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Abstract

Histonesare responsible for the packaging of DNA into a eukaryotic cell nucleus, and
the H2A variant H2AX plays an important role in the DNA damage response (DDR).
The phosphorylated form of H2AX, known as+ $; KDV EHHQ VXJJHVWH
prognostic cancer biomarkeaithoughit is unclear how variations iH2AFX copy
number, mRNA and protein abundance contribute to genome instabiiajysis of

copy number alterations (CNAS) in large human cancer datasets has revealed that
H2AFX seldom undergoes amplification or homozygous delstemd is rarely
mutated. In contrast, loss of one copH@AFXis very common and 41% of samples

in theMolecular Taxonomy of Breast Cancer International ConsortMBTABRIC)
dataseexhibit loss of oe H2AFX allele. This loss is most frequent in the hormone
receptor positive luminal B subtypeumB, 63%), which is characterised by rapid cell
proliferation, genome instability and overall poor prognosis. No homozygous
deletions or mutations di2ZAFX are observed inLumB tumoursand only 2% of
samples show2AFXamplifications, suggestirnthatH2AFXcould be essentiakour

cell lines which represerti2AFX copy number status arldminal subtypes were
selected from the Cancer Cell Line Encyclopaedia (CQbaH)vestigate the effects

of loss of oneH2AFX allele This revealed that2AFX CNAs have little impact on
transcript or protein abundanc HDVXUHPHQW RI + $; IRFL IRUP
disappearance after ionising irradiation show that H2AX is rapidly phosphorylated
after damage and repair is facilitated without correlation to the molecular subtype or
H2AFXgene dosagén summary, we propose tHa2AFXis essential in breast cancer

but that loss of onel2AFXallele is well tolerated and leaves nearmal abundance

of mMRNA and protein. This suggests a regulatory mechanism to maintain H2AX
abundance and @bust DDR irrespective di2AFX copy numbeior breast cancer

subtype.
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Chapter 1:
Introduction



1.1. The DNA damage response

Each cell in the human body receives tens of thousands of DNA lesions peitlakzry

as a result of normalhysiologicalprocesses or via the environmdrgviewed by
Ciccia and Elledge 2010kukaryote cells havdeveloped a mechanism known as the
DNA damage response (DDR) to detect and repair the various forms of DNA damage
andto prevent genome instabili(s1). The DDR enables cells to sense DNA damage,
disseminate damage signals, and aativapair cascades that subsequently evoke a
multitude of cellular responségeviewed by Hoeijmakers 2009, Ciccia and Elledge
2010) This includes slowing down oractivatingcell aycle checkpoints in damaged
cells until efficient repair ifsompleted Oncea DNA breakis repaired, the DDR is
completedand the cell cycle resumes. tHe DNA breakpersiss, cells undergo
apoptosis or senescence, withdrawing the cell permanently from the cell cycle to
prevent the duplication and segregation of damaged DNA into daughtgHzeber

and Elledge 2007, Hoeijmakers 2009, Ciccia and Elledge 2010)

There are darge number of different types of DNA lesions, but a limited number of
repair pathwaysTherefore,damagerecognitioneventsare channelled into highly
conservedepair pathway¢Barnum and O'Connell 2015yhe DDR is composef

at least five majocanonical pathways: match repair (MMR), ucleotide excision
repair (NER), base excision repair (BER)n+#ieomologous end joining (NHEJ) and
homologous recombinatiotR) (de Boer and Hoeijmakers 2000, Rothkamm et al.
2003, West 2003, lyer et al. 2006, Lieber 2010, Wallace et al. 20m&)firstthree
pathwaysare specializedor repair ofsingle strand break(ssDNA), while double
strand breakgDSBs)are repaired by thidHEJ and HRnechanisms.



1.1.1. Double Strand Breaks (DSBs)

One of the most deleterious forms of DNA dama&geSBs.DSBs can arise ding
normal physiological processes such as V(D)J recombination, asidteh
recombination, meiosignd telomere shorteningDSBs can also & induced by
ionizing radiation, treatment with radiomimetic druggxposure toultraviolet
radiation, and reactivexygen species (ROS|Hoeijmakers 2009) DSBs are
intrinsicaly more difficult to repair than other forms DNA damage and the repair
mechanisms are more error proiiée inefficient or inaccurate repaaf DSBscan
create mutations and chromosomal translocationsc#mathreateigenomic stability
and ultimately lead to cancer developmgitcia and Elledge 2@).

Two major repair pathways are responsible for the repair of DEBKEJ and
homologous recombinatigiRothkamm et al. 2003)n the NHEJ pathwayfree ends

of broken DNA strands are simply ligdatéogethemwithout requiring a homologous
templateto guideDSB repair. This usually results in the correction of the break in an
errorprone manneMHEJ occurs rapidly and is used throughout the cell cytie.

HR mechanismuses homologous sequences &fA) such as sister chromatids a
template from which DNA can be synthesized to seal the break without loss of any
genetic information Since this pathway requires undamagsster chromatid
homolog as a repair template, HR takes place during S apbases of the cell cycle



1.1.1.1. H2AX and DSBs

The hstone variant H2AX (Section 1.3)underg@s various postranslational
modificationg(PTMs)in response to DSE8onner et al. 1993, Srivastava et al. 2009)
H2AX phosphorylation oserinel39,isalso N Q R Z (HZAX. This PTMpromotes
the recruitmentof numerous DNA repair proteins and chromatemodelling
complexes to thelamaged siteThis leads to their accumulation and retentes
nuclear foci, in addition tarrest of the cell cycle untidNA is repaied efficiently
(Figure 1.1)Bonner et al. 2008, Huen and Chen 2008, Dickey et al. 2009)

H2AX is phosphorylatedn serine 139 by the phosphoinositide -Binase related
protein kinases (PIKKs), such as ataxia telangiectasia mutated (ATM), ataxia
telangiectasiaand Rad3elated protein (ATR) and DNA dependent protein kinase
(DNA-PK) (Bonner et al. 2008H2AX is rapidlyphosphorylatd after DNA damage

and creates aignal amplification loopin combinationwith Nijmegen breakage
syndrome 1 (nibrin/NBS1) and the mediator of DNA damage checkpoint protein 1
(MDC1). Thisresults in theapid spreaig of H2AX containing chromtinup to two
Mbps either side of the DSB si{@&ogakou et al. 1998, Meier et al. 2007, Savic et al.
2009) This H2AX regionserves as a landing site for the accumulatiosther DNA
damage proteins. Thei-proteinMRN complexcomposed oMRE11-Rad50NBS1

also recognizes the damaged site, recruits ATM and tatdetphosphorylate other
substratesuch as BRCA1, 53BP1, and MDC1 as well as the checkpoint mediated cell
cycle arest proteins, Chkl and ChkZernandeXapetillo et al. 2004) H2AX focus
formation also results in the recruitment of proteins ofuibiguitin ligase cascade
including RNF8 RNF168andUBC13 which inturn results irthe accumulation of

the BRCAlcomplex and3BP1 to thalamaged sit@ickey et al. 2009) + $;also
recruits thechromatin remodéng complexTIP60-UBC13 which allows + $;
acetylation and ubiquitylatigprior to its dephosphorylation surrounding the break site
(Dickey et al. 2009)Cohesinswhich are proteinthatmaintain chromatin cohesion,
are also seen at the damagedisiteoth G1 and G2 phases of the cell cyle et al.
2004, Meisenberg et al. 2019)

In summary, H2AX phosphorylation can §eparated intbwo phasesAn initiation
phase when a small number of phosphorylagieents occuat nucleosomes adjacent



to the break, and a spreading phase in wdielnger region of phosphorylation extends
onedimensionally from either side of the brg@&covoni et al. 2010)
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Figure 11: H2AX foci formation and origins of double strand breaks (DSBs). H2AX phosphorylation (also known
as H2AX) is a central component of numerous signalling pathways in response to DSBs (A). H2AX
phosphorylation can occur after treatment with agents includniging radiation (IR), radiomimetic drugs,
reactive oxygen species (ROS), ultraviolet radiation, or drugs and chemicals which can induetoeicess.
Mutations in the DNA damage repair (DDR) pathway result in genomic instability, leading to DSBs.can

also result from eroded telomeres, V(D)J recombination, class switch recombination (CSR) andRetiosisal
integration also induces DSBs. H2AX is phosphorylated on serine 139 by phosphoindsitase3elated protein
kinases (PIKKs), suchs ataxia telangiectasia mutated (ATM), ataxia telangiectasia and-fr#at®d protein
(ATR) and DNA dependent protein kinase (B (B). A signal amplification loop involving H2AX, NBS1 and
MDC1 stimulates ATM and increases H2AX phosphorylation. A&&X phosphorylation, downstream signalling
pathways which allow the accumulation of DDR proteins for an efficient repair (such as MRN cd##8x,
BRCA1 and 53BP1) are shown, as well as chromatin condensation arnydellarrest proteins (C). Figure
obtained from{Bonner et al. 2008)



2QFH WKH '6% UHSDLU LV FRPSOHWH + $; SKRVSKRU\
must beremoveal so that the chromatin may return to a-pessed state. This is
accomplished byerine WKUHRQLQH SKRVSKDWDVHV WKDW WDU
33 33 33 & Dtgpé p5RiadGeed Phosphatase 1 (WIHGhowdhuy et

al. 2005, Moon et al. 2010) 7KH HIIHFW R-H22X I8&veR @ppears to be
independent of ATM, ATR, or DNAK activity (Chowdhury et al. 2005)0n the

other hand, WIPhas been propodeto deactivate the DDR bgiephosphorylating

multiple ATM/ATR-activated proteins, including Chk1, Chk2, p53, ATlaidMdm2

(Moon et al. 2010)

Phosphorylation of tyrosine 14k the PIKK recognition motif of H2AX has been
reported during DDR and referred to as a determinant of cell fate after DNA damage
(reviewed by Monteiro et al. 2014)n unstressed cellsthis phosphorylation is
constituive. In damaged cells, the dephosphorylation of TyligZEYAL or EYAS3
is aprerequisteWR + $; IRUPDWLRQ D@ther B&/€opmanixadi (hav O\
DDR. Therefore, dephosphorylation of Tyr142 regulates $ ; formation. If cells
undergo Tyr142 phosphgation prior to DNA repairthe cellular responsavitches
to apoptosisThis is accomplished by inhibiting tihecruitment of repair factors to

+ $; VXFKDOVM MRE11 and Rad50, while promoting the recruitment of pro
apoptotic factors such asJun NH2terminal kinas€ JNK1) (Dickey et & 2009)



1.2. Genone instability

Cells withunrepaireddNA damage events can accumulgéneticalterations which

can cause genome instabilf¢l). These genetic alterations include mutations in
specific genes, amplifications, insertions, deletionsearrangements of chromosome
segments, as well as losses and gains of whole chromosomes and other changes that
impact genomic architecture of cells. &lahallmark of cancer and d@an arisérom

several mechanisms, including defects in DNA damagpair, replicationstress
transcription,mitotic chromosome segregatiand telomere maintenan¢eviewed

by Duijf et al. 2019)

Among the most studied mechanisms of Gl in caaecerchromosomal instability
(CIN) and nucleotide level genomic instability, known as microsatellite instability
(MIN) (Figure 1.2). CIN tumours exhibit abmoal karyotypes which result from
chromosomal aberrations in numbergeh asgain or loss of whole chromosomes,
known as aneuploidy Structural aberrations such asranslocations, deletions,
inversions, or duplicationare also seen in CIN tumourslIN tumours exhibit a
normal karyotypdout are characterized by hypermutations in microsatellite sequences
caused by mutations in mismatch repair genes, sudtsaandMLH1.

Gl occurs at early stages of can€¢@ahill et al. 1999) This promotes molecular
variation within and between tumours. It also enhances their plasticity and survival
capabilityby inhibiting cell death pathways and by overcoming the host immunological
response and thtumour microenvironmentwhere host cells, secreted factors and
extracellular matrix proteins residél increases with the progression of the disease and
has been associated with tumours with aggressive clinical behaviour and resistance to
cancer therapie§eviewed by Kalimutho et al. 2019)herefore, Gl has prognostic

and therapeutic implicationsnpacing tumour progression, prognosis and treatment

of this disease.
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1.3. H2AX

1.3.1. Chromatin structure

In eukaryotes, DA is wrapped around histone octamers to form chromidigtones
arebasicproteins responsible for the packagingof 1F base pairs ofiuman DNA
inside a nucleusf 510 umin diameter(Figure 1.3) Therefore, chromatin has an
important role in thepatialorganization and hierarchical compaction of Did8well

as functionalremodellingand proper coordinatn of the biochemical activities of
DNA. The dynamic changes in nucleosome composition and in their biochemical
properties allow regulation of transcription, gene silencing, DNA rajdic,
recombinatia and repaifAusié 2006, Groth et al. 20Q7)

Under the electron microscope and in its extended form, chromatin looks like beads
on a string, where the beads are called nucleosdweteosome areflexible and
dynamic struaires that containl47 bp of DNA wrapped around a histone octamer
consisting of two of each of treanonicahistonesH2A, H2B, H3 and H4Luger et

al. 1997) Nucleosomes are then wrapped int@@ nm spiral called a solenoid
involving additional H1 histone proteitisatstabilize the chromatin structure. During

cell division, highorder chromatin can be seen under a light microscope as condensed

mitotic chromosomes.

Histones are among the most highly conserved proteins in sequence and structure. In
order to increase chromatin complexity and functionasipecialized nucleosomes
have evolved to replaaanonical histonewith histone variant§Luger et al. 1997)
With the exception of H4,aeh of the canonical histones have minor variant forms
tha are present in lesser amoubits carry out spefic metabolic functiongreviewed

by Monteiro et al. 2014)The H2A family contains the largest number of histone
variants, includingH2AX, H2AZ, macroH2A1, macroH2A2, H2A.F/Z and H2ABbd.
The diversification among histone H2A variaotten involves their Gterminal both

in length andin amino acid sequendeeviewed by Turinetto and Giachino 2015)
Unlike core histoneshe majority of histone variants are replicatiadependent and
areinserted into preassembled chrom@#insio 2006)



DNA double helix

Core histone dimers:
2xH2A/H2B
2xH3/H4

‘Beads on a string’
form of chromatin
MNucleosome

Chromatin fiber of
packed nucleosomes

Chromosome

Figure 1.3: Schematic illustrating chromatin structure and compaction in a eotic cell. Doubl-strander
DNA wraps around histone proteins to form nucleosomes that have the appearance of ‘beads on
The nucleosomes are subsequently condensed into higher order structures until eventually coimjo
chromosomes which rige in the nucleus of a eukaryotic od@lbnna et al. 2010)
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1.32. H2AX gene, function and regulation

In the human genomeanonical histone genes are spread twere clusters called
HIST1, HIST2 and HIST3, located at 6p22, 1921 and 1942, respectively. H2A
variantgenesare located outside these histone clusters, witH24¢-X geneencoding
H2AX being locatedt 119g23.3Ivanova et al. 1994)

The H2AFX gene is unique among histowariantsas it has characteristics of both
replicationindependent and replicatiatependent histone speciéBonner et al.
2008) The H2AFX gene producestwo distinct transcripts that encode the same
protein: A 0.6 kb shortnonpolyadenylatedtranscript and a 1.6 kblong
polyadenylatedranscript(Mannironi et al. 1989)Canonical histones asynthesized
from nonpolyadenylated mRNApossibly to circumvent theneed for primary
transcript processing when histones must be rapidly produced at S(ipmseand
Flaus 2010) Therefore, thencorporationof canonical histoesinto nucleosomes is
replicatiordependentMarzluff 2005) Variant histones ar¢ypically synthesized
from polyadenylatednRNA that isexpressed at very low levels throughout the cell
cycle when compared to the canonical histonése underlying mechanism of this
dualH2AFXtranslational regulation has yet to be elucidabedit has the capacity to
ensure that sufficient quanéis of H2AX molecules are madeth in the replicating

and nonrreplicating stages of the celycle(Bonner et al2008, Monteiro et al. 2014)

The proteinH2AX is one of the most abundavériantsof H2A in mammals, with
levels estimated to vary betweer22% depending on the cell line or tisaralysed
(Rogakou et al. 1998, Bonner et al. 2008RAX is distinctive from other H2A
variants due to its unique and highly conserved-te@mirus SQ-motif
SQ(D/E)(I/L/IFIY) (Figure 1.4) In response to damage, the -8@tif serine 139 is
phosphorylateénd theDDR isinitiated to preserve genome integtiogakou et al.
1998)
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Figure 14: Sequence motif showing the differences in ttier@inal region between the canonical histone H2A
and the vaiant histone H2AX. It is in the SQotif, more specifically on serine 139 (S139) that H2AX is
phosphorylated and the DNA damage response initiated. AdaptedMnoto and Flaus 2010)

1.3.2.1.H2AX and cancer

The H2AFX gene maps to chromosome 11 position 11923.3 which is commonly
deleted in cancel(€arter et al. 1994, Tomlinson et al. 1996, Dahiya et al. 1997, Jin et
al. 1998, Bassingtal. 2003, Srivastava et al. 2008, Ambatipudi et al. 2011, Curtis et
al. 2012)(Figure 1.5). In addition to tHd2AFXgene, the distal portion of the 11g arm
contains genes encoding proteimhich are critial to the DDRincluding MRE11at
11921,ATMat 11922.3, an€HEK1 at 11g24.2Studies in head and neck squamous
cell carcinoma showed that cell lines with loss of the distal 11q arm tend to have
overall lower protein expression of MRE11, ATM, H2AX angl ¥ in comparison

to cell lines with two copiegParikh et al. 2007)A correlation beteen loss of the
distal 11q arman increasen chromosomal instabilityand defects in the DDRas

also seen in the same study.

Chromosome 11

MRE11 ATM  H2AFX CHK1

Figure 15: Location of DNA Damage Response genes in the long arm of chromoscMRE11 is located
11921,ATM at 11922H2AFX at 1123 and CHEK1 at 11g24. These reggocommonly deleted in cance
(Srivastava et al. 2009)

Two independent laboratories generatd@AFX null mice to investigate the
physiological role oH2AFXin mammalian cell§Celeste et aR002, Bassing et al.
2003) Similar phenotypes were obtained both studies including increased
sensitivity to radiation, growth retardation, immunodeficiency, chromosome
instability andrepair defectgCeleste et al. 2002, Bsisg et al. 2003)Mice which
were either homozygous or heterozygous null i2AFX in combination with p53
deficiencyshowedenhanced susceptibility to can¢Bassing et al. 2003\Mice which
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are double null forH2AFX and TP53 exhibited pedispogion to T and B cell
lymphomasas well as to solid tumoui®assing et al. 2003, Celeste et al. 2003)
Restoration of thaH2AFX null allele with awild-type H2AFX allele in a p53 null
background restored genomic stability and radiation resis{&@weleste et al. 2003)
Mice which are double null fdi2AFXandATM showedembryonic lethality antheir
correspondingembryonic stem{ES) cells showedsevere genomic instabilitwhen
compared to either ATM oH2AFX homazygousnull or heterozygousnice alone
(Zha et al. 2008)In addition,H2AFX null mouse ESells exhibied defects in DSB
repairard hadan impaired @M checkpointafter exposure to low doses of irradiation
(Bassing et al. 2002, Celeste et al. 2002, Ferna@deetillo et al. 2002)Taken
together, the aforementioned findings support the ideaHhAFX gene is a tumour

suppressor gene.

In contras to the evidence that H2AX acts as a tumour suppregsog H2AX
overexpressiomvasreported inseveralhuman canceréSeo et al. 2012, Rezaeian et
al. 2017) Analysis of the Oncomine database in combination with The Cancer
Genome Atlas (TCGA) showdd2AFX to be amplified with three and four or more
H2AFX copies in approximately 6% and 0.7% of tumours analysed, respectively
(Rezaeian et al. 2017Analysis of the Gene Expression across Normal and Tumour
tissues (GENT) database showddAFXto be highly expressed in tumour tissues
compared to normal samplESeo et al. 2012)Another study showethat29% of 65
breast cancesamples have a deletion of tH2AFX gene when compared to adjacent
normal tissue, while 9% of these samples have an amplification 6f2AEX gene
(Srivastava et al. 2008)

A recent study has also shown that silencing or removing2hé-Xgene induces the
development of mesenchyrrlide characteristics through the activation of
transcription factors such as SIBNAIJ and ZEB1 in HCT116 human colon cancer
cells (Weyemi et al. 2016)This process is known as the epithetr@senchymal
transition (EMT) and it is thought to be essential for cancer metastasis. EMeisiv
the loss of celto-cell adhesion from cells with epithelial origins, the loss of apico
basal polarity and a transition to a spindiéke morphology(Yang and Weinberg
2008) This process enables cells to spread to distant oogeasnga longlasting

obstacle to successful cancer treatment.
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HLJK OHYH O Vhavd bees&en in premalignant lesiofrem various tumours

andthis waslinked with a tumour suppressing rpkell cycle arrest and senescence
(Bartkova et al. 20053orgoulis et al. 2005Elevatedbasal OHYHOV RI + $; KDY
also been found in various human cancell lines and tumour samples such as
cervical, ovarian, breast, leukaemiamelanoma, osteosarcoma, glioma,
neuroblastoma, colon, renal, and prostate cancer cell(le@swed by Monteiro et

al. 2014, Palla et al. 2017) ,Q EUHDVW FDQFHU + $; KDV DOVR
correlated with poor prognostic factormjch astumour stage, gradd, hormone

receptor negativityand Ki67 positivity(Varvara et al. 2019)These results suggest

that an increased level of DNA damags defined by the presence of $;, is a

general characteristic of cancer developn{8atrtkova et al. 2005, Gorgoulis et al

2005, Dickey et al. 2009)

Since H2AX is phosphorylated in response to DNA damage and$ ; foci have
been widely studied in cancer, this has become a very useful tool for stgdgimge
instability in both cell lines and tumour sampl@e detection and measurement of

+ $; hasbeenshown to be more sensitive, efficient and reproducible compared
with other more traditional techniques such as pulsed field gel electrophoresis and
comet assayssed to detect activityofthne5 ,Q WKH FOLQLF TXDQWLILFD
foci can pdentially be used for early cancer screemhlguman biopsies and aspirates.
%HVLGHVY WKH LQGXBYWINR QarRabing agentsihRlso be used to
promote cancer cell death, to study drug development and to monitor the response to
treatment andancer progressiaivarvara et al. 2019)

Despite the diveraV\ R1 VW XGLHV L QddiRodaY dtugiés shodld beéocarried
out to further investigate the prognostic role of $; as an importanimarker in
cancer.Understandinghe impact of changes iH2AFX copy number and mRNA
expression on the abundance of H2axd + $; proteirsis not only important to
dissectthe role of H2AX in cancer, but it also has the potential to aseessur
aggressiveness and to monitor the response to targeted therapies.
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1.4. Breast cancer overview

1.4.1. Epidemiology

Breast cancer is the mosbmmon invasivecanceramongst womerand it is the
leading cause of cancer related deaths, with over 2 million new cases worldwide in
2018(Bray et al. 2018)Breastcancer can also occur in men, but it is at least 100 times
less common than in womé8erdy et al. 2017)The prognosis in men is usually poor

due b the delayed diagnosis of this disease.

1.4.2. Breast cancer tumour classification

Breast cancer is a genetically and clinically heterogeneous disease. In order to stratify
this heterogeneity, different breast cancer classification systems have beepeatkvel
These are based on morphological features and histopathological subtypes and can be
further defined by using immunohistochemistry for protein markers and microarray

for gene expression.

1.4.2.1. Hstopathological classification of breast cancer

Breastcancers derive from epithelial cells of the mammary gland. The mammary
gland is a branching epithelial structure composed of ducts, lobules/and (Figure
1.6). The mammary gland is formed by two differentiated cell types organized into

A

Pectoralis =

muscle 0

Chest wall

and ribs S F:Jipple

N
5
~
Ducts ~
Ny
roma
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Figure 16: Schematic showing the microscopic anatomy of the breast (A). Magnification of the m
gland, showing the branching epithelial structure composed of ducts, lobules (B) and alveok (@Garimar
gland is formed by two differentiated cell types orged into two cell layers, an inner layer of lumi
epithelial cells (cuboidal cells in blue) and an outer layer of myoepithelial cells (elongatedhcgiis) ir
direct contact with the basement membrane (in grey) (C). Adapted ffitgom/www.pathophys.org/breast
cancer/
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two cell layers: A inner layer of luminal epithelial celland anouter layer of
myoepithelial cells in direct contact with the basement membrane.

Breast cancersavetraditionallybeenclassified based on their invasivenessnasitu

or invasive, andased ortheir site of origin within the mammary gland,dagctalor
lobular (Makki, 2015). Microscopically, ductal carcinomas tend to form glandular
structureswhereas lobular tumours invade in a single file of cells. t€h@inology

of ‘ductal and‘lobular is still being used for historical reaspathoughboth tumour
types derive from the breast terminal duct lobular units (TDI(Big)pson et al. 2005)
(Figure 1.6 B) To differentiate between ductal and lodoutarcinomas,x@ression of

the cell adhesion moleculedadherin has been used. Most lobular carcinomas have
complete loss of the-Eadherin expression, while invasive ductal carcinomas retain
E-cadherin expressiaffrai et al. 2013)

Focusing on ductal carcinomagjatial carcinoman situ (DCIS) is a nonrinvasive
potentially malignant intraductal cancer of epithelial cells wiécbonfined to the
ducts and lobule@igure 1.7. In contrast,nvasive ductal carcinonféDC) isthe most
common form ofinvasive breast canceaindaccountdor approximately 75% of all
invasive lesiongLi et al. 2005, Sandhu et al. 201@)C is a malignant proliferation

of neoplastic cells in the breast tissue, which has infiltrated through the duct wall into
stroma and it hathe potential to metastasize (Figure 1.7).

Ductal epithelium

Myoepithelium

;’4— Basement membrane

Normal mammary Ductal carcinoma in situ Invasive ductal carcinoma
gland duct (DCIS) (IDC)

Figure 17: Schematic of a cro-section of a breast duct showing the progresfrom ductal carcinoma iisitL
(DCIS) to invasive breast cancer (IDC). Adapted frbtips://mmww.rnceus.com/Breast_in_situ/histology.html

IDC can be further sublassified based on the grattedefinehow weltdifferentiated
a tumour is, and the statgedefinehow far a tumour has spread in the body. Knowing
how far the tumour has spread dadv fast it has grown helgdiniciansto predict the
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likely outcome and to plan theppropriatereatment for each tumour. In general,
lower tumour stage and gradgies abetter prognosis.

The stage of a solid tumour refers to its size and whether the itin@guetastasized

to other organs or tissuehe most commonly used method for defining the stage of

a cancer is th@umourNodesMetastasigTNM) system(Giuliano et al. 2017)The

TNM system is often used to cgteise cancers intéive stages, from O to 4, with

higher numbesimplying more advanced disease. Stage 1 tumours are kno\eards
stagecancer and they correspond to small tumours which are located in a single area.
Stage 2 are larger cancers which may have grown into nearby tissues or lymph nodes.
Stage 3 are even larger tours which have spread to the surrounding tissues and to
the nearby lymph nodes. Finally, stage 4 tumours are also identified as secondary
breast cancers since they have spread to distant sites of the body, such as distant lymph

nodes, bone or brain.

The cancergrade, which reflectsow abnormal, or undifferentiated, the tumour cells
are compared to normal tissueder a microscop&rade lare known aslow-grade
tumoursandresemble normalifferentiatedcells which are slowly growing. Grade 2
tumours have slightly bigger cellsvith varied morphologies and faster growth
compared to normal cells. Finally, gradexr@ known asHhigh-grade tumoursand
have apoorly differentiated abnormalphenotype and a faster growth than normal
cells.
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1.4.2.2. Hormoneeceptor classification of breast cancer based on the
cellular markers ER, PR and HER2

The most commonly used breast cancer classificatidhe clinicis based on the
expression of the cellular markers estrogen receptor (ER), progesterone receptor (PR),
and human epidermal growth factor receptor 2 (HERB®)easured by
immunohistochemistry. ER, PR and HER2 are prognostic indicators as well as
therapeutic targets in breast canfeviewed by Malhotra et al. 2010)Estrogen
receptor positive (ER+) tumours, HER2 tumours and tnglgative breast cancers
(TNBCs) account for 600%, 1015% and 1520% of all reported breast cancer cases,
respectively(Tang and Tse 2016TNBCs are defined based on their laclE®, PR

and HER2,and they pose a significant clinical challenge due to the lack of targeted
therapeutic¢Kalimutho et al. 2019)Althoughthis classification has been a valuable
tool for several decades, it relies solely onahalysis obnly threecellular markers.

For this reason, new methods with extended pan&f markersand based on gene
expressiorhave been developed.

1.4.2.3. Molecularclassification of breast ancer

The lack of a more comprehensivaolecular classificatiorpotentially limits the
ability of a clinicianto further stratify breast cancer subtypes and to predict a response
to newer targeted therapies. Recemtlecular biology approachdwmve dentified
several intrinsic molecular subtypes of breast cancer. One of the most widely known
multi-gene predictors of outcome for breast cancer iB&M50 classificationwhich

is based on a 5@ene expression profile obtainff[dm microarray datgPerou et al.
2000, Sgarlie et al. 2001, Parker et al. 2009, Prat et al. ZDA@P AMS50 classification
definesthe subtypes ormallike, luminal A (LumA), luminal B (LumB), HER2
enriched (HER2+), and badd#te. Each of these subtypes are associated with distinct
histological featuresncreasinglisease progssion increasing grade and stage, and
decreasing therapeutic response and clinical outcomes (Table 1.1).

18



Table 11: Main subtypes in the PAM50 classificatioinbreast cancer. (+) positive;)(negative, (?) targeted
therapies unknown.

Breast cancer subtype

Luminal
HER2 Basal
LumA LumB like
Incidence (%) 50 20 15 15
Estrogen recepto + + i i
(ER)
Expression  Progesterone
+ + - -
markers receptor (PR)
HER2 amplificatio i - + i
(HER2)
Growth + ++ ++ ++++
Grade low low intermediate high
Prognosis +++ ++ + -
Treatment hormonal anti-HER2 ?

Normatlike subtypeis characterized blpw tumour content and higimormal breast
tissue. Thereforethese tumours express genes which are characteristic of adipose
tissue and are ER and PR positivefact, this subtype remains enigmatic whether it

is a real subtype or a technical artef@carey 2010, Tang and Tse 2058 for this

reason it is not included in Table 1.1.

Luminal subtypesare characterized by a gene expression patsemlar to normal
breastcells that surround the lumen of the mammary ducts and gl@Rdeker et al.
2009, Chia et al. 2012)'he PAMS50 classification is able to stratify ER positive
tumours into LUumA and LumB subtypes with very different clinical outcomesA
tumours are PR positiyeend to grow slowly and are of low histological grade. LumA
tumours are treatable withormonal therapiesuch astamoxifen and aromatase

inhibitors, and generally exhibit a good prognd&isoles et al. 2012)

LumB tumours are ER and PR positive, and can also BRB2Hpositive. LumB
tumours have &stergrowth than LumA tumours, which is linked to high levels of
the proliferation marker Ki67. LumB tumours have a higher histological grade and a

poorer prognosisomparedo normailike and LumA tumours. Although treble by
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hormonal therapy, LumB tumours frequently relapse and exhibit poor clinical
outcomegOsborne and Schiff 2011, Ades et al. 2014, Gatza et al. 2014)

HERZ2 tumours are mostly ER and PR negative and show HER2 overexpression, which
is mainly due to the genomic amplification of the gene encoding HisRannotated

as ErbB2 receptor tyrosine kinase ERBB3J. Expresion of the proliferation marker

Ki67 is usually high and’ P53 mutation is commoriMakki 2015) HER2 tumours

tend to grow quickly and have a worse progis than the luminal subtypes. The
majority of HER2overexpressing patients aredted using antlER2 therapies,
although many patients with metastasis do not respond to tH&=ymas and Tolaney
2019)

Finally, basalike tumours are generally ER negative, PR tiggaand HER2
negative. Basdlke tumours are mostly of high grade, highly replicative, and they
have the worst prognosis of all subtyp€B53and EGFR mutations are common in
these tumourgMakki 2015) The term ‘basalivas first introduced to refer toasal
epithelial cells and normal myoepithelial cellsich are juxaposed next to the stroma
and the basement membrarf&usterson and Eaves 2018)herefore, basdike
tumours have gene expression patterns similar to cells which are located in this region,
suchas expression of cytokerati@K5/6, CK14 or CK17 (Sandhu et al. 2010)n
addition, basalike breast cancer occurs more frequently among hereditary breast
cancer patients harbourind& CAlmutation(Sandhu et al. 2010Hormone therapy

and antdHER?2 therapies like trastuzumab and lapatinib are not effective agairest thes
cancers, although chemotherapy can be helpagallike and TNBCclassifications

are usednterchangeably in the literatureut they are nosynonymougRakha et al.
2008) For example,n one studyonly 71% of TNBC had a basdike gene pofile
(Bertucci et al. 2008)For this reason, several biomarkers, such as EGFR, CK5/6,
CK14 or CK17, have been proposed to identify békaltumous in combination

with hormone receptor negativi(yoft and Cryns 2011)

The utility of the AMS50 classification to provide insights into the biology of breast
cancer, to predict outcomes, and to provide invaluable guidance for clinicians raised
hopes of its adoption into clinical practid@arker et al. 2009, Eliyatkin et al. 2015)
However, routine use of microarray analysis or genome sequencing is still not practical

in adayto-dayclinical setting and the cost is prohibitidalhotra et al. 2010Tang
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and Tse 2016)For these reasons, PAMS50 classification of breast cancer is still mainly

used as cancer research tool.

1.4.3. Genomic instability in breast cancer

Breast cancer is a highly heterogeneous dis@asterms of gene and protein
expression, gene copy numbers and morpholdgis heterogeneity exists between
and within tumours and it is leved to be driven by GTurashvili and Brogi 2017)
Breast cancer genomes exhibit specific numerical and complex structural

chromosomal aberrations, as well as copy number alterations (CNAS).

