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ABSTRACT

CTCF is an evolutionary conserved and ulimusly expressed protein which regulates a
plethora of cellular functions usindifferent molecular mechanismsiowever, the role of
poly(ADP-ribosyl)ation (PARylation) of CTCF, in particular, two differentially PARylated
forms of CTCF (termed CTCF130 a@iCF180) in the regulation of cellularqmesses is not
well understood.We hypothesie that differentially PARylatedsoforms of CTCF combl
different groups of genedHypothesis 1) and different functions (Hypothesis 2) in different
biological situatims. To investigate Hypothesis 1, tAR26LDM cells, proliferating (expressing
CTCF130 and CTCF180) and arrested (expressing CTCF180) will be used. THierbigihput
ChIP-Seq and RNASeqassayswill be used to obtain and link the CTCF binding and gene
expression profiles. This study revealed tloatt of 2051 CTCF binding sites in proliferating
226LDM cells identified using the polyclonal CTCF antibody (which recognizes both isoforms,
CTCF130 and CTCF180)009 were associated with differentially expressaddcripts. Among
those, 520 were upegulated while the remaining 489 were derggulated. From 64 binding
sites identified in the arrested cells (CTCF180 only), 26 were associated with genes that we
differentially expressed; 16 were -oegulated and 1Qvere downregulated. There were 8
common CTCF binding sites between control and treated cells in tregufated and 6 in the
downregulated group.Overall, binding of CTCF130 and CTCF18Was associated with
differential gene expression thus confirmingpdthesis 1.To test Hypothesis 2, the role of
CTCF PARylation in the DNA damage response mechanism was investigatieadving DNA
damage, translocation of CTCF into the nucleolus andlacalization with PARP1 was
observed. Ectopic expression of a muta@mCF deficient for PARylation reseltl in nucleolar
disorganisatiomnd was associated with faster recovery from damage. It also suggests that CTC
PARylation is implicated in DNA damage response as well as for nucleolar stability after DNA

damage thus gyorting Hypothesis 2.
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Chapter 1 Introduction

1.1 CTCF: The CCCTC-binding factor
The GCCTGChbinding factor (CTCF) is amultifunctional andubiquitously expressed

protein, whichremained highly evolutionarily conserved frdbmosophilato man(Ohlsson et
al., 2001, Phillips and Corces, 2009)

It was originally identified byLobanenkov et al. (1990&as a DNA binding protein
regulating the expression of the chickemmyc oncog@ae. The protein had a binding site
upstream of the start of the transcription sitec-ohycto one of the CCCTC core sequences,
which gave the protein its nam8ince its discovery, studies on CTCF revealed thatpttutein
is not orty involved in transdptional control, but that it is a key regulator of many otedlular
functions(Holwerda and de Laat, 2013, Ohlsson et al., 2001, Ohlsson et al., 2010, Millau ant

Gaudreau, 2011)

1.2 CTCF, the gene and the potein

1.2.1 The CTCFgene
The gene encadlg CTCF is positionedn humanspn chromosomé.6, on locus 16g22.1

(Filippova et al., 1998)This genomic locus has been indicated as spot region for loss of
chromosomal matial linked with cancer, including breast and prostate calEgippova et al.,
1998, Green et al., 2009, Yeh et al., 200&)e introrexon organization of the chicke&lTCF

gene was determined l§lenova et al. (1998)vhile thatof the human gene was reportater
(Filippova et al., 2002)These studieshowed that there are seven exons in the chicken gene and
ten in human. The CTCF gene structures were refined in a more recent publication rdforting
exons in human, chicken, mouse, zebrafish and €TCF, seven of them encode the zinc

fingers (ZF) which constitute the proteins DNA binding don{&aiare et al., 2008)
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1.2.2 The CTCF protein

Human CTCF issomposed of 727 amino acidad structurally highly conserved among
specieqFilippova et al., 1996)The proteincan be divided intahree main domains; theNA
binding domain(DBD) whichis comprised of 11 zinc finge(gF) (311 amino acids) and the C
and Ntermini regions flanking the DBD (150 and 250 amino acids respectivigdyire 1-2)
(Filippova et al., 1996)

The zinc finger is a versatilgupersecondarnyrotein structure, very commonly found in
eukaryotes mediatinghe interaction between the protein and a DNA or RNA sequence
(Matthews and Smde, 2005)There are different classes of zinc fingers that have different roles
and can ceexist within a protein. CTCF is such an example protein with 11 zinc fingers out of
which, 10 belong to thenost studiedC2H2 class and one in the C2HG@&gs (Klenoveet al,
1993). TheCTCFzinc fingers can be employed in different combinations in order for the protein
to interact with a wide variety of DNA sequescand protein partnersach ofthe ZFs can be
important for onanteraction and completelynnecessary for another. This feature is indicative
of the proteins high versatility antdis why itisknownas@ mul t i val ent dtact o
1996).

