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ABSTRACT

Hypoxia, a common feature of solid tumours, is asged with poor prognosis, a more
aggressive tumour phenotype and therapeutic rasistd umour hypoxia induces changes
in the chromatin structure, with induction of thetdrochromatin mark H3K9me3
frequently observed. The upregulation of H3K9me3s vadoserved with co-incidental
upregulation of the methyltransferase Suv39H1 ireeh(FTC133, U87 and HCT116)
different cancer cell lines exposed to hypoxic e¢bods (0.1% Q). Thus, it was
hypothesised that Suv39H1 was a candidate forrthmeéthylation of H3K9 and the first
part of this study was focused on investigating gb&ential regulatory mechanisms. RT-
gPCR analysis showed no changes in the levels\ 83l mRNA in hypoxia suggesting
a post transcriptional regulation mechanism. Irdrhiypoxic conditions (£>1%) the cells
failed to induce H3K9me3 and Suv39H1. However,ttnemt with proteasome inhibitor
MG132 in mild hypoxia induced Suv39H1 upregulatisanggesting the involvement of the
proteasomal pathway in the regulation of Suv39kdbility in hypoxia.

Under normal oxygen conditions Suv39H1 is degraded MDMZ2 dependent
ubiquitination, which is blocked by the protein tdirHowever, the levels of Sirtl were
highly downregulated and MDM2 protein levels weraimtained following hypoxic
exposure. It has been previously reported that A3 llctivated in response to hypoxia and
negatively regulates MDM2 activity in response tdAdamage. To test the involvement
of ATM and MDM2 in regulating Suv39H1 levels in hypa, the ATM specific inhibitor
(Ku55933) was used together with MDM2 knockdown emdormal oxygen conditions
and hypoxia. As predicted, highest levels of SuvBAMere observed when ATM is
catalytically active (hypoxia) and MDM2 inactivenckdown). The results of this study
indicate an important role that ATM has in reguigtichromatin structure in response to
stress conditions, such as hypoxia, through reignlatf MDM2.

As ATM plays a crucial role in the hypoxia inducBNA damage response, the second
part of this study was focused on uncovering ATMivation in hypoxia. It has been
previously reported that the acetyltransferase Tip6 involved in ATM activation in
response to DNA damage. However, if Tip60 playsok rin the hypoxia induced
activation of ATM hasn’t been tested to date. Idesrto do this a Tip60 specific inhibitor,
TH1834, was used. FTC133 and HCT116 cells werdeteaith TH1834 under hypoxic
conditions and the levels of the catalytically aetiform of ATM were assessed by
Western blot and IF. The obtained results showedkear involvement of Tip60 in the
hypoxia induced activation of ATM. Finally, as thetivation of ATM in hypoxia has been
related to S-phase arrest, the cell cycle distivbubf FTC133 and HCT116 cells were
analysed by FACS. The result showed that ATM atitvain FTC133 cells seems
independent of S-phase arrest.

Heterochromatin is suggested to be important faceacell survival. This study proposes
that ATM is involved in maintaining the heterochratio state under hypoxia. ATM is an
extensively researched target for anticancer tlyer&pus, uncovering this mechanism
enables new insight into targeting hypoxic tumaaltsc
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1. INTRODUCTION

1.1. CANCER

Cancer is defined by the National Cancer Insti{€l) as “A disease in which abnormal
cells divide uncontrollably and are able to invateer tissues” [1]. Cancer forms tumours
inside a specific organ but can also invade otheispf the body (i.e. metastasise). Cancer
iS not just one type of disease but many typessdasdes that can vary from one patient to
another. Even inside a tumour there are molecutar ricroenviromental differences

between different regions of the tumour (i.e. intraoral variation) [2].

In spite of these differences, every cancer cdl tertain characteristics that distinguish
them from the non-malignant cells of the same &sdlhese characteristics are known as
“Hallmarks of Cancer”. In 2000 Hanahan and Weinhangposed six hallmarks of cancer
in order to help provide a logical framework fordenstanding this type of diseases. These
six “Hallmarks of Cancer” were defined based onttieory that cancer arises as a result of
the accumulation of specific mutations: mutatidmsttiead to a gain of function in genes,
known as oncogenes, and mutations that abolishdah®aal functions of genes, known as
tumour suppressors. These mutations need to occuweitain pathways involved in
processes such as: proliferation, angiogenesiftagis, invasion and metastasis [3]. The
same authors, in 2011, published a follow-on a@ticlwhich they described two additional
hallmarks that were not present in the first pudilan. These eight hallmarks of cancer are
the following: self-sufficiency in proliferative gmalling, disruption of mechanisms that are
involved in anti-growth signalling, tissue invasi@amd metastasis, limitless replication
potential, induction of angiogenesis, ability toade cell death, deregulation of cellular
metabolism and energetic pathways, and the capsexigvoid immune destruction. The

eight hallmarks of cancer are illustrated in Figlre [4].
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Self-sufficiency
in Proliferative

Signalling
Evading Limitless
|mmun'e Replication
Destruction Potential
Hallmarks
of Cancer Evading Growth
Suppressors
Induction of Evading Cellular
Angiogenesis Death

Tissue Invasion
and Metastasis

Figure 1.1. Hallmarks of Cancer. Adapted from [4]

1.2. TUMOUR HYPOXIA

Disturbed cell proliferation and angiogenesis aafinfarks of cancer. In solid tumours

high proliferation rates as well as aberrant angnasis leads to a reduction in the normal
levels of oxygen [5]. Normal oxygen levels insidéssue are around 2-9% (40 mmHg on
average). When the oxygen concentratiorx i2% or< 0.02% the tissue is considered
hypoxic or anoxic respectively [6]. As a result alferrant angiogenesis and rapid cell
proliferation, the oxygen levels inside a tumowe @ery variable and dynamic [2]. In order
to adapt to hypoxic conditions cancer cells undergariety of biological changes that are
associated with poor prognosis and more aggressiveur phenotype. Hypoxia is a

driving force behind genomic instability, which dsnsidered another hallmark of cancer
[2, 7] and it has been associated with radio arnginth resistance. Hypoxia-inducible

factor (HIF-1) is a transcription factor that is/@ial in the cellular response to oxygen

depletion [5].
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1.2.1. HYPOXICINDUCIBLE FACTORS

Hypoxia inducible factors are key players in thgutation of the cellular response to low
oxygen concentration. HIF-1 is involved in the redgion of more than one hundred
different genes implicated in cellular metabolisangiogenesis, erythropoiesis,
differentiation, apoptosis, cell survival, growthactor signalling, pH regulation, vascular
tone, genetic instability, invasion and metast§8js9]. HIF-1 was first identified as a
crucial regulator of the expression of erythropaigEPO) in response to low oxygen
concentration [10]. Since then it has been fourad HiF-1 can bind to the promoters of a
wide range of different genes associated with #iellar response to hypoxia [11, 12].
HIF-1 is a heterodimer transcriptional factor cosga of alpha and beta subunit (kIF
and HIR). These two proteins contain the PER-ARNT-SIM (PA8main, and belong to
the family of basic helix-loop-helix (bHLH) transgption factors. HIF is a constitutively-
expressed aryl hydrocarbon receptor nuclear treagdo (ARNT) protein that is not

responsive to cellular oxygen levels.

The HIFwo subunits are regulated by hypoxia. There are tdiferent isoforms of the
HIF-a subunit (HIF-k, HIF-2a and HIF-31) that are coded in different geheci, and
regulated by different promoters. Hlle-land HIF-2w share a similar structure and are
regulated in a similar manner: both of them argemilio oxygen dependent degradation
[13]. HIF-1a is present in all types of tissues; while the espion of HIF-2, also known
as EPAS (endothelial PAS domain-containing proi8jris more tissue specific. The HIF-
la and HIF-2r subunits share common targets but also can regtitat expression of
specific genes in different types of cells [14] eTphysiological role of the HIFe3subunit

is less clear, but the alternatively spliced isofaof this protein, called inhibitory PAS
domain protein (IPAS), can bind to any alpha submhibiting the formation of the active
HIFo/p transcriptional factor. It seems that the expmssf IPAS is also upregulated
under hypoxia, and results in a negative feedbasthanism in the HIF pathway [15].

HIF-a subunits are constitutively expressed in all ¢dlls have half-lives of less than 5
minutes under normal oxygen conditions. In normaglgen conditions HIF: undergoes
hydroxylation in two specific proline residues (R¥05 and Pro 564 within HIFel Pro
405 and Pro 531 within HIFe inside the oxygen dependent degradation domain
(ODDD). This hydroxylation is mediated by prolyldrpxylase domain enzymes (PHDSs)
[16, 17].
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HIF-a hydroxylation is recognised by the von Hippel-Llandprotein (pVHL), which is
part of the E3 ubiquitin ligase complex. Hydroxytat of HIF-o thereby triggers
ubiquitination and proteasome degradation. Undgyokig conditions, activity of the
hydroxylase enzymes is inhibited, HifHs stabilised and translocated to the nucleus avher
it forms the active HI&/p (HIF-1) transcriptional factor that recognises didds to a
pentanucleic sequence [5-(A/G)-CGT(G/C)-3] of thgpoxia response elements (HRE)
within the target genes. HIF-1 is involved in regulg the expression of a large variety of
genes [12, 17, 18].

Additionally to an oxygen dependent pathway HIFah @lso be regulated in an oxygen-
independent manner. HIF-1 expression can be indogezhcogene signalling, mutations
in tumour suppressors (i.e VHL), growth factordfedent hormones, cytokines and the
phosphatidylinositol 3-kinase (PI3K)/Akt pathwaysa@lplays an important role in HIF-1
regulation [19-21]. Further, phosphatidylinositotkiBase-related kinases (PIKKs), a
family of Ser/Thr-protein kinases with sequenceilsirity to PI3Ks are also part of the
HIF-1 signalling pathway [2, 22-27].

1.2.2. CONSEQUENCES OF HYPOXIA ON TUMOUR CELLS AND ITS CLINICAL
RELEVANCE
Tumour hypoxia is associated with low survival arndh incidence of metastasis [28].
This is mainly related to two factors: hypoxic selire more resistant to chemo and
radiotherapy and hypoxia helps to develop more esgive phenotypes and promote

genetic instability [29].

Hypoxia induces a set of events at cellular leteistly, it activates HIF-1 signalling

pathways that can aid the development and surdyatumours. Processes such as
angiogenesis, metastasis, proliferation, migrationetabolism, apoptosis and drug
resistance are regulated by HIF-1 [8, 18, 30, B1f-1 target genes are involved in a wide
variety of pathways. An example of HIF-1 target @gand their role in cancer is outlined

in Figure 1.2.
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Figure 1.2. Examples of HIF-1 target genesinvolved in cancer progression. Adapted
from [32]

Secondly, hypoxia can inhibit genes involved in Bi¢A damage repair pathways such as
the mismatch repair (Msh2 and Msh6) and Nijmegesakeige syndrome 1 (Nbsl), a
protein involved in DNA damage response (DDR), iHI&-1 dependent fashion [33, 34].
The correlation between HIF-1 and DDR is very ca®rpRecent evidence suggests that
HIF -1 regulated pathways are interconnected withsphatidylinositol 3-kinase-related
kinases (PIKK) family of proteins. The principal meers of this family of proteins are:
ataxia telangiectasia mutated (ATM), ataxia telao@isia-Rad3 related protein (ATR) and
protein kinase catalytic subunit (DNA-PKcs) [2, 23, 26]. PIKK proteins are the leading

initiators and regulators of the DNA damage respof&5].

Thirdly, it is well-known that increased radio-r&since is associated with tumour hypoxia.
Molecular oxygen is essential to “fix” the DNA dageinduced by radiation and without
oxygen you have less DNA damage [36, 37]. In additb conferring radio-resistance on
tumour cells, hypoxia induces the activation obaiety of biological pathways that makes

hypoxic cells harder to target using chemother&ay. [

Finally, recent literature increasingly suggestatthypoxia induces epigenetic events
required to initiate the hypoxic response and atsontain the post hypoxic phenotype

[39]. These hypoxia induced changes in the chromstiucture can lead to different
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cellular outcomes such as the induction of the DDesistance to chemotherapy,
repression of gene expression, heterochromatinatom and shift in the cell cycle [22,
40].

1.3. CHROMATIN STRUCTURE

The nuclear DNA of the eukaryotic cell is organised complex and dynamic structure
known as chromatin. The chromatin is composed ofADENd many proteins.
Nucleosomes are the basic units of chromatin. Nisdmes are composed of 147 base
pairs of DNA wrapped around an octamer of histoiiég core histone octamer is formed
by two copies of four different histones: H2A, H2B3 and H4. The nucleosomes are
linked together by stretches of linker DNA and &nkhistones such as H1. The
arrangements of nucleosomes are further compagctedsecondary and tertiary structures

that form the higher order of chromatin [40, 41].

Depending of the level of compaction the regionslafomatin can be divided in two:
euchromatin and heterochromatin. Open, less compagions of chromatin are called
euchromatin. Meanwhile closed and more compacbnsgof chromatin are considered to
be heterochromatic. Generally, lower levels of canotipn are associated with active gene
transcription and a more compact conformation ofoetfatin is associated with gene

repression [42].

Changes in chromatin structure are dictated byesgptic modifications and are essential
for the majority of cellular process. The main epigtic mechanisms responsible for
regulating the level of compaction of chromatin @BA methylation and the post-
transcriptional modification of histones [40]. DN&an be methylated in repetitive
sequences of CpG nucleotides found in genes bot ialggene promoters [43]. DNA
hypermethylation is usually associated with gefensing. On the other hand, DNA

hypomethylation is associated with gene expredgiéh

Post-transcriptional modification of histones ie flastest way of changing their function.
Histone post-transcriptional modifications are dew& modifications that can affect
chromosome structure and function. Histones carplbesphorylated on threonine or
serine, methylated on arginine or lysine and aat#gl or sumoylated or ubiquitinated on
lysine residues. Histone modifications usually @con the N-terminal tail of the histone
that hangs from the nucleosome which makes themesailie from its surface [45].

Histone modifications can regulate the levels abatatin compaction and accessibility in
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different ways. Some of these post-transcriptionaddifications can directly affect
nucleosome interaction and subsequently chromatmpection [46]. In addition to the
direct effects, histone modifications can act iaedily by recruiting different proteins that
are involved in blocking the access of remodelloanplexes or influence chromatin
interaction with transcription factors or chromatmodifiers [47, 48]. The best studied

histone modifications are histone acetylation aistbhe methylation.

Histone acetylation occurs at lysine residues adising the positive charge of the N-
terminal tail, thereby decreasing its affinity fddNA and altering nucleosome
conformation [49]. Additionally, acetylated histeneare binding sites for specific
bromodomain containing proteins and can enhancéitiging of transcriptional factors
[50]. The enzymes responsible for regulating histoacetylation are the histone
acetyltransferases (HATs) and histone deacetyl@3B\Cs). Generally, acetylation of
histones, by HATS, correlates with active trandarip and the removal of acetyl groups,

by HDACSs, with transcriptional repression and hetéromatin [40].

Histone methylation alters histone hydrophobic basdic properties, changing the affinity
for diverse proteins [51]. Histone methylation isinly associated with heterochromatin
but can also be found in euchromatic regions [92je dynamic regulation of histone
methylation is very important for a variety of c#élr process involved in development;
ageing and tumour progression. Two main groupshafmes are responsible for the fine
tuning of this post-transcriptional modification:istone demethylases and histone

methyltransferases [51].

There are two different families of demethylasest tan remove the methyl group from
the lysine residues. These are the jumonji C (Jm§idjnain containing, iron dependent
dioxygenases and the amine oxidases [53]. Meanwthiéeaddition of the methyl group
can be catalysed by three families of enzymes. DBd1-like proteins and the SET-
domain containing proteins are capable of methydalysines and proteins of the arginine

N-methyltrasferase family have been shown to matkydrginines [51].

The structure of the chromatin with some of thespme histone modifications are

represented in Figure 1.3.
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Figure 1.3. Chromatin structure and posttranscriptional modifications of histones.
Adapted from [52] and [54]

1.3.1. HISTONE METHYLATION
Histone methylation is an important post-transaipdl modification that can result in
both active and inactive chromatin states [40].tbties can be methylated at specific
arginine (R) or lysine (K) residues: this event rodpes the level of compaction of the
chromatin [55]. Lysine residues can be monomethdlaimel), dimethylated (me2) or
trimethylated (me3) on theie-amine group. Meanwhile, arginine residues can be
monomethylated, asymmetrically dimethylated (me®a)symmetrically dimethylated
(me2s) on their guanidinyl group. The location e methylated residue on a histone and

the degree of methylation has been associateddifférent cellular outcomes [51].

One of the best studied methylation events is tie¢hyhation of histone 3 on lysine 9
(H3K9). H3K9 can be monomethylated, dimethylatedtrimethylated. Each of these

covalent modifications has very distinct distrilomtiand function. H3K9mel is mainly
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found at the transcription site of active genesaMehile, the di- and tri- methylation of
K9 of histone 3 are mainly found in the heterochatimregions of the genome and are

more often associated with gene silencing [56, 57].

Recent genome-wide mapping studies have showrHBi&®me3 is not only important for

the formation of constitutive heterochromatin bigsbgplays an important role in cell-type-
specific regulation of facultative heterochromd88]. It has been proposed that H3K9me3
has a protective effect on repetitive gene clugter$ and plays an important role in the

DNA damage response pathway as well as in reggla®3 transcription activity [59, 60].

Different levels of methylation of K9 of histoneaBe catalysed by members of the SET-
domain family of methyltransferases. The mono- didnethylation is usually associated
with the action of the methyltransferase G9a and-B& protein 1 (GLP). Meanwhile the
methyltransferases SET Domain Bifurcated 1 (SETDBhd the related enzymes
Su(Var)3-9 Homolog 1 and 2 (Suv39H1 and Suv39Hpeaetvely) contribute to the di-
and tri- methylation of H3K9 [57].

1.3.2. SET-DOMAIN PROTEIN LYSINE METHYL TRANSFERASES
The SET- domain family of proteins is a group ddibe methyltransferases involved in
adding methyl group to the lysine of histones aod-histone proteins. This family of
enzymes contains an evolutionary conserved SET uothat was first characterised in
Drosophila melanogaster [61]. Based on the sequence homology this fanfilgroteins is
further classified into subfamilies including: SETRET2, PRDM, SMYD and Suv39 [62].

The Suv39 sub-family includes the euchromatic histtysine N-methyltransferase 2
(EHMT2) also known a$59a, GLP, Suv39H1, Suv39H2, SETDB1 and SETDB2. This
sub-family of proteins are involved in transferriagmethyl group from S-adenosyl-L-
methionine toe-amino group on lysine residues of target protd6®. As previously
mentioned, G9a, GLT and SETDB1 are involved in tatalysis of H3K9mel and
H3K9me2. SETDB1 when associated with the human thagnof mAM (mAM/hAM), a
murine ATFa-associated factor, which can also foans H3K9me2 to H3K9me3.
Meanwhile, Suv39H1 and Suv39H2 preferentially kim¢H3K9mel to catalyse H3K9me?2
and H3K9me3 [57]. It has been shown that Suv39HR, GLT and SETDB1 can co-exist
in the same complex and that its stability is iim&ed [64].

Suv39H1 is a nuclear protein involved in regulato@ll cycle progression, differentiation

and senescence [65]. Suv39H1 is implicated in théSGransition by associating with
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Retinoblastoma 1 (Rb1) protein and repressing ¢rgution of cyclins such as Cyclin E
and Cyclin A2 [66]. In response to various stimimé cell can enter a non-proliferative
state such as senescence. Suv39H1 plays a crot@alnr the formation of senescence
associated heterochromatin foci (SAHF). SAHF arearatteristic heterochromatin

structures that are involved in repressing genadved in proliferation [67].

