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Abstract

Telomerase is present in over 90% of tumour tissuesimmortalized cells and is
tightly regulated in most normal somatic cells. sTtsuggests the existence of
regulatory mechanisms repressing telomerase in adocells that somehow have
become inactive during cancer development. In thisject, | used genetic
complementation in the form of microcell-mediatecrmachromosome transfer
(MMCT) to search for chromosomes that repress tetage activity in a prostate
cancer cell line, PC-3. Microcell hybrids generatsdintroducing normal human
chromosome 11 strongly inhibited telomerase. Teltase is regulated primarily at
the level of hTERT transcription, its catalytic subunit. Consequenéydogenous
hTERT mRNA levels were measured by quantitative RT-P@Rnicrocell hybrids
generated by transferring normal human chromosdntesa PC-3 sub-clone (PC-
3/hTERT) ectopically expressitgERT cDNA to prevent senescence. Only hybrids
constructed with transferred chromosome 11 show&dng transcriptional
repression ofnTERT. Next, hybrids were constructed by the MMCT transof
chromosome 11 fragments (X-ray-induced). FISH asialgf clones with completely
silenced endogenous hTERT transcription revealed in all cases a discrete
chromosome 11 fragment with both the p-arm andng-araterial. A randomly
selectedhTERT-repressed clone was treated with ganciclovir fecseagainst the
HyTK marker and reverse the phenotyp@ERT expression in majority of GCV-
resistant clones returned to levels comparableh garent PC-3/hTERT cells.
Collectively, these results provide strong funcéibavidence for the presence of a
powerful telomerase repressor sequence on the &atgrransfer of one repressive

fragment back into mouse A9 cells was then caroetlto facilitate fine-structure



mapping of its sequence content. High density S&ppimg of the fragment in each
of the clones revealed a considerable DNA contetérbgeneity across the panel.
These content maps, together with a further rountMECT to confirm hTERT-
repressive activity, enabled me to identify threadidate regions on the g-arm of
chromosome 11 where the repressor sequence maycéked: the first region lies
between map positions 64.70Mb to 65.42Mb and theraivo regions each flank a
single positive STS marker at 69.71Mb and 127.32KWT5, a histone modifying

gene has been identified as a potential candidatepressin¢hTERT.
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Background and the aim of the project

Telomeres are special nucleoprotein structuresistimg of tandem repeats of DNA
hexamers at the end of linear human chromosomeyzi¥l@t al., 1988). Normal
somatic cells progressively lose their telomerpeggs with each cell division due to
incomplete DNA replication (Harley et al., 1990).h@éh the telomeres become
critically short the cells senesce and this is giduo act as a tumour suppressor
mechanism in normal cells (reviewed in Campisi dnéfagagna, 2007). However,
immortal and cancer cells overcome the end rephicaproblem by expressing
telomerase. Telomerase is a ribonucleoprotein ¢hat add hexameric repeats of
nucleotides to the ends of chromosomes during aajgbn and maintain telomere
length (Greider and Blackburn., 1985). Telomeragevity is detected in over 90%
of all human cancers and it is undetected in nosoaiatic cells (Kim et al., 1994)
except in rapidly self renewing tissue cells sushseem cells, human germ cells,
lymphocytes and endometrial cells (reviewed in Kya Inoue, 2002). Therefore,

telomerase has become a preferential target faramaer drug development.

In humans, the two main components of telomeraséhar RNA template (hTR) and
the catalytic subunit which is a reverse transagpt (hnTERT). The human
telomerase RNA template is ubiquitously expressenhast cells (Feng et al., 1995)
whereashTERT is exclusively expressed in immortal cells andceaaus tissues
(Kim et al., 1994). Thus hTERT is the limiting coament in controlling telomerase
activity. A strong correlation between telomerastvay and hTERT transcription

exists in numerous cancers (Meyerson et al., 199f)s suggests thatTERT

repressors are present in normal somatic cells dmatinactivated in cancerous
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tissues. Human TERT expression is predominantlylatégd at the transcriptional
level but differential splicing of thehTERT transcript and post-translational
modification of the hTERT protein also contributeitis regulation (reviewed in Kyo
and Inoue, 2002). Since the cloning of the upstrédiBRT proximal promoter,
many transcription factors have been identifiedt tiegulate its expression either
directly or indirectly (Kilian et al., 1997; Cong al., 1999). Several groups have
identified regions on normal human chromosomesrtat harbouhTERT repressor
sequences in various cancers by using the microoadliated chromosome transfer
(MMCT) technique (Horikawa et al, 1998; Cuthbertagét 1999; Nishimoto et al.,
2001; Steenbergen et al., 2001; Backsch et al1)2@ur own group has used this
methodology to identify a region on chromosome (3t repressesTERT mRNA

expression in 21NT, a breast ductal carcinomaliogll(Cuthbert et al., 1999).

In our laboratory, MMCT is a well established teicjue that allows individual
transfer of normal human chromosomes, tagged wéhselectable HyTK fusion
gene, into any recipient cell line. We have avddah complete panel of normal
human:mouse monochromosomal hybrids, in which timelividual human
chromosome exists as an intact stable entity iroasa background. The introduced
chromosome is maintained in the recipient cellsdbyg selection. The selectable
HyTK marker provides a potent tool in the search riovel genes by function
analysis, since it can be selected “in” by cultgrithe cells in hygromycin B or
selected “out” by treating the cells with gancigtafCuthbert et al., 1995). Different
chromosomes have been implicated in various canoeisating that telomerase

regulation is tissue specific (Horikawa et al, 19@8thbert et al., 1999; Nishimoto
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et al., 2001; Steenbergen et al., 2001; Backsah,e2001). Chromosome(s) that may
carry a gene for repressing telomerase are yettaédntified for prostate cancer.
Therefore, the aim of this project was to identdgne(s) on normal human
chromosome(s) that repress telomerase activitylwedoin prostate cancer. In the
present study, | made use of the MMCT techniquendividually transfer normal

human chromosomes of the complete donor panelRQte8, a prostate cancer cell
line. This potentially permitted me to screen theole genome in search of gene(s)
that may repress telomerase activity. Furthermase, of molecular and cytogenetic
techniques allowed me to identify the regions oe ttansferred normal human

chromosome where the telomerase repressor sequerycke located.
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Chapter 1

General introduction

1.1 The prostate gland

The prostate gland is a male muscular organ sduditectly below the bladder in

front of the rectum. At birth the prostate glandighs only a few grams and it is
roughly the size of a pea. Enlargement to aduét starts at puberty from the effects
of androgen hormones and stops at the age of &@fbufhe approximate size of a
normal adult prostate gland is 1.5inches long. Tmestate gland consists of
approximately 30-50 smaller glands and stroma #mat surrounded by a fibrous
tissue known as the prostatic capsule. The maiaotifium of the prostate gland is to
produce secretions that form part of the semen;rélsé of the seminal fluid is

produced by a pair of glands, attached to the grestcalled seminal vesicles

(http://library.med.utah.edu; http://www.upmccaroegrters.com).

The prostate gland can cause major problems in abbewe the age of about 50,
enlargement of the gland being the main medicalceon Since the urethra is
completely surrounded by the prostate gland, eataemt of the latter restricts the
flow of urine as the urethra gets squeezed. Bottigbeprostatic hyperplasia (BPH)
and prostate cancer result in enlarged prostaten afhowing similar symptoms.

(http://www.upmccancercenters.com).
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1.1.1 Prostate Cancer (CaP)

There has been an enormous increase in incidete® ohprostate cancer over the
past 20 years and this has made CaP the sixthaowshon cancer in the world and
the third most common amongst men. In Europe, NArtterica and some parts of
Africa it is the most commonly diagnosed malignaeoplasm and the second
leading cause of cancer deaths in USA and Europené et al., 2004; reviewed in

Gronberg, 2003). The clinical behaviour of CaP x$raamely unpredictable. The

most typical features of CaP include its very signowth compared with breast or
colon cancers. CaP is highly associated with agecdlly diagnosed in men aged
over 70 years. Other distinct traits of CaP inclhegerogeneity in its morphology
and genotype, suggesting the involvement of maetgdthways in its development,

(reviewed in Bostwick et al., 2004).

1.1.1.i Symptoms, diagnosis, prognosis and treatmien

Most early prostate cancers cause no symptomsrbgtgssion of the disease can
cause changes in urination flow, frequency of urama pelvic, hip or back pain.
Nevertheless these symptoms may also occur in aliseases not related to CaP
(Cancer Research UK, website). The two most importasts used in conjunction
with each other to diagnose early CaP are the gespecific antigen (PSA) blood
test and the digital rectal examination (DRE). Hegre the changes observed by
these tests are not specific for prostate cancdr ianthe event of elevated PSA
and/or abnormal DRE, a needle biopsy has to beoqeeid. The prostate specific
antigen (PSA) blood test has been used widelyver @5 years to diagnose CaP but

it fails as a reliable test because it often lemd$alse positive and false negative
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results. PSA is not a specific test for CaP asadbal/ levels are also observed in
individuals with benign prostatic hyperplasia (BPB)d prostatitis. BPH is the

enlargement of the prostate gland, a non-cancerondition associated with aging
and prostatitis is the inflammation of the prostgtand (Cancer Research UK,
website). There is no specific PSA level that castituish CaP from BPH

(Thompson et al.,, 2005). Therefore, men with highAPevels need to undergo
repeated biopsies to rule out CaP as these indilddare at a greater risk of
developing CaP as they get older. A need for a mspexific test to evaluate the
requirement of biopsies in these patients has dethé recent development of the
PCA3 (prostate cancer gene 3) molecular biomarkee PCA3 gene encodes a
prostate-specific mMRNA that is highly over expresse CaP cells compared with
BPH (Marks et al., 2007). The PCA3 gene is detedtedhe nuclear material

collected from cancer cells that have been shed tim urine after the prostate is
massaged three times on each lobe during DRE (Gpbsk al., 2006). The PCA3

urine assay has very recently been introducedcdlityiin the UK.

Patients with localised CaP show considerable bgéreity in biological

aggressiveness and prognosis. Even though CaRnslty an indolent disease, 25-
30% of the tumours behave aggressively (Crawfor@320Presently there is no
accurate way to predict the course of the diseasedividual patients and no

consensus on the most appropriate means of trelmoaljzed disease. However,
radical prostatectomy is an effective treatmentpatients whose cancer is confined
to the prostate and has not spread to the senesallgs. Over 90% of men remained

cancer free five years after the surgery (http:Mamupmccancercenters.com).
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Radiation therapy is used to treat patients whaseers are confined to the prostate
gland or has spread to nearby tissues. It is aed in advanced forms of cancers to
reduce the size of the tumour. Androgen deprivaigothe main treatment given to
patients with locally advanced and early metastdisease. Initially, between 70-
80% of the patients respond to the therapy butttimour eventually becomes
hormone independent and more aggressive, leadirgpoor prognosis (Crawford

2003; Cancer Research UK, website).

1.1.2 Epidemiology of prostate cancer

There are 32,000 cases of prostate cancer diagmosbd UK every year, which is

12% of all cancers, causing 10,000 deaths. Ongaryel male cancers diagnosed in
the UK is prostate cancer making it the most comydragnosed cancer in men.
This may be explained by the fact that men arendjvionger and that there is
enhanced usage of the PSA test (Cancer Researclvébsjte). Various exogenous
(diet, geography and socio-economics situation) amtlogenous (hormonal
imbalance, epithelial and stroma interaction andilia history) risk factors

contributing to prostate cancer development hawn [siggested (Bostwick et al.,

2004; Crawford, 2003).

1.1.2.i Age, ethnicity and diet

Age is the major risk factor with incidence ratergasing sharply as men get older.
The highest numbers of cases diagnosed in mene#neeén the ages of 70 and 79

and CaP is rarely found in men under the age of({G@&wford, 2003; Cancer
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Research UK, website). Prostate cancer is usuaitieet in men in their 60s or 70s
even though pre-neoplastic lesions known as prostataepithelial neoplasia (PIN)
can be found in younger men and are quite commomeén in their fifties. The
incidence of PIN is much more extensive, affectingn 3 men compared to the
incidence of carcinoma which affects approximatélyn 9 men. Morphological
changes related to the initiation of the diseasec@mmonly observed, occurring
early in life whereas advancement of the diseasedtastatic state affects a fewer

number of older men (reviewed in Abate-Shen anchSA@00).

Geographical distribution of CaP cases also var@ssiderably, with the highest
incidences of CaP in the western world and lowasAsia. USA has twice the
incidence rate of CaP than that of the UK but th&g/ be due to higher usage of PSA
testing in the USA (Collin et al., 2008; Shibatal aWhittemore, 2001). Within the
USA, African Americans have a higher incidence @t€aP than white Americans,
and the Chinese and Japanese have the lowesnhrtte world, leading to the idea
that dietary and environmental factors may playigniScant role in prostate
carcinogenesis (reviewed in Bostwick et al., 2004ncer Research UK, website).
Effects of diet and environment have been showstbglies conducted on Japanese
immigrants to the USA. The risk of prostate canoemelated with the age of the
individuals at the time of relocation to the USAdathe period spent in the new
environment (Cook et al., 1999). Adapting to a Wastlifestyle has been proposed
to account for higher risk of prostate cancer, eislg high intake of food rich in
saturated fat such as red meat and dairy produbtshware known to increase

prostate cancer incidence and mortality (reviewedostwick et al., 2004). High
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intake of soybean, which is rich in isoflavoneshswas genistein and daidzin, is
thought to possibly be related to low incidencegpmfstate cancer in Japan. It has
been proposed that tyrosine-specific kinases, wihigh proteins involved in cell
proliferation and transformation can be inhibitgddenistein and thus constrain the
progression of prostate tumours (Akiyama et al87)91t has been reported that
daily intake of selenium, mainly found in graingddish may have protective effects
against prostate cancer in humans. Long term songpigation witha tocopherol (a
form of vitamin E) has also been reported to lower risk of CaP (Shirai et al.,

2002; reviewed in Gronberg, 2003).

1.1.2.ii Mortality

Significant variations exist between mortality sathie to CaP throughout the world.
High rates of mortality are observed in the USAeesally amongst the African
Americans while mortality rates are much lower imir&d and Japan. African
American men have more than double the rate of atityrtcompared to white
Americans and approximately 10 times greater miytdian that for men in Hong
Kong and Japan (Bostwick et al., 2004). This vamatn the mortality rate may be
explained by the differences in socioeconomic stafuthe patients which seems to
be higher in lower status individuals. However, winealthcare is equally available
to the African American men and white men, cerfaatient population may not
avail the opportunities equally (reviewed by Hasd &akr, 1997). In the UK 10,209
deaths were recorded in 2004 which was 13% of aleroancer deaths. Ninety three
per cent of the prostate cancer deaths were inaged 65 years or more (Cancer

Research UK, website). Mortality has decreasetienldSA and the UK, but the rate
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of decline is much faster in the USA than in the.UKis could be due to intensive
use of the PSA test for screening and monitoriegtierapeutic efficacy or it may be
due to the differences in the treatment of the atiseor both (Collin et al., 2008;
Shibata and Whittemore, 2001). The fact that mast mith prostate cancer die from
other causes rather than directly from it is wetlablished. There is a 3% risk of an
American man dying of prostate cancer and a 72koafislying with the disease but
of unrelated causes (reviewed Bostwick et al., 2004e main predictors of death
due to prostate cancer is related to the disedsg beagnosed at a young age, being
of African American race, or disease at an advanseije when diagnosed

(Crawford, 2003).

1.1.2.iii Genetic susceptibility

The chance of developing prostate cancer doublesmébviduals that have either

their father or a brother affected by the disedd®e risk is further increased if

multiple relatives have prostate cancer and theetookthe disease is usually 6-7
years earlier in life compared with the sporadiorfoof the disease (Carter et al.,
1992). Approximately 40% of patients of less th&nygars of age have hereditary
CaP when diagnosed with the disease. Hereditastgiecancers account for 5-10%
of the disease incidence and there are no knowrmcali differences between

hereditary and sporadic prostate cancer (Bratt2ROPBamilial prostate cancer is
thought to occur from inheriting one or more susibdly genes or being exposed to
the same environmental factors (Crawford, 2003;nGeog, 2003). Linkage analysis
and refined mapping has identified 3 strong cartdidgenes for hereditary prostate

cancer (HPC)RNASEL (1925), believed to be a tumour suppressor geraved in

27



regulating cell proliferation and apoptosis is fdumithin the HPC1 (1q24-25) locus
(Carpten et al., 2002). The other germline mutatiare in theViSR1 (8p22-23) and
HPC2/ELAC2 (17p12) genes. The involvement of these 3 putasiysceptibility

genes was very infrequent in sporadic CaP (Porkkavasakorpi, 2004).

Linkage analysis and epidemiological studies of iliam prostate cancer have
identified other susceptibility loci on chromosons8, 17 and 20, but these loci
have not yet been linked to any specific candidgtiees (Simard et al., 2002). The
search for CaP susceptibility genes has been dliffiecause the disease is usually
diagnosed at an advanced age which often meamssinpossible to obtain DNA
samples from living relatives of more than one gatien; also problematic is the
complexity in identifying hereditary and sporadicriis of the cancers in individuals

with high risk phenotypes and genetic heteroger(8iyard et al., 2002).

Recently, Eeles et al (2008) employed genome-wsd®@ation study (GWAS) to
investigate genetic susceptibility in CaP patightt were either diagnosed with the
disease at60 years or had family history of the disease. G¢tatrol for this study
consisted of individuals with very low PSA level§ €0.5ng/ml. The authors
analysed over half a million SNPs (single nuclestgblymorphisms) in the two
populations and they identified seven new loci bromosomes 3, 6, 7, 10, 11, 19
and X associated with CaP. In these new regions, atlthors identified three
candidate susceptibility genes for CaP. ThesdVi8B (microseminoprotein beta-
which codes for an immunoglobulin binding factomfly and is synthesized by the

epithelial cells of the prostate) on chromosomelLMTK2 (lemur tyrosine kinase 2)
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on chromosome 7 ankLK3 (kallikrein-related peptidase 3) on chromosome Ii9.
has been proposed that these candidate genes @ingribducts may be used to

screen CaP and potentially be used as therapaugiets.

1.1.2.iv Effects of hormones on prostate cancer

There is strong evidence to suggest that steroithdiees play a significant role in
the pathogenesis of prostate cancer but the prewshanisms by which androgens
affect this process is not clear. The growth arffédintiation of the prostate gland
which is composed of stromal and epithelial ceflgegulated by androgens. The
enzyme 5-alpha-reductase reduces testosteronehyalrdiestosterone (DHT), an
active metabolite that controls the developmerihefprostate (reviewed in Haas and
Sakr, 1997). Inhibition of the enzyme 5-alpha-rddse causes benign prostatic
hyperplasia (BPH) whereas androgen ablation eitiuegically or with hormone
agonists is used as therapy for advanced prostateec (reviewed by Crawford,
2003). Men who have congenital abnormalities inragen metabolism do not
develop prostate cancer or BPH nor do those menwehe castrated before puberty
(Haas and Sakr, 1997). Conflicting studies havenlyeported on the plasma levels
of testosterone and DHT in prostate cancer patiantshealthy controls of similar
age (Ghanadian et al., 1979; Meikle and Stanisi82)19In one study, African
American men had 15% higher serum testosterond lewepared with white
Americans, reflecting increased risk of prostatecea in that ethnic group (Ross et
al., 1986). In another, Japanese men had lowelslevie 5-alpha-reductase and
therefore decreased levels of DHT compared with Agaa men (Ross et al., 1992).

Recently, Marks et al (2006) investigated serum #sglie testosterone and DHT
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levels in normal African American men and white mamd found no significant

difference between the two groups.

1.1.3 Pathological and molecular mechanisms undeming prostate cancer

The molecular pathology of prostate cancer is exttg complex, involving multiple
genes and environmental factors. Currently, thduleel and molecular events
associated with the initiation, development andgpession of the disease are
unknown. However, identification of genetic altévat involved in these stages of
CaP is gathering pace with the aid of modern mddedools, raising expectations
that soon it will be possible to distinguish thedaotent cancers from the life
threatening aggressive tumours by molecular amalysi suitably validated
biomarkers (Hughes et al., 2005). Inherited prestaincer is estimated to constitute
less than 10% of CaP with the majority of casesndeporadic (Konishi et al.,
2005). Therefore, only the most consistent cellulziochemical and molecular

changes that occur in sporadic prostate cancebwiteviewed here.

1.1.4 Cellular biology of benign prostate growth

Morphological characterization of prostate epitinglihas revealed the existence of
three distinct types of cells (Fig.1.1). The mostvalent cell type is the androgen
dependent secretory luminal cell which secretestptic proteins such as PSA
(prostate specific antigen). These cells expredsogen receptor (AR), cytokeratins
8 and 18 and CD57 (a surface marker-cluster difteagon 57). The second

epithelial cell type is the basal cell; these argased between the luminal cells and
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the basement membrane of the prostate gland. Babsimediate attachment to the
stroma and they express p63 (a nuclear proteirhgmhigh homology to the tumour
suppressor protein p53), cytokeratins 5 and 14,42&ntl low levels of AR; these do
not secrete prostatic proteins. The third type ofsgatic epithelial cell is the

neuroendocrine cell; these support the growth wiihal cells. Neuroendocrine cells
are androgen independent and express serotonisemedal other peptide hormones
(reviewed in Abate-Shen and Shen, 2000). Therenarve reports describing the

existence of certain prostatic epithelial cellst tba-express both luminal and basal
associated markers, the prostate stem cell antig@Rer first appears on these rare
intermediate cells (Kelly and Yin, 2008). Stem sakpress high levels of p63 and
its expression by the basal cells has led to cansethat epithelial stem cells reside

in the basal compartment of the prostate (Tokat.e2005).

Neuroendocrine cell \ Basal Lamina

Figure 1.1: Different types of cells found in thentan prostatic duct. The neuroendocrine cells are
morphologically identical to the basal cells. Diagrreproduced from Abate-Shen and Shen, 2000.

Even though the three types of prostate epithal@ls differ in their marker
expression and biological function they do origgntbm common pluripotent stem
cells that are located in the basal cell layeriéwed by Konishi et al., 2005; Abate-

Shen and Shen, 2000; Foster et al, 2000). In nopnustate, there are only a small
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number of neuroendocrine cells scattered along#sal cells. However, increased
numbers of cells with neuroendocrine differentiatare present in more aggressive

forms of prostate cancer (Cussenot et al., 1998).

1.1.5 Initiation and progression of prostate cancer

Prostatitis, Benign prostatic hyperplasia (BPH) augnocarcinoma are the three
major forms of prostatic disease. Although prosteémcer patients often have
inflammation of the prostate, association betwemsm two has not been clearly
demonstrated (De Marzo et al., 2004; Karan et28l03). Seventy percent of CaP
occurs in the peripheral zone of the prostate WitFf20% occurring in the transition

zone and 5-10% arises in the central zone (Fig WBgreas BPH (which is not a
pre-malignant lesion or a precursor of prostatecegnmainly evolves in the

transition zone (Konishi et al., 2005).

N )

. central zone
transition

Zone

prostatic
sphincter

Figure 1.2: Anatomy of the human prostate. Diagreproduced from Abate-Shen and Shen, 2000.

Prostate cancer in its initial stage is confinedh® prostate gland and is androgen
dependent. At this stage, the cancer is normaliglita by surgical and/or radiation
therapy. In most men, the disease is indolent betaggressive form of CaP first

invades the seminal vesicles and then metastasissber organs, especially to the
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regional lymph nodes and the bone system. Metastaticer is generally androgen
independent and is the main cause of mortalityh wie cancer spreading to bones in
more than 70% of patients (Karan et al., 2003; al&#ten and Shen, 2000).
Prostatic intraepithelial neoplasia (PIN) is thestfimorphologically recognizable
stage of prostate cancer. Both PIN and advancedsfof CaP are multi foci lesions
and have similar chromosomal abnormalities (Konighi al., 2005). Genetic
alterations in PIN have been linked to the develepinof CaP (Foster et al., 2000).
PIN is normally divided into high and low gradengsithe Gleason grading system,
with the high grade associated with the metasthsiease. However, high grade PIN
is not an in situ carcinoma, in spite of being kxsely associated with CaP, because

PIN has intact basement membrane and does notanmtemthe stroma and produces

small amounts of PSA (Konishi et al., 2005).

Figure 1.3: Histological images of prostate tisstened with hematoxylin-eosin stains. A is a low
magnification image showing heterogeneity of prestassue that contains BPH, PIN and CaP
regions. B is a higher magnification view of thangaimage showing the BPH and PIN regions.
Arrows are pointing towards the basal layer thatasinds the ducts at the BPH region, which is
absent in the PIN region. Images reproduced fromtédshen and Shen, 2000.

Recently, proliferative inflammatory atrophy (PIAas been identified as a possible

precursor to PIN, making PIA an even earlier stagthe evolution of CaP. There

33



are several defined stages in the progression rohagrostate or BPH to metastatic
CaP. These stages include PIA, followed by PINdileg to localised CaP and
subsequently to metastatic and/or hormone refraqicostate cancer (De Marzo et

al., 1999).

Currently, the method used for predicting the griagrostate cancer is the Gleason
score where the most predominant cancer patterriha@ndext leading cancer pattern
are given a grade of 1-5, with 1 being the modedshtiated and 5 being the least
differentiated. The two grades are added togetliethere is only one principal

histological pattern present in both cancers tlinensame grade is given so that the

Gleason score ranges from 2 to 10 (Gleason e9@4)1

1.1.6 Molecular mechanism of sporadic prostate caec

The heterogeneity of CaP is a major factor thatrhade the identification of genetic
alterations extremely difficult. Heterogeneity mag/the result of multifocal tumours
growing very close to each other and eventuallynteating in fusion of separate
lesions, creating difficulties in obtaining purergae of cells from patients (Latil and
Lidereau, 1998). Prostate cancer cells possessrousisomatic genomic alterations
like all other epithelial cancers. Although genetiterations in CaP have been
widely studied little is known of the mechanismatthre involved in the progression
of primary CaP to metastatic CaP. Therefore, disighing the indolent form of the
disease from an aggressive form with current teldyyohas not been possible so far

(Saric et al., 1999).
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1.1.6.i Chromosomal aberration associated with praate cancer

Several methods, such as conventional cytogen@itmnding), fluorescence in situ
hybridization (FISH), comparative genomic hybridiza (CGH) and loss of
heterozygosity (LOH) have all been employed to ptasdromosomal aberrations in
prostate cancer. The most successful techniquebbkas comparative genomic
hybridization (CGH) which allows loss and gain oNA copy number to be
detected. CGH studies have revealed that the logsreetic material is higher than
the gain in the early stages of prostate canceplying loss of tumour suppressor
genes is involved in prostate tumorigenesis. Gawese observed in metastatic
hormone-independent cancer indicating the actimatfooncogenes at a later stage of
the disease (Visakorpi et al, 1995). The most feaetjy recorded chromosomal
losses are on 2q, 5q, 69, 8p, 10q, 13q, 16 andM8ce than 50% of the samples
studied had losses in 8p and 13q chromosomal re@ad these regions were also
lost in high grade PIN, suggesting these chromosoeggons harbour one or more
tumour suppressor genes. Gains have been recomlechetastatic CaP on
chromosomal regions 2p, 11p, 1q, 39, 449, 79, 8q, 12q and Xqg (Porkka and

Visakorpi, 2004; Karan et al, 2003).

1.1.6. ii The most commonly altered genes in progeacancer

Heterogeneity in CaP found at the histological alwical level is reflected at the
molecular level too. There are no clearly defineshagic events that occur in its
progression but different stages of CaP may posbiblassociated with inactivation
of one or more tumour suppressor genes (TSG) amctifunal activation of certain

oncogenes (Ozen and Pathak, 2000). Not many Cafe silathe same genetic
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alterations but there are various genes that argt frequently altered in different
stages of prostate cancer (Fig 13aaret al., 2008; Tomlins et al., 2006; Hughes et

al., 2005; Konishi et al., 2005; Porkka and Visgko2004).
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Figure 1.4: Proposed pathway for human prostateeraprogression. Different stages of CaP are

associated with inactivation of candidate tumoyopsassor genes and activation of oncogenes.

1.1.7 Chromosomal instability

The karyotype of prostate cancer has revealed fuatherical and structural changes
in a variety of chromosomes. Chromosomal instgbitiontributes to molecular
transformation of many epithelial cancers (Cahilak 1999), and one of the causes

of chromosomal instability is dysfunctional telomer (Counter et al, 1992).
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Telomeres and telomerase, the ribonucleoproteimined] to maintain telomere
length, play an important role in prostate canddre biology of telomeres and

telomerase and their involvement in cancer wilt¢fiere be reviewed next.

1.2 Cellular senescence: a tumour suppressor mecham

Renewable tissues are essential for the viabilitycamplex organisms such as
mammals. However, these tissues are at risk oflolewg cancers because dividing
cells acquire mutations much more easily than neididg cells. There is a greater
possibility of mutations occurring during DNA regdition leading to accumulation
of genetic alterations that can result in tumoregs (reviewed in Deng and Chang,
2007). There is an association between human cateerlopment and advanced
age. Adult cancers are predominantly carcinomasmfhelial origin arising in

tissues that are continually being renewed througHife. Tumour suppressor
mechanisms have evolved to ensure the longevityrganisms and one such
mechanism is replicative cellular senescence (nedein Campisi and di Fagagna,

2007; Kuliman and Peeper, 2009).

Cells from multicellular organisms were originatlyought to possess an ability to
proliferate indefinitely in culture. However, motkan 40 years ago Hayflick and
Moorehead (1961) discovered that human fibroblasten propagated in culture
underwent robust cell division initially and theitea cell proliferation gradually

declined. All the cells in the culture eventualbgt the ability to divide even though
the cells were viable and there was ample spad¢dentis and growth factors in the

medium. This proliferative barrier was initiallyrbeed “the Hayflick limit” but is
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now known as cellular or replicative senescences fidplicative capacity of cells
depended on the origin of the tissue and the agjgeodrganism from which the cells
were isolated. A molecular clock was thought taseki normal cells that registered
the number of cellular replications and after ataier number of population
doublings the cells underwent senescence (Harley.,e1990). These observations
generated two contradictory hypotheses at the tirhe. first theory stemmed from
the fact that numerous cancerous cells prolifenadefinitely in culture, therefore
cellular senescence was considered beneficial sirmeed as a tumour suppressor
mechanism in organisms to protect them from caridee. second theory stemmed
from the fact that tissue regeneration and repeieribrates with age and cellular
senescence was seen as a detrimental mechanisiadhatthe loss of regenerative
capacity of celldn vivo (Reviewed in Campisi and di Fagagna, 2007; Stewaait

Weinberg, 2006).

