up-regulated in ALT

relative to telomerase positive samples, suggesting that c-Myc activity may be
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suppressed in ALT. c-Myc is a known hTERT transcriptional activator (Hao et al.
2008) and therefore decreased activity of c-Myc in ALT cells would serve as a

mechanism of down-regulating hTERT transcription.

3.2.5 Validation of the Gene expression network highlights the
highlights protein level differences and lower c-Myc activity
in ALT

To validate the gene expression differences shown by the network analysis
western blotting of three proteins in the network was undertaken, HDAC5, PKCa
and GCN5. The results shown in Figure 3.5A demonstrate that the expression

differences highlighted in this network were also seen at the protein level.

The network analysis also suggested lower c-Myc activity in ALT cells compared
to telomerase positive cells. Additional validation of the network was
undertaken through the functional examination of c-Myc activity levels using
DNA binding activity ELISAs. The results of the DNA binding ELISAs confirmed
that this is indeed the case, as a significantly lower level of c-Myc activity was
observed in the ALT cell lines (p=0.015) (Figure 3.5B).

3.2.6 Telomerase positive cells have increased binding of c-Myc
at the hTERT promoter but show no change in binding

partner expression.

To establish the direct regulatory role of c-Myc at the hTERT promoter in these
cell lines chromatin immunoprecipitation (ChlIP) using a c-Myc antibody and qPCR
for the hTERT promoter in the resulting pull-down was performed (Figure 3.6A).
Although the levels of c-Myc binding at the hTERT promoter varied between cell
lines overall the telomerase positive cell lines had a higher level of c-Myc
present at the hTERT promoter than ALT cell lines. This was consistent with the

decreased c-Myc activity in ALT cells.

3.2.7 c-Myc regulatory factors expression patterns do not explain

lower c-Myc activity in ALT

Relative levels of Myc/Max versus Mad/Max binding have previously been

observed to regulate the hTERT promoter chromatin environment, raising the
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Figure 3.5 - The TERT regulatory network is shown at the protein level and predicted c-Myc

activity is confirmed as significantly lower in ALT.

(A) Western blotting shows protein level differences in 3 proteins of the 297 gene network.
15 pg of cell extracts were run on NUPAGE 4-12% Bis-Tris gels, transferred to Millipore
nitrocellulose membrane and probed with appropriate antibodies. Blots were then stripped
and reprobed with ERK1 loading control. Panels shown are representative panels of 2
separate blots.

(B) c-Myc activity ELISA shows significantly lower activity in ALT cells. Interval plot shows
the average of 6 ALT cell lines (WI38-SV40, KMST6, SKLU, SUSM1, SAOS and U20S) and 4
telomerase cell lines (A2780, C33a, HT1080 and 5637) on 3 separate occasions with 4
replicates of each cell line. Crosshairs show mean expression for each group and error
bars show 95% confidence intervals of the mean, p-value = 0.015
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Figure 3.6 - c-Myc shows increased binding at the hTERT promoter in telomerase positive
cells while common c-Myc binding partner expression is unaltered between ALT and

telomerase positive cells.

(A) ChIP analysis of the hTERT promoter was completed using an antibody against c-Myc
performed in duplicate. Each immunoprecipitate was quantified in triplicate by quantitative
PCR analysis and related back to an input sample in each experiment to normalize the data.

Error bars show standard error.

(B) Gene expression microarray data for the ALT cell lines (SKLU, SUSM1, KMST6, WI38-
SV40) and the telomerase positive cell lines (HT1080, C33a, 5637, A2780) shows little
expression differences between c-Myc binding partners Mad and Max. Error bars show
standard error. c-Myc expression is significantly decreased in ALT (p = 0.036) and

telomerase cell lines (p = 0.041) compare to mortal and MSC cells.
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interesting possibility that E-boxes might play a role in establishment of
epigenetic silencing of telomerase in ALT. Investigation of whether the
difference in c-Myc binding at the hTERT promoter could be accounted for by
expression differences in Mad and Max was therefore the logical next step. No
significant difference in expression of c-Myc itself or Mad and Max was observed
between the ALT and telomerase positive cell lines (Figure 3.6B). Given the lack
of differences in expression of c-Myc, Max, or Mad between ALT and telomerase
cell lines that could explain the decrease of c-Myc activity observed in ALT,
investigation of other possible mechanisms for c-Myc regulation were

undertaken.

3.2.8 Differential expression of c-Myc inhibitor TCEAL7 in ALT

and telomerase positive cell lines

The transcription elongation factor A (SIl)-like protein TCEAL7 had recently been
shown to inhibit c-Myc activity through the competitive binding of E-Boxes
(Chien et al. 2008). Such competitive inhibition would allow regulation of c-Myc
transcriptional activity without the need for a down regulation in expression.
TCEAL7 expression was therefore examined to assess whether it could
potentially be regulating c-Myc activity in ALT and telomerase positive cells.
Figure 3.7A shows RT-gPCR for TCEAL7 in the ALT and telomerase positive cell
lines. Three of the four ALT cell lines had high levels of TCEAL7 expression
whereas all of the telomerase positive cells had little or no expression of the
gene. To investigate whether TCEAL7 and c-Myc could directly interact co-
immunoprecipitations for c-Myc and TCEAL7 were performed. Neither pull-down
of c-Myc with TCEAL7 antibodies nor TCEAL7 with c-Myc antibodies in any of ALT

or telomerase positive cell lines was observed (data not shown). This suggested
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Figure 3.7 - TCEALY expression is increased in ALT cell lines and mesenchymal tumours.

(A) S15 normalised gPCR of TCEAL7 of telomerase positive cell lines (HT1080, A2780, 5637,
C33A) and ALT cell lines (SKLU, KMST6, WI38-SV40, SUSM1). Error bars show standard

error of triplicate experiments.

(B) Interval plot of gene expression microarray data for TCEAL7 of 3 mesenchymal tumour
types (liposarcoma, peritoneal mesothelioma and malignant peripheral nerve sheath
tumour) previously submitted to GEO under accession number GSE17118. Crosshairs show
mean expression and error bars show 95% confidence intervals drawn using Minitab (v.15).
P-Value = 0.053
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that TCEAL7 and c-Myc do not directly interact and TCEAL7 regulation of c-Myc

activity in ALT is through competitive inhibition.

Given that the functional network was generated using a combination of cell line
and liposarcoma data and as ALT is predominantly found in tumours of
mesenchymal origin in vivo (Ulaner et al. 2004; Henson et al. 2005) it was
decided to examine the expression levels of TCEAL7 in a larger cohort of
mesenchymal tumours. To this end, gene expression microarray data was
generated for two further mesenchymal tumour types: peritoneal mesotheliomas
and MPNST. Figure 3.7B shows that when combined TCEAL7 expression in the
ALT mesenchymal tumours was higher than telomerase positive tumours (p-value
= 0.053). This suggested that TCEAL7 could regulate c-Myc activity both in vitro

and in vivo.

3.2.9 Perturbation of TCEAL7 expression levels in ALT and
telomerase positive cells leads to changes in hTERT

expression, c-Myc activity and telomerase activity.

To investigate the effects of altering TCEAL7 expression levels in ALT cells siRNA
knockdowns using a pool of three different siRNAs were performed. Figure 3.8A
shows that in all 4 ALT cell lines TCEAL7 expression was significantly reduced in
comparison to non-coding siRNA controls. Subsequent examination of the effect
of TCEAL7 knockdown on c-Myc activity in ALT cells using transcription factor
binding ELISAs was undertaken. Figure 3.8b shows that SKLU and KMSTé showed
negligible changes in c-Myc activity. As SKLU and KMSTé6 were seen to express
less TCEAL7 than the other two cell lines it is possible that TCEAL7 is not the
main c-Myc regulatory factor in these cells lines. WI38-5V40 and SUSM1 however,
showed an increase in c-Myc activity over control transfections of 9 and 2 fold
respectively. This suggested that in the ALT cell lines with high levels of TCEAL7
expression c-Myc activity is inhibited by TCEAL7. As lower levels of c-Myc binding
at the hTERT promoter in ALT cells had also been observed, investigation of
whether TCEAL7 expression knockdown and whether the resulting changes in c-
Myc activity were sufficient to alter the expression of hTERT in ALT cells was
performed. Although not always reaching significance, RT-qPCR of full length
hTERT in ALT cells (Figure 3.8B) showed that in WI38-5V40 and SUSM1 hTERT

expression also increased as a result of TCEAL7 knockdown. The decrease in
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Figure 3.8 - Knockdown of TCEAL7 expression leads to increases in c-Myc activity and
increased hTERT expression in ALT cells. TCEAL7 knockdown using a pool of 3
independent TCEAL7 siRNAs (Dharmacon) or non-coding siRNA control were performed in
duplicate for each secondary assay in each ALT cell line. (A) gPCR of TCEAL7 expression
expression was normalised to S15 expression before taking fold of control transfections.
(B) hTERT expression was normalised to S15 expression before taking fold of control
transfections. c-Myc activity was measured using transcription factor ELISA assays (Active
Motif) performed in duplicate with at least 6 replicates from two separate transfections.
Recombinant c-Myc (Active Motif) was used to create a standard curve for relative

quantification. Error bars show standard error of triplicate experiments.
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hTERT expression in SKLU and KMST6 also suggested active E-box dependent
regulation of telomerase, though c-Myc activity was relatively unaffected.
Therefore, additional mechanisms for c-Myc suppression may also be present in
these cell lines. One possibility is that TCEAL7 knockdown preferentially relieves
Mad rather than c-Myc targeting to E-boxes in these cells resulting in further

reduction of hTERT expression.

As telomerase positive cells were seen to express little to no TCEAL7 the effects
of TCEAL7 overexpression was investigated in these cells. A cDNA overexpression
construct was transfected into the four telomerase positive cell lines and the
expression of TCEAL7 was analysed by RT-qPCR compared to an empty vector
control. In all four cell lines TCEAL7 expression was significantly increased in
comparison to empty vector control (Figure 3.9A). The effect of TCEAL7
overexpression on hTERT expression was then investigated using RT-qPCR (Figure
3.9B). All four cell lines showed decreased hTERT expression after TCEAL7
overexpression. HT1080 showed the smallest decrease in hTERT expression (p =
0.7993) and this may be due to the fact that HT1080 showed the highest level of
c-Myc binding at the hTERT promoter (Figure 3.6A) and therefore higher levels
of TCEAL7 may be required to successfully compete with this. The effect of
TCEAL7 overexpression on telomerase activity levels in these cells was then
investigated using the TRAP assay (Figure 3.9B). Three of the four telomerase
positive cell lines showed decreased telomerase activity over control after
TCEAL7 overexpression. Although the cell line 5637 had shown decreased levels
of hTERT gene expression, telomerase activity in this cell line increased with
TCEAL7 overexpression. 5637 cells have relatively low levels of hTERT
transcription and the down regulation of hTERT expression may trigger a
regulatory feedback loop to maintain basal telomerase activity through, for
example, post-transcriptional mechanisms such as alternative RNA splicing or
hTERT phosphorylation. Regardless, taken together the current results clearly
indicated that TCEAL7 is a novel regulator of hTERT expression and telomerase

activity in both ALT and telomerase positive cell lines.
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Figure 3.9 - Overexpression of TCEAL7 expression leads to decreases in c-Myc, hTERT
expression and telomerase activity in telomerase positive cells. TCEAL7 cDNA
overexpression plasmid (Origene) or empty vector control plasmid was tranfected into
telomerase positive cells in duplicate for each secondary assay. (A) qPCR of TCEAL7Y
expression was normalised to S15 expression before taking fold of control transfections.
(B) hTERT expression was normalised to S15 expression before taking fold of control
transfections. Telomerase activity (black) was measured using TRAP assay performed in
duplicate for two separate transfections. Error bars shows standard error of triplicate

experiments.
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3.2.10 Functional Validation of 297 gene expression network
using siRNA kinase screen highlights 106 hTERT regulatory

kinases in ALT cells

Network analysis of the 297 gene liposarcoma signature identified a number of
kinases that contribute to the regulation of hTERT in ALT cells, such as PKC-
alpha and TK1 (Figure 3.4). Kinases have previously been observed to regulate
hTERT promoter activity in telomerase positive cells (Bilsland et al. 2009). It was
therefore hypothesized that the regulation of hTERT in ALT cells may have a
further layer of regulation through hTERT regulatory kinases.

To investigate this an siRNA kinase screen was undertaken using an hTERT
promoter luciferase reporter construct in the ALT cell line SKLU. 3 separate
siRNAs for 719 kinases and kinase-related genes were investigated. The cut-off
for hit assessment was a >2 fold change in hTERT promoter activity in at least
2/3 siRNAs. This resulted in 106 kinases that met the criteria (Figure 3.10).
Examination of the regulatory effect of these hits showed that 89 were hTERT
activators and 17 were hTERT inhibitors. This disproportionate number of
telomerase activators may be reflective of the strict regulation of telomerase
expression in ALT cells highlighted by the gene expression network. Alteration of
one of the multiple regulatory systems preventing telomerase expression in ALT,
in this case phosphorylation by kinases, may the majority of the time be
insufficient to overcome the larger repressive network effect. This interesting
result indicates that SKLU cells retain many active signaling components, which
may be required for hTERT expression in telomerase positive cells. In the
context of the ALT phenotype, it is likely that their effects on telomerase are
muted by additional regulatory systems including epigenetic changes at the
hTERT promoter and the altered gene expression networks previously observed
in this study. It will be of interest to investigate the potential roles of the

inhibitory kinase hits identified here in these processes in future studies.
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Figure 3.10 - siRNA kinase screen highlights 106 kinases with hTERT regulatory factors.
Kinases with two siRNAs that induce a two fold or more change in hTERT promoter activity
in the same direction over promoter-less control plasmid. Each point indicates the average
change in promoter activity of 2 or more different siRNAs for each kinase assayed in

triplicate, error bars show standard error of triplicate repeats.
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3.2.11 Transcriptional Regulation networks of 106 hTERT

regulatory kinases highlights c-Myc as top regulator.

As these kinases have the potential to regulate TERT expression they represent a
further level of the TERT regulatory network. Transcriptional regulation of these
kinases themselves therefore represents a further potential level of regulation in
the TERT regulatory network. To this end the transcriptional regulation network
inference algorithm in Metacore was applied. This analysis returned several
networks centered on statistically significant transcription factor regulators of
the hits, including a number with known hTERT regulatory functions (Table 3.1).
Union of the networks surrounding the hTERT transcriptional activators STAT3,
SP1 and c-Myc (Figure 3.11A) and repressors p53 and the Androgen receptor
(Figure 3.2B) highlighted the interplay between multiple candidate pathways
which may influence the expression of hTERT in ALT cells. For example, in
Figure 3.11A, the kinase SYK expression was activated by c-Myc which in turn
activated the transcription factor STAT3. SYK also negatively regulated SP1
through binding. The negative regulation of an hTERT activating transcription
factor may highlight the potential for such complex networks to self-regulate

the exact levels of different signaling pathways contained within them.

Interestingly, c-Myc regulated the largest percentage of kinase hits in this study
(Table 3.1) showing that not only is c-Myc itself involved with telomerase
regulation in ALT but that its downstream kinases themselves are regulators of

telomerase expression.

3.3 Discussion

Senescence presents a major block to tumour progression and therefore cells
require a mechanism of senescence bypass senescence if they are to become
fully tumorigenic. The induction of senescence through telomere attrition,
known as replicative senescence, is one mechanism by which cellular
proliferation is regulated. To bypass this mechanism most tumours utilize the
telomere rebuilding enzyme telomerase. However, a small proportion of tumours
utilize an intra- and inter- telomere recombination based mechanism known as

the alternative lengthening of telomeres or ALT
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No. | Network | % of hits p-Value
regulated
1 c-Myc 17 1.50E-48
2 HNF4- 15 2.42E-40
alpha
3 p53 14 1.28E-37
4 SP1 13 6.67E-35
5 STAT3 11 1.73E-29

Chapter 3,77

Table 3.1 - Transcriptional regulation of 106 hTERT regulating kinases

shows known hTERT regulating transcription factors and c-Myc as top

regulator.
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Figure 3.11 - Transcriptional regulation networks highlight synergistic regulation of hTERT
regulatory kinases by known hTERT transcriptional regulators. Merged networks of the top
5 transcriptional regulators of 106 siRNA kinase screen hits of known hTERT transcriptional
activators (A) and repressors (B). Green lines between objects indicate an activating
interaction whereas red lines indicate an inhibitory reaction. Overlaid line colours (red,
green or blue) indicate transcriptional networks generated for each transcription factor
before network merge. Symbols on the lines indicate the following: TR = transcriptional
regulation, +P = phosphorylation, B = binding and ? = unknown mechanism. Blue circles
next to kinases indicate an hTERT activating kinase and red circles indicate an hTERT

inhibiting kinase
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(Dunham et al. 2000; Muntoni et al. 2009). The molecular mechanisms
regulating the decision to activate telomerase or ALT during tumourigenesis are
currently poorly understood. Lack of expression of the telomerase genes hTR and
hTERT is associated with chromatin remodelling at the promoters, suggesting
that forced repression of these genes may cause the cells to utilise the ALT
mechanism for immortalisation (Atkinson et al. 2005). In this section of the
study, gene expression profiling of telomerase and ALT cell lines and
liposarcomas was utilised to investigate other signaling pathways and networks
that may be operating to control the ALT phenotype and the decision to activate

telomerase or ALT for immortalization and senescence bypass.

A gene expression signature was uncovered with the power to distinguish
telomerase positive and ALT through hierarchical clustering methods in tumour
cell lines (Figures 3.1B, 3.2A & 3.2B). Further refinement of this signature using
gene expression profiles from liposarcoma tissue samples revealed a 297 gene
signature that had significant association with TMM (Figure 3.1B). By combining
clinical samples with cell line profiles some of the underlying biology of ALT in
vivo and in vitro was uncovered. Network analysis of interactions within the
refined signature highlighted a signaling network involved in repression of hTERT

in ALT liposarcoma samples and cell lines (Figure 3.4D).

Validation of the functional network was undertaken using a number of different
approaches. Initially, western blots of 3 of the molecules in the network
confirmed that this pattern was also 3 observed at the protein level and gPCR
confirmed the differential expression of 4 genes at the mRNA level (Figure 3.5A
& 3.3A). The functional network of interactions also highlighted the potential for
lower c-Myc activity in cells using the ALT mechanism. Therefore examination of
the relative activity levels of c-Myc was undertaken to further validate the
patterns observed in the functional gene expression network. Upon direct
investigation using c-Myc activity ELISAs, a lower level of c-Myc activity in ALT
was confirmed (Figure 3.5B) and through the use of ChIP differential c-Myc
binding at the hTERT promoter in ALT and telomerase positive cells was also

confirmed (Figure 3.6A).

The role of c-Myc in cell cycle regulation and senescence signaling makes it a
key transcriptional regulator during the processes of immortalisation and

senescence bypass. c-Myc is well documented as a regulator of telomerase and
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therefore its potential as a key regulator of the molecular differences between

TMMs is an interesting consideration.

Gene activation by c-Myc binding at DNA E-boxes occurs as a dimer with binding
partner Max (Amati et al. 1993). The activities of Max in turn are antagonised by
dimerisation with Mad and the resulting binding of Mad/Max to E-boxes within
promoter regions leads to gene repression (Ayer et al. 1993). Furthermore, Mad
has been found to dimerise with and recruit the histone demethylase RBP2 to E-
boxes in the hTERT promoter and repress transcription through chromatin
remodelling (Engels et al. 2006). The expression levels of Mad and Max in ALT
and telomerase positive cells may therefore have an influence on the activity of
c-Myc and telomerase expression. However, investigation of the expression of
these factors in the gene expression microarray data (Figure 3.6B) showed no
expression difference in c-Myc, MAD or MAX able to explain the decreased c-Myc

activity observed in ALT cell lines.

As the expression patterns of c-Myc’s regulatory molecules Mad and Max were
unable to account for the decreased c-Myc activity, less well characterized c-
Myc regulatory mechanisms were investigated. A literature search revealed
TCEAL7 as a competitive inhibitor of c-Myc DNA binding. TCEAL7 is a member of
the transcription elongation factor A (Sll)-like gene family and is relatively
poorly studied. The expression of TCEAL7 is epigenetically silenced in epithelial
ovarian cancer and forced expression of TCEAL7 in ovarian tumour cell lines
induced apoptosis (Chien et al. 2005). Furthermore, TCEAL7 has been observed
to have decreased expression in a variety of human tumours (Chien et al. 2008)
and recently polymorphisms in the gene have been associated with reduced risk
of invasive serous ovarian cancers (Peedicayil et al. 2009). The role of TCEAL7 in
cancer risk may be due to its function as a regulator of cyclin D1 expression and
c-Myc activity (Chien et al. 2008). TCEAL7 binds to E-boxes of gene promoters
and thereby competitively inhibits gene activation by Myc-Max complexes. Such
competitive inhibition would effectively decrease c-Myc activity without the
need for decreased c-Myc expression and it is for this reason that TCEAL7 was
suggested as a potential mechanism for c-Myc activity regulation in ALT. Through
RT-qPCR of ALT and telomerase positive cell lines it was found that ALT cells
expressed a high level of TCEAL7 whereas telomerase positive cells expressed
little or no TCEAL7 (Figure 3.7A). As ALT is predominantly seen in
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mesenchymally derived tumours and not just liposarcomas (Ulaner et al. 2004;
Henson et al. 2005) the investigation of TCEAL7 expression was expanded to
include 2 further mesenchymal tumour types: peritoneal mesotheliomas and
malignant peripheral nerve sheath tumours (MPNST). The analysis of the
resulting combined mesenchymal tumour cohort showed that TCEAL7 expression
was increased in ALT tumours compared to telomerase positive tumours (p =
0.053) suggesting that TCEAL7 overexpression may be a c-Myc regulatory
mechanism both in vitro and in vivo (Figure 3.7B). Furthermore, through the use
of knockdown and overexpression of TCEAL7 in ALT and telomerase positive cell
lines respectively it was shown that TCEAL7 could regulate c-Myc activity, hTERT
expression and telomerase activity (Figures 3.8 & 3.9). This was consistent with
the fact that c-Myc is a known hTERT transcriptional activator (Zeller et al.
2003; Hao et al. 2008) and may show a further mechanism by which the decision
to activate either ALT or telomerase is influenced. As the majority of human
tumours utilize telomerase as a telomere maintenance mechanism the
decreased expression of TCEAL7 in a wide variety of human tumours (Chien et
al. 2008) is consistent with TCEAL7’s potential role as an hTERT regulator
through c-Myc.

The gene expression network also highlighted PKCa as a known hTERT regulatory
molecule (Chang et al. 2006) and kinases have previously been seen to play a
role in regulation of telomerase in telomerase positive cells (Bilsland et al.
2009). Through the use of a siRNA kinase hTERT luciferase reporter screen the
kinome was probed for hTERT regulatory kinases in ALT cells with the aim of
further investigating the role of kinases in ALT. 106 kinases through which hTERT
promoter activity was regulated were highlighted (Figure 3.10). A greater
proportion of hits which were hTERT activators, such that their knockdown
resulted in decreased hTERT expression, were observed which may reflect the
strict hTERT regulatory conditions present within ALT cells. This finding would
suggest that knockdown of a single molecule would in most cases be insufficient
to overcome the effects of the entire network. It is for this reason that

decreases in hTERT promoter activity may be easier to achieve than increases.

Through the use of transcriptional regulation network building algorithms it was
discovered that the 106 kinases were regulated by known hTERT regulating

transcription factors (Table 3.1). Furthermore, merging networks of known



Kyle Lafferty-Whyte, 2010 Chapter 3,82

hTERT activating or repressing transcription factors highlighted cooperating
interactions between these factors (Figure 3.11). The regulation of the
transcription factors themselves by upstream hTERT regulatory kinases
highlighted further potential mechanisms by which they could regulate hTERT
promoter activity. The data presented here therefore highlights the fact that
the complex network of interactions by which the expression of telomerase is
regulated in ALT cells further extends to kinase regulation, consistent with
previous data in telomerase positive cells (Bilsland et al. 2009). Furthermore,
the top transcriptional regulator of the 106 kinase hits was c-Myc. This further
emphasized the potential key role that c-Myc may play in the decision between
the two telomere maintenance mechanisms through telomerase regulation and
its potentially central role in senescence signaling regulation during

immortalization and bypass.

The functional validation of the candidate network further highlighted the
importance of a global analysis of gene expression. Where significant expression
of one gene may be of importance in certain circumstances, it is more likely, as
evidenced by the gene expression network and the complex transcriptional
networks between the 106 hTERT regulatory kinases, that small changes in a
combination of genes in a signaling pathway are responsible for defining a
phenotype. By investigating signaling networks on a global scale an increased
understanding of the biology underlying the ALT phenotype and its regulation in
mesenchymal malignancies has been achieved. Such improved understanding of
the mechanisms by which tumours bypass senescence help to further

investigations into senescence induction in human tumours.

In addition to the hTERT regulatory network a number of stem cell related genes
were also highlighted within the 1305 gene signature. The possibility that the
decision to activate either telomerase or ALT is made at the cellular level was
an interesting hypothesis to consider. Cancer biology in many ways parallels
that of stem cell biology, as pathways regulating the self-renewal phenotype and
replicative lifespan of stem cells, such as WNT signaling (Fevr et al. 2007), are
commonly deregulated in cancer. With the growing interest in stem cells as the
cell of origin for certain tumours, investigating the potential origin for ALT
immortality may improve the understanding of the regulation of senescence

bypass by telomere maintenance. The preponderance of ALT in mesenchymal
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malignancies prompted an investigation of any relationship between human
mesenchymal stem cells (hMSC) and ALT or telomerase positive cell lines and
liposarcoma tissues. hMSCs are an adult stem cell population with limited
replicative lifespan and no detectable telomerase activity (Zimmermann et al.
2003), which is due at least in part to active repression of the telomerase genes
at the chromatin level, similar to the situation in ALT cell lines (Serakinci et al.
2006; Cairney et al. 2008). hMSCs do not however display characteristic
molecular markers of ALT (Bernardo et al. 2007; Zhao et al. 2008). It is
therefore possible that hMSCs upon transformation could become either ALT or
telomerase positive tumours. There is however a need for accurate models of
the molecular details of the decision between these two mechanisms, such as
this, before manipulation of the resulting telomere maintenance mechanism can

be achieved.

Hierarchical clustering showed that the expression profile of the signature genes
in hMSC was more closely related to ALT than to telomerase positive cell lines
with the larger signature and also to ALT liposarcomas when the refined 297
gene signature was utilised, suggesting a mesenchymal stem cell origin for ALT
(Figures 3.1C & 3.4C).

Mesenchymal stem cells are known to be potential targets for transformation in
vitro. Lack of any telomere maintenance mechanism in these cells may be a
tumour suppressor mechanism as transduction with hTERT has been shown to
extend their lifespan and induce neoplastic characteristics following long term
culture in vitro and tumour formation in vivo (Serakinci et al. 2004). In addition
several studies have shown the ability of MSCs to transform spontaneously
following long term culture in vitro in murine systems (Miura et al. 2006; Zhou
et al. 2006), although the situation in human systems remains unclear with
conflicting reports suggesting that the capacity for spontaneous transformation
may be dependent on the tissue of origin (Rubio et al. 2005; Wang et al. 2005;
Miura et al. 2006; Bernardo et al. 2007). More recently several studies have
linked hMSC with mesenchymal malignancies including Ewing’s sarcoma (Tirode
et al. 2007; Riggi et al. 2008) and malignant fibrous histiocytoma (Matushansky
et al. 2007). Stem-like tumour initiating cells have also been isolated from

various mesenchymal tumours (Gibbs et al. 2005; Wu et al. 2007). Taken
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together this data suggests that the stem cell origin for cancer extends to

mesenchymal malignancies.

Although the preponderance of ALT in mesenchymal tissues has been
documented previously on numerous occasions, this was the first time the link to
a mesenchymal stem cell origin for ALT had been made. Furthermore, this was
not simply reflective of the mesenchymal origin of ALT cell lines as both the ALT
and telomerase positive liposarcoma samples were mesenchymally derived and
only the ALT liposarcomas cluster with hMSC. The significance of this association

is unknown at present, but certainly warrants further investigation.

The observations of differential c-Myc activity between ALT and telomerase
positive cells may potentially be linked to potential cell of transformation, in
this case hMSCs and ALT. Exploration of the expression levels of c-Myc and it’s
regulatory factors Mad and Max showed no significant difference in the
expression levels of Mad or Max between ALT or telomerase positive cells (Figure
3.6B).

In conclusion, this analysis has highlighted a gene expression signature capable
of distinguishing telomerase positive from ALT in cell lines and liposarcoma
tissue samples. This signature contained a regulatory signaling network
involving hTERT repression in ALT and is indicative of a novel hMSC origin for
ALT. A candidate network also highlighted differences in c-Myc activity, further
investigation of which highlighted the potentially key role of c-Myc in the
decision between ALT and telomerase TMMs during senescence bypass. A better
understanding of the regulation of senescence bypass through TMM in the cell of
origin will increase knowledge of the biology underlying these tumour types and
may highlight novel areas for therapeutic intervention. Furthermore, these
investigations show that regulation of senescence bypass by telomere
maintenance involves a complex network of interactions involving gene
expression differences, transcription factors and kinases, all of which present
attractive targets for intervention. To make full use of these gene expression
networks further understanding of the regulatory mechanisms behind them, such
as chromatin modifications, miRNA regulation and post-translational protein

modifications, is required however.
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4  miRNA regulation of senescence signaling

during tumourigenesis.

4.1 Introduction

Telomere maintenance mechanisms (TMMs) are utilised by tumour cells to
bypass telomere induced replicative senescence. Data in the previous chapter
highlighted the complex gene expression networks regulating the decision
between telomere maintenance mechanisms. Furthermore, the previous chapter
also showed that these networks are in part regulated by the actions of kinases,
c-Myc and TCEAL7. The coordination of these multiple changes to gene
expression and pathway signaling requires regulation at many different
molecular levels and in coordination with the regulation of the larger
senescence program. For instance multiple chromatin modifications, such as
methylation of K9 H3 (Narita et al. 2003), are required to establish the
senescence-associated heterochromatin foci during senescence induction
(Atkinson et al. 2007; Zhang et al. 2007) and have also been seen to play a role
in telomere maintenance mechanisms (Cairney et al. 2008). Of the many ways
to regulate gene product expression, miRNAs are relatively poorly understood.
These short non-coding molecules ranging in size from 19-22 nucleotides are
highly conserved and regulate protein expression through interactions with the
3’ untranslated region (UTR) of mRNA (Lee et al. 1993; Wightman et al. 1993).
Mammalian miRNAs are produced in two main stages. Initially miRNAs transcripts
(known as primary miRNAs) are transcribed by RNA polymerase Il and then are
then processed in the nucleus by the RNase type lll protein Drosher to form
precursor miRNA hairpin molecules (Kim et al. 2009). The miRNAs are then
exported from the nucleus to the cytoplasm where they are further processed by
another RNase type Il protein, Dicer, to form the mature 19-22 nucleotide single
stranded miRNA. The mature miRNAs are then bound onto Argo proteins to form
the final functional RNA induced silencing complex (RISC) (Wahid et al. 2010).
miRNA genes have been observed in both coding and non-coding genes in both
exonic and intronic regions where the majority of miRNAs are found in intragenic
regions (Kim et al. 2009, Lagos-Quinata et al. 2001, Lau et al. 2001).
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The binding of a miRNA to the 3’UTR causes inhibition of translation through
steric hindrance or degradation of the mRNA, depending on the degree of
complementarity between the two sequences (Engels et al. 2006). The ability of
miRNAs to regulate a variety of target genes allows them to induce changes in
multiple pathways and processes such as development (Harfe 2005), apoptosis,
proliferation and differentiation (Bartel 2005). Furthermore, recent observations
in breast cancer particularly implicate miRNA expression as having a pivotal role
in tumour progression. The expression of some miRNAs, such as the mir-200
family, have been observed to suppression metastasis whereas others, such as
mir-373 and mir-520c, are considered pro-metastic miRNAs (Shi and Guo 2009).
As such miRNA expression has the potential to regulate entire pathways in
normal developmental processes as well as being potentially hijacked for use in

the establishment and progression of cancer.

MiRNAs could therefore facilitate the complex cellular changes required to
establish the senescent phenotype. Identification of the mRNA sequences that
miRNAs regulate is mainly derived using bioinformatics techniques. The ability of
each miRNA to target genes is based on sequence complementarity to 3’UTRs of
known mRNAs. Furthermore each miRNA has the potential to regulate on
average 1000 gene targets (Griffiths-Jones 2004; Griffiths-Jones et al. 2006;
Griffiths-Jones et al. 2008). It is this large number of potential targets across
different biological pathways that give miRNAs the power to potentially induce

complex cell phenotypes, like senescence.

To investigate whether miRNAs could play a role in the complex regulatory
networks of senescence signaling and bypass an initial investigation of 12 miRNAs
with known experimental evidence for a role in senescence induction was
performed. Using publicly available gene expression data for cells induced to
senescence by various stimuli, the potential of these 12 senescence associated
miRNAs (SA-miRNAs) to regulate the patterns of differential gene expression was
assessed. After establishing the potential of miRNAs to regulate the larger
process of senescence, their potential role in senescence bypass by regulation of
telomere maintenance mechanisms was investigated. Using miRNA microarray
profiling the associations of miRNA expression with telomere maintenance

mechanisms and survival in mesenchymal tumours were explored.
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4.2 Results

4.2.1 ldentification of 12 SA-miRNAs and Pathway mapping of
their miRNA targets shows cell cytoskeletal, cell cycle and

proliferation regulation potential

Although the gene targets of miRNAs can be identified theoretically by
computational algorithms, it is unclear exactly which potential target genes they
modulate and to what extent this affects the associated functions of these
genes. The identification of miRNAs with the ability to regulate a complex
phenotype, like senescence, is therefore not possible using purely bioinformatic
techniques. For this reason the literature was searched for miRNAs with
experimental evidence of a role in senescence induction. To this end, database
searches of the terms “miRNA” and “senescence”, using pubmed and ISI web of
knowledge (accessed 18 Nov 2008) were performed. The literature search
highlighted 6 studies with direct evidence for regulation of senescence by
miRNAs. Two main approaches were used in these studies: microarray based and
comprehensive functional genomics; and the investigation of candidate
senescence genes and the miRNAs regulating them. The 6 studies highlight a
total of 12 senescence-associated miRNAs (SA-miRNAs). Each miRNA has the
ability to bind between 953 and 2351 sites on mRNA 3’ UTRs (see Table 4.1) and
in addition some 3’UTRs potentially have multiple complementary sites for a
given miRNA. To add to the complexity, in reality this set of miRNAs may only be
a subset of the total number of miRNAs that play a role in senescence

regulation.

Before the full impact of miRNAs’ role in the regulation of senescence bypass by
TMMs could be fully understood, a measure of their ability to regulate the larger
process of senescence must be gained. To this end, mapping of the signaling
pathways regulated by the SA-miRNAs (shown in Table 4.1) was performed.
Furthermore, through this approach it was hypothesised a better understanding
of the biological mechanisms by which miRNAs can cooperate to create the
complex senescence phenotype would be gained. The free, publicly available
Sanger miRNA database contains a registry of computationally calculated gene

targets for each known miRNA. The current version of the database (mirBase
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targets v5, 25 Aug 2008) was downloaded and queried using Microsoft Access, in
order to generate lists of theoretical gene targets for the 12 SA-miRNAs. As the
computational method of assigning gene targets to miRNAs cannot assess the
level of complementarity required for a biological effect, it was decided to
include all theoretical targets in the analysis, as a representation of the
maximum regulatory effect these miRNAs could have. The signaling pathways
that these gene targets are involved in were explored using the systems biology

tool Metacore from Genego (Genego Inc, St Joseph, MI).

The top 5 pathways regulated by the SA-miRNAs are shown in Table 4.2. Two of
these maps are involved in cytoskeletal remodelling and are highly saturated
with gene targets of the SA-miRNAs (Figure 4.1). Senescent cells are seen to
undergo changes in morphology, becoming large and flattened (Berube et al.
1998), which would require significant cytoskeletal remodelling. Such
widespread cellular modifications would be associated with the alteration of
many different pathways and processes that all contribute to the maintenance
of the actin cytoskeleton. Due to their ability to bind a number of different gene
targets miRNAs provide a mechanism by which such widespread changes could be

induced.

Changes in the processes involved in DNA synthesis in early S-phase are also
potentially regulated by the SA-miRNAs (Figure 4.2). Of the objects on this map
59% are potentially regulated by the SA-miRNAs and in particular members of the
MCM and ORC complexes. The ORC and MCM complexes are responsible for the
initiation of DNA replication by assembly of the pre-replication complexes and
ensure that the process only occurs once during the cell cycle (Bell et al. 2002).
Recently the ORC complex was reported to be able to interact with the telomere
binding protein TRF2 and affect telomere homeostasis (Tatsumi et al. 2008).
Replicative senescence relies on the shortening of telomeres to induce a DNA
damage checkpoint response that blocks their progression into S-phase (di
Fagagna et al. 2003). Since senescence involves irreversible cell cycle arrest, SA-
miRNA regulation of cell cycle mechanisms strengthens their possible role in

senescence regulation.
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Number Senescence Number of References
Associated predicted
MiRNA complementary
sites in the

transcriptome

1 hsa-let-7f 1018 | Wagner et al., 2008

2 hsa-miR-499 2157 | Wagner et al., 2008

3 hsa-miR-373 1057 | Voorhoeve et al., 2006

4 hsa-miR-372 953 | Voorhoeve et al., 2006

5 hsa-miR-371 2205 | Wagner et al., 2008

6 hsa-miR-369-5P 1107 | Wagner et al., 2008

7 hsa-miR-34c 2351 | Kumamoto et al.,2008

8 hsa-miR-34b 1086 | Kumamoto et al.,2008

9 hsa-miR-34a 1296 | Tazawa et al., 2007, He et al.,

2007, Kumamoto et al.,2008

A hsa-miR-29c 1199 | Wagner et al., 2008
B hsa-miR-217 993 | Wagner et al., 2008
C hsa-miR-20a 1275 | Poliseno et al., 2008

Table 4.1 - Senescence associated miRNAs from the literature and the number of
computationally derived mRNA 3’ untranslated regions each can target. (Note some mRNAs
may contain multiple binding sites) Numbering denotes the thermometer number

representing particular miRNA'’s targets on Figures 4.2, 4.3 and 4.4.
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Pathway Map % of objects on the map that
are SA-miRNA targets

1 |The role of TGF and WNT in Cytoskeletal 44% (49/111)
remodelling

2 |Cytoskeletal remodelling general process 42% (43/102)

3 |Cell Cycle: The start of DNA replication 59%(19/32)

in early S-phase

4 |Regulation of transcription in the CREB 50% (21/42)
pathway

5 |[Development EGFR signaling via small 41% (13/32)
GTPases

Table 4.2 - The top 5 pathways regulated by all 12 SA-miRNAs with the percentage of the
map that consists of SA-miRNA gene targets . Gene target lists for each SA-miRNA were
input to Metacore and the pathway maps which were commonly regulated were examined.
Pathways are ordered by the number of SA-miRNA targets on each map. The presence of 4
regulatory pathways involving different aspects of cellular signaling and only one cell cycle
pathway shows that there is more to senescence than just cell cycle regulation. SA-miRNAs
therefore present a mechanism by which a variety of the required cellular pathway changes

could be regulated.



Kyle Lafferty-Whyte, 2010 Chapter 4,91

e PLAY 7 P Pm
e "cfj Ao

VEGF-A

@ () CollagenlV

.y Fooooa 1) |

Figure 4.1 - SA-miRNA regulation of the Cytoskeletal remodelling and the role of TGF and WNT
biological pathway map. Red thermometers show an object that can be regulated by a SA-
miRNA with thermometer numbering corresponding to that seen in Table 2.1.Multiple
thermometers denote that the object is a target of multiple SA-miRNAs. Green arrows
represent positive, red negative and grey unspecified interactions. Boxes on lines denote the
type of regulation where P = phosphorylation; B = binding; Tr = transcriptional regulation, Cm

= covalent modification, T = transformation and Z = catalysis.
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Figure 4.2 -SA-miRNA regulation of Cell cycle and DNA replication in early S phase
biological map. Red thermometers show an object that can be regulated by a SA-miRNA
with thermometer numbering corresponding to that seen in Table 2.1.Multiple
thermometers denote that the object is a target of multiple SA-miRNAs. Green arrows
represent positive, red negative and grey unspecified interactions. Boxes on lines denote
the type of regulation where P = phosphorylation; B = binding; Tr = transcriptional
regulation, Cm = covalent modification, T = transformation and Z = catalysis



Kyle Lafferty-Whyte, 2010 Chapter 4,93

The transcription factor CREB is also potentially regulated by SA-miRNAs (Figure
4.3). CREB is a known regulator of cellular growth and proliferation through its
transcriptional regulation of genes such as the oncogene c-fos (Ahn et al. 1998)
and regulators of the cell cycle such as cyclin D1 (Lee et al. 1999) and cyclin A
(Desdouets et al. 1995). Alteration of molecules regulating CREB by SA-miRNAs
would therefore confer another mechanism to alter the cell growth and

proliferation pathways towards a senescent state.

EGFR and its proliferative signaling are not conducive to a senescent cellular
environment. Consistent with this, EGFR is repressed at the chromatin level
during senescence (Narita et al. 2003) and this analysis showed to be potentially
regulated by the 12 SA-miRNAs (Table 4.2). The ability of SA-miRNAs to further
repress these signals provides a cell entering senescence another regulatory

mechanism by which to ensure their silencing.

The multiple pathway alterations discussed suggest that these SA-miRNAs are
potentially regulating many of the necessary steps required to create a fully
senescent cell, from changes in the cellular cytoskeleton to alteration of
multiple pathways regulating cell cycle and proliferation signals. Senescence can
be stimulated by more than one mechanism however, including induction by
telomere attrition (replicative senescence), oncogenes, drugs and cellular
stress. It remains unclear whether the same pathway alterations and miRNAs are
involved in each of the different stimuli or whether each stimulus takes a
different route to the same endpoint of a senescent cell, as depicted in Figure
4.4,
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Figure 4.3 - SA-miRNA regulation of Transcription and the CREB pathway biological
map. Red thermometers show an object that can be regulated by a SA-miRNA with
thermometer numbering corresponding to that seen in Table 2.1.Multiple
thermometers denote that the object is a target of multiple SA-miRNAs. Green arrows
represent positive, red negative and grey unspecified interactions. Boxes on lines
denote the type of regulation where P = phosphorylation; B = binding; Tr =
transcriptional regulation, Cm = covalent modification, T = transformation and Z =

catalysis.
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miRNAs?
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Oncogene Replicative Drug Stress
Induced Senescence Induced Induced
Senescence Senescence | Senescence
miBNAs miRlNAs miRINAs miRNAs
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Biological Biological Biological Biological
Pathways and Pathways and Pathways and Pathways and
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Figure 4.4 -— Potential mechanisms of miRNA regulation in Senescence and their potential.
A small subset of miRNAs, such as the 12 SA-miRNAs that we have identified, may be
acting as master regulators of the senescent phenotype. However it is also possible that
individual types of senescence induction may require different miRNAs to create the same
cellular changes due to the different stimuli and therefore signaling pathways involved.
Overlaps in the biological pathways or miRNAs could therefore be utilised to discover

novel drug targets for senescence induction
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4.2.2 Investigation of SA-miRNA regulation of different

senescence stimuli

In order to investigate the potential of SA-miRNAs to regulate the different
senescence stimuli previously published publicly available gene expression data
was utilised. This allowed the exploration of the potential roles of miRNAs to
regulate the differentially expressed gene lists from replicative senescence in
hMSCs (Wagner et al. 2008), drug induced replicative senescence by a
telomerase inhibitor (Damm et al. 2001), cellular stress by Ethanol or tert-
butylhydroperoxide exposure (Pascal et al. 2005) and oncogene induced
senescence by BRAFE® (Kuilman et al. 2008).

Each of the datasets queried showed some potential to be regulated by the SA-
miRNAs as shown in Table 4.3. Using the results of these 4 analyses, the
potential of SA-miRNAs to regulate pathways with gene expression changes for
each stimulus was further explored. The differences and similarities in SA-

miRNAs and their targeted pathways between stimuli were also investigated.

4221 Replicative senescence

By reanalysing the publicly available gene expression data from the study by
Wagner and colleagues, it was possible to examine the pathways during
replicative senescence that could be regulated by SA-miRNAs (Table 4.4a)
(Wagner et al. 2008). Wagner et al measured gene expression changes at
different population doublings of hMSCs from early passage into replicative
senescence. Gene lists of 2 fold or more changes in expression between early
and late passage hMSCs were constructed. Filtering of these lists to only those
genes theoretically regulated by the SA-miRNAs led to the construction of 2 lists:
85 gene targets with increased expression and 49 gene targets with expression in
late passage compared to early passage hMSCs. The pathways associated with

each gene list were then individually explored using Metacore.

Looking initially at the pathways that have gene targets with increased

expression in Table 4.4a, it was observed that 3 of the 5 maps on the list were
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Drug induced Oncogene

Replicative Replicative Induced

senescence Senescence Senescence Stress induced senescence

UP DOWN UpP DOWN ETOH UP | EtOH Down | tBHP Up tBHP Down

85 49 76

target target target 49 target 7 target 10 target 6 target 6 target 6 target
genes genes genes genes genes genes genes genes genes
SA-miRNA mIiRNA [ miRNA miRNA miRNA miRNA miRNA miRNA miRNA miRNA
hsa-let-7f v v v v v v
hsa-mir-20a v v v v v v v
hsa-mir-217 v v 4 v 4 v v
hsa-mir-28¢c v v v v v v v
hsa-mir-34a v v v v v v
hsa-mir-34b v v v v v v v v
hsa-mir-34c v v v v v v v v
hsa-mir-369-
=p v v v v v v
hsa-mir-371 v v v v v v v
hsa-mir-372 v v v v
hsa-mir-373 v v v v
hsa-mir-499 v v v v v v v v v
Table 4.3 - Regulation of gene expression sighatures of different types of senescence
induction.

Ticks represent the ability of that SA-miRNA to theoretically regulate one or more genes within

the signature. All four senescence induction sighatures are regulated by at least 5 SA-
miRNAs. These differences in SA-miRNA regulation may represent the differing need for
regulation of SA-miRNA target genes hy different stimuli. The regulation of all of the

senescent signatures studied by microRNAs hsa-mir-499 and hsa-mir-34c may demonstrate

their potential as regulators of core senescence genes required by all senescence stimuli.
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Replicative senescence
85 Upregulated SA-miRNA gene targets 49 Downregulated SA-miRNA gene targets
% Regulated % Regulated
by SA- by SA-
SA-MIRNA Pathway Maps miRNAs p-value Pathway Maps miRNAs p-value

Apoptosis and Cell Cycle Role of
survival p53- APC in cell cycle

1 | dependent 8% (2/29) 8.58E-03 | regulation 22% (7i32) 5.15E-11
Cytoskeletal Cell Cycle Start of
remodeling DNA replication in

2 | Keratin Filaments 6% (2/36) 1.45E-02 | early S-Phase 19% (6/32) 3.79E-09
Immune Response
IL1 signaling dCTPAUTP

3 | pathway 5% (2/37) 1.53E-02 | metabolism 8% (B6/75) 7.37E-07
Apoptosis and Cell Cycle Role of
survival FAS SCF complex in cell

4 | signaling cascades | 5% (2/43) 2.04E-02 | cyle regulation 14% (4/29) 6.82E-06
Apoptosis and
survival TNFR1 Cell Cycle Sister

5 | signaling pathway | 5% (2/43) 2.04E-02 | chromatid cohesion 14% (3/22) 1.13E-04

b Drug induced Replicative Senescence
48 Upregulated SA-miRNA gene targets 76 Downregulated SA-miRNA gene targets
% Regulated % Regulated
by SA- by SA-
SA-miRNA Pathway Maps miRNAs p-value Pathway Maps miRNAs p-value

Signal Cell Cycle Role of
Transduction APC in cell cycle

1 | PTEN pathway 11% (5/46) 6.52E-07 | regulation 16% (5/32) 1.26E-06
Development
EGFR signaling via

2 | small GTPases 14% (4/28) 3.13E-06 | Folic acid metabolism | 8% (5/53) 1.63E-05
Signal
Transduction DNA damage
Activin A signaling ATM/ATR regulation

3 | regulation 14% (4/28) 3.13E-06 | of G1/S checkpoint 13% (4/32) 3.98E-05
Transcription role
of AP1in Cell Cycle ESR1
regulation of regulation of G1/S

4 | cellular metabelism | 10% {4/42) 1.65E-05 | transition 12% (4/33) 4 51E-05

Cell cycle

Development chromosome
ERBB-family condensation in

5 | signaling 9% (4/43) 1.81E-05 | prometaphase 14% (3/21) 2.68E-D4

Table 4.4 -Top 5 biological pathway maps that contain SA-miRNA gene targets shown in

order of p-value.

(A)Wagner et al microarray data was reanalysed and all genes with a 2 fold or more

difference between early passage and late passage hMSCs were selected. These lists were

then filtered selecting only gene targets of the 12 SA-miRNAS and biological pathways

maps analysed using Metacore from Genego.

(B)Damm et al published differentially expressed gene signatures which were filtered

selecting only gene targets of the 12 SA-miRNAS and biological pathways maps analysed

using Metacore from Genego
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involved with apoptosis and survival through the FAS and TNFR1 signaling
pathways or in a p53 dependent manner. In all 3 maps the only molecules that
the SA-miRNAs are regulating are BRE and c-FLIP. BRE is known to suppress the
apoptotic pathways through binding and inhibition of the FAS receptor (Li et al.
2004) and the TNF-alpha receptor (Gu et al. 1998). C-FLIP is a potent inhibitor of
apoptosis through its binding and resulting inhibition of the adaptor protein
FADD (Irmler et al. 1997). Although the SA-miRNAs are only regulating 2
molecules involved in the survival and apoptosis signaling pathways, regulation
of the absolute levels of such signals may be one of the mechanisms by which

the SA-miRNAs ensure the cells enter senescence rather than apoptosis.

The second most significant pathway with increases in gene expression during
replicative senescence is cytoskeletal remodeling centering on the role of
intermediary filaments. As discussed previously, changes in the cellular
morphology of senescent cells would require significant changes to the
cytoskeleton of the cell. Changes in expression of key genes regulating many of
these processes would therefore be required. The SA-miRNAs provide one

potential mechanism by which these changes could be regulated.

Changes to the immune response and the IL1 signaling pathway during
replicative senescence are also potentially regulated by the SA-miRNAs. The
concept of the involvement of IL1 and other pro-inflammatory networks in the
induction of senescence is concurrent with the current findings (Hardy et al.
2005; Morandi et al. 2008; Sasaki et al. 2008). The regulation of these pro-
inflammatory networks by miRNAs may provide a mechanism by which the

secretory senescence pathway is regulated.

Table 4.4 also shows that all 12 SA-miRNAs can also target genes with expression
2 fold or more decreased during replicative senescence. Four out of the 5
pathways that contain SA-miRNA gene targets with decreases in expression are
involved in various aspects of cell cycle regulation (Table 4.4a). These include
DNA replication in early S-phase and the roles of APC, the SCF complex and
ESR1. Regulation of key molecules in the multiple processes governing the cell
cycle during senescence induction is critical. The SA-miRNAs regulate a subset of
molecules (CDK2, EMI1, Cyclin B, SKP2, and CDC18L) that are involved in
regulation of these multiple cell cycle pathways. This allows the SA-miRNAs to

affect the cell cycle regulatory process as whole rather than at just one
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checkpoint or stage. These 12 SA-miRNAs that therefore exemplify the potential

of miRNAs to play a regulatory role in this aspect of replicative senescence.

The remaining pathway containing gene targets down-regulated during
replicative senescence is involved in dCTP/dUTP metabolism. Since senescent
cells are no longer cycling, changes in metabolism will logically follow. SA-
miRNAs may only be regulating a small part of cellular metabolism, the
metabolism of 2 nucleotide units, however these metabolic changes may have
far reaching effects. Furthermore, changes in dATP, ATP and TTP metabolism
are seen further down in the list of pathways, 6, 7 and 9 respectively, which are
not discussed here. It may therefore be the case that the SA-miRNAs are able to
regulate the changes in metabolism required to establish senescence or that

only changes to a few molecules or processes are required.

The regulation of cellular survival, pro-inflammatory and cytoskeletal
remodeling cellular processes would all logically be required to create the
senescent cell phenotype. This analysis shows that these processes can
theoretically be regulated by the SA-miRNAs, during replicative senescence,
highlighting their potential to regulate the absolute levels and timings of these

complex signaling cascades to create a senescent cell.

4.2.2.2 Drug induced replicative senescence

Replicative senescence results from the shortening of telomeres during each
round of the cell cycle (Harley et al. 1990). Many cancer cells reactivate the
enzyme telomerase, which has the ability to maintain telomeres and therefore
overcome this barrier to tumorigenesis (Deng et al. 2008). Application of a drug
that inhibits telomerase would, in theory, activate such cells’ natural
senescence pathways, potentially including the actions of the SA-miRNAs. To
explore this hypothesis the differentially expressed genes published by Damm
and colleagues were interrogated for potential SA-miRNA regulation (Damm et
al. 2001).

Damm and coworkers investigated senescence resulting from treatment of lung
carcinoma cells with the telomerase inhibitor BIBR1532. The published genes
lists were filtered to include only those genes regulated by the 12 SA-miRNAs.
This resulted in a list of 76 down-regulated SA-miRNA gene targets and 49 up-

regulated gene targets (Table 4.4b). Pathway analysis was then performed to
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investigate the potential effects of SA-miRNA regulation in drug induced

replicative senescence.

As seen previously during the analysis of replicative senescence, the pathways
associated with gene targets showing increased expression involve a variety of
different cellular mechanisms. Two of these pathways are involved in the
regulation of cellular signaling by the molecules PTEN and Activin A. The dual
specificity phosphatase PTEN is a tumour suppressor gene and regulates cellular
proliferation and survival through its ability to bind p53 in the nucleus (Chang et
al. 2008). Activin A is a member of the TGFp superfamily and is involved in the
regulation of cell growth and apoptosis (Takabe et al. 1999). Both molecules are
commonly deregulated in cancers (Jeruss et al. 2003; Jiao et al. 2007) reflecting
their importance in regulation of cell proliferation processes. Alterations in
these signaling pathways could therefore be beneficial to the establishment of a
senescent cell phenotype. The theoretical regulation of these processes by the
SA-miRNAs demonstrates further mechanisms by which SA-miRNAs can cause the

complex signaling pathway changes required to induce senescence.

Two further pathways associated with gene expression increases in this dataset
that show potential regulation by the SA-miRNAs involve EGFR and the ERBB
family. As previously discussed, regulating signaling from the ERBB family of
tyrosine kinases is an important step in senescence induction due to their role in
the regulation of cellular proliferation. The presence of this map demonstrates
that SA-miRNAs are a potential regulatory mechanism of these pathways during

drug induced replicative senescence as well as natural replicative senescence.