Similar to Suv39H1, G9a is a nuclear protein. Hosve\G9a has a positive role in
proliferation. G9a is involved in repressing theeession of cell cycle inhibitors such as
p21 and Rb1. G9a can actively induce the expressi@yclin D1 by interacting with the

acetyltransferase P300/CBP-associated factor (P@3§f) Contrary to G9a and Suv39H1,
SETDB1 shows nuclear as well as cytoplasmic loaatia [69]. SETDB1s role in

proliferation is cell dependent. It has been shawat SETDB1 induces S-phase in
myoblasts [70]. However, another study showed 8ETDB1 represses proliferation by

inhibiting the E2F1 promoter iMus musculus teratocarcinoma cells [71].

Aberrant histone methylation is linked to some depmental disorders and human
diseases such as cancer [51, 65]. Consistent watlinvolvement in repressing genes
involved in proliferation, Suv39H1 is considereduanour suppressor. Suv39H1 activity
and stability is regulated by post-transcriptiomaddifications. An example of this is the
negative effect that Pin1 dependent phosphoryldtemon Suv39H1 stability. It has been
shown that Pinl can phosphorylate Suv39H1 on Santbthat this modification marks
Suv39H1 for ubiquitin mediated degradation. Pinpedelent degradation of Suv39H1
promotes CyclinD1 upregulation and tumour progeesgv2]. On the other hand, NAD-
dependent protein deacetylase sirtuif®ittl) increases Suv39H1 stability by inhibiting it
polyubiquitination and subsequent mouse double taiuhomolog (MDM2) dependent

degradation and thus maintaining genome stabifig}.[

However, G9a and GLP expression is upregulatedamows types of cancer. G9a is
involved in tumour progression mainly by negativedgulating tumour suppressors or by
activating oncogenes [74]. For instance, silen@n@s9a in colorectal carcinoma is co-
related with increased DNA damage resulting in gplation of p21 and other senescence

markers [75].

The part that SETDB1 plays in tumourigenesis is lasderstood. It seems that most of the
effects that SETDB1 has in cancer cells are depgnoie p53 [65]. A number of studies

showed the important role that SETDB1 has in liwarcinogenesis. In liver cancer cells,
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SETDB1 is involved in regulating p53 stability. SBEB1 can methylate p53 at Lys 370,
which leads to p53 stabilisation and proliferatibmthis type of cancer cell, p53 undergoes
a specific gain of function mutation (R249S) thatlew the mutant protein with a new
function involved in cell growth. SETDBL1 is overegpsed in liver cancer cells and its
silencing induces a G1 cell cycle arrest and subsatty a decrease in proliferation rate of

cancer cells [76].

Lysine methyltransferases are critical determinatgell fate decision and cell cycle.
Hence they have emerged as important players icecgrogression. Since these enzymes
are reliant on S-adenosyl methionine as a cofath@iy role in linking metabolism to
tumourigenesis is important [65]. Hypoxia is a kmokactor in regulating cell metabolism.
Recent studies have shown that hypoxia is alsolvedoin inducing different types of
post-transcriptional histone modifications that ¢@éd to the induction or repression of a

wide range of genes [39, 40, 77, 78].

1.3.3. HYPOXIA INDUCED CHANGESIN THE CHROMATIN STRUCTURE
It has been suggested that chromatin acts as ajenxsensor and an active component of
the hypoxic response, but the effects of low oxygenditions on chromatin structure are
still poorly understood [13, 78].

In order to respond to hypoxic stress the cellslage induce or repress the expression of a
wide range of genes. This is achievable by indueirsgt of epigenetic events on a local
and global scale. Hypoxia induces local epigengtignges on HIF-1 target genes. Local
epigenetic changes include increased histone atetyl and decreased histone
methylation on the promoters of HIF-1 target gef¥. Additionally, hypoxia induces
global epigenetic changes, including an increaseNé methylation, an increase in global
levels of histone methylation and a global reductia histone acetylation. This is
accomplished by the induction of HDAC, DNA methghisferases (DNMT) and histone
methyltransferases [39]. The hypoxia induced chanigethe chromatin structure are

summarised in Figure 1.4.
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Figure 1.4. Hypoxia induced changesin the chromatin structure. Adapted from [80]
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Hypoxic induction of some genes is dependent orstatius of methylation in histones at

HISTONE METHYLATION IN HYPOXIA

the gene promoter. A family of histone lysine/angén demethylases (JmjC) are direct
targets of HIF-1 and their demethylase activitydisectly regulated by the levels of

molecular oxygen, which makes them less active uhggoxic conditions [81, 82].

A range of global histone methylations has beeraletl in hypoxia which results in both
activation and repression of gene transcription.pdkya increases the levels of
H3K4mel/2/3 and H3K36me3 (associated with activatal transcription), increases

H3K9me2/3 and H3K27me3 (associated with repressaod heterochromatin) and
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decreases the levels of H3K27me4 (associated wjilession of transcription), [39, 55].
Recent studies have suggested that the inductidi36©me3 in hypoxia is associated
with p53-dependent apoptosis and the activatiohTdofl [22, 83].

It has been suggested that the induction of ATM asta tumorigenic barrier by inducing
p53-dependent apoptosis in early stages of camsai@pment and that hypoxia generates
a selective pressure for the inactivation of pS8ways [24, 83-86]. The mechanism by
which hypoxia induces the activation of the DDRhat fully understood. However, it has
been shown that hypoxia induced replication stesssvell as modifications in chromatin

structure, specifically H3K9me3, are related toahgvation of the DDR [22].

1.3.4. TARGETING EPIGENETIC FACTORS FOR CANCER THERAPY
In the last decade there have been a growing nuwifbstiudies regarding the epigenetic
regulation of cellular phenotype [44, 87]. In cancthe tumour cell is capable of
maintaining abnormal states of self-renewal, bgraig the normal state of the genome
and the epigenome [88]. Thus, epigenetic abnor@sldre involved in cancer initiation
and progression. This is exemplified by the numbérfrequent mutations in genes
involved in controlling the epigenome [89]. Congidg that epigenetic modifications are
reversible, there is a growing interest in usingyepetic therapies in order to reprogram

neoplastic cells towards a normal state.

Currently, epigenetic therapy mainly involves intobs of DNA methylation and HDAC
[87]. Azacitidine is an example of a DNA methylatiohibitor that is used for treating
myelodysplastic syndrome and chronic myelomonocigickemia [90]. Presently, this
drug is being tested for use in solid tumours [H1DAC inhibitors (HDACI) shift the
balance between acetylation and deacetylation sibhés. Lysine deacetylation is a key
element of abnormal gene repression in tumour ¢@8% The use of HDACI in cancer
therapy is currently under intense research andreety of HDACi are now in clinical
trials [87]. Suberoylanilidehydroxamic acid and sigeptide, are examples of US Food
and Drug Administration (FDA) approved HDACI useor ftreating cutaneous T cell
lymphomas [92].

As previously mentioned, appropriate regulationhiftone methylation is necessary to
maintain normal biological function. As such, lysimethyltransferases are being intensely
investigated as possible therapy targets [93]. €y inhibitors of the DOT1-like histone
H3K79 methyltransferase (DOT1L) as well as thebitbr for the lysine methyltransferase
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6, also known as enhancer of zeste 2 polycomb ssjwe complex 2 subunit (EZH2), are
in clinical trials for acute myeloid leukaemia (AMand mixed-lineage leukaemia (MLL)
respectively [94]. However, methyltransferases niayction synergistically in human
pathologies [64]. Furthermore, recent studies haemtified methyltransferase activity
independent functions of these enzymes [95, 96lisTla better understanding of their

mechanisms of action and regulation is crucialewetbp targeted therapies.

1.4. DNA DAMAGE RESPONSE PATHWAY (DDR)

Human cells are in constant contact with exogermmasendogenous factors that can cause
DNA damage. The frequency of DNA damage in humals earound one million lesions
per day. That is why the ability of the cell topead to damage by DNA repair is very
important for genomic stability, and is crucial angd the development of pathologies such
as cancer [97]. The most important factors that canse DNA damage are reactive
oxygen species (ROS), produced by cellular metabpland exogenous sources such as

ionising (IR) and ultraviolet (UV) radiation [98].

The cell can respond to DNA damage in three differays: repair, apoptosis or
senescence. This is dependent on the severity atdenof the DNA damage (e.g.
nucleotide dimers, single bases, single or doutoéend DNA breaks) [97]. There are five
main molecular pathways that can lead to DNA repaiismatch repair (MMR),
nucleotide excision repair (NER), base-excisionaredBER), non-homologous end-

joining (NHEJ) and homology directed or homologoeisombination (HR) [98-100].

Double-stand DNA breaks (DSB) are a lethal typdarhage that can cause a discontinuity
in the genetic code and the formation of abnormalctures [101]. DSB are the
simultaneous break of the phosphate backbone oftwlie DNA stands. DSB arise
primarily from stalled replication forks, but alsan be generated by direct contact with
exogenous agents such as IR or indirectly by tifecebf drugs like camptothecin, an
inhibitor of topoisomerase function, and by theiactof ROS that are produced during
aerobic respiration [101]. Cells that escape cetle arrest without repairing DSB will
eventually suffer mitotic catastrophe and die. Mitacatastrophe is the main cause of
cellular death induced by IR [101]. The cellulaspense to this type of DNA damage is to
rapidly recruit different types of proteins to tbleromatin (detailed below). Some of these

proteins are involved in DNA repair, while othergger the DNA damage check points
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that delay cell cycle progression and organise Digpair. Together these events are

known as the DNA damage response pathway [102].

In order to repair DSB the cell can undergo twdedént processes: NHEJ or HR [101].
NHEJ is the most important repair mechanism thaictsze through all cell cycle phases.
This type of DNA repair is an error-prone pathwasgttcan bind the DNA ends back
together without any regard of the DNA sequence 5. On the other hand, HR directed
DSB repair is only functional when a second copyhefgenome is present, through S and
G2 phases of the cell cycle, which makes it a égssr prone mechanism of repair [101].
The decision between NHEJ or HR during S and G@ejgendent on the regulation of
DNA-resection process and the chromatin structuiethylation and ubiquitination of the

chromatin play a very important, but still very plyaunderstood role in DNA repair [101].

1.4.1. PHOSPHATIDYLINOSITOL 3-KINASE-RELATED KINASES (PIKKS)
DDR is regulated by a family of phosphoinositid&iBase-related protein kinases. PIKKs
are primarily responsible for the transductionldd DNA damage response pathway [35].
The PIKKs that are involved in DDR are ATM, ATR abDdlA-PKcs [103].

DNA-PKcs is a 469 kDa kinase that plays not onlyiraportant role in the DNA damage
response, as ATM and ATR, but also in DNA repahisTenzyme is present in cells in the
form of an inactive monomer and is activated atdibe of DNA damage. DNA-PKcs is
recruited to the DNA damage by its interaction witle Ku70/80 complex. DNA-PKcs
binds at both ends of DNA break forming a hetenogric complex. The interaction
between the DNA-PKs bound to each break point ptemcepair, by forming a synaptic
complex that enables DNA end joining. As a resdlttlus interaction DNA-PKcs

undergoes trans-auto phosphorylation in 40 diffesées. [103].

ATR is a 300 kDa kinase that is only active throtiglhn S and G2 phases of the cell cycle.
ATR is activated indirectly by replication protetn(RPA) which is the protein that binds
to single strand DNA (ssDNA) that is generated raB&A resection during HR [103].
ATR plays an important role in the DNA damage resgoas well as in the initiation of
DNA replication [35]. ATR is activated in each Sgse of the cell cycle to repair damaged
replication forks and regulate replication of anidiring. When the replication of DNA
stops and DNA polymerase stalls, the mini chromasanaintenance helicase complex
(MCM) continues to unwind the DNA. This generates®NA which is coated by RPA,
leading to ATR activation. ATR activity is fundantahfor the viability of replicating
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cells. One of the most important targets of ATRheckpoint kinase 1 (Chk1), which is a
key component of the G2-M transition [35, 103, 104]

ATM is a 315 kDa kinase that is present in the ethe form of an inactive homo-dimer.
In order to be activated ATM needs to be phosplabed. ATM can undergo trans-auto-
phosphorylation (at Ser1981) to be released fragirtactive homo-dimer, but this auto-
phosphorylation is not sufficient for the full kise activity [105]. In the inactive
homodimeric form, the kinase domain and the intedwmain that contains Ser1981
residual of the neighbouring ATM molecule are botmgkther, preventing the binding of
another substrate to the kinase domain. Initial A@dMivation occurs within 5 minutes
after exposure to a radiation dose as low as 0,5MBich suggests that DNA breaks must
signal to ATM molecules at a distance in the ce\$M is an abundant mainly nuclear
protein. A high number of ATM molecules become dapiactivated (phosphorylated)
after even a small number of DSB. This suggestsAfi® doesn’'t have to bind directly to
the DSB to become activated, but rather DSBs somesignal to ATM that is not
localised to the damage site. Existing data suggest the initial step of ATM activation
is induced by changes in aspects of higher-ordemahtin structure [106]. When activated
ATM can phosphorylate a great number of proteictuning checkpoint kinase 2 (Chk2),
which is involved in regulating the cell cycle akBRAB-associated protein-1(Kapl) which

is involved in the regulation of epigenetic patteim order to promote DNA repair [42].

PIKKs have more than 700 target proteins inclugirgeins involved in DNA replication,
DNA repair, insulin signalling, RNA splicing, nonsse mediated decay, the spindle check
point, tumour suppressors, chromatin remodellingtotm spindle and kinetochore
proteins. One of the earliest events during DDRésphosphorylation of H2AX on Ser139
(formingyH2AX) by ATM, ATR and DNA-PKcs [104]yH2AX recruits mediator of DNA
damage checkpoint protein 1 (MDC1) to the sitehef DNA damage. MDC1 andH2AX
induce the recruitment of different proteins to DRA damage site which leads to the
generation of IR induced foci (IRIF). The DDR fastdhat lack an intrinsic affinity for
DNA accumulate in large nuclear aggregates that lsandetected by fluorescence
microscopy as IRIF [102]. A simplified summary bEtDNA damage response pathway is

presented in the Figure 1.5.
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14.1.1. Mechanismsof ATM activation
ATM is a key regulator of cell fate as it is invel¥ in regulating cell cycle progression,

DNA repair and apoptosis. Active ATM can phosphatyla plethora of substrates, some
of the most important ATM downstream targets ar@, ithk2, Kapl and H2AX [35, 108].
As previously mentioned ATM exists in the cell in mactive form, and can be activated

by a number of different stress stimuli.

ATM activation in normal oxygen conditions is dedent on the action of the 60 kDa tat-
interactive protein acetyltransferase (Tip60) &sown as KATS5, that can acetylate ATM
at Lys3016. This acetylation is the first step ofFM\ activation and is necessary for the
subsequent ATM trans-auto-phosphorylation [109h60iis activated by direct interaction
with H3K9me3 [109]. It's not very clear if Tip60 gegnises and binds to already pre-

existent H3K9me3 that are more visible after DNAmdge dependent-changes in
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chromatin structure or de novo methylations of H3K&t are induced after DNA damage
[59].

Tip60 is part of the MYST family of histone acetghsferases (HAT) [110]. One of the
main functions of Tip60 is the regulation of therdks of DNA accessibility by histone
acetylation [111]. However, Tip60 is also involviedacetylating non-histone proteins such
as p53 and ATM [112, 113]. Tip60 forms a complexhwhTM by binding to the C-
terminal region of this protein; this interactionduces Tip60 HAT activity [113]. In
response to DNA damage ATM-Tip60 complex co-loaabe IRIF where Tip60 interacts
with H3K9me3, through its chromodomain, and thiteiaction further enhances Tip60
HAT activity [59]. Tip60 binding to H3K9me3 is prasted by the phosphorylation of the
tyrosine 44 at Tip60 chromodomain by the cellulamiolog of the v-Abl oncogene (c-Abl)
tyrosine kinase [114]. It has been shown that TipBs an important role in a variety of
cellular process such as apoptosis, gene transcripind cell cycle progression [115].
Tip60 dependent acetylation of ATM is a crucialpsia the DNA damage and repair
pathway.

ATM acetylation is the step that links DNA damageuced chromatin remodelling and
DDR [105]. The regulation of ATM activation is veopmplex. It has been reported that
ATM can be catalytically active without being phbspylated. The Lys 3016 acetylation
site of ATM is conserved between different speckg this is not true for the

phosphorylation site (Ser1981). This might indictitat the acetylated form of ATM has

an independent functional role [109].

In order to be fully active the ATM/Tip60 complexeeds to be recruited to the site of
DNA damage through the interaction with Mrell-Rad#is1 (MRN) complex; this
interaction promotes the auto-phosphorylation of MAn the Ser367 and Ser2996
residues. ATM phosphorylates MRN which is importeortdownstream signalling. MRN
may also recruit substrates to ATM [104]. The protphosphatase 2 (PP2A) can
dephosphorylate ATM Ser1981, inhibiting its funatid 16].

ATM can also be activated independently of DNA dgenhy ROS, heat shock, hypotonic
salts and hypoxia [24, 117-119]. Changes in chronstucture without DNA damage can
also induce ATM activation [106]. ATM activation inypoxia is related to replication

stress and chromatin context [22].
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1.4.2. DNA DAMAGE RESPONSE PATHWAY IN HYPOXIA

DNA damage and genomic instability are hallmarkscahcer, and hypoxia is a well-
known driving force behind it. Current evidence @ests that hypoxiger se does not

cause any meaningful DNA damage, but damage caur atcesponse to re-oxygenation
[2]. Hypoxia levels inside a tumour vary quite dalpgially. The intra tumour

microenvironment is subject to re-oxygenation pdsidollowed by acute hypoxia while
other parts of the tumour might present chronicaxyg@ This has an important clinical
effect on the malignant phenotype, for examplewhy of inducing resistance to radio or
chemotherapy [7]. Hypoxia can also affect the ¢atluesponse to DNA damage, which
can lead to different results depending on theulzlltype and the hypoxic conditions

inside the tumouir.

The DDR induced in hypoxia differs from the classipathway where it is induced by
DNA damage [25, 86]. Some of the available datécatds that DDR initiated in response
to hypoxia serves as a barrier to tumorigenesipr@neoplastic cells [120]. However,
prolonged exposure to hypoxia can induce downréigmaof elements of the DNA

damage repair pathway, leading to genomic instgtpii.

A study performed in primary human skin fibroblasiain GM05757, showed that DNA

repair is compromised under hypoxic conditions.sThiudy makes it very clear that
normal fibroblasts are more sensitive to presembrobsome abnormalities and have a
compromised DNA repair after irradiation, measuteobugh the presence of residual
DSBs (usinggH2AX and 53BP1 as a marker), if kept under hypadnditions [121].

Different types of DNA repair mechanism such as MiIRI HR are less functional under
hypoxia. Members of the mismatch repair pathwayh sas Msh2 and Msh6 are directly
inhibited by HIF-1i [34]. It has also been reported that MLH1, anotb@mponent of
mismatch repair is repressed in hypoxia in a HiFfidependent manner, due to the di-
methylation of lysine 9 of histone H3 (H3K9me2) 212Additionally, key members of the
HR pathway such as breast cancer 1 -early onsetCABR and Rad51 are also
downregulated under hypoxia [123].