1.2.1 Senescence and immortalization prior to teloene discovery

Prior to the discovery of the involvement of telop®e with senescence and
telomerase with immortalization, it was known thadrmal human fibroblasts
proliferate between 50 to 80 population doublir§igbsequently, the cells senesce as
they had reached a proliferative barrier, termedtafity stage 1 (M1). Replicative
senescence is dependent on the presence of p5gRmtlmour suppressor genes
(Shay et al., 1991). M1 can be bypassed by tramsfethe pre-senescent cells with
viral genes such as the gene encoding the larggigea of SV40 (simian virus) or
co-transfection of genes encoding the HPV16 E6 Bidtransforming proteins

(reviewed in Newbold, 2005). The HPV16 E6 and Ealvproteins inactivate the
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p53 and pRb tumour suppressor proteins respectaglyoes the large T antigen of
SV40. Abrogation of both the p53 and pRb pathwaysrequired to bypass
senescence while inactivation of one of the twdwais did not suffice to bypass
senescence. Evading the M1 barrier increases tbkfepative capacity of the
fibroblasts by 20 to 30 population doublings, ratti@n immortalizing the cells. The
cells then enter another proliferative phase knag/risis or mortality stage 2 (M2),
where their number remains approximately constanabse successful cell division
is balanced by cell death due to critically shatbineres (Wright et al,. 1989).
Rarely, cells escape the crisis and form coloniesnmortal cells but this a very
infrequent event, occurring at £0n epithelial cells and 10in human fibroblasts
(Shay and Wright, 2006) (Fig 1.5). The above figdinndicate that SV40-LT
antigen expression is essential but not sufficitart immortalization and that
immortalization is a two-stage mechanism i.e. nbrimenan somatic cells need to
overcome the 2 proliferative barriers, senescemzk @isis to become immortal
(Wright et al., 1989; reviewed in Newbold, 2002; w®Id, 2005; Stewart and

Weinberg, 2006).
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The two step model of senescence
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barriers, M1 and M2 that limit the indefinite dida potential of normal cells.
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1.2.2 Telomeres

Telomeres are composed of unique sequence of DNAaasociated proteins at the
ends of each chromosome. They allow cells to djsish natural chromosome ends
from DNA breaks by capping the 3’ end, so preveappropriate DNA repair such

as exonucleolytic degradation and ligation of ormeomosome end to another
(Smogorzewska and De Lange, 2004). In normal hureds, telomeres can consist
of 5 to 15kbp of tandem repeats of TTAGGG (MoyZisle, 1988). With every cell

cycle an average of 50-150bp of nucleotides are dog to the end replication
problem at the 3’ end (Fig 1.6) (Harley et al., @R9This shortening of telomeres
limits the cells from indefinite cell division hemcacting as a potent tumour
suppressor mechanism. In normal cells, once thgtheof a single or a few

telomeres reaches a critical level the cells urmergplicative senescence and
withdraw from the cell cycle (Reddel, 2003). Howev@ermline cells and

unicellular organisms have acquired telomeraseviictio overcome the telomere
shortening that leads to senescence (Shippen-lastBlackburn, 1989). Telomere
lengths in human germline cells are significandgyder than those of somatic cells

and they are stable regardless of the age of therddllsopp et al., 1992).
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The end replication problem
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Figure 1.6: Diagram of the “end replication probtewhich results in loss of DNA sequence with

each cycle of DNA replication. (A) Double strandearental DNA. (B) Parental strands open up to
act as template to synthesize the daughter stnasidg DNA polymerase and the latter requires an
RNA primer to initiate synthesis in the 5’-3' ditean. The leading strand can be synthesized
continuously until the end of the linear chromosort@) The lagging strand is synthesized as a
sequence of fragments known as “Okazaki fragmeaitgif which require the RNA primer. (D) RNA

primers are degraded. (E) The gaps left by the RNAers between the newly replicated fragments
are filled by DNA ligase, the exception being thapat the very terminal 5’end which cannot be
filled. (F) This gap is further increased by an aggmt 5'-3' exonuclease which degrades 130-210
nucleotides that result in the further shortenihthe 5’ end of the telomere and a 3' G-rich oveidna

on the parental strand.

1.2.2.i Telomere dysfunction and senescence

Recent advances in molecular biology have revetlednvolvement of telomeres
with senescence and telomerase with immortalizatWwhen cells are cultureth
vitro they tend to senesce at a point when they st lzan average of several kb of

repeats remaining at each telomere (Counter el @92). Unfolding of the T-loop
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structure in these short telomeres is seen as ble@irand break by the p53
mediated pathway resulting in replicative seneseeficis postulated that the cells
stop dividing because the anti-proliferative medsian M1, has been activated
(Shay et al., 1991). It has been hypothesisedithabrmal somatic cells telomere
shortening in one or more of the 92 (23 pairs abofosome in a normal cell with
telomere at each end results in 92 telomeres) &iomepeats may induce M1, even
when an average of several kb of repeats remainsach of the other telomeres
(Levy et al., 1992). Tumour suppressor proteins @33 pRb, involved in cell cycle
checkpoints for DNA damage are induced when a simcfromosome of limited
telomeric repeats produces a DNA damage signalgWWmnd Shay, 1995). Cells
that bypass the M1 mortality stage due to inadowvabf p53 and pRb signalling
pathways continue to divide with decreasing tel@mengths. When the telomeres
become critically short they cannot protect theoolwsome ends from being
detected as double strand breaks and enter M2isis ¢Newbold, 2005). M2 is
characteristic of uncapped chromosome ends, enedntb chromosomal fusions,
anaphase bridges and a high number of apoptotis. d&&hd to end chromosome
fusion resulting in dicentric chromosomes can atéi chromosomal instability
through repeated breakage-fusion-bridge (BFB) eyclBuring mitosis the two
centromeres of a dicentric chromosome are pulladutds the opposite poles of the
spindle causing the chromosome to break. Theseebrakromosomes can either
translocate or form new dicentric chromosomes tmtinae the process of
chromosomal instability. Such genomic instabilgyassociated with extensive cell
death making M2 distinguishable from M1 (reviewed Stewart and Weinberg,

2006). Hence, crisis provides a potent barrieutodur development but rarely a cell
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in the M2 stage escape crisis and become immoytatéctivating or up-regulating
telomerase resulting in infinite cell proliferatidfig 1.5). Between 80 to 90% of
tumour derived cells that have detectable teloneerastivity also have short
telomeres suggesting that telomerase activatiatirigato telomere stabilization, by
arresting telomere shortening and stabilizing theeqidency of dicentric

chromosomes, occurs late during oncogenesis (Coanhtd., 1992). The majority of
immortalized cells express telomerase (Kim et 4094) and the rest use an
alternative mechanism (ALT) to maintain the teloimdength with each cellular

division (Reddel, 2003; Newbold, 2005; Shay and giWii 2005; Stewart and

Weinberg, 2006; Feldser et al., 2003).

1.2.2.ii Telomere function

Early cytogenetic studies revealed that chromosomgk broken ends fused
together to form dicentric, ring or some other abk form of chromosome i.e.
inappropriate recombination (reviewed in Steward &einberg, 2006). However,
the natural linear ends of a normal chromosome Wared to be stable, so this led
to the theory that telomeres are specialised DNécgires at the ends of eukaryotic
chromosomes which provide a protective cap andehstability to the chromosomes
(Shampay et al., 1984). The other very importantfion of telomeres is to prevent
the loss of terminal bases at the 5’end of eachyneynthesized strand of the DNA
by allowing the linear ends to be replicated conghje This can only be achieved in
the presence of telomerase but in its absence ée&srgradually get shorter with
each successive cell division until they reach dicat threshold where cell
replication is arrested. This phenomenon was termegdicative senescence by
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Olovnikov (1973). Replication of the linear chrorooses presents a problem, known
as the end replication problem first recognizedWgtson in 1972 (Fig 1.6). The
difficulty arises due to linear DNA being excludiveeplicated in 5’ to 3’ direction
and DNA polymerase requiring an RNA primer to et DNA replication. This
results in a single strand overhang of the 3’ emusisting of approximately 30-110
nucleotides in humans. Olovnikov (1973) first puepo replicative senescence to be
attributed to the end replication problem due tornteere shortening which serves as
an intrinsic clock like mechanism of aging that esuthe number of cell division

before growth arrest.

1.2.2.iii Telomere structure

Telomeres were originally thought to be linear stnoes but electron microscopy has
shown that telomeres are in fact a large duplewcsires consisting of 2 loops
(Griffith et al., 1999). Telomere folds back ontself to form a large telomere loop
(T-loop) and the 3’ end overhang binds to the dewttanded telomeric sequence of
the 5’end to form a displacement loop (D-loop) (Ei@; Page 44). It is thought that
T and D loops may cover the overhang structure sstoacap the telomeres and
provide stability and capping may protect the tedoes from being recognized as

DNA damage (Wright and Shay, 2005).

Alternative studies using the NMR (nuclear magnetgonance) have shown that the
single strand G rich 3’overhang can provide stnadtstability to the chromosome
by folding back on itself to form a four strandedusture called G-quadruplex. G-

quadruplexes can be stabilized by ligands suchasahd K. Formation of the G-
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quadruplex prevents the synthesis of further teta@mBNA repeats because the 3’
end cannot be recognized by the RNA template ofriefase (Ambrus et al., 2006;
Gilbert and Feigon. 1999). Both the T-loop and Geuadruplex structures of
telomeres have been observaditro. However,in vivo structures of telomeres are
yet to be established, i.e. whether the telomeoes fT-loops, G-quadruplexes or

other structures is not yet clear.

1.2.3 Telomere, a multi-protein complex

The number of proteins being discovered in assodatith mammalian telomeres is
constantly increasing. In humans, TRF1, TRF2, hRapd2, TPP1 and POT1 are
the six proteins that form a multi protein complak the telomeres known as
“Shelterin” (de Lange, 2005). Shelterin is involvieadtelomere length control and it
may inhibit telomerase from accessing the 3’ oveghhy forming a T-loop. The
three main proteins that bind directly to the tedoes are TRF1, TRF2 (telomeric
repeat-binding factors 1 and 2) and POT1 (protaabiotelomeres). TRF1 and TRF2
bind to the double stranded telomeric sequencéefTtloop (van Steensel and de
Lange, 1997; Smogorzewska et al., 2000), and POridslio the 3’ single stranded
telomeric DNA overhang (Baumann and Cech, 2001 Stnuctures of TRF1 and
TRF2 are very similar but the TRF1 complex is iwedl in regulating telomere
length whereas the TRF2 complex influences thetkenfj the telomere as well as
being involved in telomere capping. TIN2 binds ®®FL, TRF2 and TPP1 and these
three proteins interact with each other through ZI'llh addition TPP1 binds to
POT1 hence recruiting POT1 to the double strandmd g@f telomere and hRapl

interacts with TRF2 (reviewed in Smogorzewska amd.ahge, 2004).
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Figure 1.7: Telomeres form a protective t-loop ciee in which the single stranded 3’ G-rich
overhang folds into the double stranded DNA formanglisplacement loop. TRF1 and TRF2 bind
specifically to the double stranded telomeric DNAI&OT1 binds to the single stranded DNA. There
are many additional proteins that bind to these cmmponents forming a capped telomere. Diagram

reproduced from Colgin and Reddel, 2004.

1.2.4 Telomerase

Telomerase is a ribonucleoprotein that functions aaseverse transcriptase to
completely replicate the telomeric DNA and hencgeniaintaining telomere length
provides unlimited proliferative potential to thells (Greider and Blackburn, 1985)
(Fig 1.8). Telomerase activity is present in 90%hoiman cancers (Kim et al., 1994)
making it the most common tumour marker (Shay aadcBetti, 1997). Although
most normal somatic cells do not express detectabtds of telomerase, mitotically
active cells such as skin, hair follicle cells, lylnocytes, endometrial and cells of the
colonic crypt express low levels of telomerase éfna et al., 1995; Harle-Bachor et
al., 1996; Yasumoto et al., 1996). Expression twnterase is also associated with
male germ cells, stem cells and embryonic cellsredme inhibition of telomerase is
involved in apoptosis, cellular senescence andga@iiahn et al., 1999). Telomerase

is active during early embryonic development andsitprogressively repressed
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through differentiation in most somatic cells. Takrase is switched off in the
majority of cells starting at 20 weeks of gestaiiothe human embryo (Ulaner et al,

1998).
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sequence.
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Telomerase is a large complex that is approximat@B0kDa. In humans, it has two
main components; a functional RNA (hTR) that se®® template for the addition
of telomeric DNA to the 3’ chromosomal ends andn&trase reverse transcriptase
(hTERT) which is the catalytic subunit of telomerawith reverse transcriptase
activity (Meyerson et al., 1997). There are addaio proteins associated with
telomerase including TEP1, hsp23 and hsp90, hStduwgskerin. Hsp90 and hsp23
are required for the assembly of telomerase imti@eolus and defects in dyskerin
lead todyskeratosis congenita (DC) (reviewed in Pendino et al, 2006). DC is eera
congenital disorder in which bone marrow failureghe major cause of premature
mortality. Another feature of DC is predisposititmcancer. The principal cause of
DC is the mutations in theRTR and hTERT genes resulting in defective telomere

maintenance through telomerase (reviewed in WaitdeDokal, 2009).

1.2.4.iHuman TR (hTR)

A single copy of thehTR gene is localized on chromosome 3g26.3 and it is
transcribed by RNA polymerase IlI, which producesnature transcript of 451
nucleotides (Soder et al., 1997). Human TR is fosndoth normal and cancerous
cells and it contains 11bp sequence (5’-CUAACCCUARLtemplate coding for
the telomere repeats (TTAGGG)n (Feng et al., 1998¢n though the length and the
sequence of the mature telomerase RNA has divenisifetween species, i.e. 153-
192 nucleotides in ciliates and 1.3kb $accharomyces cerevisiae, the secondary
structure has been largely conserved (Romero aadkBurn, 1991). As well as
providing a template for the telomeres, telomemBEA contains binding sites for

the protein subunits (Gilley and Blackburn., 1998)et al (1999) showed that the
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level of hTR expression is five fold higher in tumour cells qmared with normal
cells and they suggested this increase in expressidue to upregulation of hTR
transcription and a longer half-life of the transed RNA. The catalytic activity of
telomerase is dependent on several factors invphimR. These include its
interaction with hTERT, its binding with the telorree DNA and its role in the

folding and assembly of telomerase (Holt et al, 299

1.2.4 ii Human TERT (hTERT)

Two related proteins, Est2p and pl123, were inytiatlentified as the catalytic
subunit of telomerase in yeaSaccharomyces cerevisiae and in ciliate Euplotes
aediculatus, respectively. Enzymatic activity of telomeraseswabolished if these
motifs were disrupted (Lingner et al., 1997). Sitbson of a single amino acid in
the reverse transcriptase motif of telomerase astysesulted in telomere shortening
and senescence. This indicated the significanceghese motifs in elongating
telomeres via telomerase activity (Counter et1l&#97). Est2p and p123 homologues
have since been identified in many organisms. Megyeet al (1997) prepared cDNA
encoding the human catalytic subunit of telome(a3&RT) based on the conserved
sequence information within the reverse transcsptenotifs of pl123. Detectable
levels of h TERT mRNA is found in telomerase positive tissues, eamell lines and
tumours but not in cells and tissues that lackneli@ase activity. Furthermore, the
hTERT mRNA expression is induced when telomerase is/atetl during cellular
immortalization (Kilian et al., 1997) and its expseon is down regulated with
telomerase activity when HL60, promyelocytic leukae cells were differentiated in

vitro (Meyerson et al., 1997). These observatiarggesthTERT mRNA is the rate-
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limiting step in determining telomerase activitydditional evidence exists that
suggest hTERT is the most essential component resydr functional telomerase.
Transfection of thenTERT gene into telomerase negative cells resulted Iis ce
expressing telomerase activity comparable to theldeseen in immortal telomerase
positive cells (Counter et al., 1998). Weinrichak{1997) demonstrated that mixing
transcribed hTR and translated hTERT vitro with rabbit reticulocyte lysate

resulted in telomerase activity, indicating hTERS the rate limiting factor for

telomerase activity missing in normal somatic ceernatively, a single amino

acid change in any of the 8 RT specific motifs @l or abolished telomerase
activity providing direct evidence of hTERT beirdgetcatalytic subunit of telomerase

(Cong et al., 2002, Wyatt et al., 2010).

1.2.4.iii Multimerization of hTR and hTERT to form functional human

telomerase

Separatein vitro syntheses of hTR and hTERT from human cell anditab
reticulocyte lysate extracts have been co-assemiiedproduce functional

telomerase. The level of telomerase activity preduby the hTR region spanning
between +33 to +325 is comparable to the activigdpced by the 451 nucleotide
full length sequence (Tesmer et al., 1999). Thaastalso identified two fragments
within this region which ranged between +33 to +a#d +164 to +325 nucleotides.
Combining either of these fragments individuallyttwhTERT failed to produce

telomerase activity suggesting both are essentialtie assembly of functional
telomerase. Wenz et al (2001) later confirmed hurtedlamerase contains two

cooperating telomerase RNA molecules. The authemsotistrated that telomerase is
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barely active when it consists of a heterodimeomstituted from a mutant and wild-

type telomerase RNA compared with a homodimer.

In another study, Beattie et al (2001) reported twa hTERT protein subunits are
required to form functional hTERT. Functional hTERilltimerization occurs when
the N terminus of one hTERT protein forms an asgmn with a second full length
hTERT protein that has an intact RT domain and &ei@inus. These findings
suggest that the catalytic activity of telomeraseachieved by two hTR and two

hTERT subunits to form a tetramer complex (Weingcthal., 1997).

1.2.5 Alternative telomere lengthening

Telomere length is maintained by upregulating tedoame activity in 90% of
cancerous cells (Kim et al., 1994). The other 1@%amcers maintain their telomere
lengths by one or more mechanisms referred to aaltemative lengthening of
telomeres, ALT (Bryan et al., 1995)n vitro cells that have escaped crisis and
become immortal maintain their telomere lengthsAlbyr mechanism. These cells
have a mixture of variable telomere lengths, ragpdiom short to very long (Bryan
et al., 1995). It is not known whether all telonsgranegative immortal cell lines
utilise the same ALT mechanism. Recombination as $e the mutant yeast, in the
absence of telomerase, has been proposed by MaBaaheé Blackburn (1996) as
one of the alternative mechanisms. All the humdh licees examined either have
telomerase activity or show evidence of ALT indicgtthe importance of telomere

length maintenance in immortalization (Bryan andidRs, 1997).
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A recent study by Atkinson et al (2005) has suggkshat the mechanism used for
maintaining telomere length is determined by theowfatin environment of the
telomerase promoters. Cells that utilize telomeraag reactivate the telomerase by
chromatin remodelling of thBTR andhTERT promoters allowing a favourable state
for transcription to occur. In contrast, the ALT chanism might arise due to the
tight repression of theTR andhTERT promoters, caused by chromatin remodelling

of the promoter sequence.

1.2.6 Telomerase and cancer

The development of cancer is a multi-step prochas involves accumulation of
numerous genetic and epigenetic alterations theé loecurred to transform cells
over a time period (Newbold, 1985). Multi-step @aogenesis occurs through a
process called clonal evolution where variant osith increasing number of genetic
abnormalities are repeatedly selected because dispjay a greater strength of
survival and proliferate in a certain environmaetviewed by Newbold, 2005). This
complexity of cancer development was not observeda imurine model where
introduction of two cooperating oncogenes wereiaefit for transformation (Land
et al, 1983). However, epidemiology studies caraatlby Armitage and Doll (2004)
suggested 4 to 6 rate limiting events are requioeccancer formation in humans.
These findings have since been confirmed by clongigthe hTERT gene.
Telomerase is the key enzyme required by cellsctuige immortality and this is
reflected by its functional presence in over 90%cafcer cells (Kim et al., 1994).
Significant levels ohTERT expression have also been reported in 90% of tusnou

whereas its absence from most normal somatic cmliggests transcriptional
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activation of hnTERT is required for cellular transformation (Kilian at., 1997).
Ectopic expression oiTERT and subsequent activation of telomerase actiuity,
telomerase negative cells, is sufficient to previeidmere shortening that allows
cells to overcome crisis. Therefore, activatioth®ERT appears to be a critical step
in tumour progression (Counter et al., 1998). Itessential, for this reason, to
investigate the regulation of theTERT gene so that molecular mechanisms of
telomerase regulation, cellular senescence, imiizatisn and carcinogenesis in

humans can be elucidated.

1.2.7 Human TERT regulation

The hTERT transcript was found to be absent in normal fitasts, pre-crisis cells
and in telomerase negative immortalized (ALT) cabgt present in a large number
of tumours that were surveyed. Matched pairs of prel post-crisis fibroblast and
epithelial cells showed conversion from BRERT negative to arhTERT positive
status in parallel with telomerase activity (Kiliat al., 1997). These findings
indicate that telomerase activity is tightly regathby repressing theTERT gene in
normal cells and that its de-repression leads tvamn of telomerase in tumour
cells. The correlation between thEERT mRNA expression and telomerase activity
has strongly suggested that tEERT gene is regulated at the transcriptional level
(Meyerson et al, 1997). Multiple mechanisms seerpléy roles in activation and
repression of hTERT in cancer and normal cellsaetsgely. Transcriptional, post-
transcriptional and epigenetic modifications of HEERT gene all seem to regulate
its expression but transcription overwhelminglydmeinates (reviewed by Kyo and

Inoue, 2002).
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1.2.8 Features of thdn TERT gene and its promoter

The organization of thBTERT gene and its promoter region has been charaaterize
by several groups (Kilian et al.,, 1997; Cong et &0899; Horikawa et al., 1999;
Takakura et al., 1999). A single copy of th€ERT gene has been located on
chromosome band 5p15.33 in human diploid cellsiaisdapproximately 2Mb away
from the telomeres (Leem et al., 2002). HI&RT gene is composed of 16 exons
and 15 introns extending over 35kb and all thecspjunctions at exon/intron
boundaries conform to GT/AG sequence except forlaisé intron (Cong et al.,
1999). ThehTERT gene encodes a protein that consists of 1132 aauits with a
MW of 127kDa. Seven of the 8 hTERT protein motife the conserved form of the
reverse transcriptases and the eighth is the nobRTelomerase specific T motif

(Meyerson et al., 1997) (Fig 1.9).

RT Motifs

T 182 A BB CDE
VAN

Figure 1.9: Organization of theTERT gene showing the localization of 16 exons (shaggibns)
and 15 introns. ThBTERT gene encodes for a protein that has seven conkergtfs of the reverse

transcriptases and a non-RT telomerase specifiofif m

Sequence analysis immediate upstream ohiiteRT promoter has shown the region
to be GC rich without TATA or CAAT boxes but it do@ossess binding sites for
several transcription factors (Fig 1.10). Two E-&®x(CACGTG) within the
promoter region ohTERT, binding sites for the Myc/Max/Mad network, haveeh

identified at 5’ upstream of the initiating ATG 4t65/-160 bp and at +44/+49 bp.
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There are 5 GC-boxes that are binding sites forggreeral transcription factor Spl
(stimulating protein 1) localized within 110 bp thie hTERT transcription initiating
site, situated between the two E-boxes. The trgtgmn initiation site maps to 60-
120 bp upstream of the translation start site (kéova et al., 1999; Cong et al., 1999;
reviewed in Janknecht R, 2004). Two binding sitedlie estrogen receptor ER exist
in thehTERT proximal promoter region. The first one is at -26@ -2665 bp and the
second at -873 to -859 bp upstream of the ATG. latier consists of a half site for
ER binding and has a Spl site adjacent to it. Cergd of ER and Sp1l often bind

together to the DNA at this site (Cong et al., ,989iewed in Janknecht R, 2004).
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Figure 1.10: Representation of th&ERT promoter region showing the binding sites of deléc
transcription factors, +1 indicates the transomiptinitiation site (TIS) and the translation iniita
codon ATG.

1.2.9 Transcription regulators ofhTERT

Like telomerase, th&TERT promoter is inactive in normal and pre-immortallse
but active in immortal and cancer cells suggestahgmerase is regulated \idERT
at the transcriptional level (Cong et al., 199%dlaura et al., 1999). In order to fully

understand how telomerase is regulated by repigedsehTERT promoter, negative
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transcription factors need to be identified. Selvkreown transcription factors are
involved in the positive and negative regulatiorttif hTERT gene and some of the

major ones will be reviewed (Fig 1.11).

1.2.9.i c-Myc/Max/Mad network

Myc is a proto-oncogene that is a key regulator ofulzl proliferation and
differentiation. Myc encodes for a universally expressed nuclear plopsptein,
Myc which consists of 439 amino acids and it isregped in various human cancers.
The c-Myc protein acts as a transcription factorfdryning a heterodimer with the
Max protein to activatbTERT expression by binding to the E-boxes, whereas Mad,
an antagonist of c-Myc forms a heterodimer with MaxepreshTERT expression
(Gunes et al., 2000; Grandori et al., 2000). Bantpgonists, the levels of c-Myc
and Mad are inversely regulated withMyc gene being active in proliferating and
cancerous cells andlad expressed in differentiating and resting cellsaftglori et
al., 2000; Luscher B., 2001). A switch from Myc/M&x Mad/Max at thehTERT
promoter down-regulatesTERT expression in promyelocytic leukemic HL60 cells
during differentiation (Xu et al., 2001). Casilleisal (2003) reported a reverse switch
when foetal lung fibroblasts were transformed aagishe cells to acquire telomerase
activity. These finding suggest antagonism betwdgt and Mad may be an

important factor in determiningTERT expression and telomerase activity.
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1.2.9.ii Sp1

A large number of genes are activated by the gétarascription factor Spl which
binds to the GC-boxes located in the promoter amuhecer regions (Suske G.,
1999). Sp1l sites in the core promoter of AERT are essential for its activity as it
lacks a TATA box and mutation in these sites le@adhe termination of promoter
activity (Kyo et al.,, 2000). The exact regulatoryeechanism of Spl is yet to be
determined but Spl does seem to cooperate with ckyactivate nTERT
transcription. This cooperation is specific to tgpe of cells indicating that other
transcription factors may be involved. Correlatitietween c-Myc and Spl
expression levels and telomerase activity has beported in SV40 LT antigen
transformed fibroblasts at different stages of dfarmation during multi-step
carcinogenesis (Kyo et al., 200@Myc expression has been observed in a large
number of tumours but some tumours lack this exgiwaseven in the presence of
telomerase. Transfer of normal human chromosomeda breast cancer cell line
repressedhTERT expression without affecting-Myc or Mad expression levels
(Ducrest et al., 2001). Spl is also found in numgnoormal cells where telomerase
is absent suggestingMyc and Spl expression may be insufficient in inducing

cancer specific telomerase activation.

1.2.9.iii Steroid hormones

Detectable telomerase activity in normal human eretaal cells correlates with its
proliferative activity indicating steroid sex hormes may tightly regulate telomerase
(Kyo et al., 1997). Estrogen acts as a positivesttaptional regulator of theTERT

gene by binding directly to tHeTERT promoter in hormone sensitive tissues (Kyo et
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al., 1999). Estrogen-induced proliferation is intad by its antagonist, progesterone
which has been used to treat estrogen dependecérsaHenderson et al., 1993).
Estrogen-induced expression of th€ERT gene can be inhibited by exposure to
progesterone (Wang et al., 2000). The negativectefié progesterone ohTERT
regulation may be indirect through inducing therespion of p21, which is a cyclin
dependent kinase inhibitor that negatively regslae cell cycle (Holt et al., 1997).
Depriving prostate cancer cells of androgens resltelemerase activity in androgen
sensitive cells. However, this effect is not obsdrin androgen insensitive cells
(Soda et al., 2000). Conversion of androgens t@@sih is one possible mechanism
that may be employed to activate telomerase; teeigg mechanism is yet to be

elucidated.

1.2.9.iv Cell cycle regulators

The p53 protein is a well documented transcripticiaator involved in many
biological processes such as DNA damage, hypoxiaartogene activation that
results in cell cycle arrest and/or apoptosis. Abss of functional p53 allow cells to
immortalize that may lead to neoplastic transforomat(Asker et al., 1999).
Inactivation of p53 and activation of telomeraseaisommon feature observed in
many cancers indicating cell cycle regulators magy ibvolved in regulating
telomerase. Co-transfection of BMERT promoter construct with wild typp53 in
HelLa cells resulted in inhibition ohTERT expression (Xu et al., 2000).
Transcriptional repression 6fERT by p53 occurs through direct binding to TATA
binding protein, CAAT binding factor and Spl (Bangtti et al., 1997). TheTERT
promoter lacks TATA and CAAT boxes but does possesSpl binding sites,

making it possible for p53 to form a complex withlSand represBTERT activity.
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Mutation in Spl binding sites in the core promd&minateshTERT repression by
p53 (Xu et al., 2000). Telomerase inhibition iatbserved by p21, p15 and pl16 but
this inhibition may be a secondary effect followitlg induction of cell cycle arrest

(Kagawa et al., 1999).

1.29.v E2F-1

It has been reported that over-expression of pRbER2F-1 in a human squamous
cell carcinoma cell line represses telomerase. feEhanism by which these
proteins exert their effect is unknown but sevenalchanisms have been proposed.
pRb and E2F may possibly reprdsBERT directly or cooperatively (Crowe and
Nguyen, 2001). Crowe et al (2001) later reported pwtative E2F-1 binding sites
proximal to the transcriptional start site of hEERT promoter. Mutation in these
sites resulted in increased promoter activity wagrés overexpression repressed
hTERT promoter activity in reporter gene assay, sugggst2F-1 to play an

important role iMTERT repression.

1.2.9.vi Wilms’ tumour 1 tumour suppressor gene

Wilms tumour 1 (WT1) is a tumour suppressor proteiat represseRTERT by
directly binding to the core promoter region lochtat approximately -352 bp
upstream of the ATG. Mutation in the DNA bindingesiof WT1 resulted in
increasechTERT promoter activity in 293 renal cells but not inlidecells. Over-
expression of the gen&T1 in 293 cells led to the inhibition of MRNA expra&ss

and telomerase activity (Oh et al., 1999) indiggtthat WT1 may be a negative
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transcription regulator. HowevelVT1 is limited to the tissues in which it is
expressed i.e. kidney, gonad and spleen suggetinge as a repressor will also be

limited (Kyo and Inoue, 2002).

1.2.9.vii Multiple Endocrine Neoplasia type 1M EN-1) tumour suppressor

MEN-1 is a tumour suppressor gene, located at 11ql3ethatdes for a protein
called Menin. Mutations in th®EN1 gene leads to multiple endocrine neoplasia
type 1 disease. Development of tumours in patientis mutatedMEN1 may be a
direct result of the loss diTERT repression activity. Menin acts as a negative
regulator ofnTERT expression by binding to several positive traqdon factors. It

is not known through which protein menin exertseifects but JunD and/or Né&B

are thought of as possible candidates for mediatirgy activity (Lin and Elledge,

2003).

1.2.9.viii Myeloid specific zinc finger protein 2 MZF-2)

Transient transfection experiments using luciferesggorter assays on tH&ERT
promoter identified a silencer region between -1@6-378bp upstream from the
ATG site. Cellular differentiation was found to rease the inhibitory effects of the
silencer. Sequence analysis has shown MZF-2 to maugple binding sites in the
silencer region and its over-expression resultgejpression ofnTERT promoter
activity whereas mutation of these sites activdtésujimoto et al., 2000). However,
MZF-2 is expressed in normal as well as cancerells therefore it is probably not a

specifichTERT transcriptional repressor.
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Figure 1.11: Binding sites of some of the main s$iption regulators on tH&TERT promoter.

1.2.9.ix E-Box mediated regulation ohTERT

Some of thenTERT transcription regulators mentioned above weretitied by over
expressing the proteins in question rather thanpthesiological protein levels that
exist in the cells. Horikawa et al (2002) searcli@dan endogenous factor that
caused differentiahTERT transcription in a renal cell carcinoma cell limat was
hTERT positive (RCC23) and the same cell line with tfamed chromosome 3
which washTERT negative (RCC23/chr 3). The authors claim thatpteximal E-
box downstream of the transcription initiation sigeresponsible for th&TERT
differential transcription between the two cellds Even though over-expression of
c-myc and Mad proteins did mediate their effecbtigh this E-box, endogenous
levels or binding activity of these proteins did oontrol hnTERT transcription in the
two similar renal cell lines. A different endogesadtd-box mediated binding protein
repressedhTERT transcription in RCC23/chr 3 cell line but notRCC23 suggesting
the inactivation of this repressor during carcinoggs. This E-box mediatdd ERT
repression was also observed in normal fibroblastsepithelial cells and inactive in
some of the telomerase/hTERT positive cancer celtsvever, when thdn\TERT
promoter region was PCR amplified between -261 a®@ in 15 cell lines

originating from breast, prostate and cervical icermas in our laboratory, no

62



mutations were observed, suggesting that the reipreshrough the downstream E-

box may possibly be specific to renal cell carcimom

Table 1.1: Summary of all the well documenbtd@&RT transcription regulators

hTERT transcription factor Proposed status of thenTERT regulator
c-Myc/Max/Mad network c-Myc/Max - activator
Mad/Max — repressor
Spl Activator
Steroid hormones Estrogen - activator

Progestrone — repressor
Androgen — activator in CaP cells

Cell cycle regulators Repressor

E2F-1 Repressor

Wilms’ tumour suppressor gene (WT1) Repressor

Multiple Endocrine Neoplasia type 1 Repressor

(MEN-1)

Myeloid specific zinc finger protein 2 Repressor

(MZF-2)

E-Box mediated regulation 6fTERT Repressor — probably specific for only renal cell
carcinoma

hTERT repression by normal human Various chromosomes implicated in different cancers

chromosomes See Table 1.2

1.2.9.x Repression oiTERT transcription by normal human chromosomes

Fusion of telomerase-positive immortal cells withrmal somatic cells results in
hybrids that have repressed telomerase activitis ifdicates the loss, mutation or
inactivation of telomerase repressor genes in rimaartal cells which are required
for the normal cells to senesce (Wright et al., 8)99n most somatic cells the
absence of telomerase activity is due to hfE&RT gene being repressed and it is
proposed to be the loss of tiFERT gene repressor that allows the upregulation of
hTERT expression which is normally observed in cancemalis. Many groups have
reported the repression GTERT transcription and downregulation of telomerase
activity in various cancer cell lines, following enocell mediated transfer of specific

human chromosomes. These findings suggest thenmeesé transcriptionally active
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hTERT repressor gene(s) that could be identified on abrinuman chromosomes

using such an approach (Oshimura and Barrett, 1997)

Introduction of chromosome 3 into RCC23, a humarakearcinoma cell line, led to
the repression of telomerase activity, gradual telnang of telomere length, and
induction of cellular senescence. In contrast, agell transfer of chromosome 7 and
11 into RCC23 resulted in hybrid cells that mainéal their telomerase activity and
telomere length as in the parental RCC23 cell (@shimura and Barrett., 1997).
Horikawa et al (1998) reported that telomeraseaggion in RCC23 chromosome 3
hybrids is due to down-regulation of th€ERT gene. Our own group, (Cuthbert et
al., 1999) described similar repressor activitgmathe transfer of chromosome 3 into
21NT, a breast cancer cell line. Powerful repressib telomerase activity and
permanent growth arrest was observed with chromes8mfter 10-18 population
doublings. However, transfer of chromosome 8, 1@ 20 into 21NT cells did not
repress telomerase activity. These findings sugtiestpresence of a telomerase
repressor gene(s) on normal human chromosome #thate cellular senescence in
cancer cells. Tanaka et al (2005) used whole cmlioh to demonstrate that the
defects in telomerase repression are correctedffeyaht regions of chromosome 3
in breast and renal carcinoma. Hybrid cells geeédréitom self-fusion of two renal
cell lines, KC12 and RCC23 and the breast cancér lioe 21NT expressed
telomerase activity as in the parental cells. Sirtyl hybrids from whole cell fusion
of KC12 and RCC23 also expressed telomerase acindicating the same genetic

defect is shared by the two renal cell carcinonmblioes. However, fusion of 21NT
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with KC12 and 21NT with RCC23 generated a signiftaaumber of hybrids that did

not possess telomerase activity.