The remaining pathway associated with increased gene target expression is
involved with changes in metabolism regulated by the transcription factor AP-1.
Closer inspection of the SA-miRNA targets on this map (Figure 4.5) highlights the
role of AP-1 in regulation of p21 and the apoptosis molecules c-fos and FASR.
The involvement of c-fos and FASR in pathways regulated by the SA-miRNAs has
been highlighted earlier in this study. This demonstrates that regulation of the
diverse cellular proliferation and apoptosis signaling pathways affected by these
molecules is an important step in senescence establishment, under both natural
replicative senescence and when artificially drug induced. SA-miRNA regulation
could therefore provide a mechanism by which the absolute levels and timings of

these signals can be controlled.
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Figure 4.5 - SA-miRNA regulation of transcription and the role of AP1 in regulation of
cellular metabolism pathway biological map during drug induced senescence. Red
thermometers show an object that can be regulated by a SA-miRNA with thermometer
numbering corresponding to that seen in Table 2.1.Multiple thermometers denote that the
object is a target of multiple SA-miRNAs. Green arrows represent positive, red negative and
grey unspecified interactions. Boxes on lines denote the type of regulation where P =
phosphorylation; B = binding; Tr = transcriptional regulation, Cm = covalent modification, T

=transformation and Z = catalysis.
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The biological pathway map analysis of the decreases in gene expression for
telomerase inhibited cells returned results very similar to that of the down-
regulated genes in natural replicative senescence. Four of the 5 maps are
involved with the regulation of various aspects of the cell cycle including the
role of APC, the DNA damage response checkpoint, regulation of ESR1 and
chromosome condensation in prometaphase (Table 4.4b). As with the cell cycle
pathways seen in replicative senescence, the regulation of cell cycle following
telomerase inhibition would be a critical step in senescence induction. Targeting
these multiple pathways to cell cycle control gives SA-miRNAs comprehensive

regulation of the process.

The remaining map is involved with metabolism of folic acid. As previously
discussed, changes in metabolism will be required in cells undergoing
senescence. However, this may also reflect metabolic changes involved in the
metabolism of BIBR1532, independent of senescence, that the SA-miRNAs are
also able to regulate. The ability of SA-miRNAs to target not just the down-
regulation cell cycle aspects of senescence but also the metabolic changes

demonstrates the flexibility and complexity of their action.

Looking at the pathway analysis of both replicative and drug induced senescence
shown in Table 4.4, highlights the fact that the down-regulated pathways in both
cases are cell cycle and metabolism related whilst the up-regulated pathways
differ between the two stimuli. However, looking at the functions of the up-
regulated pathways in both cases reveals a common apoptosis regulatory signal.
Cells in replicative senescence appear to be signaling apoptosis survival through
FAS and TNFR1 pathways or in a p53 dependant manner whereas the telomerase
inhibited cells are using the actions of Activin A and PTEN for this purpose. Thus
the SA-miRNAs are potentially using different cellular mechanisms by which to
achieve the same goal. The SA-miRNA regulation of the cellular signals behind
drug induced and natural replicative senescence are therefore stimuli specific
whilst remaining focused towards the common outcome of creating the complex

senescent cell phenotype.
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4.2.2.3 Oncogene induced senescence (OIS)

Telomere erosion leading to the activation of DNA damage signaling cascades is
not the only method of senescence induction. Oncogene induced senescence
(OIS) can be caused upon either the loss of tumour suppressor genes like PTEN
(Chen et al. 2005) or activation of oncogenes such as MEK, RAS and BRAF®®® (Lin
et al. 1998; Michaloglou et al. 2005; Courtois-Cox et al. 2006). Recent evidence
suggests that senescence induction by these stimuli is dependent upon IL-6
mediated inflammatory responses without which the cells bypass senescence and
continue proliferating (Kuilman et al. 2008). The same study also used gene
expression microarrays to examine differentially expressed genes between cells
that bypass and cells that undergo OIS, revealing a signature of 20 genes shown
in Table 4.5. Seven of these genes, including IL-6, can theoretically be regulated
by SA-miRNAs.

Due to the small size of the initial signature, and hence the small number of
target genes, analysis of the biological pathways underlying the SA-miRNA
regulation was not statistically feasible. However, the SA-miRNAs regulate
nearly 30% of the OIS signature revealed by Kuilman et al, including the key
molecule IL-6 (Table 4.5). This may demonstrate the principle that large
numbers of gene alterations are not always required for senescence induction,
just well targeted ones. The multiple regulation of 3 of the genes in particular
(C200rf26, CD55 and IL6) by the SA-miRNAs may show that within this signature
these genes require the strictest regulation to ensure the successful induction of

senescence, although further validation is required to test this theory.

The analysis of differentially expressed genes during oncogene induced
senescence, although limited by the size of gene list, still highlights the
potential of SA-miRNAs to regulate key molecules required for this form of
senescence induction. Furthermore, the regulation of inflammatory networks
shown in this study to be key to senescence induction was also highlighted
during the analysis of replicative senescence. This common regulation of pro-
inflammatory secretory senescence genes in response to 2 different senescence

stimuli by SA-miRNAs is suggestive of its importance in senescence as a whole.
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Gene name Regulating SA-miRNAs
hsa-mir-368-5P (2), hsa-mir-29¢ (1),
hsa-mir-489 (3), hsa-mir-34b (1),

C200RF26 hsa-mir-34¢ (2)
hsa-mir-29c (1), hsa-mir-34b (2),

CD55 hsa-mir-34c (3)

CDg

CPE

FAM131A

FAM43A hsa-mir-371 (1)

GABRA2

GEM

GMFG hsa-mir-369-5P (1)
hsa-mir-489 (1), hsa-mir-216 (1),

IL6 hsa-mir-371 (1)

IQGAP2

ITGA2

ITPKA

NR4A2

PCNX

PECAM1

PTGES hsa-mir-371 (1)

RPSBKAS

TESC hsa-mir-20a (1)

VGF

Table 4.5 - 20 Differentially expressed genes upon induction of oncogene induced
senescence highlighted by Kuilman et al. Also shown are the SA-miRNAs that can
theoretically regulate 7 of these genes, brackets show the number of theoretical 3’'UTR

binding sites that each SA-miRNA has for that gene.
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42.2.4 Cellular stress induced senescence

Senescence can also be induced by many different types of cellular stress such
as UV-B (Debacqg-Chainiaux et al. 2005), hydrogen peroxide (Frippiat et al.
2001), tert-butylhydroperoxide (t-BHP) or ethanol exposure (Dumont et al.
2002). Pascal and colleagues used a combination of differential display RT-PCR
and low density DNA arrays to investigate genes involved in senescence induction
by ethanol or t-BHP (Pascal et al. 2005). They revealed signatures of genes
increasing and decreasing in expression for both ethanol and t-BHP, many of
which overlapped. Table 4.6 highlights the potential of the SA-miRNAs as
regulators of stress induced senescence by both treatments. 75% of the genes
theoretically regulated by SA-miRNAs overlap between the two treatment types.
This may suggest that these target genes are those that are core to senescence

induction by SA-miRNA regulation.

Of all the overlapping genes shown in Table 4.6 four have roles in regulation of
the actin cytoskeleton, namely ARHGAP24, ARPC2, MACF1 and S100A4 (Belot et
al. 2002; Katoh et al. 2004; Daugherty et al. 2008). In the previous analysis of
this chapter, cytoskeletal remodelling has always been associated with genes
showing increased expression levels. Here however, two of the molecules,
ARHGAP24 and ARPC2 show decreased expression. This may therefore represent
specific molecules that require negative regulation in the context of stress
induced senescence. Alternatively this may represent down-regulation of genes
required to create the necessary senescence-associated cytoskeletal alterations.
This demonstrates the potential of SA-miRNAs to regulate similar processes

through different mechanisms dependant on stimuli.

Cell cycle regulation has in both replicative and drug induced senescence been
strongly negatively regulated. Two of the overlapping down-regulated genes,
RAD17 and CDC37L1 (Table 4.6), common to both ethanol and t-BHP treatments
have roles in the cell cycle. RAD17 specifically is involved in cell cycle arrest
caused by DNA damage signaling (Dahm et al. 2002). The DNA damage caused by
reactive oxygen species in cellular senescence may therefore be activating
similar mechanisms of senescence induction as that seen in replicative

senescence. These gene targets highlight the fact that the SA-miRNAs are able
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Effect of t-BHP Effect of ETOH Regulating SA-
Gene treatment treatment miRNAs
ARHGAP24 DOWN DOWN hsa-miR-489 (2)
ARPC2 DOWN DOWN hsa-miR-217 (2)
RAD17 DOWN DOWN hsa-let-7f {3)

hsa-miR-20a {2),

hsa-miR-34b (1),

hsa-miR-498 (2},

CDC37L1 DOWN DOWN hsa-miR-34c¢ (1)

EWSR1 DOWN DOWN hsa-miR-20a (1)

hsa-miR-34a {2),

PHGDH DOWN DOWN hsa-miR-34c (2)
MACF1 upP upP hsa-miR-369-5p (2)
RPS12 upP upP hsa-miR-369-5p (2)

LOXL2 upP upP hsa-miR-29¢ (1)

S100A4 upP upP hsa-miR-489 (2)

SLC35A5 upP upP hsa-miR-371 (1)

EEF1A1 upP upP hsa-miR-34c¢ (1)

TBRG4 upP hsa-miR-34c¢ (1)

KPNB1 upP hsa-miR-29¢ (1)

TMSB10 upP hsa-miR-489 (1)

hsa-miR-34b (2},

C21orf34 upP hsa-miR-34c¢ (1)

Table 4.6 - SA-miRNA targets showing alterations in gene expression after stress induced
senescence by either tert-butylhydroperoxide (t-BHP) or Ethanol (EtOH) and the direction of
their alteration, blank cells infer no effect. Also shown is the SA-miRNAs that can
theoretically regulate these genes, brackets show the number of theoretical 3’'UTR binding

sites that each SA-miRNA has for that gene
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to induce similar mechanisms Usingstimuli specific target genes. The flexibility
of the SA-miRNA mechanism of action allows them to remain specific enough for
a cell to respond to a particular stimuli whist general enough to focus pathway

changes in those cells to create the senescent cell phenotype.

Two of the overlapping genes, EWSR1 and LOXL2, have previous evidence of
senescence association. The EWS fusion protein has recently been reported as a
repressor of senescence (Hu et al. 2008) and therefore its down-regulation by
SA-miRNAS would provide a mechanism by which to prevent it inhibiting
senescence induction. LOXL2 however has been used as a marker of senescent
cells due to its increased expression during senescence (Muller et al. 2006).
These senescent associated genes can theoretically be regulated by SA-miRNAs
and this may therefore present a mechanism by which their roles in senescence

induction are controlled.

The remaining overlapping genes may still have roles in senescence. These genes
may be involved in senescence induction through previously identified or
potentially novel unidentified pathways, which analysis of the individual gene
function does not elucidate. Their inclusion into larger data sets of potential
senescence associated genes for systems biology analysis may help to elucidate

their role.

MiRNA regulation of stress induced senescence can therefore be seen to
potentially transcend treatment type and incur changes in core senescence
genes. Furthermore, regulation of additional treatment specific genes gives SA-
miRNAs the potential to alter diverse cellular pathways required to respond to

different stimuli.

Given the combined evidence of the potential of miRNAs to regulate the
induction of senescence presented here; it is possible to hypothesise that
perturbation of miRNA expression may play a role in tumorigenesis, senescence
bypass mechanisms such as telomere maintenance and hence impact patient
survival. To investigate this hypothesis miRNA expression patterns in human

mesenchymal tumour biopsies was examined using miRNA microarrays.
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4.2.3 Unsupervised hierarchical clustering of miRNA expression
profiles shows improved separation of mesenchymal

tumours over gene expression microarray profiles

Before examination of the relationships of individual miRNAs with clinical
factors, the ability of miRNAs to distinguish between tumour types was
compared to that of gene expression data from the previous chapter. After
quality control filtering of data from miRNA expression microarrays for 20
peritoneal mesotheliomas, 18 liposarcomas, 17 MPNST and 10 synovial sarcomas,
as described in Chapter 2, 325 miRNAs were used for unsupervised hierarchical
clustering (Figure 4.6A). Although the majority of peritoneal mesotheliomas
clustered together the other tumour types were poorly separated. Comparison of
unsupervised hierarchical clustering of gene expression data for peritoneal
mesotheliomas, MPNST and liposarcomas from the previous chapter (Figure 4.6B)
showed a similar distinct clustering of peritoneal mesotheliomas. The clustering
pattern of the miRNA expression profiles highlighted known histological
similarities, for example the observation that the MPNST and synovial sarcomas
were clustered on the same branch. The spread of the liposarcomas throughout
the dendrogram was also consistent with the known heterogeneity of this tumour
type. This data suggested that miRNA expression patterns were not only of use
for examining the different underlying routes to tumourigenesis between tumour

types but were potentially more discriminatory than mRNA profiling.

As unsupervised hierarchical clustering of miRNA expression profiles of the
tumour types was suggestive of different miRNA expression profiles for each
tumour type but insufficient for complete separation; binary tree prediction
analysis was used to investigate whether subgroups of miRNAs were able to
improve the separation of these mesenchymal tumour types. These subgroups
may be reflective of these individual tumour types route to tumourigenesis and
therefore could be utilised to further explore the role of miRNAs in senescence

bypass in each tumour type.
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4.2.4 Binary Tree prediction analysis highlights 87 miRNAs that
iImprove separation of mesenchymal tumours in hierarchical

clustering

To investigate miRNA subgroups whose expression patterns were able to
distinguish between tumour types the binary tree prediction method (using the
compound covariate predictor algorithm) within BRB array tools was utilised.
Through a multi-step process this method builds a hierarchical tree which
divides the tumour types by groups of differentially expressed miRNAs. Each
node of the tree provides a list of miRNAs whose expression patterns could
therefore be used to distinguish between tumour types. This analysis highlighted
3 lists of miRNAs with the ability to distinguish between tumour types (Figure
4.7A) with an average misclassification rate, by “leave-one-out cross-validation”
technique, of 14.7%. The resulting binary tree consisted of 3 nodes with the first
node being 72 miRNAs able to distinguish between mesotheliomas and the 3
other tumour types. This large number of miRNAs with differential expression
patterns in this tumour type was consistent with the high degree of separation
observed between mesotheliomas and other tumour types in the hierarchical
clustering. Furthermore, 37 miRNAs able to distinguish between liposarcomas
and the remaining two tumour types (MPNST and synovial sarcomas) and a
further 12 miRNAs able to distinguish between MPNSTS and synovial sarcomas
were identified. Closer examination of these lists revealed a number of
overlapping miRNAs between nodes. By taking only those miRNAs unique to an
individual node the list was reduced to a core set of 87 miRNAs with the ability
to distinguish between tumour types (Appendix I). Hierarchical clustering using
this 87 miRNA signature showed improved separation of the three tumour types
(Figure 4.7B). Synovial sarcomas and MPNSTs showed a similar clustering pattern
to that seen in unsupervised clustering (Figure 4.6A), further emphasising the
degree of similarity of these tumour types. With the exception of one sample,
the previously diverse liposarcomas were now contained within one major
cluster suggesting that the miRNAs within the signature may have some
biological significance for this tumour type. Furthermore, examination of the
liposarcomas by histological subtypes highlighted a branch of 9 myxoid and

myxoid-round cell tumour samples (Figure 4.7B*). This 87 miRNA signature was
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Figure 4.7 — Binary Tree prediction analysis highlights an 87 miRNA signature able to

distinguish tumour types. Compound covariate prediction analysis with leave-one-out

cross-validation was performed using BRB-Array tools. The resulting three nodes of

miRNAs (A) were then examined for overlaps leading to a list of 87 unique miRNAs present

at only one node. (B) Supervised hierarchical clustering using the 87 miRNA signature

shows improved clustering of tumour groups. * indicates a cluster of myxoid and myxoid

round-cell liposarcomas.
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therefore not only able to group a previously diverse tumour type but further

split that tumour type into histological subtypes.

4.2.5 Tumour type specific miRNAs show prognostic significance

and correlation with telomere maintenance mechanism

Given the potential biological significance of these miRNAs the next step of the
analysis was to explore whether miRNAs of prognostic significance existed within
the 87 miRNA signature. Hazard ratios were calculated for each miRNA using BRB
array tools, as detailed in Chapter 2. MiRNAs with a significant hazard ratio
(p<0.05) were then adjusted for age, sex and grade using Mantel Cox regression
in SPSS. The number of miRNAs for each tumour type with a significant hazard
ratio varied from 14 in liposarcomas to 5 in synovial sarcomas (Table 4.7) a
number of these showed independent prognostic significance when adjusted for
grade, age and sex (Table 4.7 & Figure 4.8). Comparison of these prognostic
miRNAs and the 87 miRNAs able to distinguish between tumour types showed
that 13 of the prognostic miRNAs were also found in the 87 miRNA signature.
This data therefore suggested that miRNAs have implications in overall tumour
biology as well as prognostic implications in individual tumour types.
Furthermore, examination of the lists of prognostic miRNAs showed miR-let7g
was prognostic in both MPNST and synovial sarcomas. This commonly prognostic
miRNA further highlighted the similarity between these two tumour types
previously suggested by the hierarchical clustering (Figure 4.6 and Figure 4.7)
potentially extends to miRNA regulatory mechanisms. Additionally, to directly
investigate the potential impact of the 12 SA-miRNAs upon survival the list of
significant miRNAs for prognosis was examined. 3 of the SA-miRNAs were found
to also have prognostic significance in the mesenchymal dataset. miR-20a, 34a
and 29c miRNAs in liposarcomas, mesotheliomas and MPNST respectively showed
prognostic significance indicating that the regulation of senescence signaling by
through SA-miRNAs may be an important factor in patient outcome in these

tumour types.

In the previous chapter, complex layers of transcriptional and kinase regulation
of the decision between different TMMs (see chapter 3) were highlighted. In
addition to this the prognostic implications of TMMs in liposarcomas and

peritoneal mesotheliomas have been documented
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Unique id Hfazt?;d Hazard P-value (grade, sex
Ratio & age adjusted
p-value
hsa-miR-212 0.013 13.034 0.085
hsa-miR-222 0.021 1.674 0.765
hsa-miR-324-5p 0.026 0.252 0.66
hsa-miR-494 0.03 1.596 0.023
m hsa-miR-106b 0.031 0.625 0.542
E hsa-miR-92a 0.034 0.484 0.949
e hsa-miR-296-5p 0.036 2.236 0.262
g hsa-miR-21* 0.039 1.569 0.796
% hsa-miR-193a-5p 0.044 0.466 0.531
hsa-miR-196b 0.045 0.626 0.214
hsa-miR-20a 0.046 0.677 0.979
hsa-miR-22 0.047 1.375 0.04
hsa-miR-125a-3p 0.047 1.708 0.257
hsa-miR-197 0.048 0.214 0.028
hsa-miR-186 0.001 0.049 0.07 *
g hsa-miR-96 0.003 1.971 0.034 *
S hsa-miR-193b 0.005 28.012 0.948 *
] hsa-miR-151-3p 0.015 0.125 0.1*
s hsa-miR-497 0.016 0.408 0.084 *
o hsa-miR-34a 0.024 0.295 0.928 *
= hsa-miR-30a* 0.026 2.929 0.839 *
hsa-miR-149 0.049 2.233 0.628 *
hsa-miR-142-3p 0.002 0.409 0.007
hsa-miR-361-3p 0.003 0.152 0.01
hsa-miR-15a 0.004 0.512 0.002
= hsa-miR-16 0.006 0.554 0.002
Zz hsa-29b 0.008 0.468 0.182
= hsa-let-7g 0.008 0.575 0.128
hsa-miR-342-3p 0.008 0.376 0.005
hsa-miR-29c 0.008 0.433 0.056
hsa-miR-877 0.01 2.245 0.003
— hsa-let-7g 0.041 0.125 0.919*
.; £ hsa-let-7d 0.041 0.072 0.997
o § hsa-miR-30b 0.046 0.146 0.919*
a8 hsa-miR-181a2* 0.047 0.090 0.389
hsa-let-7e 0.05 0.267 0.997

Table 4.7 - miRNAs with significant associations with outcome in mesenchymal tumours.
MicroRNAs with significant hazard ratios for liposarcomas, mesotheliomas, MPNST and
synovial sarcomas were identified using BRB array tools. Mantel Cox regression was used
to adjust for age, sex and grade. * indicates comparisons that could not be adjusted for

grade due to missing information.
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Figure 4.8 - Survival analysis of miRNA expression patterns highlights tumour specific

prognostic miRNAs. Kaplan-Meier plots of miRNAs with a significant hazard ratio after

adjustment for grade, age and sex from Table 4.7, plotted using SPSS (v.15) (A) and (B)

show prognostic miRNAs, in liposarcomas. (C) shows the independent prognostic miRNA in

peritoneal mesothelioma. (D) and (E) shows prognostic miRNAsi. Solid lines show high

expression whereas dotted lines indicate low expression of respective miRNAs. P values

are the result of Mantel-Cox survival analysis after adjusting for grade, age and sex.

Mesotheliomas were not adjusted for grade due to missing information.
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(Ulaner et al. 2003; Costa et al. 2006; Cairney et al. 2008; Villa et al. 2008). The
investigation into the role of miRNAs in the regulation of telomere maintenance
in these tumour types may provide a biological explanation for differences in
prognosis. Table 4.8 shows 48 miRNAs with significant differences in expression
between tumours using either ALT or telomerase as a TMM. Examination of these
miRNAs and those that are prognostic for each tumour type revealed overlaps in
both liposarcomas and peritoneal mesotheliomas. Furthermore, differential
expression of the two arms of miR-193a hairpin (-5p and -3p) that are prognostic
or differentially expressed by telomere maintenance groups suggested that both
aspects of the miR-193 precursor may be being processed and acting
synergistically upon different aspects of cellular signaling to incur the same
prognostic endpoint. Common regulation of telomere maintenance mechanisms
between tumour types was also suggested by the common differential of
expression of 3 miRNAs in these tumours. MicroRNAs miR-181b and miR-39a*
were differentially expressed in liposarcomas and MPNSTs and miR-338-3p in
liposarcomas and mesotheliomas suggesting that these miRNAs may have key

roles in telomere maintenance transcending tumour type.

Further value in some miRNAs that were not found to be independent of age, sex
and grade was observed when overlaps between prognostic and TMM associated
miRNAs were examined. miR-21* and miR-324-5p show significant hazard ratios
but were not independently prognostic. However these miRNAs were also
differentially expressed between TMM in liposarcomas (Table 4.7 & 4.8). TMM
has previously been associated with poor outcome in liposarcomas (Costa et al.
2006; Cairney et al. 2008) and the expression patterns of these two miRNAs
supported their role in both processes. miR-21* had a high hazard ratio, implying
that expression of the miRNA was associated with poor outcome and this miRNA
was expressed 4 fold higher in ALT liposarcomas. miR-324-5p had a low hazard
ratio and ALT liposarcomas had a 4 fold lower expression of this miRNA. These
results suggested that the prognostic implications of these miRNAs in

liposarcomas could be due to their potential role in the regulation of TMM.

In peritoneal mesothelioma only miR-96 overlapped between the prognostic and
TMM miRNAs (Table 4.7 & 4.8). The expression pattern of miR-96, having a high
hazard ratio and 5 fold lower expression in ALT tumours, was consistent with the

known poorer prognosis of mesotheliomas with higher telomerase activity



Kyle Lafferty-Whyte, 2010 Chapter 4,117

miRNA p-value | Fold Change in ALT
hsa-miR-335 0.004883 -23.199898
hsa-miR-30c-1* 0.007138 3.7390072
hsa-miR-30a* 0.009898 -5.8242693
hsa-miR-486-5p 0.010543 2.8304398
hsa-miR-193a-3p | 0.010899 -12.876934
hsa-miR-28-3p 0.015438 4.897009
hsa-miR-21* 0.016361 4.9941235
hsa-miR-574-5p 0.019532 2.4917157
hsa-miR-500* 0.025887 3.0363123
hsa-miR-301a 0.026489 -7.288234
E hsa-miR-484 0.026583 -2.0185635
8 hsa-miR-324-5p 0.02697 -4.317892
53 hsa-miR-130a 0.03137 -4.395339
e hsa-miR-196a 0.033384 -13.045914
3 hsa-miR-30e* 0.03435 -7.026719
hsa-miR-423-5p 0.035994 2.8050187
hsa-miR-148b 0.036242 -4.015978
hsa-miR-30c 0.036682 -6.06015
hsa-miR-210 0.040692 6.074371
hsa-miR-224 0.041587 -4.2817516
hsa-miR-181a 0.042992 -6.0834427
hsa-miR-195* 0.045619 1.9967524
hsa-miR-338-3p 0.045907 -4.7657657
hsa-miR-542-3p 0.048172 -3.5627204
hsa-miR-181b 0.048268 -4.576316
hsa-miR-127-3p 0.016645 3.7975771
hsa-miR-136 0.001621 4.359817
hsa-miR-155 0.018422 -3.2325037
hsa-miR-15b 0.026943 -2.965124
o hsa-miR-194 0.046797 -2.0631874
g hsa-miR-338-3p 0.022587 -2.766093
5 hsa-miR-376a 0.004887 3.6602132
% hsa-miR-376¢ 0.003739 3.8913565
o hsa-miR-377 0.008489 3.1669385
= hsa-miR-381 7.98E-04 3.8659647
hsa-miR-487b 0.003947 1.8045903
hsa-miR-532-3p 0.034379 -1.7935005
hsa-miR-532-5p 0.016508 -2.3147564
hsa-miR-96 0.003053 -5.2199736
hsa-miR-1280 0.02569 2.419457
hsa-miR-181b 0.040991 -2.3626232
hsa-miR-30a 0.002819 -2.7609499
I‘; hsa-miR-18b 0.022267 -4.025688
E hsa-miR-30a* 0.004159 -3.7431161
= hsa-miR-22 0.047768 2.3811169
hsa-miR-125b-2* 0.03621 1.6424195
hsa-miR-18a 0.023803 -4.9569993
hsa-miR-30d* 0.035203 -2.4478102

Table 4.8 - miRNAs with significant expression differences between telomere maintenance
mechanisms. Significant expression differences were identified using an ANOVA in
Genespring GX (version 10)
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(Villa et al. 2008). Furthermore, after adjustment for age and sex miR-96 was
the most significant prognostic miRNA (p= 0.034) coupled with a high level of
significance for TMM (p = 0.003) suggesting that regulation of TMM by miR-96

may be an important prognostic factor in this tumour type.

No overlaps between the prognostic and significant telomere maintenance
miRNAs were observed in MPNST (Table 4.7 & 4.8). Due to the presence of only 1
ALT synovial sarcoma in the cohort examination of miRNAs associated with

telomere maintenance mechanism was not statistically feasible in this tumour

type.

Interestingly no SA-miRNAs had significance in TMMs. This suggested that SA-
miRNAs may play a role in the regulation of senescence signaling but not the

decision between TMMs in mesenchymal tumours.

A selection of miRNAs from each tumour type with significant associations with
survival or telomere maintenance were selected for validation by qPCR (Figure
4.9). Although not always reaching statistical significance, the expression
patterns of each miRNA echoed that seen in the microarray data when
comparing high and low expression for survival, or ALT and telomerase for TMM.
The confirmation of these expression differences by a second methodology
showed that they are not simply an artefact of the microarray and are
differentially expressed between these groupings in these tumour types. These
validated individual miRNAs associated with telomere maintenance or survival in
these tumour types therefore represent attractive targets for future functional

studies.
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Figure 4.9 - qPCR validation of miRNA expression patterns confirms patterns observed in
microarray data. Box plots represent the average of at least 2 Qiagen MiScript qPCR
experiments normalised to non-coding small RNAs. Tumours are grouped according to the
hazard ratio groupings in the original microarray analysis for miRNAs significantly
associated with survival in liposarcomas (A), mesotheliomas (C), MPNST (E) and synovial
sarcomas (G). Tumours are grouped by TMM in liposarcomas (B), mesotheliomas (D) and
MPNST (F).
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4.3 Discussion

As knowledge of the complexities of the signaling pathways involved with
senescence induction and bypass grows there is a need for an improved
understanding of the regulation of these signaling pathways. miRNAs present a
relatively poorly explored mechanism of gene regulation. Due to their ability to
simultaneously regulate many different genes on a variety of pathways miRNAs
represent a potentially important senescence regulatory mechanism. Through
examination of the pathways regulated by 12 miRNAs with previously published
evidence of senescence regulation and miRNA microarray data for mesenchymal
tumours the potential impact of miRNA regulation of senescence bypass was

investigated.

Literature searches revealed a set of 12 miRNAs with experimental evidence for
roles in the regulation of senescence induction. When looking at the individual
SA-miRNAs some miRNAs have more support for their roles in senescence than
others (Table 4.1). The evidence for a regulatory role of the mir-34 family of
miRNAs in senescence is growing and has stemmed from the investigation of p53
and its role in senescence. A number of studies have identified the miR-34
family, particularly miR-34a, as downstream effectors of p53 involved in the cell
cycle (Bommer et al. 2007). Recent research has found that up-regulation of
miR-34a in various cancer cell lines leads to cell cycle arrest, increased
expression of B-galactosidase (He et al. 2007) and down-regulation of E2F family
target genes (Tazawa et al. 2007). Furthermore, drug treatment of various
cancer cell lines with the MDM2 inhibiting drug Nutlin-3, leading to p53
activation, induced up-regulation of primarily miR-34a and later miR-34b and
miR-34c (Kumamoto et al. 2008). Reports of a pro-apoptotic effect induced by
miR-34a (Chang et al. 2007; Raver-Shapira et al. 2007) may demonstrate that its

expression alone is not responsible for senescence.

The potential role of hsa-miR-20a in senescence regulation was discovered
through investigation of the candidate senescence associated gene LRF (Poliseno
et al. 2008). LRF is a transcriptional repressor of the MDM2 inhibitor p19ARF
(Pomerantz et al. 1998; Maeda et al. 2005). The overexpression of miR-20a in

mouse embryonic fibroblasts induced senescence by lowering LRF protein levels
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and in turn increasing p19ARF levels. The fact that investigation of two different
senescence-associated genes, p53 and LRF, yields only two different SA-miRNAs
may be a reflection of the range of signaling pathway changes that these

molecules contribute to in the induction of the senescent phenotype.

Genome-wide analysis of changes in miRNA expression or investigations of those
miRNAs that allow senescence bypass were alternative approaches used in SA-
miRNA identification. The use of microarrays identified miRNAs hsa-miR-371,
hsa-miR-369-5p, hsa-miR-29c, hsa-miR-499 and hsa-let-7f as significantly up-
regulated in senescent human mesenchymal stem cells (hMSCs) when compared
to early passage hMSCs (Wagner et al. 2008). miRNA hsa-miR-271 was also seen
to be significantly up-regulated by this study but overall had very low expression
levels. These varying levels of miRNA expression may suggest different

requirements for alterations in their target gene pathways.

MiR-372 and miR-373 were identified as miRNAs whose expression was able to
bypass RAS-induced senescence in the presence of wild-type p53 (Voorhoeve et
al. 2006). The expression of these miRNAs would therefore not be conducive to
senescence and were included in this analysis as examples of miRNAs whose

targets may increase in expression during senescence.

These reports in combination with the observation of significant associations of
miR-34a, miR-29c and 20a with survival in mesenchymal tumours presented here
provide experimental evidence for the molecular mechanisms by which miRNAs
may act in the context of senescence and their biological importance. Recent
reports of the regulatory effects of miRNAs miR-17-5P and miR-24 on senescence
regulators p21 and p16, may offer further miRNAs with a role in senescence
(Fontana et al. 2008; Lal et al. 2008). However, lack of B-galactosidase and
yH2AX analysis or the expected alterations to senescence induction prevent
whether these miRNAs play a direct role in senescence from being established
purely from these initial observations. For this reason they were not included in
the SA-miRNA cohort.

The regulation of different senescence induction stimuli by SA-miRNAs was found
to vary as shown in Table 4.3. In this study, evidence of the potential SA-miRNAs
regulation of core sets of senescence genes regardless of induction mechanism is

presented. This analysis highlighted common up-regulation of apoptosis signaling
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and pro-inflammatory gene regulation targeted by SA-miRNAs between different
senescence stimuli. SA-miRNA targeted down-regulation of cell cycle processes
across the induction mechanisms was also observed. This evidence taken in
combination with the large degree of overlap between treatment types in stress
induced senescence was suggestive of key cellular changes that the SA-miRNAs
can facilitate during senescence induction. To date, this is the first report of
predicted miRNA regulation of common pathways regardless of senescence

stimulus.

2 SA-miRNAs, hsa-miR-499 and hsa-miR-34c, were shown to regulate all of the
senescence types examined suggested that these particular SA-miRNAs may act
as master regulators for senescence induction. Alterations in different biological
signaling pathways by the remaining 10 SA-miRNAs could then tailor the cellular
response to suit the alterations required by specific stimuli. This hypothesis
requires further laboratory validation, however the fact that both miRNAs
already have experimental evidence to show they are senescence regulators
adds some weight to the theory. However, no significant associations with
survival or TMM were observed in the mesenchymal miRNA microarray data. This
suggests that although potential regulators of senescence signaling regardless of
stimulus these miRNAs are not utilised by mesenchymal tumours to perturb the

senescence programme and become immortalised.

Further exploration of the potential miRNAs as regulators of senescence bypass
through TMMs and their impact on survival was undertaken utilizing miRNA
expression microarray data for 4 mesenchymal tumour types, liposarcomas,
MPNST, synovial sarcomas and peritoneal mesotheliomas. Mesenchymal tumours
are a diverse group of tumours with varying median survivals. Senescence
associated molecules such as p16, Ki67 and p53 have previously been linked with
outcome in many of these tumour types (Kourea et al. 1999; Watanabe et al.
2001; Borczuk et al. 2005; Oda et al. 2005). In addition, the complex regulatory
networks presented in the previous chapter and the known prognostic
significance of TMMs in mesenchymal tumours further suggests the potential

importance of miRNA regulation during tumourigenesis.
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Previous analysis of miRNA expression patterns in liposarcomas, MPNSTs and
synovial sarcomas has identified a number of differentially expressed miRNAs but
failed to correlate the expression levels of any individually with survival
(Subramanian et al. 2007; Guled et al. 2009). A recent publication highlighted
the expression of 7 miRNAs significantly associated with histological subtype in
mesotheliomas, two of which (miR17-5p and miR-30c) also correlated with
survival (Busacca et al. 2009). However, for such a large and diverse tumour
group relatively few miRNA investigations have been performed for example no
known miRNA signatures for liposarcomas, MPNST and synovial sarcomas exist.
This may be reflective of the rarity of these tumours and the difficulty in

collecting sufficient numbers of tumours for statistically viable studies.

For each tumour type a group of prognostic miRNAs were highlighted. 33% of the
prognostic miRNAs overlapped with those in the 87 miRNA signature suggesting
unique molecular differences that influence outcome between these tumour
types (Table 4.7 & 4.8). These miRNAs therefore present a potential novel target

for future clinical trials and mechanistic investigations.

25, 14 and 9 miRNAs were significantly differentially expressed between
telomere maintenance mechanisms in liposarcomas, peritoneal mesotheliomas
and MPNST respectively were also highlighted (Table 4.7). 2 miRNAs (miR-21*
and 324-5p) in liposarcomas and one miRNA (miR-96) in mesotheliomas which
also had prognostic significance were also observed (Table 4.7 & 4.8).
Agreement of the expression patterns in telomere maintenance mechanism
groups and the hazard ratios in each tumour type of these overlapping genes
suggested that the prognostic implications of these miRNAs may be due to their
role in the regulation of telomere maintenance mechanisms, consistent with the
known prognostic implications of telomere maintenance in both tumour types
(Costa et al. 2006; Cairney et al. 2008; Villa et al. 2008). For example, miR-21*
had a high hazard ratio, implying that expression of the miRNA was associated
with poor outcome and this miRNA was expressed 4 fold higher in ALT
liposarcomas. To date, there has been no published association between
telomere maintenance and patient outcome in MPNSTs and the lack of overlap
between prognostic miRNAs and miRNAs involved in telomere maintenance in
this miRNA data may therefore reflect the possibility that telomere maintenance

mechanism may not have a significant effect on patient outcome. There were
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however a number of significantly different miRNAs for telomere maintenance
suggesting that although not prognostic, telomere maintenance mechanism
regulation may still be an important factor in biology of this tumour type.
Although an increased incidence of ALT has previously been seen in synovial
sarcomas (Henson et al. 2005) the mesenchymal tumour cohort contained only 1
ALT tumour and examination of the role of miRNAs in telomere maintenance

regulation for this tumour type was not possible.

In this chapter, pathway mapping and theoretical gene target identification was
used to create a biological framework by which to test the relevance of miRNAs
in the regulation of senescence signaling. miRNAs were not only shown to
potentially regulate genes previously seen to be involved in senescence but also
regulate larger pathway alterations, such as cell cycle and cytoskeletal
remodeling, that would logically be required to create the complex phenotype
of the senescent cell. Commonly regulated pathways and cellular mechanisms
between the senescence stimuli also demonstrated the potential of SA-miRNAs
to regulate a core set of pathway modifications regardless of senescence
induction mechanism. Furthermore, stimulus specific pathways by which SA-
miRNAs can regulate apoptosis survival signals in cells undergoing drug induced
or natural replicative senescence were highlighted. Additionally, individual
miRNAs that were differentially expressed between telomere maintenance
mechanisms and with prognostic significance were identified. In depth
examination of these miRNAs highlighted that that three of the SA-miRNAs had
prognostic significance in specific mesenchymal tumour types suggesting that
regulation of senescence signaling by these miRNAs may be an important factor
in tumorigenesis and patient outcome and warrants future laboratory
investigation. The combination of these findings suggests that miRNAs may
present a real senescence signaling regulatory mechanism with potential for
targeted therapies. Furthermore, regulation by miRNAs is a post-transcriptional
event and therefore would provide a mechanism by which genes could remain
transcribed but not translated. This may therefore facilitate the establishment
of latent senescence signaling in human tumours; the impact of which is not

currently understood.



5 Scoring of damage or secretory associated
senescence phenotypes in human tumour gene
expression datasets and identification of a pro-
iInflammatory signature correlating with survival

advantage in peritoneal mesothelioma

5.1 Introduction

In the previous chapter significant associations between SA-miRNAs and survival in
mesenchymal tumours was observed. Furthermore, previous data within this
project highlighted the fact that telomere maintenance mechanisms for
senescence bypass are highly regulated processes in these tumours (see chapter 3).
This suggests that senescence signaling may have an impact on or be related to a
cell’s route to tumorigenesis. Although the senescence program must be bypassed
for cells to become fully immortalised it is currently unclear as to how much latent
senescence signaling remains present in human tumours after this event.
Therefore, latent senescence signaling dynamics during disease progression and in
response to known senescence induction mechanisms have not been explored. To
fully explore the associations between cellular senescence and larger tumourigenic
processes it is necessary to look beyond single genes and instead utilise data from
larger pathways. To this end, a scoring system that reduces the levels of latent
senescence signaling in a human tumour present in gene expression microarray
data to one quantifiable number was designed. It must be noted that this is one of
the first times such an approach has been taken and as such this represents a pilot
study in the field. The list of genes that have been used for the signatures, their
assigned directions and even the scoring method itself may require further
alterations in future studies. Therefore the results presented here are a first-pass
hypothetical study into latent senescence signaling in vivo and in vitro. After
validating the approach in datasets whereby senescence induction would be
expected; the scoring system was applied to a mesenchymal data set and the
expression pattern of latent secretory senescence signaling and associations with

survival was explored.
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5.2 Results

5.2.1 Development of senescence scoring approach

Bypass of senescence is a requirement for full transformation. However, many
cancer cells retain the ability to induce the senescence program in response to
genotoxic insults (Braig et al. 2006; Gewirtz et al. 2008). Theoretically, tumours
must therefore retain latent senescence pathways, however their impact upon
other factors such as patient survival and response to therapy are unclear. To
explore these associations it was first necessary to design a method of quantifying
the levels of latent expression of senescence signaling pathways in a human
tumour. As gene expression changes in a number of well-defined senescence
markers during senescence induction are documented, gene expression microarray
data was used to gain a measure of the degree to which these markers were still
signaling in a senescent manner. To this end, the published literature was mined
for gene expression signatures and biomarkers of senescence (Table 5.1) and two
sub-signatures were established. DAS biomarkers represent genes with known roles
in senescence the damage associated senescence pathway and chromatin
responses. Additionally, a modified secretory senescence (mSS) signature was
created by combination of elements of the senescence messaging
secretome/senescence associated secretory phenotype (SMS/SASP) signatures with
a signature of 4 genes representing DNA damage and telomere dysfunction which
increase in expression/activity in senescent cells and are detectable in serum of
ageing human patients (Coppe et al. 2008; Jiang et al. 2008; Kuilman et al. 2009;
Young et al. 2009). Given the reliance of the scoring procedure on the starting
gene-lists and directions but also it’s inherent adapatability; future studies utilizing
this method may choose to alter the content of the gene signatures to reflect

current knowledge in the field.

To assign senescence scores, data were imported and normalised to median using
BRB array tools. Each gene was then scored as senescent or not depending on
whether expression was in a pro-senescence direction (see Table 5.1) with
reference to that gene’s median expression level. For example, expression of the
proliferation-associated gene Kl67 below median would be marked “senescent” but
above median expression would not. The total percentage of genes receiving a

“senescent” score was then calculated for each sample to give an overall
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senescence score. By this approach, the level of pro-senescence signaling in each
pathway can be measured. Although very simple mathematically, taking the
percentage of genes still signaling in a senescent manner provides a single
continuous senescence measurement in human tumours incorporating the sum
contributions of many pathways, something that has not previously been
attempted. To attempt to validate the scoring approach in this pilot study, the
scoring system was applied to a number of settings in which senescence would be

predicted to occur.

5.2.2 Validation of the Approach

5.2.2.1 Senescence signaling pathways induced by radiation therapy

The induction of cellular senescence in response to radiotherapeutic agents has
been recently documented. Application of the scoring system in this context would
therefore be expected to show increased senescence signaling post radiotherapy.
To investigate this, the scoring system was applied to a publicly available dataset
(GSE15781) which consisted of tumours and normal tissue of the colon before and
after radiotherapy (Figure 5.1). Examination of all biomarkers showed that tumours
had a higher level of senescence signaling compared to their respective normal
tissues (score 69% and 56%, respectively) (Figure 5.1A). Furthermore, irradiated
tumours had higher median levels of pro-senescence signaling than their non-
irradiated counterparts (score: 74 % in irradiated tumours compared with 69 % in
non-irradiated). These results suggested that the scoring system was potentially

able to capture increased senescence signaling resulting from radiotherapy.

As well as measuring overall senescence signaling, the scores of the sub-signatures
DAS and mSS were also explored. Irradiation of tumours causes high levels of DNA
damage with the aim of causing cell necrosis or apoptosis (Ross 1999). Patterns in
the data shown in Figure 5.1B highlighted that irradiated normal tissue have
increased median DAS signaling compared to their non-irradiated counterparts,
however the overall spread of the data was lower in the irradiated normal tissue
(50 % - 87 % in non-irradiated normal compared to 37 % - 75 % in irradiated normal).
Median DAS signaling in adenocarcinoma was unchanged by irradiation, although

the minimum scores were at a higher level in irradiated tumours than their
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Originating Senescence Signatures Genes Expression Direction in Senescence
DAS Biomarkers p16 Increase
(Campisi et al. 2007; Fridman et al. 2008; | HMGA1 Increase
Sedivy et al. 2008)
HMGA2 Increase
HIRA Increase
ASF1a Increase
H2AFY Increase
H2AFY2 Increase
PML Increase
MMP3 Increase
53BP1 Increase
p21 Increase
Ki67 Decrease
mSS Biomarkers IL6 Increase
(Coppe et al. 2008; Jiang et al. 2008; | IL8 Increase
Kuilman et al. 2009; Young et al. 2009)
PAI1 Increase
IGFBP3 Increase
IGFBP5 Increase
IGFBP7 Increase
IL1A Increase
CXCR2 Increase
IGF1 Decrease
IGF2 Decrease
WNT2 Decrease
CAMP Increase
STMN1 Increase
EEF1A1 Increase
IGF2R Increase
TGFB1 Increase

Table 5.1 - Gene expression changes and senescence signatures.
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non- irradiated counterparts (62 % compared to 50 %) suggesting a trend in favor of

higher DAS signaling in irradiated tumours.

Interestingly, irradiation did not increase mSS signaling in tumours (score: 73% pre-
and post-irradiation). In contrast, normal tissues showed a median increase of 6.7%
(Figure 5.1C). Radiotherapy therefore appeared to specifically activate the DNA
damage and chromatin aspects of senescence whilst not altering levels of the
secretory senescence signaling pathway in tumours. This finding may present novel
opportunities for improved senescence induction through therapeutic activation of
secretory pathways in these tumours, however given the preliminary nature of this
pilot study further validation of this result in other radiation treatment datasets

may be required.

5.2.2.2 Senescence scoring in drug treated breast cancer cells

To assess the performance of the scoring approach in a further situation in which
senescence induction would be expected, i.e. drug-induced accelerated
senescence, a further the public data set (GSE1647), in which the authors
investigated drug-specific toxicity-related expression profiles in a panel of breast
cancer cell lines treated with chemotherapy drugs, was explored. Senescence was
not directly assessed in this study, though each drug was administered at its 1C50
for each cell line (assessed by a mitochondrial dye conversion assay). For statistical
robustness, the data for the 3 cancer cell lines ZR-75-1, ME16C, and MCF7 treated
for 24 hours (leading to a total of 6 replicates per treatment) with either
doxorubicin or 5-FU were pooled, both of which have previously been observed to
induce the accelerated senescence phenotype in tissue culture (Bu et al. 2008;
Sliwinska et al. 2009).

Across all cell lines, the median basal senescence score was comparatively low
(20%). As observed with radiotherapy of colon adenocarcinoma, treatment with
either 5-FU or doxorubicin results in induction of the overall senescence score
(Figure 5.1A, 5-FU score: 35%; doxorubicin score: 33%). DAS markers had basal
expression of 14% in untreated cells. As expected, these genes were strongly
induced, resulting in median scores of 45.5% and 41% for 5-FU and doxorubicin,
respectively (Figure 5.1B). The mSS component also appeared to be induced by 24
hour drug treatments, though more modestly than the DAS component, rising to

31% and 28% from a basal level of 25%. Thus according to this scoring approach,
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both radiotherapy and chemotherapy induced multiple senescence markers as
expected, however mSS appeared to have a greater contribution in response to

chemotherapeutics.

5.2.2.3 Senescence signaling dynamics during replicative senescence

Having shown that the scoring system highlighted increased senescence signaling
after treatment with senescence inducing therapies, the scoring system was next
applied to investigate replicative senescence of human mesenchymal stem cells
(hMSCs). Passages 2 to 11 in hMSCs from the same patient, (publicly available
dataset GSE9593) were scored for latent senescence signaling. This same dataset
was also used in the previous chapter to assess miRNAs potential role in
senescence. Prior to passage 11, at which time hMSCs were completely senescent,
the authors of the study observed continuous changes in the cellular phenotype
including gradual increases in cell size and senescence associated [3-galactosidase
staining (Wagner et al. 2008). These phenotypic changes are consistent with known

phenotypic changes during the process of replicative senescence onset.

The analysis of all senescence markers in this data (Figure 5.1A) was consistent
with these observations, indicating that senescence gradually increased with
passage, albeit to a small degree. A plateau between passages 6 and 8 was evident
when all markers were scored (score 79%). Strikingly, however, examination of the
DAS and mSS signatures at this time point showed that this plateau was in fact a
timed change in signaling type. Secretory senescence signaling remained level at
75% until passage 6 at which point a slight reduction to 69% was observed. At this
timepoint there was a corresponding sharp increase in DAS signaling (75 % to 92 %).
A subsequent spike in secretory (mSS) expression (score 81%) occurred at passage
7, followed by a return to base levels (Figure 5.1C). Examination of DAS markers at
this time point (Figure 5.1B) showed a transient decrease in their expression at
passage 7 (score 75% compared with 92% at passage 6) before returning to maximal
levels. These changes in latent senescence signaling correspond to a transient
change in the global expression profile of these cells observed between passages 6-

8 in the original analysis (Wagner et al. 2008).

The dynamics of telomere shortening were not directly explored in the original
study. However, passage 7 occurs immediately before the onset of the main

plateau phase of growth, suggesting that a significant fraction of cells may have
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undergone telomere dysfunction. DAS signaling spiked at P6, prior to the spike in
mSS signaling at P7, raising the intriguing possibility that a threshold level of
damage signaling triggers cells to communicate cellular stress to the surrounding
microenvironment through the mSS pathway (Rodier et al. 2009). Furthermore, the
spike in secretory signaling also correlated with a transient increase in expression
of glycoprotein GPNMB/osteoactivin which was validated by QPCR in the original
study (Wagner et al. 2008). GPNMB is an osteoclastic factor also implicated in
endothelial cell adhesion and regulation of pro-inflammatory macrophage signaling.
The increase of expression of GPNMB at this passage in combination with the
observed increase in secretory senescence signaling is therefore consistent with the
concept that signaling to the microenvironment is indeed increased at this time
point (Sheng et al. 2008; Pahl et al. 2009). This was the first time such a temporal
switch in senescence signaling had been documented, however the differential
regulation of secretory and other senescence pathways during replicative
senescence was also concurrent with other recent findings in human T-cells during

senescence bypass (Degerman et al, 2010).

5.2.2.4 Senescence scoring in a Melanoma progression dataset

The above results suggested that the scoring system effectively captured increased
activity of senescence pathways during both therapeutically induced and natural
replicative senescence. The expression levels of latent senescence pathways are
likely to be altered by the processes of transformation and tumour progression and
may reflect the route to immortalisation in individual tumour types. To explore this
hypothesis the changes in senescence signaling during tumour progression in a
melanoma dataset (GSE4587) were explored. Figure 5.1 shows levels of senescence
signaling in benign nevi (score 55%, for all markers). Interestingly, an increased
senescence score was found in melanoma when compared to benign nevi,
regardless of the type of senescence signaling explored (DAS score: 58% versus 50%;
mSS score 75% versus 63%). Therefore, although transformation has been achieved
in these melanomas some aspects of the senescence program still appeared to be
active. Furthermore, the specific identities of induced senescence genes during
tumour progression may point to the route of immortalisation for specific tumour
types. Given that begign nevi are a well established model of senescence in vivo it
may also be feasible that the scoring method is not accurately predicting

senescence in these cells. Further validation would therefore be required.
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Nonetheless, the promising results of the radio- and chemotherapeutic treatment
datasets and the replicative senescence data make it possible to hypothesise that
the scoring system could potentially be accurate and this could be a new
observation in this tumour model. The lower level of scoring in the nevi could be
because senescence has been established in the nevi the levels of actual signaling
being triggered may be less than that caused by the constant trigger, and bypass,
of the senescence signaling cascade caused by abberantly proliferating cells (such

as primary tumours and metastasis).

Comparison of primary melanoma and metastasis using all markers showed a slight
increase in metastasis (melanoma score: 70%; metastasis score: 71.4%) (Figure
5.1A). However, exploration of DAS and mSS revealed striking differences between
the two tumour stages. Primary melanomas had a high contribution from mSS
signaling and low levels of expression of the DAS biomarkers (75% and 58%
respectively), while metastases had the opposite expression pattern (mSS score
69%; DAS score 75%) (Figure 5.1B & C). These results may reflect the differing
selection pressure upon these tumour stages whereby the pro-inflammatory
microenvironment produced by the secretory senescence signaling pathway is
advantageous to a primary tumour in processes such as angiogenesis but may
prevent immune evasion by metastatic tumours. The low DAS senescence scores in
primary tumours may be reflective of low levels of signaling shortly after
immortalization and senescence bypass. After which, genomic instability may
potentially increase during the process of tumour progression leading to higher
levels of DAS senescence signaling pathways in metastasis. Furthermore, DAS
related signaling pathways may be induced during bypass of anoikis. In summary,
these results suggested that DAS signaling increases during tumour progression.
However, these increases were clearly insufficient to induce full senescence and

cell cycle arrest.

5.2.3 Application of Scoring Approach

5.2.3.1 Differential senescence signaling patterns in mesenchymal

tumours

The results above provided preliminary proof of concept that senescence scores

obtained using these signatures conformed mostly to expectations, given current
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understanding of replicative and accelerated senescence. The scoring system
therefore provided an initial tool with which the potential role of latent
senescence signaling in human tumours could be explored. To this end, the scoring
system was applied to the mesenchymally derived tumour gene expression dataset
(Figure 5.2). For this dataset all of the senescence biomarkers had identical median
scores across all tumour types (46%) (Figure 5.2A). Dissection of individual
senescence signaling pathways showed that DAS signaling was lowest in MPNST (42

%) and mesotheliomas (46 %) and higher in liposarcoma (score: 50%) (Figure 5.2B).

In contrast, mSS expression was higher in mesothelioma (score: 50%) than either
MPNST or liposarcomas (44% and 47%, respectively) (Figure 5.2C). This suggests that
even small changes in senescence signaling pathways can be detected using this
scoring method and therefore allow for hypothesis driven investigations. For
example, differences in latent senescence signaling could affect factors such as
patient prognosis and response to therapy. In particular, the higher scores for DAS
in liposarcoma and mSS in mesothelioma samples were interesting in light of the
shorter median survival for patients presenting with peritoneal mesotheliomas (27
months) compared to liposarcoma (99 months). These inverse signaling patterns
further reinforce the concept that high levels of signaling of one of the two
senescence pathways may be tolerable but both may be sufficient to induce full
senescence and block transformation. Furthermore, the lower median survival of
mesotheliomas in this example may suggest that the immune activatory signals
given by the latent secretory senescence signaling may be advantageous to primary

tumour proliferation similar to that observed previously in melanomas (Figure 5.1).

Having observed interesting signaling dynamics in larger tumour types, the scoring
system was next utilised to investigate latent senescence scores in individual
tumour samples. For each senescence signature the scores for each tumour were
ranked within its group to smooth the data. Ranked data was then used to
calculate Pearson correlations between senescence signatures for each individual
tumour within the group (Table 5.2), allowing investigation of whether the
signatures are distinct signaling events or could be co-expressed in individual
tumours. In all tumour types both DAS and mSS significantly correlated with All
biomarkers (Table 5.2C). Furthermore, DAS and mSS never significantly correlated,
suggesting that according to this senescence scoring method these two pathways

are distinct signaling events at an individual tumour level. These observations
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Figure 5.2 - Senescence scoring of mesenchymal tumours. Peritoneal mesothelioma,
liposarcoma and MPNST samples were scored using (A) All markers from Table 5.1, (B) DAS
markers, (C) mSS markers. Median senescence scores are shown with bars representative of

the maximum and minimum values.
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A All DAS mSS
All 1
0.738
_ DAS 1
7 (p = 0.001)
=
0.792 0.245
mSS 1
(p = <0.001) | (p=0.361)
B All DAS mSS
All 1
0.622
e DAS 1
S (p = 0.001)
a
o
.f__ll 0.756 0.007
mSS 1
(p = <0.001) | (p=0.974)
C All DAS mSS
All 1
. 0.858
g DAS 1
= (p = <0.001)
<
°
] 0.627 0.164
= mss 1
(p = 0.003) (p = 0.489)
Table 5.2 - Correlation of senescence score rankings highlights signaling dynamics in

individual tumours
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confirmed that the results of the group analysis are pertinent at the level of
individual tumours, implying that senescence phenotypes may be differentially

activated during transformation.