The mainZF domainis flanked by the NandC-terminus regions, both of which do not
appear @ be implicated in the binding process, however tiegprtedly can féect the resuk of
the interaction (Filippovet al, 1996).

There are three additional, less significant although not without function, binding motifs
within the Gterminal region of TCF. The first is KRRGRRtype AT-hook that possibly has a
role in DNA binding and prote#protein interactions in chromat{®hlsson et al., 2001, Aravind
and Landsman, 1998Jhe second one is a conserved SKKBDSE motif. The third is located
between the other two and it is an H&3mnain(Ohlsson et al., 2001)

The mokcular weight of CTCF was determined as 82 KBé&nova et al., 1993)

however it migrates at 130 kDa on SIPBGE. This abnormality was studied Kienova et al.



(1997)who concluded that this was the results of aberrant mobility on thePHNEE due to

properties of the Cand Ntermini regions.



Figure 1-2 Schematic representation of the CTCF protein structure
The main zinc finger domain is flanked layN-terminus and a @ rminus domain. The zi

fingers are employed in different combinations in order to interact with DNA or a target
to take place. Apart from the ZF domain another binding domain located in-tden{Du:

region is the SH3 motif. (Adapted froBhlsson et al. (200})



1.3 Biological Functions of CTCF

Since the discovery of CTCF as a transcriptional repreasgreat variety of functions
has been attributed to the protein including a role in cell cycle progressdproliferation,
genomic imprinting, insulation fution and chromatinarchitecture(Holwerda and de Laat,
2013, Ong and Corces, 2014, Ohlsson et al., 2001)

Thelist of very important processes in which the proteimvolved in is mainly a result
of its capacityto engage irmultiple proteinprotein and DNAprotein interactions and explains
why the presence of CTCF is crucial for thability of the eukaryotic cell (Klenovet al, 2002).
The most important functiored CTCFare discussed in thgection
1.3.1 Transcription Regulation

Transcription is a fundamental cellular process, involved in the main pathways of cell
maintenance, proliferation and death. It is the second step, after DNA replication, in the pathwe
to protein synthesisTranscription factor§TF) assime a regulatory role in the cell and their
binding to key DNA positions or, equally important the lack of it, decides the expression statu:
of the nearby gene. The balance between over and-ergegssion of a gene is very delicate
and requires a tightna fail-proof controlsystem, otherwisedth extremescan result irdisease

(Libermann and Zerbini, 2006, Spitz and Furlong, 2012)

CTCF was originally identified as a transcriptarepressor of the-myconcogee in
chickenand later it was reported have the same function for thenyconcogene in micas
well ashumans(Filippova et al., 1998, Ohlsson et al., 200@ther genes that are negatively
regulated by CTCHicludehTERT(Renaud et al., 2005, Renaud et al., 2007, Choi et al., 2010)
and the lysozyme gene, in conjunction with the thytmdmone response element (TREjvad
et al, 1999) Evidence accumulated highlighting its function as a transcription activator as well.
CTCF can activate several genes includihg amyloid b protein precurso(APP-b), human

pl4ARFand humarPIM-1 (Filippova, 2008, Vostrov and Quitschke, 1997)



CTCEF transcription regulatiorstudiesshowed that the flanking regions of the main
binding domaimmay also be indirectly involvednithe transcription factor activitygpecifically,
repressor activity i@ssociatedvith the Nterminal, the @erminal and the ZF regions, while
activation activity is localized in the-drminal regior(Klenova et al., 2002)

1.3.2 Insulator Function

Insulationis a transcriptionregulationrelated featureof chromatin. hsulator elements
are eenthamc efr , whichoprekeatr tsedsuccessful communication between the
enhancer and promoter regiamr 7 ¢ h r 0o ma whiclm prelvemtrthe iurevarded spread of
heterochromatin and facilitate the euchromatic state of chromatin, whinbres approactse
for transcriptionDNA. The exact mechanism that underlies the insulation proceswins
unclear howeverchromatin loop formation and lofrgnge chromatin interactiorfsequently
appear to be involved in the process. Insulator proteins can mediateatinrarchitecture
modulation and thredimensional looping in order to exert their functi@arkess and West,
2012, Van Bortle et al., 2014, Schwartz et al., 2012, Kyrchanova et al., 2013, Brasset and Vaur
2005)