Another group reported that the transfer of norfmatnan chromosome 7 into a
telomerase positive human mesothelial cell line TBK), resulted in telomerase
repression which was associated with telomere shioig (Nakabayashi et al., 1999).
In order to investigate which component was resibbmgor telomerase repression,
the authors investigated mRNA levels of telomeratsed genes. The expression of
hTERT was markedly lower in telomerase repressed hylratepared with non-
repressed and revertants whereas there was noficaghi difference in the
expression levels ofiTR and TEP1 between the hybrid clones, suggesting lower

expression of theTERT gene is responsible for reduced telomerase activit

Nishimoto et al (2001) transferred chromosome 4,410 and 16 into a telomerase
positive hepatocellular carcinoma cell line, Li7HMnly chromosome 10 repressed
telomerase activity and the growth of the hybridlscavas arrested after 50
population doublings. Transfer of defined fragmesfthromosome 10p narrowed
down a region of 28.9cM on 10p15.1, which led toniediate telomerase repression
and telomere shortening, strongly suggesting thesgmrce ofhTERT repressor

gene(s) in this region. Another group reportedtthasfer of chromosome 6 and 11
into a HPV16-immortalized keratinocyte cell lind{F6A, and a cervical cancer cell
line SiHa. Hybrid clones generated from the transfechromosome 6 for both cell

lines underwent growth arrest which was associatéti telomere shortening,

suggesting the presence of a telomerase repre&sanpergen et al., 2001).
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In contrast, Backsch et al (2001) transferred nbimaenan chromosomes 3, 4, 6, and
11 into HeLa cells and found strong repressioretmfimerase activity in chromosome
3 and 4 hybrid cells but not 6 and 11, even thdugietional loss of chromosome 6
and 11 are implicated in cervical cancer. Fromdhstadies it can be concluded that
telomerase activity anHiTERT mRNA expression can be abolished in telomerase-
positive cell lines by the transfer of a normal famcthromosome, suggesting that
normal human cells posseR$ERT transcriptional repressors that may be tissue-

specific and form part of a complementation series.

Table 1.2: Summary of the MMCT studies showing espion of either telomerase

activity or hTERT transcription repression due to individual transté normal

human chromosome into cancer cell lines originafiag various different cancers.

Name | Tissue origin of | Transferred Measured Reference
of cell the human cell | chromosomes | parameter
line line
RCC23 Renal carcinoma | 3,7, 11 Chromosome 3 Oshimura and Barrett.
cell line repressed telomerase| Eur J Cancer. 1997
activity Apr; 33(5):710-5
RCC23 Renal carcinoma | 3 Repression diTERT | Horikawa et al.
cell line transcription with Mol Carcinog. 1998
chromosome 3 Jun; 22(2):65-72
21INT Breast 3,8,12,20 Chromosome 3 Cuthbert et al.
adenocarcinoma repressed telomerase| J Natl Cancer Inst.
cell line activity 1999 Jan 6; 91(1):37-
45
Li7HM Hepatocellular 2,4,5,10, 16 Chromosome 10 Nishimoto et al.
carcinoma cell line repressed telomerase| Oncogene. 2001 Feb
activity 15; 20(7):828-35
FK16A Keratinocyte cell | 6, 11 Chromosome 6 Steenbergen et al. J
line repressed telomerase| Natl Cancer Inst. 2001
activity in both cell Jun 6; 93(11):865-72.
SiHa Cervical carcinomg 6, 11 lines
cell line
Hela Cervical carcinoma 3, 4, 6, 11 Chromosomes 3 and Backsch et al.
cell line repressed telomerase| Genes Chromosomes
activity Cancer. 2001 Jun;
31(2):196-8.
MeT5A | Mesothelial cell 7 Chromosome 7 Nakabayashi et al.
line repressed telomerase| Expt Cell Research.
activity andhTERT 1999
expression 252, 376-382.
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1.2.10 Splice variants ohTERT gene

Regulation of thehTERT gene is tissue-specific in eukaryotes and alsolves
alternative splicing of the mRNA (Adams et al., 899Several transcripts of the
hTERT gene exist in human cells (Fig 1.12). They incltioe full length transcript
and the well characterizedandf deleted variants. The-spliced transcript has 36
nucleotides deleted from the 5’ end of exon 6 idelg motif A, and the-spliced
transcript has 182 nucleotides deleted from exoard’8 including motif, anda-
and pB-spliced transcripts. Other splice variants incld®® nucleotides insertion of
intron 14, a 38 nucleotide insertion of intron 4dahe replacement of exon 15 and
part of exon 16 with the 600 nucleotides of intddh The proteins coded by these
transcripts are not detected in tissue cultureds delit it is thought that these
transcripts may be expressed during human develojpamel are possibly tissue and
age specific (reviewed in Pendino et al, 2006} tinly the full length transcript that
is associated with telomerase activity (Ulaner e2800). Alternative splicing of the
hTERT gene removes critical reverse transcriptase matifld hence provides an
important mechanism of regulating telomerase agtibuppression of telomerase
activity during human foetal kidney development tlought to employ this
mechanism (Ulaner et al., 1998). Lack of telomerdavity in some normal tissues
containing botha-and B-spliced transcripts suggests the presence of & pos
transcriptional mechanism and mRNA splicing hasnbésst during neoplastic

transformation (Ulaner et al., 2000).
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Figure 1.12: Splice variants of tihdERT gene. Only the full length transcript (A) is assted with
telomerase activity. The location of translatioitiion codon ATG and the stop codon are indicated
as are telomerase specific T motif and the sevemBiifs. There are three types of deletion variants

namelya, B andof (B) and various intronic insertions as mentionethe text (C and D).

1.2.11 Epigenetic regulation ohTERT transcription

There are two types of epigenetic modificationsolagd in regulating gene
expression. One is methylation of cytosine at th@GCdinucleotide by DNA
methyltransferase (DNMT), which is the only knowpigenetic modification of
DNA in mammals and the other is the post-transtatianodification of histones
(Robertson, 2005). Human cancers are often assdcuwith irregular methylation
leading to activation of proto-oncogenes, suctc-84yc, Ha-ras, K-ras, c-Fos and

Bcl-2 or repression of tumour suppressor genes sucpRBs pl6, BRCAL and

hMLH1 (Laird and Jaenisch, 1994).

1.2.11.i. DNA methylation status of thé"\TERT promoter

Large CpG islands in the GC richTERT promoter are usual sites for DNA

methylation and alterations in chromatin structuselved in regulating th&@TERT
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expression. However, conflicting reports about thése been published in recent
years. When Dessain et al (2000) analysed a nuaoflmssll lines and tissues for the
methylation status of thBTERT promoter, no correlation between methylation and
hTERT expression was established. In contrast, Guilletrat (2002) found a positive
correlation between hypermethylation of th€ERT promoter, mRNA expression
and telomerase activity in various human tumourloeds and in normal and tumour
tissues derived from different organs. Furthermdhe, same group conducted a
demethylation study where 3 telomerase-positivé loeds, with hypermethylated
promoters were treated with a demethylation agant2’-deoxycytidine (5azadC).
Strong repression ohTERT mRNA was observed withhTERT demethylation
suggesting hypermethylation of ttldERT promoter is required for its expression
(Guilleret and Benhattar, 2003). These finding iar&€omplete contrast to general
regulation of gene expression where promoter hyptpation represses
transcription (Robertson, 2005). Choi et al (200&3ently reported a complex
pattern ofhTERT promoter methylation, and they suggest methylastatus of 3
specific CpG sites might be significant in actieati of hTERT expression in
colorectal carcinoma. They claim two CpG sites m@e hypermethylated and a
proximal exon region is hypomethylated in cancerigsies compared with normal
tissues. Zinn et al (2007) recently confirmed tthet hTERT promoter is densely
hypermethylated in most cancer cell lines. Howetlggy found methylation of the
hTERT promoter is very heterogeneous and the transonipStart site lacks
methylation in three different types of cell lindgat were examined. The authors
claim that the region around the transcription sitehe hTERT promoter remains

unmethylated for the gene to be expressed andDiN&t methylation anchTERT

69



expression in cancerous cells conform to the watthldished concept of promoter

methylation with gene silencing

1.2.11.ii Chromatin structure

Gene transcription is dependent on the structuréhefchromatin, which in turn
depends on the post-transcriptional modificatiomwéleosomal histones by the two
enzymes histone acetyltransferase (HAT) and histtzaeetylase (HDAC). Human
TERT transcription can be induced by HDAC inhibitorsniarmal cells, indicating

the importance of HDAC activity in repressingERT (Cong and Bacchetti, 2000).

Chromatin immunoprecipitation (ChIP) experimentsvéhalemonstrated that the
switch from Myc/Max to Mad1/Max at tHeTERT promoter during differentiation of
HL60 cells is accompanied by a decrease in histmetylation. In the promoter
region of proliferating HL60 cells, the E-boxes amainly occupied by c-Myc and a
high level of acetylated histones H3 and H4. Thiggests that c-Myc activates
hTERT transcription by engaging HAT to the promoter oegiAlternatively, in
differentiating HL60 cells, Madl replaces c-Myc dme E-boxes and reduces
acetylation of histones at thdERT promoter considerably (Xu et al., 2001). These
findings suggest that the Myc/Max/Mad network reges hTERT expression by
modifying the chromatin at the promoter for tramsonal activation or repression
(Cong et al., 2002). However, mutation in the Edmrf thehTERT promoter is able
to respond to HDAC inhibitor in the same way as\ilie type promoter (Cong and
Bacchetti, 2000) indicating that HDAC may be diegtto thehTERT promoter by

more than one repressor.

70



In order to identify th&dTERT regulatory mechanism in normal and tumour cells,
Szutorisz et al (2003) scanned HEERT gene for nuclease sensitive sites. Treating
the chromatin of telomerase positive tumour celld &elomerase negative fibroblasts
with DNase 1 and micrococcal nuclease (MNase) tedea nuclease-sensitive site
in the second intron of tHeTERT gene in the telomerase positive tumour cells that
was absent in the chromatin of normal fibroblaste authors examined the state of
the chromatin at the second intron in 21NT, a lireascer line and ITERT
repressed hybrids of 21NT that were generated byrdnsfer of a normal human
chromosome 3. The 21NT cell line exhibited simpatterns of MNase sensitivity to
telomerase positive cell lines whereas the 21NTordmsome 3 hybrids revealed
similar patterns to the normal fibroblast. Hybritiat had lost the transferred normal
copy of chromosome 3 showed MNase sensitivity pagtehat were observed in
telomerase positive cells and some of these hylyadgpressed theTERT gene.
Therefore, the authors claim that thEERT expression in tumour cells depends on

an open state of chromatin at intron 2.

Wang and Zhu (2003) reported a similar study whbey showed telomerase and
hTERT mRNA could be induced in telomerase negative piesccells and ALT
cells by treating the cells with HDAC inhibitor ¢hostatin (TSA). ThehTERT
expression was accompanied by an increase in tloenetiin sensitivity to DNase 1
digestion with the appearance of a hypersensitsitty near th&TERT transcription
initiation site. These results suggest thatHMERT promoter in telomerase-negative

cells is repressed by a mechanism that involveoncatin organization and
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immortalization of cells by activating telomerasaympossibly involve chromatin

remodelling resulting in loss of repression (Wand @hu, 2003).

1.2.12 Post-translational regulation of nTERT

It is indisputable that hTERT is regulated mainiyhee transcriptional level but there
Is evidence to suggest posttranslational modificatf the hTERT protein occurs as
an additional step in controlling telomerase attiviSome normal ovarian and
uterine leiomyoma cells had no detectable teloneeesdivity even when the cells
expressednTR and the full length transcript dfiTERT (Ulaner et al., 2000).
Similarly, Rohde et al (2000) found no correlatiietween hTERT mRNA
expression and telomerase activity in normal andigmant renal tissue. These
findings suggeshTERT expression is not always sufficient to induce nedoase
activity in certain types of cells and posttransial modification of the hTERT
protein may determine the status of telomerasevipcifreviewed by Cong et al.,

2002).

1.2.12.i Phosphorylation of the hTERT protein

Phosphorylation of the hTERT protein might be oreywf activating telomerase.
Protein kinase C and Atk kinases have been repootgrhosphorylate the hTERT
protein that is required for its translocation tee tnucleus leading to telomerase
activation (Kang et al, 1999). Activation of T-lpmocytes by hTERT
phosphorylation leading to telomerase activity besn reported by Liu et al (2001).

The authors discovered that the induced telomeaaseity in CD4 T cells was
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independent of the hTERT level but instead deperaethe phosphorylation and
translocation of hTERT from the cytoplasm to theclaus. This indicates that
telomerase activity may be regulated by translocatif phosporylated hTERT from
the non-functional cytosolic location to a functdmuclear compartment, providing
another mechanism of controlling telomerase agtithat is independent of hTERT

protein level.

In summary, telomerase regulation is highly complgih a range of regulators
controlling its activity at various levels. The @iusion that can be drawn from this
review is that the key transcriptional represscof) TERT have yet to be identified.
The status of telomeres and telomerase and thdvament of known telomerase

regulators implicated in prostate cancer will biefty reviewed next.

1.3 Telomere shortening in prostate cancer

Recent data has confirmed that telomere dysfungbilays a significant role in
genetic instability in prostate cancer (Meeker, ®00Telomere lengths were
measured in normal, BPH and CaP samples obtaineth fhuman radical
prostatectomy specimens from the same patientss €ein CaP tissue consistently
possessed shorter telomere lengths compared wéthteflomere lengths of cells

obtained from neighbouring normal tissue and BRBu& (Sommerfeld et al., 1996).

Meeker at al., (2002) found telomere lengths wexgy short in 93% of high grade
PIN (HGPIN) foci obtained from radical prostatectonielomere shortening was

also observed in HGPIN samples taken from needipslyi from patients without
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evidence of CaP. In another study, telomere lengtre reported to be short in 63%
of HGPIN samples increasing to 80% in foci locateshm away from the

adenocarcinoma (Vukovic et al., 2003). The redustaimere lengths observed in
PIN is beyond the stage where the cell cycle chaickpan respond suggesting a
defective checkpoint in PIN. One of the checkpothtst may be damaged in PIN is
14-3-3 sigma, which is a protein induced by p53response to DNA damage
(Hermeking, 2003). The expression of 14-3-3 sigmgin is decreased in 91% of

prostate cancers compared with the non malignaaisaiLodygin et al., 2004).

1.3.1 Telomerase in prostate cancer

Detectable telomerase activity is reported in 84% &P samples (Sommerfeld et al.,
1996). Telomerase activity is rarely found in nohmaBPH tissues and the levels of
telomerase activity reported are much lower thanGhaP tissue. It is questionable if
these normal and BPH tissues adjacent to CaP afg positive or if it is
contamination of these tissues by a few telomepasi#tive CaP cells. Normal and
BPH tissue obtained from cancer-free prostate mvaya negative for telomerase.
Inflammation of the prostate is a common phenomemahthe presence of activated
lymphocytes may be another source of contaminagtgmerase activity in non-
cancerous cells (Sommerfeld et al., 1996). Arou@e20% of prostate cancers are
negative for telomerase. These tumours may hawettartprognosis as the tumour
cells may have a limited proliferative capacity.ri@atly, there is not enough data to
determine if there is a correlation between tel@seractivity and tumour grade

(Meeker, 2006).

74



1.3.2 Telomerase and hTERT regulation in prostateancer

There are several known transcription regulator&f®RT, of which the positive
regulators are the c-myc and CBX7 and the negatigelators include Madl, SIP1,
and menin (Lin and Elledge, 2003). One of the nfcesquently reported positive
regulator in prostate cancer is ttvenyc oncogene. High levels @fmyc expression
have been reported in prostate cancer cell line,CaN and in prostatic
adenocarcinomas (Nag and Smith, 1989). Latil é€2@0D0) investigated the effects of
myc expression ohTERT regulated mRNA expression levels in 33 sporadisiate
cancer samples by real time quantitative P@ig was detected in 58% amdERT

in 67% of tumour samples. A significant correlatisias observed betweenyc
over-expression and increased levels WFERT expression, suggesting the
upregulation of telomerase activity is in part dod¢ransactivation oiTERT by myc

in prostate cancer. However, the authors obsengedarnrelation between over-

expression ofmyc or hTERT expression and the pathological stage of the sésea

Immortalization of normal human epithelial cellqquges the inactivation of the
p16M“4Rb pathway and maintenance of telomere lengthd@yet al., 1998). Gil

et al (2005) investigated the role of hTERT, c-naya other viral oncoproteins in
prostate cancer progression by introducing a coatimn of genes into primary
human prostate epithelial cells (HPrEC) to simuldifeerent stages of cancer. The
authors discovered that overexpression cafnyc alone resulted in complete
immortalization of HPrEC. This immortalization wdse to c-myc having the ability
to upregulatehTERT expression and hence activating telomerase to taiain

telomere lengths and also to suppress the prateftisegulate the cell cycle, such as
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p16M“4Rb. Vitamin D3 and retinoic acid have both begroreed to reduceTERT
MRNA expression and telomerase activity in two fat@scancer cell lines PC-3 and

LNCaP (lkeda et al., 2003).

Recently, several regulators bTERT expression have been reported in CaP. The
demethylation reagent, 5-azacytidine (5-aza-CR) vs&®wn to act as an
antineoplastic drug in prostate cancer. Telomeaasity was significantly reduced
by 5-aza-CR in TSU-PR1 but not in DU145 prostatacea cell line. RT-PCR
revealed telomerase inhibition was related to dosgulation of h TERT mRNA
expression in TSU-PRL1 cells. Transient expressgsays have shown 5-aza-CR
repressed transcriptional activity of th&ERT promoter through the E-box. The
authors demonstrated by western blot analyses 3kata-CR reactivates pl6
expression and represses c-myc expression in TSUeBRs but not in DU145 cells
(Kitagawa et al., 2000). Jagadeesh et al (2006Wwstogenistein, an abundant
isoflavone found in soybean, has antiproliferatiglflects on prostate cancer.
Genistein decreasedllERT and c-myc expression and transcriptional activity in a
dose dependent manner indicating genistein re®3&RT by down regulating-

Myc expression.

1.4 Telomerase: a target for cancer therapeutics

Maintenance of telomeres through the expressioteloinerase is a hallmark of
cancer cells. Absence of telomerase expressionadst mormal cells has allowed
telomerase to become a universal marker for huraaners for a number of years.

This fact has made inhibition of telomerase arnaetive target for cancer therapy.
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The approaches that have been used to target telsnaed telomerase include
oligonucleotide based therapeutics, immunothergpye therapy and combination

therapy (Shay and Wright, 2006).

Human TERT and hTR, the two main components ofnielase, have been
independently targeted using dominant mutants &RiT and hTR. Small molecule
nucleoside AZT and the most extensively studied-macieoside BIBR1532 both
inhibited telomerase. BIBR1532 has advantage ov&r Because the former inhibits
telomerase specifically whereas AZT lacks seletstifor telomerase compared with
other polymerases (reviewed in Zimmermann and Mart2007). RNA template of
telomerase has directly been targeted with GRN1B®twis a potent antagonist of
hTR. GRN163L is a derivative of GRN163 that corsaenpalmitoyl lipid carrier to
facilitate its transport into the cells. GRN163Lasrrently being used in clinical
phase I/1l trials for chronic lymphocytic leukaenbat current data suggests it has
the potential to be a universal anticancer ageewidwed in Zimmermann and

Martens, 2007; Shay and Wright, 2006).

Telomeres have also been targeted for cancer thatiap. Formation of G-

quadruplex structures at the ends of telomeresniade it a legitimate target for
cancer therapy. Acridine derivatives are very potehibitors of telomerase and a
trisubstituted acridine compound BRACO-19 has bdeweloped as a ligand to
stabilize the G-quadruplex structures. BRACO-19dbito the single stranded 3’
overhang and displaces POT1 thereby uncapping’ttedadnere ends. The growth

inhibition and senescence response to BRACO19 wasreed in human cell lines
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within days rather than weeks (Gunaratham et @Q7p Another potent G-
quadruplex ligand that is used to stabilize tel@aeas telomestatin. TRF2 and POT1,
the two telomeric proteins that are involved in tagping the telomere by forming a
t-loop are modulated by telomestatiim vitro exposure of tumour cells to
telomestatin causes rapid degradation of the telesnand delocalization of POT1

and TRF2 from the telomeres (Gomez et al., 2006).

The argument against targeting telomerase is tian also affect the proliferative
cells such as the germ cells, stem cells and lyrcydhes, but these cells have longer
telomeres than tumour cells therefore the damagddmoe limited (Zimmermann
and Martens, 2007). Therapies targeting telomdsaaeovel approach that has seen
rapid progress in the past 2 years and it could teaan effective cancer treatment

without side effects.
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Chapter 2

General materials and methods

2.1 General equipment used for routine cell culture

All cell culture was performed in a LaminAir HB244Beraeus Instruments) safety
cabinet that had been cleaned and swabbed with in@%strial methylated sprit
(IMS) prior to any cell manipulation. Cells were ltcwed in fully humidified
incubators. Hera Cell (Heraeus) incubators weratseither 6.5% or 10% C@nd at
37°C. An inverted phase contrast microscope, Olympu#&idC was used for
visualizing the cells. Digital images of cells wearaptured using an Olympus IX71
microscope attached to a coolSNAP cf camera (Phettios). Cells were routinely
spun down at 1500rpm for 5min in a Sorvall Legendénch centrifuge. Foetal
Bovine Serum (FBS-European) was purchased from &igna it was batch tested

and reserved if suitable.

2.2 Details of cell lines used

2.2.1PC-3

PC-3, a prostate epithelial cell line establishemimf a human prostatic grade IV
adenocarcinoma from a 62 year old male Caucasias,used as a model system for

locating telomerase repressor gene(s) on normakhurhromosomes that may be
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involved in prostate cancer. PC-3 was cultured amf$é F-12 Nutrient mix with 7%
FBS and 2mM L-glutamine. Cells were cultured in%.&£0, at 37C in a fully

humidified incubator. Confluent cultures were sgl2 to 1:6 and routinely fed every
3 days if sub-culturing was not required. PC-3 xallere kept in culture for a

maximum of 3 weeks and thereafter a new batch hasdd out.

2.2.2 Human: rodent monochromosomal cell hybrids

Human: rodent monochromosomal hybrid panel was toacted by Professor R.
Newbold’s group for use in human gene mapping attkdunction. These hybrids
were used to individually transfer normal humanoamosomes into PC-3 cells. The
normal human chromosome tagged with the HyTK fugieme allowed positive
selection of cells that had incorporated the taggedmosome by culturing the cells
in hygromycin B. The nomenclature used for the humadent hybrid panel is
A9HyYTK1, A9HYTK?2 etc. The number and HyTK denote tthromosome number
tagged with the hygromycin resistant gene in a rdimoblast, A9, background.
The human: rodent hybrid panel was routinely celfum DMEM containing 10%
FBS, 2mM L-glutamine and 400U/ml of hygromycin Bdacultured in 10% Cgat
37°C in a fully humidified incubator. The cells werutinely sub-cultured at 1:6 to

1:8 when 80% confluent and fed every 3 days if sulbdring was not required.

2.3 Cryopreservation of cells

Healthy cells growing in log phase were fed withstr culture medium 24 hr prior to

freezing them down. The culture medium was aspraifié and the adherent cells
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washed once with appropriate volume of Versene4f@.&DTA in PBS). The cells
were detached with warm 0.05% trypsin made up iT&DThe detached cells in
trypsin were neutralised with complete cultured medand the cells spun down at
1500rpm for 5min. The supernatant was aspiratecmdf the cell pellet flicked and
resuspended in freezing medium consisting of 90% BBd 10% DMSO. Aliquots
of 0.5 or 1.0ml of cells were frozen down in 2ml @ouales by placing them into
gaseous phase of liquid nitrogen before transfgrtirem into liquid phase. Cells

were routinely frozen down at 3-5Xffom P-100 dishes and at 1-2 X¥fbom P-60.

2.4 Recovery of cells from liquid nitrogen

Ampoules of cells were taken out of liquid nitrogand swabbed with 70% IMS.
Caps were loosened to release the pressure befudyrthawing the cells at 3C.

Cells were transferred into 10ml of warm complaiiuze medium and centrifuged
at 1500rpm for 5min. The supernatant was aspiratiednd the pellet gently flicked
to disperse the cells before resuspending themappwopriate volume of complete

medium.

2.5 Testing cells for mycoplasma contamination

2.5.1 The Hoechst 33258 stain method

Antibiotics can suppress the growth of mycoplasmecells therefore cells were
cultured for at least 2 weeks in the absence cardibiotics including hygromycin,
geneticin, neomycin etc. After 2 weeks, cells weeeded onto sterile glass cover-

slips placed in Petri dishes or in slide chambé@mslls were fixed directly with
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freshly made Carnoy'’s fixative (methanol and acati 3:1 ratio) when they were
approximately 70% confluent. Three millilitres ofdtive was added to 5ml cultures
for 2min at room temperature. The medium and tkatifte was aspirated off and
5ml of fixative was added to the cells and leftrioubate at room temperature for
5min. The cells were fixed once more with freshafixe and left to air-dry. The cells
were stained with 0.Qs/ml of Hoechst 33258 made up in PBS pH 7.0 forrbmi

the dark at room temperature in a coplin jar. Tlees were rinsed twice with PBS

pH 7.0 and visualized under a fluorescence micnosco

2.5.2 The nested PCR method

The parental cell lines and hybrids that were ralyi used in the laboratory were
subjected to mycoplasma contamination tests alaeiervals. Genomic DNA was

isolated from the cells using a DNA isolation Riigard, Promega).

For the first round amplification of the mycoplagni2NA, we used the GPO1
primer (5’ACTCCTACGGGAGGCAGCAGTA 3) and MGSO prime
(5 TGCACCATCTGTCACTCTGTTAACCTC 3). For a 20ul reaan volume,
1.0pl (10@,g) of DNA was added to 1.0ul (0.4uM) each of theQ&Rand MGSO
primers and 17ul of Reddymix Mastermix. The amgpdifion was carried out for 35
cycles with denaturing at 85, annealing at 5& and extension at 72. A final

extension step at 7@ for 10min was added.

For the second round amplification of the mycoplalsiNA, we used the GPO2

primer (5’CTTAAAGCAATTGACGGGAACCCG 3') and MGSO pmer. For a
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20ul reaction volume, 1.0ul of the product from tinst round of amplification was
added to 1.0ul (0.4uM) each of the GPO2 and MG3@qus and 17ul of Reddymix
Mastermix. PCR amplification conditions and cyclesre the same as above. The
PCR products from both rounds were run on a 1.58b0sg gel containing ethidium

bromide.

A strong positive sample produces a band at 720bm fthe first round of
amplification and a band at 145bp from the secanglification. A weak positive
sample produces a single band at 145bp form thendemund of amplification.

Only the cells negative for both rounds of ampéifions were used in my study.

2.6 Harvesting colonies

Plates were examined under an inverted microsaopeder to locate colonies. Once
the colonies were identified they were circled wéthmarker at the bottom of the
plate. Culture medium was aspirated off and an @ppate sized cloning cylinder
was pressed into a plate of autoclaved Vaselinegusipair of sterile forceps. The
cylinder was carefully lowered onto a colony andgsed down firmly. Trypsin, 100-
200ul depending on the size of the cylinder being used pipetted and cells were
left to incubate at room temperature until theyadked. The cells were retropipetted
using a Pasteur pipette and diluted into 5ml of glete culture medium, containing

appropriate drug if required, into a P-60 plate.

83



2.7 RNA extraction using Trizol reagent

Monolayer of cells, at approximately 80% conflugneas washed twice with 5ml of
PBS. One millilitre of Trizol reagent (Sigma) waddad to the cells and left for at
least 1min at room temperature. The cell lysate pipstted well and the content
stored in 1.5ml microcentrifuge at -&D until required. Once all the samples had
been collected for extraction they were thawedoanr temperature and incubated
for 5min at 15-38C. Two hundred microlitres of chloroform was addedthe
samples and the tubes were shaken vigorously by anat least 15sec. The
samples were then incubated for 2-3min at 1%3@rior to spinning them at
13000rpm for 20min at°€ in a bench centrifuge (Eppendorf centrifuge 5419Re
clear upper aqueous phase that contains RNA exelysias carefully pipetted into
a fresh microcentrifuge tube. Isopropyl alcoholQ5was added to each sample and
mixed gently prior to incubation for 10min at 15°G0 Samples were centrifuged at
13000rpm for 10min at°€. RNA precipitate forms a gel-like pellet normatlg the
side of the tube. The supernatant was poured afftt@ RNA pellets washed once
with 75% ethanol. The samples were mixed well bstesong prior to centrifugation
at 8000rpm for 5min at°€. The 70% ethanol was poured off and the RNA tlle
air-dried at room temperature for 10-15min. RNA waissolved in 2Ql of DEPC

treated water for a minimum of 1hr on ice and abance was read at 2¢.
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Chapter 3

Generation of human monochromosome hybrids by

microcell-mediated chromosome transfer (MMCT)

3.1 Introduction

MMCT is a well established technique in our laborgtthat allows individual

normal human chromosomes tagged with a selectahikemto be transferred into
any mammalian cell. The transferred chromosomesaisitained in the recipient cells
as an intact functional and structural entity. Undiial transfer of the complete
complement of normal human chromosomes into any mmgan cells permits the
entire genome to be scanned for the existencetivkeagenes that could be identified
by a particular phenotype on the basis of genetiopgtementation (Cuthbert et al.,
1995; Newbold and Cuthbert, 1998; Saxon et al.5L9Bnhe structural characteristics
of the introduced chromosome can easily be defibgdSTS mapping and
chromosome painting in a heterospecific human: mbdgybrid (Newbold and

Cuthbert, 1998). This fact was taken into accouhenvthe monochromosomal

hybrid panel was constructed by Professor Newbasip.