In spite of this, studies have shown that in hypaanditions HR defective cells are more
sensitive to IR treatment than cells with mutatiomgshe NHEJ pathway. This might be
because HR plays a significant role in cross-leair, and the formation of DNA-protein

cross links is enhanced under hypoxic conditiorslsdn hypoxia are more sensitive to

32



this type of DNA damage, and when not repaired daismiage can be lethal. It's likely that
NER proteins are involved in the cross-link repéiut the exact mechanism of DNA-

protein cross link repair as well as the involvetm&rHR is not fully understood [124].

Despite the down regulation of some components NADrepair mechanism under
hypoxia, it is also clear that important elemerftshe DDR, involved in HR and NHEJ,
are upregulated in hypoxia. The expression of Kand DNA-PKcs is induced under
hypoxic conditions. It has been shown that DNA-PK veell as ATM is involved in

regulating HIF-& stability in response to hypoxic stress [25, Z8]1

ATR also plays an important role under hypoxic dbods. ATR is activated under
hypoxia as a result of sSSDNA formation during reglive stress [27, 84, 85]. The overall
result of ATR activation under hypoxia is the phuospylation of Chkl and induction of
cell cycle arrest. A study performed in colorecill lines using an ATR specific inhibitor,
VE-821, showed that inhibition of ATR in hypoxiaals to a loss in cancer cells viability
and a decrease in HiFr:Imediated signaling [23]. Another study showed tHHE-10 is
involved in the expression of ATR binding partnefRinteracting protein (ATRIP)
[126].

Additionally, ATM is also activated in responsehgpoxic stress. ATM undergoes auto-
phosphorylation and is activated in response t@kigpin a HIF- and MRNindependent
manner [24]. This is consistent with the fact tiNdbl, a component of MRN, is
downregulated in hypoxia [127]. Under these expental conditions Kapl, Chk2 and
DNA-PKcs are also phosphorylated in response t@xigpin an ATM-dependent manner.
The same study reports formation Wwi2AX foci in response to hypoxia, without the
presence of DNA damage. This is a cell cycle an®R AlEpendent event, but independent
of ATM [24]. The correlation of H2AX and p53 phospklation with ATM activity in
hypoxia had been previously established by the gamep [85].

A study performed in RKO cells shows that the atton of ATM during S phase, in

response to replicative stress induced by hyposiajependent on chromatin context,
specifically to H3K9me3. Within these studies, thedifications on H3K9 histone were
induced by hypoxia through the expression of thstonie-lysine methyltransferases
Suv39H2 and SETDB2. This study also demonstrated tie use of ATM specific

inhibitor (Ku55933) can lead to accumulation of DMAmage in hypoxic cells [22].
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The principal aim of the hypoxic induced DDR seeim$e the induction of cell cycle
arrest, the preservation of replication fork intggrand if there is no subsequent re-
oxygenation, induction of p53-dependent apopto$iee exact mechanism behind the
activation of DDR in hypoxia is not fully understhand the involvement of Tip60 in this
process hasn’t been assessed to date. Availaldesdgygests that hypoxia-induced DDR
might function through modification of chromatinrgtture and that this activation
mechanism is different from the one operating Bposse to DNA damage [22, 25]. There
are growing evidences of the role of the chromatineture in ATM activation but the
exact mechanism is still poorly understood [22]s#udy performed in normal oxygen
conditions showed that chromatin condensation ptem&TM and ATR activation in a
DNA damage independent manner [128], but the eféédhe chromatin structure and
ATM activation in hypoxia is not clear. It is ofdh importance to fully understand the
process that links the DDR response to hypoxiadeoto sensitize cancer cells to hypoxia

and treatment.

1.4.3. DNA DAMAGE RESPONSE PATHWAY ASA TARGET FOR CANCER THERAPY
The majority of current strategies for cancer treait are based on DNA damaging agents,
such as radiation or drugs used in chemotherapthelfinduced damage is successfully
repaired, the cells will survive. As such, the DPRthway plays an important role in
cancer cell survival and treatment resistance [129]. In order to specifically kill cancer
cells, it is important to understand better thec#meabnormalities in the DDR pathway

that are present in cancer but not in non-malignalts.

At present there are three known aspects of the BDDfancer cells that are different from
the non-malignant cells: loss of one or more DDRBays, increase levels of endogenous
DNA damage and increased levels of replicationsst{@29]. Most cancers will have lost
some aspects of the DDR pathway during their geioeraAs mentioned previously,
different types of DNA damage will generate thewation of different response pathways
and, while there is not a complete redundancyeudfit repair pathways may compensate
for the lack of others. This means that DDR deficiein a cell will make it more reliable
on another repair pathway for survival, which pd®ms a specific target opportunity. This
type of approach is known as synthetic lethalit3lJl The best studied example of
synthetic lethality is the use of poly (ADP ribog@)lymerase (PARP) inhibitors in the

treatment of BRCA deficient breast cancers [132].

34



The deregulation of cell proliferation driven, fexample by oncogenic stress, is an early
step in tumorigenesis [133]. Oncogenic stress leas Ishown to lead to the activation of
DDR [134]. The activation of DDR in premalignantlséhas been proposed to serve as a
barrier to tumour progression. Cancer cells thatewable to progress to form tumours
overcome this barrier by the loss of one or mommmamnents of the DDR [135]. As a
consequence, tumour cells present increased genomstability and become more
dependent on remaining DDR pathways [129]. Adddlhn another consequence of

oncogenic activation can be the induction of regilan stress [136].

Replication stress can be defined as the “uncogpdihthe DNA polymerase from the
replisome helicase activity” [129]. This leads he formation of SSDNA at the replication
forks, which are coated by RPA which results in dlegvation of DDR, specifically ATR.
The ATR pathway plays an important role in prevemtieplication fork collapse and, as a
consequence, the generation of DSB that can leaeltadeath [137]. Considering this,
current focus around pharmacological targetingeplication stress has been around ATR
and Chk1 inhibitors and several specific inhibitare currently in clinical trials [129].
However, other factors such as CDKs and Weel aceiaVolved in regulating replication
origin firing [138] and the clinical use of Weelhihitor, AZD1775, is currently under
research [139, 140]. Another important factor tteat induce replication stress as well as
the activation of the DDR is hypoxia [24, 84].

As mentioned in the previous section, some aspEctse DNA damage repair pathway
are downregulated in response to hypoxic stress iakes hypoxic cells sensitive to
synthetic lethality by inhibiting other parts of RD The idea of using DDR inhibitors in
order to sensitise hypoxic cells to re-oxygenatremotherapy or radiotherapy has been
proposed by different groups [141, 142]. ATM playscrucial role in maintaining the
integrity of DNA replication forks under hypoxic mditions as well as in regulating origin
firing during re-oxygenation [22]. Accordingly, tylunderstand the mechanism behind
hypoxia induced activation of ATM is of high imparice in order to sensitise hypoxic

tumour cells to treatment.

1.5. OBJECTIVESOF THE STUDY

Hypoxia induced epigenetic changes play an importale in cancer initiation,
progression and therapeutic resistance which uléilyaimpacts patient outcomes.

However, the mechanisms behind many of these egigechanges are still poorly
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understood, despite the potential clinical releeandhe induction of H3K9me3 is
observed in response to hypoxia and has been detate¢he activation of ATM [22].
Despite this, the exact mechanism behind this egemdt fully known. Thus, the first aim
of this project was to elucidate the mechanism rklihe hypoxia induced formation of
H3K9me3. In order to achieve this, first the levels H3K9me3 and the related
methyltransferase Suv39H1 were assessed in thifeeedit cancer cell lines: FTC13, U87
and HCT116 under hypoxia (0.1%)OConsidering that the protein stability of Suv39H
has been related to MDM2 and Sirtl, the levelsheké proteins were also studied using
the same experimental conditions. Next, the involet of ATM in regulating MDM2
activity and consequently the protein levels of 3H1 in hypoxia was assessed using
ATM specific inhibitor Ku55933. Finally, the rol&at MDM2 and ATM play together in
regulating Suv39HL1 in hypoxia was studied using MDBMRNA together with Ku55933
in FTC133 cell line.

Considering the importance of ATM in the hypoxiauced DDR, the second aim of this
project was to evaluate the role of Tip60 in hypoxiduced ATM activation. In order to
do this a Tip60 specific inhibitor, TH1834, was dse two different cancer cell lines:
FTC133 and HCT116.
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2. MATERIALSAND METHODS

2.1. CHEMICALSAND REAGENTS

The reagents used for cell culture, L-Glutamineypsme-EDTA and the cell culture
media, were all purchased from Sigma-Aldrich (Pod@erset, UK). Phosphate buffer
saline (PBS) was purchased from Oxoid (Hampshit€), Betal bovine serum (FBS) was
purchased from GIBCO, Invitrogen (GIBCO PRL, Pajisl&JK). Dimethyl sulphoxide

(DMSO) was purchased from Fisher Scientific (Leieeshire, UK). All tissue culture

plates and flasks were purchased from Corning {$Hire, UK). All other reagents were
obtained from Sigma-Aldrich (Poole, Dorset, UK) ess otherwise stated.

2.2. CELL CULTURE

Cell culture was performed using a class Il lamifiaw microbiological safety cabinet.

All cells were grown in a humidified incubator at’8 supplied with 5% C®

2.21. CELLLINES
Three different cell lines were used: FTC133, HO3 &hd U87. Cell lines were originally
obtained from ATCC and the details are listed irbl€a2.1. Mycoplasma testing was
carried out routinely at the core facilities at Thiiversity of Manchester using

MycoAlert™ mycoplasma detection kit (Lonza, MandeesUK).

Table2.1. Cell linesdescription

Cell line Pathology Description
FTC133 Human follicular thyroic  Obtained from a lymph node metastasis of :
carcinoma year old male [143]
usa7 Glioblastoma Obtained from a malignant glioma éémale
patient [144]
HCT116 Colorectal carcinoma Obtained from a male coloteszecinoma
[145]

2.2.2. CELL LINESMAINTENANCE AND STORAGE
U87 and HCT116 cell lines were grown in RPMI-164@diwa supplemented with 10%
(v/v) FBS and 1% (v/v) 200 mM L-glutamine solutidRTC133 cell line were grown in

Dulbecco's Modified Eagle MediuftDMEM) media combined with HAM’s F12 (1:1)
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supplemented with 10% (v/v) FBS. FTC133 and HCTt&ls were passaged twice-
weekly at 1:10 and U87 cell lines were passageldmatCell passage was performed first
by removing the media and washing gently the @slet with sterile PBS. To detach the
cells 3 mL of Trypsin-EDTA was added to a T175 arllture flask and incubated for 3
min at 37C. Next, 7 mL of complete culture media was addedactivate the Trypsin.

An appropriate volume of cell suspension was temetl to a new T175 flask containing

the desire volume of complete cell culture media.

In order to maintain cell stocks of lower passaggonentially growing cells were frozen
down and stored at -8C. Cells were detached and collected from T175kélaas

described above. The cell suspension was centrifiigg400 x rpm for 4 min, the cell
culture media was removed and the cell pellet spended in freezing media (50% (v/v)
FBS, 40% (v/v) complete cell culture media and 1%) DMSO). The cell suspension

was frozen down in a 1.5 mL cryovials.

2.2.3. CELL COUNTING AND SEEDING
In order to seed a pre-defined number of cellssBrh experiment, the cell pellet created
from an ongoing cell culture (as outlined in sett@&2.2) was re-suspended in 10 mL
complete media. The cells were subsequently courgied) a TC20 automated cell counter
(Bio-Rad Laboratories, Herfordshire, UK). In orderobtain a life cell count an aliquot of

cell suspension was diluted in a 1:1 ratio witH0.firypan Blue solution.

2.3. HYPOXIC CONDITIONS

A Whitley H35 Hypoxystation (Don Whitley Scientiflamited, Shipley, UK) was used in
order to create the appropriate hypoxic conditit¥ (or 0.1% @, 5% CQ and nitrogen
balanced). Cells were seeded (as outlined in se2t®.3) and allowed to adhere to the cell
culture dish before being transferred to the hypaxiamber. Oxygen, carbon dioxide and
nitrogen (oxygen-free) gas cylinders were purchaBedh BOC (The Linde Group,
Worsley, UK).

2.4. DRUG TREATMENT

Three different drugs were used: TH1834, a Tip6&cHj inhibitor, Ku55933, an ATM
specific inhibitor and MG132, proteasome inhibitbH1834 was designed and generously
provided by Dr. James Brown (National Universityir@land Galway, Galway, Ireland) as

described in [146]. Ku55933 was purchased from &ididrich. A detailed drug
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description is presented in Table 2.2. The cellseweeated with one of the drugs and
immediately transferred to the hypoxic chamber. t@¥nsamples were treated with
dimethyl sulphoxide (DMSO) to match the concentratbf the highest drug concentration
used. For experiments using radiation, cells wast freated with the specified drug for

the appropriate amount of time and then irradiated.

Table 2.2. Drug characteristics

Name Inhibition target Function
TH1834 Tip60 Directly inhibits Tip60 acetyltransferase activity
binding to the active binding pocket [146].
Ku55933 ATM Competiive specific ATM kinase inhibitc[147].
MG-132 Proteasome Reversible 20S proteasome inhibitor that reduces th

degradation of ubiquitinated proteins [148].

2.5. IRRADIATION

Cells were irradiated under normal ambient condgiaising a Faxitron x-ray (Faxitron
Bioptics, AZ, USA). Plates of cells were irradiatetth a 4 Gy dose (dose rate of 0.95
Gy/min). The cells were then transferred back th®incubator and lysed after 30 min or

1 hour depending on the experiment.

2.6. WESTERN BLOT
2.6.1. REAGENTSAND BUFFERS
The chemicals used to prepare the solutions weranafytical grade and supplied by
Sigma-Aldrich (Poole, Dorset, UK) unless statedeothise. All NUPAGE] reagents and
gels were purchased from Invitrogen (Parsley, UBJffers used for Western blot are
detailed in Table 2.3.

39



Table 2.3. Buffersused for Western Blot

Buffer

Composition

RIPA Lysis buffer

SDS-PAGE
sample buffer
NuPAGE// LDS
Sample buffer

SDSPAGE
Running buffer
NUPAGE/J Tris-
Acetate SDS
Running buffer

NuPAGEL/
MOPS SDS
Running buffer
NuPAGE/Z/ MES
SDSRunning
buffer
Tris/Bicine
Transfer buffer
Glycine Transfer
buffer:

TBS

TBST

Tris-HCI 50 mM at pH 7.4, NaCl 150 mM, Octylphenopgly(ethyleneoxy)ethanol

(IGEPAL) 1%, Ethylenediaminetetraacetic acid (EDTA) mM, Protease Inhibitor
Cocktail 1 tablet, phenylmethylsulfonyl fluorideNISF) 1 mM, NgVO, 1 mM and NaF

1 mM (all the phosphatase inhibitors were addedth@ day that the lysates were
prepared).

1 mL 0.5 M Tri«HCI pH 6.8, 0.8 mL glycerol, 1.6 mL 10% (w/v) sodiudodecyl
sulphate (SDS), 0.4 m-mercaptoethanol, 0.01 g bromophenol blue, 4 mhQiH

1x Lithium dodecyl sulfate (LDS) sample buffer paepd by diluting 4x LDS
NuPAGH] sample buffer and adding 10x NuPAGEeducing agent.

2.42 g Bis-Tris, 18.75 g glycine, 1 g SDS, madeapL in dH0.

1x Tris-Acetate running buffer prepared by dilut2@x NUPAGE] Tris-Acetate
running buffer with dHO.

1x 3-(N-morpholino)propanesulfonic ac (MOPS) running buffer prepared by diluti
20x NUPAGHEI] MOPS SDS running buffer with ¢B.

1x 2-(N-morpholino)ethanesulfonic acid (MES) running bufbeepared by diluting 20x
NuPAGHI MES SDS running buffer with di@.

5.24 g Bis-Tris, 4.08 g Bicine, 2.4 g EDTA, madetadL in dH,0
3.03 g Bi-Tris, 14.41g glycine, 200 mL methanol, made upltondH,O.
1 tablet of Tris Buffered Saline (Sigma Aldrich, Yk 500 mL of dHO.

0.1% Twee 20 in TBS

2.6.2. CELL LYSATES

Exponentially growing cells were seeded into a 6 petri dish at the following cell
densities: 4 x 1OFTC133 cells, 6 x TOHCT116 cells and 5 x $aU87 cells. The cells

were left overnight to attach and treated when theye reached 70% confluency. After
treatment the cell were washed with ice-cold PB8 &dpuL of RIPA lysis buffer was
added. The cells were scrapped on ice and tratsfarpre-chilled Eppendorf tube. Cell
lysates were kept on ice and sonicated twice ®edonds at 10 Hz using the Soniprep 150
MSE (Sanyo, UK). Cell lysates were stored overnaht20°C and centrifuged the next
day at 13,000 rpm for 10 min at°€. The concentration of protein was quantified as

described in section 2.7.3 and the supernatants stered at -20C.

2.6.3. PROTEIN QUANTIFICATION
The concentration of proteins in the cell lysates \uantified using the bicinchoninic acid

(BCA) assay [149]. Each time a standard curve warserated using protein standards
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prepared by performing serial dilutions of boviregwsn albumin (BSA) in RIPA buffer.
The following concentrations of BSA standards wesed: 0.0781, 0.156, 0.3125, 0.625,
1.25, 2.5 and 5 mg/mL. BCA reagent was preparediloying 4% (w/v) copper sulphate
1:50 ratio with BCA. The assay was performed byetiipg 5uL of either cell lysates or
BSA standards into a 96-well plate and 2000f BCA reagent was added into each well.
The plate was incubated for 30 min at°87and the absorbance was measured at 562 nm
using apQuant Microplate Spectrophotometer (BioTek, Pottd). The obtained values
for the BSA standards were plotted to obtain thendard curve and the protein

concentration in each sample were calculated ubisgstandard curve.

2.6.4. GEL ELECOPHORESIS

Three different types of gels were used in ordesdparate the proteins of the samples
according to their molecular weight. SDS-PAGE geksre prepared as detailed in the
Table 2.4 and set using Mini-Protein tetra cellof®ad, Hertfordshire, UK) and run at 120
V with SDS-PAGE running buffer. Two different types pre-cast gradient gels were
used: 3-8% NuPAGE Tris-Acetate gels and NUPAGE4-12% Bis-Tris gels. NUPAGE
gels were run using the Novex Mini-Cell XCell Suoek (Invitrogen, Paisley, UK) either
with the NuPAGE] Tris-Acetate SDS Running buffer, the NuPAGEMOPS SDS
Running buffer or the NUPAGE MES SDS Running buffer. Protein samples (20 or 30
pg) were prepared using either SDS-PAGE sample bofféhe NUPAGE! LDS sample
buffer and boiled at 100C or 70°C for 10 minutes. Finally, the samples were briefly
centrifuged and loaded into the gel alongsideplOof PageRuler™ Prestained Protein
Ladder (Invitrogen, Parsley, UK) and run until thend of blue-coloured sample buffer

reached the bottom of the gel.