CTCEF is the only knowrmammalianproteinto be involved in insulatiomnd has been
implicated in both enhancer blocking and chromatin barrier fun¢kon et al., 2007, Xie et al.,
2007, Herold et al., 2012Bell et al. (1999)first implicated CTCF in insulation function by

discovering that ibindsto the42 bpinsulation element athe chickend -globin, known to be

both necessary and sufficient for enhancer blocking activity in human (GHlsson et al.,
2010) Subsequently, more studies emerged highlighting the insulator function of W&tk

et al., 2010, Kim et al., 2011, Zielke et al., 2012, Eggeling et al., 2014, Splinter et al., 2006)
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Figure 1-3 Schematic rgresentation of protein insulation function

The insulator can block the communication between an enhancer and a promoter thus [
gene expression. This type of insulatio
promote the expressioof a gene by preventing the spread of heterochromatin in the
regional areas (b) (Adapted frdBmasset and Vaury (2005)



1.3.3 Genomic Imprinting

The expression of a gene can be restricted to only one of the two parental alleles, commonl
through methylation or o#r modifications that lead to the silencing of the athEnis conserved
epigenetic regulation method is employed mostly, but not exclusively, in the case of genes that al
important during development. To distinguish between the alleles and decide wtgchvilb be
expressed, an epigenetic mark such as DNA methylation can be found at the Imprinting Control Regic

(ICR) (Peters, 2014, Barlow and Bartolomei, 2014)

CTCFis involved in thisepigenetic inheritancghenanenon and thenodulation of thdgf2/H19
genesrepresents a classic model of genomic imprintiogwis and Murrell, 2004, Ideraabdullah et al.,
2014, Singh et al., 2012The methylation state of th€R of the twogenes differs between the two
parental alleles andnce CTCF binding is sensitive to methylatidrdefines whether CTCF will exert its
activity as an enhancer blocker or riBell and Felsenfeld, 2000, Kandutia., 2000, Schoenherr et al.,
2003) When the paternal ICR is methylat&i CF cannot bind to it. In this case the enhamséree to
activatelgf2, while in the opposite case, whthe ICR is urmethylated CTCF can bind to it, prevent the
Igf2 enhaner from acting and thus resulting in the expressiddX8 only (figure 1-4) (Reik and Murrell,

2000, Szabo et al., 2004, Yang et al., 2003)

Another imprinting egulation phenomenon that CTCF is involved in is the X chromosome
inactivation. In females, the expression of genes in one of the two X chromosomes is under epigene
silencing control; the choice mechanism is based on theoding Xist (inactive xspedfic transcrip)
and the antisensEsix (McCarrey et al., 2002)CTCF was implicated with the X chromosome silencing
when it was discovered that the promoterXi$t has a CTCF binding site and additionally tha¢ th
binding site of CTCF in thdsix promoter is under methylation conti&ugacheva et al., 2005, Chao et
al., 2002, Boumil et al., 2006More recent studies showed that betweést and Tsix at the X
inactivatian center (Xic), another CTCF binding site exists (RS14) and that blocking of this site causec

aberrant regulation of X chromosome expresé®pencer et al., 2011)
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Figure 1-4 Genomic imprinting of the 1gf2/ H19 locus

The expression oflgf2 and H19 is under genomic imprinting control exerted by the C
insulator function. The methylation status of the imprinting control region (ICRL6fdecide
whether CTCF can bind to it oot. In the maternal allele, the ICR is not methylated; CTC
bind to it and disallow the communication between the promotigfdaind its enhancer. In tl
case, theH19 gene is expressed and thgf2 is not. On the other hand, on the pate
chromsome theH19 ICR is methylated and CTCF does not bind to it. In this dgk&is
expressed and19is not (adapted frorReik and Murrell (200Q)



11

1.3.4 Chromatin architecture

The development of me techniques which allow higthroughput analysis of the
organization of chromosomes has offered new insight on CTCF function. Evidence from
independent studies pinpoints CTCF as an architecture protein able to mediatenithtiertra
chromosomal interaicins between distant sites.

MacPherson and Sadowski (20Xhtained biochemical evidence tH@T CF induces the
formationoffian unusual DNA structureo. They conc
and the zinc finger domain ohe protein is sufficient for the looping function to be exerted.
Later,Kim et al. (2011)tudied the Homeobox gene A lock#dXA)and discovered that CTCF
and cohesin act in collaboration to link higloeder chronatin state regulation with transcription
function. In particular, they found that CTCF keeps heterochromatin offl@€A locus and
acts as a docking system for the cohesin complex.