We have used genetic complementation studies tatdodelomerase/hTERT

repressor genes in breast cancer cells and, iprésent study, in a prostate cancer
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cell line. Identifying the telomerase repressoregegquired the whole genome to be
screened for repressive function. This was madsilplesby the availability of the
complete panel of human: rodent monochromosomatidg/lin our own laboratory
(Cuthbert et al., 1995). Each hybrid contained rgglsi intact human chromosome
tagged with the selectable HyTK fusion gene. Thelkbifunctional gene was
constructed by fusing the bacterial hygromycin pina¢ransferase (hph) gene with
the herpes simplex virus type 1 (HSV-1) thymidimeake (TK) gene. The reason for
choosing the HyTK fusion gene as a mammalian sadetmarker was to promote
the facility for the transferred chromosome to leested “in” or “out” of the
recipient cells. Positive selection (to maintaie thhansferred chromosome in the
recipient cells) of the integrated HyTK marker chizved by adding hygromycin B
in the culture medium and negative selection (tddbe transferred chromosome) by
culturing cells in a synthetic prodrug called gatwtir (Newbold and Cuthbert,
1998). The reverse selection makes use of thettiattthe HSV thymidine kinase
(TK) on the HyTK selectable marker phosphorylaté® thon-toxic prodrug
ganciclovir (GCV) to GCV-phosphate. The latter ustier phosphorylated to GCV-
triphosphate by endogenous kinases which causes dhidi termination and single
strand breaks once it is integrated into the DNduiring apoptosis in the target cells
(Beltinger et al., 1999). The dual properties o thyTK marker allows a specific
phenotype associated with the transferred chromes@m my case telomerase
activity andhTERT transcription determined by TRAP assay and quative RT-
PCR respectively) to be confirmed by the loss ef phenotype by reverse selection

of the transferred chromosome in the hybrid clqi@ghbert et al., 1995).
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3.1.1 Construction of human: rodent monochromosomatybrid panel

The HyTK fusion gene was inserted into a small (apinately 4.2 kb) Moloney-
based retrovirus (tgLS(+)HYTK) which was placed enthe transcriptional control
of the proviral 5’ long terminal repeat (LTR) (Lwpot et al, 1991). The initial step in
tagging normal human chromosomes with the selexthldion gene involved the
transvection of the producer cell line PA317 whk tetroviral vector tgLS(+)HyTK.
Amphotropic pseudotype viral supernatants colleftesh PA317 cells were used to
infect the normal diploid adult human male fibrailatrain IBR.2; the cells were
subsequently selected with hygromyin B and cryagmexsi before utilizing them as
human chromosome donors. Our monochromosomal hylamel was constructed
by direct microcell transfer of the virus-infectedman IBR.2 cells into A9, a mouse
fibroblast cell line. A9 clones resistant to hygremm B were cryopreserved prior to
cytogenetic and molecular analysis. Monochromosorngbrids were further
analysed by STS-PCR using primers that amplified tdlomeric proximal regions
on the p and g arms. Clones that were positivédbéah markers were selected for
more thorough characterization, essentially to namntie likelihood of the clones
containing a chimeric chromosome. The identity amegrity of the transferred
chromosome was additionally confirmed by G-bandamgl FISH analysis using
whole chromosome specific paints after 40 popufatioublings, to confirm the

presence of a stable single human chromosome (Eutébal., 1995).
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Mirocell mediated chromosome transfer (MMCT)
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Figure 3.1: Diagram showing the main steps involivetthe MMCT technique.
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In the past, the MMCT has proved to be an invakiaddl in successfully identifying
several genes in various disorders by using themdpanel constructed by Professor
Newbold’s team. These include the MMADHC gene wh&hesponsible for defects
in cobalamin metabolism (Coelho et al., 2008); SUMfene which is involved in
multiple sulphatase deficiency (Cosma et al., 2008) SURF1 gene which plays a
role in biogenesis of cytochrome c¢ oxidase in a &mmeurological disorder (Zhu et
al., 1998). Our donor panel has also been sucdlssiged in cancer studies. A
number of chromosomal regions have been identifigere tumour suppressor
(Dafou et al., 2009) and telomerase repressor ger{&eenbergen et al., 2001;

Cuthbert et al., 1999) may possibly be located.

The initial aim of this study was to identify a ohmosome that may have a repressive
effect on telomerase activity when transferred iatprostate cancer cell line. This
was achieved by individually transferring the 220somal chromosomes and the X
chromosome into PC-3 cells to screen the whole menfor the telomerase repressor

gene(s).

3.2 Materials and Methods

3.2.1 Microcell Mediated Chromosome Transfer (MMCT)

Human: rodent monochromosomal cells, referred ta dslonor” cell line, were
seeded at the cell number shown in Table 3.1. Bfis were set up in 12x24ém
flasks (Nuncloh™ Surface, Nunc) in DMEM containing 20% FBS without

hygromycin B, in a final volume of 5ml. The cell&re incubated at 3 for 24hr in
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a fully humidified incubator with 10% COPC-3; the recipient cell line was seeded
at 3, 3.5 and 4xP0L.0cm dish in duplicate in 15ml of complete cultmedium on
the same day as the donor cells. The PC-3 cells ineubated at 3T for 72hr in a
fully humidified incubator with 6.5 % C£O After approximately 24hr of incubation,
colcemid (for concentrations refer to Table 3.13wadded to the donor cells and the
cells were left to micronucleate for 48hr. The saéding number and the colcemid
concentrations had previously been optimized fochedonor cell line. | had
optimized the cell number to produce 70-80% comflumonolayer cells after 24hr
of incubation and the colcemid concentration wasniped to produce a maximum
number of micronuclei with the least number of mable cells after 48hr of
incubation. The culture medium was aspirated adfrfreach of the 24 flasks and
30ml of 1Qug/ml of cytochalasin B (Sigma) prepared in serusefDMEM was
pipetted into each flask. The flasks were weighecueately to two decimal places
and paired to 0.03g differences. 75ml of warm watas poured into each bucket of
the pre-warmed rotor (Sigma, 6X250ml) and the plaftasks placed opposite each
other into the rotor at 45 degrees with the celholayer facing inwards. The flasks
were centrifuged at 95009 for 1hr 10min af@7n a Sigma laboratory centrifuge
6K15 (Philip Harris). The flasks were weighed againd any loss or gain in weight
of more than 0.02g was discarded. DMEM containlregdytochalasin B was poured
out of the flasks leaving behind 1-2ml. The pellatshe two corners of the flasks
were flicked and microcells from 6 flasks were mabinto one 15ml conical tube.
The microcells were spun down at 4500rpm for 5rilme supernatant was aspirated
off and the pellet flicked before adding 2ml of waiserum free DMEM. The

microcells were pipetted thoroughly in order toadbtsingle cell suspension. The
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volume was made up to 12ml in each tube with seftee DMEM and the
microcells mixed well prior to sequentially filteag through an 8m and two fm
polycarbonate filters (Whatman: Nucleopore TrackkEtMembrane, Swinlock
Holders 25mm diameter) to maximize the yield of imeells carrying only a single
chromosome. The microcells were spun at 4500rpnbii@n. The supernatant was
aspirated off and the pellet flicked and resuspende&ml of serum free Ham’s F-12
medium, containing 1Q@/ml Phytohaemagglutanin (PHA-P, Sigma). Meanwhile
the plate containing the most evenly distributed3€&lls was selected and washed
three times in warm SF Ham’s F-12 medium and theraunells pipetted on to the
recipient cells. The plate was incubated &£C3Znd 6.5%C@for 25min to allow the
microcells to attach to the recipient cells. Mi@le that had not attached were
carefully aspirated off and 3ml of PEG solution t@aning 42.5% polyethylene
Glycol 1000 (Sigma) and 8.5% DMSO in SF Ham’s Faigdium was added slowly
to the edge of the plate. After exactly one minateroom temperature the PEG
solution was carefully aspirated off and the plats washed three times with warm
SF Ham’s F-12 medium with each wash lasting 1mifte€éh ml of complete
medium was added to the plate and the cells wengbated at 3L and 6.5% CQ
overnight. The next day, the cells were subculturgd ten P-100 dishes and
incubated for 3 days before gradual selection W&@U/ml of hyg B for 3 days and
thereafter with 200U/ml of hyg B until colonies @aped. Clones were picked and
cultured with half the dose of hyg B for maintaigithe transferred chromosome in
the recipient cells. Two ampoules of each cloneeweryopreserved in liquid

nitrogen. A mock fusion was also performed as drobfor the MMCT.
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Table 3.1. Monochromosomal hybrids were seededhat densities shown for
MMCT experiments, and the colcemid dose used foh égbrid is the optimum that

produced maximum micronucleation with the least benof non-viable cells.

Human:rodent Cell seeding density Colcemid dose jg/ml)
monochromosomal hybrids | Number of cells/flask (x16)

A9HyYTK1 2.0 0.12
A9HyYTK?2 1.5 0.05
A9HYTK3 1.75 0.075
A9HYTK4 15 0.15
A9HYTKS 15 0.10
A9HYTK6 15 0.075
A9HYTKY 15 0.06
A9HyTKS8 2.0 0.10
CHOHyTK9 1.0 0.05
CHOHyTKO (del p) 1.0 0.05
A9HYTK10 1.75 0.10
A9HYTK11 1.25 0.05
A9HyYTK12 1.5 0.05
A9HyYTK13 1.5 0.065
A9HyTK14 1.5 0.06
A9HyYTK15 1.25 0.04
A9HyYTK16 2.25 0.075
A9HyYTK17 1.5 0.075
A9HyTK18 2.0 0.10
A9HyTK19 2.0 0.06
A9HyYTK20 2.0 0.075
A9HyYTK21 1.0 0.05
A9HYTK22 1.0 0.05
A9HYTKX 2.0 0.10
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3.3 Results

3.3.1 Microcell mediated chromosome transfer of all22 autosomal normal
human chromosomes and the X chromosome into PC-3,mostate cancer cell
line

Heterospecific human: rodent hybrids containingngle copy of a normal human
chromosome in mouse A9 cells were used as micralglbrs. A complete, well
characterized panel, consisting of 22 autosomalorosbsomes plus the X
chromosome, has been constructed by Professor Né&wlgyoup (Cuthbert et al.,
1995). The donor cell lines available for transfeour laboratory were all at under
passage 15. Microcells isolated individually fromcle of these donor cells were
fused into PC-3, a prostate epithelial cell linee(dVaterials and Methods) and
hybrids were selected with 200U/ml of hygromycin &jlonies appeared 3 to 4
weeks after fusion. Hybrid colonies were markedlIsthieing examined under the
microscope after approximately two weeks. On aweia@ colonies per plate were
formed within this time period. Any colonies appegrthereafter were considered to
be satellites. The possibility of satellite colanferming within the two weeks was
deemed to be low since the colonies are very si@étkn a dozen or more colonies
were observed on a plate after 4 to 5 weeks. Thaeiqusly marked colonies were
picked using disposable plastic cloning cylindenseothey were large enough to fill
the x5 magnification viewing field. The hybrid caies were expanded as separate

cell lines to be assayed for telomerase activity.
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3.3.2 Microcell Mediated Chromosome Transfer (MMCT)

The initial step in MMCT involved micronucleatio e donor cells (Fig 3.2). This
was achieved by incubating the donor hybrids witd mitotic inhibitor colcemid

which blocks the cells in metaphase by preventhmy formation of a functional

spindle. The donor cells were treated with colceford48hr at concentrations that
had produced the highest number of micronuclei w#hitn lowest number of non-
viable cells in the pilot study (refer to Table )3.The non-viable cells were
determined by the number of cells that had detadtwed the plate. Incubating the
donor cells with the correct concentration of colak is vital to the success of the
MMCT procedure as high dose of this mitotic inhobitresulted in increased cell

toxicity and decreased number of micronucleatels.cel

Figure 3.2: Incubating the donor cells with colcénfor 48hr results in micronucleation of the
majority of cells. Example of micronucleated A9HyTHK donor cells is shown above. (Magnification
of the image is x20).
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Incubating the micronucleated cells with cytochald® resulted in nuclear extrusion
(Fig 3.3). Centrifuging these micronucleated celtsached to the plastic culture
surface at high speed in the presence of cytodhaBsaused extruded nuclei to
break away from the cells, grasping a small amatytoplasm to produce

microcells.

Figure 3.3: Incubating the micronucleated cellxytochalasin B for approximately 20min caused
nuclear extrusion which later helps the micronutdebreak away from the cell when they are being

centrifuged. (Magnification of the image is x20).

Microcells produced by enucleation of the microeattd cells were size-selected by
serially filtering through a single 8um followed bwice through 5um polycarbonate
filters to enrich the population of microcells caiming a single normal human
chromosome and to remove the contaminating wholedils and cell debris (Fig

3.4).

95



Figure 3.4: Microcells are filtered through 1x 8jamd 2 x 5um polycarbonate filters prior to fusion
with the recipient cells. Image of filtered micrdsegrepared from A9HyYTK 11 cells. (Magnification

of the image is x40).

An evenly distributed recipient (PC-3) monolayerswesed for fusion when the cells

were approximately 90% confluent (Fig 3.5).

Figure 3.5: A monolayer of PC-3, a prostate camedrline used as recipient cells. The arrows are
pointing at the “ruffles” in the cytoplasm and skibuot be confused with microcells (an image of

microcells is shown in Fig 3.6). (Magnificationthie image is x10).
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Microcells were incubated with the recipient celis the presence of
phytohaemagglutinin (PHA-P) prior to fusing thenmngspolyethylene glycol (PEG).
Treating cells with PHA before exposure to 44% RE&ults in reduced cytotoxcity
caused by PEG. McNeil and Brown (1980) demonstrétedcombined effects of
PHA with PEG increases the fusion capacity of ndetis with whole cells. PHA
also helps microcells to adhere to the recipieiis @® that the fusion with PEG is

more efficient (Fig 3.6).

Figure 3.6: Image of microcells co-incubating witie recipient PC-3 cells in the presence of PHA,
before fusing them with PEG. (Magnification of tiheage is x20).

Transfer of a tagged normal human chromosome imorécipient cells confers
resistance to hygromycin B in the hybrids, whickrtiproliferate to form a clone
(Fig 3.7). Cells that do not possess the chromosuemie the selectable HyTK
marker are not resistant to hygromycin B and hdateo proliferate into colonies.

Hybrid clones were picked and each cultured aparaée cell line.

97



Figure 3.7: Image of a typical highly proliferatiedone of PC-3 microcell hybrid cells resistant to
hygromycin B. (Magnification of the image is x5).

With certain normal human chromosomes (Table 3c2asional hybrids were found
to undergo senescence after they were picked attidred in a P-60 plate to
proliferate as an independent cell line (Fig 38possible reason for recipient cells
undergoing senescence in this way is the presdrecéetomerase repressor sequence
in the transferred chromosome. Alternatively, thexealso a possibility that the
transferred chromosome possesses other senesoencaig gene(s). However, in
my study, the infrequent occurrence of these semesmlonies suggests that this is
probably a phenomenon observed in cell culture wheells rarely undergo

senescence.
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Figure 3.8: Image of a PC-3/chr 11 hybrid clonet tinaderwent senescence. The difference in the
morphology of senescent and normal proliferatintiscs very evident. Senescent cells are much
larger, flatter, and granular; they are metabdlcattive cells that have lost the ability to digid

(Magnification of the image is x10).

A complete set of hybrid clones was generated fthentransfer of each normal
human chromosome (Table 3.2) and cultured as imdkgme cell lines. However,
chromosome Y could not be transferred into PC-B ds¢cause a donor cell line
containing an individual normal human chromosomew&s unavailable in our
laboratory. During the construction of the “don@&nel Cuthbert et al (1995) were
unable to isolate a Y chromosome, possibly dueatk lof integration of the

retrovirus carrying the HyTK marker.

The panel of hybrids generated by individual transf normal human chromosomes
IS a very valuable resource to screen the entirmalobhuman genome for any gene
of interest for which there is a clear cellular pbiype, i.e. tumour suppressor genes
can be identified by eithen vitro or in vivo growth suppression assays, metastasis

suppressor genes by migration assay and telomexpssor genes, as in this study,
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can be identified by the TRAP assay or by the i&g@é expression levels IOTERT,

the catalytic subunit of telomerase.

Table 3.2: Summary of the number of hybrid clonesggated by MMCT (a single
experiment was performed with each transferred mbemme) to study genetic
complementation in PC-3, a prostate cancer cedl. lifhe number of clones that

underwent senescence from each MMCT is shown itateolumn.

Hybrids Number of colonies picked | Number of clones that
and cultured as separate | senesced
cell lines on the P-60 plate
PC-3/chrl 19
PC-3/chr2 25
PC-3/chr3 17 1
PC-3/chr4 20
PC-3/chr5 15 1
PC-3/chr6 18 1
PC-3/chr7 16
PC-3/chr8 26
PC-3/chr9 1
PC-3/chr9 (del p-arm) 23
PC-3/chr10 20 2
PC-3/chrll 17 1
PC-3/chr12 18 2
PC-3/chrl13 38
PC-3/chr14 28 1
PC-3/chrl5 21
PC-3/chrl6 24
PC-3/chrl7 23
PC-3/chrl8 26
PC-3/chr19 5
PC-3/chr20 28
PC-3/chr21 30
PC-3/chr22 18
PC-3/chrX 21
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3.4 Discussion

On average, transfer of most normal human chromesanto PC-3 cells produced
15-30 hybrid clones from microcells prepared fro@x24cnf flasks. The two
chromosomes that gave a markedly reduced numbabiés were chromosomes 9
and 19 (Table 3.2). It is a phenomenon well knownthis kind of work that some
chromosomes are easier to transfer than others.er@bn | found many
experimental factors that can influence the efficieof a transfer and produce a
higher number of clones; these included: (i) the aé donor cells of the lowest
passage number possible (because, in my hands,initbasing passage number,
donor cells generally produced fewer micronucleiyl ii) employing an optimal
colcemid concentration that produced the highesbber of micronuclei with the
lowest number of nonviable cells. Later in the pobjwhen fragmented chromosome
11 was transferred into the telomerized PC-3 aek [(see section 7.2.1) fewer
hybrid colonies were obtained. However, | foundttimcreasing the number of
microcells available for fusion with the recipiemglls resulted in a larger number of
colonies. This was achieved by preparing the matedrom donor cells seeded in

24 flasks compared with 12 flasks for whole chroams transfers.

The presence of a powerful anti-proliferative genehuman chromosome 9 became
evident during the construction of the monochromuaelo hybrid panel in our
laboratory. Cuthbert et al (1995) were unable tmver intact human chromosome 9
in mouse A9 background when it was directly tramsfd® from diploid human
fibroblast into the A9 cells. However, Chinese ham®varian (CHO) cells could

tolerate intact human chromosome 9 and it was @vailin our laboratory as part of
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the human monochromosome hybrid panel. Later, Bdgkt al (1996) provided
strong evidence by STS-PCR deletion mapping of egggits generated from
monochromosome transfer experiments that it wap16&“*® (CDKN2A) gene that
was responsible for growth suppressive effect gbrlosome 9 in A9 cells. The
anti-proliferative effect of chromosome 9 was nainfined to A9 cells alone.
Transfer of chromosome 9 into 5XH11, an X-ray-ingliicSyrian hamster dermal
(SHD) cell line produced one clone. The authorsvigled further evidence of
p16™“? involvement in rapid growth suppression by tracsfiy CDKN2A cDNA

into 3 human malignant melanoma cell lines.

In my study, MMCT of chromosome 9 generated ontyngle clone and this is most
likely to be due to the presence of the cyclin deleat kinase (cdk) inhibitor gene
p16™“® Jocated on chromosome 9p21 that blocks the cellecsit G1 resulting in

senescence. This pathway is often inactivated & dbvelopment of epithelial
cancers including prostate cancer. Perinchery €19499) reported LOH on 9p21 in
72.5% of prostate cancer samples and they foundxpeession of the p16 protein to
be either absent or very low suggesting the logsl6f may be involved in prostate
carcinogenesis. However, when Tamimi et al (1996gstigated the frequency of
p16™K*a mutations/deletions in 20 primary prostate tumoamsl four established

prostate cancer cell lines, they only found twoatiohs; one in DU145 cell line and
the other in a primary tumour, suggesting that tinraof p168'“** gene is not a

frequent event in prostate cancer. Neverthelesgnwhransferred chromosome 9
with a deleted p-arm into PC-3 cells, 23 clonesenmeroduced, providing further

INK4a
6

evidence that thel tumour suppressor gene or some other gene located
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chromosome 9p may have contributed to the low goloomber when whole

chromosome 9 was transferred.

Transfer of chromosome 19 produced the second tawesber of clones (5). Gao et
al (1999) had earlier reported a region on chromesal9pl3.1-13.2 that is
responsible for suppressingvitro andin vivo growth of both human (TSU-prl) and
rat (Dunning-R3327 AT6.1) prostatic cancer cellberefore, there is a possibility
that the low colony number may be due to the pmesesf a growth suppressor

gene(s) in the 19p13.1-13.2 region.

Even though the human chromosomes are intact abtesh our donor cell lines, as
characterized by comprehensive cytogenetic and culale analyses such as G-
banding, FISH analysis and STS mapping (Cuthbertlgt 1995), the MMCT
technique can result in either large or small dathest of the transferred chromosome
once it has been fused into the recipient cellgs Tact can be turned into a useful
advantage in any gene mapping exercise, sincedgeteeity in the genetic content
of clones that are generated (with respect tortdmesterred chromosome) can permit
sub-chromosomal localization of a gene of inter®gith respect to a telomerase
repressor sequence, one might therefore expeeeta sixture of hybrid clones that
were repressed and others that were not. This wfsecassumes that the gene of

interest is not positioned in close proximity te telectable marker.
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Chapter 4

|dentification of the chromosome that may carry a gne (or

genes) involved in telomerase repression in prost&tancer

4.1 Introduction

Normal human somatic cells undergo only a limitedhber of cell divisions before
entering replicative senescence (RS). RS is avarsible growth arrest that has been
suggested to act as a protective barrier agaimstecaus transformation (Collado et
al., 2007). In contrast, tumour cells overcome icagive senescence and grow
indefinitely i.e. become immortal (reviewed in Casipand di Fagagna., 2007).
Telomeres are specialized DNA structures at thes eridinear chromosomes and
their maintenance is a prerequisite for immortaiora and cancer formation that
commonly occurs through activation of telomerasvigwed in Shay and Wright,
2005, Newbold 2005). Telomerase is tightly regulatenormal human somatic cells
but the majority of tumour and immortal cells haslevated levels of telomerase
activity in order to maintain telomere lengths (Kénal., 1994). Inactivation or loss
of both alleles of a critical gene that functiomsrépress telomerase could be an
important event in the transition of normal celisoi cancerous cells. Several studies
have shown that introduction of a normal copy @pacific human chromosome by

MMCT can be used to induce repression of telomeeaa&s@ity in various cancers
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(Horikawa et al., 1998; Cuthbert et al., 1999; Sbezgen et al., 2001; Nishimoto et
al., 2001). The purpose of this part of my studg Wwameasure telomerase activity in
hybrids that | previously generated (Chapter 3}tH®y individual transfer of normal

human chromosomes into PC-3 cells and hence igemtdhromosome(s) that can

repress telomerase activity in prostate cances.cell

4.2 Materials and Methods

4.2.1 Determination of telomerase activity by convdional TRAP assay

4.2.1.i Sample preparation

The surface of the hood and the pipettes were ettavith RNase-Away solution

before protein isolation. Cell hybrids from MMCT reecultured in P-60 dishes and
trypsinized as normal when 50-80% confluent. Thé pellet was flicked and

resuspended at approximately 3-5k1@ complete culture medium containing
0.1mM PMSF. Cells were counted and 2 time3 ddlis for each hybrid were spun
down in 0.5ml microcentrifuge tubes. The supernateas carefully removed with a
Gilson pipette and the pellets frozen down immetdiyabn dry ice. The samples were

stored at -8%C until required.

4.2 .1.ii Protein isolation

The samples to be assayed were thawed out on gvahdat 200l of cold x1 CHAPS
lysis buffer was added to each’aéll pellet. Pellets were retropipetted vigorously

and left to incubate on ice for 30min. Samples weertrifuged at 13000rpm for
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20min at 4C. Approximately 16Ql of the supernatant was pippeted into a
microcentrifuge tube and rapidly frozen down on dg for telomerase activity
measurement. Twenty microlitre of the supernatardas wused for protein

determination.

4.2.1.iii Protein assay

Coomassie protein assay reagent (Pierce Solutias)used to determine the protein
concentration in the samples. A standard curvesgasip with BSA (Bovine serum
albumin), dissolved in x1 CHAPS lysis buffer betwe@ to 20ug protein. One
millilitre of the Pierce solution was added to e&che set up for the standard curve
and the unknown samples (#) The standards and the samples were incubated fo
exactly 5min at room temperature. The absorbanceread at 59%m. The protein
concentration of the unknown samples was determiireed the standard curve and

the samples were diluted torfgul in CHAPS lysis buffer.

4.2.1.iv Telomeric repeat amplification protocol (RAP) assay
TRAPeze, a telomerase detection kit (Intergen Coyjpavas used to determine
telomerase in actively dividing cells. All the sdegpto be assayed were thawed out
on ice. TS primer was End labelled wi#i’P-ATP (Amersham Biosciences) using
the following reagents provided in the Kkit:
For 10 assays TS primer {lo

10x KinaseA buffer gl

T, Poly Kinase 0.al (10U/ul)
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dHO 5l
y3?P-ATP 2.5
The tube was placed in a PCR block for 20min 8€3ind for 5min at S&.
The PCR mastermix was prepared for the numberropkss to be assayed in 1.5ml

eppendorf tube using the following reagents:

For each assay 10x TRAP buffer VIS
50x dNTP ful
TRAP primer mix ful
Taq (5unitgil) 0.4ul (2 Units)
ddHO 38.4l

y 2P TS primer (end label) 2

Radioactive end label was added to the master triheavery end and mixed well.

To 464l of master mix 4l of the sample to be assayed) 4f xLCHAPS lysis buffer
(negative control), @ of H ;O and il of TSR8 (positive control) was added to the
PCR tubes. The tubes were placed into a PCR madhietead, Peltier Thermal
Cycler PTC-225) and the samples incubated &€ 36r 30min and amplified using a

two-step PCR at 9€ for 30sec, 59 for 30sec for 30 cycle.

4.2.1.v Polyacrylamide gel electrophoresis

Non-denaturing 12.5% polyacrylamide gels were preghan x0.5 TBE buffer and
poured into 16 x 16cm plates. Ten microlitre ofdimgy buffer was added to the PCR
products and 3@ samples were loaded onto the vertical gel. THevgs allowed to

run at constant 200V for approximately 3 to 3.5huwtil the bromophenol blue ran
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out of the gel and xylene cyanol blue ran 70-75%hefgel length. Cold water was
circulated through the system to prevent overhgath the gel; this prevents

distortion of bands from excessive heat. The ged died and exposed overnight
onto a phosphorimager screen in a cassette at texmperature before scanning the

screen in the phosphorimager (Storm 820, Amershiaannfacia Biotech).

4.3 Results

4.3.1 Effects of normal human chromosomes on telomase activity in a prostate

cancer cell line, PC-3, following microcell fusion

There was no published data available concerniagnyolvement of normal human
chromosomes in telomerase repression in prostaieecaells. Therefore, the entire
chromosome panel was transferred into PC-3 as gletenscreen of the human
genome. There was no indication as to which chromesmay harbour a telomerase
repressor from the number of hybrid clones recavexrter MMCT or indeed the

growth rate of hybrid cells collected from diffeteéransfers.

The hybrids generated from transferring normal hutaomosome 3, 4, 10, 11, 17
and 21 into PC-3 cell line were selected to deteenthe level of telomerase activity
in their respective clones. The reason for selgdtiese hybrids in the first phase of
the study was because: (i) a region on the smplrfp of chromosome 3 has already
been found to repress telomerase activity in huilma@ast cancer cell line in our
laboratory (Cuthbert et al., 1999) and a diffenegion on chromosome 3 had been

found to repress telomerase in a human renal @arancell line (Oshimura and
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Barrett., 1997); (ii) chromosome 4 had been shovewipusly to repress telomerase
in Hela, a cervical cancer cell line (Backsch et 2001) and Bertram et al (1999)
had identified a senescence gene on chromosom@i¥tghromosome 10 had been
shown to repress telomerase activity in hepatolegltarcinoma cell line (Nishimoto
et al. 2001); (iv) chromosome 17 hybrids were detbdecause loss of tHdP53
gene is common in a variety of human cancers plys$dading to increased
proliferative potential and ultimately to clonaladwtion and malignant progression.
Several groups have reported mutations in @68 gene in prostate cancer cells
(Isaacs et al., 1991; Chi et al., 1994). (As désctiin section 1.2.9.iv, there is also
evidence that p53 is directly involved in telomeragpression in normal cells); (v)
chromosome 11 hybrids were selected because tkeofoketerozygosity on both
arms of chromosome 11 has been reported in prostéaieer (Dahiya et al., 1997);
(vi) chromosome 21 hybrids were selected randorilglomerase activity was
assessed in each of the hybrids at the same eamytlystage, i.e. Passage 1, after

transfer to mass culture using the commerciallylabke TRAPeze Kkit.

The initial plan was to screen all of the hybridewever, the observed repression by

chromosome 11 led us to focus on this chromosorderap the critical gene.
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4.3.2 Phosphorimager scans of TRAP gels showingdaierase activity in clones

of various hybrids obtained after transfer of normad human chromosomes.
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Figure 4.1: Levels of telomerase activity in hybecidnes generated by the transfer of normal human
chromosome 3 into the PC-3 cell line. The corredpan histogram shows the level of telomerase
activity relative to the internal control, S-IC. @ml PC-3 values were obtained from mass cultafes
PC-3 cells not subjected to MMCT.
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Figure 4.2: Levels of telomerase activity in hybcidnes generated by the transfer of normal human
chromosome 4 into the PC-3 cell line. The corredpan histogram shows the level of telomerase
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PC-3 cells not subjected to MMCT.
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Figure 4.3: Levels of telomerase activity in hybecidnes generated by the transfer of normal human
chromosome 10 into the PC-3 cell line. The corradpw histogram shows the level of telomerase
activity relative to the internal control, S-IC. @ool PC-3 values were obtained from mass cultafes
PC-3 cells not subjected to MMCT.
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Figure 4.4: Levels of telomerase activity in hybecidnes generated by the transfer of normal human
chromosome 11 into the PC-3 cell line. The corredpm histogram shows the level of telomerase
activity relative to the internal control, S-IC. @ml PC-3 values were obtained from mass cultafes
PC-3 cells not subjected to MMCT.
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Figure 4.5: Levels of telomerase activity in hybcidnes generated by the transfer of normal human
chromosome 17 into the PC-3 cell line. The corradpm histogram shows the level of telomerase
activity relative to the internal control, S-IC. @ool PC-3 values were obtained from mass cultafes
PC-3 cells not subjected to MMCT.
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Figure 4.6: Levels of telomerase activity in hybcidnes generated by the transfer of normal human
chromosome 21 into the PC-3 cell line. The corredpm histogram shows the level of telomerase

activity relative to the internal control, S-IC. @ool PC-3 values were obtained from mass cultafes
PC-3 cells not subjected to MMCT.

ImageQuant analysis of phosphorimager scans of TB&P are represented as a
histogram (Figs 4.1-4.6), showing telomerase dgtiin various hybrids obtained

following MMCT of chromosomes 3, 4, 10, 11, 17 aP#l into PC-3 cells. A
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summary comparing telomerase activity between #r@us hybrid clones and PC-3

cells is shown in Table 4.1.

In each set of hybrids, | found a proportion ofnee that expressed low levels (less
than 50% of the parent PC-3 cells) of telomerad&vig; e.g. clones 11 and 13
(2/13) of PC-3: chromosome 3 hybrids (Fig 4.1), alwhes 1-4, clones 6, 13 and 14
(7/17) of PC-3: chromosome 4 hybrids (Fig 4.2). Tdi#erence in telomerase
activity between these hybrids could possibly be do clonal variation that is
normally observed when the parent line is seededoatl density and telomerase
activity is measured randomly in selected clonesr&Train et al (2000) studied the
level of telomerase activity and telomere lengthtétomerase-positive tumour-
derived human cell lines and clones of these tekland found clonal heterogeneity
existed in both telomerase activity and telomergtle in all the cell lines that were

examined.

Chromosome 10: PC-3 hybrid clones 8, 13, 14, an(Fif4.3) possessed very low
levels of telomerase activity (less than 10% of pa@ent PC-3 cell line), as did

chromosome 17: PC-3 hybrid clones 3 and 6 (Fig £8jtainly there is a possibility

that more than one normal human chromosome caargsquence that appears to
repress telomerase activity in prostate cancer ass ldeen reported for Hela, a
cervical cancer cell line, by MMCT of normal huma&hromosomes 3 and 4

(Backsch et al., 2001). However, the apparent le¥atrong telomerase repression
in chromosome 11 hybrids was remarkably higher (4086mpared with

chromosome 10 (18.7%) and 17 (12.5%) hybrids (F4g. 4
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A very high level of telomerase activity was obsehm 56% (9/16) of chromosome
21: PC-3 hybrid clones (Fig 4.6). The telomeragesiig was at least 2 fold higher
than the parent PC-3 cells in all the nine clonBsere is a possibility that an

unknown positive regulator of telomerase activitises on chromosome 21.

Table 4.1: A summary comparing the levels of telase activity in hybrids
generated by MMCT of normal human chromosomes @3 cells; the first
column shows the percentage of hybrid clones thdtless than 10% of telomerase
activity of the parental PC-3 cell line. The secauodumn shows the percentage of

hybrid clones that had 20% lower telomerase agtitfitan that of PC-3 mass

cultures.