5.2.3.2 Supervised Hierarchical clustering using the mSS signature
highlights heterogeneous subgroups within mesenchymal

tumours and a prognostic signature in peritoneal mesotheliomas

Given the essential nature of the establishment of a secreted inflammatory
network of signaling in senescence induction (Kuilman et al. 2008) and the
observations of differential expression patterns of secretory senescence in
mesenchymal tumours and hMSCs, it seemed pertinent to utilise the mSS signature
to further explore senescence signaling patterns in this pathway in mesenchymal
tumours. After normalisation of gene expression array data, the expression
patterns of only the mSS signature within each tumour type were examined using

supervised hierarchical clustering (Figure 5.3A, and data not shown).

Hierarchical clustering in peritoneal mesotheliomas split these tumours into two
distinct groups, A and B (Figure 5.3A), corresponding to differential expression in
two gene groups, 1 and 2 (Table 5.3). Specifically, group A tumours had higher
expression of group 1 genes and lower expression of group 2 genes than group B
tumours. The tumour groups, A and B, did not significantly correlate with any
patients’ known histological characteristics, such as age or sex. Interestingly,
tumours in group A were associated with improved survival compared to those in
group B and this remained significant after adjusting for age and sex (Figure 5.3B).
This suggested that even though senescence had been bypassed, the latent
expression of different subsections of the secretory senescence pathway still

affected patient outcome.

To further explore the functions of the differentially expressed gene groups, 1 and
2, enrichment for biological GO processes in each prognostic gene group was
investigated. This analysis revealed that group 1 genes have functions in immune
activation (p= 4.1E-10), chemotaxis (p= 1.6E-11), inflammation (p= 1.2E-8) and
negative regulation of cell proliferation (p= 3E-16). This was concurrent with
previous findings in other tumour types, that patients with high levels of local

inflammation and immune invasion at the tumour site have improved survival
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Figure 5.3 — Supervised hierarchical clustering using the mSS signature highlights gene
groups correlating with survival in peritoneal mesotheliomas. Clustering of mesothelioma
samples is shown in (A). Group A tumours had higher expression of group 1 genes and lower
expression of group 2 genes, corresponding to a potential pro-inflammatory phenotype. Gene
groups are given in Table 3. (B-D) Kaplan-Meier survival analyses of tumour groups from mSS
supervised hierarchical clustering. (B) Peritoneal mesotheliomas, (C) MPNST and (D)
Liposarcoma. Note: hierarchical clustering split the liposarcoma cohort into 3 major groups

(denoted a, b and c) whereas all other tumours split into two groups (denoted a and b).

Only mesothelioma samples showed a significant association with survival improvement. P
values shown in brackets are p-values after adjustment for age and sex. All survival analysis

performed in SPSS (version 15).
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CAMP

EEF1A1

IGF2R

IL1A
Gene Group 1

IL6

IL8

CXCR2

WNT?2

EEF1A1

IGF1

IGF2

IGFBP3

IGFBP5
Gene Group 2

IGFBP7

CXCR2

PAI1

STMN1

TGFB1

Table 5.3 — Gene groups responsible for clustering in peritoneal mesotheliomas. Probes
A_32 P47701, A_32 P44316 and A_32 P15320 for EEF1A1 appeared in group 1 while probe
A_24 P763243 featured in group 2.
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(Roxburgh et al. 2009). Furthermore, the genes in group 2 were involved with the
regulation of cell growth (p= 3.4E-16), proliferation (p= 2E-13) and cell motion (p=
1.3E-14). The increased expression of genes involved in cellular proliferation and
cell motion may therefore be indicative of more aggressive tumours leading to

decreased survival rate.

The same analysis was also performed on the other two mesenchymal tumour
types. Similar gene groups also split MPNST into 2 tumour groupings while
liposarcomas were divided into three groups with high group 1 expression (A), low
group 1 expression (B) and low expression of both groups (C) (data not shown).
However, examination of survival revealed no significant difference between the
groups in these tumours (Figures 5.3C & D). Nevertheless, these expression groups
may reflect unknown biological factors and may warrant further investigation to
improve understanding of the underlying biology and role of senescence in these

subgroups.

5.3 Discussion

To improve the understanding of senescence signaling it is becoming increasingly
necessary to look beyond the expression of individual genes and at the larger
pathways they are involved in. The scoring approach presented here takes a
percentage of the known senescence biomarker genes that are signaling in a pro-
senescent manner thereby reducing the information given by multiple biomarkers
down to one quantifiable number. It is then possible to dissect the levels of
particular senescence signaling pathways occurring in a sample at any one time and
directly compare the levels of these pathways, giving us an insight into subsystems
involved in senescence establishment and maintenance. First, the approach was
validated using a number of publicly available datasets corresponding to scenarios
where modulation of senescence signaling might be expected. Upon establishment
of proof of concept an in-depth study into latent secretory senescence signaling
using in-house generated mesenchymally derived tumour datasets was performed.
The results of this analysis show that senescence signaling occurs in a context
dependent manner. In certain situations, DAS and mSS programs coexist while in

others they are distinct signaling events regulated in a time dependent fashion.
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It must also be noted however that this exploration of latent senescence signaling
using a scoring approach is the first of its kind and therefore future studies may
choose to alter the exact combinations of genes in the signatures. Furthermore,
additional dimensions to the scoring procedure, such as including an error
calculation and/or weighting genes of particular interest, may also be added.
However, for this pilot study such further complexities were omitted to allow

initial assessment of the core approach.

The induction of DNA damage by radiotherapy in cancer is commonplace in current
treatment regimes (Ross 1999). Recent evidence suggests that senescence is
frequently induced after radiation exposure (Jones et al. 2005; Quick et al. 2006;
Gewirtz et al. 2008). To gain a further understanding of the individual roles of DAS
and mSS signaling in this process the examination of colon tumours and normal
tissues pre and post radiotherapy from publicly available data, was undertaken. As
well as observing a general increase in senescence signaling post radiation exposure
concurrent with the literature, this pilot studysuggested that secretory senescence
signaling is not induced by radiotherapy in colon adenocarcinoma, while there was
a trend in favor of an increase in DAS signaling in these samples. This distinction
had not previously been made and may present important opportunities for
immune activating adjuvant therapies through the activation of secretory

senescence signaling in tumours of patients receiving radiotherapy.

The scoring system was next applied to a gene expression dataset comprising
doxorubicin or 5-FU treatments of the breast cancer cell lines ZR-75-1, ME16C, and
MCF7 (Troester et al. 2004). Here again increased representation of all biomarkers,
consistent with the emerging concept of drug-induced accelerated senescence, was
observed. The scoring system therefore also reported increased senescence in a
second therapeutic intervention scenario. In contrast with the radiotherapeutic
context, both DAS and mSS subsystems were induced by drug treatments although
induced DAS signaling still predominated. The distinction between the levels of
mSS and DAS in response to the two treatment types had not previously been

documented.

To determine whether the scoring system identified increased senescence signaling
in the normal “physiological” context of replicative senescence, a time-course
dataset corresponding to gradual replicative senescence of hMSCs with increasing

passage was explored (Wagner et al. 2008). Investigation of all biomarkers showed
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a gradual increase with passage with a plateau between passages 6-8. By dissection
of DAS and mSS elements the scoring system showed that this plateau corresponded
to a point at which DAS signaling sharply increased. This was subsequently followed
by an increase in secretory senescence signaling concurrent with a transient
decrease in DAS signaling. Such a decrease in DAS signaling may highlight a specific
time-point for the secretory senescence pathway to signal cellular distress to
surrounding cells, as previously observed in the literature (Rodier et al. 2009) and
further highlights the distinct nature of the two signaling pathways. This was the

first time such a temporal switch in senescence signaling has been documented.

Previous data on individual senescence genes in melanoma has suggested that
senescence is a barrier to tumour progression (Bennett 2008). Application of the
scoring approach to a melanoma progression dataset showed that not only did
senescence signaling remain active after immortalization but that the levels of
senescence signaling of all types in primary tumours were higher than that seen in
benign nevi. This suggests that although the senescence program has been
bypassed the signaling pathways continue to operate in melanoma. Nevi, however,
remain the most established in vivo example of senescent cells and therefore this
result was somewhat surprising. Given that this was a pilot study of the scoring
method this presents two possible scenarios. Firstly, the scoring method may not
accurately capture latent senescence levels in this cell type. Alternatively, this
experimental approach may have uncovered a novel biological effect not previously
seen with other techniques. In the case of this second scenario it is conceivable
that as the nevi have progressed to a final senescent phenotype the requirement
for repeated latent senescence signaling maybe reduced. However, melanomas and
metastatic tumours continue to proliferate and therefore may continue to trigger
the senescence signaling cascades leading to high levels of latent signaling despite

bypass of the final program.

In addition to the general increase in senescence signaling over nevi,differential
expression of secretory and DNA damage/chromatin senescence pathways in
primary lesions and metastasis, with secretory elements of senescence showing a
trend towards down regulation in metastases, were observed. Down regulation of
secretory senescence pathways in metastatic tumours may facilitate immune
evasion and disease progression. Despite the down-regulation of secretory

senescence the DAS elements of senescence continue to signal. The latent signaling
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of senescence in tumours and metastasis may present opportunities for therapies to
reinstate the correct endpoint of these pathways and halt further disease
progression. The data from this pilot study therefore suggests that therapies
targeted to induce secretory senescence in metastatic melanoma may warrant
further investigation and together, the results from all public datasets confirmed
that this experimental scoring system is potentially able to detect the contribution

of individual senescence signaling subsystems in a variety of contexts.

Next, a more in-depth investigation of senescence signaling in individual
mesenchymally derived tumours was performed. Initial examination of the
correlations between the rankings of individual tumours from three main
mesenchymal malignancies, liposarcoma, MPNST and mesothelioma, highlighted
similar patterns of senescence signaling in individual tumours of all 3 types. Scores
for All biomarkers significantly correlated with those for DAS and mSS in all cases.
In contrast, DAS and mSS scores showed no correlation suggesting that these
signaling processes are distinct events at an individual tumour level. This is
consistent with analysis of the larger tumour groups, where increased mSS scores in
mesothelioma and DAS scores in liposarcoma were observed in comparison to other
tumour types. As distinct events, it is possible to hypothesise that these signaling
processes may influence other clinical factors such as prognosis or response to

treatment.

Previous studies have examined individual senescence markers and their prognostic
significance in these tumour types (Watanabe et al. 2001; Borczuk et al. 2005; Oda
et al. 2005) but not the prognostic significance of entire senescence signaling
pathways. Distinctions between the different senescence signaling dynamics in
individual tumours gives improved understanding of the cellular context prior to
treatment being applied and potentially helps to make the move towards patient
tailored targeted therapeutics more realistic. Given the importance of the
establishment of a secretory senescence network in the induction of senescence
(Kuilman et al. 2008) this may be a pathway that could be perturbed by different
mechanisms to effectively prevent senescence induction. To this end, a more in-
depth analysis of the patterns of expression of secretory senescence in the three

mesenchymal tumour types was undertaken.

Hierarchical clustering of peritoneal mesotheliomas split the tumours into two

groups based on distinct expression patterns of subsets of secretory senescence
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genes involved either in pro-inflammatory and immune activating processes or in
pro-growth and proliferation processes. Interestingly, the groupings showed
significant correlation with survival; in particular, those tumours displaying
increased expression of pro-inflammatory genes had improved survival compared
with the lower expressing group. The functions of these genes are therefore likely
to be of importance in the underlying tumour biology of mesotheliomas. Although
hierarchical clustering also divided the MPNST and liposarcoma samples into 2 and
3 clusters, respectively, based on similar gene groups, no association with survival
was observed. However, improved survival associated with tumours with increased
immune infiltration has previously been documented (Roxburgh et al. 2009) and the
activation of specific secretory senescence pathways may facilitate this. Given the
secretory nature of these molecules, their measurement in patient serum will
improve understanding of the role of senescence signaling in patient outcome for

these and other tumour types.

The application of senescence scoring is a useful tool for assessing senescence
signaling in general, as well as individual senescence pathways, applicable to any
gene expression microarray dataset. Application to other tumour types could
significantly improve the understanding of senescence signaling in cancer and aid in
the development of mechanistic studies of these pathways. This initial pilot study
of latent senescence signaling in human tumours provides a first-glimpse of its

potential importance in tumour biology.
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6 Latent expression of senescence pathways in
NCI60 cell lines highlights patterns of drug
resistance or sensitivity different from that

observed with apoptosis scoring

6.1 Introduction

During the development of an anti-cancer therapeutic drug much time is spent
investigating the response of different cell types to drug exposure, with the ideal
drug being non-toxic in normal cells and tissues and highly toxic in cancer cells.
The efficacy of drugs in different cell types is a highly studied topic and many
individual molecules, such as ATP-binding cassette transporters, have been
attributed to drug resistance in cancer (Bachmeier et al. 2009). However, the role

of larger cellular pathways on cells’ responses to drug exposure is still unclear.

The majority of drugs aim to remove the tumour by specifically inducing apoptosis
in the cancer cells. This is usually achieved by targeting molecules whose
expression is unique and critical to the cellular survival of the tumour. For
example, the activation of repressed tumour suppressors such as p53 (Wang et al.
2008), repression of oncogenes' activity such as BRAF (Espinosa et al. 2007) and
targeting therapies to genes uniquely expressed in immortalized cells such as
hTERT (Shay et al. 2008; Bilsland et al. 2009). However, the induction of cancer
cell apoptosis relies upon the ability of this pathway to be successfully activated
and implemented. As tumours may have become resistant to pro-apoptotic
signaling on their route to neoplasia there exists a subset of tumours that are
inherently resistant to pro-apoptotic drugs. In this situation, the permanent
removal from the cell cycle through the induction of cellular senescence therefore
presents an attractive alternative therapeutic endpoint to apoptosis. (Braig et al.
2006; Majumder et al. 2008; Prieur et al. 2008). Indeed recent published evidence,
in combination with the data presented in the previous chapter, suggests that the
more traditional cancer therapies of chemo and radiotherapy actually may induce
high levels of cellular senescence as well as apoptosis (Jones et al. 2005; Quick et
al. 2006; Gewirtz et al. 2008). Knowing when senescence induction will be

successful and which drugs to utilize may improve patient outcome. To achieve this
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however an improved understanding of the interaction between senescence

signaling and drug resistance is needed.

In the previous chapter, the latent expression level of individual senescence
signaling pathways, utilizing an experimental scoring technique, was shown to vary
between tumour types; during disease progression and in response to chemo- and
radiotherapeutics. In the same chapter, the prognostic implications of expression
of particular gene subsets of the secretory senescence pathway in peritoneal
mesotheliomas were highlighted demonstrating that latent signaling pathways may
have an influence on clinical parameters. The effect of latent expression of
senescence signaling pathways on drug response in tumours is currently unknown.
To this end, publicly available data was utilised to examine associations between
expression levels of senescence signaling pathways and drug resistance in the NCI60
cell line panel. Furthermore, through the contrast with apoptosis score associated

drug associations; senescence specific drug associations were explored.

6.2 Results

6.2.1 Senescence scoring of NCI60 cell lines shows no significant
correlation between expression of secretory senescence

signals and DA senescence signals

It was hypothesized that cellular response to individual drug types may be linked to
the latent expression of different signaling pathways. However, before examination
the relationships of different signaling pathway with response to drugs could occur,
an understanding of the relationships between cell types and the signaling
pathways themselves in the dataset was required. To this end, a combination of

scatter plots, hierarchical clustering and Pearson correlations were generated.

To explore the expression patterns of molecules within the secretory senescence
(mSS), damage associated senescence (DAS) and apoptotic signaling pathways
between cell types hierarchical clustering was performed. Figure 6.1 shows
dendrograms for (A) apoptosis (B) secretory senescence and (C) damage associated
senescence. Examination of the clustering of the NCI60 lines by apoptosis scores
revealed a potential relationship between cell type and apoptosis score that was

not as clearly seen in either of the two senescence scores. Apoptosis score split the
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samples into 4 main cluster groups (Figure 6.1A). Enrichment for some of the cell
types in the different clusters was observed, for example the first cluster was
enriched for melanoma and leukemia cell lines whereas the fourth was enriched for
CNS and renal cell lines. This suggested that cell types may have specific
expression patterns of particular apoptosis signaling molecules, therefore
indicating differing regulation mechanisms for apoptosis signaling between cell
types. The dendrograms for secretory senescence (Figure 6.1B) and damage
associated senescence (Figure 6.1C) showed less clear clustering by cell type where
both are initially split into two large clusters followed by further divisions into
smaller clusters. Although some cell type specific clusters were be observed, for
example small melanoma clusters were seen in both Figure 6.1B and C, in general
there was not a strong relationship between the clustering and cell type. This may
suggest that underlying the senescence signaling for both of these pathways were
expression patterns that are not cell type specific. Regulation mechanisms of
secretory or DA senescence respectively may therefore transcend cell type,
however further studies using larger cohorts would be required to conclusively

prove these hypothesises.

To fully understand the relationship of a larger signaling pathway with other
factors, such as drug resistance, it is necessary to look beyond the individual genes
and instead use quantitative values of overall pathway signaling. To this end, the
latent expression of damage associated (DA) senescence, secretory and apoptotic
signaling in the NCI60 cell lines of public data was scored as per chapter 5 of this
study. Table 6.1 details apoptosis genes details used for apoptosis scoring. As
discussed in the previous chapter this scoring method is relatively experimental
and as such may require further alterations (such as the potential addition of
methods of measuring error or weighting key genes) in future studies. However, as
a first look pilot study into the potential relationship between drug response and

latent senescence signaling the method serves as a useful starting point.

Figure 6.2 shows the senescence scores for (A) mSS and (B) DAS and (C) apoptosis in
each cell type as a scatter plot. Examination of each individual signaling type
revealed that each cell type had an individual range of scores. Comparison of the
baseline levels of each signaling pathway revealed similar ranges of both secretory
and DA senescence signaling whereas apoptotic signaling was generally much higher

in all cell types. This may be reflective of higher tolerance of apoptosis signals in
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Figure 6.1 - Hierarchical clustering using secretory senescence, damage associated

senescence and apoptosis pathways highlights cell type specific regulation of apoptosis.
Hierarchical clustering using the genes of (A) the apoptosis pathway (see Table 6.1), (B) mSS
and (C) DAS. Branches are labelled by cell type colour according to attached legend. Cell type
abbreviations are as follows BR = breast, CNS = central nervous system, CO = colon, LC =
lung, LE = leukaemia, ME = melanoma, OV = ovarian, PR = prostate, RE = Renal, UN =

Unknown.
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Gene Symbol | Direction
ABL1 Increase
APAF1 Increase
BAD Increase
BARD1 Increase
BAX Increase
BMF Increase
BRCAl Increase
CASP3 Increase
CASP9 Increase
CDC2 Increase
CDKN2A Increase
DRAM1 Increase
E2F1 Increase
GADD45A Increase
GADD45B Increase
JUN Increase
MAP2K4 Increase
MAP3K4 Increase
MAPK10 Increase
MAPKS8 Increase
MAPK9 Increase
POU2F1 Increase
PRKCD Increase
RADY9A Increase
RAD9B Increase
TP53 Increase
TP73 Increase
YWHAQ Increase
BCL2 Decrease
BCL2L11 Decrease
MDM?2 Decrease
SFEN Decrease

Table 6.1 — Genes and their direction of expression used in latent apoptosis scoring.
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Figure 6.2 - Scatter plot of each signaling pathway highlights cell type specific expression
patterns. Scatter plots of (A) mSS, (B) DAS and (C) apoptosis scores grouped by cell type. Cell
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comparison to either of the senescence signaling pathways. Further examination of
the relationships between different signaling pathways in individual cell types
allowed understanding of the interplay between them. For example, leukemia cell
lines had a higher level of DAS signaling (median score 66.7 %) than secretory
senescence (median score 53.1 %). Given that apoptosis is also a programmed
response to DNA damage signaling, it may therefore be expected that these cells
would also have a high level of apoptotic signaling. However, this cell type showed
the lowest median levels of apoptosis signaling of 66.7 %. The data generated from
this pilot study of latent senescence scoring may therefore suggest that to continue
to proliferate, leukemia cells may not be able to tolerate both high levels of DA
senescence and apoptosis signaling without triggering one of the two processes.
The exact thresholds required to trigger apoptosis or senescence in this manner
may vary from tumour to tumour do to different selection pressures induced by
their cellular contexts and microenvironments. This may therefore account for the

level of variability seen in these relationships.

In addition, cross comparison of the different in individual tumour types using this
experimental scoring system highlighted novel signaling patterns in cell types
previously unexplored.. For example, observations of higher secretory senescence
than DA senescence signaling in central nervous tumour cells (CNS) and the inverse
for leukemic cells (LE) had not been previously documented. Such patterns may
assist in the understanding of the interaction between cell microenvironment and
latent senescence signaling. For example, increased secretion of pro-inflammatory
and chemotactic molecules in blood born tumours, such as leukemia, may not be
conducive to tumorigenesis due to the potential for fast removal by immune cells.
Those cells with high secretory senescence signaling may therefore be selected
against in favor of those with low secretory senescence signaling, thus leading to a
tumour cell population with low secretory senescence signaling. In contrast, solid
tumours of immune privileged sites, such as the central nervous system, may not
be under such pressures and expression of secretory senescence molecules may

instead assist in processes such angiogenesis.

In this dataset, Melanomas (Me) had generally higher levels of DA senescence than
secretory senescence, in contrast with what was observed in the melanoma dataset
in chapter 5. However, this pattern of expression is the same as those observed in

metastatic melanoma and may therefore suggest that these melanoma cell lines
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are more biologically similar to metastic melanoma than primary melanoma
tumours. Alternatively, this may also indicate that the scoring system requires
further optomisation to accurately capture latent senescence levels in cell lines as

opposed to primary biopsies.

Finally, to gain an understanding of whether the latent expression of any of the
combinations of signaling pathways were linked events in individual cell lines,
correlations between the signatures were calculated (Table 6.2). As per the
previous chapter, the senescence scores were ranked to allow directly comparable
in a single cell line. Pearson correlations were then calculated for each
combination of scores. No significant correlation between the secretory and DA
senescence signaling pathways (p = 0.119) was observed, indicating that their
expression was not a linked event, consistent with the findings of the previous
chapter of this study. This may also suggest that the latent expression of these
senescence signaling pathways are under independent selection pressures and/or
are regulated differently. Significant correlations between the senescence scores
and apoptosis pathways were however observed (mSS p = < 0.001, DAS p = 0.029).
These observations suggest that the latent expression of either senescence
pathway may potentially trigger an apoptosis response or vice versa. Alternatively,
due to the low strength of the correlations (0.439 for mSS and 0.283 for DAS), this
may more reflect the ability of a cell to tolerate both mSS/DAS and apoptotic

latent signaling rather than a cause and effect relationship.

The assessment of patterns of latent senescence score in cells grown in culture
using this experimental scoring technique may be affected by small variances
between experimental conditions when cells are cultured by different groups. To
investigate the effect, if any, these variances had on the latent expression patterns
of secretory senescence; DA senescence and apoptotic signaling, two of the NCI60
cell lines were assayed in house (DU145 and HT29). The scoring of the gene
expression data for GSE5846 showed that both of these cell lines had higher levels
of secretory senescence (mSS) than DA senescence and the in house microarray
data reflected this pattern (Figure 6.3). In both cases apoptosis signaling was found
to be at lower relative levels than that observed in the public data however, these
levels remained above those of secretory senescence. These differences may have
been due potential experimental factors that differ between this analysis and that

of the original dataset, such as age and confluence of cell cultures upon extraction
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mSS Apoptosis DAS
mSS 1
Apoptosis 0.439 1
(p=< 0.001)
DAS 0.283 1
(p=0.029)

Table 6.2 - Correlations between the three latent signaling pathway scores. Correlation is

shown with p value beneath in brackets
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Figure 6.3 - In-house gene expression microarrays and public data of (A) HT29 and (B) DU145
cell lines and latent senescence scoring shows similar patterns of latent expression of
senescence pathways. In-house arrays were performed in duplicate and the median value of

the two scores is shown with the error bars depicted maximum and minimum values. As

GSE5846 data was not performed in duplicate no error bars are available for this data.
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or growth medium variations. This data may therefore suggest that to directly
compare datasets from different experimental sets some normalization of the
actual scores by method such as the ranking may be required. However, as the
general patterns of latent senescence signaling remained the same between the
two datasets, it was concluded that patterns of latent senescence signaling were

not strongly affected by the cell culture variations between sites.

Overall, the combination of the hierarchical clustering and experimental
senescence scoring analyses were potentially suggestive of a situation whereby
apoptosis signaling was regulated in a cell type specific manner whereas
senescence scoring, for either secretory or DA senescence, was reflective of
common molecular changes that transcend cell type. Furthermore, the data from
this initial study suggested that secretory and DA senescence may be distinct
signaling events in the NCI60 cell line panel. However, a combination of a single
latent senescence and apoptotic latent signaling may be tolerable by cells and
neither is enough to induce full apoptosis nor senescence activation. The dynamic
nature of the expression and interplay between these latent signaling pathways
suggested that although not fully active these pathways were still regulated. These
observations therefore suggested that latent signaling pathways may potentially
have an impact on other biological/clinical parameters, such as cellular responses

to drugs.

6.2.2 Virtual compound screen identifies differing drug activity
resistances linked to damage associated, secretory

senescence and apoptosis pathways.

It was therefore hypothesized that the latent signaling levels of secretory
senescence, DA senescence and apoptosis pathways may have the ability to affect
the efficacy of compounds to induce growth inhibition in tumour cells. Examination
of a potential cause-and-effect relationship between secretory senescence, DA
senescence, apoptosis scores and the concentration of compounds required to give
a 50 % growth inhibition (Glsp) through regression analysis was undertaken. 71, 250
and 61 compounds with unique significant relationships (regression p < 0.05)
between growth inhibition and DA senescence, secretory senescence and apoptosis

respectively were identified. A further 3 compounds overlapped between all three
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Apoptosis msSS

DAS

Figure 6.4 - Venn Diagram of compounds with significant regressions for each latent signaling
pathway. Compounds with a regression p value of < 0.05 and latent signaling levels of

apoptosis (blue), mSS (red) and DAS (green).
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Figure 6.5 - Interval plot of slope of the lines for unique compound regressions. The mean
slope of the line for the compounds with unique associations with each pathway is plotted with
their 95% confidence intervals. The negative slope of the line for all three scores shows that
with increasing score for each of these pathways cell lines become increasingly sensitive to

the compounds.
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scores (Figure 6.4). To understand whether the different latent signaling pathways
were generally causing resistance or sensitivity for different compounds the
average direction of the slope of the line was explored (Figure 6.5). This analysis
revealed that all three pathways generally identified unique drugs to which cell
lines were sensitive shown by the negative values for the slope of the line. This
therefore suggests that the latent expression levels of these pathways may
potentially have a significant impact on the response to therapy by particular drugs
in patients. This analysis is reliant on the experiment scoring procedure presented
in chapter 5 and therefore is presented as a proof-of-concept demonstration that
the scores of latent signaling pathway can be applied to experimental data to
discover potential drugs to which patients may be sensitive. Further laboratory
validation of these scores and their relationships with drug sensitivities is required
before they could be applied in the clinic. However, as a first exploration of such

relationships this virtual screen provides an interesting starting point.

6.2.3 Investigation of predicted activities of significant compounds
reveals drug class associations linked with each signaling

pathway.

Examination of the predicted molecular targets and activities of the significant
compounds for each signaling pathway may improve current understanding of the
key molecular types that each latent signaling pathway were targeting uniquely.
After further validation, such knowledge may help to tailor the particular drug to
use when a particular therapy (such as kinase inhibition) has been suggested. To
this end, activity modeling of the original compounds used in the screen using
graph-theory connectivity indices to build a decision tree model was performed.
The model showed 7 predicted activities of the compounds within the screen GPCR
agonist inhibition, GPCR antagonist inhibition, kinase inhibition, protease
inhibition, PDE inhibition, ligand-gated ion channel inhibition, nuclear hormone
receptor inhibition. The distribution of unique hits to each senescence signhaling
pathway, as well as those significant for apoptosis, were then graphed as a
proportion of the total number of compounds in each list normalized to the total
proportion of the original list that each drug class represented. This allowed an

analysis of the differential effects of each scoring pathway without the
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Figure 6.6 - Predicted Activities of compounds significantly associated with latent signaling
pathways. Graph-theory connectivity indices were used to create a decision tree model by
which compounds were mapped to predicted biological activities. The fold enrichments of
predicted activities for the unique compounds for mSS (red), DAS (blue) and apoptosis (green)
were normalised to the size of each list and the proportion of drug class present in the entire

screen.
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confounding of the information with unequal list sizes or proportions of predicted

drug activities in the original drug screen for each drug class.

In this plot (Figure 6.6) protease inhibitors were observed to be the only category
to have the greatest proportion of significant regressions in DA senescence. Given
that the caspase signaling cascade is associated with the activation of apoptosis
rather than senescence it is interesting that the latent DA senescence score should

identify more protease inhibition sensitivities than apoptosis scoring.

This may be suggestive of a situation whereby cells with a high level of DNA
damage signaling (as observed by the high DA senescence scores) have blocked
apoptotic effector cascades. The direct inhibition of these pathways may be
sufficient to alter the cellular response and trigger the induction of an alternative
growth arrest mechanism, such as senescence. Given the experimental nature of
the scoring system further validation of such concepts would be required before
being able to apply these observations clinically. Further investigation into the
exact targets and molecular mechanisms behind this trend are not possible from
bioinformatic analysis of this data but may warrant future experimental

investigation.

This analysis also revealed that cells with high secretory senescence scoring had a
particular enrichment for sensitivity to compounds with predicted activities as
kinases and PDE inhibitors. The sensitivity of these cells to PDE inhibition may
reflect the requirement for the inhibition of signaling processes mediated by cAMP
or cGMP, which PDEs enzymatically degrade, to prevent the full activation of the

senescence program.

These relationships between senescence signaling pathways and drug activity in
this pilot study therefore suggested that although senescence has been bypassed,
expression of latent senescence signaling pathways may still have the potential to

cause distinct biological effects.

The cross comparison of senescence signaling and apoptosis signaling data resulted
in the observation of a contrast in the predicted drug activity enrichments. For
example, cells with high apoptosis score appeared to be particularly enriched for
sensitivity to growth inhibition by compounds with predicted activities as ligand-
gated ion channel inhibitors, nuclear hormone receptor inhibitors and GPCR

antagonist inhibitors, where both senescence signaling pathways show lower
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relative levels of association. This suggested that cells showing high apoptosis
scores were more sensitive to growth inhibition by these particular mechanisms

than cells with high levels of either of the senescence pathways.

6.3 Discussion

Upon treatment with a drug different cell types respond with varying degrees of
growth inhibition. The activities of individual molecule types have been previously
attributed to drug resistance (Bachmeier et al. 2009) however the impact of larger
signaling pathways on drug resistance has not been fully assessed. As the data in
the previous chapter highlighted potential differential expression patterns of latent
damage associated (DA) and secretory senescence signaling in human tumours, it
was decided to examine whether latent senescence signaling could be a factor
affecting response to drug treatment, utilizing the experimental latent senescence
scoring procedure developed in chapter 5 of this study. Furthermore, the results of
these two senescence signaling pathways were then compared with that of
apoptosis to try and identify whether these latent signaling pathways could

potentially affect response to treatment differently.

Initially the expression levels of secretory senescence, DA senescence and
apoptotic signaling pathways themselves and their relationships between cell types
were examined. Hierarchical clustering of apoptosis signaling molecules showed
some grouping of the cell lines by cell type (Figure 6.1A). This suggested that these
expression patterns may be a result of cell type specific regulatory mechanisms.
Conversely, hierarchical clustering of both secretory and damage associated
senescence signaling molecules showed little clustering by cell type. These
observations therefore suggested that the regulatory mechanisms behind latent
senescence signaling were potentially common between cell types and not cell
type specific. Through the application of the tentative pathway scoring system
introduced in chapter 5, the overall levels of latent signaling of each pathway were
also examined in each of the 60 cell lines. By examining scatter-plots and
correlations between the scores the relationships between the latent signaling
pathways were further examined (Figure 6.2 and Table 6.2). Differential expression
patterns of secretory and DA senescence utilizing the experimental scoring system
in melanomas suggested that these melanoma cell cultures may be more similar in

nature to metastatic melanoma than primary melanoma. In addition, further
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differential expression patterns not previously observed were also highlighted in
this dataset, such as higher levels of damage associated senescence signaling than
secretory senescence in leukemia cells. These patterns of differential expression in
these signaling pathways may be reflective of differential selection pressures in
these cells during tumorigenesis. For example, blood born leukemia cells with high
levels of secretory senescence may be selected against due to increased immune
activation. A significant correlation between both senescence scores and apoptosis
score were observed. As both DA senescence and apoptosis signaling contains an
element of DNA damage response it is conceivable that the latent expression of the
two pathways could be linked events. Induction of secretory senescence in
response to damage associated senescence signaling has also previously been
observed (Rodier et al. 2009) and this may account for the correlation of apoptosis
and secretory senescence pathways. Alternatively, these observations may also
reflect the ability of cells to tolerate different types of latent signaling pathways
at the same time. High levels of both senescence pathways and apoptosis signaling
may be sufficient to trigger a full apoptotic or senescence response. The additive
effects of these pathways may therefore act as a selection mechanism for cells
undergoing tumorigenesis. In support of this concept, the cells in which the highest
levels of DA senescence were observed, leukemia cells, also had the lowest levels
of latent apoptosis signaling. As this scoring technique is the first of its kind to
attempt to quantify the latent expression of a pathway in human cells the
conclusions drawn from this initial study remain hypothetical and will require

further validation.

Next regression analysis was used explore drugs with a cause-and-effect
relationship between score and the drug concentration required to induce a 50 %
growth inhibition in each cell line. 71, 250 and 61 compounds with significant
relationships (regression p < 0.05) between growth inhibition and DA senescence,
secretory senescence and apoptosis respectively were identified (Figure 6.4). As
these compounds showed significance to only one pathway, treatment of tumours
could potentially be directed by knowledge of only one pathway score without the
requirement for measurement of the other two. However, the fact that these drugs
were significant for a particular latent signaling pathway alone would not be
sufficient to direct treatment. A measure of drug resistance or sensitivity is
required to determine whether a particular drug should be used or avoided. To

assess this the slope of the line of regression in each case was examined, whereby
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a negative slope would indicate that with increasing latent signaling score, less
drug was required to induce 50% growth inhibition i.e. cell lines became
increasingly sensitive with increasing latent signaling score. Upon plotting the
mean and 95% confidence intervals of the slope of the line for each set of unique
significant regressions it was observed that cells with a high score for any of the
pathways were generally resistant to their significant compounds (Figure 6.5).
These results were validated in part by the unique identification of sensitivity to
compounds known to induce apoptosis through the use of apoptosis score, such as
bruceantin (CID295929, slope of line = -2.24, p = 0.0288) (Cuendet et al. 2004).
This pilot study therefore suggested that the virtual drug screening technique may
indeed be capable of highlighting drug sensitivity linked with the activities of
specific pathways. Such knowledge may aid in the ability to target drugs to induce
specific cellular states, such as high latent apoptosis or cellular senescence

signaling.

Investigation of the relationship between latent signaling pathways and drug
resistance may be of use in targeted drug therapy; however, it does not improve in
the understanding of the molecular mechanisms behind drug resistance. To this
end, the predicted activities of the significantly associated compounds were
explored. Through the use of graph-theory connectivity indices a decision tree
model of predicted activities was built. By examining the predicted activities
associated with each latent signaling type it was hoped that insights into the
potential molecular mechanisms behind the associations could be gained (Figure
6.6). This analysis revealed enrichment for resistance to growth inhibition by
proteases in cell lines with high latent DA senescence scores. Given the central role
of caspases in initiation of apoptosis (Riedl & Shi, 2004), it was somewhat surprising
that it was DA senescence signaling rather than apoptosis signaling that was most
enriched in this category. However, this may be indicative of a potential situation
whereby direct inhibition of the apoptotic mechanisms under a background of high
DNA damage signaling is sufficient to alter the cellular response and trigger
senescence. This may therefore suggest that tumours with a high DA senescence
score that are resistant to treatment by pro-apoptotic therapies may be better
treated through inhibition of proteases directly. As these conclusions are drawn
from an experimental and novel technique further laboratory investigation will be
require which is unfortunately beyond the scope of this first look bioinformatic

study.
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Further potential molecular mechanisms were also highlighted through the
enrichment of PDE inhibitors in compounds with significant regressions with
secretory senescence. PDEs enzymatically degrade cAMP and cGMP (Bender and
Beavo 2006). The observation of sensitivity to growth inhibition through the
inhibition of PDE inhibitors in cells with high secretory senescence was suggestive
of the requirement for deregulation of signaling through these molecules, to
prevent the induction of the senescence program. This was consistent with
previous reports in melanomas. Melanomas that acquire RAS mutations require
deregulated cAMP metabolism, potentially by increased phosphodiesterase activity,
for transformation (Dumaz et al. 2006). Furthermore, cAMP is well reported to play
a central role in the regulation of the expression of pro-inflammatory and immune
responses (Peters-Golden 2009) Given the known pro-inflammatory nature of
secretory senescence signaling it is possible to hypothesise that latent secretory
senescence signaling and cAMP metabolism disruption in melanoma may be
connected. The inhibition of PDEs may therefore alter the regulation of cAMP in
these pro-inflammatory pathways leading to reestablishment of the correct cAMP

metabolism balance, senescence induction and growth inhibition.

Further contrasting effects of latent signaling pathways were highlighted by the
observation that drugs significantly correlated with apoptosis were particularly
enriched for predicted activities not enriched in either of the senescence pathways
(Figure 6.6 blue bars). For example, sensitivity to growth inhibition via the
inhibition of GPCR antagonists was almost highly enriched in latent apoptotic
signaling compared to the other latent scores. G-protein coupled receptors (GPCRs)
act as central nodes in the transduction of many different extracellular signals and
are a highly explored target in drug discovery (Vassilatis et al. 2003). GPCR
antagonists therefore block the signal transduction of these extracellular signals.
Sensitivity to growth inhibition by inhibition of these molecules may suggest that
these cells are utilizing GPCR antagonists to block extracellular signals that may
lead to full induction of the apoptotic program. Furthermore, significant
correlations between latent apoptosis signaling and latent secretory senescence
signaling were observed. These extracellular signals may therefore potentially be in

the form of pro-inflammatory signals produced by the cell itself.

In conclusion, this initial examination of relationship between latent senescence

and apoptosis signaling to growth inhibition by 1401 different compounds
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highlighted the potential impact of these latent signaling patterns on response to
drug treatment. This tentative data suggests that cells’ route to senescence bypass
and the resulting latent expression of senescence signaling pathways may confer
sensitivity to induction of growth arrest through particular drug targeting
mechanisms. For example, protease inhibition in tumours with high DA senescence
scores or dependence on cAMP mediated signals in cells with high secretory
senescence scores. Comparison of these findings with the results of the same
process using apoptosis signaling showed distinct drug class sensitivities in each
class. This therefore suggests that the measurement of latent signaling pathways in
patient samples may facilitate improved selection of appropriate compounds to
which the tumour would be more sensitive. Furthermore, the impact of latent
senescence signaling can be seen to extend to response to specific drug types; thus

further highlighting its importance in human cancer.
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7 Summary and Conclusions

Before senescence induction can be fully utilised as a realistic anti-cancer
therapy there is a requirement for a better understanding of the pathways
surrounding senescence signaling. The main aims of this study were to ascertain
an improved understanding as to the layers of regulation that surround
senescence signaling and bypass and their impact on in human tumours. The
results presented here improve the current level of understanding and highlight
the importance of senescence signaling and regulation during tumorigenesis.
This study has highlighted transcriptional differences in senescence bypass
mechanisms, the potential of miRNAs as regulators of senescence and the impact

of latent senescence signaling upon patient outcome and response to therapy.

7.1 Transcriptional regulation of senescence bypass

Through the use of gene expression microarrays 1305 genes were found to have
differential expression patterns between cells utilizing either ALT or telomerase
for bypass of replicative senescence. This study was the first to attempt to
characterise the expression differences between the two mechanisms in an
attempt to gain a better understanding of the regulation behind choosing and
maintaining a particular telomere maintenance mechanism. The observation of
similar expression patterns of the 1305 gene signature in ALT cells and human
mesenchymal stem cells may explain the preponderance of mesenchymal ALT
tumours in vivo and points to a potential mesenchymal origin for ALT. This was
the first and, to date, only study to have documented a direct link between gene
expression patterns in ALT cells and mesenchymal stem cells. To test the
applicability of the 1305 gene signature in vivo, hierarchical clustering of
liposarcoma biopsy gene expression data was utilized and by combining
overlapping gene expression profiles found within the 1305 gene signature, a
refined 297 sub-signature was generated. Functional investigation of this
signature revealed a complex hTERT regulatory network that extended our
current knowledge of the strict regulatory mechanisms surrounding telomerase
expression in ALT cells. Furthermore, the observation of significant differences
in expression of a large number of downstream targets of the transcription

factor c-Myc within the 297 gene signature led to further investigation of the
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role of c-Myc in senescence bypass by different TMMs. As c-Myc is a well-known
transcriptional activator of hTERT, upon direct experimental investigation the
findings of lower c-Myc activity and reduced c-Myc binding at the hTERT
promoter in ALT cell lines was unsurprising. However, upon further investigation
as to the mechanism behind the decreased expression of c-Myc in ALT cells this
project highlighted that c-Myc regulation difference in ALT were not primarily
caused by differences in expression of c-Myc itself nor either of its DNA binding
partners MAX and MAD. Instead, the competitive binding of the DNA E-boxes by
the relatively understudied gene TCEAL7 was highlighted as one of the potential
mechanisms by which ALT cells regulate c-Myc activity. Furthermore, probing of
the kinome through siRNA screening revealed 106 hTERT regulatory kinases in

ALT cells, of which the top transcriptional regulator was c-Myc.

The data presented in Chapter 3 therefore extends current knowledge of the
molecular differences between senescence bypass mechanisms. In addition,
further functional investigations of these regulatory networks highlighted a
central role for c-Myc in the regulation of both telomerase expression and the
larger regulatory network surrounding telomerase regulation. It is unlikely that
perturbation of a single molecule within this complex regulatory network would
be sufficient to induce senescence. However, detailed knowledge of such
regulatory networks may improve the ability to develop adjuvant therapeutics to

further reinforce therapeutic approaches targeted at cells utilizing telomerase.

7.2 miRNAs as regulators of senescence signaling

Chapter 3 highlighted the complex gene expression and kinase regulatory
networks surrounding the decision between telomere maintenance mechanisms.
The establishment of such large complex networks during the bypass of
senescence would require multiple levels of regulation and miRNAs represent a
relatively simple mechanism by which this could be achieved. Given the
knowledge that each miRNA has many targets, each with on average 1000 target
genes, it would be possible to establish such networks through the actions of a
relatively small number of miRNAs. The role of miRNAs in the regulation of
senescence signaling is currently poorly understood. Therefore, before their
potential for perturbation during the process senescence bypass could be

established their overall potential in senescence signaling regulation was
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assessed. To this end, a literature search revealed 12 miRNAs with experimental
evidence of involvement in senescence regulation. The potential of these
senescence associated miRNAs (SA-miRNAs) to regulate the multiple pathway
changes required to create the senescent cell phenotype was then assessed
through functional enrichment analysis on their theoretical target genes. The
analysis showed significant enrichment for pathways involving cytoskeletal
remodeling, cell-cycle and proliferation, thus demonstrating the potential of the
SA-miRNAs to not only regulate the cell-cycle arrest but also the morphological
changes in cell size and shape required for the formation of the senescent
phenotype. Furthermore, the SA-miRNAs were shown to be able to regulate
significant pathways for senescence regardless of the senescence stimulus
through regulation of apoptosis signaling, pro-inflammatory and cell cycle
processes. The observation of potential apoptosis signaling and pro-inflammatory
signaling regulation potential highlights the potential of miRNAs to operate at
the pathway level, regulating both the damage associated and secretory
senescence pathways regardless of the type of senescence stimulation received.
Having demonstrated the potential for miRNAs to regulate senescence signaling
pathways, miRNA microarrays on mesenchymal tumours were then utilised to
examine their potential in regulating the decision between telomere
maintenance mechanisms during senescence bypass. 25, 14 and 9 miRNAs which
were significantly differentially expressed between telomere maintenance
mechanisms in liposarcomas, peritoneal mesotheliomas and MPNST respectively.
Furthermore, examination of miRNA expression in relation to patient outcome
also revealed groups of miRNAs with prognostic significance in each tumour
type. Overlaps between the prognostic and TMM associated miRNAs further
highlighted the potential prognostic significance and implications of TMM in
these tumour types consistent with the current literature (Costa et al. 2006;
Cairney et al. 2008).

When combined, the data presented in Chapter 4 therefore demonstrate the
importance of miRNAs as potential regulators of senescence induction as well as
their potential implications during tumorigenesis. Furthermore, as miRNA
regulation is a post-transcriptional process, senescence pathways may remain
latently expressed after transformation, thus removing the requirement to
transcriptionally regulate every gene involved in the senescence individually

during senescence bypass.
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7.3 Scoring of Latent senescence signaling

The data showing the potential regulation of senescence by miRNAs in the
previous chapter presented the possibility of latent expression of genes involved
in senescence signaling pathways after senescence bypass. Such expression has
been observed in animal models, however, has not been previously explored in
human tumours. Furthermore, the impact of such latent expression upon clinical
factors, such as disease progression and patient outcome, has not previously

been established.

However, before this could be ascertained there was a requirement to develop a
method by which the latent expression levels of these pathways could be
measured quantitatively. To this end, an experimental scoring approach was
developed which reduced the latent expression levels of the senescence
signaling to a single percentage. Furthermore, the method also allowed the
dissection of the latent expression levels of individual senescence pathways in
any gene expression dataset. After development, the method was first applied
to a number of publicly available datasets whereby senescence induction would
be expected to occur. The scoring system confirmed increased senescence
scoring in response to both chemo- and radiotherapeutics in human tumours.
Furthermore, dissection of the secretory and damage associated pathways
highlighted induction of both senescence signaling pathways to varying degrees
after both treatments. The experimental scoring system also highlighted
dynamic expression patterns of the two signaling pathways during disease
progression in melanoma. High levels of damage associated senescence signaling
appears to be more associated with metastatic tumours whereas increased
secretory senescence signaling was observed in primary lesions. This suggests
that although unable to induce the senescence program these pathways are still
actively regulated and may potentially have an impact on tumour progression.
Finally, the scoring system was applied to human mesenchymal stem cells
undergoing replicative senescence through repeated passage. As well as a
general increase in overall senescence score with increasing passage, a transient
spike in damage associated senescence was observed at passage 6, immediately

followed by a spike in secretory senescence signaling at passage 7. Such timed
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differential expression patterns are consistent with concept that secretory
senescence is induced upon prolonged damage associated signaling (Rodier et al.
2009) and therefore potentiallydemonstrate the ability of the scoring method to
correctly characterize signaling dynamics during senescence induction. It must
be noted however that as this is an initial pilot study and the first method of its
kind to quantify the latent activities of an entire pathway further validation of
the results are required. The method itself is inherently flexible and future
studies may choose to alter the gene content and direction of expression
required for the signatures or introduce further statistical tests of error or

weighting.

Having validated the scoring approach in multiple cell types the method was
utilised to explore latent senescence signaling in the mesenchymal tumour
dataset. Dynamic latent expression patterns of the secretory and damage
associated senescence pathways were observed in the mesenchymal tumours
consistent with their potentially different routes to tumour progression.
Examination of correlations between these scores in individual tumours however
highlighted that the two pathways are potentially distinct events in all three
tumour types. Further examination of the secretory senescence pathway in
these tumours was undertaken using hierarchical clustering. The resulting
dendrograms highlighted subgroups of peritoneal mesotheliomas with distinct
patterns of latent expression of 2 gene groups of the secretory senescence
pathway. Furthermore, these groups showed significant correlation with
survival. Upon investigation as to the functional differences in the responsible
gene groups it was discovered that tumours expressing the pro-inflammatory,
chemotactic and anti-proliferative aspects of the secretory senescence pathway
showed improved survival, consistent with similar observations in the literature
(Roxburgh et al. 2009).

The results presented in this chapter firstly highlight the potential of the
developed senescence scoring method to explore latent signaling in any gene
expression dataset. To date, this is the first method presented to quantitatively
estimate latent senescence signaling in human tumours and as such, after
further validation may facilitate further investigations in other tumour and
tissue types. Application of the method highlighted the potential prognostic

implications of latent senescence signaling and therefore suggests that further
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investigation is warranted. The data presented in this chapter suggests that
although the senescence program has been bypassed during the process of
tumorigenesis the latent expression of its signaling pathways may still have the

potential to influence cellular responses.

7.4 The implications of latent senescence signaling in

cellular drug response

A first look at the potential biological effects of latent senescence signaling in
human tumours had been explored in the previous chapter. Different cell types
respond to drug treatments in different ways. Whether latent senescence
signaling levels play a role in these differential responses had not been
previously explored. Through the combined exploration of publicly available
gene expression data and Glsg data for 1401 drugs in the NCI60 cell lines, a
virtual drug screen was performed exploring the relationship between these
experimental latent senescence score and response to particular drugs.
Furthermore, application of the same novel scoring methodology using an
apoptosis signature allowed exploration of the relationships between the latent
expression of the two pathways as well as their common and distinct drug

associations.

Initial exploration of the relationships between the cell types and latent
expression of the senescence and apoptosis signaling pathways using hierarchical
clustering highlighted potentially tissue type specific mechanisms of latent
apoptosis regulation not observed in latent senescence signaling. Furthermore,
exploration of signaling dynamics of these pathways within cell types confirmed
similar signaling dynamics in melanoma cell lines as those observed in the
metastatic melanoma biopsies in the previous chapter. The significant
correlation of the apoptosis score with both the senescence signaling pathways
at the individual cell line level was also observed. This may reflect the linkage
of the two latent signaling pathways to apoptosis signaling. However, given that
the correlation was relatively weak it is more likely that this in fact represents
an ability to tolerate both signal types simultaneously rather than direct linkage.

However, the lack of significant correlations between the senescence pathways
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in this dataset supports the observations of the previous chapter that these are

unlinked distinct signaling events.

To examine the relationships between latent expression of senescence pathways
and apoptosis, linear regression was used to find drugs with significant cause-
and-effect relationships with individual drugs. 71, 250 and 61 compounds with
unique significant relationships (regression p < 0.05) between growth inhibition
and DA senescence, secretory senescence and apoptosis respectively were
identified. Furthermore, examination of the direction of the regressions showed
that associated scores generally identified drugs to which cell lines were
sensitive rather than resistant. The identification of these individual drugs
uniquely with their respective latent signaling scores further highlights the
potential differing biological effects of the two senescence pathways, even after
senescence bypass. Analysis of the predicted activities of the significant
compounds also highlighted differences between the impacts of each latent
signaling pathway. Cells with a high damage associated senescence score show
particular sensitivity to protease inhibitors whereas cells with high secretory
senescence are particularly sensitive to PDE inhibitors. The ability to distinguish
particular drugs to which tumours are sensitive from a single experiment would
be invaluable to the clinical community. As with the previous chapter the results
and conclusions built on this experiemental scoring technique would require
further validation before they could be applied clinically. However, the data
presented in chapter 6 suggests that even after bypass, senescence signaling

may remain an important factor in cancer cell biology.
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Appendix |- Gene-lists resulting from this work

Table 3 - 1305 genes Differentially Expressed between ALT and Telomerase Cell lines.