Sanyal et al. (2012used thechromosome conformation capture carbon copy (5C)
technique to show that 79% of long range interactions taking place in the cell need at least ol
CTCF site. This high percentage accentuates the importance of the involvement of CTCF |
chromatin structure odulation. CTCF can reportedly use the chromatin looping function to
tether distinct enhancers to their promoters, regulate alternative MRNA splicing anc
transcriptional pausing via RNA polymerase Il and to regulate the expression of complex gen
clusters(Ong and Corces, 2014)n the mammalian brain, the diversity between neurons is
achieved through alternatively splicing of the protocadher(P@DH) gene. The gene cluster is
composed of over 50 exons, allwhich have different promoters. CTCF and cohesin bind to
most of these as well as the distant enhancerrH3%e regulation of the isoform expression

relies on CTCF binding and facilitating chromatin loopifigure 1-5).
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Figure 1-5 CTCF-mediated chromatin looping is necessary for the transcription regulatic
of the PCDHA gene cluster

The human protocadherin KCDHA) gene cluster contains 15 exoicach of these 15 varia
exons has its own promoter. Promoter choice and the formation of an active chromati
mediated by CTCfeohesin DNA looping between the distal HE5enhancer and distir
promoters at the PCDHgene cluster (adapted frodng and Corces (2014)
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1.4 CTCF binding sites

Extensive research has been ainmdanalyzing CTCF binding sites, however the
combinatorial use of the CTCF zinc fingers allow it to bind to a wide variety of sequences
hindering the search far onsensus motfior CTCF binding(Filippova et al., 1996)

Despite the complexity of CTCF binding, 20mer motif has been identified dsighly
conserved in vertebratg&im et al., 2007)The wide variety of CTCF binding sites includes
some which are extensively evolutionarily conserved among different sgiiciesal., 2012)
while others are unique, not only between species but also between different cell types of tt
same speciefChen et al., 2012)

Computational methods hadvealed more than 13,000 potential binding sites for CTCF
within the human genome (Kinet al 2007) and with the employment of more recently
developed next generation sequencing (NGS) technitdpgesumber has risen to over 30,000
(Chen et al., 2012)Overall more than 15 million binding sites have been discovered in the
genomes of 15 species including human. The majority of CTCF binding sites are within 1000 b
of the transcription start sifg SS) of genes although binding in areas far from any gene has also
been reported. Although their function is mainly unknown, they could be utilized during
chromatin looping or other CTCF functiof@hen et al., 2012)

1.4.1 Next generation sequencing for theliscovery of CTCF binding sites

Transcription factors like CTCF exert their regulatory function mainly through binding to
DNA. Thevalueof identifying their genomavide binding siteias become cleaspeciallyover
the last decade and many techniqueshzen developeaiming atthe discovery and functional
analysis of the binding sites and matifs

Genomewide highthroughput techniques like chromatin immunoprecipitation
sequencing (ChH3eq) is used to discover the binding profile of transcription factmd

histoneqOuyang et al., 2009)ntegration of ChiFseq with RNAsequencingwhich reveals the
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cellular expression profile, can assist with the elucidation of gene regulatory mechanisms and tl
interplay between genetic and epigenetic regulg#orgelini and Costa, 2014, Gom€&abrero

etal., 2014)

1.5 CTCF involvement in cellular processes

CTCEF is involved in a wide variety of cellular processes by exerting different functions.

This is achieved through engaging in protBiNA or proteinprotein interactiongHolwerda and
de Laat, 2013) A selection of these functions is discussed in the followtrigectiors.
1.5.1 Cell Cycle

Previous studies have concluded thbhormalities in the expression levels of CTCF
have severe effects on the viability of thel ¢eleath et al., 2008)Tissue specific inhibition of
CTCF expressiomas acritical result in cell cycle progressipwhile CTCF knockout mice do
not survive beyond early embryonic stagEsippova et al., 2002)On the other hand, ectopic
expression of CTCF causes growth retardat:i
hinder DNAreplication(Rasko et al., 2001Yhesefindingsindicate that CTCF is necessary for
cell cycle progression and survival, but also that its levels tavemain under strict control.
The interacthn of CTCF with proteinknown to participate in the regulation of the cell cycle,
such as p2andp27 further sipport the involvement of CTCF ihé modulation of the cell cycle
(Heath et al., 2008, Phillips and Corces, 2009)
1.5.2 Apoptosis