Table 2.4. SDS-PAGE gels composition

Component 10% Separatinggel 15% Separatinggel Staking gel
dH,0O 3.8mL 2.2mL 3mL
1.5M Tris (pH 8.8) 2.6mL 2.6mL O
0.5M Tris (pH 6.8) O O 1.25mL
30% Acrylamide/Bis-Acrylamide solution 3.4 mL 5mL 0.67pL
20% (wiv) SDS 50 uL 50 uL 25puL
10% (wiv) APS 50 uL 50 uL 120puL
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TEMED 5uL 5uL 12puL

2.6.5. PROTEIN TRANSFER

Proteins from the gel were transferred to a polyme fluoride (PVDF) membrane
(BioRad, Hertfordshire UK) using Mini Trans-BfotElectrophoretic Transfer Cell
(BioRad, UK). PVDF membrane was activated with 100fthanol, washed with dB
and submerged in the transfer buffer. Two 3 mneffiftapers (Whatman Plc, Brentford,
UK) were used to set up the transfer cassette ewrsin the Figure 2.1. All transfer
components were immersed in pre chilled transféfebibefore being placed into the
transfer system. Proteins separated using NuPAGHrBigels as well as SDS-PAGE gels
were transferred for 1 hour at 100 V using Glycirransfer buffer. Proteins separated
using NuPAGE Tris-Acetate gels were transferredrmgéat at 36 V using Tris-Bicine
Transfer buffer. After the transfer was completes PVDF membrane was stained using
Ponseau S solution (Sigma, Dorset, UK) to testtttwesfer efficiency of the transfer. To

remove the Ponseau S solution the membrane wasdasth TBST.

Cathode (-)

Cassette: Black side

Gel
‘ PVDF membrane Filter paper

o B

Cassette: Transparent side
Anode (+)

|
|
|
|
|
v

Transfer
direction

Figure 2.1 Components and assembly of the transfer cassette. Wet-transfer method was
used to transfer proteins form the gel into the PMbBembrane. All the elements of the
transfer cassette were soaked in pre-chilled teatafffer. The cassette was assembled and
inserted into the BioRad transfer module.

2.6.6. IMMUNOBLOTTING
Membranes were blocked using a blocking buffer (@aB.5) for 1 hour at room

temperature and then incubated with the primarybady diluted in the corresponding
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blocking buffer overnight at 4C. The next day the membrane was washed 5 times for
minutes with TBST and subsequently incubated fdrolir at room temperature with a
horseradish peroxidase (HRP)-conjugated seconctdityody, diluted in 5% (w/v) non-fat
dry milk (Marvel, Spalding, UK). Finally, membranegre washed with TBST 5 times for
5 minutes. The details of all the antibodies usedwell as the corresponding blocking
buffer are detailed in the Table 2.5.

Table 2.5. Antibodies used for Western Blot

Antibody Species Supplier Dilution Diluent/blocking buffer
ATM (Y170) Rabbi Abcarr 1:5,00C 5% (w/v) nor-fat dry milk in TBS1
ATM-pSer1981 Rabbit Abcam 1:5,000 5% (w/v) BSA in TBST
(EP1890Y)
HIF-1a Mouse BD Transduction  1:1,000 5% (w/v) non-fat dry milk in TBST
(610958)
Srtl Rabbi Millipore (#07131) 1:1,00C 3% (w/v) nor-fat dry milk in TBS1
Tip60 (N-17) Goat Santa Cruz 1:200 5% (w/v) non-fat dry milkBBST
P53-pSer15 Rabbi  Cell signallin¢ (#9284 1:1,00C 5% (w/v) nor-fat dry milk in TBS1
P53 (PAb240) Mouse Abcam 1:1,000 3% (w/v) non-fat dry milk in $B
H3K9me3 Rabbit Abcam (ab4441) 1:5,000 5% (w/v) BSA in TBST
H3 Rabbi Abcarr (ab1791 1:5,00C 5% (w/v) BSA in TBS”
SUv39H1 Rabbit Millipore (#07958) 1:1,000 5% (w/v) non-fity milk in TBST
MDM2 (EP16677) Rabbit Abcam 1:1,000 5% (w/v) non-fat dry milk iBST
HPla Rabbi Abcarr (ab9037 1:1,00C 5% (w/v) nor-fat dry milk in TBS1
B-actin Mouse Sigma 1:5,000 5% (w/v) non-fat dry milk inSB
Anti-Rabbit HRP Goa Sigme 1:5,00C 5% (w/v) nor-fat dry milk in TBS1
Anti-Mouse HRP  Rabbit Sigma 1:2,500 5% (w/v) non-fat dry milk iBST
Anti-Goat HRP Rabbit Sigma 1:10,000 5% (w/v) non-fat dry milKliBST

2.6.7. CHEMILUMINESCENT DETECTION OF PROTEINS
The target protein was detected using enhanced ithemescent substrate (Clarity
Western ECL substrate, Bio-Rad, UK). The membraas imcubated for 1 minute with
ECL at room temperature and developed using a dbemi XRS + system. ImageLab
software (BioRad, UK) was used to acquire and amalythe images of the

chemiluminescent signal.
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2.6.8. DENSITOMETRIC QUANTIFICATION OF PROTEIN EXPRESSION
ImageLab’ software (BioRad, UK) was used to perform the dlenwtric analysis. The
data obtained for the target protein was normaligsithg a loading controlpfactin).
Posttranscriptional modified proteins (e.g. ATM-P81) were calculated as a ratio of the
total amount of the protein (e.g. ATM). The dataaited from each individual experiment

was normalised to the untreated control of the sexperiment.

2.6.9. STRIPING AND REPROBING
When probing for post transcriptional modified gios (e.g. ATM-pS1981), the PVDF
membrane was striped using Reblot Plus solutionrkNillipore, Watford, UK) and re-
incubated with the antibody directed against thal form of the protein (e.g. ATM).

2.7. IMMUNOFLUORESCENCE (I F)
2.7.1. SOLUTIONSAND REAGENTS
All the following reagents were of analytical graaied supplied by Sigma-Aldrich (Poole,
Dorset, UK). The buffers were prepared as detaiechble 2.6.

Table 2.6 Solutions used for |mmunofluor escence

Solution Composition
Fixation buffer 10% formalin in PBS (Formali
Permeabilisation buffer  0.1% (v/v) Triton-100 in PBS (PBST)
Blocking buffer 3% (w/v) BSA in PBS (BSA/PB:!

2.7.2. CELL FIXING AND STAINING

First, 1.5 x 10 cells were seeded onto a sterile cover slip iB a8 petri dish containing

a total of 2 mL of complete cell culture media defil overnight to attach. Next, the cells
were treated as indicated in each experiment axet fsubsequently. The cell culture
media was removed, the cells washed with PBS &gl iticubated for 10 minutes in1 mL
of fixation buffer (Table 2.6). All the hypoxic sghes were fixed inside the hypoxic
station. Fixation buffer was removed from the cé§swashing them 3 times with PBS.
The cells were permeabilised with 1 mL of permasdiion buffer (Table 2.6) for 10 min.

Cells were then washed with PBS and the non-spebifiding sites were blocked by
incubating in blocking buffer for 30 min. Stainimgas performed by incubating the cells

overnight at 4C with the appropriate primary antibody dilutedthre blocking buffer.
44



Cells were washed 3 times with PBS and then ineabatith the appropriate secondary
antibody for 1 hour in the dark at room temperat@ever slips were washed 3 times with
PBS and then incubated for 3 min with 4',6-diamad®Phenylindole, dihydrochloride
(DAPI) (Invitrogen, Paisley, UK) at 1:2,500 in PB®, visualise the nuclei. Two final
washes were performed using PBS and then the dipgangere mounted onto slides using
DAKO fluorescent mounting media (DAKO, Ely, UK). Bative controls were included
the first time that each experiment was perfornveldgre the sample was incubated with
the secondary antibody without the primary antibddgtails of all the antibodies used are
listed in Table 2.7.

Table 2.7 Antibodies used for | F

Antibody Specie Supplier Dilution
yH2AX Mouse Millipore (#05636  1:50(C
53BP1 (BP13) Rabbi Abcarr 1:25C
53BP1 (MAB3802) Mouse Abcam 1:250
ATM-Ser1981 (EP1890Y) Rabbi Abcarr 1:20C
AlexaFluor 488 Rabbit Invitrogen 1:500
Alexa Fluor 568 Mouse Invitrogen 1:500

2.7.3. FLUORESCENT MICROSCOPY
Microscopy images were collected on a Zeiss AxigieraD2 upright microscope using a
40x / 0.5 EC Plan-neofluar objective and captureihgi a Coolsnap HQ2 camera
(Photometricsthrough Micromanager software v1.4.23. Specificcbpass filter sets for
DAPI, FITC and Texas red were used to prevent bteesigh from one channel to the

next. Images were then processed and analysed kigitpageJ software.

In the dose response experimesge(Chapter 5) which testeddifferent concentrations of

TH1834, the images were captured using a 3D-HisRarimoramic-250 microscope slide-
scanner with &0x/ 0.30 Plan Achromat objective (Zeiss) and the DAPI and FITC filter
sets. Snapshots of the slide-scans were taken th@ngase Viewer software (3D-Histech)

and subsequently analysed using Fiji ImageJ softwar
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2.7.4. DATA ANALYSISAND FOCI COUNT
All data obtained was analysed using Fiji Imagefiwsoe. The mean fluorescence was
guantified using the image obtained with the DAfRIrsng as a template to delimit all the
nuclei present in the image. Incomplete nucleiwni@ that were in contact with the edges
of the image were excluded from the analysis. Osraye, 100 cells were analysed per

each sample to obtain the mean value of fluoresctarahe target protein.

Images stained with 53BP1 were analysed by courttisgnumber of foci per cell. This
was done using “finding the maxima” function inifipageJ and manually confirming the

obtained results.

2.8. QUANTITATIVE POLYMERASE CHAIN REACTION (QPCR)
2.8.1. RNA EXTRACTION
RNA was extracted using the RNasey kit (Quiagenndhaster, UK) as specified by the
manufacturer. RNA concentration and purity was maes$ using a NanoDrop Lite

spectrophotometer (Thermo Fisher, UK).

2.8.2. REVERSE TRANSCRIPTION OF RNA TO SINGLE STRAND CDNA
Reverse transcription of mRNA to cDNA was performezing High Capacity cDNA
Reverse Transcription Kit (Thermo Fisher, UK) feliog the manufacture instructions.
After quantifying the concentration of mMRNA, 50 afmRNA were converted to cDNA
using T100 Thermal cycler (BioRad, UK).

2.8.3. REAL-TIMEPCR
Real-time PCR was performed using pre design Tagllaies for Suv39H1, CA9,
MDM2, HRT1 and Acting. All TagMan probes were acquired from Dharmacoar{zbn
Discovery, Cambridge, UK). RT-PCR was performeahgsi pg of cDNA of each sample
combined with the TagMan specific probe and TagMast Advance master mix (Thermo
Fisher, UK). The RT-PCR instrument used was a Stepllus RT-PCR (Thermo Fisher,
UK). The obtained data were analysed usiagCr method to quantify the relative gene

expression [150].
2.9. sSIRNA Assay

MDM2 knockdown was performed using pre designed TBMRGETplus SMARTpool

SiRNA sequences (Dharmacon, Horizont UK). The tauget sequences used are:
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5'-GCCAGUAUAUUAUGACUAA-3’
5-GAACAAGAGACCCUGGUUA-3’
5-GAAUUUAGACAACCUGAAA-3’

5’-GAUGAGAAGCAACAACAUA-3’

The cells were transfected using Lipofectamine2@®itrogen) according to the
manufacturer’s instructions. Cells were re-seedetidurs post transfection to a new petri
dish and treated with drug/hypoxia for 18 hoursnfles were prepared for RT-PCR or
Western blot 72 hours post transfection.

2.10. CELL CYCLE ANALYSISBY FLow CYTOMETRY

A total of 1 x 16 cells were seeded into a 10 cm plate in 10 mLoofifete cell culture
media. Cells were allowed to attach and placeti@tesired oxygen concentration (21%,
1% or 0.1%) for the appropriate amount of time.Ielere detached using 1.5 mL of
Trypsin-EDTA and collected into a 15 mL falcon tuded centrifuged at 1,400 x rpm for 5
min. The cell pellet was washed with PBS and ckige again at 1,400 x rpm for 5 min
and the supernatant discarded. The cell pelletthers re-suspended in 6QQ of ice-cold
PBS and fixed by adding 1.4 mL of ice-cold 100%aetii drop by drop while vortexing
the solution. The samples were stored at *@0for 24 hours and then stained with
propidium iodide (PI). Fixed cells were centrifugadd washed with PBS to remove
ethanol and then re-suspended in 400 uL of PBS.l00f Pl reagent (1:1 ratio of 1
mg/mL RNAse A and 40Qg/mL PIl) was added to the cell solution and incebdatt 37C
for 30 min prior to being analysed using a BD LSRé&ssd" cell analyser (BD
Bioscience, Oxford, UK). Information from 10,000eeNs was collected and the cell
population were gated to exclude cell debris. ModFi™ software was used to analyse

the obtained histograms in order to give the peeggnof cells in each cell cycle phase.

2.11. STATISTICAL ANALYSIS

Statistical analysis was carried out using Grapth pasm version 7, once the data had
been repeated at least three times. When compdatagobtained from experiments with
only two different conditions (e.g.: normoxia vsplaxia) unpaired T-test was used to
compare treated and untreated data. When compaaiagobtained from experiments with

more than one variables (e.g.: normoxia with ohuwaitt drug vs hypoxia with or without
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drug) analysis of variance (ANOVA) was used, andidentify individual differences
Sidak's multiple comparisons test was perforniée. obtained P-values are represented as
follows: a P-value ok 0.05 is represented as *, a P-valuecd@f.01 is represented **, a P-

value of< 0.001 is represented *** and a P-value<dd.0001 is represented as ****.
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3. CHAPTER3: HYPOXIA INDUCED CHANGESIN THE CHROMATIN STRUCTURE

3.1. INTRODUCTION

It has been previously described that differenelgwf hypoxia induce changes in the
chromatin structure leading to the regulation afoas epigenetics events [39, 55, 77, 81].
Histone methylation and acetylation are the twomegdigenetic events that are involved in
regulating chromatin structure and gene expresgiBil]. Histone methylation is
associated with a more compact form of chromatetetochromatin, which is more
resilient to different types of DNA damaging evestEh as radiation and re-oxygenation
[152, 153]. One of the main histone epigenetic toeteromatic marks is the tri-
methylation of lysine 9 of histone 3 (H3K9me3) [15%he main ubiquitously expressed
methyltransferase responsible for the catalysithefH3K9me3 mark is Suv39H1 [155,
156]. Suv39H1 has been implicated in promoting feeteromatin formation in response to
different types of stress [60, 73, 157]. A globatrease in the methylation of H3K9 in
hypoxia has been reported in cancer cell lines sagdo different levels of hypoxia [22,
122, 158]. The induction of H3K9me3 in responséypoxia has been associated with the
activation of the DNA damage response pathway §3},and to the regulation of gene
expression of various proteins involved in DNA damaepair such as BRAC1 and MLH1
[159, 160]. The induction of Suv39H1 in responseéhypoxia has only been previously
shown in human fetal lung epithelial cells: in tlsgidy the levels of Suv39H1 were

correlated with the levels of H3K9me3 under hypaaaditions [161].

Considering the importance that the heterochromatnk H3K9me3 plays in regulating
different cellular pathways, the levels of H3K9ma8,well as Suv39H1, were analysed in
three different cancer cell lines in response tgpoia conditions (0.1% £ and mild
hypoxia condition (1% ¢). Additionally RT-PCR was performed to assesslévels of
Suv39H1 mMRNA in response to hypoxic stress. Finatlye involvement of the

proteasomal pathway in regulating the stabilitysaf/39H1 in hypoxia was studied.

3.2. RESULTS

3.2.1. H3KOME3ISUPREGULATED IN RESPONSE TO HYPOXIA

FTC133 cell line was used to evaluate the exprassidi3K9me3 in response to hypoxia
(0.1% Q). The cells were incubated for 18 hours in norrad®i1% Q) or hypoxia prior to
immunohistochemical staining of fixed cells. FTC184Is were stained with H3K9me3

specific antibody and DAPI was used as a nucleakenaThree independent experiments
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were performed and an example image is presentédyure 3.1. The mean fluorescence
of each sample was calculated by analysing theesaging ImageJ software as described
in the section 2.7. The graph in Figure 3.1 reprissthe mean fluorescence of each sample
normalized with the normoxic control. A significaimcrease in the levels of H3K9me3

was observed in FTC133 cell line in response tmhig

FTC133

DAPI H3K9me3

Normoxia
by

X
h

-
i

MNormalised H3KSme3d expresion
(=1

L
Normoxia Hypoxia

Hypoxia 0.1% O

Figure 3.1. The levels of H3K9me3 in response to hypoxia. FTC133 cells were
incubated for 18 h in normoxic (21%)r hypoxic (0.1% @) conditions and then stained
for H3K9me3 (green) and DAPI (blue). The graph espnts the normalised expression of
H3K9me3 with the normoxic control. Three indeperdetperiments were performed and
the bar represents the mean + SEM.

For further analysis of H3K9me3 expression in reésgoto hypoxia, two different cancer
cell lines, FTC133 and U87 were used. The cellslimeere incubated for 18 hours in
hypoxia or normoxia prior to lysis and Western tdoglysis. An example of the Western
blot membranes is given in Figure 3.2. Images vaea@ysed by densitometry to calculate
the level of H3K9me3 expression in relation to tbel levels of H3 and the level of the
loading control §-actin). The graphs represent normalised H3K9mefression in

relation to the normoxic control (Fig. 3.1). A sifyizant increase of H3K9me3 was

detected in response to hypoxia in both cell lizveslysed.
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Figure 3.2. The protein expression of H3K9me3 in response to hypoxia. Cells were
incubated in normoxia (N; 21%:Por hypoxia (H; 0.1% ¢) for 18 hours prior to lysis and
Western blotting. HIF-¢ was used as a control for hypoxia ghdctin as a loading
control. The graphs represent the densitometry3X¥3ine3 normalised by total amount of
H3, B-actin and the normoxic control. Bars represenintiean + SEM of three independent
experiments.

3.2.2. METHYLTRANSFERASE SUV39H1 IS UPREGULATED IN RESPONSE TO

HYPOXIA

To determine whether the levels of the methyltrarasfe Suv39H1 are also upregulated in
response to hypoxia, the expression of Suv39H1 amatysed by Western blot in three
different cell lines (FTC133, HCT116 and U87). Td&dl lines were incubated in normoxia
or hypoxia for 18 hours and the results of threkependent experiments were analysed by
Western blot as described in Section 3.2.1. An g@larof the Western blot membranes is
presented in Figure 3.3A. Graphical representatibmormalised Suv39H1 expression

against the control is illustrated in Figure 3.3B.
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Figure 3.3. The protein expression of Suv39H1 in response to hypoxia. Cells were
incubated in normoxic (N; 21%APor hypoxic conditions (H; 0.1% Afor 18 hours prior
to lysis and Western blotting. HIFelwas used as a control for hypoxic condition §nd
actin as a loading control (A). The graphs repredbe densitometry of Suv39H1
expression normalised by the loading control andnoaia. Bars represent the mean +
SEM of three independent experiments (B).

The levels of Suv39H1 were significantly upregutiaite response to hypoxia in all the cell

lines analysed.

3.22.1. MRNA LEVELS OF SUV39H1 ARE NOT UPREGULATED IN RESPONSE

TO HYPOXIA

In order to assess if the observed induction ofpttweein levels of Suv39H1 is due to an
increase in the transcription of the Suv39H1 g&MA analysis was performed. RNA was
extracted from FTC133, U87 and HCT116 after beimgosed for 6 or 18 hours to
hypoxic or normoxic conditions. The extracted RNAsaconverted to cDNA and analysed
by RT-PCR using pre-design Tag-man probes for SHE3LA9, HRT1 and3-actin as
described in the section 2.8. HRT1 ghdctin were analysed as possible housekeeping
genes and CA9 was used as positive control for Xigpd he obtained data was analysed
by the AACr method. Firstly, the appropriate housekeeping gea® selected comparing
the G values of HRT1 an@-actin in normoxia and hypoxia for each cell linganed in

four independent experiments (Fig. 3.4).
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Figure 3.4. Cy values of HRT1 and B-actin in normoxia and hypoxia. HCT116,
FTC133, and U87 were exposed for 6 or 18 hourdtmaoxia (21% Q) or hypoxia (0.1%
0O,). After that time RNA was extracted and analysg®RB-PCR. The €of HRT1 and3-
actin are shown in the graphs. Bars represent thannt SEM of four independent
experiments.