Based on CNA analysis, three distinct paiseof genomic alterations have been
reported in breast cancéKwei et al. 2010) The first CNAassociated pattern is
identified as ‘eanple’ or ‘simplex’, since it has few CNAs and a characteristic gain of
chromosome 1q and loss of 16q. This patteassociated with LumA tumousdhich

form the majority of breast cancer cases. The second pattern is identified as ‘amplifier’
or ‘firestorm’ due to the presence of fd¢agh-level DNA amplificationslustered on

one or more chromosome arms. This pattern is characteristic of LumB and HER2
tumours and the commonly amplified genes B&~R1 MYC, CCND1, MDM2,
ERBB2 andZNF217 Finally, the tlird pattern, referred as ‘complex’ or ‘sawtooth’,

is characterized by complex CNA patterns of@welgains and losses. This pattern

is predominately seen in the baské subtype and it is associated with mutations of
TP53

A multitude of genetic defects have been associated with an increase in breast cancer
susceptibility,such asnutationsor loss of key DNA damage repair genes, including
BRCA1 BRCA2andRAD51G and genome caretaker genes, suchATad, CHEK2
andTP53 Geretic defectsn these gengsrovide a substantial increase in repair errors

at DSBs, which leasito CIN andultimately toa higher overall risk of developing
breast cancereviewed by Duijf et al. 2019)

Exploring the role of H2AX as a key DNA damage component in breast cancer will

add to our knowledge in this highly complex disease.
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1.5. Aims of this study

Currently, it is unclear how changes H2AFX copy number, mRNA and protein
abundancecontribute to the genome instability associated with breast cancer.
Experimentation and analysis of publically available data will address thesgons

and is presented in this thesis in four results chapters as detailedaipelow Table

1.2.

x Chapter 3: Analysis of H2AFX transcript abundance

Since very little is known about the regulationHZAFX transcripts in breast
cancer, this chapter explorel2 AFX mRNA expression in breast cell lines and
clinical breast samples. Two of the most commonly used chemistries for real time
PCR (SybrGreen and TagMan) were used to establish a sensitive and precise

assay for measuring2AFXtranscript abundance.

x Chapter 4: Analysis ofH2AFX copy number, gene expression and mutational
signature in large cancer genomic and transcriptomic datasets

Since contradictory data oH2AFX copy number and expression in cancer
sanples has been reported, this chapter focuses on the anakii8leX CNAs,
MRNA expression and mutations in large cancer genomic/transcriptomic
databases. We aimed to understand whetherH2®&FX gene is commonly
mutated, lost or amplified in human cancéocusing on breast canceli2AFX

copy number status and mRNA levels were correlated with the molecular
characteristics of the disease, genomic instability, and overall patient survival. We
aimed to understand which breast cancer subtype hasH@#&€EX CNAs, and
whether these alterations have an impact on mRNA expression. Then, we
analysed whetheH2AFX copy number, and mRNA expression contribute to

genome instability and overall survival.

H2AFX copy number and mRNA distribution was also analysed iferdifit
cancer cell lines by using the CCLE database. This information contributed to the
selection of a subset of cancer cell lines as useful models to address aspects of

H2AX biology in luminal breast cancer.
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x Chapter 5: Characterization of cell lines deived from luminal breast cancer

Having identified luminal breast cancer as an interesting subtype, cell lines were
carefully selected to model this disease. Since little literature was available on
these cell lines, initial characterization focused om dletermination of their
doubling time, cell cycle profile, phenotypic characterization, and evaluation of
the presence of markers of the epithelial to mesenchymal transition (EMT). Then,
H2AFXcopy number, mRNA and protein abundance was also determiaadtin

cell line and the relationship between these investigated.

x Chapter 6: Analysisof + $; DV D PDUNHU RI WKH '1$ 'DPDJH 51
luminal breast cancer cell lines
Finally, after analysis dfi2AFX copy number, mRNA and protein abundance in
the luminal breast cell lines selected, we aimed to determine the efficiency and
WKH NLQHWLFV RI WKH "'5 E\ PHDVXULQJ + $; IRFXV
DIWHU *\ LUUDGLDWLRQ &R UX(BeBE\WdatmentEithW ZHH Q
,5 DQG + $; IRFXV IRUPDWLRQ DQG GLVDSSHDUDQFF
evaluated relative tBl2AFXgene dosage, the molecular subtype and total H2AX

protein abundance in each cell line.
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Table 12: Brief summary of the main questions and which samples were used in each chapter of this thesis.

Cancer
cell
lines

Title

Chapter 3: Analysis
of H2AFX transcript
abundance

YES

Chapter 4: Analysis
of H2AFX copy
number, gene
expression and
mutational signature
in large cancer
genomic and
transcriptomic
datasets

NO

Chapter 5:
Characterization of
cell lines derived
from luminal breast
cancer

YES

Chapter 6: Analysis
of + $; DV D

marker of the DNA

damageresponse in
luminal breast
cancer cell lines

YES

Clinical

Analysis
samples

H2AFX
MRNA
abundance

YES

H2AFXcopy
number and
MRNA
abundance

YES

H2AFXcopy
number,
mRNA and
protein
abundance

NO

Total H2AX
andce+ $;
protein
abundance

NO
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Questions

» Which H2AFXtranscript is
more abundant, short or
long?

Is there a correlation

betweerthe abundance of

theshort and londgH2AFX
transcripts?

Is there a correlation

between the abundance of

eachH2AFXtranscript and
the molecular subtype?

Is theH2AFXgene

commonly mutated, lost or

amplified in human cancer?

DoesH2AFX copy number,

andmRNA expression

abundance contribute to
genome instability in breast
cancer?

» What is the impact of
H2AFX copy number losen
MRNA expression?

In MDA-MB-134-VI, BT483,
CAMA-1 and BT48Zells

» What is the doubling time,

cell cycle profile,
morphology, EMT
characteristic3H2AFX copy
number, MRNA and protein
abundance?

» Does decreasdd2AFXgene
dosage leadtchanges in
H2AX protein abundance?

H2AFXgene dosage, the
molecular subtype and total
H2AX protein abundance

* in nonradiated cells?

* in irradiated cells?
Does loss of the distal
portion of chrll lead to a
deficiency of the DDR after
IR?

,V + %, FRUUHODWHG ZLW¥



Chapter 2:
Materials and Mthods
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2.1.Materials

Chemicals used in these experiments were purchased from -8ignizh or
ThermoFisher, unlesstherwisestated. Solutions were prepared with either double
distilled HO (ddHO) or MilliQ H20, unles®therwisespecified, and were autoclaved
or filtered befoe useasappropriate.

2.1.1.Common reagents anduffers

A list of the common reagents prepared for useigthiesisis outlined below(Table

2.1).

Table 21: List of reagentsised in this thesis

Name

px330annealing
buffer

Blocking buffer
Blocking solution

Coomassiestain

Coomassie destain

0.4N H2SOq

Hypotonic lysis
buffer

LB
(Luria -Bertani )
medium

LB agar

8% PFA

(paraformaldehyde)

4% PFA
Permeabilisation
buffer

Composition
0.2M Tris-HCI (pH = 7.9) + 40

Use

mM MgCk + 1 M NaCl + 20 mM  Molecular cloning

EDTA

1% Bovine Serum Albumin (BSA) Immunofluorescence

in 1x PBS
5% skimmed milk in 1)PBS

50% methanol +10% acetic acid +

1 g/L Brilliant Blue R + 1g/L
Brilliant Blue G

(IF)

Westernrblot (WB)
Staining of
acrylamide gels
to visualise
proteins
Destaining of

30% methanol + 10% acetic acid coomassie

0.5mL H2SOy (95-98%)

10 mM TrisCl pH 8.0 + 1 mM
KCl + 1.5 mM MgC} + 1 mM
DTT + 1 tablet cOmplete™
proteasenhibitor cocktail

2% LB Broth.

Autoclave to dissolve LB and
sterilise

3.5% LB agar powder.
Autoclave to dissolve LB and
sterilize

8% PFA(heatedat 60 °C to
dissolvein the hoogl. Filter and
adjust pHto 7.4

50% 8% PFA + 10% 10x PBS

0.15% Triton %100 in 1x PBS
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stained gels
Histoneextractons

Histone extradbns
Molecular
cloning

Molecular
cloning

Fixation for IF

Fixation for IF
IF



Name

10x phosphate
buffered saline
(PBS)

PBSTween
(PBST)

Ponceau S solution

3x Loading sample
buffer, stock (LSB)

SDSPAGE
running buffer

15% Separating gel

10% Sodium
dodecyl sulphate
(SDS)

5% Stacking gel

50x Tris-acetic
acid-EDTA (TAE)
buffer

10x Tris-Glycine

Composition Use

137 mM NaCl, 2 mM KCI, 10nM Washes
Phosphatéuffer in IE. WB. TC
Filtered or sterilized by autoclavin ' ’

10% 10x PBS + 0.05% Tween20 WB

5% acetic acid + 0.5% Ponceau S WB

150 mM Tris:HCI pH 6.8 + 45%

sucrose + 6 mM KEDTA pH 7.4 +

9% SDS + 0.03% bromophenol SDSPAGE
blue. AddR-mercaptoethanol to

10% final before use

1x TG buffer + 0.01% 10x SDS  SDSPAGE

15% acrylamide: 0.8% Bis + 0.35
M Tris pH 8.8 + 0.1% SDS + 0.1% SDSPAGE
APS + 001% TEMED

10% SDS (heated to dissolve) wWB

5% acrylamide: 0.8% Bis + 0.08 M
Tris pH 6.8 + 0.1% SDS + 0.1% SDSPAGE
APS + 001% TEMED

2 M Tris base + 0.95 M glacial
acetic acid

+0.05 M EDTA (pH = 8.0)

0.25 M Tris base + 1.92 M glycine WB

DNA gel
electrophoresis

(TG) buffer
Tris-Glycine
1.5x TG buffer + 20% Methanol +
transfer buffer 0.0375% SDS WB
(wet transfer)
2.1.2 Molecular biology reagents
A list of kits used in thishesisis detailed belowTable2.2).
Table 22: List of the molecular biology kits used in tthiesis.
Kit Name Part No. Supplier

nanoScript 2 Reverse

cDNA synthesis Transcription kit

Wizard Genomic DNA

Purification kt A1120

DNA extraction
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Kit Name Part No. Supplier

DNA

quantification Qubit dsDNA BR Assay Kit Q32850 ThermoFisher
DNase digestion RNase free Dlase kit 79254 Qiagen
Midiprep NucleoBondXtra Midi EF 740422 '\Nﬂgggf ry
PCR cleanup (kgitIAqwck PCR purification 28106 Qiagen
RNA extraction  Nucleospin RIA 1l 11922402 Fls_her_ ,
Scientific
RNA extraction  RNA easy midi kit 74104 Qiagen
ROV Qubit RNA BR Assaykit Q10210 ThermoFisher
guantification
Syerree_n Fa_lstSyerreen Master 4385616 ThermoEisher
Master Mix Mix
TagMan Master TagManFast Advanced Applied
Mix Master Mix AAAAELEE Biosystems
2.1.3.Tissue culture reagents
A list of reagents used in this study is detailed bgldable2.3).
Table 23: List of tissue culture reagents used in thissis
Name Part No. Supplier
Cholera toxin C8052 Sigma
DMEM high glucose D6429 Sigma
DMEM low glucose D6046 Sigma
DMEM/Ham’s F12 D8437 Sigma
Epidermal growth factor AF-100-15 Peprotech
Fetal bovineserum (FBS) F7524 Sigma
Glucose 45% (2.5M) G8769 Sigma
HEPES H3375 Sigma
Horse serum H1270 Sigma
Human insulin 19278 Sigma
Hydrocortisone HO0396 Sigma
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Name Part No. Supplier

L15 Medium L5520 Sigma
L-glutamine G7513 Sigma
Lipofectamine 2000 11168027 Invitrogen
opti-MEM 31985 Gibco
Penicillin-Streptomycin P4333 Sigma
RPMI-1640 R8758 Sigma
Sodium pyruvate S8636 Sigma

2.1.4 Antibodies

2.1.4.1Primary Antibodies

Primary antibodies used in thisesis as well as their source and dilution used, are
detailed belowTable2.4).

Table 24: List of primary antibodies used in thisesis

Antibody Source Product no. Host species \I/D\;:l;tion =
H2A Abcam ab18255 E;S(E’li;nal 1:600 -
H2AX Abcam abl11175 Egll?/gli(t)nal 1:1000 1:2500
R mmrigl(()re JBW301 mgﬁzilonal ) 1:1000
(EZ_ACfZ(iB(;rin 'ClEgcl:thnEIrcl)Zlyi/ng S ri%lr)wzi(tzlonal i L
(p\'(:éo‘gl% Abcam ab4803 gﬂo()lyl/flgnal - 1:100
70-1 Invitrogen 339100 mgﬁiim i 1:100
Vimentin  Sigma V6630 mgﬁzibnal i 1:100

29



2.1.4.2. Secondary antibodies
A list of fluorescent secondary antibodies can be found bellawl€ 2.5.

Table 25: List of secondary antibodies used in tiigsis

Product Host Dilution

Antibody Source no. species \wpB IF

Alexa Fluor 488

: ThermoFisher A-11029 Goat - 1:1000
anti-mouse
AIe_xa FIu_or488 ThermoFisher A-11034 Goat - 1:1000
anti-rabbit
AIe_xa Fluor 594 ThermoFisher A-11032 Goat - 1:1000
anti-mouse
AIe_xa FIu_or594 ThermoFisher A-11037 Goat - 1:1000
anti-rabbit
IRDye® 800CW 925 ) i
anti-rabbit IgG LI-COR(UK) 35997 ~ Goat  1:20,00

2.1.5.Primer sequences

The following is a list oforimersused throughout the course of these experiments
(Table 2.6).

Table 26: List of the primers uséd this thesis.

Target Primer Forward (5’ —3’) Primer Reverse (5'-3)
GAPDH GAAGGTGAAGGTCGGAGTCA  GAAGATGGTGATGGGATTTC
H2AFX ATGTCGGGCCGCGGCAAGAC  TTAGTACTCCTGGGAGGCCT
CRISPRWT

Short +10N9 15 TGCCCAAGAAGACCAGC — CGGCCCTCTTAGTACTCCT
H2AFX

Long only TCCCTTCCAGCAAACTCAAC ACCTTAGGCATTGGGGAGTT
H2AFX

MRPL19 ACGAGATGCCCTTCCTGAAT GGCTGATTCCACTTCTGAGC
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Target

Mycoplasma

PPIA

Primer Forward (5’ —

GGAGCAAACAGGATTAGATACC

CTGG

AGGGTTCCTGCTTTCACAGA

2.1.6 Biological materials

2.1.6.1.Cell lines

3)

Primer Reverse (5'-3)

TGCACCATCTGTCATTCTGTTAA
CCTC

CTTGCCACCAGTGCCATTAT

A list of the human commercial cell lines used throughout this studietaged below

(Table 2.7)

Table 27: List of human cell lines usédl this thesis

Cell type
BT20

BT474
BT483
BT549
CAMA -1

HelLa S3

MCF10A

MCF7

MDA -MB-134
VI

MDA -MB-231
MDA -MB-436

T47D

Source
Dwyer lab, Surgery,
NUI Galway

ATCC

ATCC

Rea lab, CCB,
NUI Galway

ATCC

Sullivan Lab, CCB,
NUI Galway
Dwyer lab,Surgery
Santocanale Lab,
CCB, NUI Galway
Rea lab, CCB,
Santocanale Lab,
CCB,

NUI Galway

ATCC

Dwyer lab, Surgery,
NUI Galway

Rea lab, CCB,

NUI Galway

Dwyer lab,Surgery,
NUI Galway
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Origin
Breastductal
carcinona
Breast ductal
carcinoma
Breastductal
carcinona
Breastductal
carcinona
Breastductal
carcinona
Breastductal
carcinona

Epithelial breast

Breast

adenocarcinoma

Breast ductal
carcinoma
Breast

adenocarcinoma

Breast

adenocarcinoma

Breast ductal
carcinoma

Derived from

Breast tissue
Breast tissue
Breast tissue

Breast tissue

Pleural metastatic
effusion

Cervical
epithelium

Fibrocystic disease

Pleural metastatic
effusion

Pleural metastatic
effusion
Pleural metastatic
effusion
Pleural metastatic
effusion
Pleural metastatic
effusion



Cell type Source Origin Derived from
Kister Lab, Technical

SF268 University of Munich Glioblastoma Brain

Morrison Lab, CCB Bone
U20S NUI Galway Osteosarcoma epithelium
2.1.6.2.Drugs

The following drugs were used to treat cells at the indicated concen(ikziole 2.8)

Table 28: List of the drugs used tissue culture.

Dru Stock Working Source Product
g concentration concentration code
Doxorubicin :
hydrochloride 50 mg/mL 2 mg/mL Sigma D1515

. 25 mg/mL .
Etoposide (42.43mM) 10 uM Sigma E1383
Puromycin 10 mg/mL 0.4-1.25pug/mL  InvivoGen Ant-pr-1
Thymidine 100 mM 5mM Sigma T1895

2.2.Standard nucleic acid methods

2.2.1. Resuspending primers

Primers were received as dry pellets from Sigma. Before resuspension, tubes were
centrifuged for 30 seconds at 1009 ddHO was added to the lyophilized primers

to a final concentration of 1000 DV UHFRPPHQGHG LQ WKH GDWDVK
Tubeswere vortexed and shaken on benchtop mixer at t@g®0for 10 minutes at

room temperature. Resuspended oligos were stor&ff& and usedis a working

stockat a final concentration of 100 IRU H[SHULPHQWYV

2.2.2.Genomic DNA extraction

Genomic DNA extractio from tissue culture cellwas performed using the Wizard
Genomic DNA Purification Kit (Promega) as per the manufacturer’s instructions.
Briefly, cell pellets containing 300 x 1@ells were resuspended@0uL of Nuclei
Lysis Solution to lyse the cells. Th1lL of RNase Solution was added to the nuclear
lysate and incubated for 3@in at 37°C200uL of Protein Precipitation Solutionas
added to the lysate at room temperature, vortexed vigorously and centatdg€00
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rpmto pellet all the protein. Thaipernatant containing the DNA waansferred to a
clean tube containg 600 puL of isopropanol. The solution wafen mixed by
inversion until the DNA forrada visible mass. The solutiavasthen centrifugedat
pellet the DNA, the supernatant decanted @@@uL of 70% ethanolwasadded to
wash the DNA. Then, the solutiomas centrifuged and the ethanadas carefully
aspirated while maintaining the DNA pellet intact. The Di&sair-dried for 1015
min at roontemperature and thé&@ puL of DNA Rehydration Solutiowasaddedand
either incubatedor 1 hour at 65°C or left overnight at 4°C. DNvasstoredeitherat
4°C (short term) or at20°C (long term)

2.2.3. RNA extraction

Total RNA was extracted from 300 x“dells using the NucleoSpin RNA Il kit as per
the manufacturer’s instructions. Briefly, the cell pellet was resuspend&d id of

the supplied lysis buffdRA with 3.5 L of R-mercaptoethan@dded The lysatevas

then filtered by using a NucleoSpintEil and 796 ethanolwasadded to the lysate to
adjust RNA binding conditions. Then, a NucleoSpin Réddumn was placed in a
collectiontube and the lysat@asmixed 23 times before loading it into the column.
The lysatavasthen centrifuged for 30 s at @Q0rpmand the column placed in a new
collection tube. / Rl OHPEUDQH '"HWReaddedd tiHdlXclédSpin
RNA column and centrifuged twicéo dry the membran€l1000 rpm for 1 min,
followed by30 secto remove all the flovthrough). Then, a DNase reaction mixture
containing 1QuL of rDNase and 9L of Reaction Buffer for rDNase&asmade per
sample. This mixturevasadded directly onto the centre of the silica membrane of the
NucleoSpin RNAcolumn and incubated at room temperature f5 mirutes The
silica membranavasthen washed with 20QL of Buffer RAW2 to inactivate the
U'1IDVH IROORZHG E\ WZR ZDVKHV ZLWK % XIIHU 5%
RAZ3, respectively). The NucleoSpin RMAlumnwaslater centrifuged for Bhinutes

at 11000rpm to dry the membrane completelyinally, the columnwasplace in a
nucleasdree collection tube and the RN#aseluted in 3QUL of RNasefree HO by
centrifugation of the column at 11068mfor 1 minute

The RNA was then stored a80°C until required, or used immediately for RNA
quantification and cDNA synthesis. RNA quantification was determined using the
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Qubit RNA BR Assay Kit. RNA integrity was analysed by loading B@0of total
RNA in a 1.86 agarose gel.

2.2.4.Estimating nucleic acid comrentration

To accurately quantify DNA and RNA samples, Qubit Fluorometer (Fisher
Scientific) was used with the appropriate kits for DNA (Qubit dsDNA BR Assay Kit)
and RNA (Qubit RNA BR Assay Kit), respectively.

Nanodrop 2000c (Thermo Scientifiwps alsaised to measure DNA concentration at
260nm. To estimate purity of tHeNA, samples with a 260/280 ratio between 1.8 and
2.0, and a 260/230 ratio greater than 1.8 were considered suitable to use in future

experiments.

2.2.5.cDNA synthesis

cDNA synthess was performed using the nanoScript 2 Reverse Transcription
(PrimerDesign) kit The composition of a standard reaction is detailed below (Table
2.9).

Table 29: Reagents and volumes required for primer annealing using theSeapb2 Reverse Transcription
(PrimerDesign) kit.

Reagent Volume (uL)

RNA template (1 or 2 pg) X (depending on RNA concentration)
Random nonamer RT Primers 1

RNAse/DNAse free water X (depending on RNA concentratjon
Final Volume 10

1 ug and2 ug of total RNA were used for cDNA synthesis of clinical samples and cell
lines, respectivelyinitially, a mixtureof 1 or2 pg of total RNA,random nonamer
primersand water(as seen inrable 29) was heated t®5°C for 5 minutes and
immediately cooled ince. For optimal results, a PCR program was created with this

setup. Then, a mixture for the reverse transcription reaction was créaield 210).
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Table 210: Reagents and volumes required fioe last step ofDNA synthesi usingthe nanoScript 2 Reverse
Transcription (PrimerDesign) kit

Reagent Volume (uL)
nanoScript2 4x Buffer 5

dNTP mix 10mM 1
RNAse/DNAse free water 3
nanoScript2 enzyme 1

Final Volume 10

10 pL of this reaction mix was added per sample, vortexed followed by a short spin.
Then, tubes with this mixture were transferred to a PCR machine with the following
program: 25°C for Bnin, 42°C for 20 min, and then 75°C for 10 m'—RT control’

was also performeger sampleto evaluate the presence of genomic DNA before

cDNA synthesis. In this case, the nanoScript2 enayassubstitute by H2O.

cDNA from cell lines washendiluted 1:3 {o a final volume o860 uL). cDNA from
clinical samples was diluted 1:2, to a final volume of 40 puL. cDNA was stored at

20°Cfor future use in gPCR experiments

2.2.6. Endpoint polymerase chain reaction (PCR)

KOD polymerase (Merck) was used to amplify target DNA sequences as per the
reaction seup below (Table 2L1). Generally a 20pL reaction was used.

Table 211: PCR setp.

Stock Final Volume

concentration concentration (20 pL)
H20 13.1
KOD Buffer 10x 1x 2
Mg2SOy 25mM 1.5mM 1.2
dNTPs 2mM 0.2mM 2
Primer F 100pM 2 uM 0.4
Primer R 100pM 2 uM 0.4
g(())lyl/jmerase 1U/L 0.02U/L 0.4
Template DNA 10-100 ng 0.5
Total Volume 20
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2.2.7.DNA gel electrophoresis

To visualize DNA products after PCR amplification or enzymatic diggessamples
were run on an agarose gel. Most DN®ducts were run on a 1.5% (w/v) gel. Gels
were prepared by dissolving the appropriate amount of agarosembh 601x TAE
buffer by microwaving. Following cooling, SYBR Safe Stain (Invitrogen) was added
to the agarose solution at a 1000 dilution, ad the gel was poured into the
appropriate casting block.

Beforeloadingonto the gel, DNA samples were mixed witjil4 of 6x DNA loading

dye New England Bio Labs 5 pL of GeneRulerl00 bp DNA ladder(Fisher
Scientific) was also muon each agarose gelénable size estimation tife observed
DNA products. Electrophoresis was performadlx TAE buffer at 100V for 40
minutes using a Bi®Rad PowerPac Basic. Gel Doc XR+ System (BioRad) was used
to visualize the DNA fragments obtained.

2.2.8.Quantitative real-time PCR (qRT-PCR)

Theabundance of thel2AFXtranscriptwasanalysed in this thesissing an absolute
gPCR approachThis methodology required a standard in order to determine absolute
transcript copy number. Known quantities of DNA in the form akeombinant
plasmid containindi2AFXwas usedo generate a standard cur¥éis plasmid was
generatedby cloning theH2AFXgene into the plasmpGEM-T Easyector Systems
(Promega)followed by sequencing verificatidoy previous researchers working on
this project(Eykelenboominpublished)Appendix 1)

2.2.8.1. Calculation of H2AFX copy number in the recombinant
H2AFX pGEM-T Easy plasmid (standard curve)

To determinethe exactnumber ofH2AFX copies in therecombinant plasmid, the
plasmid was measurersing theQubit dSDNA BR Assay Kit (ThermoFisher) and the

number of copiewascalculated as follows

23
number of copies (molecules) = X' ng *6.0221 x 102 molecules/mole
(N *660 g/mole)t* 1 x 10°ng/g
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Where:X = amount of amplicon (ng)
N = length of dsDNA amplicon
660 g/mole = average mass of 1 bp dsDNA

The average magsr a sequence (shown here @80 gmole’) can also be substituted

by the actual measure of each oligonucleotide in the insert sequence. To do that, all
nucleotides of the cloned H2AFX sequence were inserted into
http://endmemo.com/bio/dnacopynum.phier quantification (chrl1:118964626
118966158), as well as the size of the cloned sequence (1533 bp).

After H2AFX copy number determination, stocks of 20 pL of H2AFX copies/uL

were made and frozen in th@0°C freezer Standards were only thawn once before
use. A 10 fold dilution series of the stock plasmid DNA was made for use in the gPCR
reaction: froml0’ H2AFX copiesfiL to 10" H2AFX copiesfiL. The samestock was

used to ma& standard curvesequiredto quantify both thaH2AFX short and long
transcripts.

2.2.8.2.PCR amplification efficiency

Amplification efficiency wagalculated based on the slope of the standard curve, using
the equation:

2% ABBE? EAINPYY ®BAdg]

2.2.8.3. SybGreen basedquantitative PCR
gPCR reactions based 8gbiGreen technologies were set up as follows (T2418).

Table 212: SybiGreen qPCR seip.

Solution Volume (uL)

Fast SybrGreen master mix 5

Forward primer (10 pM) X (depending on primer concentration required)
Reverse primer (10uM) X (depending on primer concentration required)
Diluted cDNA/plasmid template 2

H20 X

Total Volume 10
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The ratio of forward and reverse primer concentraenwell as qPCR conditions
were optimized as follows (Table 2.13).

Table 213: Primer concentrationgnd program conditionsequiredaccording to the transcript of interest.

Forward Reverse
Transcript : rimer PCR program conditions
P primer (UM) ?uM) 9 prog

!"ZAFX , 09 03 Standard Holding Stage: 9%C

Long only — 20 sec; Cycling Stage: 95—
3 sec, 60C — 30 sec (40 cycles);

MRPL19 03 03 Melt Curve Stage: 9& — 15

GAPDH 04 04 sec, 60C -1 min, 95C - 15

PPIA 09 03 sec

H2AFX 09 04 Holding Stage: 98C — 1 min;

‘Short+long ' ' Cycling Stage: 98C -6 sec,
62°C — 30 sec (40 cycles); Melt

MRPL19 03 03 Curve Stage: 9% — 15 sec,

62°C —1 min, 95C - 15 sec.

Samples weréoaded in triplicate int@ MicroAmp OpticaB6-well plateand un on
the StepOne™ Redlime PCR system (Applied Biosystems).

2.2.8.3.1. Calculation ofH2AFX transcript abundance, normalized to
MRPL19

The number oH2AFX transcripts per sample was calculated based on the standard
curve generated from the dilutions of teeombinanH2AFXpGEM-T Easy plasmid
(as shown in Sectioh.2.9.]).

The number oH2AFX transcripts was then normalized to 100% efficiency (see
Section2.2.9.2. PCR amplification efficiengyand then toMRPL19 by using the
following equation:

J(*2#(: PN=JO?MNBBRABBE?PAJ?U
log{ =R AN 2= H XBa 2 .19)

J(*2#(2) =

Wherea= JQI>AKNBPN=JO?NELPO
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The amplification efficiency had to be betwe@P and 15% andthe R > 0.9;

otherwise, the experiment was excluded

Since theH2AFX ‘short + long’ primer pair binds to bothi2AFX short andH2AFX
long transcripts, the number ldRAFXshort transcrifg per sample was calculated as:

a(MKNR#()= a(*2#(:"S'""— E ZF&%2#(: HKXIHU
Wherea= JQI>AKNBPN=JO?NELPO

As mentioned previously, dg and2 pg of total RNA were used for cDNA synthesis

of clinical samples and cell lines, respectively. This discrepancy is due to the limited
amount of total RNA obtained from clinical samples. To allow comparisons between
clinical samples and cell linethe amount oH2AFX transcripts per clinical sample
was estimated as ifj&y of total RNA was used. This means that, after calculation of
H2AFX transcripts in 1ug of total RNA used, the amount of each transcript was
multiplied by two (which corresponds 2 g of total RNA).

2.2.8.4. TagManbasedquantitative PCR

Two TagMan probes were obtained to anabi2AFX transcripts: one for the long
H2AFX transcript available commercially (Hs01573336_s1, #4351372,
ThermoFisher), and a probe and primersletecthe shortH2AFXtranscript, which

was not &-the-shelfin ThermoFisherTo analysehe H2AFXshort transcript, a probe
and primers were designed based on GenScripttRealPCR TagMar) Primer
Design.These probes have different reporter dyes sinceltimeate goal was to use
them simultaneously in a multiplex assay. Therefore, the long transcript (‘LO’) was
detected with a FAMMGB TagManprobe, while the short transcriptas detected

with a VIC-MGB TagManprobe(‘'SL’) (Table2.14).

Samples weréadedin triplicate intoa MicroAmp Optical 96vell plateand run on
the StepOne™ Redlime PCR system (Applied Biosystem8pth singleplex and
multiplex assayswere optimized for a standard StepOne gPCR program (Holding
stage: 5(QC —2 min, 95|C — 10 min; Cxling stage: 9C — 15 sec; 64QC — 1 min; 40

cycles).
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Table 214: H2AFX TagManprobes.

. Reporter . . . Size
Transcript Probe sequence (5°3 Primer sequence (53
Pt dye q (53) q (3) (bp)
AGCCAGGCCTGTCGG
LO FAM GCCCCCCGAC Unknown 89
Forward:
GCTGCGGAAGGGCCACTA
SL vIC ACTCCAGCACTGCCG 140
CCAGG Reverse:
GGATGATTCGCGTCTTCTTG

2.2.8.4.1SingleplexTagMan based Quantitative PCR

SingleplexTagMangPCR reactions were set up as follof¥able 2.15 and Table

2.16).

Table 215: qPCR setup for detection of both short and I01&1’) H2AFXtranscripts

Reagent Volume (uL)
‘SL’” TagManH2AX Probe 10 uM 0.5

Primer F10 uM 0.6

Primer R10 pM 0.6

Fast Advanced Master Mix 5
cDNA/plasmid template 2
RNAsefree HO 1.3

Total Volume 10

Table 216: gPCR setup for detection of theng only H2AFXtranscript.
Reagent Volume (uL)

1.8x ‘LO’ TagManH2AX Probe 0.9
2x TagManGenotying Master Mix 5

cDNA/plasmid template

RNAsefree HO
Total Volume

2
2.1
10

2.2.8.4.2Multiplex TagMan based Quantitative PCR

Multiplex TagMangPCR reactions were set up as folldWwable 2.17).
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Table 217: qPCR setup for the multipldPCR.

Reagent Volume (uL)
‘SL’” TagMan H2AX Probe 10 uyM 04

‘SL’ primer F10 pM 0.3

‘SL’ primer R10 pM 0.3

1.8x ‘LO’ TagManH2AX Probe 0.9

2x TagManGenotying Master Mix 5
cDNA/plasmid template 2

Rnase free H20 1.1

Total Volume 10

2.2.8.4.3. Calculation oH2AFX transcript abundance

The number oH2AFX transcripts per sample was calculated based on the standard
curve generated from the dilutions of teeombinanH2AFXpGEM-T Easy plasmid
(Section 2.2.9.1)EachH2AFX transcript was then normalized to 100% efficiency
(Section2.2.9.2).The amplification efficiency had to letweerB5%and115%and

the R > 0.9 otherwise, the experiment wascluded

Since theH2AFX ‘short + long’ primer pair binds to bothi2AFX short andH2AFX
long transcripts, the number ldRAFXshort transcrifg per sample was calculated as:

a( MKNR#()= a(*2#(:"S'""— E ZF&2#(: HKIIHU

Wherea= JQI>AKNBPN=JO?NELPO

2.2.9.TagMan GenomicCopy Number Assay

Genomic DNA was extracted as described in Section Z:@.8etermine the number
of copiesof theH2AFXgenein each cell line, 8I2AFXTagManCopy Number Assay
(Hs00415469 cn, ThermoFisher) was ussdper themanufacturer’s instructions
HumanRNaseP was used as a reference gene in a duplex gPCR redagvigri™
Copy Number Reference Assay, RNBs&hermoFisheérto normalize potentiadopy
number variationacross cell linesThe TagMan Copy Number Assay wset up as
follows (Table 2.18).
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Table 218 TagManGenomidCopy Number Assasetup.

Reagent Volume (uL)
DNAsample QJ / 4

2x TagManGenotyping Master 10

TagMan Copy Number Assay 20x 1

TagMan Copy Number Reference As@dx 1

RNAse free HO 4

Total wolume 20

The MRPL19copy number assayi600366916_cnlrhermoFishérwas also used as

it has been shown to be a more stable gene across the breast cell lines analysed when
compared to RnaseP. Wh&tRPL19was used as a reference gene, each TagMan
Copy number probe was set up in a singleplex reaction, in the\d@no@mp Optical

96-well gPCRplate.

Both singleplex and multipleassaysvere optimized for a standard StepOne gPCR
program (Holding stage: 30 —2 min, 95|C — 10 min; Cycling stage: 9%& — 15 sec;
60|C — 1 min; 40 cycles).

2.3.Molecular cloning methods
2.3.1CRISPR/Cas9 protocols

2.3.1.1H2AFX guide selectionand following procedure

Two guide RNAs (gRNAs) for humalH2AFX were designed ttarget theH2AFX
genein BT483 (LumA), BT474 (LumB) and MCF10A (ndaomorigenic) cell lines
(Table 2.19). Guides were chosen usingghe CHOPCHOP website
(http://chopchop.cbu.uib.np/and the corresponding oligos purchased from Sigma

with overhanging ends. Selection of gRNAs was based on rarikieighood that a
particular gRNA binds offarget sites and likelihood of a particular gRNA to guide

efficiently.
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Table 219: Guide RNAs designed to redud2AFX copy number in normal and luminal breast cell lines.