Fold Change in
Genename Genbank ALT

TERT NM_198253 -46.32
C100rf35 NM_145306 -29.45
ST6GAL1 NM_173216 -28.83
CHD7 NM_017780 -22.15
EEF1A2 NM_001958 -21.87
DUSP2 NM_004418 -21.86
K03200 K03200 -21.74
SLC39A4 NM_130849 -18.24
FAM83H NM_198488 -17.30
CHD7 NM_017780 -16.78
PRKCZ NM_002744 -16.58
B3GNT5 NM_032047 -14.16
ARHGAP4 NM_001666 -13.92
RAB11FIP4 NM_032932 -13.66
LOC112703 NM_138411 -11.78
ZDHHC23 NM_173570 -11.15
BM802662 BM802662 -10.70
ENST00000361080 | AW136529 -10.50
DIAPH?2 NM_007309 -10.43
AK123704 AK123704 -10.17
PNPLA4 NM_004650 -10.00
C9orf58 NM_001002260 -9.72
MDFI NM_005586 -9.23
SLC6AS8 NM_005629 -8.78
ADAM11 NM_002390 -8.75
CEBPA NM_004364 -8.74
LAMAS NM_005560 -8.34
ENST00000330947 | BC035081 -8.18
ZFP64 NM_199427 -8.17
LOC649542 XM_938617 -8.07
SLC6A10P NR_003083 -8.03
HOMER?2 NM_199330 -7.90
FAM59A NM_022751 -7.55
TP53TG3 NM_016212 -7.44
CEBPA NM_004364 -6.93
BOLA1 NM_016074 -6.92
LOC254057 AK024653 -6.89
BG741106 BG741106 -6.81
RHOF NM_019034 -6.70
RHOF NM_019034 -6.63
LLGL2 NM_004524 -6.60
AK025613 AK025613 -6.49
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Fold Change in

Genename Genbank ALT
RAB11FIP1 NM_001002233 -6.40
LRRC8B NM_015350 -6.34
MAPK11 NM_002751 -6.28
STAU2 AK002152 -6.20
FOXO1A NM_002015 -6.00
KIAA0485 AB007954 -5.93
HCP1 AL832613 -5.86
BTG2 NM_006763 -5.83
ENST00000220507 | CR618466 -5.75
GP1BB NM_000407 -5.60
ARID3B NM_006465 -5.50
LPHN1 NM_001008701 -5.41
GPRC5C NM_022036 -5.14
AFG3L1 NM_001132 -5.05
TCF15 NM_004609 -5.05
THC2337923 THC2337923 -4.94
BCAN BC005081 -4.93
LRP4 NM_002334 -4.93
SMAD9 NM_005905 -4.93
LOC92312 XM_044166 -4.89
AFG3L1 NM_001132 -4.83
ORF1-FL49 NM_032412 -4.79
ASB13 NM_024701 -4.76
ELL3 NM_025165 -4.73
A_32_P26721 A_32 P26721 -4.72
AF086442 AF086442 -4.70
THC2290002 THC2290002 -4.66
ACOT11 NM_147161 -4.63
LONRF1 NM_152271 -4.57
RHOF NM_019034 -4.49
PRKX NM_005044 -4.47
ARHGAP27 NM_199282 -4.42
P15RS NM_018170 -4.41
AP1S3 BC021898 -4.40
ELL3 NM_025165 -4.38
CR607745 CR607745 -4.34
DRG2 NM_001388 -4.32
CDC42SE1 NM_020239 -4.29
CR603803 CR603803 -4.28
RNF44 NM_014901 -4.28
CBS NM_000071 -4.22
AP1S3 NM_001039569 -4.14
FL1J35740 NM_147195 -4.14
PIGZ NM_025163 -4.13
SULT4A1 NM_014351 -4.11
EPB411L4B NM_018424 -4.11
C9orf16 NM_024112 -4.05
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Fold Change in

Genename Genbank ALT
BAIAP2 NM_017451 -4.02
C100rf77 NM_024789 -4.01
LOC155060 NM_001004302 -4.01
ACCN2 NM_020039 -4.00
THC2350463 THC2350463 -3.98
HES4 NM_021170 -3.97
TMCC1 NM_001017395 -3.97
ABHD14B NM_032750 -3.97
KLHL24 NM_017644 -3.91
RICS NM_014715 -3.90
MSTP9 NR_002729 -3.88
TMEMS80 NM_174940 -3.85
C20o0rf45 NM_016045 -3.85
KIAA1984 AB075864 -3.85
NSUN5S NM_148956 -3.84
SLC6AS8 NM_005629 -3.80
AK094629 AK094629 -3.79
TMCC1 NM_001017395 -3.78
LONRF1 NM_152271 -3.78
RICS NM_014715 -3.72
TRIM72 NM_001008274 -3.68
CBS NM_000071 -3.67
LASS6 NM_203463 -3.65
AA554330 AA554330 -3.64
THC2455149 THC2455149 -3.63
BQ072652 BQ072652 -3.60
CENTA1 NM_006869 -3.59
REEP6 NM_138393 -3.56
ASB13 NM_024701 -3.54
PIK3C2B NM_002646 -3.53
KGFLP1 NM_174950 -3.52
ANKRD13B NM_152345 -3.51
GOLGAS8E NM_001012423 -3.50
ME2 NM_002396 -3.49
RBM38 NM_017495 -3.49
ENST00000372821 | ENST00000372821 -3.49
C100rf57 NM_025125 -3.48
TADA3L NM_006354 -3.46
PLS1 NM_002670 -3.46
BC039151 BC039151 -3.45
BC030211 BC030211 -3.41
BC038512 BC038512 -3.40
RP11-138L21.1 AK024257 -3.39
TMEMS80 NM_174940 -3.38
LOC137886 AK126300 -3.37
THC2411839 THC2411839 -3.35
FL]22795 NM_025084 -3.33
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Fold Change in

Genename Genbank ALT
SLC16A9 NM_194298 -3.32
DUSP22 NM_020185 -3.32
THC2408033 THC2408033 -3.26
AK123627 AK123627 -3.25
C3orf17 NM_015412 -3.24
ATP6V1E2 NM_080653 -3.24
DPM3 NM_018973 -3.21
STRBP NM_018387 -3.21
DPM3 NM_018973 -3.21
CRIPAK NM_175918 -3.20
NUDT14 NM_177533 -3.19
FL]22795 AF316855 -3.18
SLC44A1 NM_022109 -3.18
GLI4 NM_138465 -3.18
ZNF692 NM_017865 -3.18
AK023328 AK023328 -3.15
MLLT10 NM_004641 -3.13
VWA1 NM_022834 -3.13
POU5F1 NM_002701 -3.13
PAPOLG AB209304 -3.12
LASS6 NM_203463 -3.10
LYPLA2 NM_007260 -3.09
BC015977 BC015977 -3.09
DECR2 NM_020664 -3.09
RHBDD1 NM_032276 -3.09
RABGAP1L AB007940 -3.08
SR140 AB002330 -3.08
AATK AK131529 -3.07
COMTD1 NM_144589 -3.04
AK026811 AK026811 -3.04
P15RS NM_018170 -3.03
SEPN1 NM_020451 -3.03
RRM2B NM_015713 -3.03
A_32_P163472 A_32 P163472 -3.03
SLC22A18AS NM_007105 -3.02
HNRPA3 NM_194247 -3.02
C8orf73 AF289596 -3.00
TTLL3 NM_015644 -2.99
SNCB NM_001001502 -2.98
ANKRD57 NM_023016 -2.97
NSUN5B NM_145645 -2.96
C9orf9 NM_018956 -2.96
AP2A2 NM_012305 -2.94
FLJ22795 AF316855 -2.93
NHLRC?2 AK126751 -2.91
SSBP4 NM_032627 -2.90
Cil6orf14 NM_138418 -2.90
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Fold Change in

Genename Genbank ALT
ABCA2 NM_001606 -2.89
TMTC4 NM_032813 -2.88
C19o0rf25 NM_152482 -2.88
TPM1 NM_001018008 -2.88
OR5L2 NM_001004739 -2.88
AK023412 AK023412 -2.86
TNFRSF10B NM_003842 -2.85
PER2 NM_022817 -2.83
TMUB1 NM_031434 -2.82
MARCKSL1 NM_023009 -2.81
NFE2L2 AF323119 -2.79
BC065260 BC065260 -2.78
ENST00000357529 | AB033064 -2.78
C3orf64 NM_173654 -2.78
NARS NM_004539 -2.78
UBE2Q1 NM_017582 -2.77
MMP15 NM_002428 -2.76
NUDT12 NM_031438 -2.76
FDXR NM_024417 -2.75
THC2281304 THC2281304 -2.74
TRABD NM_025204 -2.74
RASA2 NM_006506 -2.72
ENST00000377492 | ENST00000377492 -2.71
SEPW1 NM_003009 -2.71
AK024035 AK024035 -2.70
BM984383 BM984383 -2.70
ENST00000368426 | AK127884 -2.70
LOC132241 AK096589 -2.69
C18orf17 NM_153211 -2.69
THC2303284 AA988138 -2.69
USPL1 NM_005800 -2.69
THC2371272 THC2371272 -2.69
BQ017638 BQ017638 -2.68
BIVM NM_017693 -2.67
BC064492 BC064492 -2.66
CR620599 CR620599 -2.66
FUK NM_145059 -2.66
MGC4172 NM_024308 -2.64
ABCA1 NM_005502 -2.64
BCORL1 NM_021946 -2.63
NUDT14 NM_177533 -2.63
PRKY NM_002760 -2.63
BCL7A NM_020993 -2.62
A_23_P20793 A_23_P20793 -2.62
AK057710 AK057710 -2.59
UGT2B17 NM_001077 -2.59
MLSTD?2 NM_032228 -2.59
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Fold Change in

Genename Genbank ALT
LOC389634 BC037255 -2.59
A_24_P410256 A_24_P410256 -2.59
Clorf63 NM_020317 -2.59
THC2428713 THC2428713 -2.58
CXorf15 NM_018360 -2.57
A_32_P98854 A_32_P98854 -2.57
LOC90835 NM_001014979 -2.57
FAM72A NM_207418 -2.56
A_32_P225768 A_32 P225768 -2.56
ENST00000251847 | AB046810 -2.55
FAM27E2 NM_001013404 -2.55
TLOC1 NM_003262 -2.55
ASAH1 NM_004315 -2.55
LOC653801 XM_934188 -2.55
THC2271717 THC2271717 -2.54
ZNF508 NM_014913 -2.52
SECISBP2 NM_024077 -2.52
CR625561 CR625561 -2.52
THC2280003 THC2280003 -2.51
NSUN5C NM_148936 -2.50
KIAA1893 NM_052899 -2.50
Clorf63 AK027318 -2.50
ZNF658 NM_033160 -2.50
GALNT1 NM_020474 -2.50
C6orf115 BC014953 -2.50
CDC42SE1 NM_020239 -2.49
FAM120C BC016138 -2.49
PICK1 NM_012407 -2.48
BC000228 BC000228 -2.48
ENST00000377492 | ENST00000377492 -2.48
C9orf9 NM_018956 -2.48
DCPS NM_014026 -2.48
C21o0rf119 NM_032910 -2.47
SERGEF AJ243950 -2.47
ATP5D NM_001001975 -2.47
TADA3L NM_006354 -2.46
JAM3 NM_032801 -2.46
THC2437177 THC2437177 -2.46
THC2438117 THC2438117 -2.45
STAU2 NM_014393 -2.45
HDHD2 NM_032124 -2.45
BX093417 BX093417 -2.45
MRPS21 NM_031901 -2.45
C13o0rf8 NM_032436 -2.45
BM461836 BM461836 -2.45
PTP4A3 NM_032611 -2.44
A_24 P455100 A_24_P455100 -2.43
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Fold Change in

Genename Genbank ALT
AK054852 AK054852 -2.42
BC000845 BC000845 -2.41
C21orf59 NM_021254 -2.41
GSR NM_000637 -2.40
PSME3 NM_176863 -2.40
LOC90835 NM_001014979 -2.40
DSCR3 NM_006052 -2.40
ZNF444 NM_018337 -2.40
LOC653639 XM_934787 -2.39
LOC285813 AK094269 -2.39
TP53INP1 NM_033285 -2.39
C170rf58 NM_181655 -2.39
Magmas NM_016069 -2.39
DA234975 DA234975 -2.38
ADAM11 NM_002390 -2.38
AGPAT4 NM_020133 -2.37
ENST00000377492 | BC032035 -2.37
ZMYM2 NM_003453 -2.36
MRPL23 NM_021134 -2.36
INTS10 NM_018142 -2.36
ATPAF1 NM_022745 -2.35
MRPS21 NM_031901 -2.35
CR610205 CR610205 -2.34
A_24_P204334 A 24 P204334 -2.34
ENST00000295628 | BC013757 -2.33
YOD1 NM_018566 -2.33
INTS3 NM_023015 -2.33
ZDHHC13 NM_019028 -2.32
LYPLA1 NM_006330 -2.32
AK131288 AK131288 -2.31
AK057071 AK057071 -2.31
LOC440295 NM_198181 -2.31
RABL2A NM_013412 -2.30
RNASET2 NM_003730 -2.30
ZCCHC14 NM_015144 -2.30
THC2373624 THC2373624 -2.30
ZNF195 NM_007152 -2.29
THC2435127 THC2435127 -2.29
AK022936 AK022936 -2.28
ENST00000358583 | AKO90778 -2.28
A_24_P651129 A_24_P651129 -2.28
CR600908 CR600908 -2.28
EHMT1 NM_024757 -2.27
PIK3C2A NM_002645 -2.27
TMEM67 NM_153704 -2.27
SERGEF NM_012139 -2.26
PRKCBP1 AL137703 -2.26
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Fold Change in

Genename Genbank ALT
ENST00000361227 | AY423734 -2.25
MBD5 BC014534 -2.25
PRKCBP1 NM_012408 -2.25
THC2363557 THC2363557 -2.24
GUK1 NM_000858 -2.24
CMTM7 NM_138410 -2.24
Clorf121 BC020640 -2.24
SNAPC4 NM_003086 -2.24
THC2263651 THC2263651 -2.24
ZNF658 NM_033160 -2.24
SELI NM_033505 -2.22
WDR42A NM_015726 -2.22
QSER1 NM_024774 -2.22
SESN2 NM_031459 -2.22
WDR4 NM_033661 -2.22
LRDD NM_018494 -2.22
BE388027 BE388027 -2.22
PDIAS NM_006810 -2.22
SLC4A2 NM_003040 -2.21
IVNS1ABP NM_016389 -2.21
ENST00000366847 | ENST00000366847 -2.21
TM6SF1 AK055438 -2.21
DNMT3A NM_175630 -2.20
PCGF1 NM_032673 -2.20
BG259069 BG259069 -2.20
HEATR2 NM_017802 -2.20
THC2373625 THC2373625 -2.20
HNRPA3 NM_194247 -2.19
TAF5L NM_001025247 -2.19
THC2312785 THC2312785 -2.19
SBF2 NM_030962 -2.19
C60rf70 NM_018341 -2.19
ENST00000361453 | AK026903 -2.19
LENGS8 NM_052925 -2.18
SCYL3 NM_020423 -2.18
BTBD3 NM_014962 -2.18
AF085351 AF085351 -2.18
FLYWCH1 NM_020912 -2.18
PVRL1 NM_203286 -2.17
DAB2IP NM_032552 -2.17
RHPN1 BC025767 -2.17
CR590163 CR590163 -2.17
SETDB1 NM_012432 -2.17
CLK2 NM_001291 -2.16
LOC643837 CR601056 -2.16
tcag7.1017 NM_001004351 -2.16
UBE2D1 NM_003338 -2.16
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A_24 P169903 A_24 P169903 -2.15
A_24_P384239 A_24_P384239 -2.15
ENST00000382957 | AK124953 -2.15
ENST00000380985 | ENST00000380985 -2.14
ULK3 AL117482 -2.14
ZNF33B NM_006955 -2.14
PRKAR1B NM_002735 -2.14
AF038199 AF038199 -2.14
A_24 P101601 A_24 P101601 -2.14
G6PC3 NM_138387 -2.13
GPIAP1 NM_005898 -2.13
KIAA1545 AB046765 -2.13
CREM NM_001881 -2.13
IGF2R NM_000876 -2.13
BE612504 BE612504 -2.13
ENST00000369239 | AL0O80186 -2.13
C170rf85 BC011733 -2.13
CSK NM_004383 -2.13
THC2450500 THC2450500 -2.12
CR601496 CR601496 -2.12
HSD17B1 BC033110 -2.11
RHBDD1 BC062636 -2.11
POU2F1 NM_002697 -2.11
AV645774 AV645774 -2.11
WDR8 NM_017818 -2.11
DDB2 NM_000107 -2.11
FAM3C NM_014888 -2.10
APOA1BP NM_144772 -2.10
usp21 NM_012475 -2.10
CLK2 NM_003993 -2.10
AGTPBP1 NM_015239 -2.10
A_32_P73580 A_32_P73580 -2.10
CREG1 NM_003851 -2.10
PLEKHAS8 NM_032639 -2.09
KIAA1008 NM_014953 -2.09
RGS14 NM_006480 -2.09
CRYZL1 AK057604 -2.09
ZDHHC13 NM_019028 -2.09
SLC37A3 NM_032295 -2.09
TXNL4A NM_006701 -2.08
CAMSAP1 AL834528 -2.08
ENST00000339986 | AF242519 -2.08
LYPLA1 NM_006330 -2.08
AK097322 AK097322 -2.08
COX17 NM_005694 -2.07
B4GALT3 NM_003779 -2.07
ATP5D NM_001001975 -2.07
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TMCO3 NM_017905 -2.07
BX393727 BX393727 -2.06
TTC13 NM_024525 -2.06
ZBTB39 NM_014830 -2.06
PYCR2 NM_013328 -2.06
EHMT1 NM_024757 -2.06
MAN1B1 NM_016219 -2.06
ENST00000299756 | XM_939387 -2.05
APOM NM_019101 -2.05
GMCL1 NM_178439 -2.05
BC092421 BC092421 -2.05
ALDH5A1 NM_170740 -2.05
ZFP64 NM_018197 -2.04
TFB2M NM_022366 -2.04
ZNF124 NM_003431 -2.04
KLHL11 NM_018143 -2.04
IARS NM_013417 -2.03
POLG2 NM_007215 -2.03
A_32_P32923 A_32 P32923 -2.03
SETDB1 NM_012432 -2.03
POGK NM_017542 -2.02
MBOAT1 AK131269 -2.02
KRTAP4-7 BX648343 -2.02
BC002811 BC002811 -2.02
BX107836 BX107836 -2.01
C90rf86 NM_024718 -2.01
ENST00000367590 | AK023131 -2.01
BC065520 BC065520 -2.01
THC2338854 THC2338854 -2.01
DUSP22 AK000383 -2.01
TMEM68 NM_152417 -2.01
ISG20L2 NM_030980 -2.01
A_24 P681563 A 24 _P681563 -2.01
ELMO3 NM_024712 -2.01
A_24 P552987 A_24_P552987 -2.00
SFRS7 NM_001031684 -2.00
AF143879 AF143879 -2.00
USPL1 NM_005800 -2.00
SATB1 NM_002971 -2.00
DMTF1 NM_021145 -2.00
ZNF337 NM_015655 -2.00
BX648950 BX648950 -2.00
TFB1M NM_016020 -1.99
MAPBPIP NM_014017 -1.99
RFX5 NM_000449 -1.98
THC2374442 THC2374442 -1.98
LOC168850 NM_176814 -1.98
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WHSC1 NM_133334 -1.98
PLEKHG2 NM_022835 -1.98
ENST00000378954 | CR617774 -1.98
YY1AP1 NM_139118 -1.98
CR608275 CR608275 -1.98
THC2320516 THC2320516 -1.98
BF576096 BF576096 -1.97
PLEKHJ]1 NM_018049 -1.97
THC2309459 THC2309459 -1.97
THC2437122 THC2437122 -1.97
NENF NM_013349 -1.97
PERLD1 NM_033419 -1.97
SIRTS NM_012241 -1.97
CNDP2 NM_018235 -1.97
C160rf35 NM_001039476 -1.97
LRSAM1 NM_138361 -1.97
A_24 P920664 A_24 P920664 -1.96
TXNDC4 NM_015051 -1.96
ATP6V1F NM_004231 -1.96
PCGF3 NM_006315 -1.96
BC019667 BC019667 -1.96
FAS NM_000043 -1.96
ENST00000361789 | M28016 -1.96
RP11-125A7.3 NM_015058 -1.96
ITIHS NM_030569 -1.96
ENST00000361227 | AB017116 -1.96
PYGO2 NM_138300 -1.96
LOC653056 XM_930744 -1.95
THC2300907 THC2300907 -1.95
PEX7 NM_000288 -1.95
CUGBP1 AB210019 -1.94
CR611122 CR611122 -1.94
HSD17B1 BC033110 -1.94
RALGDS NM_006266 -1.94
DBR1 NM_016216 -1.94
CR608907 CR608907 -1.94
GTF3C3 NM_012086 -1.94
REPIN1 NM_014374 -1.93
ACAD11 NM_032169 -1.93
KIAAQ0907 NM_014949 -1.93
TCF12 NM_207038 -1.93
MDS032 AK074683 -1.93
THC2336404 THC2336404 -1.93
TMTC4 NM_032813 -1.92
ECT2 NM_018098 -1.92
GCN5L2 NM_021078 -1.92
Clorf26 NM_017673 -1.92
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PPCDC NM_021823 -1.92
AA714039 AA714039 -1.91
HAX1 NM_006118 -1.91
TOMM20 NM_014765 -1.91
C9orf37 NM_032937 -1.91
A_23_P2032 A 23 P2032 -1.91
ZNF499 NM_032792 -1.91
AARS NM_001605 -1.90
CTAGE3 AF338231 -1.89
ANKS6 NM_173551 -1.89
ENST00000270201 | AF231919 -1.89
GMCL1 NM_178439 -1.89
Cl4orfl124 NM_020195 -1.89
AI090937 AI090937 -1.89
NT5C NM_014595 -1.89
MAPBPIP NM_014017 -1.89
C70rf28A NM_015622 -1.88
KIAA0368 BC021127 -1.88
UEVLD NM_018314 -1.88
THC2309459 THC2309459 -1.88
PIK3R4 NM_014602 -1.88
AF144054 AF144054 -1.88
TUBGCP3 NM_006322 -1.88
NFE2L2 NM_006164 -1.87
THUMPD3 NM_015453 -1.87
TBC1D16 AK091923 -1.87
CREB3L4 NM_130898 -1.87
GYLTL1B NM_152312 -1.87
ZBTB41 NM_194314 -1.87
ARRDC2 NM_015683 -1.87
NFX1 NM_002504 -1.87
ZCSL3 NM_181706 -1.87
CCBL1 NM_004059 -1.87
ARL6IP2 NM_022374 -1.86
MRPS26 NM_030811 -1.86
BX537520 BX537520 -1.86
RYK NM_001005861 -1.86
A_24 P912871 A_24 P912871 -1.86
IRF2BP1 NM_015649 -1.86
HGS AK097197 -1.85
SNRPA NM_004596 -1.85
ENST00000301042 | AL713659 -1.85
A_24_P290134 A_24_P290134 -1.85
A_32_P85880 A_32_P85880 -1.84
PFAAP5 NM_014887 -1.84
NIT1 NM_005600 -1.84
PCGF3 NM_006315 -1.84
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PIGV NM_017837 -1.84
TOR2A NM_130459 -1.84
THRAP6 NM_080651 -1.83
THC2409451 THC2409451 -1.83
ENST00000367620 | ENST00000367620 -1.83
GNA13 NM_006572 -1.83
RAP2B NM_002886 -1.82
C150rf39 BC011905 -1.82
RAI16 NM_022749 -1.82
ZNF385 NM_015481 -1.82
SENP8 NM_145204 -1.82
NSUN5C NM_032158 -1.82
MAN1B1 NM_016219 -1.82
GPR125 NM_145290 -1.82
CLK?2 NM_001291 -1.82
CYFIP1 NM_014608 -1.81
ATP2A2 NM_001681 -1.81
A_24_P834646 A_24_P834646 -1.81
SPTY2D1 NM_194285 -1.81
ATP9B NM_198531 -1.81
CCDC24 NM_152499 -1.81
THC2371517 THC2371517 -1.81
STX6 NM_005819 -1.81
GNPTAB NM_024312 -1.80
WDR68 NM_005828 -1.80
PDDC1 NM_182612 -1.80
CD518214 CD518214 -1.79
NCKAP1 NM_205842 -1.78
KIAA1468 NM_020854 -1.78
ENST00000361204 | CR614040 -1.78
ZNF687 NM_020832 -1.78
STARD3 NM_006804 -1.77
ENST00000252509 | ENST00000252509 -1.77
A_24 P341731 A_24 P341731 -1.77
TTC17 BC041893 -1.76
A_24 P213284 A_24 P213284 -1.76
A_24_P608790 A_24_P608790 -1.76
DDX46 NM_014829 -1.76
THC2304728 THC2304728 -1.76
DYNC2H1 AF288405 -1.76
CACNB1 NM_000723 -1.76
ACSL3 NM_004457 -1.76
BC033528 BC033528 -1.75
DKFZp667M2411 AL713754 -1.75
SARS?2 NM_017827 -1.75
AGPAT4 NM_001012733 -1.75
CCNL1 NM_020307 -1.75
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BX116163 BX116163 -1.75
THC2365025 AA385540 -1.75
ENST00000222396 | AB017004 -1.74
ZNF524 NM_153219 -1.74
PLEKHJ1 NM_018049 -1.74
RBAK NM_021163 -1.74
TFDP2 NM_006286 -1.74
Cillorfl7 NM_020642 -1.74
CcOoQ7 NM_016138 -1.74
ENST00000319822 | BC111692 -1.73
NDUFA1 NM_004541 -1.73
METT5D1 NM_152636 -1.73
FRAT?2 NM_012083 -1.73
LOC653319 NM_001040715 -1.73
GIPC1 NM_005716 -1.73
TOP1MT NM_052963 -1.73
C9orf142 NM_183241 -1.72
SNX4 NM_003794 -1.72
ENST00000366862 | AB007952 -1.72
BX648855 BX648855 -1.71
MAG NM_080600 -1.71
AK058000 AK058000 -1.71
NOM1 NM_138400 -1.71
THC2437430 THC2437430 -1.71
BTBD12 NM_032444 -1.71
PMS2L1 BC044214 -1.70
A_24 P212764 A_24 P212764 -1.70
RABL2A BC111008 -1.70
WDRS85 NM_138778 -1.70
THC2355570 THC2355570 -1.70
AK026497 AK026497 -1.69
FLJ12700 NM_024910 -1.69
AF289615 AF289615 -1.69
FAM108A1 NM_031213 -1.68
AA807805 AA807805 -1.68
CRTC2 NM_181715 -1.68
ENST00000373816 | CA438977 -1.68
MCL1 NM_021960 -1.67
BM054818 BM054818 -1.67
CBLL1 NM_024814 -1.67
RAB14 NM_016322 -1.67
SETD4 NM_001007260 -1.67
LPGAT1 NM_014873 -1.67
MRPS2 NM_016034 -1.67
AK129652 AK129652 -1.66
TADA1L NM_053053 -1.66
CUTL1 NM_181552 -1.66
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PRSS15 NM_004793 -1.66
ZBED5 NM_021211 -1.66
ARMC4 NM_018076 -1.65
PRKD3 NM_005813 -1.65
LOC653256 XM_926634 -1.65
GNB1 NM_002074 -1.65
LOC389607 NM_001013651 -1.64
SuUz12 NM_015355 -1.64
IFT122 NM_018262 -1.64
THC2407545 THC2407545 -1.64
ZNF7 NM_003416 -1.64
SYMPK NM_004819 -1.64
HMG20B NM_006339 -1.64
PMS2L5 NM_174930 -1.62
USP48 NM_032236 -1.62
BC031316 BC031316 -1.62
THC2274016 THC2274016 -1.61
C70rf28B NM_198097 -1.61
SMEK?2 NM_020463 -1.61
AGGF1 NM_018046 -1.60
ATXN2L NM_145714 -1.60
THC2312955 THC2312955 -1.59
RFWD?2 NM_022457 -1.59
ARRDC2 NM_015683 -1.59
ADH5 NM_000671 -1.59
CRTC2 NM_181715 -1.59
ENST00000275546 | ENST00000275546 -1.59
THC2406595 THC2406595 -1.59
FAM108A1 NM_031213 -1.58
HDACS5 NM_001015053 -1.58
THC2388093 THC2388093 -1.58
76P NM_014444 -1.57
RP4-691N24.1 NM_025176 -1.57
KIAA1370 NM_019600 -1.57
MAPK6 NM_002748 -1.57
CRY2 NM_021117 -1.57
HDAC1 NM_004964 -1.56
YOD1 NM_018566 -1.56
ENST00000321795 | AK096609 -1.56
GCS1 NM_006302 -1.56
BANP NM_017869 -1.56
A_24_P67268 A_24_P67268 -1.54
THC2366654 THC2366654 -1.54
CDK5RAP2 NM_018249 -1.53
GTF3C2 NM_001521 -1.53
KIAA1333 NM_017769 -1.53
ITPA NM_033453 -1.53
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DHX8 NM_004941 -1.53
DBF4B NM_145663 -1.52
ENST00000244249 | XM_497963 -1.52
ANKHD1 NM_017747 -1.52
LOC285749 AK026691 -1.52
A_24 P761386 A_24_P761386 -1.51
THC2267302 THC2267302 -1.51
A_24 P913961 A_ 24 P913961 -1.51
CN431194 CN431194 -1.50
DKFZP434A0131 NM_018991 -1.50
ZFANDS NM_006007 -1.49
ING1 NM_198219 -1.48
APRIN NM_015032 -1.48
IGF2BP3 NM_006547 -1.48
CDK10 NM_052987 -1.48
TASP1 NM_017714 -1.46
C170rf37 NM_032339 -1.46
SLC25A36 AL049246 -1.46
A_24 P50666 A_24_ P50666 -1.45
MYQOHD1 NM_025109 -1.45
KIAA1542 NM_020901 -1.44
SMG5 NM_015327 -1.44
ATXN7L3 BC037418 -1.43
CDC42SE2 NM_020240 -1.42
VBP1 NM_003372 -1.42
ENST00000374865 | BC015133 -1.40
GRB2 NM_002086 -1.40
RFWD?2 NM_022457 -1.40
C70rf38 NM_145111 -1.40
COG2 AL832190 -1.39
NEK8 NM_178170 -1.37
A_32_P80587 A_32_P80587 -1.37
CDC2L1 NM_033489 -1.36
UBADC1 NM_016172 -1.36
SNAPC4 NM_003086 -1.31
ENST00000295907 | CR593252 -1.26
C210rf96 AK024509 -1.25
TMEM41B NM_015012 -1.23
A_ 32 P112531 A _32_P112531 -1.18
A_24 P477102 A_24 P477102 -1.18
THC2280383 THC2280383 -1.14
ZNF638 NM_014497 -1.13
APOBEC3C NM_014508 -1.01
MUTYH NM_012222 1.03
AF086548 AF086548 1.03
ENST00000217537 | BC108287 1.05
FAM3C NM_014888 1.05
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ENST00000375816 | BM458572 1.06
CDC2L1 BC062579 1.07
ZNF414 AK074191 1.16
ENST00000375664 | ENST00000375664 1.27
COX5A NM_004255 1.30
THC2280867 THC2280867 1.32
EEF1D NM_032378 1.37
EIF2C3 NM_024852 1.38
AF086335 AF086335 1.41
HERC5 NM_016323 1.42
ENST00000266712 | CR749309 1.44
FRYL BC021803 1.46
DA292134 DA292134 1.47
GSG1 NM_031289 1.47
MMP19 NM_002429 1.48
CCIN NM_005893 1.49
LOC51035 NM_015853 1.49
SPCS2 NM_014752 1.50
Cliorf2 NM_013265 1.50
ENST00000298129 | AKO56666 1.51
BTBD11 NM_152322 1.52
TM9SF4 NM_014742 1.54
TSR2 NM_058163 1.55
A_32_P48066 A _32_P48066 1.56
LOC51035 NM_015853 1.57
PTP4A2 NM_080392 1.57
POLD3 NM_006591 1.57
USP33 NM_201626 1.57
KLHDC2 NM_014315 1.58
PCBD2 NM_032151 1.59
KRTAP2-4 NM_033184 1.59
ATP5S NM_001003803 1.59
C140rf166 NM_016039 1.60
LEMD?2 NM_181336 1.60
HTRA2 NM_145074 1.60
SNX8 NM_013321 1.60
FN3KRP NM_024619 1.62
XRCC1 NM_006297 1.62
ECOP NM_030796 1.62
TIP1 NM_003257 1.63
KITLG NM_000899 1.63
GOSR2 NM_054022 1.63
CRSPS8 NM_004269 1.63
IL13RA1 NM_001560 1.64
IL1RAP NM_002182 1.65
CYB5R1 NM_016243 1.65
TIMP3 NM_000362 1.65
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DRAP1 NM_006442 1.66
ROCK?2 NM_004850 1.66
THC2275767 THC2275767 1.66
A_24_P75408 A_24_P75408 1.66
TMTC3 NM_181783 1.66
A_32_P174385 A 32 _P174385 1.67
AK098307 AK098307 1.68
MGAT1 NM_002406 1.69
CR611332 CR611332 1.69
ZFP91 NM_053023 1.70
A_24 P943429 A_24 P943429 1.70
MRPL30 NM_145212 1.71
PPM1A NM_177951 1.71
HIPK1 NM_152696 1.71
TK1 NM_003258 1.71
TEX261 NM_144582 1.71
TPX2 NM_012112 1.72
TGOLN2 NM_006464 1.72
ACTR10 NM_018477 1.72
EDARADD NM_080738 1.73
C20rf18 NM_017877 1.73
ARHGAP10 NM_024605 1.74
C20o0rf172 NM_024918 1.74
CR594732 CR594732 1.74
ZNF197 NM_006991 1.75
ZNF136 NM_003437 1.75
PGK1 NM_000291 1.75
TYW1 NM_018264 1.75
Ci5o0rf24 NM_020154 1.75
AK2 NM_001625 1.76
C20o0rf24 NM_018840 1.76
SAP30L NM_024632 1.76
ENO1 NM_001428 1.76
M6PRBP1 NM_005817 1.77
THRA NM_003250 1.77
TANC2 AJ278120 1.77
RAP1A NM_001010935 1.77
PRKRIP1 NM_024653 1.78
TBC1D19 NM_018317 1.78
GPATC1 NM_018025 1.78
RABAC1 NM_006423 1.78
THC2406192 THC2406192 1.78
NAGK NM_017567 1.79
RBL1 NM_002895 1.79
TMEM97 NM_014573 1.80
ZFYVE26 NM_015346 1.81
SRD5A1 NM_001047 1.81
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MTCH1 NM_014341 1.81
ERBB2IP NM_018695 1.82
C140rf100 NM_016475 1.82
FBX0O33 NM_203301 1.82
FADS1 NM_013402 1.84
CDADC1 NM_030911 1.85
SNAI2 U97060 1.86
MAX NM_145113 1.86
CUL4B BX647096 1.87
MYO18A NM_078471 1.87
ENST00000238571 | L40403 1.87
ENST00000297145 | AF274937 1.88
LOC51255 NM_016494 1.88
FAM50A NM_004699 1.90
FLJ10099 NM_017994 1.90
C140rf106 NM_018353 1.90
RBPSUH NM_203284 1.90
MTHFD1 NM_005956 1.91
NRM NM_007243 1.91
CREB3 NM_006368 1.91
BRMS1 NM_015399 1.91
ACOT8 NM_005469 1.92
TIMM9 NM_012460 1.92
THC2275804 CB133932 1.92
MSH?2 NM_000251 1.93
GGCX NM_000821 1.94
ATP6VOE NM_003945 1.94
AK022110 AK022110 1.94
STX5 NM_003164 1.94
PTTG2 NM_006607 1.94
THC2346166 THC2346166 1.94
KIAA1458 BC031691 1.95
ENST00000332935 | BC053534 1.95
TRAPPC6B BC030604 1.95
BX101252 BX101252 1.95
ZNF43 NM_003423 1.96
U69195 U69195 1.96
COMMD9 NM_014186 1.96
C140rf10 NM_017917 1.97
ACTR10 NM_018477 1.97
AIP NM_003977 1.97
COMMD1 NM_152516 1.97
ENST00000355691 | L06133 1.97
TMEM127 NM_017849 1.98
FAM14B NM_206949 1.98
PTRF NM_012232 1.98
MGC10433 NM_024321 1.98
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AIP NM_003977 1.98
FANCM NM_020937 1.98
FzD1 NM_003505 1.99
WDHD1 NM_007086 1.99
AK092888 AK092888 1.99
ETNK1 NM_018638 2.01
VTI1B NM_006370 2.02
PTTG3 NR_002734 2.02
SBDS NM_016038 2.03
GOLT1B NM_016072 2.04
AI933337 AI933337 2.04
COTL1 NM_021149 2.04
Cl4orf112 NM_016468 2.05
SLC4A7 NM_003615 2.05
CGRRF1 NM_006568 2.06
TEGT NM_003217 2.07
NLN NM_020726 2.07
SBDS NM_016038 2.08
SNX15 NM_013306 2.08
TMEM127 NM_017849 2.08
ACTR1A NM_005736 2.08
ERGIC2 NM_016570 2.09
AHCYL1 NM_006621 2.09
A_23_P136857 A_23 P136857 2.10
ANLN NM_018685 2.10
BG284526 BG284526 2.10
SPATA7 NM_018418 2.11
ZNF138 NM_006524 2.11
NAT12 NM_001011713 2.11
RCP9 NM_014478 2.12
VEGFB NM_003377 2.12
BI771091 BI771091 2.12
ZDHHC7 NM_017740 2.13
DYNC1H1 NM_001376 2.13
CALU NM_001219 2.13
CTTN NM_005231 2.14
CEP57 BC039711 2.14
CR601835 CR601835 2.15
AK3L1 NM_001005353 2.15
MYL6 NM_079423 2.15
SSH1 NM_018984 2.16
MLH1 NM_000249 2.17
A_32_P4608 A_32_P4608 2.17
ZC3H14 NM_207660 2.17
AK092468 AK092468 2.17
A_24 P340886 A_24 P340886 2.17
CR602702 CR602702 2.18
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BC090057 BC090057 2.18
ENST00000310218 | ENST00000310218 2.18
FOXM1 NM_202002 2.19
WDR22 NM_003861 2.19
ZFP41 AK024438 2.19
MAP4K5 NM_198794 2.19
ARF4 NM_001660 2.19
CD63 NM_001780 2.19
KIAA1641 NM_020970 2.20
RELA BC014095 2.20
A_32_P64894 A_32_P64894 2.20
C140rf159 NM_024952 2.20
STAT?2 NM_005419 2.20
VTI1B NM_006370 2.21
STK38 NM_007271 2.22
SCYL1 NM_020680 2.22
FGFR10P2 NM_015633 2.22
C60rf106 NM_024294 2.22
FBXWS8 NM_153348 2.22
BC024198 BC024198 2.22
TP53INP2 NM_021202 2.22
GALNTL4 NM_198516 2.22
DRAP1 NM_006442 2.24
KDELR2 NM_006854 2.25
A_24 P835388 A_ 24 _P835388 2.25
POLA2 NM_002689 2.26
C12o0rf43 NM_022895 2.26
UBL3 NM_007106 2.26
AK022059 AK022059 2.26
THC2406182 THC2406182 2.27
DA422275 DA422275 2.27
A_24_P341058 A_24 P341058 2.28
POP4 NM_006627 2.29
SMPD3 NM_018667 2.29
VEGFB NM_003377 2.30
THC2334619 THC2334619 2.30
MXRA7 NM_001008528 2.30
SAR1B NM_016103 2.30
SEC61G NM_014302 2.30
ENST00000252134 | AB020626 2.31
A_24_P144556 A_24_P144556 2.31
THC2268341 AA701118 2.31
KDELR2 NM_006854 2.31
WDR?20 NM_181302 2.33
PTPRG NM_002841 2.33
MTCH1 NM_014341 2.33
Ci14orf151 NM_032714 2.34
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DB328061 DB328061 2.34
A 24 _P101493 A_24_P101493 2.34
THC2308298 THC2308298 2.34
DDEF1 NM_018482 2.34
ZC3H14 NM_024824 2.35
CD63 NM_001780 2.35
MGAT?2 NM_002408 2.36
SLC6A6 NM_003043 2.36
KIAA1666 BC035246 2.38
SEC24D NM_014822 2.39
AK124956 AK124956 2.40
C12orf23 NM_152261 2.41
LRRFIP2 NM_006309 2.41
LASP1 NM_006148 2.41
AYP1 NM_032193 2.42
ZNF313 NM_018683 2.42
THC2364429 THC2364429 2.43
AHCYL1 NM_006621 2.44
AF118081 AF118081 2.44
Cé60rf148 NM_030568 2.44
GNG12 NM_018841 2.45
A_24_P32735 A_24 P32735 2.45
A_32_P63886 A 32 _P63886 2.45
MGC24039 BC020855 2.46
RBPSUH NM_203284 2.46
RCP9 NM_014478 2.46
DNAJB4 NM_007034 2.46
LMAN2L NM_030805 2.47
ZHX3 NM_015035 2.47
C60rf148 NM_030568 2.48
MMP19 NM_002429 2.48
KDELR3 NM_016657 2.49
SLC44A2 NM_020428 2.49
ALG14 NM_144988 2.50
THC2431726 THC2431726 2.50
CYP2U1 NM_183075 2.51
MPP5 NM_022474 2.51
MPP5 NM_022474 2.53
CA420826 CA420826 2.54
CXorf43 NM_144657 2.54
STK38 NM_007271 2.54
C20orf111 NM_016470 2.54
MGC14376 NM_032895 2.54
GRPR U57365 2.55
KIAA0831 NM_014924 2.55
ATP6V1D NM_015994 2.55
DNAJIB4 NM_007034 2.56
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FIBCD1 NM_032843 2.57
PARVA NM_018222 2.57
ABHD4 NM_022060 2.58
REX02 NM_015523 2.58
LOC253981 AK025431 2.59
ENST00000381942 | AK126071 2.59
AP4S1 NM_007077 2.60
WDR25 NM_024515 2.60
PTPN21 NM_007039 2.60
ARHGEF17 NM_014786 2.60
PCDHB13 NM_018933 2.62
SEC14L1 NM_003003 2.64
SLC39A7 NM_006979 2.64
C12orf4 NM_020374 2.64
E2F1 NM_005225 2.65
THC2267829 CN429806 2.66
NDST1 BC012888 2.67
MEIS3P1 NR_002211 2.67
OXSR1 NM_005109 2.68
LPP NM_005578 2.68
COMMD10 NM_016144 2.71
B2M NM_004048 2.71
SGCB NM_000232 2.72
FLJ40330 BC031698 2.72
DOPEY?2 NM_005128 2.73
ENST00000334564 | ENST00000334564 2.75
CXXC5 NM_016463 2.76
AK098360 AK098360 2.76
PUS7L NM_031292 2.77
NUBPL NM_025152 2.77
C9orf39 NM_017738 2.78
KIAA1666 BC035246 2.78
MICB NM_005931 2.79
CDKN3 NM_005192 2.81
PML NM_002675 2.84
UCP3 NM_003356 2.85
PXK AK131385 2.85
STOM NM_198194 2.85
WDR21A NM_181340 2.85
ATP10D NM_020453 2.86
DKFZP564]0863 NM_015459 2.86
CCDC6 572869 2.86
PTEN NM_000314 2.87
BMP2K NM_017593 2.88
LOC286016 NR_002187 2.88
MYL6 NM_079423 2.88
ERCC2 NM_000400 2.89
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CXXC5 NM_016463 2.90
SOCS5 NM_144949 2.93
LOC221362 AK095359 2.93
ITPR2 NM_002223 2.93
CENPQ NM_018132 2.95
CFL2 NM_021914 2.95
FLJ40330 BX648045 2.96
KLHDC1 NM_172193 2.97
C14o0rf28 NM_001017923 2.99
A_24 P753760 A_24_P753760 2.99
BG009439 BG009439 3.00
ICK NM_016513 3.02
ENST00000375180 | AK125664 3.03
AVEN NM_020371 3.04
WDR21A NM_181340 3.04
BF217859 BF217859 3.05
FTL NM_000146 3.07
PARVA NM_018222 3.08
CDH24 AK057922 3.08
A_24 P101352 A 24 _P101352 3.09
IL6ST NM_002184 3.11
Cl1lorf60 NM_020153 3.15
SLC30A7 NM_133496 3.16
FLJ31715 AK056277 3.17
BE825944 BE825944 3.17
ANKRD13A NM_033121 3.18
ANXAS NM_001154 3.19
SELPLG NM_003006 3.20
TSPAN9 NM_006675 3.20
TRAM2 NM_012288 3.20
MET NM_000245 3.26
CHST7 NM_019886 3.26
GULP1 NM_016315 3.26
DNAJB5 NM_012266 3.31
COL18A1 NM_030582 3.34
BX101288 BX101288 3.34
LOC387882 NM_207376 3.39
STOM NM_198194 3.42
ENST00000367545 | AK023675 3.42
FZD2 NM_001466 3.43
CREB3L1 NM_052854 3.44
TACC1 NM_006283 3.51
AK3L2 NM_001002921 3.54
TRIM62 NM_018207 3.55
GPRASP2 NM_001004051 3.57
CSDE1 NM_001007553 3.57
GALNT10 NM_198321 3.58
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C14o0rf132 NM_020215 3.60
RBPSUH D14041 3.63
C60rf128 NM_145316 3.68
PIGK NM_005482 3.68
MYH9 NM_002473 3.72
ENST00000308604 | BC070200 3.74
A_32_P93792 A_32_P93792 3.75
DKFZp667G2110 NM_153605 3.77
CHES1 NM_005197 3.82
STK17B NM_004226 3.84
TRIM16 NM_006470 3.85
MGC4677 NM_052871 3.88
MET NM_000245 3.88
CD109 NM_133493 3.88
SLC16A2 NM_006517 3.88
ENST00000372072 | AKO00180 3.92
BHLHB9 NM_030639 3.93
PCDHB7 NM_018940 3.93
HPSE NM_006665 3.93
TMEM25 NM_032780 3.95
CD40 NM_001250 3.96
ARID5B NM_032199 3.99
TACC1 NM_006283 3.99
EHD1 NM_006795 4.01
LMCD1 NM_014583 4.02
Cl4o0rf46 BC009539 4.03
A_24 P917668 A_24 P917668 4.03
ABHD9 NM_024794 4.05
APLN NM_017413 4.11
LONRF3 NM_024778 4.11
LOC92689 NM_138389 4.24
FzZD7 NM_003507 4.24
SEL1L NM_005065 4.27
STC2 NM_003714 4.29
FTL NM_000146 4.33
LAMP2 NM_002294 4.38
BIN1 NM_139346 4.38
ENO2 NM_001975 4.40
ADC NM_052998 4.40
AF075027 AF075027 4.41
PRKCA NM_002737 4.43
UPP1 NM_181597 4.44
RAB8B NM_016530 4.48
THC2267053 THC2267053 4.51
CUzD1 NM_022034 4.54
BE816002 BE816002 4.61
SOCS1 NM_003745 4.64
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C140rf139 BC008299 4.66
SCD5 NM_001037582 4.67
APOLD1 NM_030817 4.71
TEAD3 NM_003214 4.74
HLA-E NM_005516 4.76
APLN NM_017413 4.77
A_24 P938006 A_ 24 _P938006 4.82
BU684362 BU684362 4.83
TPM1 NM_001018004 4.83
CAMK2D NM_172127 4.84
BE795374 BE795374 4.85
FTL NM_000146 4.86
TCHP NM_032300 4.91
BIN1 NM_139346 4.94
A_24 P281683 A_24 P281683 4.95
PXK NM_017771 4.96
ACTN1 NM_001102 4.97
HLA-C BC002463 5.00
AK127258 AK127258 5.02
HLA-E NM_005516 5.03
CHES1 NM_005197 5.03
CACNA1C NM_000719 5.14
HLA-A NM_002116 5.17
SCGB3A2 NM_054023 5.22
PRKCA NM_002737 5.26
CAMK2D NM_001221 5.29
THC2346243 THC2346243 5.35
NRN1 NM_016588 5.54
N48043 N48043 5.57
C10o0rf25 NM_001039380 5.57
TMEM45A NM_018004 5.64
GLYATL2 NM_145016 5.70
HLA-G NM_002127 5.71
A_24_P32715 A_24 P32715 5.71
SH3BP4 NM_014521 5.72
AHNAK NM_001620 5.73
ZNF501 NM_145044 5.75
TRAM2 NM_012288 5.78
ENST00000376802 | AF287958 5.79
BF217859 BF217859 5.95
EHD1 AF099011 5.98
ALDH6A1 NM_005589 5.98
EPS8 NM_004447 6.03
C60rf65 NM_152731 6.21
ADAMTSL1 NM_139238 6.21
ACTN1 NM_001102 6.22
BNC2 NM_017637 6.35
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RSNL2 NM_024692 6.42
RP1-32F7.2 NM_173698 6.49
SAMD4A AB028976 6.52
TPM1 NM_000366 6.53
HLA-C CR598918 6.60
ENST00000380195 | BC001304 6.90
C160rf45 NM_033201 6.92
TPM1 NM_001018004 6.97
HLA-H NR_001434 7.45
TPM1 NM_001018004 7.47
PRKCDBP NM_145040 7.48
FAM46B NM_052943 7.62
HLA-E NM_005516 7.63
PRKD1 NM_002742 7.63
AK094175 AK094175 7.65
FLNC NM_001458 7.71
A_24 P237896 A_24 P237896 7.76
CR608347 CR608347 7.79
EDG2 NM_057159 7.84
Clorf118 NM_001039463 8.18
STC2 NM_003714 8.22
ENST00000383518 | M64259 8.31
MATN2 NM_030583 8.33
S100A4 NM_002961 8.36
A_24 P101771 A_24 P101771 8.47
HLA-F NM_018950 8.54
HLA-C BC008457 8.64
MGC16121 BC007360 8.71
FGF2 NM_002006 8.75
TFPI NM_001032281 8.92
RGNEF AK025816 8.98
DKFZP686A01247 | NM_014988 9.05
PAPSS2 NM_001015880 9.14
ENST00000376793 | ENST00000376793 9.24
ENST00000373886 | AK130049 9.28
HLA-B NM_005514 9.33
MN1 NM_002430 9.45
FL145422 NM_001004349 9.60
RBMS3 NM_014483 9.94
PCDHB9 NM_019119 10.08
FBLN5S NM_006329 10.15
A_23_P125109 A_23 P125109 10.54
HLA-C NM_002117 10.88
NEXN NM_144573 11.08
HLA-F NM_018950 11.10
AHNAK NM_024060 11.11
PPP1R3C NM_005398 11.38
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COL6A1 NM_001848 11.55
BC035647 BC035647 11.61
NEXN NM_144573 11.76
SLC8A1 NM_021097 11.97
SYNC1 NM_030786 12.83
PPAP2B NM_003713 12.97
AK092921 AK092921 13.22
BC089454 BC089454 13.23
PAX8 NM_003466 13.38
GPR39 AK122643 13.64
EMR1 NM_001974 13.72
DKFZP686A01247 | NM_014988 13.86
ADAMTS5S NM_007038 14.00
GYPC NM_002101 14.76
HLA-B NM_005514 14.95
OXTR NM_000916 15.22
CiR NM_001733 16.11
KCNIP3 NM_013434 16.72
ITGA1 NM_181501 16.73
TFPI NM_006287 17.31
FGF13 NM_004114 18.82
AHRR AB033060 20.14
DOC1 NM_182909 20.94
FL]J36748 NM_152406 22.36
SLC8A1 BX648299 22.73
SYTL2 NM_206927 22.78
CTSC NM_148170 23.35
JAM2 NM_021219 25.15
WNT5B NM_030775 26.41
WNT5A NM_003392 28.99
DPF3 NM_012074 29.49
FBLN5S NM_006329 30.74
PDGFRB NM_002609 30.77
SFRP1 NM_003012 37.96
MYEOV NM_138768 38.48
COL16A1 NM_001856 47.62
LOC51334 NM_016644 49.61
SFRP1 NM_003012 50.92
PTN NM_002825 54.79
PTN NM_002825 66.78
COL1A2 NM_000089 84.24
PRKCDBP NM_145040 107.13
COL1A1 274615 298.49
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Fold Change in

ALT Fold Change in

Gene Name Genbank Liposarcomas ALT Cell Lines
TERT NM_198253 -10.33 -46.32
SLC6A10P NR_003083 -9.98 -8.03
MDFI NM_005586 -5.35 -9.23
LOC92312 XM_044166 -5.31 -4.89
TP53TG3 NM_016212 -5.08 -7.44
LOC649542 XM_938617 -4.30 -8.07
ITIH5 NM_030569 -4.28 -1.96
LOC112703 NM_ 138411 -4.08 -11.78
ALDH5A1 NM_170740 -3.31 -2.05
SLC6A8 NM_005629 -3.27 -8.78
KIAA1370 NM_019600 -3.13 -1.57
PER2 NM_022817 -3.05 -2.83
CEBPA NM_004364 -2.96 -8.74
MSTP9 NR_002729 -2.93 -3.88
CR625561 CR625561 -2.89 -2.52
CEBPA NM_004364 -2.89 -6.93
MARCKSL1 NM_023009 -2.88 -2.81
SLC6A8 NM_005629 -2.85 -3.80
C100rf35 NM_145306 -2.85 -29.45
ENST00000361453 | AK026903 -2.82 -2.19
LRRC8B NM_015350 -2.81 -6.34
FLJ22795 AF316855 -2.77 -3.18
ENST00000330947 | BC035081 -2.73 -8.18
AK097322 AK097322 -2.64 -2.08
MMP15 NM_002428 -2.50 -2.76
ENST00000361227 | AY423734 -2.49 -2.25
FLJ22795 NM_025084 -2.48 -3.33
BF576096 BF576096 -2.47 -1.97
BC065260 BC065260 -2.42 -2.78
TP53INP1 NM_033285 -2.40 -2.39
KLHL24 NM_017644 -2.38 -3.91
LYPLA1 NM_006330 -2.35 -2.32
ENST00000301042 [ AL713659 -2.34 -1.85
ENST00000361227 | AB017116 -2.27 -1.96
ST6GAL1 NM_173216 -2.25 -28.83
GPRC5C NM_022036 -2.22 -5.14
DUSP22 AK000383 -2.22 -2.01
AK057071 AK057071 -2.22 -2.31
BC019667 BC019667 -2.20 -1.96
ASB13 NM_024701 -2.19 -3.54
LYPLA1 NM_006330 -2.17 -2.08
CR601496 CR601496 -2.16 -2.12
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RNF44 NM_014901 -2.16 -4.28
SLC39A4 NM_130849 -2.16 -18.24
RP11-138L21.1 AK024257 -2.11 -3.39
FL135740 NM_147195 -2.11 -4.14
A_24 P204334 A_24 P204334 -2.08 -2.34
AK131288 AK131288 -2.07 -2.31
ORF1-FL49 NM_032412 -2.06 -4.79
ZNF195 NM_007152 -2.05 -2.29
PLEKHG2 NM_022835 -2.04 -1.98
A 24 P384239 A_24 P384239 -2.04 -2.15
RP11-125A7.3 NM_015058 -2.04 -1.96
PIK3C2B NM_002646 -2.02 -3.53
TFDP2 NM_006286 -2.01 -1.74
AK023328 AK023328 -2.01 -3.15
BX093417 BX093417 -2.01 -2.45
DUSP22 NM_020185 -2.00 -3.32
SULT4A1 NM_014351 -1.98 -4.11
ENST00000252509 | ENST00000252509 -1.97 -1.77
CHD7 NM_017780 -1.96 -22.15
THC2428713 THC2428713 -1.95 -2.58
LPHN1 NM_001008701 -1.93 -5.41
GCN5L2 NM_021078 -1.93 -1.92
ENST00000372821 | ENST00000372821 -1.90 -3.49
CHD7 NM_017780 -1.90 -16.78
ADAM11 NM_002390 -1.89 -8.75
TBC1D16 AK091923 -1.89 -1.87
CRY2 NM_021117 -1.89 -1.57
TOP1MT NM_052963 -1.88 -1.73
ZNF692 NM_017865 -1.85 -3.18
KIAA1545 AB046765 -1.84 -2.13
ANKRD13B NM_152345 -1.83 -3.51
FLJ22795 AF316855 -1.82 -2.93
TTC17 BC041893 -1.82 -1.76
76P NM_014444 -1.82 -1.57
CCNL1 NM_020307 -1.79 -1.75
A_24 P608790 A_24_P608790 -1.79 -1.76
ENST00000220507 | CR618466 -1.78 -5.75
THC2437122 THC2437122 -1.78 -1.97
ENST00000369239 | AL0O80186 -1.77 -2.13
LOC653801 XM_934188 -1.77 -2.55
KIAA0485 AB007954 -1.76 -5.93
BCL7A NM_020993 -1.75 -2.62
PCGF3 NM_006315 -1.73 -1.84
MGC4172 NM_024308 -1.73 -2.64
PMS2L1 BC044214 -1.73 -1.70
ENST00000275546 | ENST00000275546 -1.70 -1.59
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AA554330 AA554330 -1.69 -3.64
DECR2 NM_020664 -1.69 -3.09
LOC440295 NM_198181 -1.69 -2.31
GOLGASE NM_001012423 -1.69 -3.50
A_32_P80587 A_32_P80587 -1.67 -1.37
THC2411839 THC2411839 -1.67 -3.35
ASB13 NM_024701 -1.66 -4.76
TOMM20 NM_014765 -1.63 -1.91
tcag7.1017 NM_001004351 -1.63 -2.16
P15RS NM_018170 -1.63 -3.03
NUDT14 NM_177533 -1.61 -3.19
FAM59A NM_022751 -1.60 -7.55
LOC653639 XM_934787 -1.59 -2.39
ASAH1 NM_004315 -1.59 -2.55
B3GNT5 NM_032047 -1.59 -14.16
REPIN1 NM_014374 -1.57 -1.93
SLC16A9 NM_194298 -1.56 -3.32
ENST00000270201 | AF231919 -1.55 -1.89
GLI4 NM_138465 -1.55 -3.18
ADH5 NM_000671 -1.54 -1.59
LONRF1 NM_152271 -1.54 -4.57
ENST00000319822 | BC111692 -1.53 -1.73
HNRPA3 NM_194247 -1.53 -2.19
BIVM NM_017693 -1.52 -2.67
PMS2L5 NM_174930 -1.52 -1.62
STAU2 AK002152 -1.51 -6.20
LOC389607 NM_001013651 -1.51 -1.64
A_24 P341731 A_24 P341731 -1.51 -1.77
GP1BB NM_000407 -1.49 -5.60
HNRPA3 NM_194247 -1.48 -3.02
GPR125 NM_145290 -1.47 -1.82
SIRT5 NM_012241 -1.47 -1.97
CLK2 NM_003993 -1.47 -2.10
APOM NM_019101 -1.46 -2.05
AFG3L1 NM_001132 -1.46 -5.05
TMEM80 NM_174940 -1.42 -3.38
BX537520 BX537520 -1.41 -1.86
ZMYM2 NM_003453 -1.37 -2.36
ZFP64 NM_018197 -1.36 -2.04
BC064492 BC064492 -1.34 -2.66
PEX7 NM_000288 -1.33 -1.95
DRG2 NM_001388 -1.32 -4.32
ZFANDS5S NM_006007 -1.32 -1.49
PERLD1 NM_033419 -1.31 -1.97
NSUN5B NM_145645 -1.29 -2.96
GMCL1 NM_178439 -1.29 -1.89
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HDAC5 NM_001015053 -1.29 -1.58
TFB2M NM_022366 -1.29 -2.04
NSUNS5C NM_148936 -1.27 -2.50
MAPK11 NM_002751 -1.26 -6.28
NSUNS5C NM_032158 -1.24 -1.82
THC2455149 THC2455149 -1.23 -3.63
ENST00000378954 | CR617774 -1.22 -1.98
NIT1 NM_005600 -1.20 -1.84
AF086442 AF086442 -1.18 -4.70
ATP5D NM_001001975 -1.15 -2.07
HEATR2 NM_017802 -1.10 -2.20
TM9SF4 NM_014742 1.10 1.54
ZFP91 NM_053023 1.13 1.70
A 32 _P64894 A_32_P64894 1.14 2.20
SBDS NM_016038 1.15 2.08
CCIN NM_005893 1.15 1.49
MGC24039 BC020855 1.16 2.46
AIP NM_003977 1.18 1.97
AIP NM_003977 1.21 1.98
CR602702 CR602702 1.24 2.18
SPCS2 NM_014752 1.24 1.50
MYL6 NM_079423 1.29 2.15
LEMD2 NM_181336 1.29 1.60
FBX033 NM_203301 1.31 1.82
STX5 NM_003164 1.32 1.94
TMEM127 NM_017849 1.34 1.98
APOLD1 NM_030817 1.36 4.71
ATP6V1D NM_015994 1.36 2.55
C200rf24 NM_018840 1.37 1.76
DYNC1H1 NM_001376 1.37 2.13
WDHD1 NM_007086 1.38 1.99
PTP4A2 NM_080392 1.39 1.57
KIAA1458 BC031691 1.39 1.95
UBL3 NM_007106 1.39 2.26
NAT12 NM_001011713 1.40 2.11
MGC10433 NM_024321 1.41 1.98
POLA2 NM_002689 1.41 2.26
ATP10D NM_020453 1.42 2.86
MGAT1 NM_002406 1.43 1.69
Cl2orf23 NM_152261 1.44 2.41
U69195 U69195 1.44 1.96
MTCH1 NM_014341 1.45 1.81
BC024198 BC024198 1.45 2.22
SYNC1 NM_030786 1.47 12.83
C20rf18 NM_017877 1.49 1.73
MGC16121 BC007360 1.49 8.71
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Fold Change in