Based on the results shown in Figure 3.4 the hageg®hRg genes were selected for each
cell line in order to calculate the relative gemx@ression of Suv39H1 and CA9. The C
values ofp-actin didn’t change in response to hypoxia in W HCT116 cell lines;
meanwhile the € values of HRT1 were variable. Thuf;actin was used as the
housekeeping gene for U87 and HCT166 cell lined=TC133 the & values off3-actin
were more variable than the levels of HRT1. ThuRTH was used as the housekeeping
gene for FTC133. To allow comparison of the levElIntRNA expression, values are
presented relative to the mRNA expression levelarmoxia. The relative gene expression

of Suv39H1 and CA9 of four independent experimentepresented in Figure 3.5.
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Figure 3.5. Suv39H1 and CA9 relative gene expression in response to hypoxia.
HCT116, FTC133 and U87 were exposed for 6 or 18&hon normoxia (21% §) or
hypoxia (0.1% @). After that time RNA was extracted and analysgdRT-PCR. The
relative gene expression represented in the graass calculated using HRT1 as the
reference housekeeping gene for FTC133 uadtin for HCT116 and U87. The graph
represents the relative gene expression of Suv3tdlCA9 compared to the normoxic
control. Bars represent the mean + SEM of four peshelent experiments.
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In hypoxia, the mRNA levels of Suv39H1 decreasedy alightly after the 6 hours
exposure time in both HCT116 and U87. This decreess more marked after the 18
hours exposure time in both cell lines. In the FI&ZXkell line, Suv39H1 MRNA was
minimally downregulated after 6 hours in hypoxiawever a statistically significant
downregulation was seen after 18 hours exposure. [Ekels of CA9 mRNA were
somewhat increased after only 6 hours in hypoxia Wwere greatest after 18 hours

exposure in all the cell lines analysed (Fig. 3.5).

3.2.3. PROTEASOME PATHWAY IS INVOLVED IN REGULATING SUV39H1 LEVELS

INHYPOXIA

Exposure to mild levels of hypoxia (1%)failed to induce H3K9me3 in FTC133 cell
line. FTC133 cells were incubated for 18 hours ifdrhypoxic conditions or normoxia
and then fixed and stained for H3K9me3 and DAPkdes were generated and analysed
as described in the section 2.7. Three indepenegperiments were performed and a
representative example of one of them is shownignré 3.6A. The graph represents the
levels of H3K9me3 in mild hypoxia compared to th@moxic control (Fig. 3.6A). The
levels of Suv39H1 were also analysed in FTC133 loedl exposed for 18 hours to mild
hypoxia by Western blot. Densitometry analysis wagormed using data generated by
three independent experiments; a representativgantd one membrane is shown in
Figure 3.6B. The graph in Figure 3.6B represergdéhels of Suv39H1 standardised3to
actin as the loading control and normalised to rxien HIF-lo was used as hypoxic
control (Fig 3.6B). The levels of H3K9me3 or Suv39Were not affected by mild hypoxia
in FTC133 cells.
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Figure 3.6. Mild levels of hypoxia (1%) failed to induce H3K9me3 and Suv39H1 in
FTC133 cell line. FTC133 cells were exposed to normoxia (21% @ mild levels of
hypoxia (1% Q) for 18 hours, fixed and stained for H3K9me3 (gjeand DAPI (blue).
The graph represents the mean fluorescence of H8B9normalised to the normoxic
control. Bars represent the mean = SEM of threepeddent experiments (A). Western
blot was performed after exposing FTC133 cell tédrhiypoxia for 18 hours. Treatment
with mild hypoxia is indicated by “1% H” and normexby an “N”. HIF-lo was used as a
control for hypoxic condition anfl-actin as a loading control. The graphs repredsst t
densitometry of Suv39H1 expression normalised k& Idading control and normoxia.
Bars represent the mean + SEM of three indeperedgrariments (B).

To assess if, in response to hypoxia, Suv39H1 dewet regulated by a proteasome
pathway, FTC133 cells was exposed to mild levelsypioxia or normoxia for a total of 18
hours. Four hours of the exposure time includeduB0 of the proteasome inhibitor
MG132 or DMSO, as the vehicle control for the driddter the treatment the cells were
lysed and the protein expression of Suv39H1 wa$ysead by Western blot. An example
of the Western blot membranes is presented in €i§u. Image analysis was carried out
by densitometry, using images generated by thrdep@ndent experiments, to calculate
the level of Suv39H1 expression in relation to kbeding control. The graph represents
Suv39H1 expression with MG132 (red) or with DMSQué) (Fig. 3.6).
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Figure 3.7. Treatment with proteasome inhibitor M G132 induced an upregulation of

the protein levels of Suv39H1 in mild hypoxia. FTC133 cells were exposed for a total of
18 hours to normoxia (21%:}) indicated by an N, or mild hypoxia (1%)dndicated by
1% H and treated for 4 hours with 30 uM of MG132d4SO. Cell lysates were prepared
after the treatment time and analysed by Westarn Bhe graph represents the expression
of Suv39H1 normalised witf-actin with MG132 (red) or DMSO (blue). Bars repmets
the mean + SEM of three independent experiments.

HIF-1a was used as a control for the inhibition of thetpasome pathway as well as for
hypoxia. The protein levels of HIFelwere highly upregulated in normoxia and 1%
hypoxia in the presence of MG132. The levels of @1 were significantly upregulated
in mild hypoxia when the cells were treated witle throteasomal inhibitor MG132.
However, in normoxia the treatment with MG132 hhd bpposite effect (Fig. 3.6). The
results obtained suggest that the ubiquitin prateaspathway is the principal mechanism

regulating the stability of Suv39H1 in hypoxia.
3.3. DiscussioN

Analysis of H3K9me3 expression revealed that tlégefochromatic mark is up-regulated
in response to hypoxia. The levels of H3K9me3 watadistically significantly higher in
hypoxia compared to normoxia, as shown by analysidgta obtained by
immunofluorescence and Western blot (Fig. 3.1 a@)l s Suv39H1 is thought to be the
main methyltransferase responsible for the catlydi H3K9me3, the expression of
Suv39H1 was also analysed. Suv39H1 expression praisgulated in hypoxia in several
cancer cell lines (Fig. 3.3). The correlation of K¥8ne3 expression with Suv39H1
expression in response to hypoxia points to theli@ment of Suv39HL1 in the induction
of H3K9me3.

Interestingly, hypoxic induction of Suv39H1 is raiiserved in all cell lines. In the study
of Olcina et al (2013) Suv39H2 and SETDB1, and 8awv39H1 were found to be
upregulated by hypoxia in RKO cells [22]. In thengastudy MEFs lacking Suv39H1 and
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2 or lentiviral knockdown of both isoforms prevemtel3K9me3 induction in hypoxia.
Taken together, these data perhaps suggest celhdepcy in the role of Suv39H1 versus
Suv39H2 in H3K9me3 regulation in hypoxia. For thegent work, three different cell
lines were used: U87, FTC133, and HCT116. It wamdbthat in the U87 cell line,
Suv39H2 was not responsive to changes in oxygealdefdata not shown) and the
FTC133 cell line expresses only the Suv39H1 isofdanding a greater focus towards
Suv39H1. The induction of heterochromatin in reggoto stress is a common cellular
mechanism [162] and redundancy within the systepeibaps reflective of the important

role it plays in facilitating survival in such catidns.

Transient heterochromatin formation helps the telsave energy by diminishing gene
transcription, a process that can also be morer-prame under stress conditions.
Heterochromatin also helps to protect the DNA frdamaging agents. Hypoxjser se is
not a DNA damaging agent, but DNA damage can beezhiby re-oxygenation [164].
Solid tumour cells undergo periods of cycling hyjofollowed by re-oxygenation [165].
Therefore, the up-regulation of mechanisms thaudéedheterochromatin formation in

hypoxia might represent an important advantagedocer cells.

To further study the mechanism behind the upreguiadf Suv39H1 in response to
hypoxia, the levels of Suv39H1 mMRNA were analySdtk results obtained with RT-PCR
showed that the mRNA levels of Suv39H1 in hypox&reviower than in normoxia. RNA
extracted from two different time points (6 andHhdirs) in hypoxia was used. The levels
of Suv39H1 mRNA decreased proportionally to theetithe cells spent in hypoxia. This
trend was observed in all cell lines analysed (Bidg). The decrease in the levels of
Suv39H1 mRNA was only marginally in U87 and HCT1&élls. The outcome of
prolonged exposure to hypoxia was much more procedinn the levels of Suv39H1
MRNA in FTC133 cells. This trend may be the resiild decrease in transcription rate in
response to hypoxic stress. Various cell specigcmanisms of transcriptional repression
in response to hypoxia have been described [16BhoAgh Suv39H1 is a ubiquitously
expressed protein and no-specific evidence regaithriranscriptional repression has been
previously reported. However, the induction of H3#&B is associated with general
transcriptional repression, which might be respaesifor the decline in the levels of
Suv39H1 mRNA observed. Hypoxia-induced gene remrdss an adaptation mechanism

that helps to redirect energetic resources to éatbousekeeping functions [167].
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The obtained results regarding the mRNA levels wi3®H1 (Fig. 3.5) suggests a post-
translational regulation mechanism of Suv39H1 prolevels in response to hypoxic

stress.

When exposed to mild levels of hypoxia, FTC133 s;efhiled to induce H3K9me3
formation and did not up-regulate Suv39H1 (Fig.).3T® evaluate the involvement of the
proteasome pathway in the regulation of Suv39H1CEI3 cells were treated with
proteasome inhibitor MG132. MG132 treatment in n@xia induced a modest reduction
in the protein levels of Suv39H1. A possible explzon to these is that the autophagy
pathway has been upregulated as a result of blggkioteasome dependent degradation.
However, under hypoxic conditions the treatmenthwiG132 induced a significant
upregulation of Suv39H1. The results of this stuahg suggestive that the ubiquitin
proteasome pathway might be the mechanism invdlvedgulating Suv39H1 stability in
hypoxia. The main component of the ubiquitin preteae pathway is MDM2. MDM?2 is
an E3 ubiquitin ligase, involved in regulating te&bility of more than 100 different
proteins [168]. In the next chapter the involvemenMDM2 in regulating the stability of
Suv39H1 under hypoxic condition will be addressed.
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4. CHAPTER 4: REGULATION OF SUV39H 1 IN HYPOXIA

4.1. INTRODUCTION

Suv39H1 is a ubiquitously expressed lysine metagkferase (KMT)- part of the SET
domain family of proteins. These enzymes are resptenfor transferring a methyl group
from S-adenosyl-L-methionine onto the amino group of the lysine residue on the
substrate. The SET-domain family of proteins caontai chromodomain that helps
recognise methylated lysines. Suv39H1 prefereptiaithds to the monomethylated form
of H3K9 and catalyses demethylation or trimethglatof H3K9 [62].

Suv39H1 plays a fundamental role in regulating foeteromatin formation and genome
stability. Knockout mice show an increase genetstability and an increased risk of late
onset B-cell lymphomas as a result of defects incpetric heterochromatin [169].
Suv39H1 plays an important role in many cellulaogaesses such as: differentiation,
development, migration, proliferation and seneseer@enetic deletion of Suv39H1
stimulates tumour progression by inactivating seeese and activating proliferation [170,
171]. Additionally, Suv39H1 mediated induction of3kBme3 has been related to
migration of breast and colon cancer catlsitro [172]. Suv39H1 activity and stability is

regulated mainly by post-transcriptional modificas [73, 157, 173].

The stability of Suv39H1 is mainly regulated by qutin-proteasome pathway. Sirtl has
been implicated in increasing the half-life of SBA by inhibiting its polyubiquitination
by MDM2 in response to oxidative stress [73]. MDM& an ubiquitin E3 ligase
responsible for regulating the stability of manyteins involved in a variety of cellular
processes [168]. MDM2 is considered a “hub proteas”a result of being capable of
interacting with a large variety of distinct pamsieThe most well studied downstream
target of MDM2 is p53 [60, 173-176]. To completeclswariety of different functions,
MDM2 is subjected to multiple post-translational difications. One of such
posttranscriptional modifications is the ATM depentd phosphorylation of MDM2 on
Serine 394, in response to DNA damage. MDM?2 agtigitnegatively regulated by ATM,
which leads to the stabilization of p53 [174, 116has been previously shown that ATM
is activated in response to hypoxia [24]. Howewde effect of ATM activation in
response to hypoxia on MDM2 activity and conseqga#yton Suv39H1 hasn't been

addressed to date.

59



Suv39HL1 is a critical determinant of cell fate d&mn and tumour progression. Aberrant
expression of this methyltransferase has beentegpor a number of solid tumours [177].
Considering that Suv39H1 is dependent on S-ademosifiionine as a cofactor, its role in
linking tumorigenesis and metabolism is of high artance. It is also known that the
essential enzyme responsible for the catalysis -@fdé&hosylmethionine, methionine
adenosyltransferase 2A (Mat2A), is transcriptionallpregulated by HIFd [178].

However, not much is known about the regulationSa¥39H1 in response to hypoxic

stress.

This study addresses the mechanism behind thewaosepregulation of Suv39H1 (see
Chapter 3). Firstly, the levels of MDM2 and Sirténe analysed in hypoxia. After this, the
effect of ATM-dependent regulation of MDM2 functiamas established using an ATM
specific inhibitor, Ku55933. Finally, the effect MDM2 knockdown in combination with
ATM inhibition on the levels of Suv39H1 was detenex.

4.2. RESULTS
4.2.1. MDM2PROTEINLEVELSINHYPOXIA

Suv39H1 is a target for MDM2 dependent polyubianation and subsequent degradation.
To investigate if the observed upregulation of @HWB in hypoxia is related to changes in
MDM2, the protein levels of MDM2 were studied inspgnse to hypoxia. FTC133,
HCT116 and U87 cells were incubated in normoxi@42%) or hypoxia (0.1% ¢) for 18
hours prior to lysis and Western blot analysis. desof three independent experiments
were analysed by densitometry to calculate the lBviBIDM2 expression in relation to the
levels of the loading controp{actin). A representative image of the experimerghiown

in Figure 4.1A. The graphs represent normalised N2D&kpression in relation to the
normoxic control (Fig. 4.1B). The blot of HIFelused for the HCT116 cells is the same
one used in the Figure 3.3, as both MDM2 and Suu38&ta shown were obtained from
the same lysis but run in two different gels. Oréwgas blot against Suv39H1 and HI&-1
and the other one against MDM2, tReactin shown is the one used to quantify the
Suv39H1 and MDM2 bands, HIFelwas used only as a control for hypoxia and tha dat

presented was not quantified.
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Figure4.1. MDM 2 expression in response to hypoxia. Cells were incubated in normoxia
(N; 21% Q) or hypoxia (H; 0.1% ¢) for 18 hours prior to lysis and Western blotting.
HIF-1o was used as a control for hypoxic condition frattin as a loading control (A).

The graphs represent the densitometry of Suv39hdteszion normalised by the loading
control and normoxia (B). Bars represent the mearSBM of three independent

experiments.

A significant increase of MDM2 was detected in @sge to hypoxia in FTC133 cell line.
The levels of MDM2 were not significantly affectegt hypoxia in HCT116 and U87 cell

lines.

4.2.2. SIRT1ISDOWNREGULATED IN HYPOXIA
It has been previously reported that Sirtl is imedlin regulating Suv39H1 stability [73].
Thus, to determinate if Sirtl is involved in incsewy the half-life of Suv39H1 in hypoxia,
by inhibiting MDM2 dependent polyubiquitination, etHevels of Sirtl were studied in
FTC133, HCT116 and U87 cell lines. Cells were irated for 18 hours in normoxia or
hypoxia and the results of three independent exysris analysed as described in the
section above. An example of one of the Westerh fmilembranes is presented in Figure
4.2A. Figure 4.2B shows the graphical represematiothe normalised levels of Sirtl in

hypoxia compared to the normoxic control.
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Figure 4.2. Sirtl is downregulated in response to hypoxia. Cells were incubated in
normoxia (N; 21% ©) or hypoxia (H; 0.1% ¢) for 18 hours prior to lysis and Western
blot analysis. HIF-d& was used as a control for hypoxic condition frattin as a loading
control (A). The graphs represent the densitomefrirtl expression normalized by the
loading control and normoxia (B). Bars represeset ttean + SEM of three independent
experiments.

The levels of Sirtl are marginally downregulatedH@8T116 but this downregulation is
statistically significant in FTC133 and U87 celids.

4.2.3. ATM INVOLVEMENT IN REGULATING SUV39H1
4.2.3.1. ATM SPECIFICINHIBITOR KU55933

To establish the part that ATM potentially playsragulating MDM2 and subsequently
Suv39H1, an ATM specific inhibitor, Ku55933, waseds A detailed description of
Ku55933 is presented ifection 2.4. The efficacy of ATM inhibition in response to
treatment with Ku55933 was established in two déife cell models. FTC133 and
HCT116 cells were incubated in normoxia or hypoxith 10 uM of Ku55933 or DMSO
for 6 or 18 hours. Cells in normoxia were incubatgith Ku55933 for 18 hours only. After
treatment, the cells were lysed and the levelshef datalytically active form of ATM,
phosphorylated at Serine 1981 (ATM pSer1981), vaatermined by Western blot. Cells
irradiated with 4 Gy were used as a positive corftpn ATM activation Eee Section 2.5
for details). Here cells were treated for 18 hours with KuS5@8or to being irradiated (x-

rays). In Figure 4.3A a representative Western bloFTC133 cells is presented. The
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levels of ATM-pSer1981 were quantified by densittiameand normalised to the total
amount of ATM and-actin. Fold change in the levels of ATM-pSerl198ilcells treated
with Ku55933, were quantified by standardising #sepression levels to the control
(DMSO) for each condition (Fig 4.3B). The phosphatgd form of p53 in Serine 15 (p53-
pSerl5) is an ATM specific downstream target, amg wsed as control for ATM activity.
The levels of p53-pSerl5 were quantified usingtttal amount of p53 anf-actin. The
fold change between treated, with Ku55933, andeatéd cells is represented in Figure

4.3C.
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Figure 4.3. The efficiency of Ku55933 (ATM inhibitor) in FTC133 cells. Cells were
incubated with or without 10 uM of Ku55933 in nomie (21% Q) or hypoxia (0.1% ¢)

for 6 or 18 hours prior to lysis and Western bigjti Cells in normoxia were only treated
for 18 hours with Ku55933. Treatment with Ku55933indicated with the symbol (+).
Normoxia is indicated with “N” and cells irradiatedth 4 Gy as “N + 4 Gy”. HIF-& was
used as a control for hypoxia apctin as a loading control (A). The graphs repnetiee
densitometry of ATM-pSerl1981 normalized by total camt of ATM, B-actin and
standiresed to the non-treated control (DMSO) fache condition (B), and the
densitometry of p53-pSerl5 normalized by total amdaaf p53,B-actin and to the non-
treated control (DMSO) for each condition (C). Baepresent the mean + SEM of three

independent experiments.
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In Figure 4.4A a representative Western blot forTH@6 cells is presented. The levels of

ATM-pSer1981 were quantified as described above.
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Figure 4.4. The efficiency of Ku55933 (ATM inhibitor) in HCT116 cells. Cells were
incubated with or without 10 uM of Ku55933 in nomi® (N; 21% Q) or hypoxia (H;
0.1% Q) for 6 or 18 hours prior to lysis and Western tohat. Cells in normoxia were only
treated for 18 hours with Ku55933. Treatment witlbEB933 is indicated with the symbol
(+). Normoxia is indicated cells irradiated with4 as “N + 4 Gy”. HIF-& was used as a
control for hypoxia andB-actin as a loading control (A). The graph représethe
densitometry of ATM-pSer1981 normalized by totalcamt of ATM, B-actin and to the
non-treated control (DMSO) for each condition (Bars represent the mean + SEM of
three independent experiments.