H2AFX Strand Primer Forward (5" —3) Primer Reverse(5'-3)

gRNA

1 - GCCGTGTACACCGGCTGCTC CAGCAGCCGGTGTACACGGC
2 + GTGGCCTTCTTGCCGCCCGA TCGGGCGGCAAGAAGGCCAC

Oligos were annealeghosphorylated and cloned into px330RO (kindly provided

by Lowndes LabCentre for Chromosome Biology, NUJBy a previous Msc student
working in the laboratoryNiamh Mullins All methods are described in her thesis
(Mullins 2018) Following screening and sequencing of these plasmids;pmagi
DNA was prepared and transfected into cell lines as described in Section 2.4.5.1.1.

2.4. Mammalian cell culture

2.4.1.Cell maintenance

2.4.1.1.Culture method and conditions

Cells were incubated in a sterile humidified°@G7incubator with % CO, and
maintained in the appropriateedia (detailed in Table 22 The reagents required to
make complete media are described in Tal3eafdin Section2.1.3.

All cell culture work was performed in sterile conditions in a laminar flow hood. All
cells wee grown in ventilated flasks, excepting MEMB-134-VI, which was grown

in nonventilated flasks.

Reagents were stored &C4 media and PBS were warmed t@@prior to use while
trypsin wasbroughtat room temperature.

Cells were visualised using any@ipus (Japan) CKX41 inverted light microscope.
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Table 220: Media recipes for each cell line used in this study.

Cell line Complete growth medium
DMEM high glucoser 10% fetal bovine serum (FBS) ©4
BT20 L . .
penicillin-streptomycin solution (P/S)
BT474 DMEM/F12 + 1®6 FBS +10 pL/mL L-glutamine +1% P/S
BT483 RPMI (R8758)+ 20% FBS+ 0.01mg/mL humaninsulin +
1 mM sodium pyruvate + 2.8/L glucoset 1% P/S
BT549 RPMI + 106 FBS+ 1% P/S
CAMA -1 DMEM low glucose + 1% FBS + 1% P/S
HelLa S3 DMEM high glucosetr 136 FBS + 1% P/S
DMEM high glucose + % horse serum + 10 pigrl human
MCF10A insulin solution + 0.5 pghL hydrocortisone + 108g/juL
cholera toxin + 20 ngiL epidermal growth factor +% P/S
MCF7 DMEM high glucose + 1% FBS + 1% S

MDA -MB-134VI

L-15 medium + 2@ FBS + 10uL/mL L-glutamine + %
P/S

MDA -MB-231 L-15 medium + 1% FBS + 6 P/S

MDA -MB-436 E/I\éIEM high glucose + 1% FBS +1% L-glutamine +1%
T47D DMEM high glucose+ 1% FBS + 1% P/S

SF268 RPMI + 106 FBS + 26 P/S

U20S DMEM high glucose + 1% FBS + 1% PS

2.4.1.2.Subculturing

Every 23 days confluency was checked, and media was renewed in the \NA4sks.
cells reached near /A% confluency, cells were passaged by removing media and
washing cells with sterile, autoclaved 1x PBS twicells with 20% FBS in the media
(namely BT483 and MDAVIB-134-VI) required an extra 1x trypsiBDTA wash to
neutralize serum before trypsinizatid®ells were detached from the bottom of the
flask by incubation irirypsin EDTA solutionfor 5 to 10 minutesit 37C or until >

95% of cells were detached. The conditions for trypsinization of each cell line is
described in the following tabl@able 2.21)
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Table 221: Concentration of trypsin and time requiredttgpsinize the cells used in this study.

Cell line Trypsin concentration  Incubation time at 37°C (min)
BT20 1x 5
BT474 1x <5
BT483 10x "10
BT549 1x 5
CAMA -1 1x 5
HelLa S3 1x 5
MCF10A 10x <10
MCF7 1x 5
MDA -MB-134VI 5X <5
MDA -MB-231 1x 5
MDA -MB-436 1x 5
T47D S5X 10
U20S 1x 5
SF268 1x <5

Once cells were detached, trypsin was inactivated with media. Cells were then seeded
ata1:2, 1:5 or 1:10 dilution fresh medium in a new dish or flagiternatively cells

were counted and plated at a required density.

2.4.1.3.Cell counting

Cells were counted using a glass hemocytometer (MarieStgderior, Germany) and

a coverslip. Cell number was estimated by counting four sets of 16 squares in each
corner (asseen in Figur@.1.). A counting system was used whereby cells are only
countedwhen they are set withia square on the top boundary line or on the right
hand boundary line (as shown in Fig@ré& in green. After counting the four sets of

16 squares, an averagethé cell count was taken and multiplied by*idlisinL.

This value vas the number of cells peiL in the original cell suspension.
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This number was then multiplied by the numbemafin the original cell suspension

andtotal cell number and dilutiongseremade as appropriate.

Figure 21: Cell counting using a glass haematocytomete pl of cell suspension covers the entire sur of
the hematocytometer. Counting the feguareshighlightedis first performedGreen bars show regions wh
cells were counted when present. Red bars show regions where cells were not counted whefh@detant.
numberof cells in the four squares highlightesn then beaveraged andmultiplied by10* to obtainthe
concentration ¢ellsimL) of the original cellsuspension.

2.4.1.4 Harvesting cells

Following trypsinisation of cells and inactivation of trypsin with medium, the cell
suspension was transferred to the appropriate tube and centrifuged at 1000 rpm for 5
minutes. Supernatant was aspirated and cells were wagicedvith 1x PBS. Cells

were agairspun down at 1000 rpm for 5 minutes and the supernatant removed. Cell
pellets were then stored e8(°C for future usesuch as RNA, DNA or protein

extraction

2.4.1.5.Cryopreservation of cell lines

After cell trypsinization and inactivation of trypsin with medium, cells were counted
using a hemocytometer. Then, the corresponding volume of cells required to
cryopreserve the cell lin@able2.22 was centrifuged. The supernatant was removed
and the ck pellet was resuspended in corresponding freezing n{@dible 222).

Then, thesecells were transferred to a cryovial (Nalgene) and placed into a Mr
Frosty™ freezing container containingpBopanol to allow gradually cooling of these
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cells at-80°C. The following day, frozen cells were transferredadquid nitrogen
tankfor long term storage

Table 222 Number of cells and freezing media required to freeze each calidatkin this study

Total cells per

Cell line . Freezing media
cryovial
i 95% omplete growth medium
CAMA-1 4.8x 16 + 5% DMSO
95% omplete growth medium
BT20 1.5 x10° + 5% DMSO
95% omplete growth medium
BT474 2.8x16 + 5% DMSO
95% omplete growth medium
BT483 9.7 x 16 + 5% DMSO
85% omplete growth medium
Bl 1.5x10° +10% FBS+ 5%DMSO
HelLa S3 10x 10° 90% FBS + 10% DMSO
95% omplete growth medium
MCF10A 1.0 x10° + 7 5% DMSO
95% omplete growth medium
MCF7 1.0 x10° + 5% DMSO
e 95% omplete growth medium
MDA-MB-134VI 4.8x16 + 5% DMSO

85% omplete growth medium
MDA-MB-231 1.0 x10° +10% EBS + 5% DMSO
85% omplete growth medium
MDA-MB-436 1.5 x10° +10% EBS + 5% DMSO

85% omplete growth medium

T47D 15x1¢° + 10% FBS+ 5%DMSO
U20S 1.5 x 16 90% FBS + 186 DMSO
SF268 10x 10° 90% FBS + 186 DMSO

2.4.1.6.Thawing cells

Cryovials containing cells stored the liquid nitrogen tank were thawed rapidly in a
water bath at 3. Cellswerethen transferred to a IBL tube with 9mL of complete
growth media. The 1B1L tubewasthencentrifuged at Q00 rpm for 5 min to remove
the media containing dimethyl sulphoxide (DMSO). The cell pellet was then

47



resuspended in®L or 10mL of prewarmed fresh media and transferred to a T25 or
a T7 flask, respectively. The flask was placed in a sterile humidifiéd Bicubator
with 5% CO.

2.4.1.7. Mycoplasma testing

Potential mycoplasma contamination was tested monthly by PCR. The fdishas
in Table 2.§ and the PCR program used were kindly providedhiey owndes Lab
(CCB, NUIG). The PCR reaction sep is shown imable2.23.

Table 223: PCRreaction setup used to screen for mycoplasma

Stock Final

concentration concentration Volume (L)
Taq Buffer 10 x 1.33x 2.64
dNTPs 2mM 0.2 mM 0.16
Template 1
Primer F 100 uM 2 uM 0.4
Primer R 100 uM 2 yM 0.4
Taq - 20 uL/mL 0.4
Polymerase
H20 15
Total Volume 20

2.4.2 Proliferation studies

To calculate th@roliferation rateof cell lines, growth curves were used. The number
of cellsplated pemell is described in Tabl2.24 Cell countswere performed every
third day, for a total period of 12 days.

Table 224: Seeding density used for proliferation studies in 6 well plates.

Cell line Seeding density (x.0* cells/well)
MCF10A 32

BT483 82

MDA-MB-134VI 82

BT474 32

CAMA -1 32

SF268 6
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2.4.3. Transfection

2.4.3.1.Plasmid DNA transfection

2.4.3.1.1H2AX gRNA transfectionwith Lipofectamine2000

Cells were transfected with the pX330 PURO plasmid containing the two guide RNAs
designed to target tH82AFX gene. The plasmids were transfecsegarately using
Lipofectamine2000, as per manufactur@nsructions.

Cells wereseeded in 6 well plates abt@nsfeced when they reached approximately
~70% confluercy. 2.5 ug of plasmid DNA wasadded to 15@L Optimem(per well)

in a microfuge tube. In a separate tubppfectamine was added to 16D Optimem

at a 3:1 v/w ratio with DNA, i.e. BL Lipofectamine per Jug DNA (thereforewe

used 2.5 g DNA and 7.51L Lipofectamingoer wel). These mixtures were incubated

at room temperature for 15 minutes, and were then mixed gently by pipetting, with the
Lipofectamine mixture being added to the DNA mixture. The BiNgofectamine

mix was then incubated at room temperature for 30 minutes.

Before transfection, whole media was removed from cells, cells were washed in 1x
PBS, and thel mL of Optimem was addetb eachwell. DNA-Lipofectamine
complexes were added to the cells dropwise and were incubaté€a8aCO;, for

6 hours.After this timethe media was removed, cells were washed with 1x PBS, and
completemedia wasddedo the cellsCells were placeth asterile humidified 37TC
incubator with 8 CO; for 24 hours

24 hours after transfection, media was replaced with regular medium containing
puromycin (for antibiotic selection) for 3 dayEhe appropriate concentration of
antibiotic for each cell lingvasdetermined by treating cells with increasing doses of
antibiotic and choosing the dosich killed all cells within the 25 day timeframe
(Table 225).
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Table 225: Antibiotic concentration used for the generation of staklélines.

Antibiotic Cell line  Working concentration (pg/mL)

MCF10A 04
Puromycin  BT483 1.25
BT474 1

Following three dys in antibiotic selection, cells were trypsinized, resuspended in 10
mL of media and serialilutions were made (Figure 2.2). Cells watewed to grow

in culture until individual colonieswere formed. Then, each colomyas picked,
transferredo a 24 vell plateand expandeébr screening, freezing ardbwnstream
applications

1:5 dilution 1:5 dilution

Plate (i) {—\ Plate (ii) r\ Plate (iii)

10 ml of cell
suspension

2 mlof (i) +
8 ml media

2 ml of (ii) +
8 ml media

Figure 22: Method used fcthegeneration of stable cell lines. Plate (i) has a cell suspension which was trar

2 daysheforehand andvasselected with puromycin f@& days These cells were trypsinised for 1:5 dilutions: 2
mL of the cell suspension in plate (i) was transferreglate (i) which had 8nL of complete media. Cells w
homogeneized in plate (i) and a 1:5 dilution was made in plate (iii) as described. These dédnsored a lo'
enough number of cells to allow individual cells to form colonies.

2.5.Fixing and staining cell lines

Prior tocell plating uncoated glass coverslips (22 mm x 22 oid5 mm x 15 min

were placed in &r 12well platesand UV sterilized for 30 minutes. Cells were then
plated on top of the coverslip into each well and incubated at 37°C until the desired
confluency or timepoint was reachedells were then washed twice with 1x PBS,
fixed with 2% PFA at room temperature f@® minutes, and washed three times with

1x PBS for 5 minutes.
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2.5.1.Haematoxylin andEosin (H&E) stain

Atfter cell fixation, individual coverslips were placed in a Wheaton Columbian@dr
hydrated for30 secondsThe water was then removed from the jad aeplacedy
Mayer’'s haematoxylirstainfor 5 minutes.Cells werethenrinsed in tap water fo3
minutes. The water was replaced with &osin solution for 1 minute, and then rinsed

in water. Cells were dehydrated with®g@lcohol, 986 alcohol and 10% alcohol for

10 seconds each. Alcohol was extracted with two changes in xylene for 1 minute each.
Coverslips were mounted onto glass slides with DPX and left at 37°C overnight to

polymerize.

2.5.2.Immunofluorescence microscopy

Before cell fixation, cellsvere seeded on top of the coverslip into each well. For cells
to be approximately 8@ confluent 24 48 h after plating, the number of cells seeded
in each 6 well is described in tha@lowing table (Table 26).

Table 226: Number of cells seeded in a 6 well plate for future immunofluorescence experiments.

Cellline  Seeding density (X0° cells/mL)
MCF10A 6

BT483 50

BT474 13

CAMA-1 13

Atfter cell fixation and following washes, cells were permeabilised by incubation with
0.18% (v/v) Triton-X100 in 1x PBS for 2 minutes. Cells were then washed three times
with 1x PBS and blocked wittPo BSA (in PBS 1x) overnight at’@, or for 1hour at
room temperature. After blocking, primary antibodies dilutellocking buffer (1%

BSA in 1x PBS) were incubated fohbur at 37C according tdhe Table 2.4

Cells were then washed three times in 1x PBS fairutes, and then incubated with
fluorescent secondary antibody for 45 miB&C according torable 25. Secondary
antibodies were also diluted in blocking buffer. Cells were washed three times, stained
with 1:1000 dilution Hoescht 33342(Sigma, B2261)for 10 minutes at room
temperature, and washed three times with 1x PBS for 5 minutes. Elenyvere
mounted onto microscopfideswith Fluoromount(Sigma, F468Q)Excess mounting
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media was removed and coverslips were sealed using nail vaB8tahed and

mounted slips were stored in the dark @ dntil imaging.

2.5.3.Cell irradiation

To induce DNA doublestrand breaks, te were seededn coverslipsin 10 cn?
plates On the following day when cells were at approxiely 8% confluency, the
cells were exposed fonizing -irradiation using &*'Cs source ah dose rate 3.5
Gy/min (Mainance Engineering, UK).

Coverslipavere washed twice in PBS and fixed with 4% PB#&described in Section
2.5) at different time pointafter2 Gy of irradiation(0, 10 min, 30 min, 1 h2 h, 6 h
and24h). The cells were immunostained fdi2AX as described in section 2.5.2.

2.6.Protein methods

2.6.1.Histone extraction

To extract histones, 1@ells were harvesteaind extraction performed according to
Shechter et alShechter et al. 200.7L mL of hypotonic lysis buffer was used to
resuspend the cell pellet. All the following steps were performedgathe el
suspension was incubated for 30 min on a rotor to promote hypotonic swelling and
lysis by mechanical shearing during rotation. The intact nuclei were then pellet by
centriugation at 10000 g for 10 mins. The supernatant was completely removed and
the nuclei resuspended in 400 of 0.4N H.SQy. Samples weracubated on a rotator

for at least 30 min and then centrifuged to remove nuclei at 16000 grian1Then,

the supernatant containing the histones was transferred to a nel tube. Histones

were precipitated by adding 182 of TCA tothe sampledrop by dropfollowed by
incubaton on ice for a minimum of 30 min. Histones were pellet by cefaifion at
16000 g for 10nin, and the supernatant was carefully removed and washed twice with
acetone. The histone pellet was air dried at room temperature for 20 min and then
dissolved with 56 100 L of ddH:O.
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2.6.2.Estimation of protein concentration

2.6.2.1.Recombinant protein

H2A and H2AX recombinant proteins wekimdly provided by Flautab (Centre for
Chromosome Biology, NUIY thawed from -80 ¢ and spin down at 14000 rpm for
5 mins at 4§ to clear any precipitate. The supernatant was carefully transferred to a

newtube.

Absorbance at 276 nm was measured by using the Nanodrop 2000c UV
spectrophotometer against a wataty ‘blank’. Protein concentrations were
calculated using the followinformulae based on Beeamberts law:

%KJI?AJPNm@PEE F 25 T/9

H2A and H2AX extinction coefficients and molecular weights reguie accurate
absorbance readings at 27t are described in the following table (Table 2.27)

Table 227: Extinction coefficients and molecular weights of the recombinant proteins H2A andat2A&hm

Extinction co-efficient () MW (kDa)
H2A 4470 14.1
H2AX 5960 15.1

Based on the determination of protein concentration of the recombinant histone
preparations, stocks d mg/mL were made and absorbance readings \ieea
checked three times to make sure that they only vary at the 3rd decimalxdtmek
concentratiorof 100 ngfiL of each protein was maa@ad usedo create a standard

curve for each recombinant protein.

2.6.2.2 .Histone extracts

1, 3 and QL of each stone extractvasrun on a 1% SDSPAGE gel and then stained
with Coomassie Brilliant Blue testimate the amount of sample needed for western

blot experiments5 pL of 3x Loading sample buffer stock was added to each histone
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extract,boiled for 5 mins at 9%¢ and spn down prior to loading on a SBDBAGE
gel.

2.6.3.SDSPAGE

To separate proteins for downstream applications suevesternblotting, sodium
dodecyl sulphate polyacrylamide gel electrophordi3SPAGE) was used. A 1%
separating gednda 3% stacking gel wre prepared (see Table 2.1)

2.6.3.1.Preparation of H2A and H2AX recombinant standards

Based on optimisation experiments it was determined that a different range of protein
concentrations was required for recombinant H2A and H2AX for use in quantitative
western blot experiments. For H2A, standards comtgi®j 100, 200, 400, 600 and

800 ng of H2Awere prepared For H2AX, standaradontaining 0,6.25, 12.5, 25, 50

and 100 ng werprepared

Standards and unknowns were preparddimadingsamplebuffer (LSB) and water,

and run alongside Runblue Jaolour Marker (Expedeon). A total of six H2A and
H2A protein standards were used for analysis. Prior to loading, proteins were
denatureddy boiling at 98C for 5 minutes and sp downprior to loading in a 15%

gel

For each experiment, tw8%gels were prepared: one for H2AX and another for H2A.
Both gels were run in parallel.

2.6.3.2.Electrophoresis

Following loading of denaturdtistonesamplesrecombinant standaraadRunblue

Tri-colour Marker(Expedeon) gels were run by electrophoresisa Mini-Protean

tetra cell (BioRad) and the BieRad PowerPac H@t 180V constant voltage for
approximately 60 minutes

2.6.3.3.CoomassieStaining

For characterization of histone extracts 0SBSPAGE gel, Coomassie staining was
used.After electrophoresis, the gel was washed 3 times for 4 minutes each.@ ddH

54



to remove any residual SDSoomassie stain was added to cover the gel and this was
incubated for 30 min at room temperature on a benchtop rocker. Coomassie stain was
then removed anthe gel destained using increasing length incubations in Coomassie
destain solution (1 minute, 5 minutes, 20 minutes, etc.) until background staining was

removed. The stained gel was then imaged by scanning or photography.

2.6.3.4.Western blotting

To detet specific proteins of interest, western blotting was used. For this, proteins
were immobilised on a PVDF membrane (Immob#ieln Amersham, USA) using a

wet transfer method. Gel and membrane were sandwiched between Grade 3MM
Whatman blotting paper andame pads. All components were equilibrated in 1x TG
transfer buffer before transfer assembijie PVDF membrane was activated by
soaking in 100% methanol for 3 minutes, followed by washing with water for 3

minutes and was then equilibrated with 1x tranbtdfer that was preooled to 4C.

Following electrophoresis, the lower area of each gel that contains H2A and H2AX
were cut and transferred to one membrane for H2A and to another membrane for
H2AX, respectively. Transfer was performed at 300 mA for @$iat 4C using the
Bio-Rad Mini TransBlot Electrophoretic Transfer Cell and the Biad PowerPac

HC.

Following transfer, membranes were blocked®& dvernight with 5% w/v noi#fat

milk in 1x PBSTween20 Membranes were then incubated in primantibody

diluted in blocking buffer (0.5% milk in 1x PBBwveen2( at room temperature for 1

hour on a roller (Table 2.4). Following incubation in primary antibody, membranes
were washed twice for 5 minutes each in PB%&nd once for 5 minutes in 1x PBS.
Then, membranes were incubated at room temperature for 45 minutes with secondary
antibody Goat antiabbit IRdye 800CW (L-ICOR, UK), diluted in PBS. The
membranes were washed again twice for 5 minutes iR IREB®d once for 5 minutes

in 1x PBS. Membranesere kept in a dark box in 1x PBS until they were scanned and

analysed.

Proteins were visualized using the Odyssey Fc Imaging Systei@(R, UK).
Images were acquired from membranes blotted with the H2A antibody for 2 min, and
from membranes blotted withe H2AX antibody for 30 seconds.
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2.7. Flow cytometry methods

2.7.1. Fixing cells for flow cytometry experiments

For flow cytometry experiments, 11x° cells were trypsinized and resuspended in the
appropriate medjdollowed bycentrifugationat 1000 rpm for 5 minutes in a swing

out rotor. Supernatant was aspirated and cells were washed twice in 10 mL 1x PBS.
During PBS washes, cells were briefly vortexed to ensure a homogeneous cell
suspensionPBS was then aspirated and cells were fixedldwlg adding 1 mL of
ice-cold 70% ethanol to the suspension while continuoustiexing.Cells werethen

fixed in ethanol for 24 hours at@to ensure cell fixatiorCells were stored aR(°C

until cell cycleanalysis.

2.72. Cell cycle analysis usingpropidium iodide

To analyse the cell cycle profile, cells were fixed as described above. Cells were then
pelleted by centrifugation at 10@0m for 5 minutes in awing out rotorSupernatant

was carefully removed, leaving a small amount behind to resuspend the cell pellet by
gentle vortexing. Cells were washed with 2 mL of 1x PBS and centrifuged again at
1000rpm for 5 minutesAfter carefully decanting the supernatant, cells were
resuspended in®L of PI/RNase staining buffeBD Pharmingepand incubated for

15 min in the dark. Finally, cells weteansferred to FACS rourdbttom tubes
through CellTrics® 30 um filters (Sysmex Partec).

Cells were analysed in the BBccuri C6 FlowCytometer (BD Biosciences, USA)
within 2 hours of staining. All cell cycle analysis was performed in the Flow
Cytometry Core Facility at NUI Galway.

2.8.Microscopy and Analysis

H&E slides were observed undarLeica DM500 upright brightfield microscope
operatedby the Leica Application Suite software (version dmylequipped wih a
Leica ICC50HD cameralThe images were captured using 10X and 40X objective

lenses NA 0.22 and 0.65 respectively.

56



Slides stained for vimentirpFAK, + $;and Ecadherin and 21 were imaged

using the Andor spinning disk confocal microscope. The Andor system is based on an
Olympus IX81 motorised inverted microscope with spinning disk confocal until
(Yokagawa CSU22) and high resolution EMCCD camera (AndoiNEmM+). Cells

were observed and imaged under thg 40d 60xoil immersion objective lens NA
0.75and1.42 respectively

To screen H2AX clonesmmunofluorescence slides were observed under a Nikon
Eclipse 400 upright fluorescent microscope under an Olympus widefield
fluorescent microscope. In the Nikon Eclipse, the 20X objective lens NA 0.4 was used
and images were taken with the software CellSens Entry. With the OlyBx{&is
microscopewith a Hamamatsu C10600 cametiae Velocity software (version 6.3)

was used and images were captured using a 100x oil immersion Olympus objective,
NA 1.30.

All microscopy equipment was locatedtive Centre for Microscopy and Imaging at
NUIG.
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2.8.1.Find foci image analysis

2.8.11. Image processing

Tiff image files were imported into ImageJ using #ormats plugin (Bigcormats >
Bio-Formats Importer). The split channels option was selected, creatingrndmws
one for Hoechst stained stacks and another fodtt#3\X antibody stined stacks. A
maximum intensity projection of each channel was also tackeate a 2D image for
analysis.

Nuclei were highlighted by thresholding the imalyeage > Adjust > Threshojlénd
choosing the optimal conditions per image. Then, each nuctecaanted as shown
in Figure 23 (Analyse > Analyse particlese.g.:Size: 50Infinity).

Clustered nuclei were manually deleted from the regions of interest (ROI) Manager
(ROI Manager > delete), and drawn with a freehand tool. Each new nuclei was then
added to the ROI Manager (ROl Manager > Add [t]), and saved as a .zip file.

After identification of all ROI in the picture, a mask with all the nuclei was created
(ROI Manager > Deselect > More > OR (Combirtegdit > Selection > Create Mask
Figure 2.4) The mask wasaved as atiff file and had the same name as the original
picture(e.g.: ‘Nameof theoriginal pictureROI Mask.tiff ).

71 Analyze Pa rliEIA @

Size (micront2): M_M

[~ Pixel units

Circularity: |0.00-1.00

Show:  |Mothing A

™ Display results Iv Exclude on edges
[~ Clear results [ Include holes
[~ Summarize [ Record starts

|v AddtoManager W In situ Show

OK | Cancel| Help|

Figure 23: Criteria used to identil
nuclei automatically before fc
guantification.
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coz LA |@|]| ovfsu|w| g | 4] a] |=

Ctri+X masd
Copy Ctrl+C
Copy to System Select Al Cirl+A
Paste GV | Setect None Ctri+Shift+A
Paste Control... Restore Selection Citrl+Shift+E
Clear Fit Spline
Clear Qutside Fit Circle
Fill Ctri+F | Fit Ellipse
Draw Ctrl+D Interpolate
Invert Ctrl+Shift+ Convex Hull

Make Inverse

Options | Create Selection

Properties. ..

713.76x110.11 microns (1024x1 024); 8-bit (inverting LUT), 1MB

Figure 24: Instructions to make a mask after selection of the region of interest (ROI) with ImageJ. Masic
after identification of all nuclei for foci quantification.
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2.8.1.2. FindFoci plugin

After image processg as shown in the previous section, both images were analysed
by using the FindFoci GUI plugi(Herbert et al. 2014in ImageJ.FindFoci plugin
requires two pictures for analysis: a mask which only shows the nuclei as trenROl,

the maximum intensity projectiaf the &H2AX staining

After openingthe FindFociplugin (Plugins > GDSC > FindFoci > FindFoci GUI),
specificparameters wergelectedhs shown ithe following figure (Figure ).

e~ e

Image |MAX_MCF10A 2Gy Il 30min 520190530_180304.1if - C=1 |V|

Gaussian blur [} 1 0

Mask Image |ucr1m2&;lm52mm_1mmm&f |V|

Background method |Auto threshold |v|
Background param O

Threshold method |Dtsu |v|

Statistics mode |Inside |v|

Background Level 0

Search method |Fracti0n of peak - background |v|
Search param ¢ iy 1 U.3|
Peak method |Relati\re height |v|
Peak param ¢ L} 1 | U.5|
Minimum size o} | 5

Minimum size above saddle

[] Connected above saddle

Sort method |Size v

Max peaks | | 10,000]

Show mask |Peaks above saddle |V|

Fraction param . 1| 0.5
| Help | | Advanced options ... | | Run | [] Preview

Figure 25: Interface and parameters used for foci quantification by using the FINDFOC plugin in Image.

When FindFoci was run, a FindFoci mask was created. This mask showfedithe
which werecdculated by using th&indFoci plugin (Figre 2.6). The ROI Manager
(with all the previouslyistednuclei)was also opened following this step to distinguish

nudei without any foci, and to visualizehich foci correspond to which nuclei.
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To assign foci to nuclethe ‘Assign Foci to Clustersplugin was opened while the
FindFoci mask waselected. This plugin performs 2D clustering of the FindFoci
results according to the parameters chosen (Fig8je & prevew option was also

usedto asseswhich werethe parameterthat fitted best with the ROI analysédhe

results were then reported as two tables: one with the parameters chosen to assign foci
to clusters and one with the details of each cluster. Eaclerckistwed information

like size (number of foci per nuclei), coordinates in the imageveaidht (total

intensity of all foci per nuclei).

7 MAX_MCF10A 2Gy II 30min 520130530_180304.tif - C=1 FindFodi (75%) === Assign Foci Ta Cluste_rsA 2%
113.78x110.11 microns (1024x1024); 8-bit, 1MB

80 results

Radius 4 | [
Algorithm | Centroid-linkage 4

Weight [Total intensity |
Minsize 4| [

W show mask

[” Eliminate edge clusters

Border 4 | [ | ,T
I Label clusters

W Preview

11 Clusters

OK Cancel | Help

Figure 26: FindFoci mask (left) and Assign Foci to Clusters Plugin (right). The preview chechows a livt
preview of the results, accordito the parameters selected.

2.9. Software and online tools

2.9.1.Primer design

Gene and protein sequences were obtained from the NCBI, ENSEMBL and UniProt

databases (www.ncbi.nlm.nih.gov, www.ensembl.orgvane,.uniprot.org).
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http://www.ensembl.org
http://www.uniprot.org).

Primer design was performed using Primer3wdiigfo.ut.ee/primerd/ and
specificity was checkedusing Priner-BLAST (www.ncbi.nlm.nih.gov/tools/primer
blast).

Different algorithms wereised to identify which was the most stable housekeeping
gene forH2FAXtranscript quantification by absolute gRCSome of the algorithms

used were: RefFindenhitps://www.heartcure.com.au/reffindgrBestKeeper (gere

guantification.de/bestkeeper.html),  geNorm httifs://genorm.cmgg.be/ and

NormFinder hitps://moma.dk/normfindesoftwarg.

GenScript Reatime PCR TagMan Primer Design tool

(https://www.genscript.com/tools/refine-pcr-tagmanprimerdesigntool) was also

used to design d@agManprobefor a multiplex qPCR.

CRISPR/Cas9 guide RNA oligos were designed using CHOPCHOP Version |
(chopchop.rc.fas.harvard.edu/).

DNA sequences and plasmid maps were visualised using Snapgene Viewer (GSL
Biotech) and sequencing results were aligned to DNA sequences using CLC Sequence
Viewer (QIAGEN Bioinformatics).

2.9.2 Bioinformatic analysis

2.9.2.1 Cancer Cell Line Encyclopedia D#éabase (CCLE

H2AFXcopy number and mRNA levels were analysed in cell lines by using the Cancer
Cell Line Encyclopedia Database (CCLEttgs://portals.broadinstitute.org/cele

Gene copy numbers were obtained as an estimated copy number for a specific region
(segment mean value). To convert this segment mean value to copy numbers, the

following formula was used:
*2# (1 2KLUQ I > AN2 T2(=@Uaza0pa

Copy number alteration&CNAs) for genes on chromosome 11 in breast cancer cell
lines were plotted by their location using gene transcription start site coordinates from
GRCh38.p10. The location of the centromere ldBAFXwere indicated.
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2.9.2.2 cBioPatal

H2AFX copy number and mRNA levels were analysedlimical sampledy using
cBioPortal {ittp://www.cbioportal.org/(Cerami et al. 2012, Gao et al. 201BPAFX

was queriedn studies witha minimum of 500 samplessing the keywordsH2AFX
DEL HETLOSS AMP GAIN MUT and the following genomic profiles were selected:
mutations, putative copgumber alterations from GISTIGenomic Identification of
Significant Targets in Canceajgorithm, mMRNA expression-scores (RNASeq V2
RSEM).

The METABRIC dataset was selected for further study because it is the largest human
breast cancer study in cBioPortal, with both copy humber and mRNAGattids et

al. 2012, Pereira et al. 2016J2AFX CNAs, mRNA levels and clinical data were
downloaded viaBioPortal.

2.9.2.3. METABRIC dataset

Expression data for luminal samples in the METABRIC dataset was assembled for
295 genes in the chromosome 11q arm with transcription start site downstream of
coordinate 80 Mbp in GRCh38.p10. The samples were grouped according to the
number oH2AFX copies.For eactH2AFXCNA group, for each individual gene the
mean expression of LUumA samples was subtracted from the mean for LumB. These
LumB-LumA expression differences were sorted by value and the percentile rank of
H2AFXexpression was identified. The dibtrtion of gene expression differences was
plotted separately for ea¢ti2AFX CNA group.

2.9.3.gPCR analysis

For gPCR analysis two softwares were used: StepOne Software (ThermoFisher) to
analyse transcripts, and CopyCaller (Applied Biosystems) to anabse cppy

numbers.

2.9.4.lmaging softwares

Bright field images were obtained usi@gympus irverted light microscope using a
motic camera witlthe Motic Images Plus 3.0(x64) software.
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H&E slides were observed undeileica DM500 brightfield microscopgeratedy
the Leica Application Suite software (version 4.1).

Immunofluorescence slides were observed under a Nikon Eclipseugiight
fluorescent microscopan OlympusBX51 widefield fluorescent microscop® an
andor spnning disk confocal microsceplin the Nikon Eclipse, images were taken
with the software CellSens Entrwith the Olympus, images were taken witte t
Velocity software (version 6.3ith the Andor, images were taken with thedor
iIQ3 software.

Image analysis was carried out withageJ (version 2.0)

2.9.5.Protein and flow cytometry analysis

Histone extracts were analysed after fluoresgeantitative western blatith Image
Studio Vesion5.2

Flow cytometry data waanalysedy using the BD Accurand FlowJacsoftware.

2.9.6.Statistical analysis

Data was analysed using GraphPad Pi&stl.and Minitab (Windows) software.
Data is expressed as means + standard error of the mean. Significance was assumed

when p < 0.05.
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Chapter 3:
Analysis ofH2AFXtranscript
abundance
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3.1.Introduct ion

3.1.1H2AFX transcripts

H2AX is one of the most abundarriants of the canonical histoRRA in mammals,
with levels estimated to vary betweer22% depending on the cell line or tissue
(Rogakou et al. 1998Most histone variants are synthesized from polyadenylated
MRNASs and their incorporation into nucleosomeawisdependent on DNA synthesis
Most histonevariants arealso expressed at very low levels when compared to the
canonical histoneandthroughout the cell cycldn contrast, anonical histones are
synthesized fromnonpolyadenylated mRNA, and their incorporation into
nucleosomes iseplicationdependen{Marzluff 2005) The transcripts of canonical
histones are characterized ®8¢ H Q G-loopVstiueture which contributes to their
stability (Pandey and Marzluff 1987, Dominski and Marzluff 1999)

H2AFXis an interesting gene since it encodes transcripts: A @ kb shortnon
polyadenylatedranscript and a 1.6 kllong polyadenylatedranscript Figure 3.1).