ALT Fold Change in

Gene Name Genbank Liposarcomas ALT Cell Lines
TEAD3 NM_003214 1.50 4.74
A 32 P93792 A_32_P93792 1.52 3.75
FzZD2 NM_001466 1.53 3.43
APLN NM_017413 1.54 4.77
AF086335 AF086335 1.55 1.41
BRMS1 NM_015399 1.55 1.91
ACOTS NM_005469 1.55 1.92
ZNF414 AK074191 1.55 1.16
RBPSUH NM_203284 1.56 1.90
POLD3 NM_006591 1.57 1.57
SEC61G NM_014302 1.57 2.30
ENST00000266712 | CR749309 1.58 1.44
LOC51255 NM_016494 1.61 1.88
TPX2 NM_012112 1.62 1.72
FAM50A NM_004699 1.63 1.90
PTPN21 NM_007039 1.64 2.60
ARF4 NM_001660 1.64 2.19
THC2406182 THC2406182 1.65 2.27
STK38 NM_007271 1.66 2.54
CR601835 CR601835 1.66 2.15
IL1RAP NM_002182 1.66 1.65
C9orf39 NM_017738 1.67 2.78
C1l5o0rf24 NM_020154 1.68 1.75
CREB3 NM_006368 1.70 1.91
PDGFRB NM_002609 1.70 30.77
SLC4A7 NM_003615 1.71 2.05
MICB NM_005931 1.72 2.79
SAP30L NM_024632 1.72 1.76
ECOP NM_030796 1.73 1.62
PTPRG NM_002841 1.73 2.33
ACTN1 NM_001102 1.73 4.97
ACTN1 NM_001102 1.76 6.22
AHNAK NM_024060 1.77 11.11
AK022110 AK022110 1.78 1.94
RAB8B NM_016530 1.78 4.48
LASP1 NM_006148 1.79 2.41
A 24 P835388 A_24 P835388 1.84 2.25
ATP6VOE NM_003945 1.84 1.94
ANXAS NM_001154 1.85 3.19
TGOLN2 NM_006464 1.88 1.72
KDELR2 NM_006854 1.88 2.31
FAM14B NM_206949 1.89 1.98
SYTL2 NM_206927 1.89 22.78
C200rf172 NM_024918 1.91 1.74
ENST00000381942 | AK126071 1.91 2.59
FGF2 NM_002006 1.92 8.75




Kyle Lafferty-Whyte, 2010

Appendix |, 221

Fold Change in

ALT Fold Change in

Gene Name Genbank Liposarcomas ALT Cell Lines
STK17B NM_004226 1.92 3.84
PXK AK131385 1.93 2.85
AK098360 AK098360 1.94 2.76
CXXC5 NM_016463 1.94 2.76
CYP2U1 NM_183075 1.95 2.51
GNG12 NM_018841 1.99 2.45
COTL1 NM_021149 2.00 2.04
FL145422 NM_001004349 2.05 9.60
NRM NM_007243 2.05 1.91
RABAC1 NM_006423 2.07 1.78
ITPR2 NM_002223 2.08 2.93
A 24 P281683 A 24 P281683 2.09 4.95
SNX8 NM_013321 2.13 1.60
EHD1 NM_006795 2.14 4.01
FTL NM_000146 2.14 3.07
MXRA7 NM_001008528 2.14 2.30
FTL NM_000146 2.16 4.86
TPM1 NM_001018004 2.17 4.83
E2F1 NM_005225 2.18 2.65
FTL NM_000146 2.19 4.33
LAMP2 NM_002294 2.19 4.38
A 24 P32715 A 24 P32715 2.20 5.71
SLC8A1 BX648299 2.25 22.73
TK1 NM_003258 2.25 1.71
KDELR3 NM_016657 2.27 2.49
FOXM1 NM_202002 2.28 2.19
TPM1 NM_001018004 2.30 6.97
NEXN NM_144573 2.30 11.08
TPM1 NM_001018004 2.31 7.47
ZHX3 NM_015035 2.32 2.47
ENST00000376802 | AF287958 2.32 5.79
DKFZP564]0863 NM_015459 2.33 2.86
SELPLG NM_003006 2.34 3.20
SOCS1 NM_003745 2.37 4.64
SLC8A1 NM_021097 2.42 11.97
HLA-F NM_018950 2.44 11.10
PXK NM_017771 2.54 4.96
LOC253981 AK025431 2.56 2.59
FADS1 NM_013402 2.63 1.84
AK022059 AK022059 2.67 2.26
NEXN NM_144573 2.68 11.76
PRKD1 NM_002742 2.69 7.63
LOC92689 NM_138389 2.70 4.24
CALU NM_001219 2.73 2.13
SEC24D NM_014822 2.80 2.39
PTTG2 NM_006607 2.86 1.94
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Gene Name Genbank Liposarcomas ALT Cell Lines
AK094175 AK094175 2.86 7.65
ENST00000308604 | BC070200 3.02 3.74
CTSC NM_148170 3.05 23.35
TACC1 NM_006283 3.07 3.99
CDKN3 NM_005192 3.10 2.81
MGC4677 NM_052871 3.13 3.88
SAMD4A AB028976 3.17 6.52
ADAMTS5 NM_007038 3.26 14.00
ABHD4 NM_022060 3.30 2.58
KCNIP3 NM_013434 3.33 16.72
TACC1 NM_006283 3.35 3.51
HERC5 NM_016323 3.40 1.42
PRKCDBP NM_145040 3.41 107.13
KIAA1666 BC035246 3.68 2.38
A_ 24 _P753760 A 24 _P753760 3.74 2.99
TRAM2 NM_012288 3.78 5.78
COL16A1 NM_001856 4.31 47.62
ANLN NM_018685 4.64 2.10
S100A4 NM_002961 4.89 8.36
BNC2 NM_017637 5.38 6.35
OXTR NM_000916 5.52 15.22
ENO2 NM_001975 5.54 4.40
PRKCA NM_002737 5.84 5.26
TMEM45A NM_018004 6.09 5.64
C1R NM_001733 6.26 16.11
FzZD1 NM_003505 6.35 1.99
COL1A1 274615 10.18 298.49
COL1A2 NM_000089 14.53 84.24

Table 5: 106 hTERT regulatory kinases

Average Fold
Gene Name Change of Hits SE
Q19PIK3CD —7.63 4.80
SYK —-5.1 1.08
ERK8 —4.97 2.68
STK17A —4.58 0.35
EIF2AK3 —4.23 2.14
TESK1 —4.15 0.51
NME1 -4.11 1.56
STK3 —3.98 0.01
SGK2 —3.95 0.06
NEK2 —-3.93 0.79
TEK —3.88 1.68
STK38L —3.88 0.88
T3JAM —3.87 1.22
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Average Fold

Gene Name Change of Hits SE
TESK?2 -3.87 0.59
GALK1 —3.85 0.20
STK22D —3.85 1.04
TRIB1 —3.81 0.35
TPK1 -3.63 0.40
STK10 —3.61 0.70
EEF2K —3.58 0.70
PRKWNK1 —3.57 1.15
PTK7 -3.56 0.92
STK32C —3.54 0.33
SGK —-3.47 0.47
STK17B —3.46 0.17
MAPK3 —3.44 0.71
STK35 —3.43 0.06
TXNDC3 -3.37 0.42
SNRK -3.37 0.89
LOC390975 -3.37 0.12
TYK2 —3.34 0.36
STK11 -3.34 1.30
TTBK1 —3.33 0.58
STK22C -3.30 0.25
STK32A -3.19 0.71
SCGB2A1 -3.19 0.51
MKNK1 -3.16 0.19
STK24 -3.14 0.83
TAO1 -3.1 0.20
STK19 —3.05 0.01
DKFZp434B1231 —3.00 0.09
MAPK9 —2.98 0.69
SBK1 —-2.97 0.65
PKMYT1 -2.97 0.58
SH3BP4 —-2.89 0.37
MAPK8 -2.89 0.75
STK4 —-2.87 0.17
COASY -2.84 0.48
SSTK —-2.81 0.60
SIK2 —2.80 0.20
NEK9 —-2.76 0.46
NEKS —-2.72 0.02
CDK6 —-2.72 0.47
NEK7 -2.71 0.48
SPHK?2 —-2.67 0.05
PIP5K2C —2.66 0.58
CRIM1 —2.66 0.60
PGK2 —2.66 0.29
DGUOK —2.65 0.35
PRPSAP1 —2.63 0.45
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Average Fold

Gene Name Change of Hits SE
CAMK1 —-2.62 0.06
PRKCN —2.61 0.08
TXNDC6 —2.60 0.35
STK6 —2.59 0.58
PRKWNK?2 —-2.50 0.30
STK16 —2.45 0.17
KIAA1361 —-2.42 0.28
PTKOL —2.41 0.19
SMG1 —-2.40 0.41
HRI —2.36 0.16
PIK3CB —-2.35 0.13
TEX14 —-2.34 0.10
YES1 —-2.32 0.08
EPHB4 —2.31 0.03
MAP3K5 —-2.31 0.21
PRKCH —2.31 0.11
CARKL —-2.29 0.09
IHPK?2 —2.28 0.10
MAP4K5 —2.27 0.21
MAP2K1 —2.27 0.11
LOC390877 —2.24 0.05
NEK3 —-2.23 0.04
PSKH2 —-2.20 0.06
MAP3K6 —-2.17 0.15
RPS6KA2 —-2.17 0.08
MAP3K14 —-2.16 0.06
RIPK5 —2.15 0.05
TRIB2 —-2.12 0.07
PCTK?2 -2.10 0.02
CCRK 2.12 0.08
MAP2K6 2.15 0.14
NME4 2.17 0.16
PRKCE 2.31 0.16
CHKB 2.54 0.31
IKBKE 2.64 0.59
LOC91807 2.64 0.31
AKAP2 2.86 0.82
HIPK4 2.89 0.72
BUB1 2.93 0.49
ALK 2.99 0.77
FLJ22955 3.03 0.32
KIAA1811 3.06 0.98
ARAF1 3.08 0.63
IKBKG 3.20 0.56
ACK1 4.09 1.39
MAPKAPK5 4.76 0.09
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Table 6: 87 Unique miRNAs able to distinguish between mesenchymal tumour types.

miRNA

hsa-let-7a*

hsa-let-7e

hsa-miR-100

hsa-miR-103

hsa-miR-125a-5p

hsa-miR-127-3p

hsa-miR-128

hsa-miR-1299

hsa-miR-130b

hsa-miR-135b

hsa-miR-142-3p

hsa-miR-142-5p

hsa-miR-144

hsa-miR-146a

hsa-miR-146b-5p

hsa-miR-148a

hsa-miR-150

hsa-miR-152

hsa-miR-1539

hsa-miR-15a

hsa-miR-15b

hsa-miR-16

hsa-miR-181a

hsa-miR-181b

hsa-miR-192

hsa-miR-193a-5p

hsa-miR-195*

hsa-miR-196a

hsa-miR-196b

hsa-miR-21

hsa-miR-21*

hsa-miR-210

hsa-miR-214

hsa-miR-215

hsa-miR-218

hsa-miR-22

hsa-miR-22*

hsa-miR-223

hsa-miR-24-1*

hsa-miR-27a

hsa-miR-27b

hsa-miR-28-3p

hsa-miR-28-5p

hsa-miR-29a

hsa-miR-29a*

hsa-miR-29b

hsa-miR-29b-1*

hsa-miR-29c

hsa-miR-29c*

hsa-miR-301a

hsa-miR-30a*

hsa-miR-30e

hsa-miR-30e*

hsa-miR-32
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MiRNA

hsa-miR-320c

hsa-miR-320d

hsa-miR-331-3p

hsa-miR-337-5p

hsa-miR-337-5p

hsa-miR-338-3p

hsa-miR-34a

hsa-miR-34b*

hsa-miR-361-3p

hsa-miR-377

hsa-miR-379

hsa-miR-381

hsa-miR-409-5p

hsa-miR-410

hsa-miR-454

hsa-miR-455-3p

hsa-miR-455-5p

hsa-miR-487b

hsa-miR-493

hsa-miR-493*

hsa-miR-500

hsa-miR-500*

hsa-miR-501-3p

hsa-miR-513b

hsa-miR-513c

hsa-miR-532-5p

hsa-miR-551b

hsa-miR-566

hsa-miR-574-5p

hsa-miR-590-5p

hsa-miR-660

hsa-miR-874

hsa-miR-95

hsa-miR-99b
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Appendix Il- Tumour Histology and information.

The following Table details all known Histological, telomere maintenance and
survival information on record for tumour samples used in this study. The follow
abbreviations are used in the table: Tel = Telomerase positive, ALT = Alternative
Legnthening of Telomeres, F = Female, M = Male, M.R.C = myxoid round cell,
Retroperit. = Retroperitoneum. N/A indicates points where data was

unavailable.
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Survival Survival
ID Tumour Type TMM | Grade Histology Location Status (month) Age | Sex
S1038R | Liposarcoma TEL 2 M.R.C. N/A 0 57 48 F
S1111 Liposarcoma TEL 2 M.R.C. (20-30%) Lower Extremity N/A N/A 43 M
S1138R | Liposarcoma ALT 2 WD, Lipoma-Like N/A 0 50 N/A | N/A
S1364 Liposarcoma TEL 3 Dedifferentiated N/A 1 45 53 F
51423 Liposarcoma ALT 2 M.R.C. N/A 0 158 N/A | N/A
5272 Liposarcoma ALT 1 Myxoid Retroperit. N/A N/A 76 M
S281 ALT 3 Pleomorphic, Myxoid | Upper Extremity
Liposarcoma Areas N/A N/A 84 M
S344 Liposarcoma ALT 1 Dedifferentiated Retroperit. 1 182 66 M
S384 Liposarcoma ALT 2 M.R.C. (50%) Lower Extremity N/A N/A 54 F
S498R Liposarcoma TEL N/A | M.R.C. (70%) Lower Extremity N/A N/A 64 F
S498R Liposarcoma TEL N/A | M.R.C. N/A 1 240 64 F
S670R Liposarcoma TEL 2 M.R.C. Lower Extremity N/A N/A 48 F
S694R Liposarcoma ALT 2 M.R.C. N/A 1 53 71 M
S711R Liposarcoma TEL 1 Myxoid Lower Extremity N/A N/A 55 F
S717R1 Liposarcoma ALT 3 Pleomorphic Thorax N/A N/A 51 F
S750R Liposarcoma TEL 2 M.R.C. (>25%) Lower Extremity N/A N/A 56 M
S787 Liposarcoma TEL 2 M.R.C. (>25%) Lower Extremity 0 65 47 M
S850 Liposarcoma ALT 2 Dedifferentiated Retroperit. 1 25 74 M
S860 Liposarcoma TEL 2 M.R.C. Lower Extremity 1 204 73 F
S861R Liposarcoma TEL 2 M.R.C. (>25%) Retroperit. N/A N/A 42 F
S861R Liposarcoma TEL 2 M.R.C. N/A 1 30 42 F
S867R Liposarcoma ALT 2 Pleomorphic Lower Extremity 0 34 66 F
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Survival Survival
ID Tumour Type TMM | Grade Histology Location Status (month) Age | Sex

S904R Liposarcoma ALT 2 Pleomorphic Lower Extremity N/A N/A N/A F
S909 Liposarcoma ALT 1 Dedifferentiated Trunk 0 105 54 M
3 Mesothelioma TEL 3 Biphasic N/A 1 33 63 M
4 Mesothelioma TEL 2 Epithelial Solid N/A 0 30 29 M
10 Mesothelioma TEL 3 Epithelial Solid N/A 0 26 66 F
14 Mesothelioma ALT 2 Epithelial Solid N/A 0 25 37 F
18 Mesothelioma TEL 3 Epithelial Solid N/A 1 40 66 M
19 Mesothelioma TEL 3 Epithelial Solid N/A 1 6 42 F
20 Mesothelioma TEL 3 Epithelial Solid N/A 1 36 55 M
22 Mesothelioma TEL 3 Epithelial Solid N/A 1 27 73 F
25 Mesothelioma TEL N/A | Epithelial N/A N/A N/A 62 M
28 Mesothelioma TEL N/A | Biphasic N/A 1 10 65 F
29 Mesothelioma ALT N/A | Epithelial N/A 0 34 62 F
31 Mesothelioma ALT N/A | Epithelial N/A 0 32 22 M
32 Mesothelioma ALT N/A | Epithelial N/A N/A N/A 54 M
33 Mesothelioma ALT N/A | Epithelial N/A 0 31 58 M

Epithelial
43 Mesothelioma TEL 3 Tubulopapillary N/A 0 90 47 M

Epithelial
7A Mesothelioma TEL 3 Tubulopapillary N/A 0 34 52 F

Epithelial
8B Mesothelioma TEL 2 Tubulopapillary N/A 1 27 54 F
$1223 MPNST ALT 2 Malignant (MPNST) N/A 0 59 64 F
S1313 MPNST TEL 3 Malignant (MPNST) N/A 1 7 26 F
S$1451 MPNST ALT 3 Malignant (MPNST) N/A 1 8 51 M
S1856 MPNST ALT 2 Malignant (MPNST) N/A 0 45 54 F
S37 MPNST ALT 3 Malignant (MPNST) N/A 1 9 20 M
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Survival Survival

ID Tumour Type TMM | Grade Histology Location Status (month) Age | Sex
S579M MPNST ALT 2 Malignant (MPNST) N/A 1 5 28 M
S737 MPNST ALT 3 Malignant (MPNST) N/A 1 52 59 M
S738M MPNST TEL N/A | Malignant (MPNST) N/A 1 30 59 F
S758 MPNST TEL 3 Malignant (MPNST) N/A 1 10 33 F
S767M MPNST TEL 3 Malignant (MPNST) N/A 1 19 42 M
S802R MPNST TEL 3 Malignant (MPNST) N/A 0 82 24 F
S900R MPNST TEL 2 Malignant (MPNST) N/A 1 31 28 F
S966R MPNST ALT N/A | Malignant (MPNST) N/A 1 31 28 F

Monophasic, Spindle

S327R Synovial Sarcoma | TEL 2 Cells, G2 N/A 1 60 53 F
S554M Synovial Sarcoma | TEL N/A | N/A N/A N/A N/A N/A | N/A
S678M Synovial Sarcoma | TEL N/A | Lung Metastasis N/A 1 98 49 M
S695 Synovial Sarcoma | TEL 3 Biphasic G3 N/A 1 41 27 F
S865M Synovial Sarcoma | TEL N/A | Metastasis (Lung) N/A 1 60 56 F
S989 Synovial Sarcoma | ALT 3 G3 PNET-Like N/A 1 16 38 F
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ARTICLE ITKFOD ABSTRACT
Article lisinry: Whiltiple mechanisms of senescence inducion exist inchuding telomere attrition, axidative stress, ancagene
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expression and DNA damage signalling. The regulation of the elhlar changes required to respond to these
Received In revised form 2 Fehuary 2009 stimmuli and ereate the complex senescent =]l phenotype has many different mechanisms. MiRNAS present
mmﬂm - ane mechanism by which genes with diverse functions on multiple pathways can be simultaneously
reguliied. In this study we imvestigated 12 mikMAs previously identified a5 senescence regulatars. Lking
Mepnoris: mathway analysis of their target genes we tested the relevance of miRNA regulaion in the indudion of
[— senesrence. (ur anaysis highlighted the potential of these senescence-a¢sociated mikNAS [ SA-miNAs) i
RN regulie the cell icle, cyinskeletal remadelling and profiferation sgnalling logically required to creae 2
Patraay senescent cell The reanalysis of publidy available gene expresion data from studies explaring different
Fegulazon senescence smuli also revealsd their potential to regulate cone senestenae prodesses, regadles of stimuli
mirsas W ako identified stimuhs specific apoptoesis survival pathways thearetically regulated by the SA-mikNAs.
Furthermare the observation that miRl-299 and mik-34¢ had the potential to regulate all 4 of the senssoence
induction types we studisd highlights their future potential 2 novel drug targets for senescence induction.
© XNE Ekevier BV, All rights reserved.
1. Cellular senescence

The irreversible cell-cycle amest known a5 senescence can be
induced by a number of Gotors inched ing: telemere attrition, known
25 replicative senescence 1] oxidative stress [2]; encogene expres-
sion |3] and DMA damage dgnalling| 4. Senescence is involved in the
regulation of cellular aging and tissue maintenance and acts 2 a
barrier to immorality and tumourigeneds Individual regulstory
mechanisms promaoting the establishment of senescence have bean
characterised, incheding for example gene expression changes in p16,
p53 and p1 |5); chromatin silencing of EXF target genes [&] and
protein phosphond ation by DA damage checkpoint kinases | 7). All of
these maolecular changes oocur in the larger cellular contest and result
in changes to pathways regulating different cellular processes, as
summarized in Fg. 1

Complex cell phenotypes such as senescence are unlikely to result
simply from a change in a single pathway but instead from
codperative changes in multiple systems. The complete network of
underying pathways meaulting in cellular senesence & cumently
unclear. Imestigations of mechanisms by which senescence is
regulated continue to present novel pathways and regulatory

* Cormsponding author
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malecules involved in the proces. MicroRMAs (miliMAs] present a
mechanism by which genes involved in a vanlety of different signalling
pathways can be regulated smultanesusly. They therefore present a
further level of molecular interactions by which senescence may be
induced.

1.1 MifNAs & potental regulators of cellular senescence

O the many ways to regul ate gene product expression, mikNAs ane
relatively poory understood. These short non-coding molecules
ranging in size from 19 to 22 nucleotides are highly conserved and
regulate profein expresion throwgh interactions with the 3' untrans-
lated region (LR | of mENA [89]. The binding of 2 mikhA tothe 3'UTR
causes inhibition of translation throwgh steric hindrance or degrada-
tion of the mENA depending on the degree of complementarity
between the two sequences | 10]. The ability of mikNAs to regulate a
variety of target genes allows them to induce changes in multiple
pathways and processes such as development |11), apoptosis,
prolieration and diferentiation [12]. MiENAs could themfore facl
itate the complex cellular changes required to est ablish the s nescent
phenotype. |dentification of the mEMA sequences that miENAs
regulate s mainhy d erved wsing bioinformatics techniques. The ahility
of each mik MAto target genes is based on sequence complemenitarity
to I'UTHs of known mEMAs. The mirkase sequence database is the
main repos tory fior mik MA sequence and target information and [ asof
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the 18 Nov 2008) contains 695 human miRNA sequences each with
the potential to regulate on average 1000 gene targets [13-15) It ks
this large number of potential targets across different biokgical
pathways that give mikNAs the power to potentially induce complex
cell phenotypes, like senescence.

2. Twelwe senescence assoclated miRNAs with experimental
evidence for regulation of senescence

Although the gene targets of miRNAs can be identified
theoretically by computational algorithms, it is unclear exactly
which patential target genes they modulate and to what extent this
affects the assaciated functions of these genes. The identification of
mikNAs with the ability to regulate a complex phenotype, like
senescence, is therefore not possible using purely oinformatic
techniques. For this reason we performed database searches of the
terms MIRNA and sepescence, using pubmed and K1 web of
knowledge (accessed 18 Nov 2008), to identify miRNAs with
experimental evidence of imvolvement in senescence. The literature
search highlighted 6 studies with direct evidence for regulation of
senescence by miRNAs. Two main approaches were used in these
studies: microarray based and comprehensive functional genomics;
and the investigation of candidate senescence genes and the
miRNAs regulating them. The 6 studies highlight a total of 12

senescence-associated miRNAs (SA-miRNAs). Each miRNA has the
ability to bind between 953 and 2351 sites on mRNA 3' UTRs (see
Table 1) and In addition some 3UTRs poeentially have multiple
complementary sites for a given miRNA. To add to the complexity, in
reality this set of miRNAs may be a subset of the total number of
miRNAs that play a roke in senescence.

Looking at the individual SA-miRNAs we can see that some
miRNAs have more support for their roles in senescence than others
(Table 1). The evidence for a regulatory rle of the miR-34 family of
miRNAs in senescence is growing and has stemmed from the
investigation of p53 and its role In senescence. A number of studies
have identified the miR-34 family, particularly miR-34a, as down-
stream effectors of pS3 involved in the cell cycle [16) Recent
research has found that up-regulation of miR-34a in various cancer
cell lines leads to cell cycle amest, increased expression of -
galactosdase [17) and down-reguation of E2F family target genes
[18). Furthermore, drug treatment of various cancer cell lines with
the MDM2 inhibiting drug Nutlin-3, leading to p53 activation,
induced up-regulation of primarily miR-34a and later mik-34b and
miR-34c [19). Reports of a pro-apoptotic effect induced by miR-34a
|20.21] may demonstrate that its expression alone is not responsible
for senescence.

The potential role of hsa-miR-20a in senescence regulation was
discovered through investigation of the candidate senescence
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Table1
Senenoence associared mENAS from Se eranue and the rumber of computanionally
desved mENA 3 uniranskaed regions each can Gret

Mumber  Semescence Mumber of prediced  Refernces
Azmcaied oim pleme ntary sies
IHENA In S DR rRripDme
1 TR 0 TS Wagner 1 L, 2008
2 hsamiR4sa 57 |25 [Wagner et al, 2008
3 ha-migaT3 WsT | 26 Mesnrhoeve o al, 2006
4 he2-miR3T2 953 6 [Voorhosve o al, 7006
5 Fes2-miR-371 IS T5[Wagner etal, 2008
& homE3E5F 107 5 [Wagneratal, 2008
7 el 4 IR-340 .ol B| Kumamon e al 1 E
H ha-migash -] B|Kumamon = 2 E
| FesamiR-34a jr= - H|Tazawa eral, 2007,
He etal, 2007,
Kumam o & g H0E
A hsamiR2e 18 25Wagner etal, 2008
B he-mig217 E=rd 5 [Wagneratal, 2008
C [reed 4miR-20a. 75 T2 |Polisenn etal, 7008

(Mot some mEMAS may contain multiphe binding shes) Mumbsing denoes e
thenmameter rumiser repeessnting partioolar miRMA's targets on Bgs 2-4

associated gene LRF [22). LEF & a transcriptional repressor of the
MDM2 inhibitor pI9ARF [23.24]. The overexpression of mik-20a in
mowe embryonic fibmblasts induced senescence by lowening LEF
protein levels and in turn increasing p19ARF levels. The fact that
investigation of two different senescence-asspciated penes, p53 and
LEF, yields different 5A-miRNAs may be a reflection of the mnge of
signalling pathway changes that these molecules contribute to the
indwction of the senescent phenotype.

Genome-wide analysis of changes in mikKMA expresson or
imestigations of those mikNAs that allow senescencee bypass are
alternative approaches that have been wsed in SA-miENA idenitifica-
tion. The use of microarrays identified mikMAs hsa-mik-371, hsa-mik-
360-5p, hea-mik-29c, hea-mik-499 and hea-let-7F 25 simificantly wp-
regulited in senescent human mesenchymal sem cells [hMSCs)
when compared to earfy passage hM5Cs [25) MiEMA hsa-miR-2T1
was alsoseen o be significant]y up-regulated by this study but overall
had very low expression level. These varying lewelk of miENA
expresdon may suggest different requirements for alterations in
their target gene pathways.

MiE-372 and miK-373 were identified a5 mikMAs whose expres-
sion was able to bypass RAS-induced senescence in the presence of
wild-type p&d |26]. The expression of these mikMAs would therefore
ot be conducive to senescence and we include them in our analyssas
extamples of mikMAs whose targets may increase in expression durng
SENesence.

These reports provide experimental evidence for the molecular
mechanisms by which mikNAs may act in the context of
senescence. Recent meports of the regulstory effects of mikMAs
mik-17-5F and mik-24 on senescence regulators p21 and ple, may
offer further mikMAs with a mle in senescence [27.28] However,
lack of Prmlactosidase and H2AX analyss or the expected
alterations to senescence induction prevent us from being
completaly claar whether these miENAs play a direct role in
senescence. For this reason we did not inchede mik-17-5P or mik-
24 in our SA-mikMA cohort. By examining the biological pathways
that the 12 5A-miEMAs named in Table 1 can theoretically regulate,
we aim to gain a greater understanding of the bislogical changes
that these mikNAs could create that potentially lead a cell imto
SENesence.

21, Fathway mapping of senescence associoted miRNA targets shows
cell cytoskeletal, cell qcle and proliferation regulotion potential

By mapping the smalling pathways regulated by the 5A-miENAs
we aimed to better understand the bislogical mechanismes by which

they can cooperate to create the complex senescence phenotype.
The free, publicly available Sanger miRMA database contains a
registry of computationally calculated gene targets for each known
mikNA. We downloaded (25 Aug 2008) and queried the current
version of the database (mirkase targets v5) wsing Micmosoft Access,
in order to generate lists of theoretical gene targets for the 12 5A-
mikNAs. As the computational method of assigming gene targets o
miRMAs cannot assess the lewel of complementanity required for a
biological effect, we decided to inclede all theoretical targets in our
analysis.

The sgalling pathways and pro@sses that these gene targets
are involved in were explored wing the sytems biology tool
Metacome from Genego (Genego Inc, St joseph, MI). This database of
known molecular interactions, pathways and processes mamwally
curated from published data allows the wser to visualize kmown
biological systems within their data Input of the SA-mikMA target
gene lists into the Metacore database allowed us to explore the
potential biokgical implications of their egulaton during the
imdwction of senescence.

The top 5 pathways regulated by the SA-mikNAs are shown in
Table 2. Two of these maps are invohed in cytoskeletal remadelling
and are highly saturated with gene targets of the 5A-mikMAs (Fig. 2).
Senescent cells are seen toundergochanges in morphology, becomi ng
large and flattened [29), which would requine significant cytoskeletal
remadelling. Such widespread cellular modific ations would be
amociated with the alteration of many different pathways and
processes that all contribute to the maintenance of the actin
cytoskelemn. Due to their ability to bind a number of different gene
targets mikMAs provide a mechanism by which such widespread
changes could be indweced.

Changes in the processes involved in DNA synthesis in eady 5
phase are ako poentially regulated by the SA-mikNAs (Fig. 3). Of
the objects on this map 54% are potentially regulated by the SA-
mikNAs and in particular members of the MCM and ORC
complexes The ORC and MCM complexes are responsible fr the
initiation of DMA replication by assembly of the pre-replication
complexes and ensure that the pmcess only oocurs once during the
cell cycle [30). Recently the ORC complex was reportad to be able
to interact with the telomere binding protein TRF? and affect
telomere homeostags |31] Replicative senescence mlies an the
shorening of telomerss to indue a DMA damage chedpoint
response that blocks their progression into 5-phase 7] Since
senescence involves imeversible cell cycle amest SA-mikMNA
regulation of cell cycle mechanisms strengthens their possble
role in senescence negulation.

Tabie 2

The op5 padmwaysregulaed by 2l T SA-mikiAs with e preenage of the map gt
consis of SA-mIBNA grne fargets

Pastvway map % of ohjerts an #he map
regtaed by -min
T The rde of TGF and WHT in cytosiciera 3 45 111)
remodeling
F Cytogiederal ramodedling Jens@l prooses & (43 M2)
3 Cell gpdes he start of DMA replication in 552 (19,32}
early S-phase
4 Regulation of iransoription in the: SO (21,/42)
RE paheay
5 Desebopment EGFR signalling wa 413 (B/32)
smalll CTPases

Cene arget bos for each SA-mIRNA were input to Metacore and the pathway maps
which we s commenly regulaed wer examined. Pabreaysae andered by she mumber
of SA-miFNA Gres on &ch map The pesence of 4 repulingy patbways invoking
different aspets of cellular signalling and cnty one ool oyl patirway shows that tere
s more o senesoence San just ol cpcle regulmion. SA-mIRNA Serdone prasent 2
mechanism by which a sariety of S required ceflular pattway changes could be
regilawd
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The transcription factor CREB ks also potentially regulated by SA-
miRNAs (Fig. 4). CREB ks a known regulator of cellular growth and
proliferation through its transcriptional regulation of genes such as
the oncogene ¢-fos [32] and regulators of the cell cycle such as cyclin
D1 [33] and cyclin A [34]. Alteration of molecules regulating CREB by
SA-mikRNAs would therefore confer another mechanism to alter the
cell growth and proliferation pathways towards a senescent state.

The regulation of EGFR and its proliferative signalling s not
conducive to a senescent cellular environment. Consiseent with thig
EGFR is repressed at the chromatin level during senescence |6] and is
shown to be potent ially regulated by the 12 SA-miRNAs (Table 2). The
ability of SA-miRNAs to further repress these signaks provides a cell
entering senescence another regulatory mechanism by which to
ensure their silencing
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The multiple pathway alterations discussed suggest that these SA-
miRNAs are potentially regulating many of the necessary steps
required to create a fully senescent cell, from changes in the cellular

cytoskeleton to alteration of multiple pathways regulating cell cycle
and proliferation signals. Their potential to act as master regulators of

senescence could be a prospective source of novel drug targets and
biomarkers. Senescence can be stimulated by more than one
mechansm however, including induction by telomere attrition
(replicative senescence), oncogenes drugs and cellular stress. It
remains unclear whether the same pathway alterations and miRNAs
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are involved in each of the different stimuli orwhethereach stimulus
takes a different route to the same endpoint of a senescent cell, as
depicted in Fig 5.

3. nwestigation of SA-mIRNA regulation of different senescence
stimudi

In order to investigate the potential of SA-miRNAs to regulate the
different senescence stimull we returned to the literature. Using

previousy published data we queried differentially expressed gene
lists from replicative senescence in hMSCs [25), drug induced
replicative senescence by a telomerase inhibitor [35), cellular stress
by Erhanol or tert-butylhydroperoxide exposure [2] and oncogene
induced senescence by BRAF™ |3].

Each of the datasets quenied showed some paotential to be
regulated by the SA-miRNAs as shown in Table 3. Using the results
of these 4 analyses we explored the potential of SA-miRNAs to
regulate pathways with gene expression changes for each stimulus
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disoower noved dnig Qe for senescence induction.

The differences and similarities in 5A-miENAs and their targeted
[t howiays between stimuli were also investigated.

31, Pathways regulated by SA-miENAs during replimbive semescence
show inremsed cell survival and decregsed cell cyde sgnalling

By reanalbysing the publicly available gene expression data from
the study by Wamer et al, we examined the pathways during
replicative senescence that could be regulsted by SA-miRNAs
[Table 4A) |25). Gene lists of 2 fold or more changes in expression
Ietween early and late passage hM5Cs were constructed. Filtering
of these lists to only those genes theoretically regulated by the 5A-
mikMAs led to the construction of 2 liss: 85 gene targets with
increased expression and 49 gene targets with decreased expres-
sion in late passape compared to eady passage hMSCs The
pathways associated with each gene lig were then individually
explored using Metacone,

Looking initially at the pathways that have gene targets with
increased expression in Table 44, we see that 3 of the 5 maps on the
list are invohled with apoptoss and survival thmowgh the FAS and

THFR1 signalling pathways or in a p53 dependent manner. In all 3

maps the only molecules that the 5A-mikMAs are regulating are BRE
and c-FLIP. BRE is known to suppress the apoptotic pathways thmugh
binding and inhibition of the FAS receptor |36] and the THF-alpha
receptor [37] C-FUP is a potent inhibitor of apoptosis throwgh its
binding and resulting inhibition of the adaptor protein FADD |38].
Although the SA-miki NAs are only regulating 2 molecules imvolved in
the survival and apoptosis signalling pathways, regulation of the
absolute levels and timing of such signals may be one of the
mechanisms by which the SA-miENAs ensure the cells enter
senescence rather than apoptosis.

The second mist significant pathway with increases in gene
expression during replicative senescence s cytoskeletal remode lling
centering on the role of intermediary filiments. As discussed
previously, changes in the cellular morphology of senescent cells
woild require sgmificant changes to the cytoskeleton of the cell.
Incresses in ewpression of key genes regulating many of these
processes would therefore be required. The 5A-mikNAs provide one
poteniial mechanism by which these changes could be regulated

Changes to the immune response and the IL1 signalling pathway
during replicative senescance are also potent bally regulated by the 5 A-
mikMAs. The concept of the immlvement of L1 and other pro-
inflammamry networks in the induction of senescence is concurment
with current findings | ¥-41]. Therefore the ability of SA-mikNAs to
regulate this pathway demonstrates a further mechanism by which
they could indue senescence.

The regulation of cellular survival pro-inflammatory and cytes-
keletal rermodelling cellular processes would all egically be required
to create the senescent cell phenotype. These processes can
theomtically be mgulated by the SA-mikMAs, duning replicative
senescence, showing that they have the potential to regulate the
absodute levels and timings of these complex signalling cascades to
create a senescent cell.

However, these are not the anly pathways that the 5A-mikNAs can
regulate during this process. Fourout of the 5 pathways that contain
SA-mikNA gene targets with decreases in expression are involved in
varipus aspects of cell cycle regulation (Table 441 These inchede DMA
raplication in early S-phase and the mles of APC, the SCF complex and
ESHL Regulation of key maodecules in the multiple processss gveming
the cell cycle during senescence induction is critical The S4-mikMAs
regulate a subset of molecules (CDK2, EMIT, Cyclin B, SKIP2, and
COC8L) that are involved in regulation of these multiple cell cycle
pathways. This allows the $4-miRMAs to affect the cell cycle regulatory
process as whole rather than at just one checkpoint or stage. The 12
SA-mifMAs that we have highlighted therefore exemplify the
potential of mikMAs to play a regulstory mle in this aspect of
replicative senescence.

The remaining pathway containing gene targets down-regulated
during replicative sensscence i involved in dCTP/dUTP metabo-
lsm. Since senescent cells are no longer opeling, changes in
metabolism will follow SA-mikNAs may only be regulsting a small
part of cellular metabolism, the metabolism of 2 nucleotide units,
however these metabolic changes may have far reaching effects.
Furthermore, changes in dATP, ATP and TTP metaboliam ae seen
further down in the list of pathways, 6, 7 and 9 mspectively, which
are not discussed here. [t may therefore be the case that the SA-
mikMAs are able to regulate the changes in metabolism required to
establish senescence or that only changes to a few molecules or
processes are required.

Changes in gene expresson during the establishment of replicative
senescence in hMSCs are potentially being regulated by the 5A-
mikMAs. We have otserved that the SA-mikNAs targeted down-
regulation of cell cycle pathways and increased signalling by pathways
involved in cytoskeletal remodelling and apoptosis survival The
ability of a relatively small number of SA-mikNAs to differentially
regulate such diverse changes demonstrates thelr potential in the
induction of complex callular phenotypes.



M

Tbie 3
Regulation of gene sxpression skpna tunes of diffwent types of senscence induction

K Laflertp- Wiyt & ol | Bbckimion et Bisplysion Acin [792 (309 34132

AmENA  Repliasve enesenc
SNSRI

Drug induced eplicaive Oncogene indued senescene  Tew induced smescmice

Lp % target gmes  Down 49
TEEL P

Tangt gns

BHP down B
agetpenes

EOH up 10 BUHdownG 1BHFUp6
Gpt g GgE gms gt

RN

TRRRRRVRRRRR E‘EE
Eﬂ
W R R

TRRRRR VRV E
TRRRRRRRRRRR E

TRRRVRCLVRRRRR

I

Y
L T T T T
Y
L T

RRW R
R

@ ni" @ @

Ticks represant the 2 bility of gt SA-miRNA i fhene e ally regulaie one o moe genss within the sigratue. Allfur ssesom e induction sigratrs are regulaed by at bast 5 S
iRk These differences in SA-miRMA reguliton may represent the diffiering newd for regulagion of SA-mIRMA targe genes by difierent stimull. The regulason of all of the
seniegce it shga tures shudiend by e b sa-miR-450 an d besa m R 34c may demantraie thedr poien fa 25 regulatorns of mne e nce genes requined by 2l smeseence smull

12 Regulation of dnug induced senescence by S4-miRNAs also highlighs
imcreased cell survival and decregsed cell cycle signalling

Replicative senescence results from the shorening of telomeres
duringeach mund of the cell cpcle | 1], Many cancer cel s reactivate the
enzyme telomerase, which has the ability to maintain telomeres and
therafire overcome this barrier to rumoun genesis |42 | Application of
a drug that inhibits telomerase would, in theory, activate the cells’
natural senescence pathiways, poten tially inched ing the actions of the
SA-mikMAs. To explore this hypothesis we intemogated the diffaren-
tially expresed genes published by Damm et al for potential 54
miRNA regulation [35].

Damm et al. investigated senescene resulting from treatment of
lung carinoma cells with the telomerase inhibitor BIER1532 We

fil tered the pubished ganes lists toinched e only those genes regulated
by the 12 5A-mikMAs This resulted in a list of 7% down-regul ated SA-
mikMA gene targets and 49 up-regulated gene targets (Table 48]
Pathway analysis was then parformed to investigate the patential
effects of SA-mikNA regulation in drug induced replicative
SENEIRNCE

As seen previously duning the analysis of replicative senescence,
the pathways associated with gene targets showing increased
expresion involve a variety of different cellular mechanisms. Two of
these pathways am imvalved in the regulation of cellular signalling by
the molecules FTEN and Adtivin A. The dual specificity phasphatase
PTEN is a tumiour suppressor gene and regulat es cellular proliferation
andsurvival throwgh its ability o bind p53 in the nucleus [43]. Activin
A is a member of the TGHY superfamily and & involved in the
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regulation of cell growth and apoptosis [44] Both molecules are
commonly deregulated in cancers [45.46] reflecting their importance
in regulation of cell praliferation processes. Alterations in these
signalling pathways could therefore be beneficial tothe establishment
of a senescent cell phenotype. The theoretical regulation of these
processes by the SA-miRNAs demonstrates further mechanisms by
which SA-miRNAs can cause the complex signalling pathway changes
required to induce senescence.

Two further pathways associated with gene expression increases
that could be regulated by the SA-miRNAs involve EGFR and the
ERBB family. As previously discussed, regulating signalling from the
ERBB family of tyrosine kinases is an important step in senescence
induction due to their rde in the regulation of cellular prolifera-

tion. The presence of this map demonstrates that SA-miRNAs are a
potential regulatory mechanism of these pathways during drug
induced replicative senescence as well as natural replicative
senescence.

The remaining pathway assoclated with increased gene target
expression s involved with changes in metabolism regulated by the
transcription factor AP-1. Closer inspection of the SA-miRNA targets
on thismap (Fig 6) highlights the role of AP-1 in regulation of p21 and
the apoptasis molecules c-fos and FASR. The involvement of ¢-fas and
FASR in pathways regulated by the SA-miRNAs has been highlighted
earlier in this study. This demonstrates that regulation of the diverse
cellular proliferation and apoptosis signalling pathways affected by
these molecules is an important step in senescence establishment,

receptr sigming
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under both natural replicative senescence and when artificially dreg
indwced. SA-mikMA reglation could therefvre provide a mech anism
by which the absolute levels and timings of these signals can be
contmdlled.

The bivlogial pathway map analyss of the decreases in gene
expression for telomerase inhibited cells retumed results very similar
o that of the down-regulated genes in natural replicative senescence.
Fowr of the 5 maps are invohed with the regulation of vanouws aspects
of the cell cycle incheding the role of APC, the DMA damage response
checkpeint, regulation of ESE1 and chromoseme condensation in
prometaphase [Table 4B). As with the cell cycle pathways seen in
replicative senescence, the regulation of cell cycle following telomer-
ase inhibition would be a critical step in senescence induction
Targeting these multiple pathways to cell oxcle control gives 5A-
mikMAs comprehensive regulation of the process.

The emaining map i involved with metabolism of folic acid. As
previously discussed, changes in met.abolism will be required in cells
undergring senescence. However, this may ako reflect metabolic
changes invoheed in the metabolism of BIER1532, independent of
senescence, that the SA-mik NAs are also able to regulate_The ability of
SA-mikMAs to target not just the down-regulation cell opcle aspects of
senescence but also the metabolic changes demonstrates the
flestibility and compleity of their action

Looking at the pathway analysis of both replicative and drug
indusced senescence shown in Table 4, highlights the Gct that the
down-regulated pathways in both cases are cell cycle and meet abolism
related whilst the wp-regulated pathways differ between the two
stimuli. However, looking at the functions of the wp-regulated
pathways in both casesreveals a commeon apoptosis regulatory signal
Celk in repli@tive senescence appear to be signalling apoptosis
survival through FAS and THNFR1 pathways of in a p53 dependant
manner wheneas the te lomerase inh ibited cells are using the actions of
Activin A and PTEN for this purpose. Thus the SA-mikMAs are
poentialy wsng different cellular mechanisms by which to achiewe
the same goal . The 5A-mi KNA regulation of the celhelar signals behind
drug indwced and natural replicative senescence are the refore stimuli
specific whilst remaining focused towards the common cutcome of
creating the complex senescent cell phenotype.

13 5A-miRNA regulaton of oncogene induced senescene emphasises
the importance of inflommatory sigmals in senescence

Telomere eroson leading to the activation of DNA damage
signalling cascades is not the only method of senescence ind uction.
Omcogene induced senescence (015) can be caused upon either the
loss of tumour suppressor genes like PTEN [47) or activation of
oncogenss such a5 MEK, RAS and BRAF™™ [48-50]. Recent avidence
suggests that senescence induction by these stimuli is dependent
upan | L6 mediated inflammatony responses with out which the cells
bypass senescence and continwe prolifera ting | 3] The same study also
wsed gene expression micranays toexamine different ally expressed
genes between cells that bypass and cells thatundergo Q15 revealing a
sgnature of 20 genes shown in Table 5. Seven of these genes,
inclwding IL-6, can theoretically be regulated by 5A-miRNAS

De to the small size of the initial signature, and hence the small
mumber of target genes, anahysis oft he biological pathways underhying
the SA-mi KNA regulation was not statistically feasible. However, the
SA-mikMAs regulate neardy 30% of the OB signature revealed by
Kuilman et al, including the key molecule 116 (Table 5). This may
demonstrate the principle that large numbers of gene alterations are
ot always required for senescence induction, just well targeted ones.
Thie moulti ple regulation of 3 of the genes in particul ar [(C20orf26 CD55
and L&) by the SA-mik MAs may show that within this signature these
nes require the strictest regulation to ensure the swocessful
induction of senescence, although further validation is required to
test this theory.

Tabie 5
30 Differentially expremed genes upmn induction of oncogens induced sen ssenoe
hirhiihed by Kuliman e al
Gene name Reguliting SA-MIEMAS
CHOOREDS e M R-2153- 57 { 2], e -mil-2¢ {1),
2 4m iR-456 {3 ), hea-miR-24 |1 ), bs2-mil-34c (2)
D55 hesa-miR25c {1}, hea-miR24h | 2], hea-miR-24 (3)
s
OFE
FAMD1A
FAMMEA he=2-miR3T1 1)
GABRAT
CEM
(= a4 IR-359-5P (1)
s [heed -amiR-423 {1}, hed-mif-2 35 | 1), hed-miR-271 (1)
LA
IMCAZ
IMPKA
NRSAT
PO
FECAMT
FIGES h=2-mig-371 (1)
RPSECAS
TEC heasmiR-20a (1)
VLF

regul ation of inflammatory networks shown in this sud y to be keyto
senescence induction was also highlighted during our analysis of
replicative senescence. This commen regulation of pro-inflammatory
genes in respense to 2 different senescence stimuli by 5A-miRMAs is
suggestive of its import ance in senescence a5 a whale

34 Regulation of stress induced semescence by SA-miRNAs transcends
meanent o Lo Cml Core Semescence [raresmes

Senescence can also be induced by many d ifferent types of cellular
stress such as UV-B [51), hydregen peroedde |52 ], tern- butd ydroper-
oxide (-BHP) or ethanol exposure |53) Pascal et al. wsed a
combination of differential display RET-PCR and low density DMA
arrays to investigate genes involved in senescence induction by
et hanol or &BHP | 2] They revealed s gnatures of genss increasing and
decreasing in expression for both ethano and -BHP, many of which
owerapped Table & highlights the potential of the 5A-miRMAs as
regulators of stress induced semescence by both treatmenits. 75X of the
genes theore tically regulated by SA-mikNAs overlap between the two
treatment types. This may suggest that these target genes are those
that are core to senescence induction by SA-mikNA regul ation.

Of all the owerlapping genes shown in Table & four hawe mles in
regulation of the actin cytoskeleton, namely ARHGAP24, ARPC2,
MACF1 and 510044 |54.55.56) In our previous analysis cytosoeletal
remodelling has always been asmociated with genes showing
increased expression levels. Here however two of the molecules
ARHGAP24 and ARPC2 show decreased expresson This may therefore
represent specific molecules that require negative regulation in the
conitext of stress induced se nescence. Alternatively this may represent
down-regulation of genes required to create the necessary senes-
cence-assoeclated cytoskeletal alterations. This demonstrates the
potential of SA-mikMAs to e late similar processes throwgh different
mechanisms dependant on stimuli.

Cell cycle regulation has in both replicative and dreg indwced
senescence been strongly negatively regulated. Two of the ower
lapping down-regulated genes, RAD1T and CDEITL (Table &),
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Tabie &

SAmMENA tages showing dleQfons in gene expesson Jer ses indooed
senescence by sther ferk-otylpdropemocide (t-8HP) or Ethand (EGH) and ghe
e miom of their alemson, blank ool infernoefiea

Effecrofl BBHF  Effec ol ETOH  Regulasng SA-miRNAs

Gane

retment traa mment

ARACAFZS  Down Tomm Toa-miRass (2]

ARPCY Dawn Davweni Pes3-mR-ITT (2)

RADTF DT DT e {3

a7 Dawn Down e -4mR-30a. (2], heaa-miR-34b (1),
he2-4m IR-49 (2], ha-miR-34c (1)

EWSEI Dawn Divmn hesa-miR-30a (1)

PHCDH Dawn Dormn hesa-miR34a (2], hea-miR-34 (Z)

MALCF] up up T2 m R385 (2]

RS2 g up Pesam R385 {2)

LOMIZ up up hesa-miR-2Se | 1)

S00A4 up up hs2-mR49 (2)

S1CISAS g up he2-miR2T1 (1)

EEF1A1 p Up tea-miR3de (1)

TERCA uwp hesa-miR34c (1)

PNE] up hesa-miRSe (1)

TMEEN g Pesa-miR-49 (1)

ol up hesa-miR-2-4b (2], haa-miR-34c (1)

Alkoo shoram s e SA-miRNAS that can theore i e [ e s sy
nmmdwmmnmmmnaﬁm:m

commen to both ethanol and -BHP treatments have mles in the cell
cyde RAD1T specifically isimelved incell oycle amest caused by DMA
damage signalling [57). The DMA damage cawsed by reactive moygen
species in cellular senescence may therefore be activating smdlar
mechanisms of ensscence induction a5 that seen in replicative
senescence. These gene targets highlight the Got that the 5A-miKMAS
are able to indwce similar mechanisms through the wse of stimuli
specific target genes The flexibility of the 5A-miENA mechanism of
actiom allows them to remain specific enowgh fora cell to respond to a
particular stimuli whist general enough © focus pathway changes in
those cells to create the senescent cell phenotype.