Hybrids Percentage of hybrid clones Percentage of hybrid
with less than 10%]| clones with 20% lower
telomerase activity of PC-3| telomerase activity than
mass cultures that of PC-3 mass cultures

PC-3/chr3 0 (0/13) 31 (4/13)

PC-3/chr4 0 (0/17) 47 (8/17)

PC-3/chrl10 19 (3/16) 44 (7/16)

PC-3/chril 40 (6/15) 80 (12/15)

PC-3/chrl17 13 (2/16) 56 (9/16)

PC-3/chr21 6 (1/16) 25 (4/16)

The data shows that chromosome 11 was the mosugstve candidate for
harbouring a telomerase repressor sequence. Dihe ttonventional TRAP being a
semi-quantitative method, the decision was madé teexneasurenTERT mRNA
guantitatively in the hybrids, since it has beeovah that there is a strong correlation
betweenhTERT mRNA expression levels and telomerase activity {{@tson et al.,

1997). As will be seen in the following Chapter§ ERT analysis provided more
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convincing evidence for a telomerase repressiveeseg located on normal human

chromosome 11.

4.4 Discussion

Screening the hybrid clones, generated by the iddal transfer of normal human
chromosomes into PC-3, for repressive effect oontelase activity suggests that a
telomerase repressor sequence is located on choomeo%l. Several groups have
studied the effects of MMCT on telomerase represdg individual transfer of
normal human chromosomes into telomerase-positinearous cell lines originating
from various tissues. Different regions of normahtan chromosome 3 have been
reported to repress telomerase activity in breasial and cervical cancer cell lines
(Cuthbert et al., 1999; Horikawa et al., 1998; Batk et al., 2001 respectively).
However, transfer of chromosome 3 into the prostatecer cell line, PC-3, showed
no convincing effect on telomerase activity. Cdilagly, studies carried out on other
tumour cell lines suggest that genes regulatingnielase could be tissue-specific as
proposed by Tanka et al (2005). These authors gedvievidence from genetic
complementation that different putative telomeraspressors were inactive in
different types of cancers by whole cell fusion esxxments involving two renal cell
carcinoma cell lines (KC12 and RCC23) and a breaster cell line (21NT). In
these studies fusion of KC12 and RCC23 generatdaridsy with comparable
telomerase activity to that of the parent cell ¢inendicating that both renal
carcinoma cell lines possessed the same defecibrFo$ 21NT cells with either
KC12 or RCC23 cells produced a significant numldé¢elmmerase-negative hybrids,
suggesting that the defect gene responsible fomiglase repression in the two renal

cell lines differed from that in the breast cancelf line.
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In my study, further evidence that tissue-specifelomerase repressors are
inactivated in different types of cancers emergexnnfthe individual transfers of
chromosome 10 and chromosome 4 into PC-3 cellsmblochromosome 10 and
chromosome 4 were relatively ineffective in redgctelomerase activity compared
with chromosome 11, although chromosome 10 has beported to repress
telomerase activity in hepatocellular carcinoma sfitnoto et al., 2001) and
chromosome 4 in a cervical carcinoma cell line (8ab et al., 2001). The fact that
gene(s) on different normal human chromosomes apfede able to repress
telomerase activity in different tissues could gade that not all the tumours have the
same defective gene that regulates telomeraseatad®shimura and Barret, 1997)
and that some telomerase repressors may be subjecieactivation in a tissue-
specific manner (Tanaka et al., 2005). Alternativéhere may be more than one
target gene in a pathway regulating telomeraseer@eeell lines from each cancer

type would need to be analysed to establish this.

In my study, telomerase activity was measured ioridg generated by the transfer
of normal human chromosomes into PC-3 cells. AiBamt level of telomerase
repression in PC-3 chromosome 11 hybrids was obdat/passage 1 in the absence
of replicative senescence. Rapid senescence waslegconly in a few clones of
different hybrids (see Table 3.1) and these clamexe not analysed for telomerase
activity due to the limited cell number. The mo&ely reason for not observing
replicative senescence in a larger number of PGr8ncosome 11 hybrids is that the
hybrid cells were not cultured beyond passage owktlaat there may have been a

delay in telomere shortening (approximately 15@®bp are lost with each cell
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division) and the activation of replicative senesee since our Q-FISH results (see
section 5.3.2.) have shown that PC-3 cells haveenabely long average telomere
(5.6Kb). Hence, there is a significant probabilibat replicative senescence may
have been observed if | had cultured the cellsh&urtthan Passage 1. In this
connection, Oshimura et al (1995) reported a higjvewth potential of RCC23
chromosome 3 telomerase repressed hybrids (at 2peffulation doublings)
compared with that reported by Cuthbert et al (989 21NT chromosome 3
repressed hybrids (at 10-18 population doublingkg difference in growth potential
observed in these renal and breast carcinomaice# tould well have been due to
the difference in original telomere lengths of freent cell lines, which were 6kb

and 3kb respectively.
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Chapter 5

Construction of a PC-3 recipient cell line ectopicldly

expressinghTERT cDNA

5.1 Introduction

Unlike normal human cells, human tumour cells cametimes be established as
permanent immortal cell lines. The presence ofvactelomerase is thought to be
responsible for tumour cell immortality (Kim et ,all994). Several groups have
cloned the genes encoding the two main componémétomerase, the hTR (Feng et
al., 1995) and hTERT (Meyerson et al., 1997). Sgbeset work has shown that only
the expression of theTERT gene encoding the catalytic component of teloneeras
correlated with telomerase activity (Takakura et 8099; Meyerson et al., 1997).
hTERT mRNA was detected in telomerase positive cellsiaed tumours but not in
telomerase negative cells. Furthermore, the exjpressf hTERT mRNA was
induced upon telomerase activation during cellulamortalization (Kilian et al.,
1997) and down-regulated when human promyelocglikdemia HL60 cells were
induced to differentiate in vitro (Meyerson et a@997). These findings strongly
suggested thahTERT mRNA expression is the rate limiting component of

telomerase activity.
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Subsequent studies have shown that the life—spamwhal human cells can be
extended by ectopically forcing the expressioretirherase by stable transfection of
telomerase-negative cells with & TERT cDNA construct (Counter et al., 1998;
Bodnar et al., 1998). In my study, | wanted to eesthat | did not encounter
replicative senescence when a normal human chranm®smarrying a telomerase
repressor sequence was transferred into the P@-3iree Therefore, in the next
phase of the project, PC-3 cells were stably temtefl with anhTERT cDNA
plasmid construct to ectopically express HI&RT gene. With the design of PCR
primers that amplify cDNA sequence cloned from omymature (pre-spliced)
endogenoufTERT mRNA, quantification of endogenol§ERT in the absence of

replicative senescence would be possible.

5.2 Materials and Methods

5.2.1 Human telomerase reverse transcriptase (hnTERplasmid construction

Empty viral vector pBABE puro (5.05kb) and the Vi@onstruct pBABE puro
hTERT were gifts from Professor Wynford-Thomas, Cardif4kb hTERT cDNA
insert from pBABE purohTERT was cloned into the EcoR1 cloning site of a
mammalian expression vector, pCl-neo (Stratageme&ydate PCl-netdTERT (by
Dr. Scott Ellis, Brunel Institute of Cancer Gens}i¢Fig 5.1). The orientation of the
hTERT cDNA insert was confirmed by sequencing the castfwhich has to be 5'-

3’ with respect to the CMV promoter).
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Figure 5.1: Diagram of pCl-neo vector.

The pCl-neo carries the human cytomegalovirus (CMWdmoter region that
promotes the expression of the cloned DNA inserthe T neomycin
phosphotransferase gene in the vector allows #mesfiected cells to be selected with

the antibiotic G418.

5.2.2 Stable transfection of PC-3 witthhTERT plasmid construct using TfX™-20
liposomes

PC-3 cells were plated at 1.0x®2A00mm dish, in triplicate in Ham’s F-12 medium
containing 7% FBS and left to proliferate overnigBix millilitres of SFM pre-
warmed to 37C was placed into 3 tubes and 22.6f TfX20 reagent (Promega) was
added to all the tubes; the first tube was the tnegaontrol, to the second tube 0.5-
1.0ug of the empty plasmid pCl-neo was added (positimetrol) and to the third

tube 0.5-1.Qg of pCl-neohTERT was added (test). The content of the tubes were
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vortexed immediately and left to incubate at ro@mperature for 10-15min. The
culture medium was aspirated from the 3 dishes®BRells and the content of each
tube was added. The plates were returned to thebator for lhour. Twelve
millilitres of complete medium was then added tahedish and the dishes left to
incubate overnight. The cells were split 1:6 anlducad for 3 days prior to selection
with 40Qug/ml of geneticin (G418). Cells were fed once a kvemtil colonies
appeared. Once picked, the clones were maintaimed20Qug/ml of G418.
Subsequently total telomerase activity and immat(pee-spliced) endogenous
hTERT mRNA expression levels (see section 5.2.4.iii) evdetermined in all the

clones by quantitative TRAP analysis and real tjR&-PCR respectively.

5.2.3 Quantitative TRAP assay

A quantitative method developed by Henning, et28l08) was used for assaying
total telomerase activity (endogenously and exogsiyoexpressed). Cell samples
were lysed in CHAPS lysis buffer and the proteinaantration measured as for the
conventional TRAP assay. The total volume of thectien mixture was
25ul/sample. Each reaction mixture consisted pif &f protein sample and P4l of
SYBR Green Mastermix, which contained 1x SYBR Gréerifer, 0.Jug of TS
primer (3-AATCCGTCGAGCAGAGTT-3) and 0.0pg of ACX primer
(5GCGCGG(CTTACCGICTAACC-3). 24ul of SYBR Green mastermix andullof
25 g/ul protein sample was dispensed into each well dfierolitre plate. Each
sample was assayed in triplicate. The PCR was ipeeid on an ABI PRISM 7900

HT Sequence Detection System. The reaction mixta®first incubated at 28 for
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20min to allow the telomerase in the protein extrdo elongate the TS primer by
adding TTAGGG repeat sequence. PCR was then statt&d5C for 10min to
activate the Taqg polymerase followed by a two-®€R amplification of 35 cycles

at 95C for 30s and 61 for 90s. A standard curve was generated fromalberi
diluted telomerase positive prostate cell line; P@xtracts (1bto 10 cells). The
threshold cycle values (Cof the unknown samples were read off against the
standard curve, and the level of telomerase agtogtnpared to the number of PC-3

cells.

5.2.4 Determination of immatureendogenous hTERT and GAPDH mRNA

expression levels using real-time quantitative RT-ER

5.2.4.i Complementary DNA (cDNA) preparation

DNase 1 treatment of RNA samples

Total RNA was treated with DNase 1 (deoxyribonuséed, Amplification grade:
Invitrogen, life technologies) prior to RT-PCR usitihe volumes of the reagents per
sample as below:

4ug of total RNA

2ul X10 Buffer

0.5ul of RNase inhibitor (RNase Out)

2ul of DNase 1

The reaction volume was made up tquPR®ith DEPC treated water. The samples
were incubated for 1hr at room temperature to digexyle and double stranded

DNA. The DNase 1 was inactivated by adding @ 25mM EDTA solution to the
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reaction mixture followed by incubation at°65for 15min. The samples were chilled

on ice.

First strand cDNA synthesis using SuperScript'11 for RT-PCR

The following were placed in a PCR tube to reveraascribe th&GAPDH and the
hTERT genes using gene specific primers:

5ul of DNase treated RNA.

1ul of reverse primer for GAPDH 3407 (408 freshly diluted to 1:200)

1yl of reverse primer for hnTERT 13174 (404 freshly diluted to 1:200)

1ul of 20mM dNTP mix (10mM each of dATP, dGTP, dCTHTP).

4ul of water

The above was incubated at°@Ofor 10min in a PCR machine. The tubes were
chilled on ice and the following was added to thigets.

4ul of X5 First Strand Buffer

2ul of 0.1M DTT

0.5ul of RNase Out

1ul (40U) of SUPERSCRIPT II

The final volume was made up to 20ul with DEPC tedavater and the reaction
mixture incubated at 42 for 50min. The reaction was inactivated by hepti

70°C for 15min. The resulting cDNA was stored at°0
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5.2.4.ii PCR amplification of GAPDH to check the gality of the cDNA

This step was used to check the quality of the cOi¥épared. Forward and reverse
primers for theGAPDH gene were used for this purpose. One microlitreNA
template was added toullof primer mixture (8.8M of forward primer 1457
(5°GAAGGTGAAGGTCGGAGT 3) and 8@M of reverse primer
3407(5’'GAAGATGGTGATGGGATTTC 3’)) and the final vole was made up to
20pl with Reddymix MastermixABGene). The samples were initially incubated at
95°C for 5min followed by 30cycles of 86 for 40sec denaturation, %5 for 45sec
annealing and 72 for 45sec extension. A final extension step diC7for 10min
was added. Ten microlitre product of the PCR reactvas loaded onto 2% agarose
gel, made up in TBE buffer containing 5ul of 20mgkthidium Bromide, 10ul of
1kb ladder was also loaded in order to estimatesite of the amplicon. The mini-
gel was allowed to run at constant voltage at 40Vapproximately 90min and the

gel visualized on Alpha Imager (Alpha Innotech Gwgtion).

5.2.4.iii Quantification of immature endogenous hTERT and GAPDH mRNA

levels using Real-Time PCR

| used a quantitative RT-PCR assay developed bycollmborators (Ducrest et al.,
2001) to measure only the immature (pre-spliceddogenous hTERT mRNA
expression levels in the cDNA samples prepared fileenhybrids. The primer pair
that was used to amplify cDNA from immature nucleadogenousTERT spanned

exon 2 and 256 nucleotides of intron 2. This immamuclearhTERT correlated
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with telomerase activity, indicating th&TERT RNA levels are regulated in the

nucleus (Ducrest et al., 2001).

To x1 TagMan Mastermix (Applied Biosystems) |iM of hTERT forward primer
12896 (5’GAGCTGACGTGGAAGATGAGC 3' sequence locatizat exon 2),
0.4uM of hTERT reverse primer 13156 (5GGTGAACCTCGTAAGTTTATGCAA
3’ localized at intron 2) and QuM of TagMan probe was added. To 32.%f the
prepared mastermix 4ub of the cDNA was added and placed into a well of a
microtiter plate to give a final volume of @25 Each sample was assayed in triplicate.
Thermal cycling conditions consisted of a stepGCSfor 2min, a denaturing step at
95°C for 10min followed by 50 cycles at 95 for 15s and 6 for 1min (ABI
PRISM 7900 HT Sequence Detection System). The nuwid@lERT copies in the
unknown samples was determined by constructingradard curve using dilutions of
a plasmid of known concentration that had been edad into copy number for the
hTERT gene. ThenTERT plasmid used for this purpose was generated byrgahe
PCR product, amplified by the primers 12896(fw) al®ll74(rv) into PCR 2.1
TOPO (by Dr Terry Roberts, BICGP). The PCR macluluts the cycle number at
which the product is above the background (Ct) regjaihe log of the number of
template molecules. The efficiency of the assapdgcated by the slope of the line
and the accuracy by linear regression coefficiérh® standard curve. To determine
the copy number of th6APDH molecules in the samples, to 1X Sybr Green
Mastermix (Applied Biosystems) QM of forward primer probe 1457
(5GAAGGTGAAGGTCGGAGT 3’ sequence localised at exbpand 0.4M of

reverse primer probe 3407 (5’GAAGATGGTGATGGGATTTC 3equence
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localised at exon 3) was added. To 22.6f the prepared mastermix l5of the
cDNA was added. The thermal cycle conditions wéee same as for theTERT
assay except the samples ran for 40 cycles. ARTBRT, the numbers oGAPDH
copies in the unknown samples were determined logtoacting a standard curve
using dilutions of a plasmid of known concentratibiat had been converted into
copy number of th&APDH gene. TheGAPDH plasmid was generated by cloning
the PCR product, amplified by the primers 1457(amd 3407(rv) into PCR 2.1

TOPO (by Dr Terry Roberts, BICGP).

5.2.5 Quantitative Fluorescence In Situ Hybridizaton (Q-FISH)

Q-FISH is a rapid technique used readily to meadtes telomere length of
individual chromosomes in a metaphase spread.ntatso reveal any telomeric
fusions that may have occurred. It has advantagestbe traditional Southern blot
method that only gives the average value of thaitel restriction fragments (TRF,

which includes the telomeric and the sub-telomexgions).

5.2.5.i Slide preparation

Freshly fed cells growing in logarithmic phase wareubated with 0.1pug/ml of
colcemid for 2hr. The cells were trypsinized asnmalrand the pellet resuspended in
approximately 200ul of the culture medium. Ten ititiles of hypotonic solution
(75mM KCI) was added to the cells very slowly ame tsuspension allowed to
incubate at room temperature for 30min. The cebsewcentrifuged at 1500rpm for

5min. The supernatant was aspirated off and thketpetsuspended drop-wise in
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15ml of freshly prepared fixative, consisting of tki@nol: Acetic acid (3:1). The
cells were incubated at room temperature for 3Gnuh then centrifuged at 1500rpm
for 5min. The last step of fixation was repeatech@e times and finally the pellet
resuspended in 1ml of fixative. Slides were ringethp water and then dried with
clean tissue prior to dropping 15ul of the cellparssion. Slides were aged overnight

at 50C on a heating block.

5.2.5.ii Fixation of metaphase slides

The slides were washed, whilst shaking in PBS amreemperature for 15min in a
Coplin jar followed by fixation in 4% formaldehyder 2min on the bench. The
slides were then washed three times in PBS for Seaich on the shaker prior to
incubating them in 1mg/ml of pepsin solution (50rhwater acidified with 0.5ml of

1M HCI, pH 2.0, containing 10% pepsin solutionBatC for 10min. The slides were
subsequently washed twice in PBS for 2min eacthershaker followed by fixation

in 4% formaldehyde for 2min on the bench. The slidere washed three times in
PBS for 5min each on the shaker before dehydratiegn serially in 70%, 90% and

100% ethanol for 5min each on the bench. Slideg V&dt to air dry.

5.2.5.iii Hybridization with the telomeric and centomeric probes

Stock (1ml) hybridization mixture for the telomefgcobe was made up of 700ul
deionized formamide, 5ul blocking reagent (Boergmiylannheim), 50ul MgGl
buffer ( 2.5M MgC}, 9mM NgHPG;, pH 7.0), 10ul Tris (1M, pH7.2), 152ul de®l

and 83ul of PNA solution (6ul/ml FITC labelledsTA, peptide nucleic acid, PE
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Biosystem). The centromeric probe (ready to use$ warchased from DAKO.
Twenty microlitres of the telomeric probe and 1filtle centromeric probe were
pipetted on each slide and a 22x50mm coversliplygémwered on the mixture. The
slides were denatured at°80for 3min on a heating block before placing thenai

dark saturated chamber to incubate at room temperédr 2hr.

5.2.5.iv Post-hybridization wash

The slides were initially washed twice in 70% formde (70ml formamide, 10ml
2xSSC and 20ml ddi®) in the dark for 15min to remove the coversligl ahen
three times in PBS for 5min each in the dark onsthaker. Slides were dehydrated
by placing them sequentially into 70%, 90% and 108&tanol for 5min each.
Twenty microlitres of Vectashield with fluorescen&API mounting medium
(Vector, Vectashield) was placed onto the slide apnglered with a 22x50mm

coverslip before sealing the edges with rubber céme

5.2.5.v Image capture

Images of the metaphase spreads were examined daiigi@l fluorescence

microscope (Zeiss Axioskop 2) with filters that etded DAPI (blue), FITC (green)
and Cy3 (red). CCD camera (Jai) was used to capiwremages and Fishimagerl
software (in situ imaging system (ISIS) Metasystemss used to analyse the
metaphases. The telomeric intensity is expresdatives to the centromeric signal.

Ten metaphases were captured for each sample.
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5.3 Results

5.3.1 Stable transfection of PC-3 cell line with tahTERT plasmid construct

When normal human chromosome 3 was transferred2itdl’, a breast cancer cell
line, in our laboratory, 90% of the clones underiveaplicative senescence after
telomeraseHTERT) repression induced by the transferred chromosadmiteally the
cells within the clones were found to prolifera@mally with a slightly increased
doubling time compared with that of the parentdl tee. Subsequently, reduced
growth rate was observed in these cells with mdagghoal changes that are typical
of senescence i.e. enlargement, multinucleationcusation and positive
senescence-associated (PAgalactosidase staining (Cuthbert et al.,, 1999).
Subsequent mapping experiments following chromos8nfiegment transfer were
conducted in a telomerized 21NT clone, 21NT/hTERimilarly, | wanted to ensure
that | did not encounter senescence in my sets@B Fhybrids after MMCT of
normal human chromosomes carrying telomerase Emregquence. Therefore, as
in our 21NT study, the PC-3 cell line was stabfnsfected with ahTERT plasmid
construct to express tHEERT gene ectopically. We reasoned that if the transer
chromosome represses telomerase, then (as in tN& 2fudy) the clone may
senesce. Providing telomerase ectopically wouldwallme to studyhTERT

transcriptional repression in the absence of semesc

Quantitative RT-PCR has become the most widely tselahique for detecting and

guantifying gene expression (mMRNA) levels. It ishighly sensitive method for

guantification of low abundance transcripts. Fas tieason the gRT-PCR technique
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was used to determine the level of immature (plieesh) endogenous hTERT

MRNA expression level in the transfected hybrichela

Several critical factors that govern gene expressioalysis by qRT-PCR were
considered. DNA-free undegraded RNA and accurasesament of the starting
RNA is vital for accurate quantification. The resertranscription step is known to
cause most of the variability in RT-PCR, as thddyend quality of cDNA can be
highly variable. ThereforégGAPDH, a housekeeping gene present in high abundance,
was used as a reliable endogenous control of cDM#hesis. The quantitative assay
for hTERT mRNA expression in the hybrid clones was conduatadg TagMan RT-
PCR. TagMan technology uses a gene-specific flaerdsprobe that generates their
fluorescence via hydrolysis of the probe by Tagypwrase’'s 5-3' exonuclease
activity. The hydrolysis separates fluorescein framuenching dye and results in an
increased fluorescein sign®@APDH mRNA levels were determined by Sybr Green

which is a non-sequence-specific fluorescent dshiwling dye.

The efficiency of theGAPDH standard curve varied between 95-100% and the
hTERT curve varied between 90-94%. The lower efficiefarythe hTERT standard
curve may possibly be due to primers not beingyfalptimized. It is generally
recommended (by companies producing the primeed) ttie size of the amplicon
should be between 100-150bp for gPCR reaction @sheose to 100% efficiency as
possible and ounTERT primers produced an amplicon length of 260bp. H@meit

is also recommended that the efficiency of the gP&#tion is at least 90% and our

levels at 90% or higher was acceptable accordirigequideline.
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Figure 5.2: Typical images of real-time gRT-PCR é#figation plots of (A) GAPDH mRNA; (B)
hTERT mRNA. The dilutions of th&APDH plasmid DNA used were 110" and thehTERT plasmid
dilutions used were $@.0°. The red line denotes the threshold level, a patimthich the fluorescence
signal from the sample exceeds the backgrounddhammce i.e. a point at which all samples have the

same concentration of DNA.
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The 19 hybrids that were generated, following thegfection of the PC-3 cells with
the hTERT plasmid construct, were subjectedhflEERT mMRNA expression analysis
by qRT-PCR (Fig 5.4). Normalization of the sampless achieved by measuring the
number ofhTERT transcripts and expressing it relative to the neimtf GAPDH

transcripts (Fig 5.4).

Endogenous hTERT mBNA expression levels in individual
PC-3 clones transfected with the hTERT plasmid
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Figure 5.4: The PC-3 cell line was transfected with hTERT plasmid construct. G418 resistant
clones were selected and cultured as separatdinedl The immature endogenohERT mMRNA

expression levels were measured by real time gRR-iAGhe PC-3 clones in triplicates.

| observed considerable variation in the normaliegedogenousTERT levels in the
telomerized clones of PC-3 cells. This level of iation had been previously
observed in 21NT, a breast cancer cell line that also transfected with thFERT
plasmid construct in our laboratory (data not shovducrest et al (2001) reported

0.2 to 6 molecules of splicdtTERT RNA per cell (by using 2 sets of primer pairs
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that amplified cDNA only from splicethTERT RNA) in telomerase-positive cell
lines whereas the numberFERT RNA molecules was below the detection limit in
telomerase-negative cells. In my study, expresibrendogenoushTERT was
completely undetectable in clones 4, 9, 10, 16h(@Fig 5.4), whereas substantially
higher levels ohTERT was observed in clones 7, 13, 15, 17 and 19 cadpaith
the PC-3 cells. All the other clones express€HRT to at least the level seen in the

parent PC-3 cells.

Next, | selected the five G418 resistant clonesn@lg clones 7, 13, 15, 17 and 19)
that expressed high levels @idogenous hTERT and subjected them to quantitative
TRAP analysis in order to evaluate in each the esgion of the transfectdéd ERT
gene at the level of telomerase enzyme activity &5b). Telomerase activity was 7
fold higher in clone 15 compared with the parent-3Cells. Clones 7 and 17
expressed a comparable level of telomerase actwifC-3 cells whereas clone 13
expressed reduced levels. Telomerase activity Wwssm in clone 19 as in GM847, a
telomerase negative cell line used as a contron€lL9 should have expressed some
telomerase activity since the endogenblERT was 8 fold higher than the parental
PC-3 cells (Fig 5.4). The variation in telomerastvaty observed in the other clones
may possibly reflect the differences in plasmidegration mechanisms. In stable
transfections the plasmid becomes linear prior nseiting itself into the host
genome. The number of copies of the transfectect deing inserted and the
position where the plasmid opens up is random; énéimese factors can govern gene

expression leading to large variations in telomeragivity levels in different clones.
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Total telomerase activity in hTERT ¢DNA transfected
PC-3 clones measured hy -TEAP
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Figure 5.5: Expression of the transfect8dERT was assessed by measuring telomerase levels in the
G418 resistant clones by quantitative TRAP.

| selected clone 15 into which | could individuallyansfer normal human
chromosomes and measure the effect of the trardfehnromosomes aandogenous
hTERT transcription, in an immortal background. The hasg hybrids would be
prevented from undergoing replicative senescenceesiclone 15 ectopically
expressed the highest level of telomerase actafigr transfection with theTERT
plasmid construct. It also showed the second htghessdogenoushTERT
transcriptional levels. This particular clone wasmed PC-3/hTERT and it was
grown in mass culture and a large stock of ampoerigspreserved at a low passage

number.
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5.3.2 Quantitative Fluorescence In Situ Hybridizatn (Q-FISH)

In order to investigate if there was a significaifterence in the telomere lengths
between the two types of cells, Q-FISH was perfalrae the wild type PC-3 cell
line and the selected PC-3/hTERT clone (PC-3/hTER)Y. The average length of

the telomeres in metaphase spreads of both samplescaptured and measured by

ISIS (in situ imaging system) software.

Figure 5.6: Metaphase spreads prepared from PCedigad cell line (A) and the telomerized
PC-3/hTERT cell line (B). Telomeres were labelledhwFITC probe (green) and centromere of

chromosome 2 was labelled with Cy3 probe (red).

Ten metaphase spreads were captured and the avetageere length from each
spread was used to determine the mean differeneesbe PC-3 and PC-3/hTERT

cell lines.
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Table 5.1: The length of telomeres was measurediwenty-three pairs of

chromosomes in each metaphase prepared from theypé PC-3 and the selected

telomerized clone 15 (PC-3/hTERT)

Number of metaphase | Average telomere length | Average telomere length
in one metaphase of PC-| in one metaphase of PC-
3 (Wild-type) cells (kb) 3/hTERT 15 cells (kb)

1 4.503 7.68

2 3.244 6.577

3 2.915 5.414

4 5.023 6.589

5 5.062 8.190

6 6.873 6.32

7 4.389 5.99

8 8.658 5.48

9 8.016 9.46

10 7.240 8.39

Average telomere length 5.592+1.99 7.009+ 1.35

calculated from 1@netaphases

The average length of the ten metaphase spreadsiredavere 5.6 kb for PC-3 and
7.01kb for PC-3/hTERT (Table 5.1). The unpairecedttshowed the difference
between the two cell lines is significant (p<0.08nd reflects the increased

telomerase activity of the telomerized cells.

5.4 Discussion

In this part of the study, | wanted to construced line that expressed high levels of
endogenous hTERT mRNA and high total telomerase activity. So thainsfer of

normal human chromosome into such a cell line wallldv me to measure, if any,
reduction in theendogenous hTERT levels in the hybrid clones that would be

generated, in the absence of senescence.
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Maintenance of telomeres in most immortal cellsivéel from human cancers is
achieved by endogenous expression of telomeradaisistudy, the immortal PC-3
cell line that, like most cancer cells, already resged endogenous telomerase to
maintain telomere length was forced to overexpressgenous telomerase by
transfecting the PC-3 cells with &TERT cDNA construct and the changes in the
telomere length was analysed by Q-FISH. The lef/¢ébtal telomerase measured by
quantitative TRAP was 7 fold higher in the seledieldmerized clone (PC-/hTERT)
compared with the telomerase level observed ip#nental PC-3 cell line (Fig 5.5).
Similarly, the level ofendogenous hTERT mRNA expression was approximately 10
fold higher in the selected PC-3/hTERT clone coregawith the parent PC-3 cells
(Fig 5.4). The Q-FISH results showed that providithge catalytic subunit of
telomerase exogenously produced significant lemgtige of telomeres in the
telomerized PC-3 cell line. | believe that this gldopermit the measurement of
represseandogenous hTERT mRNA levels in hybrids that would be generated by
the transfer of normal human chromosomes, carrgipgtative telomerase repressor

sequence, into PC-3/hTERT in the absence of reéplecaenescence.
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Chapter 6

Repression of endogenoubTERT transcription by normal

human chromosome 11

6.1 Introduction

Several studies have reported significant cor@taietween telomerase activity and
immaturehTERT mRNA expression levels in various cancerous cellereas other
subunits of the telomerase were ubiquitously exgg@sn both normal and cancerous
cells (Meyerson et al., 1997; Kirkpatrick et alQ03; Snijders et al., 1998).
Regulation of the hTERT gene at transcriptional, post-transcriptional, and
translational levels is well documented but traipgimmal deregulation of theTERT
gene is arguably the major mechanism activatingmelase in human cancers
(Meyerson et al., 1997; Kilan et al., 1997). Toeddhe mechanism by whi¢iTERT
transcription is regulated in normal cells is ldyggenknown even though several
general activators and repressor&iERT transcription that act directly or indirectly

on the 5’ promoter region have been identified Agiaus groups (see section 1.2.9).

Ducrest et al. (2001), in collaboration with ouogp, found a substantial number of

hTERT RNA transcripts exclusively in the nucleus of tekrase positive cells that
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had mainly retained intron 2. The level of this iatore endogenous nucldafERT
MRNA correlated with telomerase activity, indicgtinTERT is regulated at the
transcriptional level in the nucleus. The authdss aemonstrated that our transfer of
normal human chromosome 3 into 21NT (Cuthbert.etl899) completely abolished
endogenous hTERT (immature nucleahTERT RNA) even when the 21NT cells
transfected with ahTERT cDNA plasmid construct were ectopically expresdimg
gene. In this study, | also wanted to identify ammal human chromosome that could
down-regulateendogenous hTERT in telomerized PC-3 cells, as chromosome 3 could

in 21NT cells by using the same methodology.

6.2 Materials and Methods

6.2.1 Transfer of normal human chromosomes into PG/hTERT cell line

The MMCT method was performed as described in@e@&i2.1. The only difference

was the recipient PC-3/hTERT cell line.

6.2.2 Determination of endogenousTERT and GAPDH levels by gqRT-PCR

The synthesis of cDNA and the quantification RFERT and GAPDH mRNA
expression levels were measured by the methodsilkedan sections 5.2.4.i and

5.2.4.iii respectively.
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6.3 Results

The powerful method of quantitative RT-PCR allower to determine which
normal human chromosome (if any) may carry a DNAusace that regulates
hTERT mRNA transcription. The qRT-PCR method permitgat#é quantification of
small differences in the transcript levels. Therefoany change irendogenous

hTERT in PC-3/hTERT hybrids containing the individualtyansferred normal

human chromosome should be detectable.