Both transcripts encode a 142 amino acid protein which has a unique and highly
conserved S@notif (SQ(D/E)(I/L/F/Y) in the Cterminal sequencgMannironi et al.

1989) It is in this region, more specificallyon serine 139 that H2AX is
phosphorylated by kinases of thekRl family, initiating the DNA damage response
(Rogakou et al. 1998)

Short Transcript

Primer Short + Long [5L)

<>
Coding sequence 0.6 kb

B

P

Stemloo

Long Transcript

Primer Short + Long [SL)
RN Primer Long Only (LO)

Coding sequence I 1.6kb

B

Stem loop

Figure 3.1: H2AFX transcripts and location of the primers used for-gPCR. TheH2AFX gene has tw
transcripts: A 0.6 kb short transcript with no péaiytail, and a 1.6 kb long transcript with a petytail. Bott
transcripts encode the same 142 amino acid prd#sitapted from Pinto and Flaus 2010)
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There are several reports that descrii2AFX expression incancer. H2AFX
overexpression has been shownmany human cancer@ezaeian et al. 2017)
includingin over 20% of all breast cancdSeo et al. 2012)n contrastH2AFXhas
also been desdrédas a tumour suppressor geRer exampleH2AFX null mice are
radiation sensitivandshow chromosome instability and repair deféCisleste et al.
2002) Mice which are either heterozygous or homozygous nullHBAFX in
combination with p53 deficiency, show enhanced susceptibility to céiBassing et
al. 2003)

3.1.29PCR methodology

Two of the most commonly used assays for real time qPCR are SybrGreen and
TagMan. The TagMan assay requires a -daiaglled oligonucleotide (known as a
TagMan probe) and a primer set, each of which is seqisgremafic. The TagMan

probe is characterizdaly a fluorescent reporter atthe 5SHQG DQG D TXHQFKHU
end. This means that when the probe is intact the fluorescence of the reporter is
inhibited due to its proximity to the quencher. However, during the gPCR
amplification as th&@aqpolymerasextends the primer and it synthesizes the nascent
strand, the 3 WR « H[R Q X F O H DiddpobRatateYdeyvade’ tha\plkobe that

is annealed to the template. As a result, the reporter is separated from the quencher
and the fluorescent signal isoportional to the amount of amplified product in the
template. Different  fluorophores  (e.g: 6-carboxyfluorescein [FAM],
tetrachlorofluorescein [TET], £hloro-7 « S K HIQRdzhloro-6-carboxyfluorescein

[VIC] and quenchers (eg. non fluorescent quencher [NFQ], tetramethylrhodamine
[TAMRA]) are available commercially for the TagMan gPCR. TagMan assays are
known to hae high specificity, high signdb-noise ratio, and can be used in multiplex
reactions. The main disadvantages are the cost of the probes and also the design of a
multiplex assay can be challenging.

The SybrGreen assay is the most commonly used metledd ds relatively low cost,

and basic setup requirements. It is based on the binding of a fluorescent dye to the
double stranded DNA (dsDNA) formed during PCR. This means that any dsDNA
including nonspecific reaction products like primer dimers will tdwute to the

overall fluorescence in the gPCR reaction. Another drawback of the SybrGreen
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technologies is that it cannot be used in a multiplex reaction, since the fluorescent
signal from different targets cannot be distinguished.

gPCR expression datart be expressed as either ‘absolute’ or ‘relative’ values. With
absolute gPCR, the actual number of copies of the target sequence is determined by
comparison to a standard curve of samples which are also measured, such as the
number of copies per cell oumber of copies per pg of total RNA input. With relative
gPCR, the expression level or fold difference of the target is described relative to the

expression observed in control or reference sample.

3.1.2.1.Normalization methods

In order tomeasure accurately tiggiantities of the transcripts of interest, it is crucial

to consider the biological differences between the samples and the variability
introduced by the techniques us&hme of this variability can be introduced by errors

in RNA quantification, RNA qudl, and the efficiency of cDNA synthesis. To reduce
experimental errorsa normalizer gen®r areference gene should be usddhe
reference genis typically a housekeeping gene whose expression should be relatively
constant under the experimental cowais of the assay. The most commonly used
housekeeping genes are glyceralderyqosphatedehydrogenas€APDH), (¥

Actin (ACTB) and18S ribosomal RNA.

To ensure that there is consistent expression of the reference gene, the expression level
of thatgenemust bevalidated, as the expressionreferencegenes can vary under
certain experimentatonditions RefFinderis a web-based toothat evaluates and
screens reference genes from experimental da{@se8piegelaere et al. 201Fhese
experimental datasets are usually obtained from multiple gPCR reactions and they are
introduced in RefFindeby the researcheas raw Cq values of theferencegenes

acros the biological samples and experimental conditions to be tested. Cq values are
known as'cycle quantificationis which are the number of gPCR cycles required to
detect a meaningful signal above background levels from the sample.

RefFindercomprises foumajor computational algorithms: geNo(wviandesompele
et al. 2002) NormFinder(Andersen et al. 2004BestKeepe(Pfaffl et al. 2004)and
comparative dita Ct(Silver et al. 2009) Based on the rankings from each program,

68



RefFinder assigns a weight to an individual gene, calculates the geometriofmean
these weights and it generates a final overall ranking according to the raw Cq values
introduced as the input. The ooiboe from the various algorithms is often divergent

due to the different approaches used to evaluate the gene expression stability.

3.1.3. Aims of this study

Considering that very little is known aboHRAFX transcriptregulation in breast
cancer, this chapter focuses on exploring the mRNA expressidaAfFX short and
long transcripts im panel obreast cell lineavailable in our laboratogndin clinical
samplesTo establish a sensitive and precise assayifA&FX transcript abundance
the commonly used real time PCR chemistri&fiGreen and TagMan were
comparedReference genes were also analysed aatifiesent cell lines.The most
stable reference gene was then used for normalizatidd26FX transcripts by
absolute gPCR.
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3.2. Analysis ofH2AFX transcript abundance in breast cell
lines

H2AFX transcript abundanoeas studiedusing an absolute gPCR approaalhich
allows an accurate quantification of béttBAFXtranscripts in each cell line when the
same amount of total RNA is usethis approach requires an external standard to
allow determination of the absolute amount of the transcripts in each experment.
recombinantH2AFX plasmid was used as this standarthis plasmidhad been
generatedy cloning theH2AFX gene into the plasmidGEMT Easy(Promega)y
previous researchers working on this projégstkelenboonunpublishedl

The concentratiorof the plasmid preparatiomas measuredsing theQubit dsSDNA

BR Assay Kit (Thermo Fisher Scientificjo determinghe exactnumber of copies of
H2AFXin therecombinant plasmidtock, the equation shown in Sect2.8.1was

used and stock was prepared contaididgH2AFX copiesfiL. From this stock 4:10

dilution series was prepared before each qPCR reaction, which allowed a standard
curve to be generatedhe number ofH2AFX transcripts per sample was then
calculated based on the standard curve andi¢28lkrXtranscript was normalized to
100% efficency.

3.2.1. Optimization of TagMan gPCR assay to detedt2AFX
transcripts

A commercially available probe (Hs01573336_s1, #4351372, ThermoFisher
Scientific) was testet analyseheH2AFXlong transcrip{LO). A probe and primers
were designedo analyseH2AFX short transcript since this was not available
commercially (Figure 3.1) The design was based on GenScript Reat PCR
(TagMan) Primer Design. Prim&LAST was also performed to ensure that these
primers were specific to tHe82AFX sequene. The primer and probe details for both

transcripts are described in Table2.1

Since one of the main advantages of the TagMan gPCR is multipleRedorig
transcriptwasdetected with a FAMMGB Tagman probe, while the short transcript
was detected wita VIGMGB Tagman proheRatios of forward and reverse primer
concentrations and probes were also testeddilution series of thEl2AFX plasmid

to optimize the conditions of the TagMan assAynplification efficiency was
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calculated based on the slope of the standard dwywsing the equatiodescribed in
Section2.2.8.2.Since different PCR efficiencies were seen in different gPCR runs
(Figure 3.2), only gPCR reactions with efficiencies betweefh 196 were used for

the analysis olf2AFXtranscript abundance
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Figure 32: gPCR efficiencwith TagMan qPCR. qPCR efficiency was evaluated with different primer anc
sets, used in a singleplex and a multiplex approAahplification efficiency was calculated based on the stope
10 fold dilution serie®f the stadard curve.PCR efficiencyvas calculated ag0 » ¢1/slope)— 1. SL= short +
long primer pair; LO = long only primer pair. SL 600:600:500 refers to 600 nM of primer forwardereist
and 500 nM of probe. Each symigokresponds to one experiment. Mean + SEM3n

In a simplex reaction thidong only (LO) primerset was tested at 1 and 1.8 tirties
manufacturés supplied concentratioand it was found that the LO pransethad
similar efficiencies when used at a concentration of 1.8 .prbobe/primer set which

can detect both short and long transcripts) (&d similar efficiencies with 300 nM

and 600 nM of forward and reverse primers and 400 nM or 500 nM of probe. In a
multiplex reactionthe best LO primer set condition b8 timesthe manufacturés
supplied concentratiowascombined withboth primersand probe conditions tested
previously.1.8 times LO combined with 300 nM of forward and reverse primers and

400 nM SL achieved the best resuits multiplex reactiobased on primer efficiency
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and reproducibility.However, probe competitiorwas seen inthe duplex reactios
analysed favouring theLO transcript even though the reaction efficiencies did not
change significantlydata not shown

PCR efficiency varied in the range-83( between transcript runs, giving intra and
inter-variability across lates even after several months of optimizatibo enable
more accurate comparisons between samples and cell lines in different plates,

guantifications were normalized to 100% efficiemtygach qPCReaction

In summary both H2AFX transcripts were anagd by usinga singleplex and a
multiplex TagMan gPCRIn a singl@lex reaction, thdeO probeand primer sehad

better efficiencies when used at 1.8 tirtfess manufacturer’'s recommendations, while

the SL probe/primer sehad similar efficiencies with 300 nM and 600 nM of forward

and reverse primers and 400 nM or 500 nM of prbbamultiplex reactionl.8 times

LO combined with 300 nM forward and reverse primers and 400 nM SL probe
achieved the best resuliSue to the ppbe competition seen in the Cq values in a
duplex reaction, a singleplex TagMan gPCR was used to further analyse normal breast
and cancer derived cell lind=or this analysis].8 times LO probeombined witt600

nM forward and reverse primers and 500 8Mprobewas used. These concentrations
were used to provide excess of primers and probes in a reaction with unknown amount

of transcripts.

3.2.1.1. Analysis oH2AFX transcripts using TagMan gPCR

After extensive gPCRptimization,the number oH2AFXtranscrips was analysed in
the panel of sevebreast cell linesvailable in our laboratorysing a singleplex
TagManapproach Total RNA was extractedquantified with Qubit and g total
RNA was reverse transcribed and diluted 1:3 before gPCR reaction

The number ofH2AFX transcripts pesamplewas calculated based on the standard
curveand echH2AFXtranscriptmeasuremenivas normalized to 100% efficiency.
Since theH2AFXSL primer pair binds to botH2AFXshort and long transcripts, the
number oH2AFX short transcri per sample was calculated by subtradt@gFX

LO measurements froM2AFXSL measurements (Secti@r28.4.3).
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The shortH2AFX transcript was significantly more abundant than the ldg§FX
transcript in all cell lines tested (Tweay ANOVA, p< 0.000] Figure 3.3). There
were no statistically significant differences in the amount of either the short of long
H2AFXtranscripts across the cell lines testédkgy's multiple comparisons tept>

0.1).

e Short
£ 8x10%4 m Long
a °
c g °
8 &

Et_u 6x105-
< o 4x10°+ .
= .
;8 2%1054 T
25 hd L [
Ea o U
E 0- |h |. al‘- |L
s 5§ § & §& g 3
T8 = = oM m = m
Q = @ =
= < <
a o
= =
Non-tumorigenic LumA Basal
B Number of short H2AFX transcripts
per 66.6 ng of total RNA
Cell line nl n2 na averag SEM
MCF10A 44537 15969! 4389¢ 8270¢ 3849:
MCF7 14912¢ 37126¢ 25936( 25991 64127
T47D 17340: 48324° 28223: 31296( 9075¢
MDA -MB-43¢€ 71320: 21746( 13644 35570( 18027
BT20 5826 29691¢ 12673: 16063t 7094¢
BT54¢ 34 13331( 3442( 5592 3994°

MDA -MB-231 10592° 33212 75925! 39910: 19154¢

73



C Number of longH2AFX transcripts
per 66.6 ng of total RNA

Cell line nl n2 na averag SEM
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Figure 33: Number ofH2AFX mRNAtranscripts in a panel of normal and breast cancer derived cell |
measured byagMan gqPCR (A). Ravalues of short (B) and long (C) H2AFX transcript abundance per biological
replicate (n1, n2, n3) in each cell lin2ug of total RNA from each cell line was resemttranscribed to cDNA,
cDNA was diluted 1:3 and used as template for TagMan qPCR rea@fi@ng of total RNA was used per gPCR
reaction. Samplesveredivided by their PAM50 subtype classificatidCF10A— non tumorigenic breast cell
line; MCF7, TATDMDA-MB436, BT20, BT549, MBMB-231—tumorigenic breast cell linesShort” refers to

the 0.6 kb short transcript with no pedytail. “Long” refers to the 1.6 kb long transcript with a poiytail. Mean

+ SEM, n=3.

The relationship between the abundance of the short andHRAREX transcripts was
investigated and there was a positive correlation between the abundance of the short
and longH2AFXtranscript in these cell lindp < 0.0001, R= 0.75, Figure 3.4.
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Figure 34: Scatterplot showing the correlation between the number of short and H2#fX transcripts in
samples from breast cell lines after analysis using TagMan gPCR. Same data as shown in Figheesalid T
black line represents the linear regression line (p < 0.008E ®75, n = 20).
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3.2.2. Optimization of SybrGreen gPCR to detectH2AFX
transcripts

Two primer pairs were designéaldetectH2AFXtranscriptsy SybrGreen gPCR. A
primer set identified as&Short + Long (SL) since it is common to both2AFX
transcripts as it is located within the coding region, and a primer set identiisahgs
Only’ (LO) since it is specific to the long transcript as it is located downstream of the

stem loop Figure 3.).

Multiple primer setsvere tested combination wiBybrGreergPCR assaydata not
showr). The ratio of forward and reverse primer concentration, as well as different
denaturation and annealing temperatures were optimig@d. optimization was
initially focused on theecombinantH2AFX plasmidas a template and then cDNA
from cell lines. Thenumberof H2AFX copies in theH2AFX pGEM-T Easy plasmid

was calculatedThen, a 1:10 dilution series of the standard curve was made before
each gPCR reactionThe H2AFX SL primer pair required a higher antiag
temperature in comparison to the LO primer pair to increase primer specdatisy

not showi.

Figure 35 and 36 show the melting curves (A) and the standard curves (B2AFX
plasmid when the begiPCR conditionsfor SL and LO primer pairs weresed,
respectively Melting curves confirmed the specificity of the primers studied and
identified potential genomic contamination or the presence of primer dimers. This
contamination caaffectthe Cqvalues and impaihe sensitivity of the technique. As

an exampleprimer dimers are shown asnspedfic peaks on the melting cur@
Figure 3.5in purple) The conditions were considered optimised wheiPGR
efficiency of between 3010% + 5%was reproducibly obtained.
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Figure 3.5:0ptimal gPCR conditions f(H2AFX‘short+long’ transcript quantification using SybrGreen. 900
of forward primer ad 400 nM of reverse primers were used to achieve the best results to detect the t
which is common to both short and ldAgAFXtranscript in a SybrGreen gPCR reactién-melting curve; B-
standard curve (with efficiency of 104%).
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Figure 3.6 Optimal gPCR condons for theH2AFX*long only transcript quantification using SybrGreen. ¢
nM of forward primer and 300 nM of reverse primers were used to achieve the best results té2idexdong
only transcript in a SybrGreen gPCR reaction- Aelting curve; B- standard curve (with efficiency of 111%).
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3.2.2.1. Selection ofMRPL19 as a suitable reference gene for
SybrGreen qPCR analysis oH2AFX transcripts

Three reference genes commonly used in breast cancer research were tmdgsed
for the bestreference gene among the cohort of cell lines tegigderaldehydes-
phosphate dehydrogenasé&sAPDH), Mitochondrial Ribosomal Protein L19
(MRPL19 and Peptidylprolyl Isomerase #PPIA). GAPDH is one of the most
common housekeeping genes used in gRIeRIonge et al. 200WIRPL19andPPIA
aresuggested to be amongeaio of the most reliable housekeeping genes in primary
breast tissue@icNeill et al. 2007)and in cell linegSzabo et al. 2004, Liu et al. 2015)
Primer sets for all thregenes were used to measure gexgession stability ithree
independent experimentross seven celines (Table 26). The raw Cqg values
obtained from these independent experiments using these three housekeeping genes
were introduced in RefFindgdata not showh RefFinder is an online tool that
includesfour major computational algorithmgé€Norm NormFinder BestKeeper and
the DeltaCt method) thatcompareghe Cq values oéach gene to identifyhich is

thebest and more stable reference gene.

MRPL19wasthe most stable gene acrdks cell lines testetbllowed byPPIA and
then GAPDH, regardless of thalgorithm usedin RefFinder(Figure 3.7) Since
MRPL19was the most stable gene across the cell lines testeds used in all the
subsequent qPCR experiments for normalization.
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A Method Better Good Average

Delta CT MRPL19 PPIA GAPDH
BestKeeper MRPL19 PPIA GAPDH
NormFinder MRPL19 PPIA GAPDH

geNorm MRPL19 PPIA

Recommended tfomprehenswe MRPL1S PPIA GAPDH
ranking
3.5
3 4
@ 2.5 4
=
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0 : :
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<== Most stable genes Least stable genes ==>

Figure 3.7:Ranking order (A) and relative score (B) of the candidate genes obtained with the RefFir-
tool. RefFinder is based on the rankings from Delta Ct, BestKeeper, Norm&imtigeNorm algorithms, whi
assign an appropriate weight to an individual gene and calculate the geometric mean of their foeitjte
overall final ranking.

3.2.2.2. Analysis oH2AFX transcripts using SybrGreen qPCR

After extensive qPCR optimization using SybrGredBAFX transcript abundance

was analysed in the same panel of breast cell lines as described when using the
TagMan chemistry (Figure 3.3).0fal RNA was extracted from 3 x 4@ells and
quantified with Qubit. 2 pg total RNAvas reverse transcribed and diluted 1:3. Each
H2AFXtranscript was normalized MRPL19(Section 2.2.8.3.1).

The $ort H2AFX transcript was significantly more abundant thia@long H2AFX
transcript in althecell lines tested (Twavay ANOVA, p <0.0001Figure 38). There

were no statisticallgignificantdifferences in the amount &f2AFX long transcript
measuredacross the cell lines tested (Tukey's multiple comparisonspest0.9.
However, MDAMB-231 had higher abundana# the short H2AFX transcriptin
comparison to all the other cell lines tested (Tukey's multiple comparisons test, p <
0.04).Also, the sort H2AFXtranscript abundance was lower in the 4b@morigenic

cell line MCF10Acompared to ME7 (Tukey's multiple comparisons test, p < 0.007)
and to MDAMB-231(Tukey's muliple comparisons test, p < 0.0001
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Figure 3.8: Number oH2AFX mRNAtranscriptsin a panel of normal and breast cancer derived cell
measured by SybrGreen qPER). Raw values of short (B) and long (C) H2AFX transcripts are show
biological replicate (n1, n2, n3) and cell lin2.ug of total RNA from each cell line was reversieohscribed ti
cDNA, cDNA was diluted 1:3 and used as template for qPCR rea66@ng of total RNA was used per qF
reaction. Samples were normalized to MRPL38mples are divided by their PAM50 subtype classification.
MCF10A — non tumorigenic breast cell line; MCF7, T47D, MDAB436, BT20, BT549, MDMNB-231 —
tumorigenic breast celines.'Short’ refers to the 0.6 kb short transcript with no pélyail. ‘Long’ refers to th

1.6 kb long transcript with a pol tail. Tukey’s multiple comparison test after emay ANOVA of the me
distribution ofH2ZAFXmRNA abundance across cell lirgsp < 0.07, *** p < 0.04) Mean + SEM, n = 3.

The relationship betweethe abundance of thehort and longH2AFX transcript
abundance was investigated by placing the measurements obtained in Figure 3.8 on a
scattemplot. There is a correlation betwedre short andhe long H2AFX transcripts

in the cell lines studied (p < 0.00012 R0.6 Figure 39).
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Figure 3.9:Correlation between the number of short and IH2AFX transcripts in breast cell lines measurec
SybrGreen gPCR. Same data as shown in Figi8. The solid black line represents the linear regression line
0.0001, R=0.6, n = 19).
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3.2.3. Comparison between SybrGreen and TagMan gPCR

H2AFXtranscrpt abundance was analysed in a panel of breast cell lines after extensive
gPCR optimization by using TagMan (Figure 3.3) and SybrGreen (Fig8je 3.

technologies.

Higher levels of shoti2AFXtranscript were seen in comparison to the long transcript

in all cell lines tested with both gPCR technologies (#way ANOVA, p < 0.0001).

With TagMan gPCR, no statistically significant differences were detected between the
amounts oH2AFXshort or long transcript across the cell lines tested. Similar results
were obained with the SybrGreen qPCR for the IdA8AFX transcript with no
differences detected between cell lines. However, differences were detected in the
abundance of shofl2AFX transcript. The MDAVIB-231 cells expressed higher
levels than all others testeahd the MCF10A cells expressed lower levels than MCF7.
One explanation for this discrepancy is the higher standard deviation observed with
the TagMan gPCR measurements, which can be attributed to the lack of a
normalization step. Therefor®RPL19should also have been used is this assay to
reduce potential variability introduced via the sample input and by the techniques used.
However, this normalization step would require the design and the purchase of primers
and probe for thtIRPL19gene theoptimisation of this technique as a singleplex and

a multiplex reaction, plus the analysis of the potential probe inhibition during
multiplexing. For these reasons, TagMan experiments were discontinued.

Another important observation is thsimilar quantities of eacti2AFX transcript

were seen with both gPCR techniques, despite initial concerns related to the sensitivity
of SybrGreen. For these reasons, SybrGreen chemistry was used for the remaining
gPCR studies.
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3.3. Analysis of H2AFX transcript abundance in clinical
samples

To analyseH2AFXtranscript abundance in primary human breast cancers, total RNA
from postmenopausal women with invasive breast cancer was requested from the
National Breast Cancer R&sech Institute Biobank helwithin the Department of
Surgery at NUIG. The selected cohort of samples were from women who did not
receive any neoadjuvant chemotherapy in order to reduce variability in the cohort. The
age of the patient, tumour grade, tumour stage, therapy regirivthPélassification,

and ER/PR/HERZ2 status were made available for this sample cohort.

cDNA was synthesized from 1 pg total RNA and diluted 1:2 before qPUR
optimised SybrGreen gPCR methodology enatilecdibundance of the short and long
H2AFXtranscripts to be measured in all samplége data is presentdéésed on the
classification of the tumours as either Luminal A (LumA) or Luminal B (LumB)
(Figure 3.10). No significant differences were seen either between the abundance of
H2AFX transcrips and the clinical data obtained, such as age of the patient at the
diagnosis, grade, stage and Nottingham Prognostic Index (NPI) gdaigo rGot
showr).

As shown in Figure 3.10, higher levels of sHeé2IAFXtranscript were seen in LumB
samples compared taimA samples (Tukey's multiple comparisons test, p < 0.0001),
with 17649 + 3360 (mean £ SEM) and 6181 + 1404 (mean + SEM) of short transcripts,
respectively. The abundance of the Id#@AFX transcript did not vary significantly
between the LumA and LumBraups (Tukey's multiple comparisons test, p = 0.8),
with an average of 2268 + 337 (mean = SHRiterestingly, no differences were seen
between the levels of short and lIoHQAFX transcript in LumA tumours (Mann
Whitney test, p > 0.4).

The relationship between short and IoH@AFX transcript abundance was also
investigated. A correlation betweshort and longi2AFXtranscriptsvasseenin the
clinical samplestudied (p < 0.0001,%R= 05, Figure 3.11L
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Figure 3.10 Number of short and lorH2AFX transcriptsin clinical sampleimeasurecy SybrGreen qPC (A).
Number of transcripts was estimated as if 66.6 ng of total RNA was used per gPCR reaction. Ranf shar
and long H2AFX transcripts in the clinical samples analysedSBples were divided by their PAM50 subtype
classification.'Short’ refersto the 0.6 kb short transcript with no pedytail. ‘Long’ refers to the 1.6 kb long
transcript with a polyA tail. Tukey’s multiple comparison test after emay ANOVA of the mean distribution of
H2AFX mMRNA abundance in luminal A and B clinical samples (**** p < 0.0008an + SEM, n =13. Each
symbolcorresponds to one breast sample.
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Figure 3.11:Correlation between the number of short and IH2AFXtranscripts in clinical samples measu
by SybrGreen gPCR. The solid black line represents the linear regression line (p < 038@5R = 15).

34. Discussion

Contradictory data oH2AFXexpression has been described in several cancer studies.
H2AFX overexpression has been described in human caf8ers et al. 2012,
Rezaeian et al. 201, HutH2AFXhas also been characterized as a tumour suppressor
gene in micéCeleste et al. 2002, Bassing et al. 2003)

To establish a clearer understandingH@AFX gene expression in cell lines and in
clinical samples, a robust gPCR method was establidH2AFX encodes two
transcripts: A 0.6 kb shorhonpolyadenylatedtranscript and a 1.6 kb long
polyadenylated transip.

Since the ultimate goal of this chapter was to establish a robust technique to evaluate
transcript abundance glinical samples, TagMan and Sybr Green gPCR techniques
were compared. TagMan is a more specific and sensitive technique; but the cost of
probes and the challenges of optimization made it difficult to implement. Initially, the
TagMan gPCR seemed the most attractive technique to ardiggal samples
because it offered the possibility of multiplexing to reduce errors in the readout of both
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H2AFXtranscripts from the same sample. However, multiplexing was complicated by
probe competition. This effect was seen in a duplex reaction, which favour the LO
transcript, even though the reaction efficienciiglsnot change significantlydata not
showr). The duplex reaction is commonly used for two different transcripts in different
locations whereas in this case two TagMan probes were annealed in tHé2gsixe
transcript. Very little is known about the potential interactions of two TagMan probes
in the same transcript, which might affect the amplification of the target due to
unwanted interactions between primers and probes. For these reasons, a singleplex
gPCR is more suitable for the analysisH#AFX transcripts. A normalization step
with MRPL19 was also considered for the TagMan gPCR to reduce potential
variability introduced by errors in RNA quantification, RNA quality, and the
efficiency of cDNA synthesis. However, due to the challenges associated with the
design of a multiplex assay, and thetential competition observed in a multiplex
reaction, th&ragMan experiments were discontinued. Another important observation
is that similar quantities of eaclH2AFX transcript were seen with both qPCR
techniques, despite initial concerns tethto SybrGreen’s sensitivity. For these
reasons th&ybrGreen gPCR was used as the method of elertitme following

gPCR experiments.

To improve the accuracy of the results between qPCR readtienBCR efficiency

was calculatedFigure 3.2) Theoretically, the PCR efficiency should not change
significantly in each gPCR reaction. However, even after extensive optimization
variation of PCR efficiency is observed from-880% between gPCR reactions. To
facilitate comparison and to maximize thaccuracy of the results obtained,
guantifications were normalized to 100% efficiency in all gPCR reactitmsever,

to our knowledge, this is not a commonly used approach and many researchers assume
100% efficiency between experimeliiaylor et al. 2019)

The three potential reference geMRPL19 GAPDHandPPIA were investigated to
improve the accuracy of the results obtaif@dPDHis as one of the most commonly

used housekeeping genes for gRE&RJonge et al. 200 AyhereadRPL19andPPIA

are suggested to be amongst the most reliable housekeeping genes in normal and in
breast cancer tissu@glcNeill et al. 2007, GuDedeoglu et al2009)and in cell lines

(Szabo et al. 2004, Liu et al. 201&)assical housekeeping genes includdWyyPDH
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andACTBhave been shown to be unsuitable as reference genes since their expression
varies between different experimental conditions and tisdRellion et al. 2000,
Radonic et al. 2004, Tilli et al. 2016)his means that it is important to validate the
reference genes priortioee gPCR experiments in the experimental samples which will

be measured.

The RefFinder welbased tool was used to compare and rank the above mentioned
genedrom experimental dataset¥ie et al. 2012, De Spiegelaere et al. 201rbjhis

study, MRPL19had the highest ranking for all samples analysed as the most stable
gene in all the algorithms usééigure 3.7)

After intensive qPCR optimizatioll2AFXtranscript abundance was analysed in the
norttumorigenic MCF10A and in six breast cancer cell liffedgure 3.3 and Figure
3.8). The panel of breast cancer cell limeduded LumA and basdike subtypesWe
hypothesizd that differences iH2AFX transcript abundance would be seen in cell
lines with different subtypeslhe $iort H2AFX transcript was significantly more
abundant than the lomg2 AFXtranscript in all cell lines tested, whereasahandance

of thelong H2AFX transcript did not vary across the cell lines tesiaflerences in
the abundance of the shatRAFX transcript wee seen with the SybrGreen gPCR
(Figure 3.8) The basalike MDA-MB-231cell line had higher shoH2AFXtranscript
abundanc¢han the other cell lines tested but no other bidsatell line had increased
levels of shorHH2AFXtranscriptwhen compared tMCF10A or the LumA cell lines.
ShortH2AFXtranscript abundance was also lower in MCFI@#pared to MCF7,
but no changes were seen in T47D, which is also a LumA cell line. Therefore, in
overall conclusionwith the exception of MCF10A which had statistically lower
transcript levels compared to MCF7 and MIDB-231, novariation in H2AFX
transcript abundanasgas observetietween the netumorigenic andhe othetumour
derived breast cell lines

To measureH2AFX transcripts in clinicasamples, total RNA fromwvomen with
invasive breast cancer was obtained from the National Breast Cancer Research
Institute BiobankFigure 3.10) The majority of samples were luminal samples since
LumA and LumB are the most frequtebreast cancer subtypes. Unfortunately, no
normal breast samples were available, due to the limited number of these samples in
the biobank. In the cohort tested, LumB samples had a higher abundandé¢2Amé
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short transcript compared to LumA samplesich suggests that this transcript is
differently regulated according to the breast cancer subtype. The abundance of the
long H2AFXtranscript did not vary in the samples tes#&aorrelation between the
abundance of the short and loHgAFX transcriptswas seen in cell lines with both
gPCR methodologies analysed and in human cancer saffgase 3.4, Figure 3.9
and Figure 3.11)To our knowledge, this is the first study which has measured the
abundance of botik2AFX transcripts in breasterived cell ines and inclinical
samplesUnderstanding the availability of eald AFXtranscript might correlate with

the H2AX prdein levels and its capacity to be phosphorylated during the DNA
damage responsé&herefore further experimentshould be made to exploH2AFX
transcript regulation characteristics such as mRNAllalftranscription rate, and

kinetics of eaciH2AFXtranscript.

In conclusion, a robust absolute quantitative P@Rthod was developed to
characterizeH2AFX transcrigg abundance in breast cell lines and in human breast
cancer sampleSybrGreen gPCR was chosen as the method of choice for the analysis
of H2AFX transcripts due to its simplicity, cost, adde to consistent results with
TagMan gPCR.

After extensive gPCR optimizatiorl2AFX transcript abundance was analysed in a
panel ofbreast notumorigenic MCF10A and cancer derived cell lines. SH@AFX
transcript was significantly more abundant than the l82gFXtranscript in all cell

lines testedwhile the longH2AFX transcript did not vary. No changes were seen in
H2AFX transcript abundanceetween breast cancer subtyp&stal RNA from

women with invasive breast cancer was obtained and showed that LumB samples had
higher levels oH2AFX short transcript than LumA samples, whereas HAgFX
transcript did not vary in the samplested

A correlation betweetthe abundance of th&hort and longH2AFX transcripts was
seen in both cell lines and atinical samples. Validation of the relationship between
the abundance of these transcripts is important since it supports the HE&Fof
expressiondata which only reports the long, polyadenylated transcript in large
publically-available breast cancer patient datasets. The use of large publically
available datasets to evaluat2AFX transcripts will be further explored in the

following chapter.

87



Chapter 4:

Analysis of H2ZAFXcopy number,
gene expression and mutational
signature in large cancer genomic
and transcriptomic datasets
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4.1. Introduction

With the development of higthroughput technologies such d3NA/RNA
sequencing@nd microarrays in the ladecade, large cancer genomic initiatives have
accelerated our understanding of the molecular basis of cancer. Some of these

initiatives are described below.

One of the historical landmarks of cancer genomics is The Cancer Genome Atlas
(TCGA), created as eollaboration between the National Cancer Institute (NCI) and
the National Human Genome Research Institute (NHGRI) in 2006. TCGA has
generated gene expression, micro RNA (miRNA), protein expression, copy number,
DNA methylation and mutational data from ovE0000 human cancers, bringing
together researchers from various disciplinesiastikutions(Cancer Genome Atlas
Research et al. 2013)

More recently,cBioPortal for Cancer Genomidsas provideda web application
platform for exploring, visualizing, and analyzing cancer genomicq@atami et al.
2012, Gao et al. 2013¢BioPortal was devefed by thevMiemorial Sloan Kettering
Cancer Center Computational Biology Center (cBio) to allow researchers to
interrogate datasets across genes, samples and data types. Users can analyse a
particular gene or a set of genes, gene alterations in a partiaulzer study or in a
group of studies, explore biological pathways, perform survival anadygisanalyse
mutual exclusivity between genomic alteratio@sirrently cBioPortal contains data
from over 256 data sets and more tha@®D tumour samplesThe nformation
includes somatic mutaions, DNA copy number alteration€CNAs), mRNA and
MIiRNA expressiondata, DNA methylation status, protein abundancas well as
clinical parameters, such gathological and clinical annotationfhe data from
cBioPortalincludes data from TCGA, the Cancer Cell Line Encyclopaedia (CCLE)
and the NGI60 cell line panel, which can be downloaded for further exploration.