The treatment with Ku55933 of FTC133 cells had gnificant effect in the levels of
ATM-pSer1981 and the downstream target p53-pSenlyp after 18 hours of treatment in
hypoxia and normoxia (Fig. 4.3). However, the tmeztt with Ku55933 in HCT116 cells
was more efficient in reducing the levels of ATMeu$981. The reduction on the levels of
ATM-pSer1981 was significant even after 6 hoursreatment in hypoxia. Treatment with
Ku55933 for 18 hours showed to be significant innmaxia and in irradiated cells in both

cell lines (Fig. 4.4).
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4.23.2. THE EFFECT OF ATM INHIBITION ON THE PROTEIN LEVELS AND
FUNCTION OF MDM2

In order to evaluate the consequences of ATM itioibion the levels and function of
MDMZ2, cells were treated with 10 uM of Ku55933 andubated in normoxia or hypoxia
as described in the previous section. Protein $eg€IMDM2 and p53 were analysed by
Western blot. The levels of p53 were used as aalooft MDM2 activity. Figure 4.5A and
Figure 4.6A represent one of the three membranelysed for FTC133 and HCT116 cell
lines, respectively. Densitometry of normalised MPMnd p53 expression in FTC133
cells is represented in the graph 4.5B and 4.5€pedively, and in graphs 4.6B and 4.6C
for HCT116 cells. Densitometry analysis was donelescribed inSection 4.2.3.1. p53
densitometry analysis in FTC133 cells, presentedrigure 4.5, was also used when

analysing the expression of p53-pS15 (Fig. 4.3).
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Figure 4.5. Effect of ATM inhibition on the levels and function of MDM 2 in FTC133
cells. Cells were incubated with or without 10 uM of KuB39%in normoxia (21% &) or
hypoxia (0.1% @) for 6 or 18 hours prior to lysis and Western tihgt. Cells in normoxia
were treated for 18 hours with Ku55933. Treatmeith W(u55933 is indicated with the
symbol (+). Normoxia is indicated with “N” and ceifradiated with 4 Gy as “N + 4 Gy”.
HIF-10 was used as a control for hypoxia dnrdctin as a loading control (A). The graphs
represent the densitometry of MDM2 normalized vthctin and the non-treated control
(DMSO) for each condition (B) and the densitometip53 normalized bg-actin and the
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non-treated control (DMSO) for each condition (Bars represent the mean + SEM of
three independent experiments.
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Figure 4.6. Effect of ATM inhibition on the levels and function of MDM2 in HCT116
cells. Cells were incubated with or without 10 uM of KuB39%in normoxia (21% ¢) or
hypoxia (0.1% @) for 6 or 18 hours prior to lysis and Western tohgt. Cells in normoxia
were treated for 18 hours with Ku55933. Treatmeith Wu55933 is indicated with the
symbol (+). Normoxia is indicated with “N” and celiradiated with 4 Gy as “N + 4 Gy".
HIF-1a was used as a control for hypoxia dndctin as a loading control (A). The graphs
represent the densitometry of MDM2 normalized vthctin and the non-treated control
(DMSO) for each condition (B) and the densitometip53 normalized bg-actin and the
non-treated control (DMSO) for each condition (Bars represent the mean + SEM of
three independent experiments.

ATM inhibition culminated in a significant upregtien of MDM2 expression after 18
hours of treatment in hypoxia in both cell lineslgsed. However, the levels of p53 were
only negatively affected by Ku55933 in the FTC13dl dine, showing a significant
reduction after 18 hours of treatment in hypoxid anirradiated cells. The effect of ATM
inhibition on the levels of p53 was opposite to whaas expected in HCT116 cells,
showing an upregulation after treatment with KuS588all the conditions studied. On the
other hand after 6 hours of treatment, with Ku55988 levels of p53 didn’'t seem to be

affected in FTC133 cells, which correlates witheasl pronounced induction of MDM2
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(Fig 4.5B) and poor inhibition of ATM observed aftehours of treatment in FTC133 cells
(Fig 4.3A).

4.23.3. THE EFFECT OF ATM INHIBITION ON THE PROTEIN LEVELS OF
SUV39H1

After evaluating the outcome of ATM inhibition ohet protein levels and function of
MDM2, the effect of this inhibition on the level$ 8uv39H1 was studied. FTC133 and
HCT116 cells were incubated as described in theiqus section and the protein levels of
Suv39H1 were examined by Western blot. Figure 4andl 4.8A show a representative
experiment for FTC133 and HCT116 cell lines, retipety. Densitometry analysis was
performed using data obtained from three independemeriments and the graphs
represent the expression of Suv39H1 standardis#dpaactin and normalised with the
untreated control for each condition (Fig. 4.7C 4r&C).
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Figure 4.7. Effect of ATM inhibition on Suv39H1 protein levelsin FTC133 cells. Cells
were incubated with or without 10 pM of Ku55933riormoxia (21% @ or hypoxia
(0.1% Q) for 6 or 18 hours prior to lysis and Western tahgt. Treatment with Ku55933 is
indicated with the symbol (+). Normoxia is indicateith “N” and cells irradiated with 4
Gy as “N + 4 Gy”. HIF-& was used as a control for hypoxia ghdctin as a loading
control (A). The graph represents the densitometr$uv39H1 standardised wiflractin
and normalised to the non-treated control (DMSQ)f(B each condition. Bars represent
the mean + SEM of three independent experiments.

The levels of Suv39H1 were significantly reducedAfM inhibition after 18 of treatment
in hypoxia in the FTC133 cell line. The same tremals also observed in response to
irradiation but didn’t reach statistical significan On the other hand, normoxia without
radiation had the opposite effect, as the levelSwi39H1 were slightly increased after
treatment with Ku55933 (Fig 4.7).
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Figure 4.8. Effect of ATM inhibition on Suv39H1 protein levelsin HCT116. Cells were
incubated with or without 10 uM of Ku55933 in nomie (21% Q) or hypoxia (0.1% ¢)

for 6 or 18 hours prior to lysis and Western biati Treatment with Ku55933 is indicated
with the symbol (+). Normoxia is indicated with “Nihd cells irradiated with 4 Gy as “N
+ 4 Gy". HIF-1o. was used as a control for hypoxia ghdctin as a loading control (A).
The graphs represent the densitometry of Suv39Hihdsrdised withp-actin and
normalised to the non-treated control (DMSO) fozcteaondition. Bars represent the mean
+ SEM of three independent experiments.

HCT116 cells showed a significant downregulatiorsa’39H1 after 18 hours of treatment
with Ku55933 in all the conditions analysed. Theels of Suv39H1 were only marginally
affected by Ku55933 after 6 hours of treatmentyipdxia (Fig. 4.8).

4.2.4. ATM AND MDM 2 INVOLVEMENT IN REGULATING SUV39H1
4.24.1. MDM2KNOCKDOWN

After evaluating the involvement of ATM in reguladj the protein levels of Suv39HL1 in a
MDM2 dependent manner, in the next section thectieéfect of MDM2 on the levels of
Suv39H1 was investigated. Firstly, to determinhteibvolvement of MDM2 in regulating
the stability of Suv39H1, MDM2 knockdown was perfed @s described in Section 2.9).
The efficiency of the knockdown was verified by RGR. FTC133 cells were transfected
with 20 nmol of pre-designed MDM2 siRNA or a noresjic control siRNA. After

transfection, cells were incubated in hypoxia f8rhburs and the RNA was extracted after
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a total of 72 hours post transfection. The exthd®NA was converted to cDNA and
analysed by RT-PCR using pre-design Tag-man pridydgDM2 and CA9 (as a control
for hypoxia), as described iBection 2.8. The validity of HRT1 ang-actin as possible
housekeeping genes was corroborated by comparen@itlvalues of HRT1 an@-actin
between transfected cells with MDM2 siRNA and tloateol SiRNA as shown in Figure
4.9.

25 Il siRMNA MDM2
siRNA control

T T
HRT1 actin-f

Figure 4.9. Cy values of HRT1 and g-actin in response to MDM2 knockdown in
hypoxia. FTC133 cells were transfected with MDM2 siRNA amgosed for 18 hours to
hypoxia (0.1% G). RNA was extracted after a total of 72 hours poshsfection and
analysed by RT-PCR. Ther@©f HRT1 and3-actin are shown in the graphs. Bars represent
the mean + SEM of three repeats of the same expatim

The mRNA levels of HRT1 were affected more by tmmdkdown of MDM2 than the
MRNA levels of B-actin (Fig. 4.9). Based on this resuptactin was selected as the
housekeeping gene in order to calculate the relajene expression of MDM2 and CA9
after transfection. The relative gene expressiorswé39H1 and CA9 is represented in
Figure 4.10.
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Figure 4.10. MDM2 and CA9 relative gene expression in response to MDM2
knockdown in hypoxia. FTC133 cells were transfected with MDM2 siRNA agosed

for 18 hours to hypoxia (0.1% .0 RNA was extracted after a total of 72 hours post
transfection and analysed by RT-PCR. The relati@regexpression represented in the
graphs was calculated usirfizactin as the reference housekeeping gene. Thehgrap
represents the relative gene expression of MDM2 @A® compared to the control
SiRNA. Bars represent the mean + SEM of three rispafethe same experiment.
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The levels of MDM2 mRNA were reduced more than 98fér treatment with MDM2
SiRNA compared to the siRNA control. On the othandh the levels of CA9 mRNA
weren’t affected by MDM2 siRNA (Fig. 4.10).

In order to determine the effect of MDM2 knockdoam the protein levels of Suv39H1,
FTC133 cells were transfected as described abang @8 and 40 pmol of MDM2 siRNA,
and incubated in normoxia or hypoxia for 18 hopr®r to lysis and Western blot
analysis. The cells were lysed after a total ofhb2irs post transfection. The levels of
Suv39H1 and p53 were evaluated and the resultsharen in Figure 4.11.
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Figure 4.11. Effect of MDM2 knockdown on the protein levels of Suv39H1 and p53.
FTC133 cells were transfected with MDM2 siRNA ontol siRNA and incubated for 18
hours in normoxia (21% 4£p or hypoxia (0.1% ¢). Cells were lysed after a total of 72
hours post transfection and analysed by Westerh @@ Densitometry analysis of
MDM2, Suv39H1 and p53 expression in normoxia (BYl &ypoxia (C) is represented in
the graphs as a percentage of protein expressicstanyglardising the levels of MDM2,
Suv39H1 and p53 witf-actin and control siRNA.

The levels of p53 were upregulated in cells trastef@ with the siRNA of MDM2 in both
conditions. Conversely, the levels of Suv39H1 waly evidently upregulated in response

to MDM2 knockdown in hypoxia. Under hypoxic condiis the effect of MDM2
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knockdown was slightly higher in Suv39H1 than p&&ls when using 20 pmol of sSiRNA
but not when using 40 pmol of MDM2 siRNA. The diface between the efficacy of
transfection between 20 pmol and 40 pmol of siRMAe protein levels of MDM2 were
negligible in both conditions, presenting a reduttof approximately 50% with both
concentrations of siRNA used.

4.24.2. EFFeCT OF MDM2 sIRNA AND ATM INHIBITION ON THE LEVELS OF
SUV39H1

The effect of MDM2 knockdown on the levels of Suk39and p53 was not very
pronounced in hypoxia. This may be due to the thet MDM2 is not completely
functional under this experimental condition, bessaof the presence of the active form of
ATM, which is a negative regulator of MDM2. Congitig this, the levels of Suv39H1
and p53 were studied using a combination of MDMR2NSA with Ku55933 in normoxia
and hypoxia. FTC133 cells were transfected withp&l of MDM2 siRNA or a control
siRNA. After the transfection the cells were redegband treated with 10 uM of Ku55933
or DMSO for 18 hours in normoxia or hypoxia. Thelsevere lysed after a total of 72
hours post transfection and analysed by Westerndslalescribed in previous sections. A

representative membrane of three independent empets is presented in Figure 4.12.
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Figure 4.12. Effect of ATM inhibition and MDM 2 knockdown on the protein levels of
Suv39H1. FTC133 cells were transfected with 20 pmol of MDM2a control siRNA and
incubated with or without 10 uM of Ku55933 in nomie (21% Q) or hypoxia (0.1% ¢)
for 18 hours prior to lysis and Western blottingedtment with MDM2 siRNA and
Ku55933 is indicated with the symbol (+). Normoigaindicated with an N and hypoxia
with an H. HIF-1r was used as a control for hypoxia gadctin as a loading control (A).
The graphs represent the densitometry of Suv39Ed) (or MDM2 (blue) standardised
with B-actin (B) and Suv39H1 (red) or p53 (blue) stani@d with f-actin (C) for each
condition. Bars represent the mean + SEM of thmeéependent experiments.

The levels of Suv39H1 were not as significantlyeaféd in normoxia by MDM2
knockdown as the levels of p53. In response to kigpahe highest levels of Suv39H1, as
well as p53, were found in cells transfected witBMR siRNA but without Ku55933. The
protein levels of MDM2 were higher in the presenE&u55933 in normoxia and hypoxia.
The highest levels of MDM2 were observed in hypariaells transfected with the control
SiRNA and incubated with the ATM inhibitor Ku55933.
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In order to better interpret the results presemteove (Fig.4.12), the obtained data was
normalised to the non-treated control (DMSO + NEIN\SA) for each condition. The values
are presented relative to the non-treated conttutlwwas arbitrarily set to 100. The

results of this analysis are shown in Figure 4.13.
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Figure 4.13. Normalised effect of MDM2 knockdown and ATM inhibition on the
levels of Suv39H1 and p53 in normoxia and hypoxia. FTC133 cells were transfected
with 20 pmol of MDM2 or a control siRNA and incubdt with or without 10 uM of
Ku55933 in normoxia (21% £ or hypoxia (0.1% ¢ for 18 hours prior to lysis and
Western blotting. Presented data was obtained byalsing the densitometry values of
Suv39H1 (blue), MDM2 (red) and p53 (purple) wittactin and to the non-treated control
for each condition. pATM (green) represents thelewf ATM-pSer1981 standardised to
the total amount of ATM anfl-actin. Graphs represent the values obtained feB&d1,
MDM2 and pATM in normoxia (A) and hypoxia (C). SI8831 levels were compared to
the levels of p53 in normoxia (B) and hypoxia (D).

MDM2 levels were decreased on average 30% in regptm treatment with the specific
siRNA. However, the observed efficiency of MDM2 BIR was counteracted by ATM
inhibition in normoxia and in hypoxia (Fig. 4.13Aa& 4.13B). In response to MDM2
knockdown the levels of Suv39H1 were significantipregulated only in hypoxia.
Treatment with Ku55933 decreased the observed ufatgn of Suv39H1 in hypoxia
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(Fig. 4.13C). A similar trend was observed on tieels of p53 in hypoxia (Fig. 4.13D).
The levels of p53 were upregulated in response DM knockdown in hypoxia as well
as in normoxia and this upregulation was negatiefigcted by the presence of the ATM
inhibitor (Fig. 4.13B and 4.13C). Contrastingly, M2 knockdown didn’t affect the levels
of Suv39H1 in normoxia (Fig. 4.13A). As expectetie tlevels of Suv39H1 were
downregulated in response to ATM inhibition in hyjgo However, ATM inhibition didn’t
affect the levels of Suv39H1 in normoxia (Fig. 8).3

4.3. DISCUSSION

The levels of Suv39H1 in hypoxia have been showrbdolargely influenced by the
proteasomal pathway (Fig. 3.6). Considering that M2Dinvolvement in negatively

regulating the protein levels of Suv39H1 has bessvipusly described, the effect of
hypoxia on the levels of MDM2 was investigated. Byja didn’t exhibit a negative effect
on the levels of MDM2 in any of the cell lines ays®d; in fact, in FTC133 cells the levels
of MDM2 were significantly higher in hypoxia tham inormoxia (Fig. 4.1). The up-

regulation of MDMZ2 in response to hypoxia has bpeviously reported [179, 180].

The presence of high levels of MDM2 in hypoxia segfg that a mechanism involved in
negatively regulating MDM2 -dependent degradatibrsov39H1 must be present. Sirtl
has been implicated in increasing the half-life 8Uv39H1 by inhibiting its
polyubiquitination by MDM2 [73]. However, the lewebf Sirtl were downregulated in
response to hypoxia in the cell lines analysed. (#i8). The negative effect of hypoxia on
the levels of Sirtl was highest in FTC133 and U8l dines. Transcriptional

downregulation of Sirtl in response to hypoxia h@sn previously reported [181].

In view of these findings it was hypothesised timibition of MDM2 and consequent
upregulation of Suv39H1 may be due to ATM activityhypoxia. Firstly, the efficiency of
the ATM inhibitor, Ku55933, and its effect on MDM®&as assessed in FTC133 and
HCT116 cell lines. Ku55933 was only efficient irhibiting ATM auto-phosphorylation,
marked by the presence of ATM-pSer1981, as wethasphosphorylation of p53 (p53-
pSerl5), after 18 hours of treatment in hypoxianormoxia in the FTC133 cell line.
Shorter time points of incubation with the drug @t sufficient to inhibit ATM (Fig.
4.3).
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In the HCT116 cell line, Ku55933 was able to inhilhie auto -phosphorylation of ATM
even after 6 hours of treatment in hypoxia (Figt)4lt is important to point out that
HCT116 cells showed lower levels of ATM expressammpared to FTC133, and this
might be the cause of the observed difference @ dfficiency of Ku55933. Thus,
increasing the drug concentration may be a wayntlmde a more rapid and prominent
effect of Ku55933 in the FTC133 cell line.

The consequence of ATM inhibition on the levels &maction of MDM2 was analysed.

Ku55933 induced an upregulation of MDM2 and consetjy a downregulation of p53 in

FTC133 cells (Fig. 4.5). The effect of ATM inhilaiti on the protein levels of MDM2 was
more evident after 18 hours compared to 6 houtseatment in hypoxia. This correlates
with the results regarding the efficiency of Ku5398 FTC133 cells (Fig. 4.4).

When irradiated, FTC133 cells presented an increadDM2 expression (Fig. 45). The
transcriptional induction of MDM2 after irradiatiar after other DNA damaging agents
has been previously reported. DNA damage leads5® spabilisation, which acts as a
transcription factor promoting the transcription afvariety of genes, including MDM2
[182]. Treatment with Ku55933 didn’'t manage to et boost this effect, which correlates
with a simultaneous downregulation of p53. Anotpessible explanation for the observed
response may be the activation, in response toyx-raf other proteins involved in
regulating MDM2. One of these proteins may be DNA-Ras its involvement in
regulating MDM2 activity and stability in respont® DNA damage has been reported
[183].

Contrary to what was expected, ATM inhibition an@@M2 upregulation didn’t culminate

in p53 downregulation in HCT116 cells (Fig 4.6) €8k findings imply that p53 stability is
regulated by another mechanism in HCT116 cellss Tésult is supported by previously
published data regarding an existence of a deke@b8/MDM2 feedback loop in this cell
line. The authors of this study showed that neitber-15 phosphorylation nor MDM2 is
involved in regulating p53 stability or function HCT116 cells [184].