Chromosomes 3, 8, 10, 11, 13 and 17 were seleotée individually transferred

into the telomerized PC-3 cell line so that éndogenous hTERT mRNA expression

levels could be determined by qRT-PCR in the hybtitht would be generated.
Chromosomes 8 and 13 were chosen instead of chomness4 and 21, because in
PC-3 cells | had shown earlier that chromosome d @mromosome 21 did not
significantly repress telomerase activity when mead by the semi-quantitative
TRAP assay (Figs 4.1 and 4.6). The reason for tletechromosomes 8 and 13 was
based on the fact that CGH studies have shown tdtesenosomes to be frequently

altered in prostate cancer (Dong, 2001; Nupponérvasakorpi, 2000).

Clonal variation in the level oéndogenous hTERT mRNA expression in the PC-
3/hTERT cells had to be determined first prior teasuring its level in hybrids that
would be generated by the individual transfer ofeded normal human
chromosomes into the telomerized PC3/hTERT ced lmy MMCT. | assessed the
clonal variation by seeding the PC-3/hTERT cell&@tper dish; the resulting clones

were picked and assayed #mdogenous hTERT mRNA level (Fig 6.1).
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Clonal variation in PC-3/hTERT cells
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Figure 6.1: Histogram showing clonal variation lie endogenous hTERT mRNA levels observed in
PC-3/hTERT cells. The last bar represdfERT level in PC-3/hTERT mass cultured cells.

The degree of clonal variation was evaluated framdontrol PC-3/hTERT clones.
The average normalizedlTERT and sd values of the 9 PC-3/hTERT clones were
8.33 x 10° + 5.5 x 10° and the values ranged between 2.96 X 46d 1.91 x 10)

(Fig 6.1). Comparison agndogenous hTERT mRNA expression levels between the
control PC-3/hTERT clones and hybrid clones geeerdity the transfer of selected
normal human chromosomes revealed chromosome 1lietonost effective in
repressingndogenous hTERT transcription (Fig.6.2). This finding is consistevith

my earlier results when chromosome 11 was idedtiis the most effective in

repressing telomerase activity, measured by TRAP4R).
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Table 6.1: A summary table showing; (i) the number dbty clones that expressed

less than 50% or 10% endogenduEERT transcript compared with the average

hTERT expressed by the control PC-3/hTERT clones, l#) mormalized mean and
sd values ohTERT levels expressed by PC-3/hTERT chromosome 3, 811,013
and 17 hybrids and (iii) comparison TERT levels expressed by the hybrids with

control PC-3/hTERT clones by unpaired “t” test.

Hybrids Number of hybrids Number of hybrids Normalized | No of Comparison of
that expressed less | that expressed less | hTERT level clones hTERT levels
than 50% of the than 10% of the (mean and | assayed | between the hybrids
averagehTERT averagehTERT sd of clones and PC-3/hTERT
transcript expressed | transcript expressed clones by unpaired
by PC-3/hTERT by PC-3/hTERT “t” test. Column
clones clones showing the

p values

PC-3/hTERT 3/9 (33.3%) 0/9 (0%) 8.33%%0 9

5.55x10°

PC-3/hTERT/chr3 6/20 (30%) 3/20 (15%) 2.13%20 20 0.176

4.06x10"

PC-3/hTERT/chr8 14/30 (46.7%) 4/30 (13.3%) 1.29%10 30 0.336

3.15x10°

PC-3/hTERT/chr10 2/14 (14.3%) 0/14 (0%) 5.46%40 14 0.015

5.91x10*

PC-3/hTERT/chrll 18/20 (90%) 10/20 (50%) 2%?{&0 20 0.0039

4.491

PC-3/hTERT/chr13 7/15 (46.7%) 4/15 (26.7%) 6.28%10 15 0.090

1.17x10°

PC-3/hTERT/chr17 4/10 (40%) 1/10 (10%) 1.41%40 10 0.150

1.55x10*

In order to determine the level of endogenblERT repression by different sets of

hybrids, | compared theTERT expression levels of PC-3 chromosome 3, 8, 10, 11,

13 and 17 hybrids with the control PC-3/hTERT cknkefound 90% (18/20) of

chromosome 11 hybrids expressed IoOW€ERT than 50% of the averadgelERT

level expressed by PC-3/hTERT clones, i.e. the ameshTERT level of 9 PC-

3/hTERT clones was 8.33 x 2(and 18/20 chromosome 11 clones expressed less

than 4.16 x x18 hTERT transcripts (Table 6.1, column 2). Furthermor&/5a0/20)

of chromosome 11 hybrids expressed |IoWEERT than 10% of the average PC-

3/hTERT clones. None of the other hybrids showeth srong repression bfERT

transcription as chromosome 11 hybrids. WhenhiifeRT expression levels in PC-

3/hTERT chromosome 3, 8, 10, 11, 13 and 17 hybsidse compared statistically
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with the control PC-3/hTERT clones by the unpaiteeést, only chromosome 11
hybrids showed a significant difference i.e. p=@®@0Consistent with my earlier
studies on telomerase activity, hybrid clones gateer by the transfer of normal
human chromosome 11 into the telomerized PC-3 loedd showed the most
significant extent of apparenendogenous hTERT transcriptional repression
compared with hybrid clones generated by the teansff chromosomes 3, 8, 10, 13

and 17 (Fig 6.2 and Table 6.1).

Some clones generated by MMCT of chromosomes 30813, and 17 into PC-
3/hTERT cells expressed much higher levels enflogenous hTERT mRNA
compared with any of the parent (PC-3/hTERT) clomtmnever, | did not observe
such elevated levels @hdogenous hTERT expression in any chromosome 11 PC-
3/hTERT hybrid clones (Fig 6.2), except for oneneldhat expressed higheFERT.
Similarly, TRAP analysis also revealed that soméhefhybrid clones generated by
the individual transfer of chromosome 3 (Fig 4.dh)romosome 10 (Fig 4.3) and
chromosome 21 (Fig 4.6) into PC-3 possessed higdlemerase activity than the
parent PC-3 cells. Currently, | cannot explain vthgse hybrid clones expressed
such high levels oendogenous hTERT. There is a remote possibility that these

chromosomes possess gene(s) that upredul&e®T transcription.

Next, transfer of chromosome 11 into PC-3/hTERT los was repeated 3 times to
confirm this high level ohTERT repression. Th&TERT levels in the hybrid clones
were compared with the me&dERT level (8.33 x 10 + 5.5 x 10°) expressed by

the control PC-3/hTERT clones. It is shown as adattied line in figure 6.3.
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Expression levels of s TERT in hybrid clones of PC-3/hTERT/chromosome 11
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A total of 52 PC-3/hTERT chromosome 11 hybrids wgenerated from three
MMCT; out of which 11/52 (21%) clones had no dedbtt hTERT transcription.
When thehTERT transcriptional levels of the average PC-3/hTERNhes (denoted
as a red dotted line in Fig 6.3) were compared Wi@3/hTERT chromosome 11
hybrids, forty six percent (24/52) of chromosome dlbnes displayechTERT
transcription level below 12.5% (hTERT/GAPDH valok0.00001) of the control
mean and in 79% (41/52) clon&SERT transcription was less than 50% of the
control mean. Therefore the results so far strargthy earlier hypothesis (Chapter

4) that arhTERT repressor sequence is located on chromosome 11.

6.4 Discussion

| found hybrids generated only by the transfer @mfmal human chromosome 11 into
the telomerized PC-3/hTERT cell line (that was atsdopically expressing the
hTERT cDNA) appeared repressed with respectetnogenous hTERT mRNA
expression levels, compared with monochromosomatithy constructed between
PC-3/hTERT and chromosomes 3, 8, 10, 13, and 1[¥. @& difference between the
control PC-3/hTERT clones and PC-3/hTERT chromosoide hybrids was

statistically significant, p=0.0039.

The advantage of measurihdERT transcripts over telomerase activity is that the
former is measured quantitatively using real time-FRCR, whereas the latter is
measured semi-quantitatively using the commercialigilable TRAP kit. However,
the drawback with thénTERT transcription assay is the low number GFERT

transcripts in telomerase-positive cells. Ducrdstle(2001) reported less than 6
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spliced hTERT RNA molecules per cell in telomerase-positive gelvhile as
expected these transcripts were below the detedimom in telomerase-negative

cells.

To my knowledge there has only been one publisiedysof a direct comparison
between telomerase activity abdERT transcription in prostate tumour samples.
Kamradt et al (2003) found no correlation existetiNeen the two. Earlier, Liu et al
(2001) showed transcriptional upregulation WFERT expression in 94.4% of
neoplastic cells obtained from prostate carcinonmsué by laser capture
microdissection which gave a purer population disc&kamradt et al (2003) used
prostate cancer tissue samples that consisted mixtre of different cell types.
They claimed at least 70% were tumour cells. Theegfthe lack of correlation
between telomerase activity amdERT expression could have been due to the

heterogeneity of the prostate tissue that they e

In my study, | was unable to establish a directraelation between telomerase
activity and hTERT mRNA expression levels, because the hybrids inclwhhe
endogenoufTERT mRNA levels were measured were generated by timsfenaof
normal human chromosomes into an experimentallyipodéated telomerized PC-3
cell line that was ectopically expressitmJERT cDNA. However, | found the
percentage of telomerase-repressed hybrids (catestiearlier-see Chapter 4, by the
transfer of normal human chromosome 11 into PCH3)oeas comparable with the
percentage of hybrids that repressadogenous hTERT mRNA transcripts measured

by quantitative real time RT-PCR in hybrids genedatby the transfer of
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chromosome 11 into a telomerized PC-3 cell lineghBi percent of PC-3

chromosome 11 hybrids had lower telomerase actoatypared with the parent PC-
3 cell line (see Table 4.1). Similarly, 85% of ammsome 11 hybrids expressed
lower levels ofendogenous hTERT mRNA transcripts compared with the average

hTERT expression level in the parent PC-3/hTERT ce# [isee Fig 6.3).

The most interesting aspect of my study so fanas$ telomerase activity and ERT

expression both appear to be powerfully represseddomal human chromosome
11. This strongly suggests that telomerase actigitggulated at the transcriptional
level by a gene or genes on normal human chromosidmand that this may be

damaged in prostate cancer development.
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Chapter 7

Mapping a candidatehTERT transcriptional repressor
sequence on human chromosome 11 using irradiation

MMCT

7.1 Introduction

In Chapter 6, | used the standard MMCT techniquérdaasfer individually whole
human chromosomes into the PC-3/hTERT cell line idedtified chromosome 11
to be the most effective in down-regulating traiman of endogenous hTERT. This
standard MMCT technique confirmed my earlier res@hapter 4) that a gene of
interest is present on the transferred normal aafpghromosome 11, but does not
identify the region where the sequence is locatedrder to identify the region on
chromosome 11 carrying tH&ERT repressor sequence, | employed an irradiation
microcell-mediated chromosome transfer (XMMCT) taque. The reason for using
XMMCT was to reduce the region of interest on chosome 11 by randomly
fragmenting the whole normal human chromosome padusion with the recipient
cells. In this way clones would be generated tlmatain smaller fragments of the

transferred chromosome, aiding the identificatibthe hTERT repressor sequence.
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7.2 Materials and Methods

7.2.1 Irradiation Microcell Mediated Chromosome Transfer (XMMCT)

Microcells were prepared as described in secti@il3rom donor cells seeded in
24x25cnt flasks. In order to generate radiation reduced subromosome-11

hybrids, these microcells were resuspended in 20mbmplete medium into a 50ml
sterile conical flask. A small magnetic stirringrbavas placed into the cell

suspension so that the microcells could be agitatatst being exposed to 25 Grays
of y-radiation. The length of exposure was calculatednfthe data sheet for the
cobalt-60 source. Thereafter, the microcells wenetrduged at 4500rpm for 5min

and the cell pellet resuspended in 3ml of serum ftam’s F-12 medium containing
10Qug/ml of PHA-P. The microcells were co-incubatedhailhe recipient cells for

25min at 37C prior to fusion in the usual way.

7.2.2 Reverse selection of the HyTk marker with gamclovir

Hybrids that were to be treated with ganciclovirC\G were cultured without
hygromycin B for 16-24hr to allow a substantial roen of cells to lose the
chromosome carrying the HyTK selectable marker. @&lés were trypsinized and
plated out at 1x10cells per P-100 dish and cultured in complete mrediontaining

2UM GCV. Colonies were picked and cultured in compleiedium without GCV.
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7.2.3 Chromosome painting

Chromosomes can be labelled with fluorophores iwag that permits individual

identification. Sequences specific for a chromosares converted into probes that
are labelled with a fluorescent dye. Chromosomes lim detected by hybridizing
them under FISH (Fluorescence In Situ Hybridizgtioonditions with chromosome
paint probes, which results in specific labellirfgtltat chromosome. The p- and g-
arms of a specific chromosome can be distinguisi®dg arm-specific “paints”.

Chromosomal translocations, breakages and otheanaies can be detected with

this technique.

7.2.3.1 Slide preparation

In order to arrest the cells in metaphasegi@/él of colcemid was added to a plate of
P-100 cells growing in logarithmic phase and ind¢ebdor 1hr in complete culture
medium. Cells were trypsinized in 15ml conical tsilas normal and the supernatant
aspirated off leaving behind 0.5ml. The pellet fim&ed gently and 10ml of 75SmM
KCI (potassium chloride) pre-warmed to°87 was added to the cells. The first
millilitre of KCIl was added very slowly onto thedsi of the tube whilst the content of
the tube was being mixed. The cells were incubat&¥C for 15min. One millilitre

of cold fresh fixative, Methanol: Acetic acid, 3nlas added drop-wise to the cells
prior to spinning them at 1000rpm for 10min. The |lK@s aspirated off leaving
0.5ml in the tube. The loose pellet was flickedtyeand 10ml of freshly prepared
fixative was added drop-wise to the cells. Thescelere incubated on ice for a

minimum of 10min before spinning at 1000rpm for 1@nThe fixative was pipetted
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off and the cells washed three more times to renaéhe proteins and lipids.
Approximately 14l of the cell suspension was dropped onto a shd¢ had been
washed with deionized water. Slides were used wighcouple of days; for longer

storage (not more than 2 weeks) they were ke@®BC-

7.2.3.2 Fluorescence In Situ Hybridization (FISH)

7.2.3.2.i Probe denaturation

Ready prepared chromosome 11 p-arm specific paotiepdirectly labelled with
FITC and g-arm specific paint probe directly labdlivith TexasRed were purchased
from XCAP-MetaSystems (Germany). Preparing hybation mixture for a single
slide involved pipetting 5ul each of the p-and maspecific probe into a sterile
microcentrifuge tube. The probe was denatured byliating at 7%C for 5min and
then allowed to cool by briefly placing the tubeioa prior to incubating at 8C for

30min. The probe mixture was spun down briefly betfoybridization.

7.2.3.2.ii Denaturation of chromosome slides

The slide to be denatured was immersed into degtaiarsolution (70% formamide
in 2xSSC, pH 7.0, pre-warmed to °@) and incubated for 3min. The slide was
transferred into ice cold 70% ethanol for 2min dahdn immersed into 90% and
100% ethanol for 2min each. The slide was air dpedr to hybridization. It is
crucial for the probe mixture and the slide to ematured ready for hybridization
within a couple of minutes of each other. The prolas carefully pipetted onto the

slide and overlaid with a glass coverslip (22x2ZnrRubber cement was used to
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seal the edges of the coverslip before incubatiegstide overnight in a humidified

chamber at 3.

7.2.3.2.iii Post-hybridization treatment

The rubber cement was carefully removed and thie gliaced in 1xSSC (pH 7.0-
7.5) pre-warmed to 7& for 2min. The slide was washed twice in 2xSSQaiaing
0.01% Tween20 (pH 7.0-7.5) for 1min at room tempeeand then transferred into
PBS for 2min at room temperature. Excess fluid wesined off and the slide
allowed to air dry. Twenty microlitres of Fluoresce DAPI (Vector, Vectashield)
was pipetted onto the slide and overlaid with aecshp (22x22mrf). The coverslip
was sealed with rubber cement, and the slide wased under a fluorescence

microscope (Axioplan 2 Imaging).

7.2.4 Single copy FISH

Metaphase slides were prepared as for chromosomis jjsee section 7.2.3.1).

7.2.4.1 Cutting the HyTK plasmid vector with restriction enzyme-Hae Il|

In a 100ul reaction volume, 5ug of HYTK plasmid DMAs digested by adding 5U
of Hae Il restriction enzyme per microgram of DN¥d 10ul of X10 buffer. The
reaction mixture was incubated at’@7for 2hr. The digested DNA was precipitated
by adding 3M sodium acetate followed by ice col@%Oethanol. The DNA pellet
was resuspended in 10ul of DEPC water and the laéasoe read at 260/28® to

calculate the total amount of DNA recovered.
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7.2.4.2 Labelling the digested DNA with Cy3 dUTP

The digested and undigested plasmid DNA @bDNA in 29ul volume) was mixed
with 10pl of random 9-mer primers (Prim&-Eluor Fluorescence labelling kit-
Stratagene) and the mixture was incubated &€ 98r 5min in a heating block. The
tubes were spun briefly before cooling the samg@tasn on ice. 10ul reaction buffer
(prepared by adding 1ul of Cy3 dUTP +11.5ul of SXleotide buffer per sample)
and 2ul (10U) of endonuclease free klenow was adoéde tubes and the samples
were mixed by pipetting. The tubes were incubate®7C for 20-30min. The
reaction was stopped by adding 2ul of stop mix #axedsamples were stored in the
dark at 4C. To remove the unincorporated nucleotides by ipitation, Herring
sperm DNA (15ug) (used as a carrier DNA to spin womith the probe as the
concentration of the probe is too low to sedimegnitself) was then added to all the
samples. The DNA was precipitated by adding 1/1ame of 3M sodium acetate
followed by overnight incubation in ice cold 100%hanol at -88C. The samples
were spun at 13,000rpm for 20min 8€4 The pellet was washed with 70% ethanol,
dried and resuspended in 10ul of hybridization drufffhe probes were stored at -

20°C in the dark and were used as soon as possibéedimong signal.

7.2.4.3 Fluorescence In-Situ Hybridization (FISH)

The DNA probes were denatured af@Zor 5min followed by incubation at 32

for 20min in the incubator. The slides were deredum 70% formamide (4ml
20xSSC, 8ml ddkD, 28ml formamide) at PZ for 2min followed by dehydration in
70% ice cold IMS for 2min, then serially dehydrated@0% , 90% and 100% IMS at

room temperature for 2min each. The slides weraliagd before 5ul each of the
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probe and chromosome 11 p-arm specific paint/18n@mxd were mixed and
applied onto each slide. The slide was incubatedrroght at 37C in a dark
humidified chamber. The cover slip was taken offl &ime slide was washed with
50% formamide (4ml 20xSSC, 16ml dgBj 20ml formamide) for 8min at 42
followed by a wash in 2xSSC at%87for 5min and ST buffer (800ml dd&, 200ml

20xSSC, 500ul Tween) at room temperature for @t ain.

7.3 Results

7.3.1 Transfer of fragmented chromosome 11 by emplng irradiation

microcell-mediated chromosome transfer (XMMCT) techmique

In a similar gene transfer study using our MMCT gdaour collaborators Cosma et
al (2003) exposed microcells to 50Grays (Hkrad)iataxh to fragment the
chromosomes; however, | was unable to produce ghyichcolonies at this dose.
Experience from the breast (chromosome 3) projeciur laboratory showed that
exposure of microcells to 25Grays successfully gged colonies and this dose
completely fragmented chromosome 3. Thereforegtliihe same dose of radiation
to fragment chromosome 11. | prepared microcetsnfrAQHyTK 11 donor cells
seeded in 24 x 25cmflasks, compared with 12 x 25€énflasks for whole
chromosome transfers, to increase the number a@ingolormation. The colonies
were selected in hygromycin B and the resistameadowvere picked and thénTERT
expression levels were measured. The XMMCT teclaigas expected to generate
a mixture of hybrid clones that an@ERT repressed or non-repressed, depending on

the chromosome 11 fragment that it acquires.
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Transfer of fragmented chromosome 11 into PC-3/hTERT cell line
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Figure 7.1: XMMCT (irradiation microcell mediatedhromosome transfer). Microcells from
A9HyYTK11 donors were exposed to 25G gamma radigtioor to transfer into PC-3/hTERT cells.

Endogenous TERT mRNA expression levels were measured in the riegutfones.

The majority of hybrid clones (14/20) expressedyviaw levels of endogenous
hTERT mRNA levels compared with the parent PC-3/hTERT loee (Fig 7.1).
Thirteen out of twenty clones had almost completglgncedhTERT expression
strongly indicating that th&TERT repressor sequence was still present on these
fragments. | next embarked on chromosome paintsigguFISH (Fluorescence In
Situ Hybridization) to determine whether the tramsfd chromosome 11 fragment
was a discrete entity or, alternatively, had tracated onto a host chromosome or
possibly a donor mouse chromosome during XMMCT. FH&H analysis was also
performed to determine the number of chromosomiealjinents that had been fused

into each PC-3/hTERT hybrid clone.
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7.3.2 Chromosome paints of microcell hybrids illustating the presence of

transferred fragment of chromosome 11.

Metaphase spreads were prepared from the thirtgdmidh clones containing
fragmented chromosome 11 that had strongly repiessmgenous hTERT mRNA
expression levels. The chromosomes in the metaphasads were analysed by
FISH using chromosome 11 arm-specific paints. Clasome 11p was painted with
FITC (green), 11q was painted with TexasRed (red) RAPI (4', 6-diamidino-2-

phenylindole) painted all the chromosomes blue.

Figure 7.2: PC-3/hTERT, the recipient cell line Baswhole chromosomes 11, plus an additional copy

of an 11g-arm translocated onto another chromosome.
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Figure 7.3: A PC-3/hTERT cell line with the transédl fragment of chromosome 11 (PC-
/InTERT/fchrll, clone 1). The arrow is pointing ke tragment. Clone 1 was chosen randomly for

further studies.

Strongly repressech{ERT mRNA) hybrid clones 1, 2, 3, 5, 7, 8, 9, 10, 13, 16
and 17 were found to possess a single, similadsimgment of chromosome 11
(images not shown). All of these clones had a discfragment that possessed both
the p- and the g-arms of chromosome 11. In factrdggment was, in effect, a “mini-
chromosome” in all theTERT-repressed clones that were examined. The probabili
that a discrete fragment of this kind was formealirnthe 12 independently derived
clones is low, as underscored by the fact that whecrocells prepared from
chromosome 3 were exposed to 25G gamma radiatior py fusion into a
telomerized breast cancer cell line (21INT/hTERAromosome 3 was found to be
completely “shattered” and translocated onto othenan chromosomes. Out of the
54 clones of 21NT/hTERT containing fragmented chweomes 3 that were

collected, none of the clones possessed a disandipendent chromosome 3

162



fragment. This is in marked contrast to my findingsall the powerfullyhTERT

repressed PC-3/hTERT chromosome 11 hybrid clones.

The similarities found between the 12 clones amalysy FISH may suggest that all
these clones were derived from a single MMCT evElowever, the possibility of
these clones being satellites of a single colonyn@obable because a P-100 dish of
the recipient PC-3/hTERT cells that were fused wfité irradiated microcells was
split into 10 x P-100 dishes for selection with hggand on average only 2 to 3
colonies per one P-100 dish were picked (see $e@iB.1). | do not have an
explanation for the similarities observed betwdendlones at this stage but from the
STS map (see Fig 8.2) it can be seen that regidndigh gene densities

(http://genecards.weizmann.ac.il/geneloc-bin/genesities.pl?chr=11&gc_id=GC11P065251 0N

chromosome 11 have been retained to form a miransbsome. Since | did not
observe any obvious differences in the fragmenivéen the clones from the FISH
analysis (i.e. total size of the fragment, differes in the length of p and q arms)

clone 1 was selected randomly to be studied further

7.3.3 Reverse selection of the transferred fragmemtith ganciclovir

The HyTK selectable marker on normal human chromesoused in this study
allowed for positive or negative selection (seetisac3.1). Positive selection of
transferred chromosome 11 in the recipient cells waried out by culturing the
cells in hygromycin B and negative selection wasieaed by culturing the cells in
ganciclovir (see section 3.1). Reverse selectiothefHyTK marker, and hence the

chromosome, should be accompanied by the losedMBERT repressed phenotype.
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Clone 1, generated by the transfer of fragmentedncbsome 11 into PC-3/hTERT
cell line, was subjected to reverse (GCV) selectibthe transferred fragment as it
expressed very low levels efdogenous hTERT. Reverse selection of the fragment
was achieved by culturing the cells without hygreamyB for 16hr allowing a

proportion of the cells to lose the fragment. Th#tex, treatment of these cells with
21M ganciclovir permitted selection of cells thadHost the chromosome fragment.

The clones that appeared were picked and assayb@ERT expression.

Ganciclovir (GCV) treatinent of clone 1 of

PC-3'hTERT/ragmented chromosome 11
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Figure 7.4: Reverse selection of the fragment fidome 1 of PC-3/hTERT/fragmented chrll was
achieved by treating clone 1 with 2uM GCV. Graplowing the generated clones assayed for

endogenoushTERT mRNA expression levels. C-1 (green bar) untreated witbvVGetains the
fragment.

164



The majority (8/12) of the clones assayed HEERT mRNA expression levels
approximately equivalent to or higher than thosseoled in the parent PC-3/hTERT
cell line. Two out of 12 clones remained low (Figd)7 The results provide
independent confirmation that the repressioth®ERT observed was due to the
chromosome 11 fragment and its loss reverted the toetheir original endogenous
hTERT phenotype. Loss of the fragment accomplished géhciclovir treatment
was confirmed by chromosome painting of metaphpeeasls prepared from clone 1

of PC-3/nTERT/fchr11 (Fig 7.5).

Figure 7.5: Chromosome paint confirmed the losheffragment after GCV treatment.

The loss of chromosome 11 fragment (shown by chsame paints) with GCV
treatment resulted in high levels of endogen®I&RT, however, a possible
shortcoming in this part of my study is that | didt investigate the effect of GCV

treatment oMTERT transcription in the parent PC-3/hTERT cells.
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7.3.4 Localization of the HyTK marker on chromosomell fragment by single

copy FISH

Next, | wanted to show using direct visualizatitiattthe HyTK selectable marker
was present on the transferred fragment. The Hylakmid DNA was digested with
Hae Ill and labelled with Cy3 probe (red) priordm-hybridization onto a metaphase

spread with 11p arm specific (FITC-green) paint.

Figure 7.6: The HyTK selectable marker labelledhw@y3 (painted red) can be identified on
chromosome 11 fragment, in a metaphase spreadrprefsram clone 7 of PC-3/hTERT/fchrl1 cells.
The two chromosome 11p arms (normally present iR3PCERT cells) are painted green (Image
captured by Dr. Julio Masabanda, BICGP).

From the above image the HyTK marker labelled @8 (red) was clearly visible
on the transferred chromosome 11 fragment. The @y8 did not seem to co-
localize with the green FITC paint which is spexifor chromosome 11p suggesting
that the HyTK selectable marker is probably loedion the g arm of chromosome

11. In our laboratory, the arm-specific paint aabié for chromosome 11q was
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TexasRed and since the HyTK marker was labelled @3, (both painting red), a
decision not to paint chromosome 11q was takenrdieroto see the small HyTK

signal on the fragment.

7.4 Discussion

Transfer of human sub-chromosomal fragments has heed successfully by the
Brunel team, in collaboration, to identify sevehalman disease genes (e.g. Zhu et
al., 1998; Cosma et al., 2003; Coenen et al., 2Q@&lho et al., 2008). | used the
XMMCT technique developed by Dowdy et al (1990)itvestigate further and
identify the region(s) on chromosome 11 that maynbelved inhTERT regulation.
One of the principal strengths and advantageseoMNICT technique is the capacity
to generate segregant hybrids that have lost theA B¥dquence of interest.
Unfortunately, | was unable to isolate any spontasesegregants in my system (all
the hybrids collected were repressed with respect endogenoushTERT
transcription), possibly due to the HyTK selectamlarker’s (close) proximity to the

hTERT repressor sequence.

It has been reported that exposure of microcellgatmma radiation prior to fusion
into a recipient cell line may result in randomedigins which can range from simple
interstitial deletions to complex rearrangementse Beleted region and the size of
the chromosomal fragments depend on the strengtieafadiation dose (Hernandez
et al., 1999). | chose to use a gamma irradiatiosedof 25 Grays, which falls
between the exposure strength of 50 Grays usedbyn€ et al (2003) and 10 to 20

Grays used by Cody et al (2007). In hindsight,ghér dose of 50 Grays should have
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been used to obtain segregants which would have fivael mapping of the repressor
region far easier. Due to a lower frequency of ngltormation at 50 Grays, a lower

dose of 25 Grays was selected for this study.

Professor Newbold’s choice of tagging the normamano chromosome with the
HyTK selectable marker proved extremely importamtdemonstrate clearly the
presence of amTERT transcriptional repressor sequence on a chromosbine
fragment. | believe | have convincingly demonstilatleat reverse selection of the
marker (hence the fragment) with GCV treatment \wasompanied by elevated
levels of endogenoUsTERT expression, was comparable to that in or exceetthieg
parent cell line. This confirms the presence of tA&ERT repressor sequence on
chromosome 11 fragment. Szutorisz et al (2003)rtedahat only a proportion of
GCV segregants which had lost the copy of transfenormal human chromosome 3
into 21NT had re-expressed thEERT gene. These authors suggested that additional
changes were required for the re-expression of ggmmushTERT apart from the
loss of thehTERT repressor sequence. However, | have successfeityodstrated
the re-expression oiTERT transcription in more than 80% of my GCV-treated
segregants, and these were confirmed to haveHedransferred fragment by FISH

analyses.
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Chapter 8

Genetic and functional characterization of reduced

chromosome 11 fragments to fine-map theTERT repressor

8.1 Introduction

The next step in the project required the charaet®on of the DNA content of the
normal human chromosome 11 fragment followed byideatification of regions

where thenTERT transcriptional repressor may be located. Sewtualies have used
polymorphic microsatellite markers to characterine content of the transferred
chromosome in human monochromosomal hybrids (Cutldieal., 1999; Cody et
al., 2007). This procedure requires the assessofi¢hé markers for informativeness
by defining the allelotypes of both the donor hglsrand the recipient cells. | took a
different approach; | characterized the fragmentrbpsferring it from the human
background into mouse A9 cells. The advantageisfttansfer was that the resulting
hybrids were heterospecific allowing much more ekéss fine mapping of the
fragment with STS markers and, since there aretheralleles, all STS markers
could be used. In this study, | used a combinabdnMMCT, molecular and

cytogenetic technigques to enable me to identifyioreg (by eliminating deleted

regions) on the fragment that may carry ti&RT transcriptional repressor.
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8.2 Materials and Methods

8.2.1 Transfer of PC-3/hTERT fragmented chromosomé1 into A9

Fragmented clone 1 of chromosome 11 (PC-3/hTERiYich) that was selected to
be studied further was transferred into A9 (recipieells by seeding Clone 1 cells at
1.5x10 in 24x25cm flasks in Ham's F-12 medium containing 20% FBS and
100U/ml of hygB. The cells were cultured at°G7and 6.5% C@in a fully
humidified incubator for 24hr, after which 0 @@ml of colcemid was added to the
cells. The cells were allowed to incubate for 48mrmicro-nucleation to occur. The
fragment was transferred following the standard MMg@rotocol and the hybrids
were selected with 800U/ml of hyg B. The colonieattappeared were picked and

thereafter cultured in half the dose of hyg B.

8.2.2 Transfer of A9 containing fragmented chromosme 11 back into PC-

3/hTERT to confirm retention of the hTERT repressor sequence

A9 cells containing the fragmented chromosome lieveeeded at 1.25x1@ells
into 48x25cn? flasks in DMEM medium containing 20% FBS and 400UsfnhygB.
The cells were cultured at 32 and 10% C@for 24hr prior to adding 0.Q&®/ml of
colcemid to the cultures for micro-nucleation tocwc The fragment in A9
background was transferred back into PC-3/hTERTs @d above. Hybrids were
gradually selected with 100U/ml of hygB for thestiB days then the dose increased
to 200U/ml until colonies appeared. Chromosomeragrhents were maintained in

the PC-3/hTERT hybrid clones with 100U/ml of hygB.
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8.2.3 Identification of human chromosome by STS (§eence Tagged Site)

markers

Human: rodent hybrids in which the transferred olwsome had to be identified
were cultured in P-60 dishes as normal and hartesten 70 to 80% confluent. The
culture medium was aspirated off and the cells vdetached and spun at 1500rpm
for 5min. The cellular pellets were resuspendetinmh of PBS and transferred into a
1.5ml microcentrifuge tubes. The pellets were wedigce in warm PBS and stored
at -20°C until required for DNA isolation. DNA was isolat@sing the manufacture’s
protocol (Promega Wizard DNA isolation kit). DNA waquantified using an
Eppendorf BioPhotometer and diluted to 49@er pl in DEPC water. Polymorphic
DNA markers were selected from the NCBI databaseR®@DR conditions optimized
on DNA prepared from 21NT, a breast cancer ceéd.lifwenty microlitre reaction
mixtures were set up for PCR. They consisted of dfpdOthg/ul of DNA, 1ul of
10pmol of primer pair (Sigma, Dorset) and 18ul ofdRyMix (ABGene). The
standard PCR cycle used was®4or 5min for initial denaturation, followed by 35
amplification cycles of 9L for 45 sec denaturation, %5 for 45sec annealing and
72°C for 45sec extension. A final extension step diC7®r 10min was added. PCR
amplification products were resolved on 2.0% agaga for approximately 1.5h at
50V constant voltage in TBE (Tris borate EDTA) luffThe gel was visualized on

an Alpha Imager (Alpha Innotech Corporation).