There are several breast cancer datasets within cBioPortal, of whittotéeular
Taxonomy of Breast Cancénternational ConsortiumMETABRIC) datasets the
largest(Curtis etal. 2012, Pereira et al. 2016)he METABRIC dataset is mint
CanadaJUK project which aims to classify éast tumours into subcategorigseown

as intrinsic subtype®awson et al. 2013)These subcategories are based on specific
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molecular signatures thahould help cliniciango predict whether gatient will
respond to a particular treatmiemhe METABRIC dataset currentiyontains copy
number, gene expressidataand longterm clinical followrup of 2509 primary breast
tumours with548 matched normabmplegCurtis et al. 2012)

The CCLE databaseas generated asallaboration between Broad and Novaatisl

it has chromosomal copy number, mutation data,geme expression of 947 human
cancer cell linegBarretina et al. 2012 his database enables researchers to select cell
lines which are potentially representativeiragitro models of a spéfic tumour by
comparing the genomic and transcriptomic profile of tumours and cell lines. CCLE
hasalsoallowed the identification of genetic and gene expression based predictors of
drug sensitivity when coupled with pharmacologic profiles for anticadrceys.

Contradictory dataon H2AFX copy number andexpression in cancer has been
presentedThere are reports that descrid2AX overexpression in cancefSeo et al.
2012, Rezaeian et al. 201 Byt there are also studies that describe Ha84 tumour
suppressor genéCelese et al. 2002, Bassing et al. 2003p understand these
conflicting observations we characterizddAFX copy number, mRNA abundance
and mutational data itarge publicallyavailable dataset§ he positive correlation
between short and long2AFX transcripts (Chapter 3) allowed us to W2AFX
expressiordata derived from polyAelected librariegom large publicallyavailable
breast cancer patient datasets.

Breast cancer can be classified into five subtyplesmallike, luminal A (LumA),
lumind B (LumB), HER 2, andbasallike, with decreasing survival rates and clinical
outcomes respectively. This classificatisnpwnas‘PAM 50, is based on a 50 gene
expression profile obtained from gPCR and microarray (@®&sou et al. 2000, Sarlie
et al. 2001, Parker et al. 2009, Prat et al. 2010)
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4.1.1 Aims of this study

Sincethere is contradictory data ¢t2AFX copy number and expression in cancer,
this chapter focuses on the analysis HEAFX CNAs, mRNA expression and
mutations in large cancgenomic/transcriptomic databases. We aimed to understand
whether theH2AFX gene is commonly mutated, lost or amplified in human cancer.

H2AFX copy number status and mRNA levels were correlated with the molecular
characteristics obreast cancer includingenomic instability, and overall patient
survival. The aim wasto discoverwhetherbreast cancer subtypdave different
H2AFX CNAs, and whether these alterations have an impact on mRNA expression.
We thenanalysed whethdd2 AFX copy number, and mRNA expression contribute to

genome instability and overall survival.
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4.2. Analysis of H2AFX copy number, mRNA abundance
and mutational data in cancer samples using cBioPortal

Initially, H2AFX copy number status was analysedall cancer studies witla
minimum of 500 samples cBioPorta] totalling56166 primary tumour&BioPortal
was queried usinthe keywordsH2AFX DEL HETLOSS AMP GAIN MUT’ which
searches thel2AFX gene data for homozygous/full deletions (‘DEL’), heterozygous
deletions (one copy, ‘HETLOSS’), lolevel (three copies, ‘GAIN’) and higlevel
amplifications (four or more copies, ‘AMP’) andll anon-synonymous mutations
(‘MUT).

This analysis showed thaids of onecopy of theH2AFX geneandlow level gains
three H2AFX copies are common in cance(Table 4.1) Cancerswith the highest
numbers of CNAsverebreasthead and neck, and ovarian, with 57%, 57% &%d 5
alteration frequency, respective(yHoadley et al. 2018)Homozygous deletions
representindoss of both copies di2AFX and mutations of thel2AFX genewere
found inless than 1% and 0.5% of the tumours, respecti@&dyples withfour or
morecopies oH2AFXwerealso rare, witlihe exceptiomf prostate adenocarcinoma
(Wedge et al. 2018nd lower grade glioméHoadley et al. 2018)ccurring in 4%

and 2% of the tumours, respectively.

Three breast cancer studies were included in this analysis and are indic&teid by
Table 4.1. The TCGA PanCancer projéBerger et al. 2018and the METABRIC
cohort(Curtis et al. 20123howed 48% and 34% of samples with loser@H2AFX

copy, respectively. Copy number gains were also seen at 8% in the TCGA PanCancer
study and 2% in METABRIC. Less than 1% of the tumours had loss of both copies of
the gene, or more than fod2AFXcopies and there were also no mutations observed

in any of the three breast cancer studies described. The third breast cancer study, from
theMemorial Sloan Kettering Canc@&entre and with 1918 samples including nearly
80% estrogen receptgositive (ER+) tumaurs, did not have anjH2AFX CNAs

(Razavi et al. 2018)

Since this project focuses on breast cancer, we decided to further study the
METABRIC datasetsthe largest dataset described in cBioPortal
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Table 41: Frequency oH2AFXcopy numbers status and mutations in cancer stud&BioPortal. Only cancer
studies with aminimum of 500 samples in cBioPongre queried56166 primary tumours were analysed using
cBioPortal webbased data sets. Breast cancars indicated by **. {) indicates 0. Abbreviations: PTCGA
PanCan; T- TCGA 2016; B-METABRIC; S MSKCC/DFCI 2018; F TCGA; R-TARGET, 2018;1IUOPA
2015; D- DFCI 2016; K- Duke, Cell 2017; Z DKFZ-2017; M- MSK, Cancer Cell 2018, EMSKIMPACT
2015.

Frequency ofH2AFX copy number status and mutations

(%)
Sm Copy number status Mutation Totql
Cancer Type Study 0 1 2 3 . alterations
samples
Head and neck P 523 0.8 453 428 109 - 0.2 57.2
** Breast P 1084 0.7 482 430 8.1 0.1 - 57.0
Ovarian P 585 0.3 289 443 255 0.9 0.2 55.7
Non-small cell lung T 1144 05 269 501 217 05 0.3 49.9
Lung adenocarcinoma P 566 0.4 193 588 203 0.7 0.5 41.2
** Breast B 2509 - 342 637 19 0.2 - 36.3
Colorectal P 594 - 17.0 704 12.0 0.2 0.5 29.6
Prostate
Adenocarcinoma S 1013 1.0 141 70.8 104 3.7 0.1 29.2
Stomach/Esophageal T 559 04 163 714 116 0.4 - 28.6
Uterine P 529 04 147 783 53 1.0 0.4 21.7
Lower Grade Glioma P 514 - 43 796 140 2.1 - 20.4
Diffuse Glioma T 1122 - 9.7 808 83 1.2 - 19.2
Glioblastoma
Multiforme P 592 - 149 813 34 0.5 - 18.8
Clear cell renal cell
carcinoma P 512 02 43 889 65 0.2 - 11.2
PeeEE il R 657 05 56 933 06 - ; 6.7
Tumor
Pediatric Acute R 1978 02 16 967 14 01 - 33
Lymphoid Leukemia
Pediatric
Neuroblastoma R 1089 - 3.0 96.8 0.2 - - 3.2
Thyroid T 507 - 1.8 970 10 0.2 - 3.0
Pediatric Acute R 1025 05 - 991 02 02 - 0.9
Myeloid Leukemia
** Breast M 1918 - - 100 - - - -
Chronic Lymp_hocytlc | 506 ) ) 100 ) ) ) )
Leukemia
Colorectal D 619 - - 100 - - - -
Colorectal M 1134 - - 100 - - - -
Diffuse Large B-Cell K 1001 ) i 100 i i i i
Lymphoma
Lung adenocarcinoma M 915 - - 100 - - - -
PanCancer study C 10945 - - 100 - - - -
Pediatric PanrCancer Z 961 - - 100 - - - -
Prostate
adenocarcinoma ¢ 504 ) ) 100 ) ) ) )
Various M 1661 - - 100 - - - -
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4.2.1.Analysis of H2AFX copy number, mRNA abundance and
mutational signature in clinical breast cancer using the
METABRIC dataset

The METABRIC datasetontains copy number, gene expressiontational datand
long-term clinical followup of 2509 primary breast tumours Wa#8 matched normal
tissues(Curtis et al. 2012)A subset of 1905 sgmes with both copy number and
MRNA data for th&H2AFXgene were analysed. From this analy$l$6showedloss
of oneH2AFX copy, whereas only 2%ad threeH2AFX copies(Figure 4.1). Only
0.2% of samples hadour or moreH2AFX copies, and no diploid deletiongere
observed. Thergvere also no mutations in thed2AFX coding regionof the 1905

samples

z 4 copies | 0 copies

0.2% 0% Mutation
3 copies 0%
2.2%
1 copy
41%
2 copies

57%

BOcopies Mlcopy O2copies E3copies O =4 copies Mutation

Figure 41: Frequency oH2AFX copy number status in the METABRIC dat:
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4.2.1.1. Analysis of H2AFX copy number in different subtypes of
breast cancer

Since such a high percentage of samples in the METABRIC dataset showed loss of
one copy of th&H2AFX gene, we asked how these samples were distributed amongst
the PAM50 subtyped'he samples which are designated.asB had63% withone
H2AFX copy, whereashose assigned tbe other PAM50 subtypes ned from 24%

in normatlike to 39% in HERZ(Figure 42).

An increase in tumour samples with thid2AFX copies was seen with worsening
prognosis of the disease: 1% normatlike to 6% for basalike. Samples with four

or moreH2AFX copies were only seen at very low percentages of 0.4% in the LumB
and 0.8% of HER2 subtypes.
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Normal-iike LumA LumB HER2 Baszal-like

HZ2AFX copy number status
(% of tumor samples per category

o0 copies m1copy O2copies @3 copies HEz4copies

Figure 42: H2AFXcopy number status by PAM50 subtype (METABRIC dataset).n (I-like) = 185; (LUumA
=696; n (LumB) = 474; n (HER2) = 236; n (Badite) = 308.

To investigatewhether loss of onel2AFX copy correlates with genome instability,
the METABRC datasehad beersubdivided into 10 different molecular, genomic
and transcriptomic clustereach associated with distinct clinical outcomes. These
clusters were identified in the METABRIC cohort and tivegre designated as
Integrative Clusters (IntClustjCurtis et al. 2012) These clusters are based on
genomewide frequenciesof CNAs molecular featuresuch ascopy number
amplifications and/or loss of specific chromosomal regions, frequencyeé
expressionof ER+, PR+, HER+frequency of each PAM50 subtype within each

cluster, clinical featuresuch agrade, age, lymph node positivity, size, prognosis and
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genomic instabilitfyDawson et al. 2013 he levels of genomic instability were based
on the mutational landapeandchromosomal alterati@of each cluster. IntCluster 4
was subsequentiubdivided into suelusters, 4ER+ and 4ERbasedn the presence

of absence of ERntClust4is characterized by a flat copy number landscape and low
levels of genomic instability.

To analyse whethdd2 AFX copy number loss correlates with genome instability, the
IntClusters wereorderedby level of genomic instabilityA correlation was seen
betwveen the loss of onEl2AFX copy and increasing levels of genome instability
(Figure 4.3). Interestingly, IntClust2 had the highest percentage ¢i2AhEX copy
and high genome instability as well as tinerst prognosis of allntClust, with a 10
year diseasespecific survival rate of only 50%ntClust2 comprises ER positive
tumorscharacterized by amplificatiat 11q13/14 This region haseveral known ath
putative driver genescluding CCND1, EMSY and PAK1 (Dawson et al. 2013)
IntClust2 also shows an enrichment of genes involved in@glle regulation in the
G4/S transition such asCCND1 gene(Dawson et al. 2013)CCND1 encodes the
Cyclin D1 protein which isrequired forprogression through thei@hase and entry
into S phasef the cell cyclgBaldin et al. 1993)

Tumour samples withhtee or moreH2AFX copieswere distributed in all clusters,
regardless of the level of genome instabilljowever IntClust10 had the highest

level of threeH2AFX copies IntClustl0incorporates mostly baskke tumors, has

100% W 2 R,
80%
60%
40%
‘= 10E
0% -
10 5 7 9 6 1

Integrative Cluster 4ER- 4 ER+ 3 8

H2AFX copy number

Genome Instability Low Intermediate High

Total samples 83 260 290 299 226 130 130 146 85 139 72

olcopies m1copy O2copies @3copies Bz 4 copies
Figure 43: Integrative clusters (from 1 to 10) divide breast cancer in 10 different molecular, genor
transcriptomic classes, each associated with distinct clinical outcdmi€3uster 4 was subsequently subdiv
into two subclustersbased on the presenceaiisence of ERIER+ and 4ER The percentage dfi2AFX copy

number status was sorted by integrative cluster classes with increasing levels of genome irthifitgm 190
total METABRIC cases from cBioPor
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the highest rates of P53mutationsand is alsacharacterized bgoorly differentiated

high-grade tumourgr womendiagnosedt ayounger age.

4.2.1.2. Analysis of H2AFX expression in different subtypes of breast
cancer

H2AFX mRNA expression was then evaluated for the METABRIC datdset.
H2AFX mMRNA expression waebtained as z-score. A zscore is a statistical value
which measures the number of standard deviations a sample is from the mean mRNA

expression in the diploid nemmorigenic reference sample.

H2AFX z-scores \were plotted dr eachbreast cancer subtype (Figure 4.B)e mean

of H2ZAFXmRNA zscoresn each subtypécreasd with a decreasingrognosis of

the disease:0.6 for LumA, 0 for umB, to 0.5 for HER2 andbasallike. A Tukey’s
multiple comparison test after omeay ANOVA showed that there were no
statistically significant differences between nonliled and LumA subtypes, and
between HER2 and badidle subtypes. However, statistical differences were seen
between the LumA, LumB and HER2/Batiak subtypegTable 42).

In summaryLumB tumours showed the highest percentage of samples with loss of
oneH2AFXcopy, but had highddi2AFXmRNA when compared to LUumA tumours.

4-
m »
g :o - T
% 21 — .“ B
o ——

2
Z o byl e | S I—
£
N T
I
-4

| | | | |
Normal-like LumA LumB HER2 Basal-like

Figure 44: H2AFX z-scores distribution divided by PAM50 subtype on a Tukey's box and whisk
(METABRIC dataset). The box represents the 25th and 75th percentiles and the line between babessth
mean value. fie whiskers represent values that lie within 1.5 times the interquartile range and values ttd
this are depicted as outliers with a dot. The dashed horizontal line is the normadizerkzo adjacent norn
breast tissue. n (Normdike) = 185; (LUmA) = 696; n (LumB) = 474; n (HER2) = 236; n (Basik) = 308.
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Table 42: Results obtained frostatistical analysis dhemean distribution oHi2AFXmRNA zscores. Statistical
analysis was performed by usifigkey’s multiple comparison test after emay ANOVA (ns = nasignificant for
p- pr

Tukey's multiple  Normal _
LumA LumB HER2  Basallike

comparisons test like
Normallike - ns Kkkk Kkkk Kkkk
LumA ns _ Fkkk Fkkk Fkkk
LumB Fhokk Fhkk _ Kook Sekkok
HER2 Fhokk Fhkk Fhkk _ ns
Bas a_|||ke *kkk *kkk *kkk ns _

4.2.1.3.Analysis ofthe clinical data from the METABRIC dataset

We decided to further analyse LumA and LumB subtypes since they comgaidg

70% ofall breast cancer caseBhe clinical data of patientsom the METABRIC
cohortwas further analyzetb characterizeéhe luminal subtypesMore than 50% of

the luminal sample cohort was obtained from mastectomies ofnpogipausal
woman(Table 4.3) The stage of a solid tumour refers to its size and whether the
tumour hasnetastasizetb other organs or tissuestageis classified from 0 to 4 and
the higher the number, the more advanced the dise&&mage 1 tumours are known
as'early stage canceand correspond to small tumours which are located in a single
area. Stage 2 tumouese larger cancers which havgrown into nearby tissues or
lymph nodes. Thes8METABRIC tumours were predominantly in stage 1 (31%
LumA, 22% LumB) and stage 2 (42% Lunm#% LumB).

The tumour gradereflects the organization and differentiation of the tumioom

grade 1 to grade &rade Itumours resemble normal cells which are slowly growing.
Grade 2 tumours have slightly bigger cells with varied morphologies and faster growth
compared to normal cells. Finally, grade 3 tumours have a more differentiated
phenotype andire faster grovng than normal cells.The luminal samples in the
METABRIC dataset werpredominantly grade 2 (54% Lum39% LumB) and grade

3 (39% LumA 54% LumB)
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More than 90% of theatients withluminal tumoursin the METABRIC datasetad
HER2 negativéaumoursand did not eceive hormone therapy. However, 68% of the
LumA subtype and 80% of the LumB subtype samples were from patients who had

undergone radiotherapy treatment.

The METABRIC datasetlso subdividedtumour samplesbasedon a ‘three gene
classification” which sti#fies samples accordingly to their expressionesfrogen
receptor (ER), HER2, and Aurora A KinaseURKA (HaibeKains et al. 2010)
AURKAwas used as a proliferation associated marker gmegpression has shown
to be strongly associated to clinical outcome in the luminal sub{ide=ssnedt et al.
2008) In this cohort,67% of the LumA subtypevas ER+/HER2 showing low
proliferation, while 76% of the LumBsubtype wasER+/HER2 showing high
proliferation. All luminal breast cancers this cohort were classified asvasve

ductal carcinomabased on the histopathological diagnosis

In summary,this information has allowedis to focus on luminal invasive ductal
carcinomas with the above characteristics. This information has alseds=stiato
maintain alignment withhie RNA samplesbtainedirom the National Breast Cancer

Research Institute Biobank (described in Chapter 2).
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Table 43: Clinical characteristics of the luminal breast cancers in the METABRIC dataset.

LumA LumB

n with clinical data (total = 1119) 670 449
age at diagnosis (mean3D) 63+ 13 65+ 2
pre-menopausal 124 (0%) 49 (11%)
Inferred menopausal state
post-menopausal 546 (8%) 400 (89%)
mastectomy 399 60%) 252 (56%)
Breast surgery breast conserving 266 @0%) 196 (41%)
Not determined 5 (0.7%) 1 (0.2%)
0 - 1 (0.2%)
2 279 (2%) 197 (4%)
3 26 @%) 29 (7%)
4 2 (0.3%) 5 (1%)
Not determined 157 (23%) 118 (26%)
Tumour size (mm) 24+ 12 28+ 15
1 116 (17%) 18 (4%)
2 360 (51%) 174 (3%)
Grade
3 164 (25%) 242 (51%)
Not determined 30 (5%) 15 (3%)
+ 21 (3%) 42 (9%)
HER status
- 649 (Y%) 407 (4%)
no 616 (2%) 406 (90%)
Hormone therapy
yes 54 (8%) 43 @10%)
] no 215 (32%) 91 (20%)
Radio therapy
yes 455 (B%) 358 80%)
ER/HER2 - 1 (0.2%)
ER+/HERZHighproliferation 156 (23%) 339 (B%)
Three genelassification ER+/HERZ ow proliferation 450 (67%) 30 (7%)
HER2+ 16 (2%) 32 (7%)
Not determined 48 (7%) 47 (11%)
Cancer type detailed Breast invasiveuctal carcinoma (100%)
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4.2.1.4. Analysis of luminal subtypes as a continuum of breast cancer

Despite the high incidence of luminal tumouts hature of the distinction between
LumA and LumB subtypes remains unclegsme reports classify these syttg as
independent intrinsic categories based on the PAM50 signgarée et al. 2001,
Parker et al. 2009, Prat et al. 201®hereas othaeportsdescribe luminal cancers as

a continwm within which the PAM50 classification makes an arbitr@isginction
(Mackay et al. 2011, Tishchenko et al. 20IR)e continuumnterpretation is based
on weighting the genomic and transcriptomic data associated with tumour initiation
and progressiorfTishchenkoet al. 2016) Data for 551 luminal tumours in the
METABRIC datasetvassplit into quantilesfrom Q1 to Q4characterized by changes

in gene expression, tumour grade and decreased syivistathenko et al. 2016) he
guantiles show aecreasing proportion of LumA and an increasing proportion of
LumB, from Q1 to Q4

From Q1 to Q4 there was an increase in the percentage of samples with one copy of
the H2AFX gene (Figure 4.5A), and also an increase in the expressibl2AfFX
MRNA from Q1 to Q4 (Figure 4.5B).
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Figure 45: H2AFX copy number statuand mRNA distributic in the luminal continuunas described t
Tishchenko (METABRIC datasethe percentage of tumour samples with diffelRAFX copy numbers (¢
andH2AFXmRNA zscores distributiorfB) was split into luminal quantiles wittecreasing proportion of Lun
and an increasing proportioof LumB, from Q1 to Q4rhe box represents the 25th and 75th percentiles al
line between boxes indicates the mean value. The whiskers represent values that lie within 1He
interquartile range and values that exceed this are depicted asrewtiih a dot. The dashed horizontal lin
the normalized-score to adjacent normal breast tissues.
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One of the most powerful prognostic features of luminal canceas isicrease in
proliferation(Perreard et al. 2006, Wirapati et al. 2008, Gatza et al. 200MKI67

is a commonly used biomarker for cell proliferati{idowsett et al. 2011)MKI67

expression increadefrom Q1 to Q4 folloving the same trend ad2AFX (Figure

4.6A), with no statistically significant differences between the meacozes of
H2AFX and MKI67. A linear regressiomn the luminal samplesvas calculatedo

identify whether a correlation betweki2AFXandMKI67 mMRNA expressiomxists.
A moderate positive correlann was observed betwe&f2AFX and MKI67 in the

luminal samples analysed (p < 0.000% =R0.3, n = 551Figure 4.6B.
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Figure 46: H2AFXand MKI67 mRNA-scores distribution in the luminal continuum as described by Tishc
(METABRIC dataset). Tukey’s multiple comparison test aftem@yeANOVA of the mean distributionHi2 AFX
and MKI167 mRNA-scores (ns = noignificant for pe (A). Correlation betweeRl2AFXand MKI67 mRN
z-scores in the luminal samples (B). The solid black line represents the linear regression lin®Q0k & =
0.3, n =551). METABRIC dataset.

Luminal tumours are the most heterogeneous breast subtype in terms of gene
expression, CNAs, mutation spectrum, and patient outc@ites Cancer Genoen

Atlas 2012, Ciriello et al. 2013H2AFXmaps to a cytogenetic locus, 11923, which is
commonly deleted or translocated in several haematological malignancies and solid
tumours, inclding breast cancéBassing et al. 2003, Parikh et al. 2007, Srivastava et
al. 2008) Besides, th&l2AFX gene is located in the same chromosome arm as other

key DNA damage response gemrassh aATM, MRE11landCHKL
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To address whether tHd2AFX mRNA increase in tumours with o2AFX copy
correlates with the mRNA increase of other genes located in the long arm of
chromosome 1l1he differencen the zscore between LumB and LumA samples for
each gene downstreamf 11q breakpoint at 80 Mbps was calculated and rablged
percentile These populations were further subdivided basedhather the sample of
origin hadone and twoH2AFX copies. InterestinglyH2AFX expression is at the
99.6% percentile for the differees of zscores of all genes. This large increase in
H2AFX expression for LumB compared to LumA samplemdependent oH2AFX

copy number (Figure 4.7).

A B

Gene Location mRNA mRNA LumB - | Percentile ” L ] L]
(HGNC) (LumA) | (LumB) LumA (%) 04

CDCA5 65066300 7.69 8.79 1.10 100.0 w 02 i

FEN1 61792637 8.41 9.09 0.68 99.9 g # ——
CHEK1 125625136 6.25 6.71 0.46 99,7 N

H2AFX 119093854  8.18 8.61 0.43 99.6 | g o2 |

yi=) 0.35 b.99 U4l g99.0 % 04 i

CNIH2 = 66278190 5.99 6.35 0.36 99.3 £ e N !

STIP1 64185272 9.14 9.48 0.34 99.2 N

LRFN4 = 66856647 6.58 6.91 0.33 99.0 ' ‘
PLEKHB1 73646178 6.75 7.08 0.33 98.9 1H2AFX copy 2 H2AFX copies
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Figure 47: Differences of mRN/-scores between Lunand LumB sampl: after 11q breakpoint at 80 M. Table
showsgenes with the highest percentiles when the differenoeRdfAzscores of any gene between LumB
LumA (LumB— LumA) samples was calculate@) Tukey’s box and whisker plot with tléstribution of th
differences of all mMRNAstores between LumB and LumA samples and by H2AFX copy number (one
H2AFX copies (B). This difference was only calculated for genes after the 11q breakpoint at 80 Mbp. |
shows where H2AFX is lot in the Tukey’s box and whisker plot. METABRIC datéddtreviations: HGNG
HUGO Gene Nomenclature Commi. n (LumA oneH2AFX copy) = 231, (LUmA, twdi2AFX copies) = 43¢
(LumB, oneH2AFX copy) = 293, (LumB, twbl2AFXcopies) = 157. Data generatdxyy Dr. Andrew Flaus.
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4.2.1.5.Correlation betweenH2AFX copy number and mRNA levels
with breast cancer prognosis

Using the data available in the METABRIC dataset, the overall patient survival was
plotted for luminal samples with one, two or three copies of@®&FXgene (Figure
4.8A). This revealed thatapents with one or threel2AFX copies have reduced
overall suvival (Log-rank (MantetCox) test, p< 0.0005, n = 991 Overall survival

of patients with luminal disease was also plotted basdd2#X expression levels
and patients with highl2AFX expression have decreased overall survivag{rank
(Mantel-Cox) tes, p < 0.0001, n = 57Figure 4.8B)High H2ZAFX mMRNA zscores
refer to samples with-gcores higher than 0.003 while low mRNA@ores refer to
samples wittH2AFX mRNA zscores lower tharD.7. Since luminal subtypes have
statistically different mRNA sores, the median used was according to the ‘low’
MRNA zscore in LumA;0.7, and the *high’ score in LumB samples, 0.008hen

the H2ZAFXmRNA zscores were analysed a whole, being ‘high’ and ‘low’ based on
the median 0f0.4 for all luminal subtypes, this analysis has led to no differences in

overall survival (ata not shown
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Figure 48: Overall survival asociated withH2AFX copy number and mRNA expron in luminal breas
cancer.KaplanMeier plots showing the impact on overall survival associated M2#FX copy number (/
and mRNA expression (B) in luminal breast cancer (METABRIC dataséfgrank (ManteHCox) test,
< 0.0005, n =991, B: Logank (MantelCox) test, p < 0.0001, n = 571. LdW2AFXmRNA corresponds
samples wittH2AFXzscores lower tharD.7, while highH2AFXmRNA corresponds to samples wiscore:
higher than 0.003.
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4.3. Analysis of H2AFX copy number, gene expression and
mutational signatures in the CCLE database

4.3.1.Analysis of H2AFX copy numbers in cancer cell lines

To complement the analysis of primary patient tumour datas2éd=X copy number,
MRNA expressioandthemutation profils werealsoanalysed in the CCLE database
across 966 cancer cell lines. This information can reveal whether cell lines are
representative di2AFX copy numbers in human cancer or have selectively adapted
in culture(Ertel et al. 2006Domcke et al. 2013)

The majoity of the cell lines in the CCLE database had, on average H@&#d=X
copies, regardless of the tissue of origin (Figure 4.9). Some cell lines had one or three
H2AFX copies, but they rarely had four or mét2AFX copies (Figure 4.10). There

were no compke deletions oH2AFXgene in any CCLE cell line.

The most extreme CNAs observed for any cell line in the CCLE database is SF268, a
human glioblastomaell line with eightH2AFX copies, which has been previously
reported to have very high H2AX protein abundafiRegakou et al. 1998)
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Figure 49: H2AFX copy number distribution in cancer cell lines obtained from Cancer Cell Line Encycl
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B1lcopy 0O2copies Jcopies Oz 4 copies

Figure 41C: Percentage of cancer cell lines with differH2AFXcopy numbers in the CCLE database. n =

4.3.2.Analysis of H2ZAFX mRNA abundance in cancer cell lines

Gene expression datan the CCLE database is normalized frofvffymetrix

microarrays and expressed asbust multiarray averagéRMA). H2ZAFX mRNA
waswithin a range of 100 and 1000 RMA witmaedian of 424 87 RMA (median

+ SEM) acrossall CCLE cell linesstudied(Figure 4.11).
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Figure 411: H2AFXmRNA distribuon in cancer cell lines in the Cancer Cell Line Encyclopedia (CCLE) dat:
The Tukey’s box represents the 25th and 75th percentiles and the line between boxes indicatesthalnee Th
whiskers represent values that lie within 1.5 times the intgtile range and values that exceed this are depict
outliers with a dot. The dashed horizontal line is the median mRNA in all cell lines analyseM@ERRRA: robus
multi-array averageRMA is a default normalization method used to analyse ggmession from Affymetrix data.
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4.3.3.Analysis of H2AFX mutation data in cancer cell lines

Only 17 mutationgre documenteith the coding region of thd2AFXgene in the 966
cell lines. Of these, 14 asdentmutations in cell lines of the upper aerodigestive tract,
pancreas, endometrium, and central nervous system. There are onlymnigserse
mutations in lung and in hematopoietic cancer cell lifdea not shown No
mutationsn H2AFX are documenteth any of thebreast cancer cell lines.

4.3.4. Aalysis ofH2AFX copy number and mRNA expression in
breast cancer cell lines

4.3.4.1. Correlation between H2AFX copy number and mRNA in
breast cancer cell lines

59 of the cancer cell lines in the CCHBtabasare breast cancer derivedf these,

63% are diploid fothe H2AFXgene, 22% have one copy and 15% have ttopes

Two of the most commonly used luminal breast cancer cell lines, MCF7 and T47D,
have three copies of tit2AFXgene.

The relationshipetweerH2AFXcopy number and the mRNA abundanes plotted
for all breast cancer cell lind&igure 4.12. Linear regression analysigvealeda
moderate positive correlation betwddBAFX copy number and mRNA abundance
across albreast cancer cell lines (R? = 0.3, n =, %@)ich ishigherwhen onlyluminal

breast cancegell lines are considerd&? = 0.6, n =20). Breast cancer cell lines with
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Figure 412: Scatte plot of H2AFXcopy number status and mRNA abundance in breast cancer cell lines
in luminal breast cancer cell lines (B) in the CCLE database. Grey symbols in (A) correspontlitaiiia
samples in (B). Bldcrepresent all other subtypes. Dunn's multiple comparisons test aftevaynANOVA (
the mean of H2AX mRNA levels accordinglBAFX copy number (*** p < 0.0003, * ¢ %DUV
mean.
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one or twoH2AFX copies have similar H2AX mRNA abundand@u@n's multiple
comparisons tesp >0.05), but breast cancer cell lines with thH2AFX copies have
significantly higherH2AFX transcript levels@unn's multiple comparisons tegt ”
0.095.

4.4.Discussion

We have used cBioPortal and the METABRIC dataset to andgse=X copy
number, mMRNA abundance and mutations in human cancer samples and the CCLE
database to analyse cancer cell lines. Analysis of cBioPortal revealed that loss of one
copy of H2AFX gene and threel2AFX copies are common in cand@rable 4.1)
Homozygus deletions and mutations were rare, happening in less than 1% of
tumours. Breast cancer had amongst the highest percentage of samples with one
H2AFX copy. No mutations were seen in tHRAFX coding region in any breast
cancer samples analysed.

Using theMETABRIC datasetwe found that.umB had the highest percentage of
samples with loss of ortlé2AFX copy across all PAM50 subtypésigure 4.2) This
loss of oneH2AFX allele was correlated with genome instability when the
METABRIC samples were sorted basmuthe Integrative Clusters which takes into
account levels of genome instabiliiyigure 4.3) This analysis is in agreement with
the loss of ondH2AFX copy in many cancers, implying thBRAFXis a tumour
suppressor at a copy number lef@rssing et al. 2003, Celeste et al. 2003, Srivastava
et al. 2008) However, imour suppressor genes (TSGs) are characterized bgfioss
function mutations which occur in both allelesa gene, often through ‘two-hit’
processby mutation of one allele and deletion of the second gdedling 1953)

Our resultsshowthat H2AFX is not fully deleted or mutated in any breast cancer
sampleindicatingthatH2AFX does not follow the classical definition of a TSG

In fact, the absence of complete deletions or mutatioigéit indicate thaH2AFX
gene is essentiah cancer H2AFX is not an essential gene in mi(@eleste et al.
2002) butthis question has noebn directly addressed in cancer cell lif&®gvious
studies describeH2AFX as a TSG becaus¢2AX null mice are radiation sensitive
and show chromosome instability and repair defgdeteste et al. 2002Mice which

are either heterozygous or homozygous null for H2AX, in combination with p53
deficiency show enhanced susceptibility to caacer genomic instabilitiBassing et
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al. 2003. The 11923 region whetd2AFXis located has also been reported as lost or
deleted in a large number of cancers, suggestingHBAFXis a tumour suppressor
in addition toATMin human and in mic@Bassing et al. 2003, Broustas ameberman
2014)

Our analysiss in line withprevious reports describi AFXamplification in human
cancergSeo et al. 2012, Rezaeian et al. 20Anplysis of the Oncomine database in
combination with The Cancer Genome Atlas (TCGA) shoM28FXto beamplified
with three and four or motd2AFX copies in approximately 6% and 0.7% of tumours
analysed, respective(Rezaeian et al. 2017n our case, 6% of the cancers analysed
with a minimum of 500 samplem cBioPortalhave threeH2AFX copiesand 0.4%
havefour of moreH2AFXcopies respectivelyln contrast, one of the masticognized
oncogenes in breast candeCND1hasthreecopiesandfour or more copies 10.2%
and 4.8% of the cancer samples, respectivédjata not shown This shows that
H2AFX frequently has threBl2AFX copies but it rarely has four or more copies in

cancer.

Oncogenes are usually involved in cell growth, differentiation and apoptosis and
through mutations, upegulation or translocations, have the potential to induce cancer.
In this study,even thoughH2AFX high-level amplifications are raré¢he mean of
H2AFXmMRNA zscoresn each subtypacreasd with a decreasingrognosis of the
disease: from LumA tbasallike (Figure 4.4) This shows that LumA subtypes have

a surprisingly lower mRNA expression than matched normal tispassibly due to

the genome instability generated at early stages of tumour develojun®it tumors

have similar mRNA expression to matched normal tissmesHER2 and baséke

have higherH2AFX mRNA expression compared to normal tissues, potentially to
counteract the genome instability generated and to compensate the high replication
rate of these tumors. Neverthele® low mMRNA zscoredifference bateen each
breast cancer subtype and th@rmal adjacent tissue raises questions on whether

H2AFXcould act as a protoncogene ithese subtypes.