Similar to FTC133 cells, treatment with Ku55933ddaa an upregulation of MDM2 in
HCT116 cells in hypoxia, and this outcome was mprenounced after 18 hours of
treatment (Fig. 4.6). These findings correlate wtleviously published data, regarding
regulation of MDM2 stability by ATM. ATM is involvé in indirectly regulating auto-

ubiquitination and the subsequent degradation oM2[by negatively regulating Herpes
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virus-associated Ubiquiting-specific protease (HA)YSa specific deubiquitinase of
MDM2 [185]. In contrast to FTC133 cells, treatmenit HCT116 cells with Ku55933
resulted in an up-regulation of MDM2 after irradat (Fig. 4.6). This may be due to the
observed differences in the levels of p53 in respaw DNA damage and ATM inhibition
in these cell lines. In response to Ku55933 andys,rFTC133 cells showed a reduction in
the levels of p53 which, as mentioned earlier, prt@s the transcription of MDM2. On the
other hand p53 was found to be upregulated in imtad HCT116 cells treated with
Ku55933, which may cause the observed up-regulafidnDM2.

Next, the effect of ATM inhibition on the levels 8uv39H1 was studied. Consistent with
the hypothesis, treatment with Ku55933 lead togmiBtant reduction of Suv39H1 in
hypoxia in both cell lines analysed after 18 hafrieatment. The same effect was shown
in response to irradiation in both cell lines, whigas more marked in HCT116 cells (Fig.
4.7 and 4.8). As discussed above, the efficiencADM inhibition on the downstream

target seems to be more effective after longer &x@otime to Ku55933.

Under normoxic conditions, the levels of Suv39H1lraveninimally upregulated by
Ku55933 in FTC133 cell line. However, ATM inhibitided to a significant reduction of
Suv39H1 in HCT116 cells in normoxia. These ressliggest the existence of a cell
dependent mechanism of regulating of Suv39H1 stwliil non-stressed cells. A previous
study had suggested that Suv39H1 is an indiresstrgptional target of p53. It was shown
that p53 negatively regulates the transcriptiorSo¥39H1 through p21 [60]. This might
explain the observed positive effect of Ku55933tlua levels of Suv39H1 in normoxia in
FTC133 cells (Fig 4.7). Additionally in normoxid)et negative effect of Ku55933 on the
levels of Suv39H1 in HCT116 cells may be due to edrasal level of ATM activity in
non-stressed cells that impact MDM2 stability. Gstent with this, the levels of MDM2
are upregulated in response to Ku55933 treatmemrimoxia in HCT116 cells (Fig. 4.6).

In order to further study the mechanism behind StM3 upregulation in hypoxia, the
consequence of MDM2 knockdown, together with ATMibition, on the levels of
Suv39H1 was assessed in FTC133 cells. Firstly, MDd@ckdown was achieved and its
efficiency verified by RT-PCR and Western blot (Fg10 and 4.11). As expected, cells
treated with MDM2 siRNA showed an upregulation &3pin normoxia and hypoxia.
Suv39H1 was upregulated in response to MDM2 knoekdamnly in hypoxia. In

normoxia, MDM2 knockdown only showed to have a miai effect on the protein levels
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of Suv39H1. This result is consistent with the prasly presented dataeg Section 3.2.3
and Section 4.2.3.3.3). This is suggestive of a different regulation heeuism for Suv39H1
in non-stressed FTC133 cells. Secondly, an expetimging MDM2 siRNA together with
Ku55933 in normoxia and hypoxia was performed. @best with the hypothesis, the
higher levels of Suv39H1 and p53 were found in kygavith MDM2 knockdown but
without Ku55933. As expected, the levels of MDM2revaupregulated in response to
Ku559933. Taken together, the results presentedisnchapter are indicative of an ATM
and MDM2 dependent regulation of Suv39H1 stabitithypoxia.

In summary, the obtained results from both celedinpoint to an ATM dependent
regulation of Suv39H1 in hypoxia as well as in wsge to x-rays. ATM involvement in
regulating chromatin structure has been previodsiyonstrated. Specifically, it has been
shown that ATM is implicated in inducing changeschromatin structure in response to
DNA damage. ATM dependent phosphorylation of Kaptluces relaxation of the
chromatin structure in response to DNA damage depto facilitate and promote DNA
damage repair. [42]. ATM directly interacts with (Kg and the consequence of this

interaction is the first rapid effect of ATM actiuan.

Meanwhile, the effect of ATM activation on the léveof Suv39H1 happens through
MDMZ2, and thus likely happens after the first imnage response to ATM activation. The
induction of Suv39H1 in response to ATM activatioray facilitate the re-building of

heterochromatin after the damage has been repairedalso serves to protect the DNA

from future damaging factors.

The involvement of ATM in regulating heterochromatelaxation in response to DNA
damage has been well documented. However, no egaéading ATM function in inducing
and re building heterochromatin after the DNA daenegpair has been published to date.
Although, a study by Burgess [et al] (2014) shovileat after DNA damage there is a
transitional expansion of the chromatin, followed lan extensive condensation.
Condensation of chromatin alone is sufficient fbe tactivation of the DNA damage
response, and damage independent upstream sign§llz8]. Considering this, it is
possible that ATM plays an important role in promgtchromatin condensation by
inducing expression of Suv39H1. In support of thigothesis it has been previously

reports that Punkinje neurons obtained from pati@rnth ataxia telangiectasia, which is a
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degenerative neurological disease characterisebdebgutosomal recessive mutation in the

ATM gene, are very euchromatic [186)].

ATM has also been involved in suppress transcmiptip regulating chromatin structure in
response to DNA damage [187]. The ATM dependenudtidn of Suv39H1 may be
another mechanism by which ATM is involved in regmieg transcription. The role of

Suv39HL1 in negatively regulating gene transcriptias been reported [60, 188].

Hypoxic stress induces a persistent activation #MAwithout the presence of DNA
damage [24]. The absence of DNA damage in hypow@presses the need to induce
chromatin relaxation to facilitate repair. In thdendition the persistent ATM activation
may lead to a general condensation of the chronmtimducing Suv39H1. In hypoxia,
chromatin condensation may serve to repress DNAstrgption and to protect the DNA
from damage caused by possible future re-oxygematibis idea is supported by the fact
that ATM inhibition under hypoxia sensitises celis hypoxia/reoxygenation [86].
Therefore indicating the importance of hypoxia iogldt ATM activation for the survival of

cancer cells.
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5. CHAPTER5: ATM ACTIVATION IN HYPOXIA

5.1. INTRODUCTION

ATM is a PI3K —like kinase that plays essentiaérisl the DNA damage response pathway
by transducing the damage signal to a wide varggtyellular outcomes through the
phosphorylation of a large number of downstreangets [189]. ATM is mainly

responsible for orchestrating the repair of DSBO[19

ATM is present in the cell in the form of an inaetihomodimer and its activation depends
on the action of the acetyltransferase Tip60 tlatydates ATM at Lys3016 [109, 113].
ATM and Tip60 form a heterodimeric complex in thel.cThe acetylation of ATM is the
first step for its activation. Acetylation dissaeia the ATM homodimeric complex and
facilitates its trans-auto-phosphorylation, at 98l Subsequently, a dimer to monomer
transition leads to the catalytic activation of ATIV09, 114]. ATM is essential for the
repair of DNA damage generated in the heterochrnomedgions of the genome,
characterised by the presence of H3K9me3 [191tesponse to DNA damage, Tip60 is
activated by direct interaction with H3K9me3, whielads to the activation of ATM [113,
114].

ATM can also be activated by non DNA damaging strd3NA damage independent
activation of ATM has been reported in responseyfootonic stress, chromatin modifying
agents, heat and hypoxia [118, 192, 193]. In respon hypoxia, ATM activation has been
related to the formation of stalled replicationki®iin the context of H3K9me3 chromatin
modification [22, 24]. The involvement of Tip60 the hypoxic dependent activation of
ATM has not been tested to date.

The levels of Tip60, as well as its activity, amegatively regulated by Sirtl [194, 195].
The downregulation of Sirtl in the experimental diions used in this study has been
shown in Section 4.2.2. Additionally, the involvemeof Tip60 in the transcription of
some of the HIFd target genes has been documented [196]. Takerthtygé¢he
observations mentioned above suggest that Tip&f ismportant part of the DNA damage
signalling in hypoxic conditions. Considering thisip60 involvement in the hypoxia

induced activation of ATM was tested.

Firstly, the activation of ATM in hypoxia was veetl by Western blot. To verify lack of
DNA damage in the experimental conditions immuntaizisemical analysis was carried

out following the DNA damage markeysi2AX and 53BP1. Finally, in order to test the
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involvement of Tip60 in the hypoxia induced actigatof ATM, the levels of Tip60 were
determined by Western blot in the presence of théinhibitor TH1834 [146].

The Tip60 specific inhibitor, TH1834, was designeldaracterised and kindly provided by
Dr. James Brown'’s group from the National Universit Ireland, Galway. To validate the
efficacy of TH1834 in the model used in this studydose response experiment was
performed using the formation pH2AX after x-rays as a control for Tip60 activifiihe
activity of TH1834 was also validated in hypoxiangsATM-pSer1981 as the specific
downstream target. Lastly, FTC133 and HCT116 cedse treated with TH1834 and the
levels of ATM-pSer1981 were analysed by Westerm. blo

5.2. RESULTS
5.2.1. ACTIVATION OF ATM IN RESPONSE TO HYPOXIA IN THE ABSENCE OF DNA
DAMAGE

In order to determinate if ATM is activated in respe to hypoxia, the levels of ATM-
pSer1981 were assessed in FTC133 and HCT116 cek.liCells were incubated in
normoxia (21% @) or hypoxia (0.1% ¢ for 18 hours prior to lysis, and Western blot
analysis was then carried out. Images of threepiaddent experiments were analysed by
densitometry to calculate the levels of ATM-pSerll98 relation to the levels of total
ATM and the loading controB¢actin). A representative image of the experimsrghiown
in Figure 5.1A. The graphs represent normalised AA34r1981 expression in relation to

the normoxic control (Fig. 5.1B).
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Figure 5.1. ATM-pSer 1981 protein levelsin response to hypoxia. Cells were incubated
in normoxia (N; 21% @) or hypoxia (H; 0.1% ¢ for 18 hours prior to lysis and Western
blotting. HIF-1o was used as a control for hypoxia ghectin as a loading control. The
graphs represent the densitometry of ATM-pSer198&inalised to the total amount of
ATM, B-actin and the normoxic control. Bars represent thean + SEM of three
independent experiments.

A significant increase in the levels of the catiabfly active form of ATM was found in

both cell lines analysed.

To verify the lack of DNA damage in the cells inpaxia, FTC133 cells were
immunohistochemically stained for phosphorylai#tPAX. Cells were incubated for 18
hours in normoxia or hypoxia. After treatment thals were fixed and stained with
yH2AX specific antibody and DAPI was used as a rarclaarker. Cell irradiated with
4Gy of x-rays were used as a positive control fofADdamage foci gee section 2.5 for

details). Three independent experiments were performedaanelpresentative image of
YH2AX staining is presented in Figure 5.2. The mdhmrescence ofyH2AX is

represented in the graph and was calculated asliesin the section 2.7.
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Figure 5.2. Phosphorylated yH2AX levels in response to hypoxia. FTC133 cells were
incubated for 18 hours in normoxic (21%)@r hypoxic (0.1% @ conditions. Cells
irradiated with 4Gy cells were used as positivetic@dr{Nrmx + 4 Gy). Cells were stained
for yH2AX (red) and DAPI (blue). The graph represents tiiean expression gH2AX.
Three independent experiments were performed antdts represent the mean + SEM.

The expression ofH2AX was significantly induced in response to hyjoxbut this

induction was much more prominent after x-rays.

53BP1 was used as an indicator of DNA damage. FBC&8s were treated and stained as
described above and one representative image otlire¢ independent experiments is
presented in the Figure 5.3. Images were analygambnting the amount of 53BP1 foci
per cell as described in the section 2.7.3.1.,thadesults are presented in the graph (Fig.
5.3).
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Figure 5.3. The levels of 53BP1 foci in response to hypoxia. FTC133 cells were
incubated for 18 hours in normoxic (21%)@r hypoxic (0.1% @ conditions. Cells
irradiated with 4Gy were used as positive contiinfx + 4 Gy). Cells were stained for
53BP1 (green) and DAPI (blue). The graph represtresiumber of 53BP1 foci per cell.
Three independent experiments were performed antddts represent the mean = SEM.
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Contrary toyH2AX, 53BP1 foci weren’t induced in response to ¢wip. On the other
hand, irradiation with 4 Gy of x-rays did inducsignificant upregulation of 53BP1 foci.

5.2.2. UPREGULATION OF TI1P60IN RESPONSE TO HYPOXIA
In order to test the involvement of Tip60 in thephyia-induced activation of ATM, firstly
the levels of Tip60 were analysed by Western bfdtC133 and HCT116 cells were
incubated for 18 hours in hypoxia or normoxia andstrn blot analysis was carried out
as described in the previous section. Three indigrgrexperiments were performed and a
representative image is shown in Figure 5.4A. Giegblrepresentation of densitometric

analysis of Tip60 expression is presented in FiG4&.
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Figure 5.4. Tip60 protein levels in response to hypoxia. Cells were incubated in
normoxic (N; 21% @) or hypoxic (H; 0.1% @) conditions for 18 hours prior to lysis and
Western blot analysis. HIFedlwas used as a control for hypoxic condition frattin as a
loading control (A). The graphs represent the densetry of Tip60 expression normalised
by the loading control and normoxia (B). Bars repré the mean = SEM of three
independent experiments.

The protein levels of Tip60 were significantly uguéated in response to hypoxia in both

cell lines analysed.

5.2.3. DOSE RESPONSE ANALYSISOF T1P60 SPECIFIC INHIBITOR: TH1834
Previous studies provided evidence regarding thelwement of Tip60 in the formation of
yH2AX foci after irradiation [197]. AdditionallyyH2AX foci were used as a downstream
marker by the group of Dr. James Brown to test éffecacy of TH1834 [146]. The
efficiency of Tip60 inhibition by TH1834 was assedsn x-ray radiated FTC133 cells in
the presence of 1, 10 or 20 uM of the inhibitotdwing theyH2AX levels.

FTC133 cells were incubated with 1, 10 or 20 uMT®&f1834 or DMSO for 18 hours.
After this, the cells were irradiated at 4 Gy witlrays and were fixed 30 minutes post
irradiation. Staining wityH2AX antibody was performed as described in thdice.7.
Three independent experiments were performed aedintages acquired using a 3D-
Histech Pannoramic-250 microscope slide-scanisee ¢ection 2.7.3 for details). A
representative image is presented in Figurey52AX mean fluorescence was quantified

and analysed using Image J software (Fig. 5.5).
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Figure 55. yH2AX foci in irradiated FTC133 cells treated with different
concentrations of TH1834. FTC133 cells were incubated with 1, 10 or 20 uM bBifL834

or DMSO for 18 hours. Cells were irradiated with y4@nd fixed 30 minutes post
irradiation. Cells were stained fgiH2AX (red) and DAPI (blue). The graph represents
yH2AX mean fluorescence. Three independent expetsneare performed and the bars
represent the mean £ SEM.

The formation ofyH2AX foci in response to x -rays was reduced irlscpie-treated with
TH1834. This reduction was significant with 10 &#@uM of the drug. Treatment with 10
and 20 uM of TH1834 were equally significant.
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5.24. THE EFFECT OF TIP60 INHIBITION ON THE ACTIVATION OF ATM IN
HYPOXIA

In order to evaluate the effect of Tip60 inhibitiam the levels of ATM-pSer1981
immunohistochemical analysis was performed in FIXt8lls and the images were
obtained as described in the previous section. BB&Ells were incubated with 1, 5 or 10
UM of TH1834 or DMSO for 18 hours in hypoxia. Aftdns, the cells were stained for
ATM-pSer1981 and DAPI as a nuclear marker. Thredgependent experiments were
performed and a representative image is presenteigjure 5.6.
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Figure 5.6. The levels of ATM-pSer1981 in FTC133 cells treated with different
concentrations of TH1834 in hypoxia. FTC133 cells were incubated with 1, 5 or 10 uM
of TH1834 or DMSO for 18 hours in hypoxia (0.1%)CCells were stained for ATM-
pSer1981 (green) and DAPI (blue). The graph repteseATM-pSerl981 mean
fluorescence. The bars represent the mean + SENed independent experiments.

The levels of ATM-pSer1981 were significantly reddcin the presence of the Tip60
inhibitor in hypoxia. The greatest effect was shawing 10 uM of TH1834.

Data were corroborated by Western blot. Here boI€E33 and HCT116 cells were
treated with 10 uM of TH1834. Cells were treated6oor 18 hours in hypoxia. Cells in
normoxia were treated for 18 hours before Westéoh dnalysis. Cells irradiated with 4
Gy of x-rays were treated for 18 hours with thegdpuior to being irradiatedsée section
2.5 for details). Western blot analysis was carried out as desdrib the previous section.
A representative image for FTC133 and HCT116 dsllpresented in Figure 5.7A and
Figure 5.7C, respectively.
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Figure5.7. Effect of Tip60 inhibition on ATM-pSer 1981 protein levelsin FTC133 and
HCT116 cells. FTC133 (A) and HCT116 (C) cells were incubated wvaittwithout 10 uM
of TH1834 in normoxia (21% £por hypoxia (0.1% ¢) for 6 or 18 hours prior to lysis and
Western blotting. FTC133 Treatment with TH1834 nslicated with the symbol (+).
Normoxia is indicated with an N and cells irraddhteith 4 Gy as N + 4 Gy. HIFelwas
used as a control for hypoxia afiehctin as a loading control. The graphs repredeat t
densitometry of ATM-pSer1981 standardised to thialtamount of ATM and-actin in
the presence of TH1834 (red) or DMSO (blue) for E38 (B) and HCT116 (D). Bars
represent the mean + SD of three independent erpats.

Tip60 inhibition had only a small effect on the é¢év of ATM-pSer1981 after 6 hours of
treatment. However, after 18 hours of treatment liwels of ATM-pSer1981 were
significantly reduced in both cell lines analysé€dn the other hand, treatment with
TH1834 only reduced the levels of ATM-pSer1981riadiated HCT116 cells, but did not
have any significant effect in irradiated FTC13R)(F.7).

5.25. THE EFFECT OF TIP60 INHIBITION ON THE ACTIVATION OF ATM IN
RESPONSE TO X-RAYSIN FTC133CELLS
Treatment with 10 uM of TH1834 did not affect tikeedls of ATM-pSer1981 in irradiated
FTC133 cells (Fig. 5.7). Thus, FTC133 cells wesated with different concentration of
TH1834 to assess ATM-pSerl981 levels in responseadtion. FTC133 cells were
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incubated with 10, 20 or 30 uM of TH1834 for 18 twand then irradiated with 4 Gy x-
rays. Cell lysates were analysed by Western blat anrepresentative experiment is

presented in Figure 5.8

FTC133 N + 4Gy

TH1834(uM) 0 10 20 30
ATM-pS1981 '— —

ATM |l il i

B-actin — T ———

Figure 5.8. The levels of ATM-pSer1981 in irradiated FTC133 cells treated with
different concentrations of TH1834. Cells were irradiated at 4 Gy x-rays (N + 4Gy) and
then incubated with 10, 20 or 30 puM of TH1834 or 8® (marked with 0) in normoxia
(21% Q) for 18 hours. Cells were lysed and analysed bgtéra blot post radiation.