Twao of the overlapping genes, EWSRE1 and LOXL2, have previous
evidence of senescence association. The EWS fusion protein has
recent by been reported as a repressor of senescence | 58] and therefiore
its down-regulation by 5A-miENAS would provide a mechanism by
whiich to prevent it inhibiting senescence induction. LOX12 however
has been wsed a5 a marker of senescent cells due to its increased
expresson during senescence |54]. These senescent associated genes
can theometically e regulated by SA-mikMAs and this may therefone
present a mechanism by which their mles in senesce nce indwction ane
controlled.

The remaining overdapping genes may still have moles in semes-
cence. These genes may be imaodved in senescence induction throwgh
previously identified or potentially novel unidentified pathways
which analysis of the individeal gene function does not elscidate.
Theeir inclhesion into larger data sets of pobential sene scence assncl ated
genes for systems biolegy analysis may help to elucidate their mole.

MiRMA regulation of stress induced senescence can therefore be
seentopotentially transcend treat ment type and incur changes in cone
senescence genes. Furthermore regulation of additional treatmsent
specific genes gives SA-mikMAs the potential to alter diverse cellular
pa thways required to respond to different stimuli

4. 5A-miRNAS repulate common cellular mechansms regard ess
of stimuli

The megulation of different senescence indwction stimuli by
mikNAs varies as shown in Table 3. In this sudy we have seen
evidence of the potential SA-miEMAs regulation of core sets of
senescence genes regandless of i ndwction mechanism. Ouwr analyss has
highlighted common wp-regulation of apoptosis signalling and pro-
inflammatory geme regulation targeted by SA-mikNAs between

different senescence stimuli. We have also seen SA-miRNA targeted
doovwn -re:gul ati om of cell cycle processes across the induction me chan-
isms. This evidence taken in combination with the large degree of
overlap bebween treatment types in stress induced senescence is
suggestive of key cellular changes that the SA-miRMAs can facilitate
during senescence induction. To our knowledge, this is the first report
of predicted miKMA regulation of common pathways megardles of
Semescence stmulus,

The fact that 2 SA-miRMAs, hea-miR-490 and hsa-mik-34c, can
regulate all of the senescence types we havwe examined takes this
comoept one step further and may swgzest that these particular SA-
miRNAs act a5 master regulators for senescence induction. Alterations
in different biological signalling pathways by the remaining 10 SA-
miRNAs could then tailor the cellular response to suit the alterations
required by specific stimuli. This hypothesis requires further |abora-
tory validation, however the fact that both mikMAs already have
experimental evidence to show they are senescence regulators adds
some weight to the theory.

5. Concluslons

Im this study we have wsed pathway mapp ing and t heore tical gene
target identifiction to create a biological framework by which totest
the relevance of miRMASs in senescence induction. We have shown not
only that mikNAs can potentially regulate genes previously seen tobe
imlved in s nescence but also regulate larger pathway alte ratbons,
such ascell cycle and oyt oskeletal remaodelling, that woaul d log cal by be
required to create the @mplex phenotype of the senescent cell
Commanly regulated pathways and ce llular mechanisms ke tween the
semescence stimuli ako demonstrate the potential of SA-miRMAS to
regulate a core set of pathway modifications regandless of senescence
induction mechanism. Furthermore, we have identified stimulus
specific pathways by which SA-miKMAs can regulate apoptosis
survival sign als in cell s undergoing dneg indwced or natural replicative
senescence. The identification of miR-499 and mik-34c as common
regulators of all sepescence stimuli we have studied may highlight
their potential as fiture dneg targets for senescence induction and
further investigation of their role in regulation of the senescence
phenatype certainly warrants further investiga tion

Ackn owled g ments

‘Wiork in the authors laborainry is supported by Cancer Research LK,
Euwropean Communi fy grants LSHC-CT-2004-502043; Health- F2-2000-
20ir250 and Glasgow Liniversity

References

1] CE Harley, AB. Fuicher, CW. Greider, Tebomeres shoren during aging of homan
fibonhilrcrs, Mamre 345 | E9E0) 458460

2] T. Pacal, F Deloog-Chainbao, A Chretien, C Bastin, AF. Dabew, V. Bestholer, |
Remade, 0. Toussaint, Comparisan of neplicaine sensoenoe and stess-induced
premature senescence combining difiewntal disphy and lowedernsity DNA
aroys, FEES lag 579 (2005 36513654

3] T-Koilman, C. Michalogion, LC W, Viedeveld, 5 Dooma, & san Oeom, O Desmet,
LA Aamden, W) Moo, DU Peper, Onoogene-in doced senesoence mlaged by an
inedeuitin-dependent inflamma ooy nerseri, Cell B3 (2008 ) 109- 1031

4] 5. Parinelb, Oxygen zan limii the replicariee lifscpon of muonine
i banhilzors (Vi 5, P 740, T003 ), b Cedl bind 5 (2003 ) 5350

5] AL Fridman, HJL Tainsziy, Critical patbevays in celluler senesence and

e by gene o an profiling, Onogene 27 (Z00E)

SOT-TET.

6] M. Manta, 5 Nunez, E Heard, M. Mani@, AW. Lin, 54 Heamn, DUL Sperng G
e, 5 W, Lowe, Bh-mediarad hedeanchnsama in fsnmation and silsns ing of EX
target genes duning ceflular wnesoen e, Dl 13 (3003 ) TE-TIE

7] FIu i Fagagna, M. Reaper, L Clay-Farrace, K Fiegler, P.Cang, T won Tglinicin, G
Sarezlid NP Caneg 5.F. Jadicson, A DNAG Thediopodnt response: in heomee-
ninared Saneosn o, Mature 405 (2003 ) BE-1EE

|2] RC le= RL Feinbanm, V. Ambcs, The Cosbgums hetenochronic gene Lin-d
encodes small mmmmmmmum E 1)
B43-E5




352 K Lty Wiyie o ol ! Bivokdwdoy o Blophysion Ao 1792 (3005) 34 -352

5] Bwig LHa, G oot f e heterochromic
e Lin-14 by Lin-4 mediaes temporal p.'ltm-l'u'lmlnn in C-abegams, Cell 75
(EE3) B55-EE

] I.M Engls, G Huvagne, Pindples and offecs of micoma-mediated post-
an scptional gene regoli ton, Onogene 25 {2006 §15E- 5

[m] m.n-ul'-- e, Curr. Opin. Genet Dew 15 2005)
flo-45

| 2| DF Basel, Micwrnas and theirregulamry rdes in planss and animals. Dev. Bid
133 IE) 575

|B| I Graffiths-jones, The micorma registry, Mudedc AcidsRes 372004 DS-DIIL

H] imm-:...ﬂ msummmumm
o mure, Nuc bsc. Aods Res 34 2006 )

D]-I]—D]ll.

|15] 5 Criffigs-jones, KK Sin, 5. van Dongen, A} Enright, Mirbase: teods for
IS 3 Teranimi b5, Minchadr. Mkt Rex 36 (3002 ) DIS4-DIE

5] CT Bammer, L Gerin, ¥. Feng, A Karrorowsid, & Kuick, RE Love, ¥ #al, T
Qordany, IS5 o, BE Masre, OA MadDengald KR (ho, ER Faamn, P5S3-
i e 3 csivariom of WNRaE4 candida v s g eeser genes, Cune Bial TF
| 3007 ) TS - 0T

|| LHe, X¥ He, LF Lim, E De Sanching, ZY. ¥uan, ¥ Liang, W. Xue, L Zander |
Mg, DU Rideen, AL Jadkson, P5. Linsley, CF Chen, S9W. Loees, MUA. Oeary, C
Hannan, A mioonna. coemponent of e P53 fumoor su ppessor e, Kz
447 (2007 ) T130-106

=] H Tzawa, M. Euchim, M. na, K Makagama, Tumos Mir-341
induce s senescen: el powth

anest thcagh of dhe EH 1y in

bman colon cancer cells, Proc Maf Acad 50 LLSAL 104 D7) 150215477

(8] X Komamed, EA Spillars, K Fojita, L Hoficws, T Yamashiz, E Appells, S0
Magachima, 5 Takenochita, | Yolota, CC Harss, Nusin 22 actvates P53 to both
dovan regulate inbhibinr of gowsh 2 and upregulae Mira4a, Mir-34h, and Mie
4 expression, and induce senesoence, Cancer Res B2 (2008 ) 3833202

[20] M RaverStapira, E Mardano, E Meir, Y. Speonr, M Rocen fd, M Moskowts, T

M. Oren, Tramscipsonal acsvation of Mir-34a contobutes © P53-
e bed apophests, Ml Cell 35 | D7) 731743,

|A] TC Chang EA QLA Kent, K. Ramas M KH L
Feldmann, M. Wmaluchi, M. Fesitg, O Lowsnstein, DE. Ascing, MA. Beeg A
Maitra, | T M endell, Transaosvation of Mir34a by P53 roadly influences gene

and |pramaes 3 popansts, Mol Cell 25 (2007 ) H5-T52

[rr] LMLIIH.IL“LI\IHII,LHII‘,H. un:u.u.nmu.
Ewnglisa, A Meratng, PP. Panddfi, G Rainabdl, The prom-onogene Lif
mpm-mqﬂm::mdnm:mmshmu
ONE 3 ({2008 ) e25T

(23] T Maeda, RM Hobbe, T. Merghouh, L Goemnah, A felent, O Cordom-Cando, |
Temya-Feidshen, PF. Pandolfi, Role of the prom-onmgene poleman in oz liular
tran foem agion and A epression, Manee 433 | 3005) ITE-I55

[24] )} Pomerantz, N SchedherAgus, M) Lisgeos, A Siherman, L Alland, L Chin, |
Pates, K. Ohen, L Owlosy, HW Lee, T Condon-Cando, A Definhic, The Ink<a tumor
suppressor gene poduc, PBad, ineaos with Mdm2 and neuralies Mdm?'s
imhibition of P53, Cell 52 (155K ) T13-T23.

[35] W Wagner, F. Homn, M. Casnbdl, A Dishimann, 5. Bork, & Saffich, V. Baes, |
Blaire, 5 Pfister, V. Folshein, AD He Replica tve seneccence o messndrgmal sem
cells; 3 comtinmens and oogan ed pencess, FLOE ONE 3 (2008 ) e77 5.

[35] PM Vaodhosw, C e s:;,u.sa:u.n.;.m M. Simep, B Naged, YP. Lin, | wan
Dujse, ). Drcest, A Griedegpoce, E. Fonrynsk, W Yabug, G De Vim, K Ngima, LH.
Mm&thmmwtﬂmmdmu
aficgenes in essoular germ cell mmers, Cal 124 (2006) 169- 11251,

27| L Fontana, ME Rorl, 5 Allini L Ofaldi, 5 Clowinarzi, M. Forlond, R Boddrind, A
Donfanceso, V. Fadenicl, P Chomind, C Peschie, 0 Frcl, Antagemir T7-5p

.

abolithes #he grow of therapy
Plof DME 3 {3008 ) 227365

[2=] A lal HH Kim, & Abdedmobemn, Y. Krwano, B. Pollmann Jr, 5 Srilantan, B

X Yang, F Ahmed, F Savanrg D Dylodioon, |
mnmgn]qlm:uﬂuwn’ummmz
| HO0E ) =155

[29] MG Bemube, | R Smith, 08 Pereio Smith,
Am. | Hum Cenet 62 | B9E) 015100

|[30] 5P Bell A Dutm, DNA replicasion in eularyosc cell;, Ann Rev. Bichsm. 71
| 20O ) 333

(3] ¥ Tatsumi, K. Boura, K Yeshida, T M. Marismwa-Saite, T Kiyono, § Ohta, C
Diuse, M. Fujita, imodvement of homan Ox and Tri2 in pre-replicason com plex

Cenes Tl 13 2008 ) 10451059,

prh FE] and Bim,

The genetics of celiular senesoenoe,

|35 K Damm, W. Hemmann, P Gasn-Chesa, B Haoed, L Kaffmann, B Prepie, ©
Miegra], © Daiber B Ensnicel, B Collliand, L Lagnitsch, £ Mulleg, E Fasooldo, G
Sauter, M. Pantic, M. Marens, C Wenz, |. Lingrer, 5. Kraut, W Remg, A
P. A highly selective Elomerase inhibior Mmisng human cancer cefl
ﬂmmm}minnm
|36] @ 14 AK Ching, B.C. Chan, 5. Chow, FL Lim, TC Ho, W Ip, CK Wang CW.
lam, KK Lee, JY. Chan, YL Chul, A dearh recepor-assecaed ant-apaptotc
proein, Bre, inhibits mimchondrial apopiotic partvway, | Biod Chem. 279 (2004)
SI0E-5IE
37 C Gu A Caselin, ¥, Chan, M.V, Chan, Br: 3 modulaor of Tndalpha action,
FASER | 12 | BSE) T101-T10E.
38| A inmier, M. Thome, M. Hahne, P Schnsider; i Hofmann, V. 5einer, | L Bodmer,
WAL Sctraer, B Burre, C M atemann;, D, Rimaddi, | French, | Eocteq, Inbibition of
dearh recepans signals by celiular fiip, Mamre B2 (1997 190-185.
1= Lmucmt,nmmﬂ,an’m:mumu qﬂ,cm
Mazoeds, W. Han, M. Vacoas, R Sema, A Colaoo, P Sdlingardl, Ceme
time.carias Jnalyss of et in UST-Mgand Dbarg a5
ghistasrana cedl e, Mol Cancer 7 (2002 65
|| umum?.m?.mtm;mdmmmu
cefinlar sanerance of hillary spithelial colls i masiaed v coidanive sirecs and
actiwathon df Adm :a oobtore shdy, Fee Radic Rex 47 (J00E) 525-53F
ehd, A Mackay 5. Berreentl, 5. bemadll, PoArora, M) OHae, P5.
'I'n.nn:rqﬂmd networis and cellulir ssnescence in homan mammary
fitroblachs Mol Bl Cal Eimhgﬂ‘—ﬂﬂ.

|| YE Deng 55 Chan, 5. Chang, ard mmour supp the
muuhcmrsqm:m
||| T Chang, D) BV slam, WE Selflers, H ‘W, Pran
rmchear focaliz avion s regulaed by stss and medisres P53-dey

e sup peession, Mod Cell Biol IE (3008 ) 32813289,
4] K Takabe, nmlmmtmnnmtn.mt
WAL Ve, uption of Jorivin 2 2wnorine negula tion by
il “‘_ ¥ tides 2 lver tumor cell proliferason,
Endaorinology 10 | 1996 I115-332
46| Mo, & Wang, & Qilac, L Visanom, PA. Wamon, C L Sreryers, KW, Murine el lines
demved fom Pren ol pecetar: cancer show the coitical robe of Pen in honmons
refrac iy proctae cancer development, Cancer Res 57 | 2007 ) S0E3-S0E1
48| ]s;ams,mmm Rademaber, T Wondnofl, Downsegolason of
activin Ecepnrs, and smads in high-grade beast cnces, Cancer Res 63
1m:3m-3m
|47] L Chen, LC Trotman, D. Shafler, KK Lin, £A Dotan, M. Nk, JA. Koutcher, HL
Sgher, T. Ludwig, W. Gerald, C Comdon-Camdo, PP Randodfi, Crucal role of P53
dependent cellular senescence in suppession of Pendddfident mmonigenesis,
Nahure 435 (200%) TI5-T300
42| AW. Lin, M. Bar@das, O Sone, L wan Ace, M. Semano, 3W Lose, Fremaire
sensence imrolng P53 and P16 & aciaad in response Do constinmhe Mek)
Mapic € signaling, Genes Dex 12 | 1998 3008-3M5.

48| 5. Counpds-Cor, 5M. Genther Williams, EE Recreir, BW. Johnson, LT Mol
ﬂﬂj‘ CM. johannecen, PE Hollohsin, M. MaoCodlin, K. Chchowesiol, A negatve
feadhack cignaling nerwork undesies onoogene-dnd uced seneccence, Cancer Call
10{ DE) 459472
90| © Michaloglon, LCW. Vredeweld, M 5. Sengs, C Denoyelle, T Kullman, C van
der Hamt, DM, Majoor, |W. Say, W) Mo, DS Peaper, Braf] B600 -2 socaed
semesrence-lie oell cprle amest of homan Mass, Mamre 436 (7006) TH0-T24
51| F Debarg-Chainien, O Barkon, T. Pacal, V. mrmn.lume,auma,
B Frigus, F & longuesille, 5 Boffe | Remacls 0. 7
muw-:mmmmtwp-m:eme
thmugh the Tal-Ben ] signaing partway, | Call 5o 112 (2005) ME-TSE.
|=] C Fripplai QM. Chen, 5. Blanow, JP } Remade, @1 Toussaint,
ranesonmin g growith Sotor-Bata 1,
wihikch i dhuces hicemarieers of celiular senesrence of homan diploid fibeblass, |
Biol Chem 376 (3001 ) 3531-2537

|=] F Dumon, F O F. Eliarrs, C Pedrof } Remade, C Korh-Srandt, ES.
Gonees, @ T i, guressian of apadipor ] in hinman
raie s againgt cpintoucty and pEmamre senescen oe induced by athanol and
St 7 (T002) 7335

[54] M Kanh, M. K2, e nei carion and charaeniza tion o At @4 and Arhgap 25
Fenas bn silico, Int | Mol Med 14 (3004) 333338

|| KM Daughernty, BL Goode, Functonal sudfaces on the F35/ Arpe? subunin of
A2/ 3 coamplex reguined fior celll groweth, actin e lea tion, and endecyinsts, | Biol
(heam. 53 0008 ) 16990 - 15998,

|58| H.H!,R.Pﬁ:lﬂ,ﬂ\' Heizmann, B M, C Decaestaciern, Extacelufbr 51004

fran sciption of C-Fes, Mol Cell Bid 15 | B9E) 967977,

B3] R Lee, C Afbanee, B). SEngs, G Watanabe, G Inghirami, CK Hanes, M
m;w;m;s.mqmmmmmvm:mﬂ
cyclin 0 reguires calabomtve in betwesn S extmeelolr signal-
Egulated knase, F3E, and Jun mm—irﬂehmpmm
dement-binding proein and acvating tRmoipion Gonr? in FpS0{V-Erc)
signalling in breast cancercells, | Biol Chem 274 | 1999 T341-T350

[34] C Desdouers, G Manesic, CA Mding, M. Foulles, P. Sasonecrs, C Bedhot, |
Sobcraichepot, Celloyde regulason of curling genewoxpression by the cydic
Amp-TespmnSve transoipson Gonrs Ceb and Crem, Mol Cell Biol 15 | BS95)
3303308,

rae of atrocytic mmor el by modifying the
d' their adtin cytoeioeb=tan, Biorhimica B Bioplvysca Ada-Potsing

amd Prtanmics 1600 (2007 ) 223,

|57 K Dahm, W, Hubscher, Coloraizagion of human Rad17 and Pona inlae 5 phase of
the ool gpce upan e plicafion b, Dnoogene 21 (2002 ) TAO-TTEL

=] HM Hu, A Sielinsca-Reiakowska, K Munro, | Wikoo, DY, W, L Yang HA.
Chanskcy, Ews/Fil1 5 ppesses netinoblastama prabsin function and ssnescence in
Ewings samoma cells, | Onthop. Res. 395 {2008 255553,

|38 BC Muller L Wedier, K Paasch, B Feindt, V). Enpenbeci, |6, Hohifedd, M. Knog, M.
Mairashima, D. Branschesd, H Magmussen, BA jomes, 0. Holr, long fibrobla s
finoem p e s wiith e pibvysema shovs ma riers of senesoenc e in i, Respir. fes. 7
{2005 32



OPENG) ACCESS Freely avallable online

@ prosone

Dynamic Telomerase Gene Suppression via Network

Effects of GSK3 Inhibition

Alan E. Bilsland', Stacey Hoare', Katrina Stevenson’, Jane Plumb', Natividad Gomez-Roman", Qaire
Cairney’, Sharon Burns', Kyle Lafferty-Whyte', Jon Roffey”, Tim Hammonds®, W. Nicol Keith™

1 Corare for Omocbogy and Appled Pramracoiogy, Univerdly of Ghogow, Canoer Resench UK B
Kingdoan, 2T aner Reseandh Technology Lid, Wollsen lrciute for Bioarhdical Reseanch, The Casdd

I3k - o
£

i Estine, Bearncen, Gamgow, Unitad
Bulclimg, Lowdon, Unined Kingd

Abstract

Telomerase contraks tedomers homeostasts and cell immortality and s a3 promising anti-cancer target, but few
small molecule tdlomerase inhibitors have been developed Reactivated transoription of the catalytic subunit hTERT in
cancer cells controb tdomerase expression. Better understanding of upstream pathways is oritical for effective ant-
tdomerase therapeutics and may reveal new targets to inhibit ATERT expression

MeathodelogyPrincpal Findings: In a fooused promaoter soreen, several GSK3 inhib itors suppressed RTERT repanter acthaty.
GSK3 inhiib thon wsing 6-bromoindinu bin-3'-oxime sup pressed hTERT expression, ted omerase activity and tel omene leng th in
several cancer cell lines and growth and ATERT expression in ovarlan cancer xenografts. Microaray analyss, network
moddling and oligonudeotide binding asays supgested that multiple tramscription faciors were affected. Extenshe
remadalling invahdng 5p1, STAT3, c-Myc, NFeB, and p53 ocoumred at the endogenous KTERT promater. RMAI screening of
the RTERT promoter revealed multiple kinase genss which affect the ATERT promoter, potentially acting through these
factors. Prolonged inhibitor reatments caused dynamic expression both of ATERT and of c-Jun, p53, STATS, AR and c-Myc

Our results indicate that GSK3 activates hTERT expression in cancer cells and contributes 1o
tdomere length homeostasis. G563 inhibition isa dinical srateqy for several dwonic diseases. These results imply that it
may abso be wseful in cancer therapy. However, the complex network effects we show here have implications for either

setting.
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Introduction

Telomerase & a ribonucleoprotein meverse tansmptase which
oouneTacs telomere atiriton in dividing cells by synthesising
telomere DINA [1]. Telomerase activity requires the catalyfic
subunit KTERT and the ENA subunit #TERE, which contains the
are over-expressed in cancer cells relatve to somatc cells and
mast human cancers. Telomere homeostasis & essential for cell
mmmorialmaiion and ielomerase 5 an atiractive ant-cancer arget
[2])-

Telomerane expression in cancer cells & dependent on aherrant
KTERC and ATERT tramscription, resulting fom multiple svents
including altered signallng and changes in the promoter
chmmatin envimnmens relaive o normal cells |3, However,
the claned promaters also have cancer cell spe cific activity, leading
many grmups 1o develop telomerase-specific gene therapy models
[#]. Several transcription facioms alfecing sach gene promoter are
known. The ETERT promaoter, for example, 5 regulsed by
multipl faciors inchding Mye, Mad, Spl, STATs, EIF and pa3,
amang athers [5].

@ Plo% ONE | weww ploone arg

Crrent clinical traks of ielomemse therapeutics inchide several
immunatherapeutics, an oncolytic adenovirus, and GEN164L, a
maodified aligonucleotide telomerase inhibitor [2,5,6). Targeting
telomerse transcription wing signal ransducion inhibios may
ako hold vahue [2,7]. However, signalling events upstream of the
telomerzse genes remaim poorty undersinod and m most studies m
which signal framsduction inhibitors have been found to aflect
expression of telomerse genes, long £rm treximent 0 exmine
effecs on elomere length and telomere dependent senescence
have not heen perfarmed. In this study, we tested whe ther focused
celbhased screening using welldefined kinase mhibitors could
provide a pladorm to identify new telomerase regulainry pathways
and candidate targets for pharmacological intervention.

We show that ghoogen synthase kimase 3 [GEKS) activates
HTERT transcriphion and characterse the pathway upstream of
KTERT. GESKY inhibition reduced ATERT promower activity,
expression, il omemase activity and telomere lengths in several cell
lines and suppressed tumowr growth and ATERT expression in a
xenaograft model. Therefore, GSK3 mhibiton may be an
approgriaie anti-cancer strategy. Prolonged GSK3 inhibition
AITHD cells profoundly reduced telomere lengths, interestingly
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however, RTERT expression was not stably suppressed but showed

GSK33 and i soforms, which are both tugen of GSK3
nhibitors, vanously regulate diverse cellular processes nchiding
and sem cell seif reneval through phospharylation of multipl
subsiates in several distinct pathways inchidng ¥nt and nsulin
signalling [8,9]. We present a network made] of 8 TERT activation
and show that GSKY inhibition affects multiple trmscription
{actars converging on ATERT. Interestingly, expression levels of
several tramscription factars were abo dynamically regulaied under
profonged GEKS inhibitor treatment, that (5K may
contral steady stae behaviour of the netwark. A whole-kinome
BNAI screen of the ATERT promoer is inerpreted wsing this
muadel to predict rational combinatorial targets to enhance anti-
tebymerane effects of GSKY mhibitors.

Results

GSK3 activates the ATERT promoter

In a forsed screen of 79 well characteried kinzse nhibiins,
AZTH) cell wene transiecied with ATERT meporter construct and
ﬂhpmtumﬁh:ﬁmmuqmmdmmpﬂ each inhibitor for
16 h Six compounds suppressed promaoter activity by at least 2-
fod (fgure 1A, Compounds 30 (Ro-31-8230, bis indole
maleimide famihy 4 f-4old), 64 (indimubin-3"-monoxdme, indirubin
core; 2.2-0k) and 79 (kenpaullone, ndalo benazepinone core;
11.1-ld) are all reported to inkibit GSK3 [10]. The other hit

were: 76, typhastin AG 1295 finhibitar of FIGFR
(1] 50, S-iedotubercidin inkibitar of adenosine kinase [12]);
and 55, SL4312 finhibitar of PDGFR and FGFR [19]).

To extend the chservation that diverse GEK3 mhibitors
suppress ATERT promoter activity, we perfrmed ETERT reparier
sy anad paralle] MTT asays, tirating the selective inhibitars
AR-AD14418 (benzyl-thinzclyl ures substructure), TWS119 [pyr-
ollopyrimidine core), and 6-bromoindirubin-3-oxime (IO,
madinubin core) the GSK Finactive B0 denivative 1-
ety RO (MeBIO) [ 10]. Structures of all GSKY inhibitors used
in this study are svailabl in apporting figure 51, A.]]mppn'hrg
figure and file legends are gven in supporting file 54, Active
inhibitors of different chemotypes, but not MeBIO, n.ppu'em:d
ETERT promater activity at sub-inxic concentrations (figure 18,
At optimal doses of 10 M (AR-AD1448) and 5 M (TWS119 and
Eﬂ]pﬂ'ﬂ'ﬂdﬂ'mtﬂwmﬁﬂﬂ 7% and 5% of coniral. BIO
and MeBIO were abo firated against the ATERT reparier
5637, C39A, A543 and HOT116 celk (figure 1C). BIO, but ot
MeBIO), suppressed the ATERT pramaoter in all cells with iS50 in
the range 54pM-I2 M. Simibrl, BIO, but nat MeBIO
activated "l Iq)-nﬂ'tﬂ'ﬂ:ﬁl'ityilia]]l:ﬂ'ﬂ:,il‘l‘liﬂ:il‘ef
specific GSKAP mhibition (supporting figure 51

Ta further characerie the ofiect of GSES on the ATERT
mpn'tﬂ'wenmwudm“hﬂ, miWntiA or haman IYVI2 n
ﬂﬂimﬂh‘qnﬂ‘uﬂiaﬂnﬂﬂﬂfﬁ”ﬂmﬁ“ﬂtngﬂ]h@
Additionally, we examined the effect of frcatenin over-sxpression.
Bath Wnt and u\rl.ﬂrﬂi'lmﬂiﬁmﬂfpﬂmdﬂ'arﬁmhﬁm?,
HCT116 and A5, Wl hadﬂ:mwwd‘ma:duvuﬂu
weakest (figure 24). Only mWnt3 had a sgnificant effect in A2780
amd the effect of mWntiA wes not significant in C33A. Fromoer
mremion wa not comelsted with besal frcatenin sxpresion
ifgure 28] For example, despite bow expresion in A543 and
constihively stable expression in HCT1 16, each construct had
similar effects, reducing promater activity o 32% of control
fmWnt3), % fmWnt5A) and 14% ([DVLZ) in HCT116 and 33%,
8%, and 15%, respectively, in A549, Inkrestingly, wik type -
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catenin induced promoter activity in HCT 16, A58 and (334
Supporting figure 53 shows the oiect of each consiruct an
l-npﬁ.ﬂ'irqlntaﬂm m each cell line., frcatenin and DV
generally msubed in the strongest mcrease of Topdlash activity,
whereas mWntiA had 2 weaber effect Interestingly, mWnid
mildy decressed T activity in some cell. The eflect of each
transfection on canonical Wt signalling presumalbly depends an
the specific st of the pathway in each cell type.

To confirm that GERI[ regulaies the §TERT promoder, we oo
transfecied each cell line with reporter and with 50 nM GSK 8-
specific sIENA (fwe GSES frmpeciic sENA were ested-siRNA-
203 and sIRNA-4239, Both sRNAs wested reduced
activity in 2l cells relative to non-mpecific control (Figure 20, Al
effeck were significant ewcept sENA-2099 in %697 celke
Promoter activities betwesn 30%—75% of control for
SIRNAZI and HRI% for siENAEHIY =t #h pst-
transfection. Bath speci ﬁ:nﬂh:ﬁ;ﬁmﬂda{:ﬁﬂﬂkm
in AZ780 at 5 nM figure 2. 5 ENA-4239 produced 2 greater
knackdown than siENAXNS and, nterestingly, abo resulted n
same knockdown of GSR32. The GSK32 tansmipt & highly
homalogous with that of GSK3f in the 42099 trget sit, sharing
16418 nucleofides. It & possble that GSK % kmockdown might
nuclentide specificty of the RNAi mechankm, it & perhaps mome
plausible that GSKIP aflects (G534 expression. Together thess
data confirm that GSKY activates the coned A TERT promoter in
multiple cell hnes.

Functional specificity of BIO

Specificity of the GSK 3 inhibitor BIO was assessed by phospher
specific multiplex western blotting. AZ7H0 were trexted with
DMSO), 5 M B, or 10 pM rosmovitine to contral for inhibition
of possible afftarget kinases CDK 1, 2,and 5 [10]. Protin samples
from trested el were separated by SDEFAGE using single-well
1% Bl mis miinigels and hlotted onto FVIDF filters. 24 indfvidual
lanes were isolated on the flters using 2 miniblatter dual
apparatus. To provide a detailed view of effcts on GEK3
signalling, each lane was probed with an indwidual antbody or
antibody cockizil i quantify expresion (fgume 3A4) and phos-
pharylation (figure 98] of multiple proweins invohed in GSK3
signalling and other pathways. Intensity change of quantfiable
bands reldive to contral was aseessed by densitometry. Note the
lag scale in figure 3A.

BIC) treatment strongly nduced Proatenin | 30.8-fkd), oyclin I3
(A3ald) and gheogen syndase (GS) (6.4-kd), which are al
destbilised by GSK3 [14-16]. Expression of cyclins B1 and E2,
pA0-RSK, STATS, c-Jun and IkB were abo increased by amund
-3 fold each. It has e d that c-jun and IkB
sability are abo regulated by GSK3 [17,18]. Roscovitine akso
mildy induced cyclin D1 (2.740k) but, in contrast with BIO,
decressed frcatenin (#9% of contmi) and cyclin B2 [34%). As

} reported, mscovitne induced MAFR phosphorylation
[19], while BIO blacked ation on AKT $473 (79% of
controll, HO-RSK S300 (12%), STATS 8727 (26%), and GS
(3%) and induced PPla T420 phosphorylation (4+$4old). Thus,
the effects of BIC) are consistent with GSK3 inhibition and largely
non-overlapping with thase of 2 paniCDK. inhibitor,

BIC inhibits endogenous telomerase

To deermine whether (53 inhibition suppreses sndogenaus
telomerme, %37, HOT116 and AZ70 cell were cultumed
continumely in kg phase with BIC or DMS0 given twice-weekly
for five weeks. Drug was not emoved between freximents. Cells
were counied weekly and at each fime point ndividual cell pellets
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i Ro-3 182X & indimbin-3-monoxime; 7% kenpaullone. Mean of 3 experiments. (8] ATEAT peomater inhibition and toxiity of GSKY inhibitos.
AT cells were tansieded with hTEATHucferase mpodter. 32 h lter ks were teated for 16 h with compounds at 20 pM, 10 pM, 5 p, 25 pM

and 125 pM or DME0 for 16 h paor to ludferse s ay Paralel MTT aesys of mompound toscrty wene

. Mazsn SEM of 3 expesments. {0

B0 suppresses the hTEAT peomoter in maltiple cell Bnes. Cells were tensfeded with hTEAT-hucifesse reparter. 32 h ister cells wene teaied for 16 h
with inhibitor tirafions as in {#) prior to luciferase amsay. Mean=SEM of 3 experiments.

dac1013 7 ourmal ponefioisd $9.9001

@: PLaS OHE | werw phmoneong

July 3009 | Valume 4 | lssue 7 | o459



A
3
movL-2 s
E H it "
u 257 g J_
: OB Catenin
o
7 2
& 15
z n
o
" ns
o {-nsg ns b
] [Ty
L]
] "
= 05 E -
L¥] . (1] =
= L1} s
L R R
i |
BETRO B53T HET116 A54G
c
12
o
4
5 ns .
L
E ]
£
é o e
s L
m
i
W
-
=
3
R - R - W R
REcREBZEE A
™ ™ |
= L =
A2Ta0 5637 HET116 4549

G Activaies Telomerase

B
[Va]

- -
® p o Ff
- I )

fig R TR

T dBF 0

T

--w [*-zatenin
...,_;__ERI{

L334

. w & | GEKLx
v = GRKI

e

C33a

Figure 2. G5K3f activates the 75T promoter. (A] Wnt sigraling inhibits the hTEAT promatec A2F80 @ ls wem transfecied with hTH THuciferase

and the Oy &

apression vectars shown 43 h bater wporber actvities wem determined relstive to empty vector. Mean=SEM of 3§ esperiments {nc not

sgnifiant *: p<0% ¥: pQ01). ) Basal freatenin expression in X0 g proien samples was analysed by westem blotting. The experiment was

twire A

epresentative blots are shown, (C) GEK3[ AWAI inhibis the ATEAT promotec AZTS0 celk were teinsiected with hTEAT-hucfierase and
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expe Aments {rs:
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were taken fom both contral and treated cell for telomere length
anahysiz, BFERT expresson anabmis by RT-O0PCE, miomarmay
analysis, western Hotting of (:5K3 nhibition markers, and for
TRAF analysis of #lomerase activity (figure 30). At the time of
sampling, drug had not been replenished for 3 das BIO
concenfrations used in these experiments were 2.5 pM (AZTHI,
1 pM (HCT116) and 5 nM {5637

Western H-.'l1ing' W pm'lnnmd to deiect kvels of E—r.umi'n.
x5k and expression and phospharylaton of (5 and P12 o

- |
@ Plos OME | www_pleoneang

each mmpling tme paint (fgure 311 freatenin & constnutively
sthle in HCT116 hut was alo unaffected in the other cell lines,
presumzbly ndicating rapid retum to basal levels 5 the efiects of
BI0) dmmsh betwesn trextment and mp}mg However, (x5
S phosphorylation decrezsed progresvely i all BIC) treated
cels and it expresmon was abo moresssd throughout i AZTHD.
Therefore, (z5K3 was nhibited in all cell lnes. Additionally,
increased P12 T3 phosphorylation and reduced GSK32 and P
expression were detected atall tmes in AZ780 and HET116.
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Fmlonged il omemse mhibition & predicied to result in growth
plateau by analysis of cumilative population doublings (FLJ), but
this wa not cheerved over five week BIO treatment, though
treavied cells grew mare slowly than controls (Figure $4). Average
growth rates were amund 7 FLV week (contmol] and 6 FIV weelk
(BICY) for 5637 and § LD fweek (control) and 7 FI/ week (HIO) for
HOT116. However, AZTH gowth rates decressed wnder HIC
treatment. Controk grew steadily ot approximaiely L5 POV week,
wherezs BlO wreated cells had an mital mte of § FDYwesk,
dowing to <7 FI) by day %.

RT-QPCR anahsis confrmed that BIO RTERT
expression in all three cell lines (figure 4B). In A2700, KTERT
expression under BIC) treatment was reduced 1o 25% of control an
day 2. Expression in mreabed HCT116 was 7% of control on day
28 and in 537 was 24% of contmol on day 21. Anabysis of ATERT
ﬂumﬂminﬁﬂ?ﬂuhmﬂmmm‘ﬂu
full length tramscript (supporting figure 54). We observed that
ETERT expression in BIC) treated 5637 retummed to contol keve ks
an day 35. Ths ohservation & expanded helow.

W next performed QPCR-TRAP analysis using the TRAPeze
XL kit to delermine telomerase activity in contral and treated
:u:rph.(.d]p-ﬂkhﬁ'maﬂtmpuntm Iymed in CHAFS
bufer and incubated with maction mix containing
TS and I'LI"mehaanmtoﬂunmhn] K2 primer. Each
asay nchided no-ielomerase, no-Taq, and heatireied contmok,
QPCR detection of fluorescein lsbelled RF prouct confirmed
that telomerase activity was reduced by BIO) ifigure 40). TRAP
activity was educed in all BIO treated cells by day 7 (A2700, 74%
of control;, HOT116, 59%; 5637, 67%) and generally diminished
over the treatment, reaching % of control in AZ700 on day 21,
then increasing shighfiyto 57% on day 5. In 5637, TRAP acthity
mar o days 14 and 21, appmaching contral activity before
Teoammencing 2 dowmward trend o reach 71% by day 35, though
ﬂmrﬂm:ﬂmmmﬁﬂmmmﬂy:@um
HCT116 TRAF actvity decreased continupushy to 3% of contml
levels by day 35

'l'mhgﬁuwmrmwﬂﬂhaﬂmﬂhﬂu
determined by lomere restriction fragment (TRE) analysis
ifigure 4. CGenomic DNA wa exracted from contml and
treawed cell pellets and digesied with Hindl/Rsal. Digestion
Wuuesqnntdhyehchuﬁmma:dam}yﬂby

thern blotting using a DIG-labelled lomers sequence probe
to deie rmine telymere length range. The decreases were small and
were mast evident at laier fime points, consistent with the short
treatment periad. In HOT116 we also observed reduction of the
overall signal in treated samples. Theredore, GSKY inhibition
suppresses ATERT expression, telomerase activity and decresses
telomere lengths in several cancer cell hnes.

Metwork model of hTERT regulation

Ta characterie the mechanim of ATERT repression, we
performed micmarmy expression analyss using clINA from day
21 contrl or BIO treated ALTHD. Thres: inde pendent treatments
were analysed in duplicatr. Mean intensity of 144 diflerentially
expressed wranscript IDs changed by 5ok, p=<.01 between
control and treated cells acmss all l'[a.w.ﬁg:l‘k:l‘t"]]:i:tl\dﬂi
fold intensity changes of the differentially expressed genes used for
madelling ame available in supporting file 52 The full MIAME
compliant aray data have been deposited for pubic acoes m the
Gene Expresion Ommibus, The profile inchided multiple
tramcriptional targess of Wnt signalling, such as uPAR, Eph,
Runx?, stromelysin, bred, Fitx?, lslet], Tef 1, LEF1, dickkopi-4,
axin-2, WntiB and Wnt11, consistent with ongoing inhibition of
(5K 9 on treatment day 21.
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Network modelling was performed on the profile wing
MetaCore from Genego Inc 2. 622 unique datbose objects
were Tecognised (note that several tags may correspond o 2 single
genel, We first icentified networks centred on individual high-
degres transcription fcior neighbours of differentially expressed
figure 55). All 144 unique genes from the ten highest scoring
netwarls were combined in an enriched list and a best-fit
transcriptional network was generaed using the autoesagpamd
algorithm, Network size was aptimised to inchde all diferentially
expressed genes from the enriched st (29.2% of all input genes|
(supporting figure 56.

The analysis metumed a nework imohing NFiB, ESR1,
STAT1, CREBL, c-Mye, pi3 and AP-1 (figure 54; blue and red
circks adjpcent o netwark object ioons represent fald intensity
change with valuss given in supporting file 53). Thus, altered
activity of these transcription factors may significantly contribute
to the observed BIO treatment profile. We therefore determined
shariest paths between (GSK3 and these high-degres nodes sing
the analyse-network algorithm (figure 5B). Interestingly, ATERT &
returned by this analysis 25 a high profability component of the
final network, defining a candidate network Inking GSK3 and
telomerzse. For clarity, anly network ahjects dovwnstre am of GSE3
or upstream of ATERT are shown. The am]y:nsuﬂuhﬂnt

multiple transcription fctons may participate in regultion of
KTERT by GSK3, including some ar all of Spl, E2F1, SMADS,
STATS, HIF-1%, Androgen Receptar (AR}, p3d, cMye, ESRI1,
AP-1 and NFiB. All are reported 1o regulate 6TERT or its doned
promader (5] GSK3 nhibiton may affect ther activities both
directly and through several e ffacion.

Metwork validation

To valichte the madel, we first performed a muliple x consensus
olignnuckotide binding sy using the protein/ INA army | bt
from Panomics. 56 hiotin-lahelled double stranded consensus
transcription facior binding sie probes were mixed with nuclear
extracts of AITHD treated for 16 h with DMSO or 5 pM BIO.
[3sA-Fmotein complexes were bond to spn columns and
u:buu:dpunbewa}udﬂhuﬂpuuh:mmﬁﬂmmdmﬂ
hybridised to an unbbelled membrane amay containing ot of
each consensus sequence. Hybridisation of labelled probes to the
membrane, ndicatie of binding to the nuckar airact, ws
detected with spmvidinHRP. Figure 50 shows densitometry of
quantifable ot showing =15-fokd intensity change in BIO
treated calls.

Sgnak for o-Mye, and Smad3/4 binding sequences wene
reduced by 2.1-4kd and 1 3ok, respectively. Increased signal was
detected for NFkB (15-6k), pi3 (Mald, Spl (394dd and
STATS (3.9-fokd) consensus sequences. HIF-12 was not mepre-
sened on the amay and we dd not detect altered hinding to
sequences for ESR1, AR, AP, or EIFL. However, longer
treziments may ako affect these fartors. Several other consensus
seqquences also showed alered binding activity and ther cognate
transcripfion factors may abo participate in the overall eflect of
GSEY nhibition.

To validate 'Lh:mmﬂ Hlﬂ'l i hTERT, we performed
chromatin i ) of Spl, STATS, pid, c-
Myc, and NFcH phi m ""Ilh H-Um’ DMS0 treaied AZTHI.
QPCR detection of the 5TERT promoter in precipitates mevealed
repressors (Figure 50). Detectable mmmunareactive epitopes of o
My, ph5 and p53 weme mduced 2%fokl, 4Bl and 2-iokd
respectively, while that of STATY was incmased +.5-bkd,
confiming that GSKY nhibition mpidy affecs the ATERT
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promoter envimnment invalving dnect regulstion by at keast for
factars suggested by network analysi. Spl binding to the #TERT
promoter was maffected by 16 b BIO teatment Interes tingly,
RTERT epresion in 16h BIO wested ATB) was mot
significantly mepresed and was even slhightly increased, suggesting
that pramater remodelling may pmoeed dynamically in longer
treatments (supparting figure 57).

BID inhibits ATERT expression and tumour growth in
xenografts

To determine whether GSK3 inhibition suppresses ATERT
SXpression in a tumaur madel, we inoculated AT into athymic
mice. IO (2 mg/kg every second day or & mg'kg twice weekdy)
or vehicle treatment was inttiated via the niraperioneal mute
when mean tumour diameters reached =05 cm lumours
contral anmak took 78 dos to incease fvedold n volume,
whereas the tme faken was 13,1 days inthe 2 mgdkg BIO goup
and 169 days in the 6 mg'kg BIO group figure 64). No overt
ticity was observed i teaed goups. Therdore, BIO
suppressed growth of estblshed A278) xenografis.

Animak were sarificed afier 3 weeks treatment at 2 mg/kg o4
wee ks treatment at § mg/kg Tumours were harvesied for QPCR
analyis of ATERT expresion (fgure 68). Median RTERT
expression of the control & fed at 100% (rmnge 7102%—
138.74%). BIO) treatment suppressed ATERT sxpression o similar
h-akinbﬂhmmmm Lhdimup'u:inm‘in'ﬂuﬂmg."lg

was W% that of the control group 34905 %
95.55%) amd 55.01% in the & mg/kg group (4 5% -895.33%). The
e bifive decrexss In each treaied group wes statistcally significant
= determined by the Mann-Whitney test (p = L026). Therelon,
GSK3 inhibition suppressss ATERT expresion in established

AZTH) xenografis,

Dynamic regulation of hTERT expression

To determine whether persient inhibition of GEKS results in
t:humcltpﬂlhmgmﬂlmthmmm&,ﬁﬂ‘?ﬂﬂm
cultured in the presence of DMS0 ar 25 pM BIO for 25 weeks
vﬁﬂitwﬁwuﬂydn:h‘lg’uinﬂlnﬂ'ﬂiukhfgﬂ::lﬂiﬂlm
counied weekly and analysis samples taken every four weeks. We
again examined markers of GEK 3 inhibition by western blotting
ifigure 6. Because af decreasing growth rates, msufficient protein
was obiined in day 3 BW) mested cells. However, in earher
experment (5K 3 was inhibited at ths fime point (figure 30). As
expresion was moreased and FP1E phosphorylsfion was abo
elevated until day 140, However, an day 168, litde differential was
abserved between control and treated cells for G5 expression o
PF 12 phosphoryiation.

T exiend thas ohservabion we axsessed levels Jqﬂh E2 whach
increxed after a single BIOY dose (figure 34) Cyclin B2 was
increased in treated oells on days 56, 84 and 140, but not days 112
or 164, Thus, cyclin E2 apparenily ascillated in treaied cells. In
contrast, (GSK.3 expression was reduced in treated cells at all time
points as in the earbier time course. Therefore, persitent expasure
10 BIC) had differential dynamic effects on downstream pathways.

To determine whether KTERT expresion was
thmughouw the tme courss, we performed RETOPCE
(figure 613, Consistent with previous resuls, ATERT expresion
was strongly mepressed on cay 28 in BIO) treated cells (29% of
contral). However, at subsequent fime point until day 112
ATERT suppression was less efficient. On day 112, coinciding with
the first loms of cyclin E2 induction, ATERT expression in freated
cells was not sigmificantly different from controls, 25 cheerved for
5637 cells on treatment day 4. Thereafter, expresion decreased

@: PLoS ONE | weephsonearg
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0 anew bow value on day 140 (10% of conirol] and remaned af
12% of control on day 160, Thus, RTERT abo appeared to
oscillate in freated cells.

'l'ltl'amJy-:i:ﬂmvmd'ﬂntanhmﬁJhgp}mpuuﬂd
Wﬂmmmmm”ﬂmﬂ1mh
treated A278). Densitometric estimates of average length on day
T-Iﬂwmuﬂlhint'mndm'ﬂ:,mnpmdwiﬂiuilbhnmhn]
cells (Figure GE). Therefore, persistent GSK3 inhibition signifi-
cantly reduced telomere length of ovarian cancer celk. However,
the blots akso that some extension acourmed af days 112
and 168, which may e exphined by the oscillation in §TERT
expression and/or ather effects on fchmerze mediated by
dynamic mgulation of GEK S effeciors,

In these experimens, AZ7H0 prolferation rapidly dechined m
the fimt weeks of treatment, though full cultwre orsis was not
ohserved. While control cells grew steadily over the entire time
mﬂ%mmﬂwﬁiﬂﬂmﬁdkm
from 8.2 PID fweek a1 day 7 to 3.5 PI)/week at day 35, causing a.
partial growth plaau figure 6F). Treated cels then grew at
35 PDfweek until day 56, at which time growth accelerated,
r@ﬁqaﬂﬂ”??ﬂhﬂﬂ@]mmmfwﬂ!
rest of the time course.

Metwork topology and dynamic behawviour

Although network madelling can successfully identify many of
the players ina pathway, predicting the owicome of manipulating
indivicdual highly connected components of complex netwarks
such = figure 5B is a challenge. However, genefic networks are
mainly compossd of mourring “wiring pattems” (netwark moti)
which can he modelled or even synthetically constructed to
investigate re btionships betwe en motil tapokegy and function [21].
Thus, identification of 2 network's constituent motifs may help to
predict its behaniour. Ta hetter understand ATERngu.hﬁm by
(35KY, we searched for several abescribeed matil types in
the network model using Meta Care [21-29].

We identified multiple potential medpmcal represion (oggk
switch] and fedback oscillxtor motiE as in the oxampks n
figure 7A, which may provide substantial scope for dynamic
netwark behaviour. We abo identified several types of coherent
fieed forward matis. In particular, thres distinct sub-networks form
candidate actnation and on “modides”. The acthation
madule lnks all positive mgulatars of ATERT via densely
averbpping coherent type | matif, while the epression madule
comprises several coherent type 2 motifs organied by p53 and AR
which inhilit #TERT and is activators. Both motif types am
Teprted o Tedice node in gene expression networks |21,

To further mvestigate the network structure, we determined the
presence of the MYC, RELA, and ESR1 gene promoters in the phd
ChIP experiments from figure 51 in which p33 binding to the
ATERT promoter was decremed We found that 16h BIO
treatment ako reduced mmunoreactive pid at the WIT
by 2.2k, by L6-fold at RELA and 5-4old at ESRT (Figure TH)
Theretore, the early outcome of BIO treatment with mespect to
P33 mcludes co-ondinate regulation of the ATERT promater and
the promaters of at least three of it activators ako present in the
putative repression module sub-network.

Based on the ed network L, W 15e that
prolonged GSK3 inhibition might affect dynamic behaviour of
same transcription factars, Re-analysis of the 25 week time course
Tevealed , Tuctuating expression patiems far o-fun, pid, o
Myc, AR and STATY expression, but not Spl or pii in BIO
tmndmwhfﬁgmu?ﬂmﬂﬂ}hﬁ,ﬁlﬁﬂmﬂcjmmh
:hmdanhrm:ﬂ]aﬁmt,pm‘ﬁcuh'}y:h'&ﬁghﬂunuod‘c-jm,
with 2 trough ocourring on day 112 for AR and STATY and on
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day 140 for c-Jun. Levels of pi3 were induced by BIOY on days 56
and ¥ but were lower than control at all other times. A similar,
thaugh less pronounce d result was ohserved for o-Mye, Theredone,
at keast 5 tanscription factors known to affect ATERT are subject
10 dynamic regubstion under persistent GSKY inhibition

Since Spl levels were unafiected, we asewsed whether s actvity
miight be dymmically affecte d under (38K 4 inhibirion by
ChiF in AZ7H0 after 21 day 2.5 pM BIO treamens. Reawery of
both ATERT and TF5T promoters wene analysed and compared
with remvery afier 16 h treatme n. In contrast with the resubis afier
16 h, mmunomeactive Spl levels 2t the ATERT promoer wers
increased by 3.74okd afier 21 days treament Furthermore, Spl
epitope at the TP promoter was also inreased by 1 64okd af day
21.'11'ﬂih'lz.mmﬁmﬂ'mfp'| & ako dynamically amad
participates in angoing remodelling of both &TERT and TR
puwmtﬂ:u:uh'[ﬂ':'stﬂlt{ﬁﬂﬂh}ﬂriﬁm

Whaole kinome siRMA screen of the ATERT promoter
Finally, to enable mtional prediction of ATERT regubiory
pathways overlapping with GSK 4, we performed a whole kiname
siENA screen wing the ATERT reporter in AZTH0. 3 mdependent
siENA agaimst each of 719 kinase and kinase-related genes wers
msemed. Hit crieerion was = 2-fold change in promaoter activity by
at et 243 siBNA. A comple x netwark of kinases controk activity
of the transfecied ATERT promoder, with 235/ 7149 mgctgvmuin

m]:mga}miﬂmmmnf ramoder
ﬁwmb‘ynlﬂﬂ'ﬁ]mﬂuﬂylmm
'We seamched Metalore for dinect inteTactions

between his and network transcription factors {fgure §4; bhue
circks represent mean fold promoter epresion with KTERT

activity vahues for each network target given in figure .
At leamt 54 hit kinases participate in upstream pathways and 38
hits direcly phosphoryizte one or mare of the tmmscription
factors, Critical dw hubs with to the network
woforms, PKA, [NK and p3il, These hubs are 1o be
impartant modifiers of ATERT suppression with GERS inhibitors
and prefermed targets for combinatorial inhibition.

Discussion

In this study we show that GGSK3 activates ATERT gene
expression and  tegulates telomere length homeostamiz.  We
identified GGSK3 2 2 potential pharmacalogical target to inhibit
ETERT expression in a promoier screen of well defined kinase
inhibitars. The result was confirmed using independent selective
inhihitors of different chemotypes. BIC), GERS fspecific siRNA,
and genetic agonits of Wnt sigmalling all suppresed ATERT
promoter activity in fve cancer cell hines. Inerestingly, over-
expression af fi<aenn incressed promoter actity, suggesting a
possible dual effea of Wnis on the ATERT promoter mediated by
both canonical and non-canomical pathways. Regulation of
endogenous ATERT by Wnk was not msesed in ths sy,
thaugh WniiA was previously shown to supgress telomerase in
eml carcinoma cels [24]. Telomerase suppression by GSK3
mhibitars may partly mvohe Wnt pathways, but presumably ako
invalves other (5K activities.

Multiplex phospho-specific western analvsis in BIO wrexed AZ7H0
reveaked 2 complex functional sigrature invol ving altered spresion
of Prcatenin, cyclins D1, Bl and B3, (G5, 2 well as p-RSK, STATS
and IkB. Additiomlly, ahered phosphorviation of AKT, pm-l-r.?.x,
PP, cdd? and STATY were observed Ohsenation of several
markers over five weels continuous trextment confirmed that GSEY
could be inhibited over prolonged periods.

@ PLoS OME | werspheane arg
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Mozt mporandy, BIO suppressed ATERT expresion and
telomerse acivity with resubtant telomere shortening over five
weels treatment in three cancer cell lnes, mdicating that a
inhibitors. Micmarmy and network anabysis of GSES inhihied
AL suggesied that the activites of multiple tmnscriphion factors
could be altered. We defined 2 candidaie network linking GSK 3
and ATERT via some ar all of Spl, E2F1, STATS, SMADS,
ESR1, AR, HIF-1a, NFib, AP-1, pi3 and c-Myc

In of the network model, 16 h B} reatment ahered
binding adfinity of AZ7H) nuclear sxtracts 10 mubipls consensus
ol idkes, § sites fior My, NFiH, SMADS, pas,
Spl and STATY. Critically, ChIP analysis indicated that
immunareactive c-Myc, pii and NFkB ph5 were reduced at the
endogenous ATERT promoer by 16h BIO trextment while
STATY was incressed. bt should be noted that ChIF results may
rcﬂa:tdm?:dﬂm'h 13 A hinding or in epiiope masking. In
either come, GSKY mhibition couses rapid and widespresd
remadelling of the &TERT promoter involving at least these
farctors and possibly others suggesied by the network and ofi
binding analyses. HBoth activators and repressors of 8TERT were
tional effect in terms of single faoom,

GERS several on factors directly and
effeciors PTEN, Pcatenin, p21, FAK1, Tuberin, cyclin D1 and
oyclin 132 may also play a mle. We have not directy addresed
their moles in the study, though FARIL s NA m.ppm:lmdﬂi:
ATERT promoter in AZ700 and fakenin overopresion up-
regubied the promoter in ssveral cell fines. Furthermore, BIO
increased expression of frcatenin and cychin D1 n A2780 cells and
reduced AkT lation which may ocour downsiream of
FIEN [25]. Previous studies have shown regulation of BTERT
and/or telomeTane in various experimental settings by several of
these factors [%.37].