Taken together, our analysis indicatbat H2AFXis neither a classical TSG nor an
oncogenedn breast canceH2AFX s haplosufficient because one copy of the gene
results inefficient MRNA production, although this increase in mRNA is correlated

with genome instability
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Since luminal subtypes comprise 70% of all breast cancer cases, and wmoiB<

have the highest percentageHZAFX copy number loss, we focused ldBAFXcopy
number and mRNA analysis in the luminal subtypes. Luminal subtypes have a good
prognosis in comparison to basiitk and HER2 subtypes. However many patients
with lumind disease develop resistance, with few treatment options being available
for endocrine therapy resistant breast can@sdorne and Schiff 2011, Gatza et al.
2014) Furthermore, with 33.6% of proliferation rate, LumB tumours have the second
highest proliferation levels of all tumours analysed when compared with 49.6% for
basallike and 16.8% for HER2 tumours using the PAM50 Proliferation signature in
the TCGA breastcancer datasetGatza et al. 2014) H2AFX expression levels
increased in tandem witfiKI67 expression levels and the luminal continuifgure

4.6). This is consistent with the Kapldheier plots, in which luminal patients with
oneH2AFX copy and patients with highi2AFX mMRNA levels have reduced overall
survival (Figure 4.8)

H2AFX copy number was found to decrease while, paradoxiddRAFX mRNA
expression increasedlong the continuum from LumA to LumBusing the
METABRIC samples and quantile distributidascribed by Tishchenko et(&igure

4.5). These resultsontradict our initial hypothesis that loss of &i#AFXcopy would

lead to MRNA downregulation. Amcrease in H2AX expressioappears to be
correlated with genome instability and worse prognokike diseasel hereforejoss

of oneH2AFX allele seems tareate a selective advantageettable more flexible
regulaton of genome instabilityby inducing H2AFX mRNA overexpressian
Unfortunately, no protein data is available in the datasets used so the impact of mMRNA

levels on protein upregulation is unknown.

H2AFX expressiorwas also found to ben the 996% perentile in all genedor
increase in LumB expressipmegardless of its copy numbé@Figure 4.7) This
suggests thai2ZAFXmRNA has an important role in LumB tumours, likely due to the
high replicative rate of these tumours and its requirement to form atiromS phase.

Due to the high similarity di2AFXandMKI67 mRNA expression, we hypothesized
whetherH2AFX could be used as a prognostic marker in the luminal subtypes by
measuring copy number and mRNA levéisllowing discussions with Dr Caroline
Brodie, a consultanpathologist at University Hospital Galwawe learned that the
current markers used for breast cancer diagnosis such as estrogen receptor,
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progesterone receptor and HER2 amplification are sufficient for the stratification of
the diffeent breast cancer subtypes. Therefore, an additional marker may not be a

pressing clinical need for luminal breast cancer.

Genomic and transcriptomic differences betwpemary tissue samples awdncer

cell lines have been described in several stéigsl et al. 2006, Domcke et al. 2013,

Liu et al. 2019) Cancer cell lines are essential models for cancer research since they
are derived from primary tumours and are easily manipulated in the laboratory.
However, only a subset of tumour cells is able to grow in culture, which leads to clonal
selection and evation of specific cellsn vitro (reviewed by BetDavid et al. 2019)
Furthermore, cell lines do not fully recapitulate the environment of human tumours
(reviewa by Hynds et al. 2018which raises questions on whether these cells are

representative of a specific disease.

We found that unlike many primary sampleancer cell lines in the CCLE database
are typically diploid for théd12AFXgene, regardless oféltissue of origirfFigure 4.9
and Figure 4.10)Some cell lines show one or thrd@AFX copies but they rarely
have four or morél2AFX copies. H2ZAFXmMRNA levels were alséound to bewithin

a tight range across the cell lines studieigure 4.11) There were also no complete
deletions of this genand very few mutations almost a thousand cancer cell lines
analysedwhich supports our hypothesis thd2AFXis essential for the survival of

cancer cells.

A moderate positiveeorrelationwas obsered betweenH2AFX copy number and
MRNA abundance thebreast cancer cell linesd this correlation was higher in the
luminal subtypegFigure 4.12) A similar correlation was seen in another primary
breast cancer study, and this was higher when tumoens stratified according to
their PAM50 subtypéMyhre et al. 2013)In fact, even though luminal samples with
oneH2AFXcopy have increasdd2AFXmRNA levels, a trend betwe&t2 AFX copy
numbersand mRNA levels is still observed in the clinical and breast cancer cell lines

analysed.

In the METABRIC dataset, 41% of all the samples haveH2®FX copy whereas
only 13% of breast cancer cell lines show this. Conversely, 2% of the primary samples
but 12% of the breast cell lines have thi¢2AFX copies. These results suggest that

cell lines with onéH2AFXcopy might be negatively select&dvitro. This observation
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is supported by reports showing that the percentage of haploid cells in culture rapidly
decreases due to the activation of qlependent cytotoxic response, followed by
diploid cells overgrowth in cultur@lbrich et al. 2017, Olbrich et al. 2019 fact,

most common luminadell lines used in the laboratosuchasMCF7 and T47Dwith

three H2AFX copies, do not representommonH2AFX copy number levels in the

human luminal breast cancer.

In summary,we have showrhat loss of one copy oH2AFX gene is commoin
human cancersand homozygous deletions, hitgvel amplifications and mutations

of this gene are rare. Loss of one copy ofHRAFX gene is also common in breast
cancer cell lines but there is no evidence for homozygous deletion and mutations,

which suggests thad2AFX is essential for cancer cell survival.

By analysis of the METABRIC dataset we observed that LumA tumours have
decreased mMRNA expression compared to normal samples, probably due to the
genome instability generated at early stages of tumour developiignthe luminal
continuum, dss of oneH2AFX copy creates a selective advantage to regulate the
genome instability generated by induciH@QAFX mRNA overexpressianThis is
correlated withMKI67 mRNA expression and it reflects the increased replicatien rat

and worse prognosis of LumB tumours.

Taken together, this datuggests thatHi2AFX is important for the progression of
luminal breast cancers. Having an appropriate cell line to model luminal breast cancers
with representativel2AFX copy numbers and expression is crucial to understand the
contribution of H2AX at a cellular and a biochemical level.
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Chapter 5:
Characterization of cell lines
derived from luminal breast
cancer
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5.1.Introduction

Breast cancer is a heterogeneous diseasecHratle classified into five major
subtypes: normadlke, luminal A (LumA), luminal B (LumB), HER2 enriched, and
basallike with decreasing survival rates and clinical outcomes respectively. This
intrinsic ‘PAMS50’ classification of breast cancer is based orD ggéne expression
profile obtained from gPCR and microarray d@arou et al. 2000, Sgrlie et al. 2001,
Parker et al. 2009, Prat et al. 2010)

The luminal, estrogen receptor (ER) pwsittumourscomprise nearlyy0% of all
breast cancer casasdare known taespondvell to hormonal therapig®arker eal.
2009, Chia et al. 2012However,many patients develop resistanoghe treatment
and there ardew options available for endocrineetiapy resistant breast cancers
(Osborne and Schiff 2011, Gatza et al. 20L4jninal tumours are also known to be
the most heterogeneous in terms afgexpression, the spectrum of mutations and
frequency of copy number alterations (CNAs) and patient outcgiies Cancer
Genome Atlas 2012CNAs of chromosome 11chr1l) involving loss of the distal
portion of theq armof chrll,whereH2AFXis locatedhave been reported in a large
number of cancers, including breast cancers (Figure Guiji¢ et al. 2012)LumA
tumoursexpresshigh leves of ER and/orthe progesterone recept@PR), and low

Figure 51: Genom-wide copy number alterations in breast cancer (METABRIC dataset).-leve
amplifications (more than three copies) are indicated in red and full deletions (zero copie) inHaudrequen:
(absolute count) of caseghibiting an outlying expression profile at regions across the genome is shown,
distribution across subgroups for several regions in the inserts. Chromosome 11 H@AdfX is located, i
outlined in black(Curtis et al. 2012)
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levels ofthe proliferation markeKi67. LumB tumours express high levels of ER and
Ki67, low levels of PR and have a worse prognosis compared to LuRokthese
reasongsfurther exploration of the impact B2AFXCNAs in the luminal subtypes of

breast cancer is important.

5.1.1.A role for H2AX in the epithelial to mesenchymal
transition

A recent study has shown that silencing or removimegH2AFX gene induces the
development of mesenchyrrlide characteristics through the activation of
transcription factors such as Slug and ZEB1 in HCT116 human colon cancer cells
(Weyemi et al. 2016)This process is known dabe epithelial to mesenchymal
transition (EMT) and is thought to be estal for cancer metastasis. EMT involves
the loss of celto-cell adhesion froneells with epithelialorigins, the loss of apieo
basal polarityand transition to a spindlé&e morphology(Yang and Weinberg 2008)
Therefore, EMT is distinguished by the downregulation of proteins such- as E
cadherin, zonula occludeds (ZO-1) and cytokeratins, and the upregulation of
proteins such as-Nadherin, vimentin and fibronectiu et al. 2016)More recently,

the cytoplasmic tyrosine kinastcal adhesion kinase (FAK) has been shown to
promote cell motility, survival and proliferation in tumours when active as pFAK
Y397. Increased expression of pFAdalso associated witlhmour progression and
metastasisin invasve breast cancer¢Lark et al. 2005,Luo and Guan 2010,
Rigiracciolo et al. 2019)These changes enable Iseo spread to distant organs

creating a majoobstacle to successful cancer treatment.
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5.1.2.CRISPR/Cas9 technology

The absence of samples with mutasion complete loss of thBl2AFX gene in the
METABRIC dataset(Chapter 4)is intriguing and may indicate that this gene is
essential in breast cancer cells. Since we have also observid@Akat copy number
decreases d42AFX mMRNA expression increasasross théuminal continuum, we

want to evaluate whether loss of one alled® impactH2AFX mRNA and protein
levels,andincrease genome instability. To address these questions, we proposed to
decreasé&i2AFX gene dosage using CRISPR/Cas9 technaloggll line models

Clustered regularly interspaced palindromic
repeat§CRISPR wasfirst described in 1987
but its potentialin genome editingvas only
discovered in 2012 (Jinek et al. 2012)
CRISPR/Cas9 nuclease systenas been
grourd-breaking due to the low cost, high
efficiency, high specificity, and simplicity
with which it can precisely and efficiently
target, edit, modify, and mark genomic
regions of a wide number of cells and

organismgDoudna and Charpentier 2014)

The CRISPR/Cdssystem originates from an

acquired immunity system in bacteridnere

it acts by silencing foreign DNA using RNA

guided endonucleases to specific genomic

regions (Deveau et al. 2010, Horvath and

Barrangou 2010, Wiedenhetft et al. 2QIh)e

CRISPR system requires two maiFigure 52: Principle of CHSPF-Cas9 mediate
components: a specific sequencelled a ?ﬁﬂ%ﬁ?rrgee,f!f ?jjjndQQZr-]Z?rggllggous e
guide RNA (gRNA or sgRNA) and a CRISPk

associted endonucleasesuch as theCas9 protein(Figure 5.2) The Cas9
endonuclease froi8treptococcus pyogenkas been the most widely used CRISPR
system for gene editing. The sgRNA is a short scaffold sequence required for the Cas9

binding and a useailefined~20 nucleotides ‘spacesequence which ultimately directs
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the Cas9 to the genomic location that requires modification. This 20 nucleotide ‘space’
sequence must be unique compared to the rest of the genomeusiioe present
immediately adjacent to a pospacefadjacent motif (PAM) sequence which aids
targeting. The exact PAM sequence (NGG) depends on which Cas protein is used.
Once expressed, the Cas9 protein and the sgRNA form a ribonucleoprotein complex
which binds to the target DNA. Following binding double strand break is made in

the target DNA by the Cas9 whereby both strands are cleg8etl nucleotides

upstream of the PAM sequence.

The resultingbreak is either repaireidy homologous recombinatiorHR) or non
homologous end joining\NHEJ). If no repair template is provided, cells by default,
repair DNA breaks by NHEJ which is an ermone DNA religation system. This
generally leads to small insertions or deletions (indels) in the DNA that cause
frameshift mutations in the coding sequenesulting in a premature stop codon and
subsequent knockout of protein expressf@ong et al. 2005, Ran et al. 2013)
Alternatively, to generate more specific modifications in the genome, the HR pathway
can be used by ewansfecting the Cas9 and sgRNA system with a repair template for
the cell to use following DSB. While this method is less efficient, it can lutose
engineer more precise editing of the target locus, such as the insertion of specific
mutations and knoehkis such as fluorescent ta@@alehGohari and Helleday 2004,

Ran et al. 2013)

Currently, theCRISPR/Cas9 technology is being applied to large scale appraaches
identify essential genes in mamimaal cell lines, to analyse genetic vulnerabilities in
cancersuch as gene loss and mutations and idemtdyel targets of diseases
CRISPR/Cas9 technology is alkeing usedto target viral genomes infected
individuals, and to reverse cang&using bromosomal alterations such as
translocationgreviewed by Doudna and Charpentier 20149e of CRISPR/Cas%s
also beingexplored in cell therap{Chen et al. 2013andin base editingpf human
embryos(Ma et al. 2017)
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5.1.3.Aims of this study

We wished to select and characterize breaster cell lins to investigateur findings
from human cancer datasets and to establish cell lines as models for the disease.

Selection of the cell lines was basedtheH2AFX copy number data frobhe CCLE
databaseaind CNAsin chromosome 11Characterisation includes the determination
of doubling time and cell cycle profile, phenotypic characterization using
haematoxylin and eas{H&E) staining, and evaluation of the expressid epithelial

and mesenchymal markers using immunofluorescence microset®®\X copy
number, mRNA and protein abundance was also determined in each cell lihe and
relationship betweeH2AFXtranscript and protein abundance was investigated.

To addressvhetherH2AFXis essentiah breast cancer, andhether loss of one allele
canimpactH2AX mRNA and protein levelsye then attempted to decrea$2AFX
genedosagen the diploidcell linesby using a CRISPR/Cas9 approach.
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5.2.Selection ofcell lines that represent luminal breast
cancer

Four cell linesfrom a total of 20 luminal cancer cell lines in the CCLE databese
selected tinvestigatehe effect oH2AFXCNAs in luminal breast cancgilable 5.1).

The criteria for selection was that they were designated as luminal origin and had
either one or two copies of thel2AFX genein the CCLE databasen order to
representhe most common copy number status observed in the patient samples in the
METABRIC dataset. Further analysis was then carried out to investigai&lteon
chromosome 11, ste loss of the long arm of chromosome 11 is very common in

breast cancer (Figure 5.@}urtis et al. 2012)

Table 51: Molecular subtypes and2AFX copy numbers of luminal cell lines chosen for this study.

Number ofH2AFX copies LumA LumB
one MDA-MB-134VI CAMA-1
two BT483 BT474

Analysis ofchromosome 1in the LumA BT483 cell line, with twt12AFX copies

shows that it has very few CNAsd closely resembles a normal diploid cell (Figure

5.3). Inthe LumB cell lin8T474, with two H2AFX copies,the distal portion of 11q

was not altered but multipl€NAs were seemear the centromeric region of 11q

LumA cell lineMDA-MB-134VI andLumB CAMA-1, which each have o2AFX

copy, show loss of a large portions of the distal regibthe 11q arm(Figure 5.3).

These cell lines reflect losses and gains on chromosome 11q as seen in clinical samples
(Figure 5.1).

Two other commonly used LumA breast cancer cell lines, MCF7 and T47D, were also
included in this analysis as we were interestetltbress how representative of clinical
samples they ar&Ve found that both cell lindsave threeopies of thdH2AFXgene,

plus a compleamount of chromosome alterations along labito mosomaérms.For

these reasons these two cell lines may not be good models to study the implications of
H2AFXcopy numbers in luminal breast cancers.
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Figure 53: Copy number status of genes along chromosome various luminal cell linesCopy number stati
of genes (blue dots) along chromosome 11 in the cell lines selected to represent luminal caaoerin(dihe
commonly used luminal cell lines (Bentromere location is shown as a yellow arrow, WHRAFX gene locatio
is shown as a red arrowhe green line corresponds to diploid copy numbers. Blue dots below the green li
gene loss, while blue dots above the green line show gene amplification. CNA: copy humber altBratdnor
the CCLE dathase figure courtesy obr Andrew Flaus.
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5.3.Characterization of luminal breast cancer cell lines

To investigate how widely these cell lines have been used by the breast cancer research
community,PubMed and Web of Scieneas querieqTable 5.2) This revealed that

the selected cell lineSIDA-MB-134VI, BT483, CAMA-1 and BT483have been

used infrequentlywhen compared to the MCF7 cell linBor this reason, initial
characterization including determination of proliferation rate and cell cycléepnafs

carried out.

Table 52 Number of publications of the luminal cell lingsedin this study in Pubmed and in Web of Science
Core Collectiondate of query: Jul2019.

Number of publications

Cell line
Pubmed Web of Science
MDA -MB-134-VI 7 7
BT483 10 11
CAMA -1 49 44
BT474 715 730
MCF7 38852 7756

5.3.1. Characterization of proliferation rate and cell cycle
analysisin luminal breast cancer cell lines

To determine the proliferation rate of these &tias they were seeded in six well
plates and counted every third day for a period of 12 daysAlLest lines(Figure
5.4A) had a sloweproliferation rate with a doubling time of approximately days

in comparisorto the LuniB cell lineswhich had a ddboling time of approximately four
days(Figure 5.4B. It was concluded thaimilar growth kinetics were seen in the cell

lines originating from tumours with the same PAM50 subtype.
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Figure 54: Growth curve of luminal A (Aand luminal B (B) cell lines. Luminal A cell lines: BT483 and-VI
(MDA-MB-134-VI). Luminal B cell lines: BT474 and CAMA Bar represents the mean £ SEMe n

Cell cycle analysis was carried out by staining these cell lines with propidium iodide
followed by flow cytometry analysisThe nomtumorigenic cell lie MCF10A was

used as a control (Figure 5.3)umA MCF10A and BT483 cell lines showed
approximately 60% fothe cell population in @Gy, 20% in S and 20% in M,
althoughthe doubling time of BT48%& 10 times slower than MCF10A (16 hours).
The LUumAMDA-MB-134VI and the LumBBT474 and CAMAL cell lines alsdhad

very similar cell cycleprofiles with approximately 45% of the cell population in
Go/Gy, 35% in S and 20% V1. This represents lawer percentagef cellsin Go/G:

and a higher percentage in S phase in comparison to MCF10A and BT483 cell lines
(2-way ANOVA followed by Bonferroni podtests, p< 0.05).The fact that th&IDA -
MB-134VI cells which are derived from LumA tumours and have loss of the distal
portion of chrl1q have similar cell cycle characteristics to the LumB cells fits with the
hypothesis that these are an intermediate between LumA and LumB cells and supports
the argumenthat LumA and LumB designations are a continuum of phenotypes rather
than discrete classe@verall we conclude that the origui cell lines fromLumA or

LumB tumous or theH2AFX copy number does not appear tcalsketerminant in the
characteristics dhe cell cycle profilebut it may be linked ttheproliferative capacity

of these cell lines
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Figure 55: Cell cycle analysis of luminal breast cancer cell lines with Propidium lodidestaining Cell cycle
profile of the no-tumorigenic MCF10A cell line and LumA and LumB cell lines (A). The plots show !
GO0/G1 phase (green), S phase (yellow) and G2/M phase (blue). Histogram showing the percentksgie
each cell cycle phaseer cell ine (B). Bars represents the mean + SEM. n
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5.3.2. Phenotypiccharacterization of luminal breast cancer cell
lines

The morphology of the cell lines growing in 2D culture was characterizayibi&E
staining (Figure 5.6)The cultures of each line displayedtinct morphologs. Most
notable was the fact that there was gresierogeneityof cell forms in each. Cells
were categorised intaip to four differenfphenotypedor each cell lineaccording to
the morphology of thir nuclei and cytoplasifTable 53).

Three main phenotypes were seen in cultures diith&-MD-134-VI cell line. Type

1 cells were present as single cells which weumd with densely stained nuclei and
asmallhalo of dak stained cytoplasm. Type 2 cells were similar to Type 1 but they
were organized in chains or grajgee structures. Type 3 celiscluded cellsof a
variety of shapes including those with a spiridde morphology that only became
present several days after seedifige overall appearance BIDA-MD-134VI was
characterised bthreads ol ype 2cellswith different sizes and shapes and individual
Type 1 cells surrounding them. This cell line reachigth konfluency but epithelial

sheets were never formed.

Figure 56: Photomicrographs of Haematoxylin and Eosin (H&E) stained cell lines in culture. These ¢
will be used to studiH2AFX copy number, mRNA and protein abundance in luminal breast cancer. F
obtained by Karolina Salciut&cale bar = 10pum.
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Cultures 0BT483cells were characterised by clusters of agligch grew in size over
time. Three main phenotypes were seen, related to their position in the Glyséct.
cells were mainlyocated at the outer layer of the cluster, vgihall densely stained
nuclei andscantcytoplasm. Type 2 celiwere located in the middle of the cluster and
had large pale staining nuclei with prominent nucleoli and an extensive cytoplasm.
Type 3 cellavere generally found surroundifigpe 2cellsandthey hacsmall densely
stained nucleialthough not as dense as Typarid a mostly pale staining cytoplasm.
These clusters increased in sibet their original organization in the cluster was
maintainedType 2cellsremainectentraland surrounded by Type 3 cells, whilgp€

1 cells formed budike structures on the outskirts the cluster. When confluent,
BT483 cell line formed tightly adherent spheroid clustersich appeared to be

organised like glandar acini.
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Table 53: Classification of phenotypes present within cell cultures in luminal breast cancer cell linesalLumin
A (BT483, MDAMB-134VI) and luminal B (BT474, CAMA). Data obtained and analysed by Karolina

Salciute. Scale bar = 20m.

Cell line
MDA -MB-134-1VV

Type 1

Individual
cells with no
cell-to-cell
contacts

Round,
densely
stained nuclei
with a halo of
dark stained
cytoplasm

Mainly found
on edges of
clusters, in
buddinglike
structures

BT483

Small,

elongated and

densely

stained nuclei

with no clear
cytoplasmic
borders

CAMA -1

Small round
densely

stained nuclei

with scant
cytoplasm

BT474
Elongated
densely
stained
nucleus and
dense
cytoplasm

Stellate cells

with multiple
projections

Type 2

Similar to Type
1 cells but cells
presenin
chains/or as
grapelike
structures

Mainly found in
the centre of
clusters

Large pale
staining nuclei
with prominent
nucleoli, with a
large and pale

cytoplasm

Nuclei with
prominent
nucleoli.

Nuclei usually
oval of
cuboidal.

Largepale
stained
cytoplasm

Bigger than
Type 1 cells.

Large pale
stained nuclei

with prominent
nucleoli and a

large pale
stained
cytoplasm
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Type 3

Cells with
variousshapes
and spindldike
morphology

Cells with
elongated nuclei
and pale
cytoplasm

Scarce in
culture

Found
surrounding
Type 2 cells.

Nuclei of
various shapes
with apale
staining
cytoplasm with
noclear
cytoplasmic
borders

Elongated
nuclei and
cytoplasm.

Some cells with
spindlelike
morphology,

with one or two
taperecends

Type 4

Various
shapes
and sizes.

Mainly large
pale staining
cytoplasm
with various
nuclei sizes
and
morphologies



The CAMA-1 cell line hadthe most pleomorphic appearanioeculture,with four cell
typescategorized Type 1lcells hadsmall round densglstained nuclei and scant
cytoplasmType 2 cells had largeale staining nuclei with proinent nucleoli, which
were usually surrounded by large and faintly staimgtbplasm with visible
cytoskeletal filaments. Type &lls had a spindiéke appearancwith anelongated
nuclei and cytoplaspwith one or two tapered endsastly, Type 4 cellsincluded a
variety of shapewith multiple nucl@ar morphologies and cytoplasmic intensities

BT474wasthe most bmogeneous cell line in culture and, in comparisotie other
lines, it adhered to a plastic surface quickly after passagiyge 1 cells had
elongated, densely stained nucéaid a dense cytoplasm with multiple projections
Type 2cells were considerably bigger than Type 1 cells, iaitipe pale staing nuclei
with prominent nucleoliand a large, paleytoplasm. Thee cells grew in large
epithelial sheetsntil confluency Interestingly hollow regionsremained in the culture
even in high confluengywhich suggested a mimicking lfminal areas surroued

by cells even in this 2D culture environment.

Overall, we observed that all four cell lines were pleomorphic in comparison to other
cancer cell lines which are more commonly used in the laboratory. Several different
cell morphologies were identifiednd in some of the lines, most notably BT483,

distinctive structures are formed which mimic glandular breast structures when the

cultures reached confluency.
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5.3.3.Characterization of epithelial and mesenchymal markers
in luminal breast cancer cell lines

EMT markers were studied by immunofluorescetwesvaluate the epithelial and
mesenchymal characteristics of luminal cell lirdmulaOccludensl (ZO-1) and E
cadherin were used as epithelial markers since they are bb#dbkekion proteins.
ZO-1is a protein located in tight junctions, whilecBdherin is a calciurdependent
protein located in adherens junctions. Both-Z@nd Ecadherinwere shown to be
downregulated in poorly differentiated, highly invasive breast cancer cell lines
(Sommers et al. 1994)imentin and pFAK(Y397) were used as mesenchymal
markers sincepositivity indicates a higher metastatic potenNamentin is a common
intermediate filamenproteinfound in mesenchymal celEnd isalso known to be
expressed in triple negative breast cancer cell lif@esal Adhesion Kinase (FAK$

a tyrosine kinase immated in signalling pathways involved in cell motility,
proliferation and apoptosi®hosphorylation of FAK on tyrosine residue 397 is an
indicator of tumour cell metastasis. This data was generated by undergraduate students
(Salciute 2018, Mulcahy 2019)

Immunostaining for Z&L on LumA BT483 cells showed the typical cobblene
pattern of staining at cell junctiongigure 57). ZO-1 staining was also seen in
juxtapogd cytoplasmic membranes in LumMDA-MB-134VI cells and
occasionally in LumBCAMA-1 cells, indicated by arrow in Figure 5.7elCunction
evaluationvasdifficult due tothe scant cytoplasm MDA-MB-134VI and CAMA-

1 cellsand the tendency of these diles to clump on top of each oth&0-1 staining

was also observed in the LumB BT474 cell line, although the signal was more
dispersed compared to that seen in BT483 cells. The cells were somewhat over
confluent in this experiment making the identifioat of celtcell junctions more
difficult.

E-cadherin was used ascamplementary markeo ZO-1 to identify the epithelial
nature of these cejlsalthoughonly BT483 and BT474 werdncluded in this
preliminaryanalysisBT483 cells exhibited intenstainingalong cell junctions with
a cobblestondike appearance. BT474 showed a less clear organizaticead&erin,
while still visibleatthe cell boundariegléta not shown
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Figure 57: ZO-1 stainingin luminal breat cancer cell linesZO-1 staining (greyscale and greewps used to
evaluatetight junctions in luminal breast cancer cell lin@suclei counterstained with Hoechst (greyscale and
blue). Maximal intensity projections of confocab#ack images shown. A shows Z€l staining in CAMAL

cell line. Scale bar = 10um. Figure using data generated by Karolina Salciute and Orla Mulcahy.
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Vimentin and pFAK (Y397) were used to evaluate the mesenchymal nature of these
cell lines(Figure 58). High levels ofvimentin expression was observed uniformly
throughout the cytoplasm iINIDA-MB-134-VI cells, compared tdower levelsin

BT474 cells (Figure 5.8 A)In the BT474 cells vimentin localisation to regions
characteristic of focal adhesion structures. Vitimegxpression was not seerBim483

cells Vimentin staining on CAMA-1 cells was inconclusivedue to high
autofluorescencedéta not shown To further explore and confirm the mesenchymal
characteristics of BT474 cells they were also stained with pF¥397) and very
distinctive localisation at focal adhesions was seen (Figure 5.8 B). Some staining of
pFAK was also observed in BT483 cells.

The characterization of the epithelial and mesenchymal markers in the luminal cell
lines is summarized in Table 5BT483was the mosepitheliatlike cell line due to

the presence of ZQ, E-cadherin, andhe absence of vimentirBT483 also showed
pFAK (Y397) positivity, whichis consistent withnvasiveness of LumA tumours
despitetheir slow growth and epithelial characteristics. BT474 showed a more
mesenchymal angotentiallyinvasive phenotype due to tkepression of/imentin
andpFAK. This cell line also showesbme expression &@O-1 and Ecadherin which
suggests thathis cell line is still epitheliatlike, but potentially more invasive and
proliferative than BT483.

Table 54: Summary of presence of epithelial (Z0OE-cadherin) and mesenchymal (vimentin and pFAK) markers

in luminal breast canceredl lines. This analysis was made by immunofluorescence. Presence of each marker is
shown as (+) positive,- negative. (?) inconclusive or (NA) not analysed. Table generated using data from
Karolina Salciute and Orla Mulcahy.

Luminal H2AFX

Cell lines classification genotype Z0O-1 E-cadherin Vimentin pFAK
MDA -MB - A +/- ++ NA ++ NA
134VI
BT483 A +/+ +++ +++ - +
CAMA -1 B +/- + NA ? NA
BT474 B +/+ + ++ + +++

130



A Hoechst Vimentin Merge

B Hoechst PFAK Merge

Figure 58: Vimentin and pFAK staining in luminal breast cancer cell liVimentin (A) and pFAK (B) staini
(greyscale and greemyas used t@valuate the mesenchymal nature of these cell. IdMeslei counterstaine
with Hoechst (greyscale and blue). Maximal intensity projections of confo&azk images shown. Scale
= 10um. Figure using data generated by Karolina Salciute and Orla Mulcahy.
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Unfortunately, little analysis has yet been performedMiDA-MB-134VI and
CAMA-1 cell lines. Therefore,ufther studiesare requiredto characterizethe
epithelialand themesenchymal nature tbiminalcell lines with oneH2AFX copy.

In summary, in cell lines with twbl2AFX copies, the LumA BT483 is clearly more
epitheliatlike due to the ZAl cobblestone pattern and thdistinctive morphology
which resembles breast alveoli when cultures reach confluency. The LumB BT474
more mesenchymdike due to the expression wimentin and pFAK(Y397) and the
elongated morphology in culture. This cell line still preserves some epithelial
characteristics, sinagegrew in large epithelial sheets and some hollow regions which
mimic luminal areas were sedell lines with oneH2AFX copy such as MDAMVIB-
134VI seem to slowly move away from an epithelial like phenotype and become more
mesenchymalike, which suggests that they are in an intermediate stage of EMT. The
similarity of the cell cycle analysis of MDMB-134-VI with the LumB cell lines
seems to suggest that thisrmsiéion is occurring, despite its slow proliferation rafe

six days.
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5.3.4. Analysis ofH2AFX copy numbers in the selected luminal
cancer cell lines

AlthoughH2AFX copy number data is available in the CCLE database for these cell
lines we wished to validate this directlariations on the genetic profile have been
observed for the same cell lines with different passage numbers, and for the same cell
lines from diferent laboratoriegKytola et al. 2000, Frattini et al. 2015, Kasai et al.
2016, Liu et al. 2019)Cell lines are particularly prone to genomic changes through

genetic drift in cell culture as a consequence of genomic instability or clonal selection.

Initially, H2AFX copy numbers were estimated using a TagMan copy number assay
which normallyrelies . a commercialhbased reference assaych afRNase For

TERT, to normalize the DNA input to a reference genome in a duplex redctiths
caseRNase P was used as a reference gene since thisdemsvn to be present in

two copies in amormalgenane (Fernandezlimenez et al. 2011, Kringen et al. 2012)
However, the data obtained was unexpected $#2&X copy numbers were found

to be different when compared to data in the CCLE database when using the RNase P

reference data not shown

Analysis of the gene copy number RPPH1genewhich encodes RNase P in the
CCLE database revealed variation from the expected two copm=veral of the
breast cancer cell lines studi€ichble 5.9. Other reference genes commonly used in
a TagMan copy number assay, SUchT&®RT, were alsocheckedand found to be

unsuitable.

Since MRPL19 had been the best housekeeping gene for analysid26FX
expression in the previous panel of breast cancer GHipter 3)it was alsachecked
as apotentialreference gene fdi2AFX copy numbersMRPL19was found to be a
better reference witthe exception of the cell line MDMB-436 (Table ).
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Table 55: Number of copies of RNase P (RPPH1), TERT and MRPL19 in the breast cancer cell lines available in
our laboratory (CCLE database). These cells are shown Ihgrbreast cancer subtype (LumA, LumB, béika).

This table was used to identify which is the most suitable gene to be used as a reference Teglam L£opy
Number Assay. Asterisks (*) show cell lines thatate from 2 copies of each gene.

Number of copies

Cell lines Subtype | RPPH1 TERT MRPL19
BT483 2 2 2
MDA -MB-134VI 2 2 2
LumA
MCF7 3* 4* 2
T47D 1* 3* 2
. 2 2 2
CAMA -1 LumB
BT474 4* 3* 2
BT20 2 4* 2
BT549 Basallike 2 3* 2
MDA -MB-436 3 2 3%

Having establishedMRPL19as a relevant reference gene a TagMan copy number
assay was performetb analyseH2AFX copy numbers in theelecteduminal cell

lines selectedHigure 5.9. MCF10A wasused as a calibratoell linesince it is anon
tumorigenicbreast cell linewith no CNAs reported in the region whei@AFX is
located(Kadota et al. 2010, Bessette et al. 2085)ce MCF7 and T47D have three
H2AFXcopies according to the CCLE database, thefidines were also included to
detect potentiaH2AFX copy number gains or amplifications. DNA from a minimum
of three biological replicates was extracted and tested in at least two technical
replicates. The data was plotted aasnean ofthe multipletechnical replicates per
biological replicateThreeof the six cell lines tested hable samecopy number as
reported in theCCLE databaseMDA-MB-134-VI had onecopy, while BT483 and
BT474had twocopieseach However MCF7,T47D and CAMAL had differentopy
numberresultscompared to the CCLE databab&CF7 and T47D were reported to
have threeH2AFX copies, while CAMA1 was reported to have or2AFX copy,

whereas we found a mean of two, seven andH2&FX copy numbers, r@gctively

134



Figure 59: H2AFX copy numbers in breast cell lines usH2AFX TagMan copy number assay and MRF
as areference gene. Each plotted point is a mean of multiple technical replicates per biolptt=ikrd_egen
shows the expectdd2AFX copy number (shown in CCLE database) per cell line. Bars represent r
stardard error of the mean (SEM), n

In summary, the result of this copy number assay has led to some uncertainty about
the valid copy number designation of the cell lines being used. It seems likely that the
assay is not effective at determining copyniers above two and this explains the

large standard deviation seen for cell line T47D. However, the explanation of other
discrepancies between our measured values and those in the CCLE database are more
speculative.