8.2.4 Extraction of cytoplasmic RNA

Cells growing in log phase were harvested fromR& 300 dishes in 6ml of PBS. The
cells were aliquoted into sterile 1.5ml microceme tubes and spun at 13000rpm

for 1min. The supernatant was removed and 200uyss$ buffer (140mM NacCl,
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2mM MgCl, 0.5% nonidet P40 (IGEPAL; Sigma), 200mMsTpH 8.5) was added
on ice. The cell pellet was resuspended by pipetiimd spun down immediately at
13000rpm for 1min at°€. The cytoplasmic supernatant was transferredarfresh
microcentrifuge tube and the nuclear pellet disedrd SE buffer, 300ul (0.5% SDS,
5mM EDTA pH 8.0, 10mM Tris 8.5) was added to thepesmatant and mixed
thoroughly by shaking. Tris-equilibrated Phenol qa{) was then added to the
supernatant and mixed again before spinning at @0® for 1min at 2C. The
phenol extraction on the aqueous phase was repgatethore times. Chloroform,
500ul was added to the aqueous phase in fresh anaesixed well by vortexing.
The tubes were spun at 13000rpm for 1min°&. &he aqueous phase from all the
microcentrifuge tubes was combined in a sterile [1&e and 2.5 volume of ice
cold ethanol was added. The RNA was left to préaigiovernight at -2C. The
sample was aliquoted into 1.5ml microcentrifugeesiland spun at 13000rpm for
20min at 4C. The pellets were resuspended on ice in 10ul DERE@r and

combined and stored at “Z0

8.3 Results

8.3.1 Characterization of the transferred fragmentof chromosome 11 by STS

markers

The next step towards identification of th€ERT repressor was to accurately map
the gene sequence content of all the fragments 9nhybrid clones in order to

eliminate as much of the chromosomal gene-contepbasible. For this purpose, we
had adopted the rationale that transfer of this dunfragment into a mouse

background would enable us to use human STS (sequagged sites) markers of
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high densities and hence facilitate accurate mappimerefore, | transferred PC-
3/hTERT/fchrll.1 (Clone 1) back into A9, a moudwdblast cell line, to map the
fragment. Because the results of chromosome psirggested the presence of both
the p and g arms on the fragment, STS markers welected (from the NCBI
website) starting at the centromere region andatenj distally along both arms of
chromosome 11. Twenty-two human: A9 hybrids weneegated and STS mapped
(initially only the first ten clones were mapped)l the hybrids were positive for the
polymorphic marker D11S2365 except for clone 13184365 is the closest marker
to the centromere at map position 53.5Mb. D11S2@@Pa map position of 77.3 Mb

and its sequence was absent in 5 of the 22 hy{#igs3.1).

D11S2365

-ve cont A9 C-1 C-2 C-8

C-11 C-12 C-13 C-14 C-15 C-16 C-171&-C-19 C-20 C-21 C-22 2INT

D11S2002

C-1 C-2 C-3 C-4 C-5 C-6 C-7 8C- C-9 C-10

C-11 C-12 C-13 C-14 C-15 C-16 C-17 C-18 C-19 C-20 C-21 C-22 21INT

Figure 8.1: Structural analysis of th€ERT repressor on chromosome 11 fragments in the huAgan:
hybrids. Example of analysis with STS markers DI3&®and D11S2002 is shown.

The STS map (Fig 8.2) confirmed the presence of Hbe&erochromatin rich

centromere in all the hybrid clones except for @ldr8 (A9/fchrl1.1.13). The STS
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map shows the presence of telomeres on both the g-arms in most of the clones.
Clone 9 (A9/fchr11.1.9) was the only clone withéelbmeres and Clone 13 had lost
the telomeric region on the p-arm. Clone 5 (A9/fdhi.5) had some deleted loci on
the p-arm at the telomeres. The map showed themresof a much larger region of
chromosome 11 on the fragment than | had antiaipftem the roughly estimated
size of the fragment from the FISH images. It sstg¢hat complex rearrangement
had occurred in the original Clone 1 (PC-3/hTERAVfE1.1) after the 25G gamma
radiation exposure. The larger similar-sized defetion both the p and g arms of the
fragment in most of the twenty-two mouse: humanrigyblones were most probably
due to the initial radiation, since they were adrided from a single clone (PC-
3/hTERT/fchrll.1). Smaller deletions in the fragterre possibly acquired by the
MMCT of the fragment from the human PC-3/hTERT dilé into the mouse A9
cells. The combined effects of gamma radiation exp® of the microcells followed
by the MMCT of the resulting fragment probably fésdi in broad variation in the
marker content (and therefore gene presence) ose tlilmgments. This was
considered to be advantageous for narrowing dowmnrélgion carrying ounTERT

repressor sequence.

The selection of STS markers from the NCBI websiés random along the whole
length of chromosome 11. However, | used expresgiamers to look for the
presence of loci for specific genes of interestavhinave included the following
HNRPUL, PHF21A, CREBL1, C1lorf80, WT, NAT10, ZFPL1, SPDYC, KATS5,

FOS.1, BRMSI, DRAP1, SART, KDM2A and EST1 (Fig 8.2). We were provided

with a list of genes (as suggested by microarray)dahich were differentially
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expressed in my panel GiTERT repressed and non-repressed clones by Professor
Colin Cooper (ICR UK) (see section 8.3.3 below)rhrthis list, genes that had the
potential to be involved IMTERT regulation were selected, i.e. genes involved in
cell proliferation, senescence, differentiatiomnsformation etc. If the locus for the
chosen gene was present on the human fragmené imtluse background then the
same set of primers was used to determine its ssjore in my panel ohTERT
repressed and non-repressed clones (see sectiéh®®w) by quantitative real

time RT-PCR.

It should be emphasized that the construction gfife 8.2 constituted a major part
of the work in the latter part of my PhD projectgiie 8.2 is an extensive high-
density STS map of chromosome 11 fragments froadiated hybrid Clone 1 (PC-

3/hTERT/fragmented chromosome 11.1) that was tearest into mouse A9 cells.
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Figure 8.2: STS map of the 22 human: odent hyls&lscted from the transfer of clone 1 of PC-
3/hTERT/fchromosomel11l.1 into the mouse A9 cell.liDd1S2365 (red) is the closest marker to the
centromere. Filled circles indicate the presencéheflocus and open circles indicate its absence.
Expression primers were used for the following geoginterestWT, NAT10, PHF21A, CREBL1,
HNRPUL2, ZFPL1, SPDYC, KAT5, FOSL1, DRAP1, BRMS1, KDM2A andETS 1.

176



8.3.2 Transfer of chromosome 11 fragment back intthe PC-3/hTERT cell line

to determine the presence diTERT transcriptional repressor sequence

The aim of individually transferring selected chiasuome 11 fragments from the
mouse A9 cells back into the human PC-3/hTERT loe#l was to confirm that the
hTERT repressor sequence on the fragment had beenegtduring the transfer.
When | started fine mapping the fragment | did erpect to see such extensive
variations between the fragments that was eveytoakerved in the 22 clones. | had
initially only fine-mapped the first 10 clones (ssection 8.3.1) and randomly

selected A9/fchr11.1.8 and A9/fchrll.1.2 to begsfamed first into the PC-3/hTERT
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Figure 8.3: Measurement of endogenduEERT mRNA levels in hybrids generated from the
individual transfer of (A) A9/chr11.1.8, (B) A9/ctt.1.2, (C) A9/chrl1.1.9 and (D) A9/chr11.1.15
fragment into PC-3/hTERT cell line.
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Human TERT(hTERT) transcription was repressed in 10/12 A9/fchrllddhes
(Fig 8.3; A). Four clones had no detectabhlERT expression and only clone 11
expressed highehTERT than the parent PC-3/hTERT cells, suggesting that
hTERT repressor had been retained on the fragment daimiehe A9/fchrl1.1.8
clone. Compared with the A9/fchrl1.1.8 results (Big; A), | observed an even
higher hTERT transcriptional repression in 11/12 clones thatewgenerated by the
transfer of A9/fchr11.1.2 into PC-3/hTERT cell lifieig 8.3; B). Eight clones had
completely silencethTERT transcription, and only clone 7 had compardilliERT
transcription level to that of the parent PC-3/hTEgells. Results from this transfer

indicate that th&@TERT repressor has been retained in A9/fchrll 1 2 clone

Development of the STS map revealed clone 9 (A8IftH.9) to be negative for a
number of STS markers (Fig 8.2) and it was fountidaconsiderably smaller than
any of the other clones that were mapped thusTiaerefore, | decided to transfer
A9/fchrll.1 9 next into PC-3/hTERT cell line. Th&@ERT expression levels were
measured in the 13 clones that were generated. @gam, thehTERT mRNA
expression levels observed were substantially lowethe majority (9/13) of the
clones compared with the parent PC-3/hTERT ced, Isuggesting that chromosome
11 fragment in A9/fchrl1.1.9 hybrid clone had atstained thehTERT repressor
sequence (Fig 8.3; C). Next, | wanted to confire pnesence of human chromosome
11 fragment in clone 9. Thus, metaphase spreads wepared from A9/fchr11.1.9
cells and painted with arm-specific chromosome aihtg to show the presence of
the human fragment in the mouse background. Asihgman fragment amongst the

acrocentric mouse chromosomes was observed (Big 8.4
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Figure 8.4: Image of A9/fchrl1.1.9 metaphase smgaainted with arm-specific chromosome 11
paints, showing the presence of the human chromed$mgment in the mouse A9 background. 11p is

painted green and 11q red.

A high level of hTERT repression in PC-3/hTERT/fchrl1.1.9 clones (Fig; &)
suggested that tHeTERT repressor sequence may be located in the periereatic
region of normal human chromosome 11, a 5.4Mb redianked by STS
polymorphic markers D11S4420 and D11S2006 (Fig &2)rder to reduce the area
around the centromere | selected clone 15 (A9/fchrl5) to be transferred next
into PC-3/hTERT cell line for analysis of repressitunction. If positive for
repressive activity this would reduce the regionndérest by 1.3Mb as most of the

g-arm just beneath the centromere has been deteteid clone.

The hTERT mRNA levels were measured in the 16 hybrid clotiest were
generated. RepressionofERT transcription in 15 out of 16 clones was observued,
which 6 were completely silenced with respechi&RT transcription and the rest

expressed very low levels. Again, these resultdicnad the presence of thdERT
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repressor sequence on this reduced fragment (Bid>8. The presence of the human
chromosome 11 fragment in clone A9/fchrl1.1.15 wasfirmed by arm specific

chromosome 11 paints (Fig 8.5).

Figure 8.5: Image of the A9/fchr11.1.15 metaphasead painted with arm-specific chromosomell
paints, showing the presence of human chromosomeafjinent which seems to have translocated

onto a mouse chromosome.

Further development of the STS map (Fig 8.2) reactalone 13 to possess a deleted
centromeric region. Therefore, | selected clondgal8ansfer next into PC-3/hTERT
cell line because it would permit me to either irtidd or eliminate the centromeric

region as the location of thEERT repressor sequence.
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Endogenous ATERT levels in PC-3hTERT fragmented
chromosome 11.1.13 clones

00000018 4
oooo0016] A —
0.0000014-
=
g 0.0000012
4 i
= 0.0000010
é 0.0000008
=
0.0000006 4
0.0000004 4
0.0000002
= : : : —
O O o a o O o o 9] I} o
=3 =3 ) =3 =3 =3 =3 =3 ) =3 {2
2 2 2 2 2 2 2 2 2 2 o
—_ (%] ey = L= =) -1 L) =] = a
5
Ganciclovir treatment of Clone 7of PC-3/hTER THragmented
chromosome 11.1.13
0000003
B _
0.0000025
m
=
% 0.000002
14
=
Eunuuuuls
=
0.000001
0.0000005 H H
Y ) o I 5 ﬁ|_| |_| .
2 2 a2 2 2 2 g a g g e agagized
s g
B
A
Endogenous #TERT levels in PC-3/hTERT fragmented
chromosome 11.1.4 clones
0.0000009
00000008
o 0.0000007
a
% 0.0000006
I
= 0.0000005
E 0.0000004 4
0.0000003 4
0.0000002-
0.0000001 4 H
0+= ' Al = T
2 g g 2 9 2 2 g 2 2 g g g &
it

Figure 8.6: Measurement of endogenduEERT mRNA levels in hybrids generated from the
individual transfer of (A) A9/chr11.1.13 and (C) /&Br11.1.4 fragment into PC-3/hTERT cell line.
(B) Reverse selection of the fragment from clonef7PC-3/hTERT/fragmented chrll.1.3 was
achieved by treating clone 7 with 2uM GCV. Graplowing the generated clones assayed for
endogenouHiTERT mRNA expression levels. Clone 7 (second last bar) withftagment remains

repressed.
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Transfer of clone 13 into PC-3/hTERT cell line, agh the previously analysed

fragments, showed high level of repression in 70%4Q) of the clones (Fig 8.6; A).

In order to confirm the presence of EERT repressor sequence on the fragment in
clone 13 | randomly selected clone 7, from all ditieer clones that had undetectable
level of hTERT, for reverse selection of the fragment. GCV treattmof clone 7
resulted in 6/14 clones having higher or equal llewé hTERT compared with the
PC-3/hTERT cell line (Fig 8.6; B). Eleven out olufteen clones had highefERT
than the untreated clone 7 and 3 clones displagegl lew undetectable levels. One
possible reason for clones 6, 10 and 14 failingetert is that the HyTK selectable
marker on the fragment had been lost or mutatetheése clones and tHelERT
repressor sequence had been retained. These resydjsst that reverse selection of
the fragment, hence tH&ERT repressor sequence, in clone 7 with GCV treatment
can revert the cells back to the origieatlogenous hTERT expression phenotype as

in the parent PC-3/hTERT cell line.

Clone 4 (A9/fchrl1.1.4) was selected from the ST& o be transferred next into
the PC-3/hTERT cell line with the intention to elivate the p-arm of chromosome
11 from the possibility of retaining tHeTERT repressor sequence. High levels of
hTERT repression were observed in 11 out of 13 clonés §%; C) indicating the

presence of ahTERT repressor sequence on A9fchrll1.1.4 hybrid clone.
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Table 8.1: Summary of the total number of cloneected from the six microcell
transfer (MMCT) experiments of the human chromosdrhdragment from mouse
A9 cells into the human PC-3/hTERT cell line (iretbrder in which they were

performed).

From Fig 8.2 Designation of | Reason for Number | Number of
(STS map) A9 fragment transfer of clones | highly
Human donor cell line collected | repressed
chromosome 11 hTERT
fragment clone clones
8 A9/fchr11.1.8 Random 12 10/12 (83%)
2 A9/fchr11.1.2 Random 12 11/12 (92%)
9 A9/fchr11.1.9 | Smallest fragment. 13 9/13 (69%)
Both telomeres
missing
15 A9/fchr11.1.15 | Negative between| 16 14/16 (88%)
58.3-59.5Mbp on
g-arm
13 A9/fchr11.1.13 | Centromere and | 10 7/10 (70%)
the p-telomere
missing
4 A9/fchrll.1.4 No positive STS | 13 11/13 (85%)
markers on the p-
arm between 10.8-
44.3Mbp

| found that individual transfer of chromosome Ihagments produced higher
proportion of clones that showed endogenblTBRT repression compared with the
clones in which a whole chromosome 11 was traresfiefiFig 6.2). This may be due
to the formation of a “telescoped” chromosome (wha&arocells containing whole
chromosome 11 were originally exposed to gammaatiadi for XMMCT) having
the HyTK marker closer to th@TERT repressor sequence. Thus far, in these
experiments, | have been unable to identify a negdtagment (i.e. a fragment that
had lost thehTERT repressor sequence). All six transfers produceded in which

the majority repressed endogendl¥RT levels (Table 8.1). This result would be
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expected if the HyTK marker and thEERT repressor sequence had by chance

become closely juxtaposed.

| used the results from individual transfers ofahosome 11 fragments from A9
clones 2, 4, 8, 9, 13 and 15 into PC-3/hTERT ¢eé# (i.e. that had all retained the
hTERT transcriptional repressor sequence) to inform aendetailed analysis of the
STS map (Fig 8.2) in order to narrow down the regad interest (i.e hTERT
repressor) on chromosome 11. The positive resuitls wlone 9 eliminated the
possibility that thénTERT repressor is located in the telomeric region$efgd and g-
arms. Transfer of clone 13 also eliminated theneloc region of the p-arm, in
addition to the centromeric region, and transferclohe 4 excluded the p-arm of
chromosome 11. From these six selected transfeargd identified 3 possible regions
of interest on chromosome 11 where hA&RT repressor may be located. The first is
a 0.72Mb region, map position 64.70Mb to 65.42Mbg{13.1). The second and third
regions are flanked by a single STS marker at 83b/7{11913.3) and 127.32Mb
(11924.3) (Fig 8.7).
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Figure 8.7: Sections of the STS map highlighting 8hpossible candidate regions wherethERT

repressor sequence may reside.
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8.3.3: Selection oendogenous hTERT repressed and non-repressed clones to

construct a panel against which the genes of intesecould be tested

A number of hTERT repressed and non-repressed hybrids were sel&adthe
individual transfers of human chromosome 11 fragmemmouse A9 clone 2, 8, 9,
and 15 (A9/fchrl1.1.2, A9/fchr11.1.8, A9/fchrll.la@&d A9/fchrll.1.1) into PC-
3/hTERT cell line (Fig 8.8), to construct a pangaiast which the genes of interest
could be tested. The panel consisted of eight slomat had highly represse@iERT

transcription and six clones that did not show espechTERT.
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Figure 8.8: Construction of a panel consistindh®ERT repressed and non-repressed (labelled with

X) hybrid clones selected from MMCT of clones 298nd 15 from mouse A9 cells into human PC-
3/hTERT cells.
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8.3.4: Identification of the differentially expres®d genes (by microarray) in the

minimal region of clone 13, as defined by CGH

At this stage of the project we collaborated witlofBssor Colin Cooper’s team at
the Institute of Cancer Research (ICR) UK to tryidentify the hnTERT repressor
sequence on the fragment. They used the compaggivemic hybridization (CGH)
technique to analyse the copy number on the DN@nfient in clones 2, 8, 9, 13 and
15 and microarray technology was used in an attémpdentify genes that were
differentially expressed in our panellwFERT repressed and non-repressed clones in

the regions of the fragment as determined in theseclones by CGH.

| provided genomic DNA from A9 parent cells andnfrezlones 2, 8, 9, 13 and 15
(A9/fchrl1.1.2, A9/fchr11.1.8, A9/fchr11.1.9, A9id1.1.13 and A9/fchrl1.1.15)
which contained the human chromosome 11 fragmentanse A9 background to
Professor Cooper’s team for CGH analysis. | alsavigied the cytoplasmic RNA
from the two sets of hybrid clones from the paneh®ERT repressed and non-
repressed clones and the ICR team synthesized eomeptary DNA (cDNA) and
tagged each set with different colour fluorochroymeamely Cy 3 (red) and FITC
(green). These test samples when co-hybridizedr&ys spotted with either normal
oligonucleotide or cDNA clones (representing specifenes) gave a ratio of the
intensity of the fluorochromes. Any abnormal ratiepresented a difference in RNA
expression levels between th€ERT repressed and non-repressed clones. A list of
up and down-regulated genes in the two sets ofitiybwas generated with the
Aglilent microarray and Affymetrix exon microarrayging the minimum region on

A9/fragmented chromosome 11.1 clone 13. (A9/fcHrlIB).
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The two minimum regions identified by the ICR teaare both on the g-arm of
chromosome 11. The first region was between 610370371300bp and the

second was the g telomeric region between 12685134940191bp (Fig 8.9).

Regions defined on chromosome 11 as harhouring the ATERT repressor by Professor Cooper's team
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Figure 8.9: The two minimum candidate regions farblouring thehTERT repressor, as defined by
CGH by Professor Cooper's team are highlighted lackh The three candidate regions | have

identified by STS mapping, highlighted in red, fall within these two regions.

Noticeably, the three much smaller regions | hadkependently identified all fall
within the two minimum regions identified by Profo@pers team. They also
identified six microRNAs, namely has-mi-612, hasi8B7, has-mi-192, has-mi-
548k, has-mi-194-2 and has-mi-611 in the minimumiaes. Two out of the six
mMiRNAs were in my first candidate region and adhivas just outside my second

candidate region (Fig 8.9).
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8.4 Discussion

The MMCT transfers of carefully selected A9: hun@mwomosome 11 XMMCT

clones (that showed variations in DNA content ia fluman fragment) back into PC-
3/hTERT cells allowed three regions of interesbéoidentified, all on the g-arm of
chromosome 11 (Fig 8.7). Individual transfers afnels 4, 9, and 13 from this set
have been invaluable in identifying the long arncbfomosome 11 as carrying the
hTERT transcriptional repressor sequence. The largetheothree regions that has
been identified is 0.72Mb, map position 64.70MI6%042Mb (11913.1). The second
and third regions were flanked by a single STS magt 69.71Mb (11913.3) and

127.32Mb (11924.3). The genes in these regionBsieel in Fig 8.4.1.

One of the three regions that have been identdiedhe possible location for the
hTERT repressor sequence on the chromosome 11 fragmkmontain the HyTK
selectable marker. | have previously shown thegmress of the HyTK on the g-arm

of chromosome 11 by single copy FISH (see sectiBr).
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Figure 8.10: The list of genes in the three cartdidagions obtained from the NCBI website.

Independent verification of our very original finds was corroborated (in
collaboration with ICR) by Professor Colin Coopetgam. They performed CGH

(comparative genomic hybridization) analysis on A®fchr11.1.13 clone and their
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data confirmed our STS observations that both thetromeric region and the
telomeric region on the p-arm are deleted in Clb®ieUsing this clone allowed them
to define two minimum regions which may carry thEERT repressor. The first
minimal region is between 6107739-70771300bp anel $kecond is between
126851379-134340191bp on the g-arm of chromosomdnidrestingly, my first
candidate region between 64.70Mb-65.42Mb and tlerge region flanked by a
single STS marker at 69.71Mb fell into Prof. Codpdirst region and my third
candidate region fell into their second region (B&p8.9). Professor Cooper’s team
also identified six microRNAs (miRNA) within thettefined regions. The miRNA-
612 (map position 64.9Mb) falls within my candidasgyion. Two of the miRNAs,
namely miRNA-192 (map position 64.4Mb) and miRNABB4 (map position

69.8Mb) fall just outside my first and second caladie regions respectively.

More than 50% of miRNA genes have recently beentified in genomic regions

associated with cancer. These non-protein codingRtkat are approximately 20-
25 nucleotides long can inhibit gene expressiothatpost-transcriptional level by
either cleaving the target mRNA or having a higlyrde of complementation to the
MRNA at the 3’ untranslated end (reviewed in Zhahgl., 2007; Pasquinelli et al.,
2005). However, in my study | have been tryingdentify a repressor that functions
at the transcriptional level. Therefore, there \pibbably be no urgency to examine
the expression profiles of the three miRNA in oan@ of hTERT repressed and

non-repressed clones.

190



Chapter 9

Identification of potential hTERT repressor genes from the
minimal chromosome 11 region of interest:KAT5 as an

attractive candidate

9.1 Introduction

In this section of the study, genes that could ipbssepreshTERT expression were
identified by two means. First, | used the NCBI siéb to select plausible genes
(from the total number of genes listed in my thceedidate regions) i.e. that were
either known or predicted to be involved in regulgt cell proliferation,
differentiation, transformation etc and hence hiagl potential to mediateTERT
repression. The expression levels of these genes measured in my panel of
hTERT repressed and non-repressed hybrids (see Chaptesifg the real time
gRT-PCR relative quantification method. Secondisa df differentially expressed
genes, as determined by microarray data, in MRT panel was provided by
Professor Cooper. Those genes that showed the sigosficant difference between
the repressed and non-repressed clones were selfecteneasurement diTERT

expression levels by gRT-PCR.
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9.2 Materials and Methods

9.2.1 Real-time gRT-PCR-relative quantification

The real-time qRT-PCR relative quantification methwas used to measure the
expression levels of the selected genes in thel pdn@TERT repressed and non-
repressed clones. This method compares the Ct gdlmgarget gene with an internal
housekeeping gene in a single sample. | used thikod to analyse changes in gene
expression in my panel ®TERT repressed and non-repressed clones relative to the

parent PC-3/hTERT cell line.

The Mastermix for the target gene (gene of int¢rests prepared by adding an
optimized concentration of the forward and reveysmer probes to 1xSybr Green
(Applied Biosystems) and the Mastermix for the egelmus geneGAPDH was
prepared by adding 0.4M forward primer probe 1457
(5°GAAGGTGAAGGTCGGAGT 3 sequence localized at exdy and 0.4M
reverse primer probe 3407 (5’GAAGATGGTGATGGGATTTC 3equence
localized at exon 3) to 1XSybr Green. To 24l &f pnepared mastermix (containing
the primers for the target gene or the endogenodBOH) 1.0ul of cDNA was
added in each well of a microtiter plate in triglie. Thermal cycling conditions
consisted of a step at &Dfor 2min, a denaturing step at*@5for 10min followed by
45 cycles at 98 for 15s and 6@ for 1min (ABI PRISM 7900 HT Sequence
Detection System). The results were analysed byelagive quantificationAA Ct)

study assay using the SDS 2.1 software. The exprelevel of the target gene in the
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hTERT repressed and non-repressed clones was plottdt/eeto the level measured

in PC-3/hTERT cells (Fig 9.1).

9.3 Results

The NCBI website Http://www.ncbi.nlm.nih.gov/mapview/maps.cqi?tax@$068&chr=13

listed 50, 14 and 3 genes in the first, secondthind candidate regions respectively.
A list of all the genes (and their known or predétfunctions) in the three candidate

regions is outlined in Table 9.1.

Table 9.1: A list of all the genes and their fuao8 as published on the NCBI and

GeneCardshitp://www.genecards.orgivebsites. The genes in bold text have been

tested against tHeTERT panel (see section 8.8).
First candidate region at 11q13.1; map positio7@¥lb to 65.42Mb (0.72Mb).

Gene Known or predicted function of the gene

ZFPL1 Required for cis-Golgi integrity and efficient ER Golgi transport. Involved in
the maintainance of the integrity of the cis-Golgi.

LOC100130348 | Not known

Cllorf2 Required for both Golgi structure and vesiculafficking, and ultimately lipid
transport.

LOC100287251 | Not known

LOC100131416 | Not known

TM7S2 Involved in the conversion of lanosterol to chadest
ZNHIT2 Not known
FAU This gene encodes a fusion protein consisting efuthiquitin-like protein fub

at the N terminus and ribosomal protein S30 at@hterminus. It has been
proposed that the fusion protein is post-tranghatly processed to generdgte
free fubi and free ribosomal protein S30. Fubi isnamber of the ubiquitin
family, and ribosomal protein S30 belongs to th®EB3amily of ribosoma
proteins. The function of fubi is currently unknownd ribosomal protein S30
is a component of the 40S subunit of the cytoplasimbsome.

MRPL49 Mammalian mitochondrial ribosomal proteins are elecbby nuclear genes and
help in protein synthesis within the mitochondrion.

LOC100287960 Not known

SPDYC Promotes progression through the cell cycle vidibgand activation of CDCR2
and CDK2.

CAPN1 Calcium-regulated non-lysosomal thiol-protease Whicatalyze limited

proteolysis of substrates involved in cytoskeletaimodelling and signg
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transduction.

S.C22A20

Organic anion transporter that mediates the uptdilestrone sulfate. May a
as an odorant transporter.

POLA2

May play an essential role at the early stage odbroesomal DNA replicatior]
by coupling the polymerase alpha/primase complethéocellular replicatior
machinery

CDCA42EP2

May act downstream of CDC42 to induce actin filatmassembly leading t
cell shape changes.

DPF2

May be a transcription factor required for the apsis response followin
survival factor withdrawal from myeloid cells. Miglalso have a role in th
development and maturation of lymphoid cells.

TIGD3

The exact function of this gene is not known.

9. C25A45

SLC25A45 belongs to the SLC25 family of mitochoatlgarrier proteins.

FRMDS8

Not known

NCRNAO0084

Not known

MALAT1

Not known

LYL1

Regulates COPI-mediated retrograde traffic. Hasletectable kinase activi
in vitro. Isoform 6 acts as transcriptional actoratlt binds to three differen
types of GC-rich DNA binding sites (box-A, -B an@)-in the beta-polymeras
promoter region. It also binds to the TERT promoggjion.

- <<

LTBP3

May play critical roles in controlling and direatinhe activity of TGFBL1.

SSSCA1L

Might play a role in mitosis. Could be a centrorrassociated protein. Ma
induce anti-centromere antibodies.

FAM89B

Not known

EHBP1L1

Not known

KCNK7

Probable potassium channel subunit. No channeligctibserved in vitro as
protein remains in the endoplasmic reticulum. Magadto associate with an
yet unknown partner in order to reach the plasmanionane.

MAP3K11

Activates the JUN N-terminal pathway. Required fmrum-stimulated ce
proliferation and for mitogen and cytokine actieatiof MAPK14 (p38),
MAPK3 (ERK) and MAPK8 (IJNK1). Plays a role in mi@gstimulated

phosphorylation and activation of BRAF, but does pbosphorylate BRAF

directly. Influences microtubule organization dgrie cell cycle.

PCNXL3

Not known

SPA1

GTPase activator for the nuclear Ras-related rémylproteins Rapl and Ray
in vitro, converting it to the putatively inactiv@DP-bound state.

D2

RELA

NF-kappa-B is a pleiotropic transcription factorigéhis present in almost all

cell types and is involved in many biological prsses such as inflammatio
immunity, differentiation, cell growth, tumorigengsnd apoptosis. NF-kapp
B is a homo- or heterodimeric complex formed by tRel-like domain-
containing proteins RELAG65, RELB, NFKB1/p105, NFKB1/p50, REL ar
NFKB2/p52. The dimers bind at kappa-B sites in[DA of their target gene
and the individual dimers have distinct preferenfoesdifferent kappa-B site
that they can bind with distinguishable affinitydaspecificity. Different dime
combinations act as transcriptional activatorsepreéssors, respectively.

n,
a-

d

|28

KATS

Catalytic subunit of the NuA4 histone acetyltranaée complex which i
involved in transcriptional activation of selectngs principally by acetylatio
of nucleosomal histones H4 and H2A. This modifmatimay both alte
nucleosome-DNA interactions and promote interactibthe modified histone
with other proteins which positively regulate tramgtion. This complex may

S U

[72)

be required for the activation of transcriptionabgrams associated wit

>

194



oncogene and proto-oncogene mediated growth irayctumor suppressdir
mediated growth arrest and replicative senescexpmptosis, and DNA repair.
NuA4 may also play a direct role in DNA repair wiresruited to sites of DNA
damage. Directly acetylates and activates ATM. dsecof HIV-1 infection
interaction with the viral Tat protein leads to K&Tpolyubiquitination ang
targets it to degradation.

RNASEH2C

Non catalytic subunit of RNase H2, an endonuclehaespecifically degrades
the RNA of RNA: DNA hybrids. Participates in DNApieation, possibly by
mediating the removal of lagging-strand Okazakjifinent RNA primers during
DNA replication. Mediates the excision of singleamucleotides from DNA
RNA duplexes.

LOC100288054

Not known

KRT8P26

Not known

DKFZp761E198

Not known

OVOL1

Putative transcription factor. Involved in hair fization and spermatogenesis.
May function in the differentiation and/or mainteea of the urogenital syster

=)

SNX32

Not known

CFL1

@D

Controls reversibly actin polymerization and depadyization in a pH-sensitiv|
manner. It is the major component of intranuclew eytoplasmic actin rods.

MUSB1

May be required in mitosis for the processing aflatl or collapsed replicatio
forks.