Conssquently, GERS may control & TERT sxpression in 2 bmad
range of cells, inchuding thaer with mutation or disruption in one
or mare branches of the network = in 5637 (munnt pid) or
HCT1 16 (mutant fcatenin). Thus, GSKS could be an atiactive
phamacolgical et for broad specrum suppresion of
telomerase in cancer cell. In suppont of a therapeutic application,
BIOY caused tumour gowth deby and inhibited endogenous
hTIETu:pcrmim in established A2 780 x:nugr.!.ﬂ: without overt
toxicity. Unenpectedly, however, prolonged inhibition of GEKS in
cultured A2700 did ot lead to smable ETERT suppression,
although wlomen lengths were prodoundly reduced. Hather,
dynamic oscillation of 8TERT was chserved.

Ciam nter-tmnscription. factor nteractions are expecied
from the model Upsiram of ATERT are multiple densely
overlapping coherent type | feed-forward motih manly organised
by ESR1 and Sp1 (acthation module). A series of coherent type 2
motf emamtes from AR and pi3 (repression maodule). Both modf
archiwsctumes may reduce e mpact of tansient noise in genetic
netwarks and may themefon stahle activation ar repression
of §TERT [21]. Although direct vahidation af individual motik &
beyond the scope of this sudy, BIC) reduced p53 hinding at
HTERT, MY, RELA, and EXR] promaoters in ChiP experiments,
suggesting coondinaied finctional regulation of imnscriptional
inerctions consitent with the propmed twopology of the
repressian madule. The network ako contzmns multiple potental
switch and feedback oscillator matils, ing there &
substantial scope for dynamic network behaiour [21-29).

Indeed, several network components, mcluding pad and MFkB
are known to exhibit dynamic oscillations under centain conditions
[28,29]. Imter-transcription factor interactions moay  provide
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another mechanism for dynamic behaviour. Nombly, GEE3
directly controb stability of several ranscription faciors [30]. An
interesting possibility & that (5K exerts a “compressor” effect
which fine-tunes the overall network sieady state. Consistent with
ths inerpretation, oprsson of several tamoption factars
varied dynamically over lang term GSKS inhibition.,

Cumrendy, the frequency of these fuctuations is unknown and
may even invehe stochastic events. Therefore, other apparendy
unafiected factors may also be regubzied ot diflerent ime points, ar
their activities may be subject i dynamic changes independendy
of expression, = would appear to be the case with Spl. Overnight
BIC) treatment had no effect an Spl kevels at the ATERT promoder
and it expression was unaffected in the time course. However, 3
wee k reatments did increzse Spl epiope at both the ATERT and
TF53 promoters, confrming that it paricipies m dynamic
mgubstion of KTERT and other network component.,

Knowledge of ather druggable target pathways affecting the
network may provide strategies to complement and/or stabihise
telomerane nhibition. ‘Lo discover other candidate linase targets
poentially alfcting & TERT, we performed a whole kinome siRNA
muﬂghhﬂTmmmhqﬂﬁkﬁmFﬂﬂm
mgubte pomoter acthity in AZTH), of which at lest 5
phosphorylate of the netwark model. Key hubs were
GSK 3 itself, po0-RSK, several PK.C soforms, PKA, and the [NK
and pi# MAF kinsses Future studies will deermine ther
finctional invohement in regulation of & lomerase by G3RA

In smmary, our resubts suggest computational and scresning
pproaches combined with approgriae fcused validation efforts
may kad o 3 mare manced understanding of telomerse gene
rmgubation. Our data lend suppart i the emerging prospect of
GERY inhibitor therapy of cancer, both from the standpoint of
telomerase inhibition and becaise of the mpid xenograft growth
reduction eflect observed which may abo invohe additional effects
of GSK 3 inhibition [31). However, proonged GSK 3 inhibition
has complex network effeck, ot least in cancer celk. Theredor,
combinainrial megimens may be most appropriate. This finding
may alse have mplications for the use of single agent GEKY
iﬂﬁﬁminﬂlmtﬁrlg:nfb'rnh'm, Abheimer's disease
and diaketes in which long term frestment schedules are ako
requined. We have dentified several markers of dynamic network
behaviowr. Their examination in sutable model systems for thess
disorders may ako he advisahle . Finally, GSK 3 inhibition has been
propmed 2 a method to expand stem and progenitor cell poaks.
Fratocols invohing telomerase positive progenttors should akbo
abidress telomere siatus.

Materials and Methods

Cell lines, plasmids, siRNA and inhibitors

Cells used wers 537 Hadder caminoma, (334 cervical
carcinoma, A4 hing adenocarcinoma, and HOT116 colon
carcinoma cells, obtined from ATOL, and AZ7H) ovarian
adenocarcinoma. cells, origimally obtined from [ RF Ozob
[32]. Reporter pGLI-ATERT conoins the ATERT promoer
region -5i5/-4, relative to the tamldtional start site, Plasmids
pUMV-mWnt3 and pCMV-mWnt were kindly provided by Dr.
Mejlinds Lako (Institute for Ageing and Health, Newcaste
University, UK). Human DVL2 and freatenin expression vectars
were obtained from Crigene (Rockville, MI)). The whole kiname
sENA bbrary, noespecific sIENA and GERSfrspecific siRNA
ERNA 203 smee ssquence 5-GUACAAGAGAUUUAA-
GAAUL siBNA 205: sense SeruEnCE Sl G ACAACAGUG-
GUGGCA wene obiined from Applied Biorysiems (Warring-
ton, UK). The kinase inhibitor Ebrary was chtained from Komol

@ Plof OME | weew.plmaneang

GSK3 Actrvaies Telomerase

Intemational Ll (UK). BIO, AR-ADI4418, TWS119, Rascow
itine, mmd 1-MeBW) were ochimined from EMD Hioscences

{Nattingham, UK).

Transfections and ludferase assay
Al transkctions were periormed in quadruplicate wsng
lipodectamine according o the manufachrer's instructions wing
a Xl :mn-rug\mtIJNA {nvitmgen, Paley, UK. Under thess
transfection efficiencies were found by pSY40-PGal
assay 1o bes HOT1 16, 51%; AS44, 39% : AZ780, 27%: 5637, 9%
C33A, 20%. 250ng ETERT mporter plzmid per well was
transfecied in 9-well luminomeier plates (Fisher Soenafic UK,
Lt cesiershire, Uﬂlﬂhwmﬂkmﬁmm
inhibitors for 16 h In cotransfect ons, 250) ng expression vectors
or 5 nM siENAs were included. ﬂrgpsvmkﬂﬂhhl:iﬁ'ﬂ
expression plemid | Fomega Lid, Madson, W) was inchuded in
cach well for nommalmtion. #l h postianskction, lucikrae
activities were determined using dual hciferase away resgents
according o the manufachrer’s mstructions (Promega Lid,
Madison, WIl. All experiments were repeated at least 3 fimes.

MTT assay

Ciells were seedded in quadniplicate welks and riplicate 96-wel
p]atﬂﬂliq:prhrbaﬂiﬁnmd‘iﬂﬂrhnrtﬂ:ﬁim&ﬂiﬂ:wm
expased toinhibitors for 16 h then moubated dor an additional 34
days prior to MTT assay (MI'T supplied by $igma [Domset, UK}
MTT mduction asays were performed using Softmax Pro 4.6
saftware (Malscular Devices Lid, Wolingham, UK). All exper-
iments were repexted ot least 3 tmes.

Western blotting

Frotein extracts wene prepared in musive hsis buffer | Fomega
Lid, Madizon, WI. Froein concentrations were estimated at
O1)595 using the BioRad protein assay (Biokad |aboratories Lid,
Hemel Hempstead, UK). 2 g protein for singleplex. exper
ments, or | mg protein for multiplex analyss, were separated by
SDS-PAGE, blotted onto FVDF filer (Millipore, Watlrd, UK)
and hlacked overnight n I"H-S-'l-nm'ltl'i:lth'lgﬁﬁ- non-fat dried
milk. All antibodies are listed in supparting file S1. For multiplex
anahysk, membrane was into lanes I unetics”
miniblotter 3 dual appamtus (Web Scientfic, UK} Primary
antibadies were detecied with HRPconjugaied secondary. HRP
was deected using ECL HEF deection reagens (Amersham
Fharmaoia, Buckinghamshre, ULk Al eqperments were
periommend at least twice.

CHIP assays
[IM50) or BICOrireaterd cells were hamvessiesd at 708~ % confluence.
ChlF assays were performed nstructions of the kit suppher

(Millipore, Wathrd, UK), Cell lyers were fieed in formaldebyele and
hyzd in SDE uffer with prodezse nhibitors. Clromatin fregment of
500 byrl kb were generated by sorication 1sing 2 Branon 52500
sonifier (Banson Ulesonics Cop., Danbary, CT). All antibodies ame
listesd i suppearting file S 1. Fach sy inchided 2 noantihody control,
Fach promater was detecterd by Q-PCR in triplicate using Genetic
{Fimnenc, L) and fiarophare. Promater-pecificprimersused
were ATERT, SCATTOGIGETGOOOGGAGE and 56000
CAGOGGAGAGAGHTOG  or  5WG0GACCTGTAATOCTA-
AGTATT and 5 GG TTGOUTCAAGTTIGGATUTAA fn"ﬁﬂ-
binding amalsis TF53, 5'GUACCAGGTUGGLGAGAATUC
Tiamd 5 -G TGEAAAGUACGUTODCAGUC, BEXRT, 5-0CAA-
THEICAGHGUAAGREAA  and  5-GHAGOU TGOGGRGTUC-
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GOTGAA; RELA 5-AGTTCAACC ADCOGEECTCT and 5'-GA-
GRETGGETUOGOOGATTA, MIT, 5" GUTGOOOGGET
GAGTCTOCTCOC and 500 TOCOCACCTTOOCCACOCTC,
Optialead emperatmes wereoptimised to coduds primer dimers. All
ChlF experiment were perfrmed at least 3 times, O-PCR wes
Tepeaied twie ¥ each experiment.

TRAF assay

The TEAPeze XL kit was used for TRAF assay according to
the manufarturer’s instructions (Millpors, Watbrd, UK) Cell
pellet were hysed in CHAPS has ufler and protein concentra-
tions estimated by Hio-Rad amay (Biokad Laboratories Lid
Hemel Hempstead, UK). 05 g protein was mied with
THAPeze reaction mix containing T5 primer, fluorescein kabelled
I'tl*puim,mt'uﬂtﬂrphtmﬂmlﬁdmﬁthhdkﬂmtﬂ
k2 primer. Each assry included noctelomerase, no-lag, and heat-
ireaied controk. Extension poduds were genemied = 300
followed by Q-PCR deection in wmiplicate using Chromod
squipment and software (HioRad laboratories Lid, Hemel
Hempatead, Uk loml product generaied was messured against
TEH standards and nommalsed i the BOX inernal contml, All
experiment were perormed three times and the TRAP asay was
mepeated twice for sach experiment.

TRF analysis

Telomere length assns were perkamed using the el TAGGG
kit accomding to the mamdacturer’s instructions (Roche Diagnas-
tics Lted, West Susex, UK). 1 i genomic DNA fram cell pellets
by gl electmpharesis slongside DIG-lsbelled malecubr weight
markers and hlotied onto positively charged nylon membrane
iBoche Diagnostics Lid., West Sussex, UK). Membranes were UV
cmm-linked, baked at 13M) and washed in 2x550 solution.
Hybridisation of the DIG-labelled telomeric probe was performed
using buffers and probe provided. Finally, membranes were
washed, probed with alkaline phosphatme conjugated antiDIG
and expmed to the CDPstr subsimate. All experiments were
prriommed at least twice,

Ea.lanﬁtaﬁve RT PCR

Instrumention {Frsex, Uﬂ]ﬂp:mmumuu'[u.‘rnuﬁmdm
Sy green was ued 2 fuorophare. The med were RPS15, 5'-
TTOOGCAAGTTCACCTADE  and  5'-OGGHHIOGHOCAT-
GUTTTACG; ATERT 5-CTGETGOGCACGTGHGAAGE and
SGEACACCTGGOGGAAGGAG. Optical read emperaturs were
mmmmmquMm:@mm
times and £k PO was perrmed twice for each sy, variant
PC R was perfrmed with primers 5 “GUCTGAGC TGTACTTTGT-
CAA and 5 -GUCAA ACAGUTTGTTCTCCATETT and anabysed
using an Agilent Bioaradyser 2100 and DNA-1000 asmy chips (Agiknt
Technologies, Santa Clara, CA.

Microarmay processing

ENA from 3 mdependent treatments was hibellsd and amplified
using the twocolour micmarray gene expression anahsis proicol
iAgilent Technologies, Santa Clara, CA). Contral cell RNA was
labedled with cyanine 3-CTF and BIO treaied cell BNA labelled
with cyanine 5-LTF. 750 ng of op-3 and op-5 bibelled, ampldied
cBNA were mixed and hybridied in duplicate to 44k Agilent
uﬂmhhmmpmmmh’mg:,mdﬁgmﬂummufm
er3 nstructions and incubaied for 17 hrs at 68°C in a rotating
hybridisation oven. Armys were washed on 3 magnefic stimer
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using Agilent wash buffers. Slides were sconned on an Agilent
DNA micmarmay scanner at 5 pm resadution, FMT at 100% and
1%, The extended dynamic mange ssitng cormected for
saturAtinn.

Microaray data analysis

Micmarmy datn was procesed in line with the Microamay
Gene Expresion Dat Society W#Im.mgd.mg."] o
sandardize the prsenttion of mmy data MIAME
compliant data have been depostted for arcess in the (rene
Expression Ommnitus (GEQ) at httpe/ /www ncbinlmnih.gov/
g\m." with the accemion number GSE14532. Dat wa sxtraced
using Agilent Feamre Extmcton software vemsion 8.1 (Agient
Technodogies). Backgroundsubtracted data for separated red and
green channels was im into GeneSpring GX 7.3.1 (Aglent
Technologies, Santa (lam, CA) fr nomalkation and statitical
analysi. Intra-amay nomalisation was carried out using the 506°
prreentile for each microamay. Significant differences in expres-
sion between DMS0 conimol and BIO ireated cels wem
determined using Wekch analyss of variance (ANOVA) ammuming
normality, but not equal variances and Benjamini and H
false discovery rate multiple testing correction of 5%. s with =5
fiold intensity change, p=0.01 were selected for further analysis.

MetaCore network analysis
Dﬂ‘ﬁ'mtaﬂyuprmdguﬂfmnmﬁhﬁﬂwm
analysed using the “‘tnscription regulation’  algorithm in
MetaCore from CGenelro Inc. (filkers positve and negative
inkeraction types; all mechansms). All genes from the 10 mast
significant returned networks were merged to an enniched bst and
m}ymdllﬂ'lgﬂu‘mmﬂpmﬂ"alguﬂml:ﬁhﬂ:pnﬂiumd
negative mteraction types; all mechanisms). A best fit transcrp-
tional network was identified by varying the network sme. Edges
linking high-degres trmnsmipion factors with GSK3 were
identified using the “analyse netwark” algorithm (filiers: positive
and negatve mterachon types, all mechanisms]. For kinome-wade
ENAi analysis, edges linking hits with high~degres transmiption
factors fom the candidate pathway were identifisd using the
“direct interactions” algorithm  (fiters: positive and negative
tion mtemsction types only, kinase and transmpton
factor chjecttypes onlyl. Algoritims are described in [20]. Al
ineractions in MetaCore are manually compiled from full text
articles. All mirences are available an request.

Muliplex oligonucleotide binding assay

the pratein’ONA armay | kit from Panomics (Freemont, CA)
acording o the manubchirers instructions. 10 g nuckar
extracts prepared with Fanomics nucksr edmcion kit weme
incubated with biotin labelled consensus dignnucleotide probe
mix. Hound probes wers wolated on spin columns, denatured and
hyhnidised to nylon membrane containing a consensus transorp-
tion facior binding sequence amay. Membranes were washed in
hybndeation wash | and wash 1l then blocked using hocking
bufler supplied. Finally, membranes were mcubated with streptar
vidin-HRF, washed, and Lbelled probes were detected with

Xenograft experiments

Animal studies were camied out under an appropriaie Unided
Kingdom Home (ffice Project Licence and all work confrmed to
UKCCE Guidelines for welfare of animak in expermental
neaplasia W7 A2780 cells in PBS were injected subrutaneoushy
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into the right flank of G ne/oy mice (Charles River). After 7 to
1y days when mean tumour dameer was ~05 om (day (),
wﬁmkummﬂuuﬂdinmufﬁhm&mhﬁnnﬂ mg!
ml Bl(} was prepared and diluted o PHS immedately before
injection. Mice were treated intraperimmeally with BIO at 2 dose
of 2 mg/kg on alernate days or at a dose of 6 mg/ky twice weeldy
on days | and £ Tumowr volumes were estmaied by calliper

mezurements zwuming sphencal geometry (volume =d =0/,

Densitometry

[ensitometry was periormed on elomere kngth experiments,
wesiern blots and mulipes ohgonucleobide binding expenments
using 2 Biolad GE-H(H) denstometer (BioBad Labomtories Lid
Hemel Hempriead, UK ) and Quantity One software.

Statistical analysis

Statistical analyss of all experiment was perirmed by ane way
ANOVA except RTERT oxpression in xenografis, which was
analysed by MannWimey U test.

Supporting Information
Figure 81 Chemical structures of GSK3 nhibitors reported m
the study.

Found at dorl.137 1/ pournal pone. (00655 5000 (14 MEB TIF)

Figure 52 BIO, but not MeBIO), activates froatenin signalling.
Found at dot1{L137 1/ journal pone. (00655 500 (L7 MB TIF)
e of Wnt pathway

Found at dotlilL1371 fplnulpﬂtmﬁﬂm(ﬂ.'lﬁ MB TIF)

Figure 54 BIO selectively represses expression of the full length

Found at dox10.1571 F_]nmlpﬂt“ﬁ!lﬂ“l:ﬂ.ﬂ ME 'l'l.ll'j
References

L Pal= W, de Lamge T J00B) How el M E
Jzm Rev Cemet 41- 10134
immmu[ﬁmT g ik Themp cpfces. &x
:-IT = Apig, Dheoe, wd e

Bnhﬁ:.q;n\-"l'nl‘ pp 7R

1 .ll-:-EF ]'E-':EF Ehplmmm m:l]'_ﬂnl'it—-:
g g of mh ® Tt Wil
:h'n-ﬁr-ﬁhnl'hlﬂ-llm'f.-mﬂ-:rlnﬂ'
THET590.

4 Ko WA, Bibhozd A Haxise M Fooma TR (30d) Do maghs Camcer ool

iy -idosr nr ax a Sege b sowl csor g Sepra, Nai O

Pracit Oeccd | 396

Koy B, Taleake ILTW'IT h-l{[im:luﬂ-._hd expicay

ETERT for & amd of beeos cascen

Comeer 5 59 10181583

& Hadey CB (708 Tdomooe wmd e Soaposdo. N Rev Qamos &
167-1T%.

7. Helder MN, Wosns GB, vau der Zee ] (3003 Telooroume amd idomerx
Erom boose bitdogy & comcer fomtmend. Cameer Toves 210 37-100

-1 _TnF m?ﬁﬁﬂlﬂ—ll[ﬂﬂﬂ:lﬂp'- o Beee-1 GEKT

ol

Meosmcke= R 33 577554

% hthH[‘MﬁT&pﬂldp—:d:il#&ﬂmﬂ

GSK3 i e poprcsn saling pueeps. Prcg
Mommhad 7% 173-13%
Megper I, Flagolict M, Gromgard P (004 Prar=arciogral mbdaicn of gyogs=
vymiiooe kraw 1 Toomdy Phormacc] Sa 35 471-480
Kowlsmie: M, Gazt A, B AR G R AL, o2 ol (B
Eederive phileidomed growh Gcr recepior Booe bbcen svene -
e formatcs. Camrer R 54 6106-81 14
Cetaen HA, Wonxes T, 5 HE, Roypebundboerd A, Th Pogale G, ef ol
[Im:l'\lnl:h- krax midwca wibk cal asSede—soy iy

amd belogral eval J Med Tl 35 WI4-3430

l'l—q HHLNI*ID::EI.{L"I’:_—E{.TH_:IHJ
(1990 Tyrcame koo acivity of parifed bz
nf#:tl#*lrlﬂlmﬂﬁ:hlhh-mp[hhmm-lﬁmq

@ PLas OHE | wew pleonearg

GEKE Activaies Telomerase

Figure 85 Representative resulis of MetaCome *ranscriptional-
regulation” algorithm amabysis.

Found af: choiz 10 137 1/ journa Lpaone (X06-455 N6 1360 MB TIF
Fignre 36 Opimzation af the best41t transcriptional netwark.
Found af: chouz 10 137 1/ gourna L peone (N06-£55 5006 (1 I3MBTIF
Figure 57 Expresion of hTERT afier 16 h treatment with
5 UM BIO

Found af: oz 10k 137 1/ journa ] peone (K659 5007 (1.92 MB TIF
Suppordng File 81  Antibodies used in the study.

Found at dot 11371 joumal pone (0659 08 (002 MB

X15)

Supportng File 52 Differentiolly expressed Agilent [s and
fold intensity change.

Found at dot 11371 joumal pone (069 508 (L09 MB
X5

Supporting File 53 Hest fit tmnsmiptional network statistics,
Found at: doi 101371/ jpumalpone (KNG53 5000 10.21 MB
x15)

Supportlng File 34 Legends to supporting figures and fiks
Found at: dot L1371 joumal pone (069 5011 (03 MB
DOC)

Acknowledgments

We thank Dir. Meflinda Tako (Instooe for Ageing and Health, Nescagle
Universir, UE) for the kind gift of plassmids pCMVan WS and pCMV-
mWrha

Author Contributions

Canceved and the : AER WHNE. Perfrmad the
expermans: AEESHES [P NGER CC 58 ELW. Analyzed the dan: AEBR
5H K5 JP RGR OO 3B KLW WNE. Conritaned reagents’ maneriab
anahsi ke JR TH. Wroe the paper: AER JR WHE.

ef 3 sovel mbdhiics of recepior freaie Beaae. Bioches Phoersaced 57: 57-
2]

Abpde H, Baser A, Stappert |, Kopert A, Kesler R (EFFT) bete cfemim o2
whhw_phrzﬁ-]ﬁiﬂ?m

Foecta el cplm D " = G Tev 12
AL

“:MIK..E-'AE.H:# E Temda=a T, Ehlﬂ..lill [::rrmj
CooState of GEKA do i glyooges oy
&F:i:--nll:lﬂ—:kuljﬂfhm

=
B
Cotce|F, Ken G, Leg & Sporea T, Madtmoes ©, ot 2l (J008) Bidston of
GEK] difeomsuly maishes NF-bppal, CRER APl md beticeren
g gy i iy, b Sl i penescte T Foalplor- mduced spopican. g
Cell R 314 B3 -H88
Wa W [= | St & Heps W, Kada WG F (005 The vl past
=taden allows o= o o GEK -dependiend recogeation ad destrecton
bry e Flew] sbagreis Bgaoe . O e Ol 8- 55-10
Whstahr SR, Walca ML Gams ML Worksas P J00) The Oyl
poode phoapberpliSon, cesves ko of Oyl TH amd arfvde: S sdcge-.
:ir‘ﬂ protees e padfway. Cascer Res 84 J60-11
Fema &, Bugrm A, Browsll I, Kallor E, Mk ¥, o al (3006) Aljcothes
for metwosk asaipn w oy -ATRIE T iy e MesiCore ad Meta Tirag
phfo=a Xechoao 16 377900
Muzgas & Alea U (00F Stmectere and focden of S fodfrward loop
mtwork moi. Paoc Nagl Acad 5a 1T 5 A 100 119801 M85
Jeeded B Task MT, MeAda= HH {2000 Togrim amd cotlision- mw geese
e demges, Ficemarp 73 507500
TF_II:' Them KO, Movak B (X000 SnsSers, burser, fogglies and Hashers
of iy aed agmaley pebway = e ool Ceer Ops Ced B
I5: 7181
Dikca DI, ke M, (e AF, Kemar R (18] Focpac e xprenne of wetia
= buems nemad ool cxamcen oo ppprees = o grmwil and dosro
acivity. Temoes Brd 15 M4-351

4]

Jy 2009 | Vidume 4 | bisue 7 | e6459



=1

n

Mo corie H, Pemeen WM, Diorvtdhon I, Tiowse OF, Limiie MR (31007 FTEN &
dimibdied by phopborisite oa The B8 Fockes | 4005 43544

Hamch K, Korm: K., Sadatorme T, Takara H, Tabaera E. o2 ol (X000 Gowsl
mhiites of busa plivea ok by st be-indher d P71 s i ofiecs on
I Sy il 47: 1546

Thew G, Bae-Ju=p W1, Whasg YE, Cebrig PA, Reggen JF (006 The FTEN
fe=rs apr mhid ik ackvily = ed ] casrer cells by
dierengng BTERT =RAMNA kvl Gymeed Oeecld 100: 3053100

Mk WA (X0 Doy exprenite of Hex L, pi3, sed NF-kappal dree by
Framcipscnl Sme delayn Cesr Bid 13- 14001413

-

@ FLaS OHE | wew.phsonearg

3

GEKE Actrvate s Telomerse

Nelam DE, e ¥, Nebo G, Wi MR (30 (holasm = s spam

Eacior dymamicx 2 sow way & ontol pee epe sos. odkes B Tasa 32

D0 1 02

Fa=e &, Cokem P01} GEKS ke i dagr sore fom W mwanalis i
Baohem | 3k 16

Paiel & Woodges | (008 Qe systhone e and cmcer gead cop,

boud cop? Camcer Gl 14 331353

Toun KG, Betams BE, K la T], Hastlios TO, Gotdeger KR, o 2l [1985)

Radidine merwred o Pl st amd oot

bz cwrms cmor =l Ba oad o sciiabios by befamne

neliximime. Cmosr R 4 2110-21 5

Ly 2009 | Vohume 4 | lesue 7 | e645



ORIGINAL ARTICLE

Oncogene (2009) 28, 3765-3774
& 2009 Macrnillan Publihes Limisd Al fghts meened 0950:9232009 §32.00

W comone

A gene expression signature classifying telomerase and ALT
immortalization reveals an hTERT regulatory network and
suggests a mesenchymal stem cell origin for ALT
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Telomere length is maintained by two known mechanisms,
the activation of telomerase or altermative lengthening of
telomeres (ALT). The molecular mechanisms regulating
the ALT phenotype are poorly understood and it i
unknown bow the decision of which pathway to activate is
made at the cellular level. We have shown earier that
active repression of telomersse pene expression by
chromatin remodelling of the promoters is one mechanism
of regulation; however, other gencs and signalling net-
works are likely to be required to regulate telomerase and
maintain the ALT phenotype. Using gene expression
profiling, we have uncovered a signature of 1305 genes to
distimguish telomerase-positive and ALT cell lines. By
combining this with the gme expression profiles of lipo-
sarmma fissue samples, we refined this signature to 297
genes. A network amalysis of known interactions between
genes within this signatmure revealed a regulatory signalling
network consisient with 2 model of human telomerase
revirse transcriptase (NTERT) repression in ALT cell lines
and liposarcomas. This network expands on our existing
knowledge of ATERT regulation and provides a plaiform
to understand differential repulation of hTERT in different
tumour types and normal tesues. We also show evidence
to sugpest a movel mesenchymal stem cell origin for ALT
immorialization in cdl lines and mesenchymal dssues.
Cncogene (2009) 28, 3765-3774; doi:10.1038 fonc. 2009, 238,
published online 17 August 2009
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Introduction

A central hallmark of cancer cells is their capacity
for unlimited proliferation, made possible partly by
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elomere length mainténance. Most human mours
maintain lomeres by activating telomerase; however,
in a smaller subset of wmours, mainlenance oCcurs in
the absence of telomerase through a recombination-
hased mechanism termed alternative lengthening of
elomeres (ALT). The ALT is characterized phenotypi-
cally by long, heterogeneous telomeres and the presence
of ALT-associated promyvelocyiic leukaemia bodies,
which contain elomeric DNA, telomere-binding pro-
eins such as @lomere repeat hinding factors 1 and 2and
proteins implicated in DNA recombination and replica-
ton, including Ml l-Rad50-Nbsl complex proteins
MREIL, RADS] and NBS (Yeager er al, 1999 Henson
ef al., 2002). Association of these proteins with the ALT
phenotype make them attractive as potential markers or
regulators of ALT (langer of , 2007); indeed, the MEN
complex is required for ALT-associated promyelocytic
leukaemia body formation and telomere mainienance in
ALT cells (Zhong er al, 2007).

Although the overall prevalence of ALT in tumours is
relatively low, it is observed at high frequency in
mmours of mesenchymal origin. However, the preva-
lence of ALT varies even within this group. About 77%
of malignant fibrous histiocytomas (Henson er al., 2005)
and 47-66% of osteosarcomas (Ulaner ef al, 2003;
Henson ef al, 2003) were shown to be ALT positive,
whereas 23% of glioblastoma multiforme (Hakin-Smith
ef al, 2003) and liposarcomas (Johnson er af, 2003;
Costa ef al, 2006) and no Ewing's sarcomas (Ulaner
ef al, 2004) showed evidence of ALT. Since the prog-
noslic significance of ALT varies, signifying a good
prognosis for patients with glioblasioma muliiforme
but a poor prognosis for those with liposarcoma {Costa
ef al, 2006; Cairney ef al, 2008), and understanding
the molecular details regulating ALT immortalization
and the cell of orgin may impact future diagnosis or
treatment of these malipnancies.

A possible explanation for the prevalence of ALT in
mesenchymal malignancies is that the telomerase genes
are more tightly repressed in mesenchymal tissues over
those of epithelial origin (Henson er al, 2002). We have
earlier reporied that both human telomerase RNA and
human telomerase reverse transcripiase (hTERT) are
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actively repressed at the chromatin level in ALT cell
lines (Atkinson e al, 2005), sugpesting forced repres-
sion of telomerase as one potential molecular mechan-
ism promoting immortalization by ALT. Howewer,
other penss and signalling networks also regulate
elomerase and may contribute to the decision of
selecting ALT versus telomerase. In this study we
investigate the pene expression profiles of telomerase-
positive and ALT cell lines and liposarcoma tissue
samples to better understand the molecular mechanisms
regulating the decision to activate telomerase or ALT.
In addition, we show a link between mesenchymal
mmours  amnd  human  mesenchymal  stem cells
(hMSCs) as the target cell for transformation in ALT
irmmortalization.

Results

(rene expression analysis distinguishes felomerase and
ALT cell lines

We initially investipated the presence of a telomere
maintenance mechanism (TMM)-specific pene expres-
sion signature by generating expression profiles for four
ALT and four telomerase-positive cell lines using
Aglent whole human genome l-colour microartays
{Agilent Technologmes, Santa Clara, CA, USA). A
detailed description of the quality control measures
and the normalization options applied can be found in
the section Materials and methods; however, boxplots
show that the normalized data are equally spread and
comparable between the two groups (Figure la), with
virtually equal medians of 0.78 and 0.79 for ALT and
ielomerase-positive cell line groups, respectively.

To explore the possibility that expression of indivi-
dual penes within these large profiles is responsible for
defining either telomerase-positive or ALT cells, we
performed Welch's analysis of varance test to look for
significant differences in pene expression between the
two groups (Figure Ih, left panel). A list of 1307 probes
corresponding to 1305 differentially expressed penes
with a P-value of <0.05 was generated. By focussing on
the expression values for individual genes within the
larger 1305 gene signature, it was clear that whereas
expression was high in the ALT cell lines it was low in
the telomerase-positive cell lines and  vice verss
(Figure 2a). Furthermore, hierarchical clustering of the
cell lines on the basis of this signature helped to
accurately hifurcate ALT and telomerase-positive cell
lines into two separate groups (Figure 2b), sugpesting
that the genes responsible for defining telomerase or
ALT or those involved in regulating the decision of
which TMM to activate may lLie within this signature,

Clustering by wsing the 1305 gene signature is suggestive
of @ mesenchymal stem cell origin for ALT

The fact that ALT is predominantly found in tumours of
mesenchymal origin prompted us to investigate whether
ALT is a function of the cell of transformation and
whether mesenchymal stem cells could be the potential

(Onangana

cell of ofgin for ALT tumours We performed a
hierarchical clustering analysis by using the 1305 gene
signature to investigate any relationship between telo-
merase-positive, ALT and normal fibroblast cell lines,
and hMSCs (Figare 2¢). The signature helped to
accurately separate telomerase-positive and ALT cell
lines, normal fibroblasts, and hMSCs. However,
whereas the telomerase-positive cell lines clustered
together on a separate branch, the ALT cell lines,
normal fibroblasts and hMSCs all clustered together.
Mormal fibroblasts are more directly related to hMSCs
than ALT, however, fibroblasts and hMSCs are equally
related to the ALT cell lines, suggesting a mesenchymal
stem cell orgin for ALT. This might be as predicted;
however, to our knowledge, this is the first time any
association between mesenchymal stem cells and ALT
has been shown.,

Analysis of the signature revealed several penes
associated with stem cell maintenance, and self-renewal
processes were differentially expressed between telomer-
ase-positive and ALT cell lines. Four of these genes with
strong differences in expression were chosen for valida-
tion by quantitative PCR (Q-PCR) (Figure 3a). Three of
these penes were significantly upregulated in ALT cell
lines and barely expressed in telomerase-positive cell
lines. DSC54 is a novel mesenchymal stem cell protein
for which little information exists; WNT3b i3 a well-
known regulator of stem cell function implicated in
oncogenesis and development; MYEOV is owverex-
pressed in myeloma and has a role in promoling
invasion and proliferation; and the final pene, NSTUNS,
i a proliferation-associated nucleolar antipen, the
deletion of which may contribute to the premature
ageing effects of the developmental disorder William's
syndrome. NSUN3 is significantly upregulated in
telomerase-positive compared with ALT cell lines,

To further explore the link betwesn ALT and
mesenchymal stem cells, we examined the expression
of these penes within a vanety of normal tissues of
differing embryonic ofign and hMSCs. The publicly
available gene expression profiles from normal fibro-
blasts, smooth muscle, stromal, ectoepithelial, epithelial
and endothelial tissues were downloaded from the
Mational Centre for Biotechnology Information Gene
Expression Omnibus database and expression of
DSC34, WNT3h and MYEOV in these tissues was
compared with that of hMSC, telomerase-positive and
ALT cell lines (Figure 3b). No comparable data were
available for NSTNS, and therefore this gene could not
be included in the analysis.

Consistent with the Q-PCR validation, the expression
of all three genes is higher in ALT than in telomerase-
positive cell lines. When comparing all the expression
patterns, DSC34 15 only high in ALT cell lines and
hMSCs, consistent with a mesenchymal stem cell origin
for ALT. In contrast, WNTSh shows varying expression
across the different tssue types and cell lines, with
highest expression in hMSC, ALT and mesenchymally
derived tissues and lowest expression in telomerase-
positive and epithelial tissues. MYEOV distinguishes
ALT from telomerase-positive cell lines; however, a
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similar low level of expression is seen across the vanous
other tissue types.

Refinement of the 1305 gene signature using liposarcoma
gene expression tmproves separation of ALT md
telommerase-positive liposareomas and suggests a
mesensfvral stes cell origin for ALT in this

mesen: fymal malignancy

Liposarcomas are mmours of mesenchymal origin. In
order to refine the cell line<derived sipnature with data
from primary tumours, we analysed the power of the
1305 pene expression signature to distinguish between
telomerase positive and ALT in liposarcomas. Gene

expression profiles were penerated for a group of 17
previously chamacterized liposarcoma samples, of which
9 were ALT and B were telomerase positive. Unsuper-
vised clustering showed some split in the samples
depending on their TMM, which was not improved
when the 1305 gene signature was applied. Furthermore,
hMSCs did not cluster with any liposarcoma samples,
but clustered topether on a separate branch (Figure 4,
compare a and b).

Although the 1305 signature does nol improve
clusiering, the liposarcoma samples, for the most part,
clster together according to their TMM. The obvious
separation  betwesn ALT and  telomerase-positive
mmours in the clustering diagram led vs to believe that

Onamgena
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Figure 1 Ciene expresson profiing distinguishes telomerase-
poative and aliernative lengthening of telomeres (ALT) cell hnes
and 15 supgestive of & mesenchymal stem cell ongn for ALT.
(8) Scatter plot representing nomalized microarray expression
vahwes for the 1305 pene dgnature in ALT (blue) and telomerase-
poative (red) cell Bnes relative io overall median expression value.
Each dot represents the mean pene expression values for a gene,
and error bam mpresent the standard eror. (b) Hiemrchical
clustering of the cell line data performed wing the Spearman’s
corretation, average Bnkape and merging branches with a similarty
corretation of (001 or less with the 1305 signature accurately
separated tebomerae positive (ed) from ALT (blue) cell lines.
() Hierarchical clustering of telomerse-poaitive (ned) and ALT
(bl cell Bnes, nomal fibmoblass (pumple) and human mesen-
chymal stem cells (RMSCs; green) pedformal using the 8 pearman’s
correlation, average Binkage and merging branches witha similanty
cotretation of 0001 or less with the 1305 gene dpmature.

ALT

differences in pene expression exist between the two
groups, although no significant differences were found.
To explore this further, we wsed Fisher's exact test to
test for any association between pene expression level
and TMM. From this analysis, 8227 probes correspond-
ing to 6719 genes were found to be significantly
associated with TMM in ALT and telomerase-positive
liposarcoma samples (Figure 1h, right-hand panel).

To further refine this large signature, we looked for
any overlap with the 13035 gene signature determined
from the cell lines previously. OF these 1305 penes, 422
genes are also present in the liposarcoma signature and
therefore have a significant association with TMM in
liposarcoma and cell lines. Further refinement of the
sipnature was carried out by looking at the direction
of gene expression in telomerase-positive and ALT
tumours in comparison with the cell line data. In total,
297 of the 422 penes had pene expression that was
comparable with the cell line data, 152 genes up in
ALT and down in telomerase-positive, and 145 genes
down in ALT and up in telomerase-positive (Figure 1h,
centre pansl ).

The hierarchical clustering of ALT and telomerase-
positive liposarcoma samples using this refined 297 pene
sipnature showed a clear separation between the two
groups, with all except two ALT samples clustering
on one branch and all telomerase-positive samples
clustering together on a separate branch (Figure 4c)
Furthermaore, consistent with the hypothesized mesench-
ymal siem cell orgin for ALT seen within the cell
line data, hMSCs clustered with the ALT liposarcomas
using this refined signature rather than as a separate
group when the 1305 signamre was applied (Figure 4,
cotmpare b and ¢).

To further verfy the refined signature, we applied it
back to the cell line data for hierarchical clustering. As
predicted, it accurately separated telomerase-positive
from ALT cell lines (data not shown), further validating
that this refined signature holds true and no power is
lost by reducing gene number.

The refined 297 gene signature is involved in telome rase
gene regulation and highlights lower o-MYC activity

in ALT

Given the ability of the refined 297 gene signature to
separate liposarcomas by TMM, we hypothesized that
the genes within the signature may comprise functional
regulatory networks involved in aspects of TMM. To
explore this, we performed network modelling using
Mewcore from Genego (5t Joseph, MI, USA), allowing
s to build a candidate network indicating possible
infzractions between genes from the 297 signature mined
from published data. A regulatory network involving
WTERT and telomeric DNA was revealed by this
analysis (Figure 4d). Expression data from the 297
gene signature were converted to fold change in ALT
over telomerase positive, uploaded into Metacore
analytical suite and overlaid on the direct interactions
network. As can be seen from Figure 4d, by combining
inieractions between known signalling pathways and
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Figure 3 Validation of the 1305 gene expresson signatune Mghlights a stem cell link. () Expresion level of DSC3, WNT 58,
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experimentally defined levels of expression for regula-
tory genes, this approach allows for predictions relating
to hTERT regulation and repression in ALT cells. The
hTERT expression is reduced in ALT cells and tumours
in relation to telomerase-positive samples. Consistent
with this, expression of E2FI, a known repressor of
WTERT, is upregulated in ALT samples, whereas the
expression of chromatin-modifving enzymes with roles
in gene activation, such as GCN3, are downregulated
in ALT, which is in agreement with the decreased
association of acetylated histones and low hTERT
expression in ALT cell lines as we have previously
shown. Western blotting of HDACS, PKCax and
GCN3S (Figure 5a) shows that the expression differ-
ences highlighted in this network are also seen at the
protein level.

The analysis also indicates that c-Myc regulation may
contribute to the signature. Although c-Mw was not

itselfl differentially expressed, 21 signature genes includ-
ing hTERT are predicted transcriptional targets of
c-Myc. Interestingly, most signature penes expectad to be
activated by c-Myc are repressed whereas those expected
to be inhibited are mainly upregulated in ALT, relative
i telomerase-positive samples, suggesting that c-Mye
activity may be suppressed in ALT. Functional exam-
mation of c-Myc activity levels using DNA-binding
activity engyme-linked immunosorbent assays (ELISAs)
confirms that this is indeed the case, as a significantly
lower level of e-Mye activity is seen in the ALT cell lines
(P =0.015; see Figure 3b). Apart from hTERT, another
downregulated c-Myc target that may have a role in
elomere maintenance is heéterogeneous nuclear tibo-
nucleoprotemn A3 It was recently shown that this gene
binds the single-stranded telomere repeat in witro,
protects against nuclease activity and inhibits exiension
by elomerase (Huang er al, 2008).

Onmgens
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More importanty, however, network analysis ex-
pands our understanding of TERT regulation bevond
previously recopnized mechanisms to new pathways
upstream of those already known to be involved.
Owerall, this network highlights a potential mechanism
of repulating the ALT phenotype through repression of
hTERT and provides a platform for further expansions
of regulatory mechanisms present in tissue or fumour-
specific situations to enable us to understand the
differential regulation of biological processes and how
they vary in different tumour types and normal Gssues.

Discussion

The molecular mechanisms regulating the decision to
activate telomerase or ALT during tumourigenesis are
currently poorly understood. We have shown earlier
that lack of expression of the telomerase penes human
telomerase RNA and hTERT i3 associaied with
chromatin remodelling at the promoters, suggesiing
that forced repression of these penes may cause the cells
to utilize the ALT mechanism for immortalization
(Atkinson er al, 2003). In this study, we have used
gene expression profiling of telomerase and ALT cell
lines and Liposarcomas o investigate other signalling
pathways and networks that may be operating to
control the ALT phenotype and the decision o activate
telomerase or ALT for immorialization. To our knowl-
edpe, this is the first study of global gene regulation
of TMM.

We uncovered a pene expression sipnature with the
power to distinguish telomerase posiive and ALT
through hierarchical clustering methods in tumour cell
lines. Further refinement of this signature using gene
expression profiles from lippsarcoma tissue samples

revealed a 297 pene signature that has significant
msociation with TMM. Although the role of these
signatures in the regulation of the ALT phenotype
remaing to be fully investipated, we have uncovered
some of the underlving hiology by comhbining clinical
samples with cell line profiles. A network analysis of
interactions within the refined signature highlighied a
signalling network involved in repression of hTERT in
ALT lippsarcoma samples and cell lines. Western blot
validation of three of the molecules in the network
confirmed that this pattern can also be observed at the
protein level. Consistent with our earlier work (Atkin-
son ef all, 2005; Caimey et af., 2008), this again points to
forced repression of hTERT in ALT and may in part
explain the decision to activate telomerase or ALT at the
molecular level. Although hTERT expression alone is
insufficient to discriminate ALT and telomerase positive
in clinical samples, hTERT repression is clearly im-
portant for regulation of the ALT phenotype. This
network of interactions also highlighied the potential for
lower c-Mye activity in cells using the ALT mechanism.
Upon direct investigation using ¢-Myc activity ELIS As,
a lower level of c-Mye activity in ALT was confirmed.
This is consistent with the fact that c-Mye 5 a known
hTERT transcriptional activator (Hao er o, 2008) and
may show a further mechanism by which the decision to
activate either ALT or t2lomerase is influenced.

This candidate network further highlights the im-
portance of a global analysis of pene expression. Where
significant expression of one gene may be of imporiance
in certain circumstances, it is more likely, as evidenced
by this example, that small changes in a combination of
pgenes in a signalling pathway are responsible for
defining a phenotype. By investigating signalling net-
works on a global scale, we are better advantaged to
discover the hiology underlying the ALT phenotype and
its regulation in mesenchymal malignancies.

Onamgena
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In addition to the hTERT regulatory network, a
number of stem cell-related penes were also highli ghied
within the large gene signature. The possibility that the
decision to activate either telomerase or ALT is made at
the cellular level is an interesting hypothesis to consider.
Cancer biology in many ways parallels that of stem cell
hiology as pathways regulating the seli-renewal pheno-
tvpe and replicative lifzspan of stem cells are commonly
derepulated in cancer. With the growing interest in siem
cells as the cell of origin for certain tumours, investigat-
ing the potential origin for ALT immortality may
improve our understanding of the regulation of elomere
maintenance. The preponderance of ALT in meseén-
chymal malignancies prompted w8 to investigate any
relationship between hMSCs and ALT or telomerase-
positive cell lines and liposarcoma tissues. hMSCs are an
adult stem cell population with limited replicative
lifespan and no detectable telomerase activity (Zimmer-
mann e al., 2003), which is at least partly due to active
repression of the telomerase penes at the chromatin
level, similar to the situation in ALT cell lines (Serakinei
et al., 006; Cairney and Keith, 2008). However, hMSCs
do not show characteristic molecular markers of ALT
(Bernardo er al, 2007, Zhao ef al, 2008). It is therefore
possible that hMSCs upon transformation could be-
come either ALT or telomerase-positive tumours. There
15, howewer, a need for accurate models of the molscular
details of the decision between these two mechanisms,
such as ours, before manipulation of the resulting TMM
can be achieved.

Hierarchical clustering showed that the expression
profile of the signature penes in hMSCs was more closely
relatad to ALT than to telomerase-positive cell lines with
the larper signature, and also to ALT liposarcomas when
the refined 297 pene signature was utilized, sugpesting a
mesenchymal stem cell origin for ALT.

Mesenchymal stem cells are known to be polential
targets for transformation in virro. Lack of any TMM in
these cells may be a tumour suppressor mechanism, as
transduction with hTERT has been shown o extend
their lifespan and induce neoplastic characteristics after
long-term culre in vitro and tumour formation in vive
(Serakinci ef al, 2004). In addition, several studies have
shown the ahbility of MSC w transform spontaneously
after long-term cultre in virro in muring systems (Miura
el al., 2006; Zhou ¢ af, 2006), although the situation in
human systems remaing unclear, with conflicting reports
supgesting that the capacity for spontaneous transfor-
mation may be dependant on the tissue of orgin (Rubio
et al, 2005; Wang er al, 2005; Miura e al, 2006;
Bernardo er o, 2007). More recently, several studies
have linked hMSCs with mesenchymal malignancies,
including Ewing’s sarcoma (Tirode er af, 2007; Riggi
el a., 0B} md malimant fibrous histiocyioma
(Matushansky er o, 2007). Stem-like mmour-initiating
cells have also been isolated from various mesenchymal
mmours (Gibbs e al, 005, Wu e o, 2007). Taken
topether, these data suggest that the stem cell orign for
cancer extends to mesenchymal malignancies.

Although the preponderance of ALT in mesenchymal
tssues has been documented previously on numerous

Onogens

oocasions, o our knowledge thisis the first time the link
o a mesenchymal stem cell origin for ALT has been
made. Furthermore, this i8 not simply reflective of
the mesenchymal orign of ALT cell lines as both the
ALT and telomerase-positive liposarcoma samples arg
mesenchymally derived and only the ALT liposarcomas
cluster with hMSCs. The significance of this association
is unknown at present, but certainly warrants further
investigation.

In conclusion, we have uncovered a gene expression
signamre capable of disinguishing lomerase-positive
from ALT in cell lines and liposarcoma tissue samples.
This signature containg a regulatory signalling network
involving hTERT repression in ALT and is indicative of
a novel hMSC origin for ALT. The results presented
allow us to postulate two potential models for the target
cell of origin for ALT and telomerase immortalization:
gither (1) two separate cells of ongin exist for
telomerase-positive and ALT-expressing malignancies
of (2) telomerase-positive and ALT tumours arise from
the same cell of origin. In the latter case, the cell of
origin would be the hMSCs, whereby telomerase-
positive tumours obtain molecular profiles over time
that diversify them from the hMSC origin, whereas ALT
tumours maintain the stem cell profile, perhaps in part
through mechanisms such as repression of the telomer-
ase penes. The data presented here favour the latter
scenario; however, further investigation i8 required in
the other tumour types known to utilize the ALT
mechanism, such as glioma (Chen er af, 2006),
adrenocortical carcinoma, breast carcinoma, malignant
melanoma, lung carcinoma, ovarian carcinoma (Bryan
ef al, 197) and renal carcinoma (Mehle er of |, 1996). A
better undersianding of the regulation of TMM in the
cell of orign will increase our knowledge of the biology
underlying these tumour types and may highlight novel
areas for therapeutic intervention.

Materiaks and methods

Cell lines and RNA extraction
The ALT cell Iins used were SKLU (lung adenocarcinoma),
SUSM1 (liver fibroblass), KMST6 (g fibroblasts), W3-
SVAD (SV40 immortalzed lung fibmblasts), SADS (osteomrco-
ma) and UXNE [oseomrcoma). Telomerass-positive cells ued
were C33a (cervical caranoma), HT 1080 {fibrosarcoma), AZ780
(ovarian carcmoma) and 3637 ( bladder carcinoma). Normal ezl
strams wsed were WI3H (normal hng fibroblasts) and IM R0
{narmal lung fibroblagts). Bone marrow hMSCs were solated as
described earier (Seraking #f o, 2006) and cultured wsing
Dulbecco’s modified Eagle's medium with low glucose plus
Glutamax supplemented with 17% Hyclone fetal bovine zum
({Thermo Frher Saentific, Waltham, MA, USA) at 5% CO,.
RMA was extracted using the Nucleospin 1l RNA extraction
kit (Macherey-Nagel, Duren, Germany) following the manu-
facturers’ instructions.

Liposarcoma cases and RNA extraction

A subset of 17 liposarcoma samples (9 ALT and ¥ telomerase
positive) from a larger study population earlier described
(Cairney et al, 2008) were used for gene expression analysis.



Frogen tissuz was dirupted using a Hybaid Ribolyser
{Hybaid, Teddington, UK) at a setting of 5.5 for 5 x 10's pulses
with -z pauses in between and RNA was extracted using the
RMeasy Lipid kat {Qnagen Inc., Hilden, Germany) as per the
manufacturers’ instructions.

Grene expression microarray hybridEation, normalEation and
guality contral

In total, 4 ALT cell linss (WI3E-SV40, KMST6A, SKLU and
SUSMI) and 4 telomerase-positive cell ines (AZ780, C33a,
HT1080 and 5637), 2 normal fibroblasts (W1k, IMR90), 4
hMSCs and 17 biposarcoma samples were examinad using gene
expression microarrays. Two scparate RNA samples for cach
were amplified and labelled using the Agilent Low RNA Input
Linear Amplification Kit PLUS, l-colowr and hybridized to
Agilent whole human genome 4 x 44 K gene expression arrays
as per the manufacturers’ instructors. Raw data were
extracted from scanned images using Agilent feature extraction
software (Aglent Technologies).

All array data was then mported into GeneSpring GX
{version 7.3.1, Agiknt Technologies) and normalised to the
S0th, for cell line arrays, or T0th percentile for hMSC and
lipesarcoma arrays respectively to ensure equal medians
across all samplas. Further quality control involved filtering
based on flag valuss where only thosz genes that had non-
absent flag values for at least half of the samples were included
mn downstream analysis. A box plot of the distnbution of the
resulting genome | Figure 1a) was plotted wsing Mimtab version
14 (Minitab, Coventry, UK) to assess comparability of groups.
Data files submitted to GEO for Public access under accession
number GSE14533.

Statistical analysis, signatire generation and clustering
All statistical analysis and signature generation were carried
out withm GeneSpring GX. The 1305 gene signature was
generated from cell line expression profies using Welch's
analysis of variance with a talse discovery rate of (0,05 and
Bemjamini and Hochberg multiple testing correction. A similar
analysis m lposarcoma samples generated no results and
therefore to generate the refined 297 gene signature, Fisher's
exact test using a Pvalue of £ 0.05 was performed using the
lipesarcoma expression profiks to test for sigmficant associa-
tion of gene expression with TMM. From this analysis, 422
genes were also present within the 1305 signature. The genes
that had fold-changs values in the same direction for both cell
line and hposarcoma data (that &, an increased or decreased
expression in ALT compared with telomerase positive) were
included in the refined signature.

All hierarchical clustering was performad using the Spear-
man's correlation, average linkage and merging branches with
a similarity correlation of (U001,

(- PCR validation of micraarray data
Expression of some genes within the 1205 signature was
vabdated by O-PCR using the DyNAmo Hot Star SYBR
Green Kit (Finmeymes, Espoo, Finland) and Opticon 2
DMA Engine from MJ Rescarch (Waltham, MA, USA).
Primer ssquences for (-PCR validation were as follows:
MYEOVF: §-TGGGAGGACACGCAAGTT, MYEOVR:
FLCAGCAGUCAAAGCAAAG, WNTSBF, ¥-AGGAGG
GAGGTTGTGGTT, WNTSBR: F-GAACCGTGOAGGAT
GAAG, DSCHE: F-ACCCTTCTACGAAATGGA, DSCSR:
F-ACTGTGGCTTATTCCCAT, NSUNSF: 5-TGAGACC
ACACTCAGCAG and NSUNSR: ¥ GAGAGGACAGGCA
TCTIC.

Gene expregsion signahure for lelomerase and ALT
K Laflarty-Werye ol &

Expression of each pene was normalizad to glyceraldehyds
i-phosphate dehydrogenase as a loading control: GAPDHF:
F-ACCACAGTOCATGUCATCAC, GAPDHR: 5-TCCAC
CACCCTGTTGCTGTA.

Analysiz of public data

Mormalized pene expression data for a compendium of 61
samples from variows normal cell types were downloaded from
the Mational Center for Biotechmology Information (Gene
Expression Ommbus (series GSE3239). Comparison with cell
tine and hMSC data was carried out in Microsoft Excel.

Network analysis in Metacore

Expression data from the 297 gene signature wer converted to
fold change in ALT over telomemse positive and uploaded into
Metacore anabytical suite, MNetwork analyds was performed using
the analyse network algorithm within the software.