The copy number data in the CCLE dmtse results from @enomeWide Human

SNP Arrayperformed across 947 cell linéBarretina et al. 2012Multiple quality

control steps were performed in this studyobtain reliable copy number reads,
including using different algorithms for copy number normal@aand verification

of genotypes detected by sequencing and SNP arrays to ensure that there were no
errors during the experime(Barretina et al. 20125ince SNP array enables a more
robust analysis than TagMan copy number assay, we decided to refer to the copy
number status of cdihes in this thesis as to those published in the CCLE database.
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5.3.5. Analysis ofH2ZAFX mRNA abundance in luminal breast
cancer cell lines

A SybrGreen qPCR assay was usedevaluateH2AFX transcript abundance in
luminal breast cancer cell lines. The slamorigenic cell line MCF10A, theumA
MCF7 and T47D cell linesand all clinical samples obtained from the local biobank
were includedo analyg H2AFX expression in luminal tumours and celisanscript
QXPEHUVY DUH H[SUHVVHG UHODWLYH WR D VWDUWLQJ
abundance of the shoH2AFXmRNA transcripts was measured in 15 clinical samples
and ranged from 217 to 2642@pies(Figure 5.10). Measurement of the abundance
of the short transcript in all cell linésll within a similar range to the clinical samples,
except for T47D which expresses at far higher levels. Luminal cell\witasone or
two copies of theH2AFX gene hadl5736+ 3602 (mean £+ SEMcopies of theshort
H2AFX transcript The T47D cells had significantly higher levels of shdBAFX

Figure £.10: H2AFX short transcript abundance nor-tumorigenic MCF10A cell line, in luminal breast car
cell lines and in clinical samples with differdd2 AFX copy numbersThe amount oH2AFX short transcript
was estimated as if 2 pg of total RNA was used per sample in the reverse transcription reacgdimiat
amount of total RNA was obtained from clinical sampi&AFX copy numbers are shown as different shag
the scattemplot: one copy (square), two copies (circle), three or more copies (diamond) and unknowr
square).Scatter plot with mean + SEM.«n
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transcript in comparison to the clinical samples analysddur(n's multiple
comparisons tesp < 0.09. Unfortunately, theH2AFX copy number status of the
clinical samples is unknown and could not be determined as only RNA was available
from the biobank.

The longH2AFX transcript was found to be four to 16 times less abundant than the
short transcript in all samples test&tle abundance of the loktR AFXtranscript did

not change significantly between the samples analysed (Figure 5.11), with the
exception of T47D whichs statistically significantly higher than CAMA (Dunn's
multiple comparisons tegh = 0.02) Luminal cell lineswith one or twdH2AFXcopies

and clinical samples had 2039370 (mean +SEM) copies of thelong H2AFX
transcript.

There is aleartrend showing that the cell line T47@ijth threeH2AFX copies has
the most abundant expression of bd&AFXtranscripts anthat thecell lines MDA -
MB-134VI and CAMA-1, with only oneH2AFX copy, havethe lowest expression.

Figure 511: H2AFXlong transcript abundance in n-tumorigenic MCF10A cell line, in luminal breast car

cell lines and in clinical samples with differéf2 AFXcopy numbersThe amount dfi2AFXlong transcripts we
estimated as if 2 pgf total RNA was used per sample in the reverse transcription reaction, since limited

of total RNA was obtained from clinical sampld2AFXcopy numbers are shown in different shapes in the scatter
plot: one copy (square), two copies (circle), e or more copies (diamond) and unknown (empty squacejte

plot with mean = SEM. «
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5.3.6. Analysis of H2AX protein abundancein luminal breast
cancercell lines

The abundance of the H2AX protein in the panel of luminal breast cancer cell lines
was detemined byquantitative fluorescenwesern blotting Using antibodies with
specificity to either H2A or H2AX and recombinant proteins as quantitation standards
the absolute amount of H2A and H2AX in histone extracts was determined. The
amount of H2AX relate to ‘total H2A', calculated as the sum BHRA and H2AX,

was measured in at ledsiree biological replicates per cell line (Figure 5.12). The
measurements ranged from 3% to 23% across the cell lines which is consistent with
published workRogakou et al. 1998)'he measured percentages of H2AX for cell
lines MCF7 and T47D werkigher than all other cell lines &7 + 6 and 15 + 5%,
respectively, which was expected due to H2AFX copy number and mRNA
expression observed for these lines. Howestatistically significant differences were
only seerbetween MCF7 and CAMA cell lines(Dunn’smultiple comparisons test

p =0.03).

A
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Figure 512: Percentage of H2AX protein relative to total H2A in -tumorigenic and in luminal cell lines w
differentH2AFX copy numbersScatterplot shows theepcentage of H2AX protein relative to total H2A in aon
tumorigenic and in luminal cell lines with differdd2AFX copy numbergA). H2AFX copy numbers are sho

in different shapes in the scatfgot: one cop (square), two copies (circle) atistee ormore copies (diamond)
Mean £ SEM. n»  Representative standard curve of H2AX and H2A abudance used to quantify each c
interest by western blotting (B). Blue dots correspond to values used to calculate the standgrdiaile re
dots werenot included in the standard curve. A minimum of four standards and ah@05 was required
calculate the standard cuve. Image analysis was made with Image Studio software.

Three other cell linewere included in this analysis as we wererggeed to compare

data obtained in our assay with H2AX abundgreiously describeth the literature
(Rogakou et al. 1998HelLa S3cells are derived from cervical candgROS cells are
derived from an osteosarcoma, and SF268 cells are démvedin astrocytomal he
abundance of H2AXvasmeasure@s4 + 1%, 8 £ 1% and 32 + 7% relative to total
H2A (mean £ SEMjn HeLaS3, U2@ and SF268 cellsgspectivelydata not shown

These results support previous observations that estimate H2AX levels to vary
between 225% depending on the cell line or tisyiRpgakou et al. 1998, Aljuhani
2012)

In summarya trendof abundance dfi2AFXtranscripts and protein was observwed

the luminal cell linewith differentH2AFX copies Cell lines with one, two or three
H2AFX copies had + 2, 9 £ 3 and 16 £ 5 (mean + SEM) H2AX molecules per 100
total H2A proteins respectively. This correspagitb approximately a 1:20, 1:10 and
1:5 ratio of H2AX to total H2A in cell lines with one, two and three copies of the

H2AFXgenerespectively
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5.37. Analysis of the relationship betweei2AFX transcript and
protein abundance in luminal breast cancer délines

Basal cell lines MDAVIB-436, BT549 and BT20, described in Chapter 3, were
included for a broader analysis of the relationship betweBNA and protein
abundancein breast cancer (Figure 5.13). The mdaRAX protein abundance
measured in all cell linesried from 3 to 20% of H2AX relative to total H2A2AFX
transcript abundance varied from 10000 to 156000 copiethe shortH2AFX
transcript and from 770 to 13400 copies of the lvagscript

Three clustergan be seen whaall data was collated={gure 5.13\). Breast cancer
cell lines MDAMB-134VI, CAMA-1 andMDA-MB-436, with one H2AFX copy,
had very similar H2AX protein abundanoE5% H2AX relative to H2A regardless of
the shortH2AFX transcript abundance observed. Thentumorigenic cell line
MCF10A and luminal cell lines BT483 and BT4w4th two H2AFX copiesclustered
together, with very similaH2AFXtranscript and protein abundancé230@0 short
H2AFXtranscriptand9% H2AX relative to H2A. The third cluster comprised LumA
cell lines MCF7 and T47vith threeH2AFX copies and basalike breast cell lines
BT20 andBT549 with two H2AFX copies. These cell lines hapeotein abundances
higher than 15% H2AX. Lon¢d2AFX transcript abundance grouped cell lines
similarly (Figure 5.BB).

Interestingly, the nottumorigenic MCF10A cell line and the luminal cell lines MDA
MB-134VI, BT483, CAMA-1, and BT474, with either one or twi2AFX copies,
grouped more closer to eachhet and had tighteH2AFX transcript and protein
abundance compared to the bdia cell lines BT20, B549 and MDAMB-436 and
the LumA cell lines T47D and MCF7 with threRAFX copies.

Unfortunately, biobank sample®uld not be included in thesplots as we did not

have access to samples to make protein abundance measurements. The biobank
samples hav@0000copies of the shoii2AFXtranscript an@600copies of the long
transcript. Based on this, we would expect these samples to{886ebH2AX.
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Figure 513 Scatterplot of cell lines average distribution according to their H2AX protein HAAFX short
transcript abundance (A) and lomdRAFXtranscript abundance (B). Cell lines with different molecular subtype
or origin are coloured labelled: netumorigenic (green), LumA (blue), LumB (pink), Bdia (red). H2AFX
copy numbers are shown in parenthesis in each cell line, as described indabase.
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Table 5.6 summarized$2AFX copy number, mRNA and protein abundance data for

all cell lines.

Table 56: Summary oH2AFX copy number, mRNA and protein data obtained from theunmorigenic breast
and cancer cell lies analysed in this thesid2AFX copy numbers and mRNA data from CCLE data is also
shown(Barretina et al. 2012)NA = not applicable, ND = not determined.

Cell line

MCF10A

MDA -MB -
134-VI

BT483

T47D

MCF7

CAMA -1

BT474

Clinical
samples

BT20

BT549

MDA -MB -
436

PAMS50

LumA

LumA

LumA

LumA

LumB

LumB

LumA,
LumB

Basat
like
Basat
like

Basat
like

H2AFX copy
number
e cas
CCLE
mean * H2AX
SEM (RMA)
NA 20+ 0 NA
1 1.0+ 0 132
2 2.0+ 04 299
3 7.0+ 2 650
3 1.9+ 04 982
1 1.5+ 0.2 280
2 2.1+ 0.06 391
NA ND NA
2 ND 714
2 3.3x1 470
1 1.5+ 05 146
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Transcript

short

(normalized

to MRPL19

23381
+ 8269

9747 +
5335

22243
+ 2951

136213
+ 15147

31948
+ 12643

8604
+ 3490

22348
+ 2631

9239
+ 1875

156322+
66678

67096+
17915

133634+
29803

This thesis

long

(normalized

to

MRPL19

4279
+ 688

1323 +
761

4539
+ 363

13396
+ 3464

8730
+ 3756

766
+ 276

1398
+ 112

2268
+ 337

8808+
3062

4824+
1614

4235+
1019

Protein
(%)

relativeto
total H2A

17+ 3

5.0+ 0.6

8.7+ 2

ND

18.6+ 2

15.2+0

5.5+2



5.4.Attempts to manipulate H2AFX gene dosageusing
CRISPR/Cas9 in breast cell lines

We attempted to decreas¢?2AFX gene dosagein the diploid nortumorigenic
MCF10A, LumA BT483 andLumB BT474 cell lines by using a CRISPR/Cas9
approacho addressvhetherloss of one allelef the H2AFX genecanimpactH2AX

MRNA and protein levelSeveral attempts were made to transfect two different guide
RNAs into the cell lines. MCF10A cells were transfected three times but no clones
grew out. Transfected BT474 and BB48ells grew into clones but growing and
screening these clones was time consuming, taking approximately one month and
three months after transfection to isolate single clones for BT474 and for BT483,

respectively.

Table 5.7 shows the number of clonesaoi#d for BT474 and BT483 and the
screening results so far. Initial screening was carried out by staining these clones and
the corresponding wild-type cell line with a total H2AX antibody by
immunofluorescencelhe analysis of these 48T474 clonesand 30 BT483 clones
showed that they all still express H2AX, althoughriationin protein expression
levelswasobserved. Genomic DNA was extracted from these clones and they were
also analysed by PCR. Of the 23 BT474 clones screened by i@Bshoweda
difference for the size of the PCR product between the clones and thgpeilsample

(data not shown Since the change could be as small as a single base pair deletion this
is not a reliable screening meth@&treening of BT483 clones by PCR has yeit

been performed. We plan to select clones from each cell line to analyse by Sanger

sequencing.
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Table 57: Number of clones isolated per cell line and per guide RMZAFXgRNA). Immunofluorescence was
used to screen theseonks and the results obtained so far are listed. H2AX protein expression levelddged di

as normal, low and highNormal refers to similar WT protein expression levels. Data generated by Joana Passos
and Karolina Salciute.

H2AX protein expressionlevels
(immunofluorescence)
H2AFX number of clone

Cell line gRNA used isolated normal low high total
1 23 9 3 7 19

BT474
2 26 17 1 6 24
1 13 8 0 4 12

BT483
2 17 7 0 8 15

Recently, the Cancer Dependency Map Project (DepMap) was created at the Broad
Institute to identify and catalogue gene essentiality across hundreds of cell lines
(Tsherniak et al. 20177 his projecperforms loss of function genetic screens by RNAI

and CRISPRCas9 methods and identifies genes whose expression is required for the
proliferation or survival of cell linesd2AFX cancer dependency was evaluated using
this Portal [ittps://depmap.oryand found to becommon essentiain 471 out of 625

cell lines tested, with a dependency scordadf5 (Figure 5.14). A dependency score
of zero means that this is a ressential gene, whereas a scorelatorresponds to

the median of all common essential genes.

This dependency score is based on integrated computational and statistical models
created to segregate-drom off-target effects from CRISPR/Cas9 screening data by

a method called CERES and lagmale pooled RHNi by a method called
DEMETER2. These models enable an unbiased and improved identification of
commonessential genes compared with other existing approdébtesarland et al.

2018) Briefly, CERES is a computational method that estimates gene dependency
levels from CRISPRCas9 essentiality screens. This method accowrtscdpy
number alterations, mutation status, batch analysis and effects of each sgRNA on cell
proliferation (Meyers et al. 2017)CERES also estimates a guide activity score for
each sgRNA used, and gekmockout effects. All of these pangters enable
validation of ontarget activity, and consequently reddalse positive dependencies

in the cell lines studiedn the other hand, DEMETER2a computational model that

takes into account changes in the relative abundance of pooled sh&i¢Ateacross
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cell lines, the screening quality of each cell line, and the depletion of each ShRNA over
time. DEMETERZ2 also infers the effects of gene knockdown on the viability of each
cell line, along with offtarget effects within each shRNA and mediatiey
microRNAs (McFarland et al. 2018).

Figure 514: Partial screenshot of the cancer dependency map Pttps:/depmap.or) whenH2AFXgene i
queried. RNAi and CRISPR/Cas9 loss of function genetic screens are used in various cell lim¢i§ytgede
whose expression is required for the proliferation or survival of these cell lines.

By using DepMap, CRISPR/Cas9 loss of functioresns showed th&t2AFXis an
essential gene, while RNAI based loss of function screenseshibat H2AFXis not
essential. These results suggest thB2AFX copy numbermight be regulated
differently from RNA in the cancer cell lines analysed, showliag manipulation of
H2AFXat the gene level is deleterious while RNA silenaogs not have any impact
in the710cell lines analysedRNA silencing oH2AFXtranscripts will likely not be

efficient due to the high abundanceHfAFXtranscripts, as measured previously.
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5.5.Discussion

Several cell lines were selected to study aspects of H2AX biology in luminal breast
cancer in the laboratory. This selectiorsvibased orte most commoRi2AFX copy
number status in the METABRIC dataséie H2AFX copy number data available in

the CCLE databasend the presence of CNAs in chromosome 11. Loss of the distal
portion of 11g arm has been reported in a variety of tuspancluding breast cancer
(Carteret al. 1994, Tomlinson et al. 1996, Dahiya et al. 1997, Jin et al. 1998, Bassing
et al. 2003, Ambatipudi et al. 2011, Curtis et al. 2012)

Analysis of CNAs along chromosome 11 revealeddbliines such as LumA MDA
MB-134VI and LumB CAMA-1 with oneH2AFX copy had an overall loss of the
distal portion of the 11q ar(figure 5.3) This loss was concomitant with CNAs near
11913 where the gen€ECNDL1 is located.CCND1 encodesCyclin D1 which, in
complex with Cyclindependent kinase 4 (CDK4), drives celisough the @S cell
cycle transition.CCND1 amplification leads to Cyclin D1 overexpression which is
correlated withworse prognosis and reduced overall survival in breast cancer
(Casimiro et al. 2012)and increasing levels of the proliferation marker Ki67
(Lundberg et al. 2019revious reports describe an association between 11q arm loss
and 1113 amplification, which h&agenshown to increase genome instability and
has a role in tumour development and progreg§lankh et al. 2007)VVe hypothesize

that 11913 amigication is an early event in breast tumorigenélat precedes 11q
arm loss since MDAVIB-134-VI has 14CCDN1 copies, CAMA1 has sixCCDN1
copies, and BT474 has fo@CDN1 copies. There is no amplification at this locus
seen in the BT483 cell lind.hese genomic events may lead to increasing levels of

genomic instabilityaneuploidyand overall worse prognosis.

In addition to theH2AFX gene located at 11923, the distal portion of the 11g arm
contains genes which are critical to the Disfmage response (DDR), includidgM

at 11q22.3MRE11lat 11921, an€CHEK1 at 11g24.AFigure 1.5) Thus, loss of the
distal 11q arm may lead to defects in the DDR, increasing chromosomal instability
and alteing response to therapy in a variety of tumours. This hypothesis is further
explored in Chapter 6.
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As expected, based on published literature that LumA tumours proliferating more
slowly than LumB tumouréHolliday and Speirs 2011)he LumAderived cell lines

had a slaver doubling time of approximatesx days compared to the Lurrdierived

lines which doubled approximately evdoyr days(Figure 5.4) This was independent

of theirH2AFX copy number and 11qg arm status. The slow proliferation rate of these
cell lines malks them challenging for experimentatiandit might explain why they

have not been commonly used in breast cancer research laboratories and why very
little has been published on their characterisatioontrastLumA MCF7 and T47D

cell linesare freqently used in breast cancer research #afathave a doubling time

of approximately two days. However, they do not model the most corkia8fX

copy numbers in breast cancer since they have more that2#eX copies and they
showcomplex11lq arms. An important aspect of this work has been to demonstrate
that careful consideration of the cell lines is important regardless of the challenges
associated with establishing cell lines in culture.

Surprisingly, characterisation of the cell lineg H&E staining revealed that within
each cell line there was a variety of cell morpholo(fiégure 5.6 and Table 5.3)he
pleomorphic nature of the cell lines may reflect the ittiraour heterogeneity of the
tumours from which the cell lines are dedvelumour heterogeneity is defined by
distinct morphological and phenotypic profiles, including cellular morphology,
growth, metastatic potential, gene and protein expreésiarusyk and Polyak 2010)
Several studies describe intermour heterogeneity between patients with the same
molecular tumoursubtype, and intreumour heterogeneity reflecting differences
between different areas of a same primary tur(@ates and Campbell 2012, Verigos
andMagklara 2015, Zardavas et al. 201B)ratumour heterogeneity can result from
errors in DNA replication that lead to a diverse population of cancer(Eispner
1984)or from the molecular differences between different areas of a primary tumour.
Gradually, this heterogeneity leads to genetic drift and to the branching of each cell
whichreflectsthe dynamic and evolving nat of cance(Yates and Campbell 2012)

Since the epithelial to mesenchymal transition is a-esthblished pathway involved
in invasion and metastasis we were interested to inegstige expression of epithelial
and mesenchymal markers as a further characterisation of these ceBTti83.was
the most epithelidlike cell line, while BT474 was the most mesenchytika (Table
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5.4). In BT483 cells ZGL1 and Ecadherin were localised to cell junctions and vimentin
was not expressed. In contrast, the mesenchymal markers vimentin andY#9YK

were both localised to focal adhesions in BT474 c@figure 5.8) Vimentin
expression hasbeen associated with invasiveness, high tumour grade and
chemoresistanggorsching et al. 2005, Lin and Liu 2014owever, in breast cancer,
vimentin is rarely co-expressed with epithelial markers or associated with estrogen
positive tumours(Kusinska et al. 2009, Elzamly et al. 2018)pr these reasons,
vimentin might not be the most suitable marker to study EMT transition in ER positive

luminal tumours, despite its common use.

Little analysis was performed in MDKB-134VI and CAMA-1 cell lines. Based on

a recent study showing thatlencing or removinghe H2AFX gene induces the
development of EMT characteristi¢g/eyemi et al. 2016)we hypothesized that
tumours with ondH2AFX allele would have moremesenchymalike characteristics.
However, further studies should be carried out to understand the epithelial or
mesenchymal nature of luminal cell lines with ¢iBAFX copy. gPCR experiments

to quantitatively analyse EMT markers such as Slug, Snail, Twist and a migration
assay should be performet better understand the EMT and the invasive

characteristics of these cell lines.

After initial characterization of these cell lind$2AFX copy number was analysed.
Only three of six cell lines were measured to have the same copy number in our
laboratoryas reportedh the CCLE database: MCF10A with two copies, M8 -

134VI with one copy, and BT474 with two copiéBigure 5.9) For this reason, a
direct method to validate and comp&2AFX copy numbers in these cell lines such

as fluorescent in situ hybridization should be used. This is particularly important for
CAMA-1, since it shows a copy number of 1.5 £ 0.2 (mean = SEM)r hands

We were interested in analyzing the correlatiorweenH2AFX copy number and
MRNA expression in thipanelof cell lines. Specific g°PCR primers were used to
distinguish the abundance of the short versus the H##R&FX transcript.The short
H2AFXtranscript was found to be from four to 16 times more amiritian the long
transcript in all luminal cell lines test¢Bigure 5.10 and Figure 5.11)his ratio of
short to long differed in the clinical samples with the short transcript being only from

one to nine times more abundant than the long transcrigg.stiggests that the short
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and longH2AFX transcripts could be differently regulated in the body compared to
cells grown in culture. The differential roles of the long and short transcripts remains
to be understogdhowever the long transcript is expressed later in the cell cycle
(Dodson and Flauginpublishedand in this thesis) which potentially allows for
increased production of H2AX after S phase to enhance the DDR under certain
circumstances. The higher relaigxpression of the long transcript seen in the clinical
samples might reflect the greater necesfatythis transcript in thehumanbody

compared to cells growing in culture.

H2AX protein abundance was alsealuated imon-tumorigenic and luminadell lines

and found to range from30% of total H2A(Figure 5.12) Very few studies have
reported H2AX protein abundance measuregeit similar amounts of H2AX
protein were measured in MCF7 and T47D cell lines by ELI® (M per 10celly

(Ji et al. 2017pand we have also shown similar abundances for these two cell lines.
Although no statistically significant differences were seen in the abundaH2ABX
transcripts or protein levels when comparing the luminal cell lines with one, two or
three copies ahe H2AFXgene, trends were observed where copy number correlated
with mRNA expression and protein abundag€gure 5.13) The nortumorigenic
MCF10A and thduminal cell lines with one and twid2AFXcopiesMDA-MB-134

VI, BT483, CAMA-1, and BT474groupedclose to each other compared to the
luminal cell lines with threé¢12AFX copies which behaved more similarly to basal
like cell lines. However, it should be noted that this is in contrast to the data from
clinical samples in METABRIC which shows an inverserelation between copy
number and expression. We attempted to address the role of H2AX biology in luminal
breast cancer by modelling the disease in these selected cell lines, but the relationship
between copy number and mRNA expression differed.

Furthe exploration othe observation thati2AFXcopy number decreasesl2AFX

MRNA expression increasaongthe luminal continuum in the METABRIC dataset
(Chapter 4) was of particular interest. To address this we hoped to evaluate whether
removal of one adlle could impact H2AX mRNA and protein levels, as well as
increase the genome instability. H2A¢ficient mouse cells have been shown to have
slower proliferation rates, and they are sensitive to environmental and genotoxic stress
and show chromosome inbtlty (Celeste et al. 2002, Celeste et al. 2008AX-
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deficient cells have also been shown to be more invasive when comparedtypwild
control cells(Weyemi et al. 2016)

A CRISPR/Cas9 approach was usedddress wheth¢l2AFXis essential in breast
cancer, and whether loss of one alledelld impact H2AX mRNA and proteiff.he

lack of clones in MCF10A followingdCRISPR/Cas9 targetinglight support the
hypothesis thalti2AFXis essential in the netumorigenic breast cell line. Ke@ver,

the continued presence of H2AX expression as detected by immunofluorescence in
BT474 and BT483 cell lines following transfection and selection might suggest that
either the CRISPR/Cas9 approach did not workfaritier controlshould be careid

out, or that single allele knogakuts were obtaine@Table 5.7) Screening of these
clones is still ongoingue to the slow proliferation rate of these cell lirsalysis of
BT474 clones by PCR did not show any significaiae band shifts. Thisnight be
explained by the subtle base pair brefakee to four nucleotides upstream the PAM
sequence created by Cas9, whiatuld not be detected on a traditional agarose gel.
Further analysis by complementary methods such E& endonuclease | assay or
high-resolution melting analysisased assays or sequencing, could be carried out to
draw any further conclusions. Interestingly, the majority of the clones obtained seem
to have normal to high protein levelsmpared to the WT cell line.

If the CRISPR/@s9 has not been successful, more efficient gRNAs should be
designed, or the same gRNAs and methodology usBdpMap project should be
used(McFarland et al. 2018])t is also advised to test the efficiency of the gRNAs

vitro prior to the CRISPR/Cas9 gene editing in these cell ((@eag et al. 2013)This

is performed by synthesis and purification of the gRMNA4tro, followed by adding

the gRNAs to the genomic template and to the Cas9 mRNA or protein, and incubation
of this mixture at 37°C. If two or more bands are seen on the agarose gel, a successful
cleavage of the template was obtained. This suggests that a succe$SRIRCRSs9

gene editing transfection can be carried out in the cell lines of intAfeshatively,
aconditional strategy could be designed to indd2&FXknock outsincetheH2AFX
genemight beessential in cancé€Bnijders et al. 2019, Wang et al. 2019)

The analysis o0H2AFX gene essentiality ithe Cancer Dependency Map Pobjbas
shown that this gene isommon essentialh 471 out of 625 cell lines tested, which

supports our hypothesis thel2AFX is an essential gene in huméfigure 5.14)
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(Meyers et al. 2017)However,loss of function screens using RNAi showed that
H2AFXis not essentiallhiscould be explained bl2AFXgene expression not being
fully inhibited by RNAI, perhaps due to the high abundandd2AFXtranscripts in

cancer cell lines.

In summary, four cell lines which represent luminal breast cancers with the most
commonH2AFX copy number status of one andtaopies were selecte@Empirical
testing ofH2AFX copy numbers was performed using a TagMan Copy number assay,
but only three of cell lines, MDMB-134-VI, BT483 and BT474, had the same copy
number as in the CCLE database. The copy number status of QARuires further

clarificationsuch asy fluorescent in situ hybridization.

Analysis of CNAsalongchromosome 11 has shown that cell lines with ldBAFX
copy did not suffefrom a singleH2AFX gene loss, but rather an overall loss of the
distal portion of the 11q arm, which is linked to CNAs near 11q13. A correlation
between the abundance l92AFX transcripts and protein was seen in the different
breast cancer subtypes ad@AFX copy numbers,\v&n though they did not reach
statistical significance.

We propose that twbl2AFX copies are not required to obtain near normal transcript
and protein abundance as observed in cell line MIIBx134-VI. H2ZAFXmRNA and
protein abundance seems to be quitetlygregulated to maintain levels needed to

safeguard tumour survival, irrespectiveHFAFX copy number.
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Chapter 6:

$QDO\VLV R$ amatkperf

the DNA camageesponse in
luminal breast cancer cell lines
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6.1. Introduction

The integrity and stability of genetiisformationis essential to lifeHowever, DNA

is continuously being damaged a result of normal physiological processes or via the
environment(reviewed by Ciccia and Elledge 2010)ese insults can lead to the
generation of singlagranded DNA (ssDNAbreaks and doubkranded DNA breaks

(DSBs), the latter being one of the most deleterious forms of DNA damage.

Cells have developed mechangskmown as the DNA damage response (DDR) to
detect and repair the various forms of DNA damage and to prevent gé@msiability
(reviewed by Hoeijmakers 2009, Ciccia and Elledge 20T DDR enables cells to
sense DNA damage, disseminate damage signals, and actipatecascades that
subsequently evoke a multitude of cellular resporidesse include slowing down the
cellaycle and activating checkpoints until damage is repa®ede a DNA break is
repaired, the DDR isompletedand the cell cycle resumes. If the DNA break persists,
cells undergo apoptosis or senescence, withdrawing the cell permanently from the cell
cycle to prevent the duplication and segregation of damaged DNAanighter cells
(reviewed by Yuan et al. 2010)

CellsundergoingDNA damage events can accumulate genetic alterations which can
cause genome instability (Gl). These genetic alterations range rfiutations in
specific genes such as amplifications, insertionsdatetions,to rearrangements of
chromosome segments, as well@sses and gains of whole chromosomes and other
changes that impact the genomic architecture of ¢@llss a characteristic of most
human malignancies and it is recognized as a hallmark of cancer. Gl can arise from
defects in several mechanisms, includDYA damage repair, replication stress,
transcription, mitotic chromosome segregation, and telomere maintgnaeviesved

by Duijf et al. 2019) Increasing levels of Gl can also accelerate tumour progression

andimpair tumour response tmeatment.

The histone variant H2AX plays an important role in sensing and repairing DNA
damage(reviewed by Yuan et al. 20L0){2AX replaces the core histone H2A2-

25% of nucleosomeslepending on the cell line or tissaaalysed(Rogakou et al.
1998, Bonner et al. 2008)12AX has aunique and highlgonserved @erminal SQ
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motif SQ(D/E)(I/L/F/Y). Phosphorylation of the serine residue at position ih39
human H2AXby PIKKs in this motif is important for the initiation of the DDR.

H2AX phosphorylationon serine 139,also known as H2AX, promotes the
reaquitment of numerous DNA repair proteins and chromamodelling complexes

to the damaged site, whidbads to thie accumulation and retentiamtil the DNA is
repaired(reviewed by Podhorecka et al. 201BRAX phosphorylation requires the
activation of mosphatidylinositol &inaserelated kinases (PIKKs3uch asataxia
telangiectasia mutate@®TM), ATM and Rad3elated ATR) or DNA-dependent
protein kinase (DNAPKcs). After DNA damage H2AX is rapidly phosphoigted

and, in combination wittNijmegen brakage syndrome 1 (nibrin/NBS1) and the
mediator of DNA damage checkpoint protein 1 (MDCi yignal amplification loop

is createdvhich rapidly spreads ovex regionup to twomegabase paisurrounding

the DSBs(Rogakou et al. 1998, Meier et al. 2007, Savic et al. 2008 Mrell-
Rad50Nbs1 (MRN) complex also recognizes the damaged site, recruits ATM and
targets ATM to phosphorylate its other substrates, such as BRCA1, 53BP1, and MDC1
as well as the checkpointediated cell cycle arrest proteins, Chk1 a&#& N + $;
also recruits the chnoeatin remodelling complex TIP6@ % & ZKLFK DOORZV
acetylation and ubiquitylation prior to its dephosphorylation surrounding the break site
(Dickey et al. 2009)

Since its discovery in 1998H2AX has been widely used in many fields including
cancer therapydrug development, environmental and genetic sty@esner et al.
2008) H2AX is an early sensitive biomarker that can ibduaed directly by
genotoxic orradiomimetic chemicalsand by irradiation, or indirectly through
oxidative stress, deficiemepair and metabolic activity. Mén compared with other
traditional DDR techniques such as pulsed field gel electrophoresis andassangt
tKkH GHWHFWLRQ DQG PH DY ¥brel Rehgtwe, Bfficient, $ind
reprodwible (reviewed by Varvara et al. 2019) + $; ald6thought to be anarker

of genome instabilitpnd contribute teancerinitiation and progressio(Bonner et al.
2008, Dickey et al. 2009, Varvara et al. 201¥igh levHOV R afre$een in
premalignant lesions aratelinked with a tumour suppressing role, cell cycle arrest

and senescen¢Bartkova et al. 2005, Gorgoulis et al. 2005)+ $is alsocorrelated
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with poor prognostic factorgn breast cancernincluding tumour stage, grading,
hormone receptor negativity, and Ki67 positivity (Varvara et al. 2019).

Copy number alterations in the 11g&%jion whereH2AFX is locatedhave been
reported inalarge number of cancers, including breast cafeavastava et al. 2008)
We found that human breast candgyscally have one or two copies of tH2AFX
gene Chapter 4) Analysis of cancer cell lines which are repentative of the breast
tumours and that hawweH2AFX copy such as LumA MDAMB-134VI and LumB
CAMA-1 cell line did not have H2AFX gene lossbut insteadexhibitedan overall
loss of the distal portion of the 11q arm (ChapterThjs shows that, in addition to
the H2AFX gene,DDR genesincluding ATM at 11922.3,MRE11at 11921, and
CHEK1at 11g24.2 are also lost with the distal portion of 11q Bneviousstudiesin
head and neck squamous cell carcinoma slakat cell lines witHoss of onedlistal
11lgarmhave overall o werSURWHLQ OHYHOV RI1 05( H2AX7I® + $; D
comparison to those cell linasth two copieqParikh et al. 2007 Consequentlyloss
of the distal 11garm correlatesto defects inthe DDR, increasedchromosomal
instability and alteedresponse to theragiarikh et al. 2007)
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6.1.1. Aims of this study

'"HVSLWH WKH ZLGH UDQJH RI VWXGLHV GHVFULELQJ
N L QHW L F Vappearandfter irradiation in luminaligast cancefsave not been
reported We wished to compare théH2AX foci kinetics between cell lines with

differing H2AFX gene dosage amdolecular subtype

,QLWLDOO\ WKH QX PHRAXfoD Q43 abhalydeH i noirsdiatedicells

to evaluate potential differences dueHBAFX gene dosagehe molecular subtype

and thetotal H2AX protein abundancef cell lines. We hypothesized that LumB cell

lines would have a higher number o+ $; foci compared to the netumorigenic

and the Lum cell linesbecause + $; LV WKRXJKW @féanEgdinDiat®b UN H U

and progression.