In the irradiated FTC133 cells, the levels of ATI8gr1981 progressively decreased with

an increasing concentration of the drug (Fig. 5.8).

5.2.6. THE EFFECT OF TIP60 INHIBITION ON THE ACTIVATION OF ATM IN

HYPOXIA ISINDEPENDENT OF DNA DAMAGE

Co-staining with ATM-pSer1981 and 53BP1 was perfednn FTC133 cells treated with
TH1834 to ensure that the observed downregulatiohTd1-pSer1981 is independent of
DNA damage. Cells were treated with 10 uM of TH18846 or 18 hours in hypoxia.

Irradiation with 4 Gy was used as a positive cdnftno 53BP1 foci. FTC133 cells were
fixed, stained and images acquired as describethensection 2.7. The results of this

experiment are presented in Figure 5.9
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Figure 5.9. The levels of ATM-pSer1981 and 53BP1 foci in FTC133 cells treated with
TH1834. FTC133 cells were incubated with 10 uM of TH1834D1SO for 18 hours in
normoxia (21% @) or hypoxia (0.1% ¢). Cells irradiated with 4Gy were used as positive
control. Cells were stained for ATM-pSer1981 (gne&3BP1 (red) and DAPI (blue).
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Mean fluorescence of ATM-pSerl981 was quantifiethgidmage J software, and the
results are shown in Figure 5.10A. The number @B foci per cell were quantified as
described in Section 2.7 and the outcome is predem Figure 5.10B. In order to
determine if the differences observed in the lewél8TM-pSer1981 were independent of

DNA damage, ATM-pSer1981 mean fluorescence wastdigahexcluding all cells with
53BP1 foci (Fig. 5.10C).
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Figure 5.10. ATM-pSer 1981 fluorescence and 53BP1 foci in FTC133 cellstreated with
TH1834. FTC133 cells were incubated with 10 uM of TH183ddjror DMSO (blue) for
18 hours in normoxia (21% A or hypoxia (0.1% ¢). Cells were stained for ATM-
pSerl981 and 53BP1. ATM-pSer1981 mean fluorescéirand the number of 53BP1
foci per cell (B) were quantified using ImageJ ws@ite. To exclude ATM-pSerl1981
associated with DNA damage, ATM-pSerl981 mean @scence was quantified
excluding cells with 53BP1 foci (C).

In hypoxia, treatment with Tip60 inhibitor did notduce the formation of more 53BP1
foci. Conversely, in response to x-ray, FTC133xekated with TH1834 presented higher
levels of 53BP1 compared with the control. The led# ATM-pSer1981 were evidently

lower in the cells treated with TH1834 after 18 tsoaf treatment in hypoxia, even when

the cells with DNA damage were removed from thdyais

5.3. DISCUSSION

ATM activation in response to hypoxia was observed=FTC133 and HCT116 cells
(Fig.5.1). Hypoxia induced activation of ATM haselbepreviously reported [22, 24, 83].
Hypoxia inducedyH2AX phosphorylation but 53BP1 foci were not form@dg. 5.2 and
5.3) suggesting thaH2AX phosphorylation in response to hypoxia is redated to DNA
damage. Induction ofH2AX in response to hypoxia as part of the DNA dgmeesponse
pathway activation has been previously reported 188]. It has been suggested that DNA
damage independentH2AX phosphorylation in response to hypoxia (0.0 is

associated with the formation of stalled replicatiorks and consequent activation of ATR
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[85]. Evidence that induction gH2AX in response to mild hypoxia (0.2%)@lepends on
HIF-1a activity in vitro andin vivo has also been recently shown [198].

Tip60 plays an important role in hypoxia, as a ctivator of HIF-Ju, being involved in
the regulation of cellular response to hypoxicstrd 96]. To further investigate the role of
Tip60 in hypoxia, the protein levels of Tip60 in goxia were assessed. Tip60 was
upregulated in response to hypoxia in FTC133 andTH® cells (Fig.5.4). Sirtl
negatively regulates Tip60 stability [194, 195].eTtetected downregulation of Sirtl in
these cell linesste Chapter 4), might explain the Tip60 upregulation in hypoxiells.
Sirtl has also been implicated in regulating Tipi@io-acetylation and consequently
modulation of its acetyltransferase activity (HABJrtl dependent deacetylation of Tip60
negatively regulates its HAT activity and inducds ubiquitination and subsequent
degradation [194]. The downregulation of Sirtl @sponse to hypoxia together with the
observed upregulation of Tip60, points to the pmeseof a catalytically active Tip60 under

hypoxia.

Activation of the DDR pathway in response to hypoplays a crucial role in tumour
progression [23, 24, 86, 199]. Tip60 plays an esslerole in the DNA damage response
pathway after exposure to DNA damaging agents [599, 113]. However, the

contribution of Tip60 in the activation of the DDR response to hypoxia hasn’'t been
tested to date. The involvement of Tip60 in theeobsd activation of ATM in response to
hypoxia (Fig. 5.1) was tested using the Tip60 dpeitihibitor, TH1834.

Firstly, TH1834 efficiency was assessed followjtPAX phosphorylation in response to
x-rays as a downstream target of Tip60. Signifiaa@diuction ofyH2AX phosphorylation

was observed in FTC133 cells after radiation ingresence of 10 and 20 uM of TH1834.
No significant difference in the levels @fi2AX was evident in FTC133 cells treated with
10 or 20 uM of TH1834 alone (Fig. 5.5). The low sigaity of the assay used to detect
YH2AX, or the fact that dose/response curve reachethteau around 10 uM due to the

saturation of the system cannot be excluded.

Next, the involvement of Tip60 in hypoxia inducettization of ATM was tested using 1,
5 and 10 pM of TH1834 in FTC133 cells. Levels of \pSer1981 were significantly
downregulated with all the concentrations of TH1884ed. As expected, this

downregulation was most pronounced in cells treatgd 10 uM of TH1834 (Fig. 5.6).
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Tip60 inhibition had a more prominent effect on theels of ATM-pS1981 in hypoxia
than after x-rays in FTC133. On one hand, the oleskdifferences may be due to varying
mechanisms of downstream target modification (ATSEE981 vsyH2AX). However,
the observed difference is most likely the resilthe induction of other mechanisms

leading toyH2AX phosphorylation in the presence of DNA damage.

To further investigate the effect of Tip60 on thetiation of ATM under hypoxic

conditions, FTC133 and HCT116 cells were treateth D pM of TH1834 and ATM-

pSer1981 was followed. Reduced ATM-pSerl981 lewadse detected in FTC133 cells
after 6 hours of treatment in hypoxia. Modest reiducof ATM-pSer1981 the levels were
also observed in HCT116 after 6 hours of treatmenypoxia. However, significant
reduction of ATM-pSer1981 levels was evident inhbogll lines treated with TH1834 for
18 hours in hypoxia (Fig. 5.7).

Significant downregulation of the ATM-pSerl1981 lesvevas recorded in pre-treated with
TH1834 HCT116 cells in response to radiation. INCEB3 cells on the other hand, the
effect of Tip60 inhibition on the levels of ATM-pB8&81in response to radiation was not
as evident (Fig. 5.7). The lack of response in F3Light be due to low efficiency of the

drug in a condition where the levels of expressibATM-pSer1981 are much higher. To
test this hypothesis, FTC133 cells were treatedh Wwigher concentrations of TH1834
which resulted in a more pronounced downregulatbATM-pSer1981 in cells treated

with 20 and 30 uM of the drug (Fig. 5.8).

To exclude the possibility that the observed eftdcTH1834 in hypoxia is dependent on
DNA damage present in the cells, FTC133 cells voerstained for ATM-pSer1981 and
53BP1 after treatment (Fig. 5.9). As expectedatinlysis showed that the levels of 53BP1
foci after 6 and 18 hours of treatment with TH1834ypoxia were very similar to those
detected in the untreated cells. The levels of Ag®&r1981 were downregulated in
response to Tip60 inhibition, even after excludiedls with 53BP1 foci from the analysis
(Fig. 5.10). These results suggest that Tip60vslired in the DNA damage independent

activation of ATM.

In response to x-ray irradiation, the levels of B3Bwvere higher in FTC133 cells treated
with TH1834 compared to the control (Fig. 5.10).eTébserved consequence of Tip60

inhibition in irradiated cells may be due to faulNA damage repair as a consequence of
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ATM inhibition. In support of this hypothesis, ia& been previously reported that ATM is
involved in the dissociation of the 53BP1 foci froine sites of DNA damage [200].

Downregulation of thgH2AX phosphorylation and upregulation of the 53B&\lels was
observed in TH1834 treated cells in response t@tiad. It is important to point out that
yH2AX phosphorylation is a process dependent onatttevation of kinases involved in
DDR, such as ATM and ATR. Thus, the reduction ie kvels ofyH2AX in response to
Tip60 inhibition may be a direct consequence of AfMibition. Reduction offH2AX
foci after treatment with Tip60 siRNA has been jweasly reported, but the underlying
mechanisms leading to this effect have not beerreaddd [197]. Meanwhile, the
formation of 53BP1 foci in response to DNA damagerdependent of the action of
kinases of the DDR pathway. 53BP1 is one of theemme that are recruited early to the
sites of DNA damage through the recognition andlibig to H4K20me2 [201].

In conclusion, data presented in this chapter sstgipat Tip60 plays a crucial role in the
hypoxia dependent activation of ATM. Existing dhiék the activation of ATM to S-phase
arrest as well as to the induction of H3K9me3 ipdwa [22]. It has been shown that
hypoxia induced activation of ATM is independent toe MRN complex [24]. The

relationship between Tip60 and MRN in ATM activatics not very clear [202]. Two

different studies from the same group reported reglntting results regarding MRN

involvement in the Tip60 dependent activation of M\]59, 113]. The first study reported
an MRN independent activation of Tip60 and ATM [L13owever, the follow-up study

showed that Tip60 dependent activation of ATM isidished, but not totally abolished,
by Rad50 siRNA in HCT116 cells [59]. This indicatiat the role that MRN plays in this
mechanism is debatable.

As mentioned above, the presence of H3K9me3 in Xigpis important for the hypoxia

dependent activation of ATM. It has been reporteat tH3K9me3 acts as an allosteric
regulator of Tip60 HAT activity [59]. High levelsf AH3K9me3 in response to hypoxia
might lead to Tip60 activation. Although, previostidies found that hypoxia induced
ATM doesn't localise to chromatin [24]. It may begsible that Tip60 is activated by the
interaction with H3K9me3, but the Tip60/ATM complésn’t retained in the chromatin

because MRN, which functions as an adaptor, ispnesent. This idea is supported by
previous published data showing that ATM activai®negulated mainly through changes

in the chromatin structure, rather than by diradenaction with the chromatin [106].
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However, H3K9me3 is necessary, but not sufficitmtthe hypoxia induced activation of
ATM, as induction of H3K9me3 in mild hypoxia didngad to the activation of ATM
[22].

Downregulation of Sirtl observed in response tooltigo may be another mechanism of
Tip60 activation and subsequent ATM auto-phosplatigh. Given that 2% ©does not
induce ATM activation [22] future studies shouldréstigate the levels of Sirtl and its

activity, in response to milder levels of hypoxia.

Induction of S-phase arrest, in response to hypdxa been shown to be a necessary
factor in ATM activation under these conditions. vwver, treatment only with
hydroxyurea, which leads to the induction of S-ghasrest, failed to induce ATM
activation. It was shown that the activation of AT$/lalso dependent on the presence of
H3K9me3 [22]. All this suggests that more than taxor must be involved in regulating
ATM activity under hypoxic conditions.
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6. CONCLUSIONSAND FUTURE DIRECTIONS
6.1. CONCLUSIONS
6.1.1. H3K9ME3ISINDUCED BY SUV39H1 IN RESPONSE TO HYPOXIA IN FTC133,
U87 AND HCT116 CELLS

Heterochromatin features are commonly observedumours [212]. Tumour hypoxia
induces changes in the chromatin structure, wittuation of the heterochromatin mark
H3K9me3 frequently found. The expression of theetrmthromatin related mark,
H3K9me3, was upregulated in FTC133 and U87 expésed8 hours to hypoxia (0.1%
0,). The predominance of H3K9me3 coincided with theregulation of Suv39HL1 in

FTC133, U87 and HCT116 cells exposed to hypoxicddmms. However, under mild

levels of hypoxia (1% €) induction of H3K9me3 and Suv39H1 were not evidemt

FTC133 suggesting that induction of Suv39HL1 is argyuisite for the stimulation of
H3K9me3.

MRNA analysis carried out in FTC133, U87 and HCTXHH lines pointed out that
Suv39H1 in hypoxia is regulated at post-translaiolevel. Significant increase of
Suv39H1 cellular levels was observed in FTC133scéleated with the proteasome
inhibitor MG132 in mild hypoxia suggesting the itv@ment of the ubiquitin proteasome
pathway in regulating the Suv39H1 protein levelsdlamthese conditions. Potential
contribution of the E3 ligase MDM2 in these evemtas investigated in an effort to
uncover the regulatory mechanisms behind Suv39Hfeguation in hypoxia and
consequential changes in chromatin structure irpaese to hypoxic stress. These
observations could facilitate the design of morecme therapeutic schemes enabling

improved treatment of hypoxic tumour regions.

6.1.2. SUV39H1ISUPREGULATED IN HYPOXIA VIA ATM DEPENDENT INHIBITION
OFMDM2INFTC133ANDHCT116 CELLS

The upregulation of Suv39H1 in hypoxia and the lmement of the proteasome pathway
in this process were shown @hapter 3 of this study. The next aim of this project was to
determine the exact mechanism behind this progesSirtl has been previously reported
to be involved in inhibiting MDM2 dependent degrada of Suv39H1 [73], the levels of
MDM2 and Sirtl were analysed. There was no sigaificchange of the MDM2 protein
levels in HCT116 and U87 cells whereas significaptegulation of this E3 ligase was
evident in FTC133 cells. Sirtl protein levels om thther side were downregulated in
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hypoxia, compared to the normoxic control in a# ttell lines analysed. In view of these
findings it was hypothesised that another mechamsust be involved in negatively

regulating MDM2 activity.

The hypoxia induced activation of ATM, as well & involvement in regulating MDM2
activity, have been previously reported [24, 1725]1To address the possible involvement
of ATM in the observed upregulation of Suv39H1 ypbxia, the ATM specific inhibitor
Ku55933 was used. After 18 hours of treatment Withh5933 in hypoxia, the levels of
Suv39H1 were significantly reduced in all the diglés analysed. This indicates that ATM
is at least partially involved in the upregulat@inSuv39H1 in hypoxia.

To further validate the involvement of ATM and MDMi& the hypoxia induced
upregulation of Suv39H1, MDM2 knockdown in combioat with Ku55933 was
performed in FTC133 cells. The highest levels ov3H1 were recorded in cells
transfected with siRNA targeting MDM2 in the abseraf Ku55933, in hypoxia. This
result further corroborates that ATM as well as MPMre involved in regulating
Suv39H1 in response to hypoxic stress. The roleA®M in the hypoxia induced
heterochromatin points to a new stress-specifie adlthis protein in promoting tumour

cell survival under these conditions.

6.1.3. HYPOXIA INDUCED ACTIVATION OF ATM IS DEPENDENT ON TIP60
ACTIVITY INFTC133ANDHCT116 CELLS

The final aim of this study was to understand thechanism of the hypoxia-induced
activation of ATM. The involvement of the acetylisderase Tip60 in the DNA damage
induced activation of ATM has been previously repd{113]. However, it is not known if
the same mechanism operates in response to hypokias been previously reported that
Sirtl is involved in negatively regulating Tip60opzin levels as well as its enzymatic
activity [194]. The observed downregulation of Sifsee Chapter 4) and upregulation of
Tip60 (see Chapter 5) in response to hypoxia sugddbe presence of an active form of
Tip60 under these conditions. In order to testinrelvement of Tip60 in the upregulation
of the catalytically active form of ATM (ATM-pSer82) in response to hypoxia, the
Tip60 specific inhibitor TH1834 [146] was used.

FTC133 and HCT116 cells treated with TH1834 in hyap showed a significant
reduction in the levels of ATM-pSer1981. In order éxclude the possibility that the
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observed effect of TH1834 was due to DNA damagsegmnein the cells, the 53BP1 foci
were analysed. The obtained results support themdhat the Tip60 mediated negative
effect on the ATM-pSer1981 levels was independémNA damage. This result implied

that Tip60 is involved in the hypoxia induced aation of ATM. A summarised proposed

mechanism is illustrated in Figure 7.1.

1

Sirtl

——I MDM2 — P Suv39H1

Figure 7.1. Proposed mechanism of hypoxia induced activation of ATM and its
consequence

Tip60 has been proposed to link chromatin withER pathway [59]. The role of Tip60
in the induction of ATM in hypoxia further underis the importance of the chromatin
structure in ATM activation. The possible dependeotTip60 activation on Sirtl may be
an important link between DDR and metabolism indy@a. The involvement of ATM in
Kapl dependent chromatin relaxation to promote Dd#age repair has been previously
established [191]. This is a direct consequencAT¥ activation and happens quickly
after ATM activation. However, the induction on SA¥1 in response to ATM activation
seems to be a late response in the DDR activatioeeps as it happens indirectly through
MDM2. The importance of ATM in maintaining heterecmatin integrity is well known

[191]. The existence of a mechanism that links Afdvheterochromatin formation seems
99



logical as this helps the cell to re-establishhbterochromatin after the damage has been

repaired and protect the genome through chromatimpection.

6.2. FUTURE DIRECTIONS

Further investigations are needed to unravel thaildd molecular mechanisms governing
the regulation of chromatin structure in responsehypoxic stress by the ATM and
Suv39H1 interplay. It would be beneficial to penfoSuv39H1 knockdown and analyse
the effect of this on the levels of H3K9me3 in hyjao Existent preliminary data using
Suv39H1 siRNA points to Suv39H1 dependent inductdriH3K9me3. Further work is

still required to confirm this hypothesis.

On the other hand it will also be important to addrif the upregulation of H3K9me3
translates to a more compact form of chromatinsTain be done by using a chromatin
accessibility assays such as Micrococcal nucledfidagée) assays. This will provide

information about the level of compaction of thearhatin in cells exposed to hypoxia.

In order to understand better the involvement oMAIN heterochromatin formation, it will
be necessary to evaluate the levels of heterochiorzators in ATM™ cells exposed to
hypoxia. Additionally, to provide further supporto tthe data in this study
immunohistochemical analysis of pre-existent tumsections might be useful. It will be
interesting to see if tumour sections present calsed expression of ATM-pSer1981
with Suv39H1 and H3K9me3. It will also be importdatevaluate if this correlates with
the hypoxic regions of the tumour. This will progichformation about the relevance of the
mechanism described in this study in 3D tumour n®d@emonstrating the importance of
these mechanisms in tumour samples would provisighhinto possible future therapeutic
opportunities, as for example, the use of Suv39ia #arget to sensitise hypoxic cells to

treatment.

Another important aspect of this study is the elation of the role of Tip60 in the hypoxia
induced activation of ATM. The activation of Tip@® response to hypoxia might be due
to the observed downregulation of Sirtl. It will ipeportant to study further the role that
Sirtl plays in the hypoxia induced activation of fANA damage response pathway. Sirtl
is a NAD" dependent enzyme that might be an important letkvben tumour metabolism
and the DNA damage response pathway. The detailddrstanding of this mechanism
will facilitate better targeting of the hypoxic iiegs of the tumour.
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