Western hlotting validation of network analysiz

Fifteen micrograms of protein equivalents were separated on
10% Bs-Trs gels using NuPAGE MES rumning buffer
(Invitrogen, Renfrewshire, UK), and then blotted onto
mtrocellulese membrane (Milipore, Watford, UK) and
blocked in phosphate buffersd saline Tween-20 containing
5% nonfat dried milk. Membranes wers probed with
the following antibodies: HDACS rabhit polyclonal {Active
Motif, Rxenstart, Belgum), PKCz rabbit polvclonal and
KAT2ZA/GCNS rabbit polyclonal (both from Abcam,
Cambridge, UK) and secondary anti-rabbit IgG horseradish
peroxidase-inked antibody (Wew England Biolabs UK,
Hitchm, UK). After visualzation, membranss were stripped
of bound primary and sccondary antibodies by submerging
m 1% SD8 and 0.2m glyeine (pH 2.5) and shaken for 1h at
room temperature, and rinsed and reblocked before probing
with loading control antibody extracellular signalkregulated
kinase 1 rabbit polyclonal { 1:2000) {Santa Cruz Biotachnology,
Heidelberg, Grermany).

&-MYC DN A-binding ELIS A

Muclear extracts of approximately & = 1 cells of zach of the g%
ALT cell lines (WI3E-5V4D, KMSTo, SKLU, SUSMIL, 5A08
and U208 and four telomerase-poative cell lines (A2780, C33a,
HT1080 and 5637) were extracted in triplicate using an Active
mottf nuckear extmction kit { Active Motif, Renstart, Belgium )
as per the mamfacturer’s mstructions. oMY DNA-bindmng
ELISAs (Active Motf) wer performed on three separate
occasions with four technical replicates of cach cell line as per
the manufacturer’s mstructions. A standand curve of 5, 25, 1.23
and 0625 ngwell meombimant -MYC protein (Actve Motif)
was run on each assay to allow relative quantification. Results of
all ALT and telomerase-positive celk were grouped and a ftest
was carried out using Mmitab (version 14).
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Summary

Our knowledge on immortalization and telomere biology
is mainly based on genetically manipulated cells analyzed
before and many population doublings post growth cri-
sis. The general view is that growth crisis is telomere
length (TL) dependent and that escape from crisis is cou-
pled to increased expression of the telomerase reverse
transcriptase (ATERT) gene, telomerase activity upregula-
tion and TL stabilization. Here we have analyzed the pro-
cess of spontaneous immortalization of human T cells,
regarding pathways involved in senescence and telomer-
ase regulation. Two Nijmegen breakage syndrome (NBS)
T eell cultures (53R and 54) showed gradual telomere attri-
tion until a period of growth crisis followed by the out-
growth of immortalized cells. Whole genome expression
analysis indicated differences between pre-, early post-
and late posterisis cells. Early posterisis cells demon-
strated a logarithmic growth curve, very short telomeres
and, notably, no increase in hTERT or telomerase activity
despite downregulation of several negative hTERT regu-
lators (e.g. FOS, JUN D, SMAD3, RUNX2, TNF-a and TGFf-
R2). Thereafter, cMYC mRMA increased in parallel with
increased hTERT expression, telomerase activity and elon-
gation of short telomeres, indicating a step-wise activa-
tion of ATERT transcription involving reduction of
negative regulators followed by activation of positive
regulator(s). Gene expression analysis indicated that cells
escaped growth crisis by deregulated DNA damage
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response and senescence controlling genes, incuding
downregulation of ATM, CDKN1B (p27), CDKN2D (p19)
and ASFIA and upregulation of CDK4, TWISTI, TP73L
(p63) and 5YK. Telomerase upregulation was thus found
to be uncoupled to escape of growth crisis but rather a
later event in the immortalization process of NBS T cell
cultures.

Key words: hTERT; immortalization; senescence; T-cell;
telomerase; telomere.

Introduction

Cellular immortalization is recognised as a major hallmark of
cancer and is a multi-step process that requires numerous cell-
type specific changes resulting in telomere length stabilization
and abrogation of cell-cycle check points. Whilst these endpoints
of the immortalization process are well recognised, the route to
immortalization is complex and the effector processes which
lead to the establshment and maintenance of cancer cell
immortality are only now beginning to be elucidated (Deng
et al, 2008; Fridman & Tainsky, 2008; Caino et al., 2009; Kuil-
man & Peeper, 2009; Lafferty-Whyte et al, 2009a,b).

Telomere maintenance is an important aspect of the biological
process of immortalization and bypass of senescence. At every
round of replication telomere DNA & lost due to the DNA end
replication problem and additional processing of the telomere
end. The progressive telomere shortening is believed to be a
tumor suppressive mechanism since critically short telomeres
can induce DNA damage resporse resulting in growth arrest.
The "telomere hypothesis’ for cell immortalization states that
growth crisis is telomere length dependent and that escape from
crisis is coupled to increased expression of the telomerase
reverse transcriptase (hTERT) gene, telomerase activity upregula-
tion and telomere length stabilization. However, this hypathesis
E mainly based on data from in vitro studies of genetically
manipulated cells (primarily fibroblasts and epithelial cells)
immortalized either by viral transfarmation (e.q. V40 or HPV) or
transfection with the hTERT and/or dMYC genes and analyzed
many population doublings post growth crisis (Shay etal,
1991; Wright & Shay, 1992; Harley, 2002; Shay & Wright, 2005;
Stewart & Weinberg, 2006; Deng et al., 2008).

These cell systems have proved valuable in establishing the
hypethesis but the interpretation of experimental data may
be difficult due to unintended alterations introduced by the
procedures used. Thus, additional models are required to
progress and refine our understanding of how celk can escape
from growth crisis and the timing of the critical steps during the
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process of senescence bypass (Fridman & Tainsky, 2008; Caino
et al, 2009; Lafferty-Whyte et al, 2008 b).

In this study two primary Nijmegen Breakage syndrome (NBS)
Tcell cultures (53R and S4), established following mitogen stim-
ulation and subsequent growth in the presence of IL-2 (Siwicki
et al, 2003), were used as an in vitro model of spontaneously
immortalized human T celk to gain further insights into the
molecular changes responsible for the escape from growth cri-
sis. We found that T lymphocytes derived from MBS patients
homozygous for the NB51 625del5 mutation frequently acquire
unlimited growth potential in IL-2 driven cultures (Siwicki et al.,
2008). This probably results from an impaired function of the
NBS1 protein, which is involved in double strand break repair
but also has functions at the telomeres (Ranganathan et al.,
2001; Howlett et al., 2006; Zhang et al, 2006). The Sbp dele-
tion {657 delS) in the MBS gene results in a truncated NBS1 pro-
teim (NBS1 p21) but an additional form {NB51 p70) is produced
in B and T lymphocytes by alternative translation (Maser et al.,
2001; Siwicki et al., 2003). NBS1 p70 is able fo sustain many of
the functions of the full-length protein (Kruger et al., 2007). We
have shown that spontaneously immortalized NBS T cells can
stabilize their telomeres for long periods of time. Therefore
these cell cultures represent an attractive model system to study
telomere biclogy in the immortalization process (Siwicki et al.,
2003). Further, the fact that patients with the NBS1 mutation
are prone to develop malignancies and especially of lymphoid
origin give further support o the notion that our model is rele-
vant for studies of neoplastic fransformation.

There are few publications on long term cultured lymphocytes
and telomere biology. Counter et al. studied EBV-transformed
B-cells and found a continuows loss of telomeres until the cells
entered proliferative crisis and died or activated telomerase, sta-
bilized their telomeres and became immortalized. Telomerase
activation was suggested as a common step in the immortaliza-
tion process (Counter et al, 1994). Wiesner et al. cultured nor-
mal B-cels for ower 370 population doublings (PD) by
continuous stimulation with CO40L and IL-4 and recorded high
levek of telomerase at all time points analyzed and stabilzation
of telomere length, but no growth crsis period was observed
(Wiesner et al., 2008).

S3/R
3 /
192 PD+
76 PD
27 PD+
17 PD*
100 200 300 400
l. Crisis l. Days in culture
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We have analyzed the 53R and 54 lines at different time
paints, pre- and posterisis, with a special focus on gene expres-
sion events involved in telomerase activity and telomere length
regulation. Our data demonsirate that upregulation of ATERT
transcription, telomerase actvation and telomere length stabil
ization occurred after growth crisis. Escape from crisis was asso-
ciated with downregulation of DNA damage response genes
and altered expression of cell cycle regulators and genes confrol
ling the cellular senescence program.

Results

Both 53R and 54 T cell lines spontaneously
immortalized through escape from growth crisis and
emerged from a single clone

During |.2-dependent propagation both the 53R and 54 cell cul
tures entered a growth crisis after 20 and 62 PD, respectively
(Fig. 1). The growth crisis was associated with slowdown in cell
growth and a high rate of cell death and typical cellular charac-
teristics for cells in crisis, but alo with a significant proportion of
dividing cells. After crisis, that lasted 14 (S3R) and 7 (54) weeks,
the growth rate of both cell lines increased up to one doubling
per day. During establishment of the 53R and 54 lines, a gradual
shift occurred from a polyclonal to a monoclonal pattern of Tcell
receptor (TCR) rearrangements (Table 1). In 54, the single clone
that escaped growth criss (69 PD) dominated even before
growth crisis (48 PO) (Table 1 and data not shown). In the 53R
cell culture, several clones were present close to entry of growth
crisis (17 PD), whereas the early postcrisis culture (27 PO) was
dominated by one clone and the established cell line seemed
monoclonal after 76 PO (Table 1).

Telomere length measurement techniques highlight
consistent precrisis telomere shortening and
postcrisis telomere maintenance

Two methods were used to follow telomere length in the S3R
and 54 cultures. Telomere length distibution of all chromo-
somes was evaluated using Southern blotting [Fig. 24 (S3R)

54

223 PO+

112 PD

68 PD
48 PD—— ‘

18 PD*
100 l 200
r.‘risisl-

300
Days In culture

Fig. 1 Growth curves of Nimegen breakage syndrome T cell fine 53R and S4. A growvt h crisis period lasted for 14 (S3R) and 7{54) weeks corresponding to 20-25
FD infine%3R and 62-67 FD in line S4. Cells escapin g growth orisis had increased growth rate compared to preorisis cells. PD, population doulblings.
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Table 1 T cell receptor (TCR} reamangement donality analysis. During
establishment of the 53R and 54 lines, agradual shift accurred from a
polychonal to a monockonal pattern of TCR reamrangements. The numbers
given in the table represents the size of the ditferent TCR (Ty1, T3, Tr10,
Ty11, 61} PCR products

S3R
TCR 17 FD 7D 76 PDA192 FD
Tyl 319 +324 + 326+ 327 + 324 324
522 + 523 + 525 + 526
T3 309 +311 + 320 + 515 M +30 -
Tal 489 - -
54
TCR 12 FD 48 FD 69 D112
FO/223FD
Tel M+ 226+ B0+233+ 233+ 240 233
240 + 242 + 247 + 142
Ty10,11 182 + 189 + 200 189 -

FD, population doublings.

and (Siwicki et al, 2003) (54)] and single telomere length
analysis (STELA) analysis was used to visualize the length of
single chromosome telomere ends (Fig. 2B). The two tech-
niues gave correlating results. In 54 gradual telomere attri-
tion was observed until crisis when very short telomeres were
present (Siwicki et al, 2003). 53R showed a drastic decrease
in telomere length comparing pre- (17 PD) and postcrsis (27
PO} celks by Southern blot (Fig. 24). In the postcrisis cells there
was an elongation of telomere length observed followed by
stabilization of the telomeres for over 100 PD [Fig. 2A and
(Siwicki et al, 2003)].

The STELA method allowed detailed analysis of the telomere
ends of single chromosomes (Xp and Yp) and telomeres were
amplified with a subtelomeric primer located 0.4 kbp upstream
of the telomere repeats together with a primer at the telomere
end giving a minimal thearetical product length of 0.4 kbp. In
early postorisis S3R (27 PD) and 54 (68 PO) cells the telomeres
were still critically short with telomere products ranging from
04 to 3 kbp. Quantification of the STELA data (Fig. 2C) deman-
strated a reduced fraction of the shortest telomeres and a gen-
eral elongation of the Xp and Yp telomeres in long-term
cultured 53R {192 PD) and 54 (112 PD) celk compared to eary
posterisis cells (53R 27 PD and 54 68 PD).

Alterations to the shelterin complex and telomere
maintenance mechanisms occur after escape from
growth crisis

Telomerase activity was expressed at low levek in precrisis 53R
and 54 celk (Fig. 3). Celk analyzed shortly after growth crisis (at
27 PD for 53R and 74 PD for 54) showed unchanged telomerase

activity (53R and 54) and ATERT mRNA leveks (53R) (Fig. 3).
hTERT RNA and telomerase upregulation were found to be |ater
events in the immaortalization process, in 53R analyzed at 76 PD
and in 54 at 112 PD (telomerase activity measured at 130 PD).
The RNA component of telomerase, hTR, has also been shown
to be a limiting factor for telomerse activity (Cairmey & Keith,
2008) but in the 53R and 54 cultures only slight changes in hTR
expression were noted (Fig. 3). In 54 the hTA level was some-
what lower in immaortalized cells compared to precrisis cells and
in 53R hTR levek increased slightly after growth crisis after which
the levek were stable.

The shelterin complex, consisting of six components (TRF1,
TRF2, RAP1, TINZ, POT1 and TPP1), is important for telomere
stability and for telomerase access to the telomeres (Palm & de
Lange, 2008). mRNA levek of the shetterin genes were analyzed
at increasing PD by RT-PCR. The general trend was reduced
expression of the shelterin genes with increasing PD' and more
then twofold changes of certain components were observed in
the long term cuttured cells, 53R 197 PO (TRF2, TINZ and RAPT),
and 54 223 PD (POT1 and RAPT) {Fig. 4).

Unsupervised clustering of whole genome gene
expression arrays separates pre- and postcrisis cells
and indicates common gene expression changes
between cell lines

Changes in gene expression profiles during the immortalization
process were examined by whole genome gene expression
arrays at different stages in the immortalization process. There
were 1898 differently expressed (F < 0.01) genes comparing
precrisis with postcrisis S3R and 54 cells. Unsupervised cluster
analysis of the total data set demonstrated that pre- and postcn-
sis cells clustered sepamately in both the 53R and 54 cultures
(Fig. 5A,B). Ako, when all samples from the two lines were
included in the cluster analysis pre- and postcrisis celk clustered
sepamtely indicating commaon alterations in gene expression
during immortalization (Fig. 5C).

Gene expression analysis of hTERT regulatory genes
reveals dynamic changes to hTERT regulation

The finding that activation of telomerase and hTERT transcrip-
tion were late events in the immorialization process made us
focus further analysis on the processes potentially regulating
these cellular activities. We examined the expression of potential
hTERT regulators at different passages before (17 PD), early after
(27 PO) and late after (76 PD, 197 PD) the growth crisis period in
53R, and before (12 PD and 48 PO} and after (112 PD and 223
PO} growth crisis in 54. Altered expression of genes known to be
able to regulate the hTERT promoter accumulated posterisis,
indicating a timed series of gene expression changes leading to
the upregulation of telomerase activity (Fig. 8A~C). Some of the
genes with alfered expression in the amay analysis (cMYC, FOS,
JUN D, SMAD3 and MAD) were further verified by RT-PCR
showing a good correlation with the array data (Table 2).
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Growth crisis
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precrisis telomereshortening and postorisis telomere maintenance. Telomere length

measuraments by Southemn biot and single telomere length analysis (STELA). (A) Southem biot of line S3R. (B} STELA of 53R and 54 call cuftures atincreasing
population doublin gs (PD) where 27 PD (53R} and 68 PO {54} represent early-postoriss cells. (C) Quantification of STELA product lengths expressed as the % of

total STELA products within 0-2, 24 and = 4 kb, respactively.

Several negative regulators of ATERT tramscription (SMADS,
FOS, FOS B, JUN D, RUNX2, MAD, TNF-x, TGFR-RZ and TGFj-
R3) were downregulated in early postcnsis 53R celk (27 PO)
{Fig. A, C) but with no concomitant increase in hTERT transcrip-
tion (Fig. 3). In 54 cells FOS, FOS B, RUNXZ, SMADS3, JUN D,
TMNF-x, TGFf-A2 and TGFf-R3 were repressed postcrisis {112 PD
and 223 PD). oMYC, a positive regulator of hTERT transcription,
was increased in parallel with increased hTERT mRNA expression
and telomerase activation in both S3R (76 PD) and 54 (112 PD)
{Fig. 6B,C).

@ 2010 The Authors

Investigation of biological process changes
highlights dynamic alterations to senescence, DNA
damage responses and cell cycle signaling

Although our study shows that telomerase activation and
escape from crisis are separate events these two processes still
exist within the larger context of senescence bypass and immar-
talization. The regulation of cellular senescence involes many
genes and pathways controlling processes of significance for cell
proliferation, DNA damage response and cell structure integrity
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(Fridman & Tainsky, 2008). We examined changes in expression
of langer biological processes through the interrogation of Meta-
core pathway maps and comparison of the resulting Pvalue for
each map at each passage. The comparison of such Pvalues
allows simultaneous statistical assessment of the number of
alterations to each individual pathway whilst correcting for pathe
way and gene list size. This analysis highlighted a number of cel-
lular signaling processes with relevance to the kinefics of
telomere maintenance and senescence bypass (Fig. 7A). An
increase in the significance of alterations tosenescence signaling
pathways in general can be seen with increasing passage num-
ber in both T cell lines and interestingly a decrease in the signifi-
cance of the senescence associated secretory elements (Kuilman
& Peeper, 2009) & ako highlighted by our analysis (Fig. 7A).
Although we see a decrease in significance of the secrefory
senescence pathways due fo the reduced number of twofold
changes in later passages we see an increase in actual expression
levek of individual secretory senescence molecules (e.g. iL-6)
{Fig. 74 and Supporting Information Table 51). This may be
reflective of a general activation of the secretory senescence
program, perhaps induced by persistent DNA damage (Rodier
et al, 2009), which once established and bypassed requires no
further alterations for the continued proliferation of the celk.

Growth crisis 8267 PD

54
CITRFAPBED
8 TRF&PBED
W RAFIFEGD
W TINZFEGD
B roTIFRGD
ETPPiPEGED

Fig. 4 Expression of the shetterin complex genes
generally decreases with increasing popul ation
doublings (PD)after crisis escape. mRANA expression
(RT-PCR) of the shelterin complex genes
normalized to FBGD expression in lines 53R and 54
atinoreasing PD. Fold change was caloulated using
53R 17 PDor 54 18 FD asa reference.

48 FD Z:|FD

Although the establishment of an inflammatory secretory signal-
ing network has previously been seen to be essential for senes-
cence induction (Kuilman et al, 2008), we suggest that the
establishment of such network does not pose a significant bar-
rier tosenescence bypass.

Examples of individual genes found to be downregulated in
early postrisis 53R cells (27 PD) are ATM, COMD3 (gyclin D3),
CDKN1B (p27), CDKNZD (p19) and ASF1A, while examples of
upregulated genes are CDK4, TWIST1, TP73L (pe3), CDKN1A
{p21) and 5¥K {Fig. 7B,C and Supporting Information Table 51).
In long term cultured 53R (76 and 192 PD) and 54 cells (112 PD
and 223 PO), ATR and CDKNZE (p15) were reduced and cMYC
was increased (Fig. 78,C and Supporting Information Table 51).
These changes highlight the overlapping nature of senescence
and telomerase requlation a many of the genes play roles in
baoth processes.

Furthermore, with the escape from crisis an increase in
alterations to cell cycle signaling and DNA damage induced
responses can be seen with increasing number of population
doublings (Fig. 7A). Alterations to both of these signaling path-
ways would be required to prevent the onset of senescence and
overcome the cell cycle bamiers to allow celk to proceed to
immortalization.

@ 2010 The Authors
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Immunoblotting confirms mRMA expression data

Selected proteins were analyzed by western blotting at different
population doublings in line 53R to confirm that genes with
changed gene expression on the mRNA level also showed altera-
tions on the protein level {Fig. 7C). We found good correlations
between the gene expression army data and protein expression.
Syk, pe3 and Twist1 protein levels increased and p27 decreased
posterisis at 27 PD, 76 PD and 192 PD. chMyc increased at 76 PD
and 192 PD in line with the mRMA data.

Discussion

Our knowledge of the immortalization process & progressing
mpidly. Recent advances have introduced pathways and net-
works of gene interactions which contribute to the mechanism
and process of immortalization (Fridman & Tainsky, 2008; Caino
et al., 2000; Lafferty-Whyte et al, 2009a,b). Early studies ema-
nate mainly from studies focused on comparing normal with
genetically manipulated cells cultured many passages after they
were immortalized. Most of these studies were performed on
fibroblasts or epithelial celks and it & not known to what extent
the data can be applied to other cell types. In the present study
we have used a model where T cells from NBS patients spontane-
ously become immortalized, due o emergence of genetic aber-
rations or epigenetic changes. Two cell lines (53R and 54) were
followed during this process to identify critical steps in aftaining
an immortal phenotype with a focus on factors regulating telo-
merase activity and telomere length. We found that telomerase

® 2010 The Authors

upregulation was uncoupled to escape of growth crisis but
instead was a later event in the immortalization process.

The original telomere hypothesis for senescence and immaor-
talization {the M1 and M2 mode| states that human cells bypass
two stages to become immortalized, i.e. senescence induction
{M1) and critically short telomeres (M2, or ‘crisis’). The senes-
cence stage is likely caused by p53- and pRE-dependent DNA
damage responses initiated by short telomeres, oncogene acti-
vation, cellular stress or DNA damage. Senescence might be
bypassed by inactivation of tumor suppressor genes, resulting in
extended rounds of replication and continuing telomere attri-
tion. This eventually leads to loss of telomere capping activity
and finally severe chromaosomal instability and crisis (M2) (Shay
et al, 1991; Wright & Shay, 1992; Harley, 2002; Shay & Wright,
2005; Stewart & Weinberg, 2006, Deng etal, 2008). The
growth curves of the 53R and 54 cell cultures showed a plateau
phase with high cell death charactenstic of ‘crisis’ (M2) and celks
escaping from this phase had an increased growth rate com-
pared to the precrisis celk. Mo synchronized senescence (M1)
stage was observed during culture, but the inifial polyclonal
cultures gradually became oligo- to monoclonal indicating that
individual clones were lost due to senescence and subsequent
cell death.

Escape from growth crisis 5 a very rare event for human cells
and postcrist celk have a mechansm for ensuring intact telo-
meres, either by activating telomerase or by the aktemative
lengthening of telomeres {ALT) mechanism (Stewart & Wein-
berg, 2006; Lafferty-Whyte et al., 2008b). The ALT mechanism
for telomere stabilization involves homologous recombination,
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characterized by telomerase negative cells with very heteroge-
neous telomere lengths. ALT has not been described to occur in
tymphoid cells and we did not find signs of ALT in our T celk.
53R cells analyzed shortly after growth crisis expressed low levels
of hTERT mRMA and telomerase activity at the same levels a in
precrisis cells and had critically short telomeres. The increased
telomerase activity together with telomere elongation was
recorded first at later time points. These data indicate that main-
tenance of telomeres per se was not the main factor for over-
coming the M2 phase in our NBS T cell cultures. In contrast to
telomerase negative fibroblasts, proliferating lymphocytes
generally express telomerase at low levels, as did the 53R and 54
cells during precrisis cultture. This weak telomerase activity was
insufficient to maintain telomere length and very short telo-

Fig. 6 Gene expression alterations in hTERT
regulatory molecules highlight dynamic changes in
tefomerase regulation. Significant (P < 0.01)gene
expression changes incultures 53R and 54 in(A)

! known hTERT repressors and (B) known HTERT

activatars. Red thermometers show inoreasein
exprassion and blue decrease in expression where
1=S8R2ZTDATFD, 2=53R76 PDATIPD,
3=53R192 PFDATFD, 4 = 54 112 FD/12 PD,

5 = 54 233 FD/12 FD. {C}Fokd change bar plot of
geneexprassion array data of activating and
repressing fac tars for WTERT regulation. Postoriss
53R cells at 27 PD, 76 FD and 192 PDwere
comgpared to precrisis cells at 17 FD. In line 54,
precrisis cells at 12 PDwere used as reference for
precrisis 48 PD and postorisis 112 FDand 223 PD
cells. PD, population doublings.

menes were documented close to growth crisis. The STELA tech-
nigue revealed critically short telomeres in the eary posterisis
cells suggesting that growth criss indeed was telomere length
dependent, in accordance with the telomere hypothesis. Cells
escapinggrowth crisis had unchanged levels of telomerase activ-
ity compared to precrisis cells and might have gained ‘resistance”
to growth inhibitory signals induced by short telomeres enabling
additional rounds of replication.

Escape from crisis can theoretically be explained by a selection
of rare cells with long telomeres “hidden' in the crisis population
{Derre et al., 2007). This possibility was assessed using TCR gene
rearangement analyss. We could show that the initial
polyclonal cuttures gradually became oligo- and monoclonal
indicating a selection process during culture. In parallel with the
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Table 2 Validation of gene expression of RTERT promater regulating factors
confirms telomer ase regulation patterns. RT-PCR verification of sekected
genestrom the aray in 53R and 54 at increasing population dou blings (PD)

Fold change

53R S

Fold change vs. 17 FD Fold change vs. 12 FD

mihA ITPD TEFD 192PD 4EPD 112FD 223FD
chyrc/FBGD 1.1 15 13 =21 1.9 1.8
MAD/FBGD -50 -108 -138 -11 1.0 -1.8
MAD3/PBGD 25 -2 AT -5 -3 -16
FO5/PBGD -132 -89 -109 -394 -766 -1643
JunD/PBGD -25 -58 64 -16 -18§ —i.3
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clonal development, the telomeres gradually shortened and
were crifically short at the time when the cultures were mono-
clonal. Thus, the telomere elongafion recorded postcrisis
occurred in a monoclonal cell population with very short felo-
meres, indicating that the cells surviving crisis were not selected
due to having long telomeres.

In the immortalized T cell lines the telomeres were stabilized
for more than 100 PD. This seemingly regulated balance
between telomere shortening and lengthening might be influ-
enced by the shelterin genes (TRF1, TRF2, RAP1, TINZ, FOT! and
TPP1). The shelterin complex & important for telomere stability
and telomere elongation in cell lines but there & no consensus
regarding the relevance of shelterin component levels for
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Fig. 8 Semescence bypass and immort lization
sgnaling. Step-wise model of the immartalization
process of Niimegen breakage syndrome T-cells
with special foous on telomerase and senescence
requiation, showing genasand process alterations
that seem to be driving immar talization.

telomere length regulation in tumors (Palm & de Lange, 2008;
Cookson & Laughton, 2009). A fairly stable expression of the six
shelterin genes was shown during the immortalzation process,
but we noticed a general decreased expression of the shelterin
genes with increasing PD and a twofold reduction of RAPT,
TRFZ and TINZ in line 53R and of RAPT and POTT in line 54 in
long term cuttured celk. Chebel et al (2009) showed that dur-
ing T lymphocyte kong-term culfture and repeated re-stimula-
tions, the expression of shelterin genes and most evident RAPT
decreased (Chebel et &/, 2009). We found no obvious relation
to entry or exit of crisis and /or telormere elongation and shelterin
gene expression, but it cannot be excluded that shelterin factors
are of importance for immortalization due to differential binding
to the telomere ends. Thus, there is a possibility that in cells with
very short telomeres, as in crisis, the shelterin complex might
direct telomerase to critically short telomere ends and thereby
telomerase could be important for celks to survive crisis. The opti-
mal experment to test this possibility would be to inhibit telo-
merase in precrisis cells. In our model system we used primary
MBS T celk with no experimental procedures affecting the
genetic set up of the cels. Inhibition of hTERT or hTR would
need genefic modification of a lange number of precrisis cells fol-
lowed over a long period of time. Since immaortalzation is a very
rare event it is not feasible to test this experimentally in our sys-
tem. Another problem is that experimental RTERT/hTR inhibition
does not give 100% inhibition. Thus, at present even if such
studies were an option they would likely be fraught with issues
of interpretation. Data from other well defined model systems
are needed to further generalize our data in this respect.

Short or unprotected telomeres can induce DNA damage sig-
nak via ATM and/or ATR and trigger senescence (d'Adda di

© 2010 The Authors
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Fagagna et al, 2003; Herbig et al,, 2004). Early postcrisis 53R
cells had down regulated ATM expression which could contrib-
ute fo a ‘resistance’ to short telomeres due to reduced damage
signaling, allowing cells to continue proliferation despite criti-
cally short telomeres and unchanged telomerase activity. ATM
and ATR were downregulated in postcrisis 54 cells and ATR was
also reduced in 53R at |later passages indicating that a reduced
DNA damage response makes cells mare prone to immortalize
{Jones et al, 2004). The reduction of ATM and ATR in postcrisis
celk, in combination with the defective NB5T gene, probably
contributed to the impaired G1/5 checkpoint observed after
irradiation of the 54 and 53R cell lines [{Siwicki et al, 2003) and
data not shown] since the ATM and NBST gene products are
interacting in the DNA damage response (Difilippantonio & Nus-
senzweig, 2007). Even if the NBS1 mutation thereby can pro-
mote the establshment of immortalized celk, it is not a
necessary event since normal T cells have been immaortalized
using a similar cutture system (Stwicki et al, 2000). However,
this does not exclude that the late telomerase activation
observed postcrisis might be related to the NBS1 defect.

Gain of unlimited growth potential & a multistep process
involving many cellular pathways. To study these processes in
more detail we used a whole genome expression array and
unsupervised clustering showed a separation of pre- and posteri-
sis cells, suggesting comman genetic changes during the immaor-
talization process. The observation that increase in telomerase
activity and hTERT transcription were postcrisis events lead us to
initially focus the amay analysis on the expression of putative
hTERT gene regulators (Bilsland et al, 2009; Lafferty-Whyte
et al, 2009b). A lamge number of factors have been described to
control the ATERT promoter, including activators (e.g. cMyc,
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HIF1a, Sp1, estrogen and Ets) and repressors {e.g. WT1, Smad3,
JunD, Fos, Run2, p53 and menin) {Xiao et al, 2003; kenmann
et al, 2007; Cukusic et al, 2008; Kyo etal, 2008 Xu etal,
2008; Dwyer & Liu, 2010). In line 53R we were able to analyze
cells very early after crisis and found that this stage was assock-
ated with decreased expression of several inhibitors of hTERT
promater activity (SMAD3, TGFA-RZ, FOS, FOS B, TNF-x, RUNXZ,
JUN D and MAD), but with no concument increase in hTERT tran-
scription or telomerase activity. In postcrsis 54 (112 PD) we
could confirm the downregulation of several of these negative
WTERT regulators (TGFj-R2 and TGFj-R3, FOS, FOS B, RUNXZ,
TNF-aand JUN D).

Smad3, a negative regulator of WTERT, & associated with TGFR
signaling (Li et al, 2006). Postcrisis cells showed downregula-
tion of SMAD3 but the array data did not show changes in TGFp
but instead a strong reduction of TGFE-A2 and TGF-A3 expres-
sion. Recently, the level of TGFB-R2 was suggested to dictate
the biclogical effect of TGFR on its downstream targets (Rojas
et al., 2009) and TGFR-R3 has been shown to signal through
Smad3 (You etal, 2007). The continuous downregulation of
TGFp-A2 and TGFf-R3 in posterisis 53R and 54 cells might thus
have reduced the signaling via Smad3 resulting in reduced
repression of the hTERT promater.

TNF-3, a mulifunctional cytokine associated with negative
hTERT franscriptional regulation and senescence induction (Bey-
ne-Rauzy et al,, 2004), was strongly downregulated postcrisis
which could be of importance for telomerase upregulation and
senescence bypass in 53R and 54. GM-CSF (CSF2), which was
one of the most downregulated genes in our analysis, can mod-
ulate ATERT transcription both positively and negatively but only
in combination with other genes (Mano et al., 2000; Beyne-Rau-
zy et al, 2004). Additional knowledge & needed regarding GM-
CSF and hTERT regulation in order to draw conclusions from this
finding.

hTERT transcription i ako negatively controlled by the AP-1
{transcription factor activator protein 1) complex consisting
mainly of Jun {c-Jun, JunB or JunD) and Fos {c-Fos, FosB, Fral or
Fra2) family members (Takakura et al, 2005). AP-1 activity is
regulated by JUN and FOS gene transcription (Shaulian & Karin,
2002) and we found that «-FOS and FOS B togetherwith JUN D
were downregulated in postcrisis S3R and 54 cells, suggesting a
release of the inhibitory effect of AP-1 on the hTERT promater.

An additional negative hTERT regulator is Mad which binds to
E-box elements on the hTERT promoter as a heterodimer with
Max. Mad/Max competes with the activating c-Myc/Max hete-
rodimer for promoter binding and a switch from Mad/Max to
cMyc/Max allows transcriptional activation of hTERT (Wang
et al, 1998; Oh et al, 2000; Xu et al, 2001). In line 53R, MAD
was downregulated in early posterisis cells (27 PO) and at 76 PD
an increase in cMYC was seen in parallel with increased hTERT
mRNA expression and telomerase upregulation. This suggests a
switch from Mad/Max to cMyc/Max when telomerase was
upregulatedin 53R. Immaortalized 54 celk also showed increased
oMYC levels but MAD levek were only reduced in long-term
cultured cells (223 PD). The increase in cMYC was moderate

{around twofold) in both lines but it & possible that it was suffi-
cient for hTERT activation since several inhibitors (see above)
were also reduced in early posterisis cells (S3R). Taken together,
the data argue for a combined effect of a number of co-acting
genes leading to hTERT upregulation.

Our study further emphasizes the fact that telomere mainte-
nance by telomerase exists as a stage in a series of events lead-
ing to senescence bypass and eventual immortalization. We
were therefore also interested in identifying other processes
invohed in the series of events leading to immortalization. A
number of studies have fried to characterize such processes in
different cellular systems. In a recent review, Fridman & Tainsky
{2008) compiled data from over 60 studies, the majority of
which were performed on fibroblasts and epithelial cells {Frid-
man & Tainsky, 2008). They identified universal genes regulating
senescence/immortalization representing six major pathways:
the cell cycle (pRB/p53), cytoskeletal, interferon, insulin growth
factor, MAP kinase and oxidative stress. Similary, in our T cells
we found alterations to the cell cycle and DNA damage signaling
pathways posterisis. These molecular events, together with the
changes in telomere length observed at each population dou-
bling indicates that growth crisis was provoked by critically short
telomeres.

The immortalized cells ako showed deregulation of genes
invohed in senescence. We noted that although alterations o
senescence signaling overall increased with increasing popula-
tion doublings posterisss, the significance of the proinflammato-
ry secretory senescence signaling (Kuilman et al, 2008; Rodier
et al, 2009) decreased with increasing population doubling
whilst increased expression of individual secretory molecules
{e.g. IL-6) was observed. The decreased significance of secrefory
senescence  pathway with increased population doubling
showed that although the number of molecular changes ocour-
ring in the cell & increasing with population doubling there is no
increase in the number of alterations to this pathway. This &
suggestive of a situation whereby the secretory senescence net-
work required for senescence induction is successfully estab-
lished but this does not prevent effective senescence bypass.

As mentioned previously we also noted an increase in altera-
tions to cell cycle signaling with increasing population dou-
blings. The permanent withdrawal from the cell cycle during
senescence requires many molecules of the cell cycle machinery
{Bringold & Serrano, 2000; Lundberg et al, 2000; Roninson,
2003; Fridman & Tainsky, 2008). The increasing alteration to
these signaling pathways would therefore be required for senes-
cence bypass. For example, in both immortalized T cell lines vari-
ous cell cycle inhibitors were downregulated such as COKNTB
(p27), CDKNZE (p15) and CDKNZD (p19) (Lundberg ot al,
2000; Kim & Sharpless, 2006; Abukhdeir & Park, 2008; Majum-
der et al.,, 2008). CDK4, a positive factor for G1/5 progression
{Lazarov et al, 2002), was upregulated in postcrisis cells and
together these events drive cell cycle progression. In contrast,
posterisis 53R celks and 54 celk at 48 PO, showed upregulation
of the CDK inhibitor COKN1A (p21). The increased CDKN1A
{p21) expression was observed despite a reduction of the TP53
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{p53) gene that positive regulates CDKNT.A {p21) expression
{Abukbdeir & Park, 2008). It has recently been demonstrated
that the expression of COKN1A (p21) was critical in preventing
DNA-damage accumulation in leukemic stem cells {Viale et al,
2009) suggesting a survival advantage of COKN1A (p21) up reg-
ulation in line 53R and 54.

Previous analyses have shown a seemingly functional (but per-
haps delayed) p53/p21 response after gamma irradiation of the
54 and 53R lines [(Swicki etal., 2003) and dafa not shown].
Therefore, it is hard to draw conclusions about the importance
of p53 for the immaortalization process in these celk. However,
the p53-related TP73L (pE3) was strongly upregulated in the
posterisis celk apparently due to gain of chromosomal region
3g24-qgter [(Siwicki et al., 2004) and data not shown]. pe3 is
overexpressed in anaplastic large cell lymphoma celk and in
some other malignancies (Gualco et al, 2008), but the func-
fional consequences of this overexpression & not known. It is
worth noting that both immortal T cell lines 53R and 54 reveal
phenotypic features typical of anaplastic lame cell lymphoma
{Siwicki et al., 2008). Since the product of the TP73L gene, pe3,
appear in several splice variants with different properties further
studies are needed to elucidate the relevance of pe3 upregula-
tion for immeortalization of T celk {Deyoung & Ellisen, 2007).

Further, the senescence associated gene TWISTT was strongly
increased in both immortalized cell lines. TWIST! has been
described to over-ride oncogene induced senescence in fibro-
blasts and epithelial cells (Ansieau et al,, 2008), and our data
suggest that TWISTT also can be of significance for senescence
bypass in T-cells. Maoreover, postcrisis cells demonstrated strong
upregulation of SYK, which promotes cell survival and is overex-
pressed in peripheral T-cell lymphomas and chronic lymphooytic
leukemia (Baudot et al., 2009; Buchner et al, 2009).

Cellular senescence is accompanied by extensive changes in
chromatin structure and Senescence Associated Heterochromatin
Foci (SAHF) are often demonstrated in senescent cells. These foci
confribute to senescence-associated cell cycle armrest by inclusion
and condensation of proliferation promoting genes into these
structures, thereby silencing their expression. Two chromatin
regulators, HIRA and Asfla, drive the formation of SAHF by
interaction with histones (Adams, 2007). Immortalization of our
T lines was associated with downregulation of ASFTa which
might have contributed to bypass of senescence by inhibiting
formation of SAHF.

Interestingly, several gene expression changes {e.g. ATM,
¥4, COKN1B) identified as important for overcoming growth
crisis, were present already in 54 cells at 48 PD (Supporting Infor-
mation Table 51). The oligo-clonal cell population present at
that stage was dominated by the clone that later escaped
growth crisis, further indicating that the immorialization process
i stepwise and made possible due to additional genetic
changes.

In conclusion, spontaneously immortalized NBS T cell lines
were used to study molecular changes responsible for bypass of
senescence and escape of growth crisis with a focus on telomere
biology. Our main finding of telomerase and senescence regu-
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lating factors are summarized in the form of a model {Fig. B)
showing genes that seems to be driving the immortalization pro-
cess in T-celk. One major finding was that telomerase upregula-
tion was a late event in the immortalization process. Escape
from crisis and immortalization were associated with changed
expression of multiple genes involved in the DNA damage
response, cell oycle progression and cellular senescence control.
The activation of hTERT in postcrisis cells occurred in a step-wise
manner with initial down regulation of several transcriptional
repressors followed by upregulation of cMYC. Thereby hTERT
transcription and telomerase activity increased and telomere
length was stabilized. These data give further, previously
unknown, insights into telomere biclogy and immaortalization.
Future studies will be directed to analyze the mechanisms
responsible for the altered expression of genes of interest. For
this we need more fine mapped data on genetic alterations,
including expression of micro RMAs and their targets and modifi-
cations of the chromatin landscape.

Experimental procedures

Cell cultures

Baoth 53R and 54 cell line were established from peripheral blood
mononuclear cells (PBMC) derived from NBS patients homozy-
gous for the 657del5 mutation of the NBST gene (not diagnosed
with any malignancy when the cultures were started) {Siwicki
et al, 2003). 54 line: PBMC derived from patient 54 were sus-
pended in a standard medium RPMI 1640, 10-12% FCS
{Invitogen, Stockholm, Sweden), 50 pg mL™! gentamycin
{Sigma Aldrich, St Louis, MO, USA), activated for 24 h with
20 pg mL~" of wheat germ agglutinin (WGA, Pharmacia, Upp-
sala, Sweden) and subsequently cuttured in standard medium
supplemented with 20 U mL™" of riL-2 (R&D systems, Minneap-
olis, MN, USA). 53R line: after the initial 24 h WGA activation,
PEMC derived from patient 53R were incubated for 72 h in stan-
dard medium without mitogen, and subsequently propagated
in the presence of 20% of Lymphocult-T-LF (Biotest Diagnostics,
Dreieich, Germany). Starting from the 20th day of culture, these
cells were cultured in standard medium supplemented with riL-2
(20U TnL'1}with re-stimulation of the cellsat 7 PD, 14 PD and
20 PD by 3-day incubation in the presence of both WGA (5 pg
mL™") and of PHA-F (1 ng mL™") (Wellcome, Beckenham, Eng-
land) and with no further re<stimulation. Viable cell were
assessed every 3-7 days by typan blue exclusion test and sus-
pended in fresh standard medium supplemented with riL-2.

TCR rearrangement analysis

Line S3R: Clonality analysis of the TCR Wy 1-4 and TCR V&1-3
genes was performed by PCR amplification in 50 pL reactions
containing; 1x PCR buffer-Mg) (Invitrogen, Stockholm,
Sweden), 1.5 mm MgCly, 0.25 pm of each of the primers
{04-labelled reverse primers), 0.2 mm of each dNTP and 1 U of
Platinum Tagq DNA Polymerase (Invitrogen) and 500 ng (TCR Vy
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1-4 reaction) or 100 ng (TCR V&1-3 reaction) DNA template.
Cycle conditions were initiated with 10 min at 95 *C, followed
by 30 s.at94 °C, 30 s at60 °C (TCR Vy 1-4) or 62 °C (TCR V&1~
3)and 45 5at 72 °C for 34 cycles, and terminated with 7 min at
72 °C. One microlitre of the PCR product was mixed with 40 pl
sample loading solution (Beckman Coulter, Bromma, Sweden)
and 0.5 pL of the DNA size standard kit-600 (Beckman Coulter).
The PCR products were separated and size analyzed in the CEQ
8000 Genetic Analysis System (Beckman Coulter).

The following primers were used:

TCR Wy 1=4; VIF: CAG GCC GAC TGG GTC ATC TGC, V2F:
CAG CCC GOC TGG AAT GTG TGG, V3F: GAC ATA CCTTGC
AAG ATA TCG AGC, VAF: CTG AAA TAT CTA TTT CCA GAC
CAG C, Reverse primer mix: TCRGI1-R: TTACCA GGT GAA GTT
ACT ATG AGC+ TCRGJZ-R: AAG AAA ACT TAC CTG TAATGA
TAA GC+ TCRGIZ-R: COG TAT ATG CAC AAA GCC AAATC.

TCR V§1=-3; Vd1F: ACT CAA GCC CAG TCATCA GTA TCC,
Vd2F: ACC AAA CAG TGC CTG TGT CAA TAG G, Vd3F.GAC
CAG ACG GTG GCG AGT GGC, Jd1R: ACC TCT TCC CAG GAG
TCCTCC

Line 54: TCR rearmngements in line 54 have been previously
analyzed (Siwicki et al., 2003).

Southern blot

Telomere length distributions of all chromosomes were analyzed
by Southem blot wsing 5 pg of Hinf-1 (Roche Diagnostics
GmbH, Mannheim, Germany) digested genomic DNA sepamted
by electrophoresis on a 0.6% agarcse gel in 0.1 wm TBE buffer.
The sepaated DNA fragments were depurinated (0.25 m HCI
for 15 min), denaturated (1.5 m NaCl, 0.5 mNaOH for 1 h), neu-
tralized (1.5 m NaCl, 0.5 m Tris-HCIpH 7.2, 1 mea EDTA for 1 hj
and transferred to a nylon membrane (Hybond™-XL; Amer-
sham Biosciences, Buckinghamshire, UK) using 20x S5C buffer
over night. The membrane was prehybridized in QuikHyb
hybridization sclution {Agillent Technologies, Stratagene
Products Division, La Jolla, CA, USA) and then hybridized with a
telomeric “P-labeled (TTAGGG), probe with added salmon
sperm DNA for 1 hat45 °C. After washing in 2x 55C and 0.1%
5D5 the membrane was exposed to a phosphor screen and
scanmed in a Typhoon 9400 scanner (Amersham Bicsciences).
Quantification of the msults was performed with the Quantity
One software (Bio-Rad Laboratories AB, Sundbyberg, Sweden).

Single telomere length analysis

To study the telomere length of single chromosomes we used
the STELA method (Baird et &, 2003; Xu & Blackburn, 2007).
In short, DNA was digested with EcoR1 enzyme and a telo-
ette3 linker (5-TGCTCCGTGCATCTGGCATCCCTAACC3)
was ligated to the end of the telomeres. A set of negative con-
frok were ako included, DNA-telorette3 linker, DNA + imele-
vant linker, water—telorette3 linker and water + telorette3
linker. Ina 10 pL ligation reaction we used 20 ng DNA, 1 s
telorette3 linker, 1 U T4 DNA ligase (Roche Diagnostics GmibH)

and 1x ligation buffer (Roche Diagnostics). A telktail primer (5
TGCTCCGTGCATCTGGCATC-3) complementary to the linker
was used together with a chromeosome specific subtelomeric pri-
mer XpYpE2 (¥-GTTGTCTCAGGGTCCTAGTG-3") to amplify the
telomeres. In the PCR reaction {15 pl) we used: 300 pag ligated
DNA, 1% buffer IV without MgCly (ABgene Ltd, Sumey, UEK),
1.5 mm MgCly, 0.5 pu teltail primer, 0.5 s XpYpE2 primer,
0.3 mm per dNTP and 1.5 U Extensor Hi-Fidelity PCR enzyme
mix (ABgene). The PCR was run at 94 °C 2 min, 25 cycles at
94°C 155, 65 °C 30 s and 68 °C 10 min, followed by 68 °C
20 min. Twelve to eighteen PCR reactions were run for each
sample and the products were separated in an agarose gel and
transferred to a Hybond™-XL membrane (Amersham Binscienc-
es). A subtelomeric probe was PCR amplified from the XpYp
subtelomeric region (primers XpYpE2 S-GTTGTCTCAG
GGTCCTAGTG-3, XpYpB2 5'-TCTGAAAGTGGACC(A/TAT-
CAG-3), purified, %p_abelled and hybridized to the membrane.
The membrane was exposed to a phosphor screen and scanned
in a Typhoon 9400 scanner (Amersham Biosciences). Quantifica-
tion of the results was performed with the Quantity One soft-
ware (Bio-Rad Laboratories).

RT-PCR

Total RMNA was isolated from cell cuttures using TRIZOL Reagent
{Invitrogen), according to the manufacturer's protocol. Concen-
trations of fotal RNA were measured by spectrophotometry
{ManoDrop; Thermo Scientific, Wilmington, DE, USA) and RNA
quality was analyzed with the 2100 Bioanalyzer (Agilent Tech-
nologies, Santa Clara, CA, USA). RNA integrity number was = 9
in all samples. cONA was prepared by reverse tmnscription with
the Superscript 1| Reverse transcriptase kit (invitrogen) together
with random hexamers {Applied Biosystems, Inc., Foster City,
CA, USA) and RNAse inhibitor RNasin (Promega Biotech AB,
Macka, Sweden) according to the manufacturer's instruction
{Invitrogen).

Gene expression levels of selected genes were analyzed by
guantitative PCR as duplicates and a standard curve was
included in every assay to monitor PCR efficiency. Amplification
and detection was performed in a Light Cycler instrument
{Roche Diagnostics GmbH). hTERT, PBGD, cMYC, TRF1, TRFZ,
POT1, TINZ and RAPT mRNA level were quantified using the
Light Cycler FastStart DNA Master 5YBR Green | kit (Roche Diag-
nostics) and hTR with the Light Cycler TeloTTAGGG hTR quant-
fication kit (Roche Diagnostics). The primer sets used were:
hTERT-F: 5-CGAGCTGCTCAGGTCTTICT-3" hTERT-R: 5-GCA-
CCCTCTTCAAGTGCTGT-3, PBGD-F: 5-CTAAGATTGGAGA-
GAAAAGC-3', PBGD-R: S-CAGGGTTTCTAGGGTCIT-3, cM
¥C-F S-TACCCTCTCAACGACAGCAGCTCGCCCAACTCCT-
3, oMYC-R: S-TCTTGACATTCTCCTCGGTGTCCGAGGACC
T-3, TRF1-F: 5-AGGGCTGATTCCAAG-3', TRF1-R: 5-GCAAC
AGCGCAGAGG-3, TRF2-F: AAACGAAAGTTCAGC-3', TRF2-R:
TCCTCCAAGACCAAT-3,  POTIF:  S-TCCAGATTCCAGCA
TCAGA-3', POTI-R: S-GCATTCCAACCACGGATA-3, TINZF:
S-TGTGGATTTGGCCTCG-3" TINZ-R: 5'-GAGAAGAGGTGATA-
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GAGACT-3, RAPI-F: 5-GCCTTGTGGAAAGCGA-3", RAP2-R:
S-TCTGGAGTTCTCTTATTCTGT-3". To verify products and
primer specificity meking curve analyses were performed. The
following genes were analyzed by TagMan assays on demand
according to manufacturers protocol with the TagMan Universal
PCR Mastermix in the ABl PRISM 7900HT Instrument {Applied
Biosystems, Inc.) cFOS(HsD0170630_m1), JUN D(HsDDS34
289_51), SMAD3(Hs00232272_m1), MAD{HsD0Z311-37_m1)
and TPP1 (HsDO368526_g1).

The relative mRMA levels of the analyzed genes were normal-
ized to a housekeeping gene (PBGD) and fold change were cal-
culated using S3R 17 PD or 54 12718 PD respectively as a
precrisis reference by the 274! method (Schmittgen & Livak,
2008).

Gene expression analysis

Two hundred nanograms of total RNA of each sample was used
for cRNA production by the llumina TotalPrep RNA amplification
kit (Ambion Inc, St. Austin, TX, USA) according to the provided
protocol. In brief, reverse transcription with T7 oligo (dT) primer
was used for first strand cDNA synthesis. The cONA then under-
went second strand synthesis and RNA degradation, followed
by purification. In vitro transcription technology, along with bio-
tin-NTP mix, was employed to generate multiple copies of bioti-
nylated cRNA. The labeled cRNA was purfied and then
quantified by the NanoDrop {Thermo Scientific). The quality of
cRNA was evaluated using the RNA 6000 pico kit (Agilent Tech-
nologies) in the Agilent 2100 Bicanalyzer (Agilent Technolo-
gies).

A total of 750 ng bictinylated cRNA was used for hybridiza-
tion to a human HT12 lllumina Beadchip gene expression amay
{llurnina, San Diego, CA, USA) according to the manufacturer's
protocol. The armys were scanned using the lllumina Bead Amray
Reader {Ilumina). For data analysis and normalization the 1llu-
mina® BeadStudio 3.2 software was wsed and cell signaling
pathway and network analysis was done with the Metacore
software (GeneGao Inc., St. Joseph, MI, USA). Samples were nor-
malized by the cubic spline algorithm, genes with signal below
background levels were excluded, and differentially expressed
genes were identified by fold change calculations and with the
llurmina custom differential expression algorithm (described in
the lllumina Gene Expression Module user guide) to identify sta-
fistically (P< 0.01) differently expressed genes. Unsupervised
gene cluster analysis by the absolute correlation metric approach
of the army data was visualized in dendrograms.

hTERT activator and inhibitor maps were created using the
Map Editor tool in Metacore from GeneGao (Bilsland et al, 2009;
Lafferty-Whyte et al, 2000b). Pathway analysis was also per
formed using Metacore. In bref, twofold changes (P < 0.01)
between each timepoint and precrisis (53R 17 PD or 54 12 PD)
were uploaded and analyzed using the Functional Ontology
Enrichment GeneGo Pathway Maps tool. -log (P-values) for rel-
evant pathway maps wemre exported to Excel and visualized
using a 30 bar graph.
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Telomerase activity

Total protein was extracted using CHAPS lysis buffer (3-(3-cho-
lamidopropyl) dimethyl-ammonicl-1-propane sulphonate) for
30 min on ice, cenfrifuged at 16 000 g for 30 min at 4 °C, and
the supemnatants were snap-frozen in liguid nitrogen, and stored
at =80 °C until analysis. Total protein concentration was esti-
mated by bicinchoninic acid protein assay (Pierce, Rockford, IL,
USA). Telomerase activity was measured in CHAPS protein
extracts (supplemented with 1 U pl™" RNAsin and 1 mu DTT) by
the TRAPeze method (TR APeze Telomerase Detection kit; Oncor
Inc., Gaithersburg, MA, USA) according to the guidelines given
by the supplier. The relatve telomemse actwvity level was
expressed as units of total product generated (TPG) correspond-
ing to 0.05 pg of protein/assay. Line 54 was previously analyzed
fortelomerase activity by the same method (Siwicki et al, 2003).

Further, 53R was analyzed with a guantitative telomerase
detection kit (3-PCR) method supplied by Alled Biotech {ljams-
ville, MD, USA), according to the protocol, using the BIORAD
iQ5 real-time PCR detection system (Bic-Rad Laboratories). A
supplied standard curve (T5R) with given concentrations were
used as reference and each assay was run in duplicates
on 0.1 pg CHAPS extract (supplied with 1 U pl™" RNAsin and
1 mwa OTT) and quantified against the standard curve.

Immunoblotting

Protein expression levels were analyzed by westem blotting.
Twenty-five microgram of CHAPS extracts were separated by
7.5% or 10% SD5-PAGE electrophoresis and transferred to a
PVDF membrane (Milipore, Bedford, MA, USA). Membranes
were blocked in TBS containing 5% dried mik and 0.1%
Tween-20 and probed with monoclonal mouse antibodies
against TWIST1 (1:50, ab50887; Abcam, Cambridge, UK), Syk
{1:1000, ab3993; Abcam) cMyc (1:1000, ab11917; Abcam),
p27*™ (K25020; Transduction Laboratories, Lexington, KY,
USA), p3 (1:50, 4A4; Dako, Glostrup, Denmark) {kind gift from
Karin Nylander, Umea University, Sweden) and f-actin anfibod-
ies (1:5000; Chemicon Intemational, Temecula, CA, USA). After
a second incubation with horserdish peroxidase-conjugated
anti-mouse or anti-mbbit antibodies (1:20 000; Dako), proteins
were visualized using an enhanced chemiluminescent detection
system (ECL-advance; Amersham Biosciences) and detected
with the Bio-Rad ChemiDoc XRS gel documentation system
using the Quantity One software (Bio-Rad Laboratories).
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