We alsohypothesizedhatthe LumAMDA-MB-134-VI cell line, with only one copy
of the distal portion of the 11q armvpuld have a less actii2DR in comparison to
cell lines with two copies. Therefore, t#iciency andkinetics of theDDR for DSBs

wastestedoy measuringH2AX focus formation and disappearance after irradiation
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$QDO\VLV RI EDYV Dhanirradhted Bl LindsQ

7TKH QXPEHU D Q CH2AR WdHvkxelavnalysded inortirradiatedcells with
different H2AFX gene dosageand derived from differenolecular subtype of
breast cancer. Ehcell linesused for this analysis were MCF10A (Rumorigenic,

two H2AFX copies),MDA-MB-134VI (LumA, oneH2AFX copy), BT483 (LUmA,
two H2AFX copies), MCF7 (LumA, threel2AFX copies) and BT474 (LumB, two
H2AFXcopies).The nonirradiated signaik termedas E D VH2B8X is of significance

as it is considered a sensitive read outD&Bs that is correlated with genomic
instability in cance(reviewed by Podhorecka et al. 2010, Valdiglesias et al. 2013)
Following immunofluorescence onceltsKk H QXPEHU DQG LQWHQVLW\ RI
measured by using the FindFoci plugin in Ima@¢drbert et al. 2014H2AFXcopy
number was based on the dabeailablein the Cancer Cell Line Encyclopaedia
(CCLE) database (Chapter 4 and 5 of this thesis).

Sincetriple negatve breast cancer patients ShoWOHYDWHG QXPEHUV RI1 +
and thiswas correlated with a poor progsis (Palla et al. 2017), we hypothesized that
LumB cell lineswith the worst prognosis in our cohevould have higher number of
+ $; IRFL FRPSDuumn@iggvir cQR&nd LumA cell line3.o test this
hypothesis, a minimum of 100 namadiated c#s were randomly counted per cell
line, at least twice independently. The LurBB474 cell line had2 + 0.3(mean *
6 (0 H2AX foci per cell.The nortumorigenicMCF10A andthe LumAMCF7 cell
lines had3 + 0.3(mean + SEM) H2AX foci per cell, while MDAMB-134VI and
BT483cell lineshadl + 0.1(mean £ SEM) H2AX focus per cell (Figure 6.1A).

Previous studies showed that fluorescent intensityoci could provide a more
accurate response comparedtie numberfoci numberalone especially when

+ $; I Rvere in close proximity to each oth@Waters2009) For this reason, the
LOQWHQW2AXYo&® ZDV PHDVXUHG DV WKH HZAWiHcGI peb WHG G+
nucleus The number of foci per nuclead asgnment of each focus to a nucleus
was determineldy using the ‘Assign Foci to Clusters’ function in the ImageJ FindFoci
plugin (Figure 6.1B)

LumA cell linesMDA-MB-134VI and BT483with one and twaH2AFX copies
respectively,KDG VLPLODU + $; oRLBI+AENWah D SEMY, Whil¥ the
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remaning cell lines had similaE XW KLJKHU + $; ||RfB00kQ3WE@V LW LHYV
+ SEM).

7KHVH UHVXOWY VKRZHG WKDW D VPDOO-i(padiRtecHU R1 +
cells,rangingfrom1to 3 + $; IRFL S HUmMA eeDIdes with one or two

H2AFX FRSLHV KDG OGIRAXHOO rambei3 @nd intensities when compared

to the other cell lines analysed (Dunn's multiple comparisons gest0.0003.

However, the number oH2AX foci did notvary betweerthe nortumorigenic and

LumB subtypes and was independent IHBAFX gene dosag€Dunn's multiple
comparisons test, p ).

A B

Figure 61: H2AX foci distributiorin the nor-irradiated nor-tumorigenic and luminal cell lineScatter plot wit
the number ofH2AX foci distribution (A) and intensity (B) in a minimum of 100in@diated cells per cell line.
H2AFX copy numbers are shown as square (one copy), circle (two copies), and diamond (three cop
represent the mea+ SEM. Representativephotomicrographsof H2AX foci staining (greyscale, 60
magnification) in the cell lines analysed (C). Nuclei outlined in yelow.
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6.3. Analysis of the relationship between of H2AX protein
DEXQGDQFH DQG EDVDO + $; IRFL LQ EUI

The relationship between H2AX protein abundance and the basa$ ; foci in cell
lineswas alscanalysedFigure6.2). Three main clusters weszen.The first cluster
comprised MDAMB-134-VI cells only, since it is &ell line with oneH2AFX copy,
with a mearb.5% H2AX relative to H2A and onl{y + $;focus per nosirradiated
cell. The second clustewith thenontumorigenicMCF10A, the LumA BT483 and
LumB BT474 cell linescomprisel cells with twoH2AFX copies, witha mean oB-
9% H2AX relative to H2A andL to 3 + $; foci. The third cluster @ntained the
LumA MCF7 cell line,with threeH2AFX copies,a mean ol7% ofH2AX relative to
H2A and3 + $;foci per cell.

Based on these resultbe overall basal + $ ; foci per cellseems to correlate with
H2AX protein abundance and2AFX copy numberirrespective ofthe molecular
subtypeof each cell lineFurther experiments should b@deto increase theumber

of cell lines analysed.

—
>
< 3 MCF10A (2)
@ MCF7 (3)
=
S

2 BT474 (2)
53
3 0
=] MDAMB-134-VI (1)
o
. 1 BT483(2)
C
(3]
(]
€

0

0 2 4 6 8 10 12 14 16 18

mean % H2AX protein abundance
(relative to total H2A)

Figure 62: Scatte plot of the distribution of cell lines according to their mean H2AX protein abundance (r
to total H2A) and mean number of basdlRAX foci in norrradiated cells. Cell lines with different molect
subtypes are shown in different colours: #iomorigenic (green), LumA (blue), and LumB (pitk@AFX copy
numbers are shown in parenthesis in each cell line, as described in the @@base.
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64 $QDO\VLV RI + $; IRFL diRadi&biWLRQ DI\
Next, the efficiency and the kinetics of the DDR was tegigdneasuring H2AX

focus formation and disappearance aft&y2irradiation(Figure 6.3, Table 6.1A 2

Gy irradiation dose was chosen since it is the typical radiation dose used in a five week
treatment schedule for early stage breast cafeangland et al. 2013)as well as in

radiation sensitivity studies in cancer cell liRsiiz de Almoddvar et al. 1994, Speers

et al 2015, Baumann et al. 2016)ime points were selected based on previous
experiments in our laboratofgata not shownand in the literaturéRogakouet al.

1998, Rothkamm and Horn 2009, Tommasino et al. 2015, Lee et al. 2019)

The efficiency of the DDR was assessed by the time required by the cells to restore
basal H2AX levels, andhe kinetics of the DDR was assessed by the rate of change
at specific time pointafter irradiation. The@umber of H2AX foci and the integrated
density per nucleafter irradiationwas also analysed minimum of 90 cells were

randomly counted per celhke, and this was performed at least twice independently.

The nontumorigenic MCF10A cell line, with twdl2AFX copies, displayed a rapid
response to IR treatment with an increase from a me&nld2AX foci per cell in
XQWUHDWHG FRQW HRAR YocVp& cbll FoHMINQ@ft& irradiation. These
foci remained foone hour after treatment and by six hours post treatment the number
of foci per cell returned to basal levels (Dunn's multiple comparisons tesd,$
Figure 6.3A). Equivalent kineticwas observedor the intensity R1  + $; IRFL
(Figure 6.3B).

The LumA MDA-MB-134VI cell line, with oneH2AFX copy, also had a rapid

response to IR treatment with an increase from a meantd2AX focus per cell in

untreated controls to a mean ®fand4 H2AX foci at 10 and 30 minutes after

irradiation, respectively (Figure 823. :KLOH WKH PD[LPXRRAXXREHU RI

was reached 30 min after irradiation, the maximuoalffoitensity was reached one

hou after irradiation (Figure 603). These focremained for two hours after treatment

and by six hours post treatment the number of foci per cell reached an average of two
H2AX SHU FHOO 7KLV FHOOHRAXD&baddvEls &/Bnvet 24H Aftxru Q WR

irradiation Qunn's multiple comparisons tep < 0.000). Similar results were

R EW D L (HRAX foBi itensity, which suggests that DSBs were still being repaired

24 hours post treatme(@unn's multiple comparisons test, p < 0.0001).
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The LumA BT483 cell line, with twdH2AFX copies, had a rapicesponse to IR
treatment, with an increase from a mead oH2AX focus in untreated controls to a
mean of6 H2AX foci at 10 minutes after irradiation (Figure 6.3E). This cell line
VKRZHG D VOR Z H2MGaKdr WddRt@n Rnith an average &f5, 3 and4

H2AX DW PLQ DQG K K DQG K UH2AHdeEW LYHO\
intensity peaked at 2 lith asubtle increase t& H2AX foci at 6 h after irradiation
(Dunn's multiple comparisons tept< 0.01) (Figure 6.B). This cell line rairned to

E D VH2AX levels 24 h after irradiatiodunn's multiple comparisons tept> 0.7).

The LumA MCF7 cell line, with thre&l2AFX copies, had a rapid response to IR
treatment, with an increase from a mea® o0H2AX foci in untreated controls to a

PHDQ RH2AX foci at 10 minute after irradiation (Figure 6&. A steady

G HF U H DIAX fecl was seenmvith D QHEAX fociat 30 min, 1 h, 2 h

DQG K DIWHU LUUDGLDWLRQ UHVSHMREAXMd¥e&s\at 7 KLV FF
24 haurs after irradiationdunn’'s multiple comparisons tept> 0.9).Similar kinetics

for focal H2AX intensitywas seelfFigure 6.3).

Finally, the LumB BT474 cell line, with twd2AFX copies, also had a rapid response

to IR treatment, with an increase from a mea# dfi2AX foci in untreated controls

to a mean 08 H2AX foci only 10 minutes after irradiation (Figu6.3). These foci

remained for 30 min after treatment and then a slow G X F WH2R)Qfo& was

VHHQ 7KLV FHOO OLQH IBAR faQiReweélslRK Watter @radiaRorE DV D O
(Dunn's multiple comparisons tept< 0.008), which suggests that ongoing repair was

still being observed. Similar kinetiés focal H2AX intensitywas seen (Figure 613

In summary, we conclude that all cell linesve a rapid response damage but they
differ in the efficiency of repair after irradiation. The LumA cell line MIMB-134
VI with oneH2AFX copy showed a slow repair while themA MCF7 cell line with
threeH2AFX copiesrepaired quickly. The LumAT483 cell line with twoH2AFX
copieshad similar basal levels to MDNB-134-VI but efficiently responded and
repairedto damageafter irradiation. Strikingly, the LumBT474 cell line with two
H2AFX copiesdid not. The results of this experiment are summarizéagure 6.3K
and inTable 6.1.
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Figure 63: + $; | RIBtrbution and intensityn the nortumorigenic and luminal cell lineScatter plotwith

WKH QXPEHU RI + $; IRFL GLVWULEXWLRQ $ & ( * , DQGMBQWHQVLW\
134VI (C, D), BT483 (E, F), MCF7 (G, H) and BT474J), H2AFX copy numbers are shown as square (one

copy), circle (two copies),and diamond (three copies). Bars represent the mean + SEM. A minithedisof 9

were counted per cell linRepresentative photomicrographsied number and intensity of+ $; |iRdfeyscalg

in the cell lines analysedK(600x magnification Nuclei outlined in yellown
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Table 61: Summary of the efficiency and the kinetics of the DNA damage responserf@imjell lines used in

this study.The DDR was measured through quantification éf $; IRFXV IRUPDWLRQ DQG GLVDSSHCLC
Gy irradiation (IR). The cell lines used in this study were: MCF10A-{nomorigenic, twdH2AFXcopies), MDA

MB-134VI (LumA, oneH2AFX copy), BT483 (LUmA, twd2AFX copies), MCF7 (LumA, thrdd2AFX copies)

and BT474 (LumB, twd2AFXcopies). DDR kinetics was classified as ‘+++’ good, ‘++’ average, and ‘+’ poor.

Good responders are cell lines that quickly phosphonitaX after irradiation, while good repairerare cell

lines that quickly return to basal+ $ ;after irradiation.

DDR kinetics DDR
efficiency
. Correlation .
Maximum Time to
between
Mean mean of _ returnto
basal + $; v % $;
Cell line _ ] foci Respondel Repairer ’
+ $; foci(time basal
. number
foci after IR, levels
min) and (hours)
intensity
MCF10A 3 10 (10) +++ ++ +++ 6
MDA -
MB-134 1 4 (30) ++ S + >24
VI
BT483 1 6 (10) ++ +++ ++ 24
MCF7 3 13 (10) +++ SRl S 24
BT474 2 8 (10) +++ ++ + > 24

165



6.5. Discussion

This chapter focuses on the analysis of W E X QGDQFH DQG N b€idieNLFV RI
andatfter irradiatiorsince this has not been reporiedlminal breast cancer cell lines.

We hypothesized that LumB cell lines would hav& LJKHU QXPEHU RI + $;
compared to the LumA cell linesd the nostumorigenic cellinesstudied.Previous

studies show thatriple negative breast cancer patiehtsse higher H2AX foci

numbes andthisis correlated with a significantly worse praggis(Nagelkerke et al.

2011, Palla et al. 201'HI2AX is also known aan early markeof genomic instability

in cancer developmef(tteviewed by Podhorecka et al. 2010, Valdiglesias et al. 2013)

Verylow + $; |Rruinbers per cell were observed in fiwadiated cells, ranging
froml + $; IRFXte LumA cell lines MDAMB-134VI and BT483 to3

+ $; |RiR the nortumorigenic MCF10A cell line and in the LumA BT483 cell
line. The LumB BT474 cell lingvith two H2AFX copies ha® + $; |RpeLcell.
Differences in the number of basat $; foci per cell have also been reporied
manycell and tissue typgseviewed by Yu et al. 2006, Palla et al. 2017)

Statistical analysidemonstratethat LumA cell lines witheitherone or twoH2AFX

copieshad alower basal H2AX foci number and intensity when compared to the

other cell lines analysedFigure 6.1) However, the number oH2AX foci did not

correlate withthe nontumorigenic and LumBsubtypesof the cell lines analysed.

Analysis of therelationship between H2AX protein abundance and the basa ;

foci in the cell lines revealethat H2AFX gene dosage had an impact on the basal
+ $; foci per cellvia H2AX total protein abundance, irrespective of the molecular

subtype.

The similarities between the basal number af $; foci in MCF10A and MCF7,
and inMDA-MB-134VI and BT483might beexplained bytheir doubling times and
correspondingell cyclephases )RU LQVWDQFH WKH RFFXUUHQFH RI
during S phasepossibly due to replicative stress (Valdiglesias et al. 2013). Since
MCF10A and MCF7 cell linedave faster doubling times of 0.7 and 1.8 days,
respectivelythanother LunA and LumB cell lines analysed, ranging from fousito
days D KLIJIKHU QXPEHU RI EDVDO + $; IRFL ZDV DQWLFLSES
times andhe correspondingell cyclephases need toe caosideredwhen analysing

+ $;
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Whenthekinetics of theDDR was analysedMCF10A had the quickest+ $; IRF XV
formation and disappearance after 2 Gy irradiation, followeM6y7 andBT483

(Figure 6.3 and Table 6.1%imilar kineticavereseen betweenth@ XPEHU RI + $;

foci and the foci intensity in MCF10A, MCF7 and BT474 cell$ine + $; | RORL

intensity was surprisingly high and more variable in MBIB-134 and BT483 cell

OLQHV GHVSLWH WKH UHODW L DiteBeredgodse® toRifitgU R1 + §
radiation have also been reported in differemgiast cancecell lines irrespective of

their molecular subtypSpeer®t al. 2015andin head and neck squamous carcinoma

cell lines(Parikh et al. 2007)

These results suggest that both MCF10A and MCF7 are quick to respdiodepair

DNA damage after irradiation. This may influence their popularity for DDR
experiments and in cancer research. However, MCF7 shmwsanomalous
responsiveness to irradiation compared to the other LumA cell lines analysed.
MCF10A is a commonly used non tumorigenic breast cell line, but its similar growth
andrepairkinetics to MCF7 raisesimilar questions on whether is it a suitabtetol

for these experimen{Qu et al. 2015)

,QWHUHVWLQJO\ HYHQ WKRXJK EDWDWOBT483 werBFL QXP
REWDLQHG K DIWHU LUUDGLDWLRQ WKH LQWHQVLW\
compared to noirradiated cellsThissuggestthat DNA repair wastill ongoingeven
WKRXJK EDVDO QXPEHU \dbsetved: LHngeRtimpoints! hekbnd 24
hours after treatmemiould beundertakerio validatethis observationFor example,
co-staining with 53BP1, Ku70/Ku80, Chkl, Chk2, p53 or Mdm2 could confirm
whether downstream targets of the DDR are being deacti{isteon et al. 2010)

+ $; DOVR UHFUXLWAdellirgadmpreRed/duch 4$ AIIR&BC13, which
DOORZV + $; DFHW\ODWLRQ DQG XELTXLWo@®DWLRQ
surrounding the break si{Bickey et & 2009)

Surprisingly,the LumBBT474 cell linewith two H2AFX copies did not return to basal
+ $; levels,even 24 h afteirradiation, suggestinthat a slower DDR was being
observed. Thiss in ggreement with a previous study tishiowed thathe BT474 cell
line had higher radiation sensitivithanother breast cancer cell lines such as T47D,
CAMA-1, MCF7 and MDAMB-231(Yard et al. 2016)Radiation sensitivity was also

correlated withmutation load and the landscape of somatic copy number alterations
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of each cell line. Interestingli3dT474 had the highest rate of mutations in DDR genes
in the CCLE database afl luminal cell lines analysed in this thesis, such as nonsense
mutations iNBRCA (p.S3094*) and missense mutations ATM (p.E2468K)and
TP53(p.E285K).

Finally, the LumA MDAMB-134VI cell line did not reach basal leveR| + $;
foci by 24 h after irradiation, whickgainsuggests that DSBs westll being repaired
24 hourspost treatmenin this cell line These results suggest that MDAB-134-VI

is an equallyquick responder, but a slewrepairer in comparison to tlwther cell
linesanalysed

Previousstudiesn head and neck squamous cell carcinoma sdowat cell lines with
distal 11q loss tend to have an overall loweateinexpres®n of MRE11, ATM and
H2AX as well as reducedH2AX foci formationcomparedo those cell lines without
distal 11q los¢Parikh et al. 2007)A correlation between 11q loss and an increase of
chromosome aberrations afigadiation was also se@mthat studyThus,loss ofthe
distal 11garmmay lead tadefects inthe DDR,resulting inincreasecchromosomal
instability and alteredesponse ttherapy. In this study12AX protein abundance was
shown to be relatively lower in the MBDKB-134-VI cell line compared to MCF10A,
BT483 and BT474This lowH2AX protein abundance in tidDA-MB-134-VI cell
line, of ”5.5% of H2AX relative to H2Acouldimpair the efficiency of th DDR after
irradiation. Further studies could assess how the D& promised after irradiation
by measuring ATM kinase activity and the activity of otB&®R responseroteins,
such as MDC1, BRCAL and 53PHitectly.

The association between distal llibgs and an impaired DDR may alsaply that
radiation therapy has to be carefully considered in patients with distal 11dHess.

is still an important need to identify patients who are more likeyetonresponsive

to therapydespite theefficacy ofbreast radiotherapyieadand neck squaous cell
carcinoma cell lines withh1q loss showed increased sensitivity to DNA damage and
slower repair,yet a substantial proportioof these cell lines survived ausly lethal

single fraction of 10 Gy IRParikh et al. 2007)herefore, a clonogenic survivassay

is requiredo evaluate the percentage of cells that survive different doses of irradiation
for this panel of cell lines.
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,Q VXPPDU\ + $; KDV EHHQ Zreseiicibut e dbEhdargeRdQ F H U
NLQHWLFV fdeilformnafignafterirradiation in luminal breast cancers rengain
elusive.We found that.umA cell lines with one or twéi2AFX copieshavea lower
basal H2AX foci number and intensityout he number obasal H2AX foci did not
correlate withthe nontumorigenic and LumBsubtypesof the cell lines analysed.
H2AX protein abundance amtRAFXgene dosage had an impact on the basal$ ;
foci per cellirrespective of the molecular subtyddCF10A and MCF7 had the
quickest + $: IRFXV IRUPDWLRQ DQG G L vddeSGhH@IaWed FH DIW
by BT483. The LumA MDAMB-134VI, with one H2AFX copy, and the LumB
BT474, with two H2AFX copies had a rapid DDR but they showed a slow repair even

K DIWHU LUUDGLDWLRQ 7KHVH UHVXOWYdWwWtRJHVW W
the molecular subtype but that loss of 11q,adoration of cell cycle, as well as
mutational loachave anmpact on the DDR.
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Chapter 7:
Conclusions and future
perspectives
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+ $; KDV EHHQ ZLGH Opragraesti€ thhdetHbi®markerbivever, it is
unclear howH2AFX copy number, mRNA expression and protein abundance
contribute to the genome instability associated wathcer TheH2AFXgene maps to
the q armof chromosome 1ivhich is commonly deleted in cancers and contains
critical geres involved in th&®NA damage respons®DR) includingMRE11 ATM
andCHEKZ (Figure 1.5) Contradictory data oRl2AFX copy number and expression
has been reported, with some studies repoHiR§FX as a tumour suppressor gene
(Celeste et al. 2002, Bassing et al. 2008)ile others report it as an oncogé¢8eo et
al. 2012, Rezaeian at. 2017) Analysis of the Gene Expression across Normal and
Tumour tissues (GENT) databasasshown thaH2AFXmRNA is highly expressed
in tumaur tissues compared to normal samggeso et al. 2012)ncreasing levels of

+ $; werealsocorrdated with tumour malignancgnd poor prognosigBartkova
et al. 2005, Gorgoulis et al. 2005, Dickey et al. 2009)

Understanding the impact of change$iRAFX copy number and mRNA expression

on the abundance of H2AX protein is not only important to allow dissection of the
role of H2AX in cancer, but it also has {ha&tential tareport ontumour aggressiveness

and to monitor the response to targeted theraplas.thesis focusedn the detailed
analysis ofH2AFX copy number alterations (CNAs), mRNA expression and protein
abundance in breast cancer. This analysis was accomplished by using large cancer
genomic and transcriptomic databases such as cBioPortal andrABRIC in

combination with cell lines and clinical samples as research tools.

From the data available in cBioPortal, we fodlnat H2AFXis not a classical tumour
suppressor gensince it seldomundergoes homozygous deletions and is rarely
mutated Table 4.1) Support foH2AFXasan oncogeng also weak sincie H2AFX

gene is only amplified to three copies in 6% of cancer studies and to four copies in
0.4% of the studies.

Analysis ofH2AFX CNAs in the METABRIC datasetevealed thatumB tumours
have the highest percentages#mples with loss of ortld2AFX copy at 41%, and this
loss iscorrelated withthighgenome instabilitgompared to the other subtyg€&sgure
4.2 and Figure 4.3P% of LumB samples have thréd¢2AFX copies 0.2% hadfour
or mae H2AFX copies, and no diploid deletiols mutations wer@bserved in the
H2AFX coding region The mean zscoresfor H2AFX mRNA in each subtype
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increasd with a decreasingeverity ofprognosis of the diseagdeom LumA tobasal

like (Figure 4.4) Thus, LumA subtypes have a surprisingly low mRNA expression
when compared to matched normal tissymssibly due to the genome instability
generated at early stages of tumour developnmemB tumors have similar mRNA
expression to matched normal tissues an@RBIBnd basdike have higheH2AFX

MRNA expression compared to normal tissues, potentially to counteract the genome
instability generated and to compendatehe high replication rate of these tumors.

We decided tdocus our investigation oluminal tumoursbecausehese subtypes
comprise 70% of all breast cancer casaad LumB tumours have the highest
percentage dfi2AFX copy number los€ven thoughuminal subtypes are known to
have a good prognosis in comparison to bisaland HER2 sulypes many patients
develop resistance amdth few treatment optiongreavailable for endocrine therapy
resistant breast cancdéf3sborne and Schiff 2011, Gatza et al. 2014)

Luminal tumours arealso interesting because someports classifythem as
independent intrinsic categories based on the PAM50 signgarée et al. 2001,
Parker et al. 2009, Prat et al. 201@hereas othereports describethem as a
continuum within vhich the PAMS50 classification makes an arbitrdigtinction
(Mackay et al. 2011, Tishchenko et al. 20183ing the continuunfrom LumA to
LumB described by Tishchenkae found thaH2AFXcopy number decreasehile,
paradoxically,H2AFX mRNA expression increas€Figure 4.5)(Tishchenko et al.
2016) This H2AFX mRNA increase is correlated with the expression of the
proliferation markemMKI67 (Figure 4.6) This observationis also consistent with
KaplanMeier plots in which luminal patients with oRRAFXcopy and patients with
highH2AFXmRNA levels have reduced overall survi(faigure 4.8)In fact,H2AFX
expression was found to be in the®® percentilein all genesfor LumB tumours,
regardless owhether they had one or two copies of Hi2AFX gene(Figure 4.7)
This shows thaH2AFXhas gpotential rolen LumB tumourslikely as result of their

high replicative rate

In order to modeH2AFX CNAs in luminal subtypes, four luminal cell linegere
selected athe most frequerti2AFX copy numbers in the human populatione and
two H2AFX copies(Table 5.1) Analysis ofCNAs in chromosome 1tvhereH2AFX
is locatedrevealedhat cell lines with onél2AFX copy did notsimply have a single
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loss ofH2AFXgene, but rathesufferedan overd loss of the distal portion of the 11q
arm, which is concomitant witGNAs near 1113, wherdne CCND1gene is located
and which is frequently amplified in luminal tumoFsgure 5.3)

By analysis of the CCLE database, we halsservedhat most commotuminal cell
lines usedin the laboratorysuch as MCF7 and T47D with three more H2AFX
copies, do not represent commei2AFX copy number levels in luminal breast
cances. This demonstrateghat careful consideration of cell lines required
regardlessf the challenges associated with establistiiegnin culture. LumA MCF7
and T47D cell linedhiave a doubling time of approximately two daysking them
much quicker to grow in the ladnd this may bene of the reasons for their common

usein breast cancer research labs.

H2AFX copy numbers wermeasurecgmpirically inthe selectedell lines,but only

three out of six cell lineBad the samel2AFX copy number aseportedn the CCLE
databasgFigure 5.9) Since SNP arrays enable a more robust analysis than the
TagMan copy number assays, we decided to refer to the copy number status of cell
lines in this thesis as those published in the CCLE datgBaseetina et al. 2012)
However, adirect method such as fluorescent in situ hybridimeshouldbe used to
validateH2AFX copy numbers in these cell lines.

Analysis ofH2AFXtranscripts revealed thdte short transcrips betwee-16times
more abundant than the long transcript in the luminal cell lines t@steate 5.10 and
Figure 5.11) This difference i2-4 less in clinical samples, perhaps reflecamgeater
requirementor the longH2AFX transcriptafter S phase. This suggests titt short
andthe long H2AFX transcripts are differently regulated in thative environment
compared to cells in culturel2AX protein abundance ranged from 3 to 20% of total
H2A in the breast cancer cell lingssted(Figure 5.12) which s within arelatively
narrow range when cquared tdhe muchhigher levels described in mouse embryonic
stem cells and in oreell embryogShechter et al. 2009, Nashun et al. 20@0)n the
human glioblastoma cell line SF268 with eigHRAFX copies. Although no
statisticallysignificantdifferenceswereseen in the abundance ld2AFX transcripts
and protein levels a good correlations observedoetweenH2AFX copy number,
expression and protein in the breast cancer cell lines anglygpde 5.13) This
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differs from theanalysis othe METABRIC dataset where loss @ie H2AFX copy
inversely correlates witH2AFX mMRNA expression

Haplosuficiency is seen in cell lines with oRRAFX copy, since they produce
sufficient transcript and proteifor a rapid response to damad#owever, futher
experiments should be carriedtin these cell lines understand howhort and long
H2AFXtranscrips areregulatedpamely by the analysis #f2AFX mMRNA haltlife,
transcription rate, and kinetic$ expression otachtranscript.Understanding the
availability of eactH2AFX transcript might correlate with H2AX protein levels and
the capacity to be phosphorylated during D2R.

We found that + $; NLOQHWLFV LV QRW FRUUHODWfMHE ZLWK VW
luminal cell linegestedoy analysis of the activation of the DDR after 2 Gy irradiation

(Figure 6.3 and Table 6.1All cell lines were rapid responders to damage, but loss of

the 11q arm as seen in MEMIB-134-VI, quick doubling time as seen in MCF10A

and MCF7 cells, anchcreased mutational load as seen in BTalvdppear tdhave an

impact on the DDRThe association between distal 11q loss and an impaired DDR

may also imply that radiation therapy has to be carefully considered in patients with

distal 11q loss since theye more likely to be unresponsive to therapy.

A notable quick response to damage as well as its efficient repair was seen in MCF10A
and MCF7 cell lines, which might explain the popularity of these cell lines for DDR
and cancer research experiments. fdretumourigenidVICF10A cell linehassimilar

growth and DDR kineticef + $; foci formation and disappearance as compared

to the LumA MCF7 cellsvhich calls intoquestion as to the suitability of this cell line

as a control in breast cancer experimé@us et al. 2015)

The lack of homozygous deletions and mutationtH2AFX in the METABRIC
dataset might suygpst that this gene is essential in breast cait@®hFX is not an
essential gene in mi¢€eleste et al. 2002, Bassing et al. 2008} this question has
not been directly addressed in cancer cell liMés.attempted to redu¢d2AFX gene
dosage in several diploid cell lines using a CRISPR/Cas9 appi¥actid not find
any clones lackingd2AFX expressiorwhich suppors the hypothesis thai2AFXis
essential inthesecancercell lines (Table 5.7) Isolating the role oH2AFX loss
compared to other loci is challenging, lwiure experiments to generatenditional
H2AFX knockous would be desirabléSnijders et al. 2019, Wang et al. 2019)
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Analysis of the Cancer Dependency Map Project (DepMas) suggests that
manipulation oH2AFX at a gene level is deleteus, althoughRNA silencing does
not have any impact in the 710 cell lines analységlure 5.14)Tsherniak et al. 2017)
likely due to the high abundanceté2 AFXtranscripts.

In summary, we propose tHdRAFXis essentiafor breast cancebut that loss of one
H2AFXallele is well toleratedAnalysis of the METABRIC datasshowsthat LumA
tumours have decreased mRNA expression compared to normal sgopédslydue

to the genome instability generated at early stages of tumour development (Figure 7.1).
Within the luminal continuumpks of ondH2AFXcopy creates a selective advantage

to regulate the genome instability generated by induciH@2AFX mMRNA
overexpressionThis is correlated with Ki67 mRNA expression and reflects the

increased replication rate and worse prognosis of LumB tumours

In cell lines,H2AFX s not requiredo bein a diploid stat¢o achievenear normal
MRNA and protein productiotdowever,H2AFX copy number, mRNA and protein
abundanceare positively correlatetb safeguard tumour survival. This suggests a
regulatory mehanismexists to maintain H2AX abundance and a robust DDR

irrespective of breast cancer subtype.

To our knowledge, this is the first study that measures the abundance BR2BdK
transcripts in breasterived cell lines and in clinical samples, and simultaneously
combines the analysis ¢f2AFX copy number, mRNA and protein abundance in
breast cancer. Overall, this datdl undoubtedly contributed to the understanding of
the implications ofH2AFX CNAs in cancerNeverthelessa complete picture of
H2AFXregulation in such a complex disease is yet to be unravelled.
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B
Normal LumA LumB
AverageH2AFX copy number 2 2 1
H2AFXmMRNA levels ++ + ++
MKI67 mRNA levels + + T
Levels of genomic instability + + ++
H2AX protein levels ++ ++ ++

Figure 71: Potential model foH2AFXcopy number, mRNA and protein abundance in the progression of luminal
breast tumours. Figure (A) and table (B) based on the results of this thesis.
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Appendices

Appendix I: Map of the H2AFX plasmid

Figure 1. 1: Graphical nap ofthe H2AFX plasmidused as a standard curve for gPCR experimenis. flasmid

was generated by cloning the H2AFX gé&terk blue)into the plasmid pGEM Easy Vector Systems (Promega),
followed by sequencing verificatidBeta lactamase, phage f1, lac operon, T7 promotor and multiple cloning site
(MCS) are highlighted itight blue, cobalt blue, green, light brown, and red, respectively. Enzgraeshowrin

bold. Plasmid generated by Jennifer Eykelenboltap visualised using Snapgene Viewetftware.
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Appendix II: Poster presentations

The following posters we preseted to communicate thieesearch throughout the
course of thishesis

i) CCB-IFOM meeting, NUI Galway (Feb 2017)

i) Irish Association for Cancer ReseantmnferencePublin (Feb 208)

iii) 42nd Microscopy Society of Irelarmhnual symposium,Institute of Technology
Sligo, Sligo (April 2018)

iv) Chromatin dynamics and nuclear organization in genome maintenance, EMBO
Workshop, lllkirch, Francegitended and presented by Dr Dod¢dune 2018)

v) EACR25: 25th Biennialcongress of the European Asstion for Cancer
Research, Amsterdam, The Netherlands (July 2018)

vi) Cancer Genomics 2019, Cambridge, UK (June 2019)

193



i) CCB-IFOM meeting, NUI Galway (Feb 2017)

194



i) Irish Association for Cancer ReseartmnferencePublin (Feb 208)

195



iii) 42nd Microscopy Society of Irelarmhnualsymposium, Institute of Technology
Sligo, Sligo (April 2018)

196



iv) Chromatin dynamics and nuclear organization in genome maintenance, EMBO
Workshop, lllkirch, Francegttended and presented by Dr Dod¢dumne 2018

197



v) EACR25: 25th Biennialcongress of the European Association for Cancer
Research, Amsterdam, The Netherlands (July 2018)
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Appendix IIl: Research funding

| was funded in 2015 kthe Collegeof Medicine, Nursing and Health Sciencesfich
was awarded to Dr Helen Dodson. In the following years, | was awardHeiCan
Government of Irelandcholarship 2016GOIPG/2016/789) from October 2016
until September 2019.

Additional awards during this perd:

e July 2017: Winner of an EACR Free Registration Draw for 2hd DNA
Replication as a Source of DNA Damage conferemé&ome, Italy

e Feb 2018:Silver Primerdesign Student Sponsorship 26180% discount in

gPCR reagents from PrimerDesign.

* Feb 2018Symington Bequest Fund from Anatomical Soci#@¢7 18 Round 2
- bursary to participate in IACR2018 meeting

* July 2018:EACR 50th Anniversary Bursaryursary to participate in EACR25

meeting in Amsterdam
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