]

EFEMP2

The protein encoded by this gene contains four E@#@ains and six calciun
binding EGF2 domains. This gene is necessary fstiel fiber formation and
connective tissue development. Defects in this gerecause of an autosomal
recessive cutis laxa syndrome.

CTSwW

May have a specific function in the mechanism gutation of T-cell cytolytic
activity.

FIBP

May be involved in mitogenic function of FGF1.

CCDC85B

Functions as a transcriptional repressor. May inliite activity of CTNNB1 in
a TP53-dependent manner and thus regulate celltigromay function in
adipocyte differentiation, negatively regulatingatic clonal expansion.

FOSL1

The Fos gene family consists of 4 members: FOSB-GOSL], and FOSL2,
These genes encode leucine zipper proteins thatlioagrize with proteins of
the JUN family, thereby forming the transcripticactor complex AP-1. A$
such, the FOS proteins have been implicated adategsi of cell proliferation
differentiation, and transformation.

Clilorf68

Not known

DRAP1

The association of the DR1/DRAP1 heterodimer wiBPTresults in functional
repression of both activated and basal transcriptb class Il genes. This
interaction precludes the formation of a trans@iptompetent complex b
inhibiting the association of TFIIA and/or TFIIB thi TBP. Can bind to DNA
on its own.

<

TSGA101P

Not known

SART1

May play a role in mRNA splicing. May also bindDiNA.

Second candidate region flanked by a single ST&enat 69.71Mb (11913.2)

Gene

Function
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CCND1 Essential for the control of the cell cycle at &S (start) transition.

FLJ42258 Not known

ORAOV1 Not known

FGF19 May be involved in brain development during embmoesis.

LOC100129779 | Not known

FGF4 Can transform NIH 3T3 cells from a human stomaahauwr (hst) and from
karposi's sarcoma (KS3). It has a mitogenic agtivit

FGF3 Could be involved in ear development.

LOC100127946 | Not known

TMEM16A Acts as a calcium-activated chloride channel. Reguifor normal traches
development.

FADD Apoptotic adaptor molecule that recruits caspaseéaspase-10 to the activat
Fas (CD95) or TNFR-1 receptors. The resulting agmpe called the deatt
inducing signalling complex (DISC) performs caspagaroteolytic activation
Active caspase-8 initiates the subsequent cascddeaspases mediatin
apoptosis.

PPFIA1 May regulate the disassembly of focal adhesionsy Maalize receptor-like
tyrosine phosphatases type 2A at specific sitesthen plasma membran
possibly regulating their interaction with the extellular environment and the
association with substrates.

CTN May contribute to the organization of cell strueturThe SH3 motif may
function as a binding region to cytoskeleton. Timesphosphorylation ir
transformed cells may contribute to cellular growtlegulation and
transformation.

SHANK?2 May play a role in the structural and functionafjamization of the dendriti
spine and synaptic junction.

Cllorf76 Not known

Third candidate region flanked by a single STS raagt 127.32Mb (11924.2-3)

Gene Function

LOC100132514 | Not known

LOC387820 Not known

ETS1 ETS transcriptions factors, such as ETS1, regutat@erous genes and are
involved in stem cell development, cell senesceramed death, and
tumorigenesis. The conserved ETS domain withinegh@®teins is a wingef
helix-turn-helix DNA-binding domain that recognizttee core consensus DNA

sequence GGAA/T of target genes (Dwyer et al., d00Tanscription factor.

Next, the expression levels of the above geneseatetm be analysed. In the first

phase of the investigation, genes that could peténtepresshTERT transcription
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were selected to be tested against the panBTERT repressed and non-repressed

clones (see section 8.3.3).

I am currently confirming the validity of some difet candidate genes selected from
the microarray data. A number of genes that maysiplys be involved in
transcriptional repression difERT were tested first against this panel but to date |
have been unable to identify a gene that was difiieally expressed between the
hTERT repressed and non-repressed hybrid clones by dhk time qRT-PCR
method. The genes that have been tested so fards¢INRPUL, CREB3L1,
PHF21A, C11orf80, ETSL, WT1, SUV420H1 (variant 1 and 2)ZFPL1, FOS 1,
DRAP1 and SART. An example of the expression level RfiIF21A in my hTERT

repressed and non-repressed clones is given i9.Eig

PHFE21A expression levels in #ATER T repressed and non-repressed clones
relative to PC-3/hTERT cells

4.5

3.5

2.5

1.54

RO (Felatrve Quatitity)
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Figure 9.1: Real-time gRT-PCR relative quantifioatof PHF21A gene ihTERT repressed (black)

and non-repressed (red) hybrid clones.
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9.4 Discussion

9.4.1 Potential candidate genes for repressing ERT transcription

The candidate regions that have been identifiedclmomosome 11 as possibly
carrying thehTERT transcriptional repressor sequence excludedMBE&1 gene
(located at 11913 map position 64.34Mb). MEN1 emsochenin, a protein that acts
as a tumour suppressor in endocrine neoplasia.rMerthought to suppre$§ ERT

by possibly mediating its effects through interactvith JunD and/or NkB at the
hTERT promoter region (Lin and Elledge, 2003). Recentljhas been shown that
over-expression of menin decread€ERT transcription in a cell type specific
manner (Hashimoto et al., 2008). Therefore, it rhaypossible that menin does not
have any repressive effects GMERT transcription in MMCT experiments with
prostate cancer cells. The locus for MEN1 gene was absent in all the 22 clones
(see Fig 8.2). So menin can be confidently elinedats the repressor involved in

PC-3/hTERT repression.

ETS1 was another gene (located at 11923.3, map podigGrB8MDb) just outside the
third candidate region that had the potential &mressindhTERT transcription. The
ETS1 protein belongs to a family of transcriptioactbrs involved in cellular
proliferation, senescence, apoptosis, and tumoegjeninterestingly, recent studies
have shown that the ETS1 protein inhibits telone@givity by binding directly to
the hTERT promoter region in K562 cells, a human myeloidtlegleukemia cell
line (Dwyer J et al., 2007). | had initially elinatedEST1 as a possible candidate for
repressindhTERT transcription because its locus was missing freonec 9 (see Fig

8.2). However, because of its reported involvememTERT repression | tested the
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expression levels @&ST1 in my panel ohTERT repressed and non-repressed clones

(see section 8.8) and found no difference in thegets of samples (data not shown).

9.4.2 Search for putative tumour suppressor gene(8) my candidate regions

from the literature

Loss of heterozygosity (LOH) studies has playedeasential role in identifying

putative tumour suppressor genes on chromosomabnegrom where genetic

material has been lost in a non-random fashion fecamcer tissues. LOH is a very

common event in epithelial cancers. A literaturerey for LOH on chromosome 11

revealed that both arms are implicated in prostateinoma. Dahiya et al (1997)

compared LOH on chromosome 11 in microdissectekmrirom normal prostate

epithelium with invasive carcinoma from the samdigmés. They reported four

deleted regions at 11p15, 11p12, 11922, and 11428Q@H was observed in 25%

and 39% of tumours at 11p15 and 11pl2 respectividig. percentage of tumours

with LOH at 11922 and 11g23-24 was higher at 66% 4?0 respectively.

Deleted regions of chromosome 11g22 and 11¢23-34 loci in human prostate cancer
as defined by Dahiya et al (1997)

D1154409 | RLB30 2240Mk 0 0 @& & O & & 0O 0 & & & O 8 8 8 & & & 8 0O 8
D115898  None sk g0 0 0 0 0,0 0 0 0 0 0 0 0 0 00 0 0 0 0 0
D115940  Mome oz . Q0 0 0O 0 0,0 0 0O 0 0 0 0 0 0 Q00 0 0 0 0 0
D1152000 |GR1A4 wsoeMk 0 0 0 0 00 O 0 0 0 0 0 0 0 0 000 0 0 00
D1154483  Home uiswk 9 0 0/ 0/ 000 0O/ 0O 0O 0O 0 0O 0 0 0 0 0 0 0 0 O
DLISI93 UBE4s  11776My (0 O O @& 0O 0 0 0 0 0 0 0 0 @& 0 0 0 0 0 0 0
D11%4610 ROBO4  lz2d2éte O (. O, Q0 O/ O O O O O O O 0 O 0 0O 0 O 0 0 0 O
D1153281 KIRREL3 1zea0b O QO O QO O O O O O O O O O O O O O O 0 0 0 O
D1151835  Mone gttt QO QO QO QO QO Q0 Q0 O Q0 0 0 0 0 Q0 0 Q0 0 Q0 0 0 0 0O
D1151880  Home 127320 @ @ @ 0 @0 0 9 & 0 & & 0 0 0 0 0 0 0 0 0 0 0
D11§2776 | Mome ez @ @ @ @0 @ @0 0 & O @ & & & 0 0 0 0 0 0 0 0 0

11522

1123-24

Figure 9.2: Part of my STS map showing the two tedl@egions of the g-arm of chromosome 11 in

human prostate cancer as defined by Dahiya e9al7(1
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| also used the two STS markers, D11S898 and D118041g22, used by Dahiya
et al (1997). | found both markers to be negatoreafl of the 22 A9 clones (hybrids
containing human chromosome 11 fragment in mous®dak¥ground, see Fig 8.2).
Therefore, | eliminated this region as potentigllyssessing th@TERT repressor
sequence (Fig 9.2). D11S1818 (map position 108.78\is another marker used by
Dahiya et al (1997), but unfortunately |1 have a gapSTS markers between
105.06Mb to 111.97Mb. So, it is possible that | nhaye missed the region around
108Mb. However, Prof. Cooper's team did not idgntifie 11922 region as a
potential location for thehTERT repressor (their second minimum region was
between 126.8Mb-134.3Mb). Therefore | can conclwigh some degree of

confidence that 11922 is not the region of interest

Dahiya et al (1997) used three STS markers at }2423namely D11S924,
D11S1336, and D11S912. Map positions for these engsrére 119.4Mb, 122.6Mb,
and 128.6Mb respectively. D11S912 is the only mathkat falls in Prof. Cooper’s
second minimum region (Fig 8.9) and it is just adsmy third candidate region.
Therefore, the possibility that our gene of intenesy be located at 11923-24 is

slim.

Dumur et al (2003) performed a genome-wide seanchLOH in prostate cancer
using human SNP microarray technology. They studiedellular model which
consisted of a prostate cell line and its tumoumigesub-line and they also analysed
prostate cancer patients. Their results from tiielae model showed LOH between

11921.1-11924.2 in the prostate tumourigenic so®-liOther deletions were on
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chromosomes 3p12-p22.1, 19p13.12, and 19q13.42.alitters observed LOH at
11923.3 in 33% of the prostate cancer patientgréstingly, once again the region
between 11g21.1-11g24.2 falls in the region defimgthoth Prof. Cooper’s team (by
using array CGH) and mine (by using STS mappingge T1923.3 locus, deleted in
33% of prostate cancer patients is the locatiotheETSL gene which has already

been eliminated (see above).

Admittedly, there are gaps in my STS markers inréggon between 11g21-11qg24.2.
However, if more STS markers could be tested ferptesences of sequence in these
gaps then perhaps clone 9 could prove to be evea ialuable than it has already
been in further narrowing the region on 1lqgter, itapossesses the smallest

chromosome 11 fragment.

9.4.3hTERT repressor - a possible chromatin remodelling facto

Several groups have investigated the nucleasetisensites in the region of the
hTERT gene in order to identify the mechanisms that leaginTERT expression in

normal and cancerous cells. Szutorisz et al (20@3¢Jose collaboration with our
group, reported chromosome 3 to transcriptiona@iyreshTERT by remodelling the

chromatin structure of theTERT gene at intron 2 in a breast cancer cell line ato
more “closed” conformation. Reverse selection ahsferred chromosome 3 with
GCV treatment resulted in reverting to an open wlatin structure. In another
report, Wang and Zhu (2003) identified a DNase pdrgensitive site near the
hTERT transcription initiation site in telomerase poadticells. The authors also

demonstrated that the treatment of telomerase inegaglls with histone deacetylase
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inhibitor trichostatin A (TSA) inducedTERT transcription and increased chromatin
sensitivity to DNase | treatment. The authors codetl that the endogenous
chromatin environment plays a vital role in theulagon of hTERT expression
during cellular immortalization. Therefore, gene()at may be involved in
epigenetic regulation through altering the chromatructure would make excellent

candidates in my study.

9.4.4 TheKAT5 gene, a credible candidate?

There are three histone modifying genes listed riofd3sor Cooper’s first region
between 61.08Mb-65.42Mb. These &AT5, a histone acetyltransferase (HAT),
BRMSIL, a histone deacetylase (HDAC) akBDM2A, a histone demethylase (see Fig
8.9). However, | eliminated tfBRMSL andKDM2A genes on the basis that both loci
were deleted in clone 9. Clone 9 has been extreoss{ul in narrowing the regions
of interest as it is the smallest fragment at appnately 16 Mb (Fig 8.2). Therefore,

from my data the most likely candidate gene intkitee defined regions ISATS.

It is well established that HDACs function as reys@s of gene expression by
removing the negatively charged acetyl groups fritre histone NH2 terminal
domains resulting in a tighter chromatin structufiéhis type of chromatin
remodelling makes it difficult for the gene to banscribed (reviewed by Zhang and
Dent, 2005). Therefore, a simple scenario in mywtwould be that thénTERT
repressor sequence encodes a HDAC that could sattidg deacetylation of histones
on thehTERT regulatory sequence leading HOERT repression. Th8RMSL gene

(encodes a HDAC) exists in very close proximityntg first candidate region, at a
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distance of 0.44Mb away, but tiBRMSL gene has already been eliminated as a
possiblehTERT repressor. Th&KAT5 (K(lysine) acetyltransferase 5), encoding a
HAT is the only chromatin remodelling gene in myei candidate regions. HATs
generally function as activators of gene expresmetylation by HATs neutralizes
the positive charge on the lysine residues reguitinan open chromatin structure
that allows transcription factors to gain accesthoregulatory sequence (reviewed

by Zhang and Dent, 2005).

Several HATs have been identified since their filiscovery in the mid-nineties in
Tetrahymena. The A-type nuclear HATSs are divided into four faes based on their
conserved sequence within the HAT domain. K#I5 gene encodes an A-type
nuclear HAT that belongs to the MYST family of peit (reviewed in Marmorstein
and Trievel, 2009). In humans, the MYST family dstss of five proteins, namely
TIP60, MOF, HBO1, MOZ and MORF, all of which comtaa highly conserved
MYST domain that is composed of an acetyl-CoA hagdimotif and a zinc finger
(reviewed by Avvakumov and Cote, 2007; Yang, 200d)ese members of the
MYST family also contain various other structuralibanits. Consequently,

considerable diversity exists within this grougHATs (Yang, 2004).

A great deal of variation exists not only in theustural organisation of MYST
proteins but also in their biological function. MYSproteins are involved in a
number of nuclear processes such as DNA repairapogtosis and they are also
associated with cancer (reviewed by Avvakumov aote(2007). There is evidence

to suggest that the MYST family of HATs function @xegulators of transcription

203



i.e. TIP60 can act as transcriptional corepressofmEL andSTAT3 and coactivator
for androgen receptor ar@dMyc (reviewed by Yang, 2004). From these published
reports of structural and functional complexitisghe MYST proteins, it is possible
that the HAT protein encoded by tK&AT5 gene may function as a repressor when

recruited to théaTERT promoter region to regulate transcription.

The credibility of theKAT5 gene being ahTERT repressor comes from the breast
cancer project that ran in parallel to my prossitely in our laboratory (Cuthbert et
al., 1999). Chromosome 3 was identified as possgssihTERT repressor sequence
when transferred into a telomerized breast canelétice, 21NT/hTERT (Ducrest et
al., 2001). A candidate region, flanked by a sin§ES marker D3S4066 (map
position 47.14Mb) on the p-arm of chromosome 3, vwdatified as the possible
location for thehTERT repressor sequence. Seven genes were listedsimettion
and on examinatio®ETD2 (SET domain containing protein 2) was the mosljik
candidate based on the biological function of thgsees. Sarakbi et al, (2009), in
collaboration with our group recently reported #igantly lower levels ofSETD2
expression in breast carcinoma. Furthermore SFED2 transcripts decreased with
increasing tumour stage. Recently, using copy numbealysis, we have
demonstrated allele loss 8ETD2 in breast cancer cell lines, including intragenic

microdeletions (Roberts et al., in preparation).

The SETD2 gene encodes a histone methyltransferase thatfisalg methylates
lysine-36 of histone H3, and methylation of thisideie is associated with active

chromatin (reviewed in Zhang and Dent, 2005). Redgihow SETD?2 is involved in
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regulating gene transcription is not known but néigeXie et al (2008) reported that
the interaction of SETD2 with p53 could regulatee thctivity of p53 as a
transcription factor. The authors demonstrated thegrexpression ofSETD2
upregulated the transcript of p53. Alternativelpokk down of endogenol&ETD2
expression with RNA interference resulted in opmosffects. Therefore, their
findings suggest that the interaction of SETD2 va#8 could selectively regulate its

downstream effector genes.

The fact that bothKAT5 and SETD2 genes are identified as potentialERT

transcriptional repressors in prostate and breaster cell lines respectively is
highly interesting, as they are both histone maodgyenzymes that transcriptionally
regulate gene expression. Even though the exadhanem of how the products of
these genes regulate transcription is unknowna# lheen proposed irrespectively
that they both interact with p53 to regulate doweesh effector genes (Sykes et al,

2006; Xie et al., 2008).
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Chapter 10

General discussion

Lack of telomerase activity as a resulthdERT transcriptional repression in normal
human cells suggests the existence of telomerasessor genes that tightly regulate
its activity. Conversely, elevated and dysreguldttdmerase activity in cancerous
and immortal cells indicates that there are defgctelomerase regulation, possibly
resulting from the inactivation ofiTERT transcriptional repressors. THEERT
transcriptional regulation is highly complex anil $argely uncharacterized. Hence,
identification ofhTERT repressor(s) would be an essential step in uradefistg how
telomerase is regulated in normal and cancerous. ¢elthe work described in this
thesis, | have tried to locate &hfTERT transcriptional repressor sequence that
regulates telomerase activity in prostate cancesutfh genetic complementation

studies.

Using the MMCT technique, genes located on differémromosomes have been
implicated in repressing telomerase activity in ewmcells originating from a range
of human tissues. Thus far, there are no repores géne that may be involved in
repressing telomerase activity in prostate canedls.cFurthermore, the literature
survey performed at the start of this study prodic® indication which, if any,

chromosome may possibly carry a prostate cancemtaase repressor gene (or

genes). Therefore, | generated hybrids to screemwiiole genome for repressive
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function via the individual transfer (by MMCT) obrmal human chromosomes into
PC-3, a prostate cancer cell line. As a resulthef work, the data generated has

convincingly shown that chromosome 11 harbourdomterase repressor sequence.

Previous reports demonstrated telomerase represgiddMCT of normal human
chromosome 3 into breast, renal and cervical careléfines (Cuthbert et al., 1999;
Horikawa et al., 1998; Backsch et al., 2001 respelg). However, chromosome 3
had no repressive effect in the present study whesmas transferred into PC-3 cell
line. MMCT of chromosome 10 and chromosome 4 in®-3cells were also
comparatively ineffective in repressing telomeragen though chromosome 10 was
reported to have repressed telomerase activity imepatocellular carcinoma
(Nishimoto et al., 2001) and chromosome 4 in a icatvcarcinoma cell line
(Backsch et al., 2001). These findings supporttieory that not all the tumours
have the same defective gene that regulates tedmmeactivity (Oshimura and
Barret., 1997) and that telomerase repressors reagubject to inactivation in a

tissue specific manner (Tanaka et al., 2005).

A more forward approach towards identifying teloaser repressor gene(s) located
on a normal human chromosome is to meaduieRT, the catalytic subunit of
telomerase. In order to identify repressor sequenteat mediate hnTERT
transcription, | adopted the method reported byaose collaborators Ducrest et al
(2001). They had previously shown a substantial memofhTERT RNA transcripts
that had mainly retained intron 2, were presentusieely in telomerase positive

cells and the level of this immature nucldarERT correlated with telomerase
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activity. Furthermore, transfer of normal humanochosome 3 into 21NT, a breast
cancer cell line completely abolished the expressidmmature endogenotldERT

in cells that were ectopically expressing HI&RT gene. In my study, | have shown
hybrid clones generated by the individual transfenormal human chromosomes 3,
8, 10, 13 and 17 into PC-3 cells transfected witthBERT cDNA plasmid construct
did not effectively repress immature endogendd&RT, in marked contrast to
hybrid clones constructed by the transfer of hurtlmm@mosome 11 into PC-3 cells
that were ectopically expressingTERT. These results further substantiate the

involvement of genes located on chromosome 1llomigrase repression.

To further localize the telomerase repressor regiorcthromosome 11, | employed
the XMMCT technique to randomly fragment whole echosome 11 prior to fusion
into the recipient cells (Dowdy et al., 1990). Tddvantage of this technique is that it
can generate a variety of hybrids in which thediaited transferred chromosome can
range from simple interstitial deletions to complearrangements resulting in a
mixture of repressed and segregant hybrids aneftirer | thought it would prove to
be highly useful in fine mapping the region of ne. Perhaps an even more
effective method of isolating the telomerase reswesegion may have been a
technique where the donor chromosome is truncateat po transfer into the
recipient cell line, as specific regions on thegéarchromosome can be removed
using homologous DNA sequence (Abe et al., 201Qwe¥er, this technique
requires previous knowledge of the regions that bantruncated on the target
chromosome and since th&ERT repressor in my study could be located anywhere

along chromosome 11, | could not utilize this teghs.
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Use of arm-specific chromosome paints identified transferred chromosome 11
fragment as an independent entity in the highlyesepedhTERT hybrids. To show
that thenTERT repressive effect was due to the transferred chsome 11 fragment,

I made use of the HyTK selectable marker on thgnfient. Reverse selection of the
HyTK marker hence the transferred fragment fromaadomly selectechTERT
repressed hybrid was achieved by treating the eétts ganciclovir (GCV). | have
convincingly demonstrated that the loss of the rfragt from hybrids, shown by
chromosome painting, was accompanied by elevatesisleof endogenousTERT
expression comparable or exceeding those in thenpdC-3/hTERT cells, this

confirmed the presence of BMERT repressor sequence on the fragment.

Using a novel approach in an effort to locate I&RT repressor, | generated
heterospecific hybrids by transferring BRFERT repressed fragment from human PC-
3/hTERT cells back into mouse A9 to allow fine miagpof the fragment with STS
markers. From my STS map, | made use of the DNAatirans observed in the
resulting human: mouse A9 monochromosomal hybndgdsforming another round
of MMCT of carefully selected clones (fragmentsxlanto PC-3/hTERT cells.
DNA sequence, common to the fragments that repildsBeRT transcription led to
the identification of three small regions on thargq: of chromosome 11 as the
location of hTERT repressor sequence. The fact that all the fraggnessted for
hTERT repression were positive was a disappointment. Dindy plausible
explanation for this is that tH&F'ERT repressor sequence by chance lies in very close

proximity to the HyTK selectable marker.
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In my study, the genes of interest on 11q inclieMEN1 andEST genes located at
11913 and 11g23.3 respectively, both implicatedTBRT transcriptional repression
(Lin and Elledge, 2003; Dwyer et al., 2007), welimmated because they fall out of
my three candidate regions. Dahiya et al (1997pnted four deleted regions on
chromosome 11 in microdisected prostate carcinassad. However, it is unlikely
that any of the four regions are of interest as oivthe deletions are on 11p and the
other two are at 11922 and 11g23-24, both of whisl fall outside my candidate
regions. There are no known tumour suppressor genesy candidate regions;
therefore possible candidate genes, based onkhewn or predicted functions as
published on the NCBI website, were tested foredéhtial expression in a panel that
consisted of a mixture of hybrids that had représaed non-repressedTERT
transcription. Thus far, 1 have been unable to tiflera gene from my list of
candidates that is expressed in the repressedobun the non-repressed hybrids, in

my panel.

Studies have shown that remodelling the chromatincture at either th@TERT
gene or its promoter may play an important roletsnregulation (Szutorisz et al.,
2003; Wang and Zhu, 2003). Concurrent work on tleadt project in our laboratory
has identifiedSETD2, a histone methyltransferase located on chromosgpnas a
strong candidatenTERT transcriptional repressor. SimilarhKAT5, a histone
acetyltransferase in my first candidate region ddhérefore be a plausible candidate

for repressindnTERT expression in a prostate cancer cell line.
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In our laboratory, recent work performed on theaBtecancer cell lines 21NT and its
telomerized sub-line, 21NT/hTERT, transfected vwBETD2 plasmid construct, has
shown an inverse relationship betwegfilD2 and endogenouSTERT expression
levels i.e. results have shown that hybrids thgiressed high levels d8ETD2
expressed low endogenobt3ERT levels (Roberts et al., in preparation). Further
functional analyses are required to confirm thadigl of SETD2 involvement in
hTERT repression. However, preliminary data from theabtgroject makekKAT5 a
very credible candidate in my study since the pbdiga of locating histone
modifying genes in relatively small regions of battrvomosomes 11 and 3 in two
completely separate mapping exercises in diffexit lines would be remote.
Identifying thehTERT repressor sequence in either case may provide temgariues
to the mechanism that regulates telomerase acthibugh transcriptional repression

of hTERT.
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Summary and conclusion

| have performed a novel and an in depth studynireféort to identify and locate a
telomerase repressor sequence involved in prostateer by using genetic
complementation. Firstly, | identified chromosome ds possessing a telomerase
repressor sequence by carrying out TRAP analysihyrids generated by the
individual microcell transfers of normal human am@somes into PC-3 cells.
Secondly, | identified chromosome 11 as possesaimndhTERT transcriptional
repressor sequence, using the real-time qRT-PCRanetn hybrids generated by
the transfer of normal human chromosomes into 8R€H line that was ectopically

expressindiTERT cDNA.

I have successfully narrowed down the region oérggt on chromosome 11 by
employing the XMMCT technique. | have convincinglgmonstrated that reverse
selection of chromosome 11 fragment with GCV treattof a randomly selected
gamma irradiated hybrid, that expressed very lovelk of immatureendogenous
hTERT, generated clones in which th€EERT mRNA levels were comparable to (or
higher than) those observed in the parent cell liine loss of the fragment, resulting
in elevated levels ohTERT transcription, strongly suggested the presencthef

repressor sequence on the fragment.

The use of molecular and cytogenetic studies hagipaly identified three small
regions on the g-arm of chromosome 11 as beinggttandidates where th&d ERT
transcriptional repressor may be located. Our bolators at ICR, Professor Colin

Cooper's team, also independently identified twayiors on the g-arm of
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chromosome 11 as possessingifERT repressor sequence by using CGH analysis
and microarray technology on my samples. Therefooe) this study | can conclude
that the location of thBTERT repressor sequence involved in prostate canaem is

the g-arm of chromosome 11.

The NCBI website listed 50, 14 and 3 genes in mst,fsecond and third candidate
regions respectively. The most plausible candidatee that | have identified, in my
first region, isKAT5, a histone modifier. It's credibility as a potethTERT
transcriptional repressor is based on the recestification of SETD2, (another
histone modifying gene) as a probable repressdiT&RT transcription in breast

cancer cell lines in our laboratory.
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Future work

KAT5, a histone modifying gene- a candidateTERT repressor

| have identifiedKAT5, a histone modifying gene belonging to the MYShifg of
HATS, as a plausible candidate for repres$ihgRT transcription. If continuing the
project, | would measure the expression levelKAf5 in my panel ofhTERT
repressed and non-repressed hybrid clones. If érgbd differential expression of
KATS in the two sets of hybrids then the next step Wdid to examine the function
of KATS5 by cloning it into an appropriate expression veetad transfecting the gene
into the PC-3/hTERT cell line. The expression lsvef KAT5 and endogenous
hTERT would be measured by real-time gRT-PCR in theltieguhybrid clones. If a
significant number of clones expressed high legélsATS and low levels ohTERT
then KAT5 could be investigated further for its involvememthTERT repression.
Further confirmation oKAT5S’s involvement would be verified by knocking dows i
expression by using small interfering RNAs (siRNABat specifically target the
MRNA transcript. Finally, expression and the suait integrity of the gene would

then be investigated in prostate carcinoma tisadecall lines.

If KAT5 is not anhTERT repressor

In the event of not observing repressionh®ERT in the KAT5 transfected clones,
several different approaches could be employeddémtify the hTERT repressor
sequence. By using the NCBI database | could fuitheestigate the genes in the
three candidate regions that | identified (TablE).9There are over 50 genes in the

first candidate region. Genes that may possiblinielved in telomerase regulation
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i.e. cell cycle regulators; senescence and apapttsiwould be investigated in the
first phase of the study. If a selected gene isgmeon the human chromosome 11
fragment then the expression profile of that geoald be investigated in my panel

of hTERT repressed and non-repressed clones.

Transfer of a fragment from an hTERT non-repressed clone back into A9

Another approach that could be adopted in locatie$hTERT repressor sequence on
the fragment would be to transfer the chromosomé&adment from one of the non-
repressedthTERT clones in the human PC-3/hTERT cells back intocABs for fine
structure mapping. Prior to transfer, | would néz&now if the fragment exists as a
discrete entity or if it had translocated onto &aeothuman chromosome. Transfer of
a discrete fragment into A9 would favour fine maggpof the resulting clones with
STS markers. Loss of markers (loci) in the clone®gared with the original parent
clone would together further pinpoint the probableation of thehTERT repressor.
As a start, | have already used chromosome paii(EitgH) to analyse all the non-
repressed hybrids and selected a panel clones Wwhbioh the fragment can be

transferred into A9 cells.

Single-nucleotide polymorphism (SNP) genotyping

A recently developed technique called single-nualeo polymorphism (SNP) is

increasingly being used for identifying gene(s)oassted with a variety of diseases.
This technique makes use of the fact that SNPstlemost common form of

sequence variation, approximately occurring in base pair in a thousand when
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alleles from two chromosomes are compared. SNPstalde genetic markers and
over a million SNPs are available for genotype istsidn humans. It would be
possible to use this technique to look for SNP®un hTERT repressed and non-
repressed clones. | would initially be interestedanalysing only the long arm of
chromosome 11 for SNP in the regions independeatdfined by us and Professor
Cooper’s team as the region where tH&RT repressor may be located. A number
of SNP markers spanning the regions on the g-arrehodmosome 11 would be
selected and any differences in the marker coriietween the two sets of samples

may again further refine localization of th€ERT repressor sequence.
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Appendix

The MMCTs performed in this study and the nomenclatire used for the
generated hybrid clones

Hybrids generated from the transfer of normal hutomosome 11 in telomerized
PC-3 (PC-3/hTERT) cells were symbolized as PC-3RTé&hrll, followed by the
clone number, i.e. PC-3/hTERT/chr1l1.1, PC-3/hTERMt.2 etc.

l

Hybrids generated by the transfer of fragmentedeftgyosing microcells containing
whole chromosome 11 to 25G gamma radiation) chromes11 prior to fusion in
PC-3/hTERT cells were symbolized as PC-3/hTERT#thrfollowed by the clone
number, i.e. PC-3/hTERT/fchrl1.1, PC-3/hTERT/fch®létc.

l

Clone 1 from PC-3/hTERT/fchrll (PC-3/hTERT/fchr)1Hybrid was selected
randomly to be treated with GCV. l

Reverse selection of the fragment from PC-3/hTEEFA1.1 confirmed the
presence of amTERT transcriptional repressor sequence by quantitatead time
RT-PCR and FISH. Therefore, PC-3/hTERT/fchrll.1 imasstigated further.

l

The PC-3/hTERT/fchrll.1 hybrid was next transferirgd A9, to generate hybrid
clones for fine STS mapping. The resulting hybmase symbolized as A9/fchrll.1
followed by the clone number, i.e. A9/fchrl1.1.19/#&shr11.1.2, A9/fchrl1.1.3 etc,
in 22 clones that were collected.

Selected hybrids clones from the STS map i.e. A@lft.1.4, A9/fchrll.1.9,
A9/fchr11.1.13 etc were individually transferredckanto PC-3/hTERT cell line.
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The hybrids generated, for example from the transfe A9/fchrl1.1.9 were
symbolized as PC-3/hTERT/fchr11.1.9 followed by tiene number, i.e. clone 1
was designated PC-3/hTERT/fchrl1.1.9.1, clone 2 wadasignated PC-
3/hTERT/fchr11.1.9.2 etc.

The hTERT repressed and non-repressed hybrid clones gedeogtehe selected
individual transfers of the fragments from mouse @9Is back into human cells

were used to construct a panel in which the gehageryest could be tested.
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