Apoptosis is the term uselly Gershenson and Rotello (1992p describethe
programmed cell deat h and c ome s offo(aguePard,e C
2005) Studies on CTCF expression levels in breast cancer cell lsewell asnormal and
cancertissues revealed that CTCHs upregulatedin cancer cells(Docquier et al., 2005)

Surprisingly for a tumousuppressor candidatthis finding suggestedhat CTCF may have an
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antiapoptotic effect in breast cancer cells, which was confirmed by the detection of high level:
of apoptotic marker®llowing the removal of CTCF from those ce{Bocquier et al., 2005)
1.5.3 Nucleolar transcription

Guerrero and Maggert (201discovered that ibrosophila,CTCF binds to the regulatory
elements of ribosomal DNA (rDNA) and its absence leads to nucleolar fragmentation anc
decrease of rDNA silencing. In the repeat arraypaisophilarDNA approximatelyhalf of the
genes are active and the other half are inactive. CTCF binding appears to be involved in tl
epigenetic regulation of these genes and modulate ribosomal transcription in the nucleolu
Another study using the human HelLa cell line showed the¢rece of CTCF from the nucleolus
affects the organization of the nucleolus and results ifregplated rDNA transcription
(HernandezHernandez et al., 20120 addition to thisTorrano et al. (200&)iscovered that the
translocation of CTF into the nucleolus is associated with growth arrest, apoptosis in™CF
cells and differentiation of the leukemia K562 myeloid cells. All in all, evidence implicating
CTCF with the architecture and epigenetic regulation of the nucleolus is accumudatveyer

the exact mechanisms underlying this implication are not yet fully understood.
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1.6 CTCF and posttranslational modifications

Many proteins undergo pestinslational modifications which sometimes alter their
biological functions. CTCF can be mapedly subjected to phosphorylatigklenova et al.,
2001) SUMOylation (MacPherson et al., 2009r Poly(ADRribosyl)ation (PARylation)
(Docquier et al., 2009)

1.6.1 Phosphorylation

Phosphorylation describes the addition of a phosphate group to a protein and can cau
the activation or dactivation of the proteinDelgado et al. (1999¥irst studied CTCF
phosphorylation during myeloid cell differentiatiom leukaemia cell lines. From their
experimentst was observed that cells induced to differentiate were more highly phosphorylated
while cells that are in the proliferation process are uptesphorylatedAlso, they discovered
that phosphorylation is involved in the modulation of CTCF expression and cell differentiation
pathways can dictate the levels of phosphoryl@€QF.Klenova et al. (2001described that the
majority of thephosphorylation sites of CTCF are located on theer@inus region and to a
lesser extent in the ZF domain.

1.6.2 SUMOylation

SUMOylation is a relativelyewly discovereanodification which includes the covalent
attachment oémall ubiquitinlike modifier SUMO) proteinsin a substrate proteifAlontaga et
al., 2012) The number ofprocesses that it is implicatén is constantly increasing and includes
protein localizatiofWang et al., 2008, Saito et al., 201DNA damage(Cremona et al., 2012,
Sarangi et al., 2015kenescenc@vanschitz et al., 2013and transcriptior(Sun et al. 2013)
SUMOylation levels are increased asresult of stressful conditionkke hypoxia and this
increase in SUMOylated proteins is also somes followed by cell senescen@eanschitz et

al., 2013)
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MacPherson et al. (2009howel that the modification does not interfere with the DNA
binding capacity of CTCF while their findings also suggested the SUMOylation promotes the
suppressive role of CTCF on the P2 promotemgt Recently,Wang etal. (2012b)discussed
the deSUMOylation of CTCF as a means to regulate its activity in hypoxic conditions, based or
experiments conducted on human corneal epithelial cells
1.6.3 Poly(ADP-ribosyl)ation ( PARylation)

PARylation is a phylogestically ancient rachanism, important for the cellular stability
mostly by playing an important role in the defense mechanism against threatsntedhiey of
the genome. These threats, such as endogenous or exogenous DNA damage, activate PARyla
and are at the samiene the target of its activity. PARylation is involved in many other cellular
functions among which are DNA replication, gene expression and cellular differen{abba
et al., 2015, Robert et al., 2013, Burké00)

PARylation has been widely linked to CTCF. The insulator and transcription factor
functions of CTCF are reportedly by PARylati¢¥iu et al., 2004a)Docquier et al.(2009)
showed that PARylation of CTCF results in the formation of the 180kD CTCF isoform
(CTCF180) which can be detected both in normal and in cancerous conditions. The Co@F130
the other hands hypoe or nonPARylated and appears manyimmortalizedcell lines and in
cancer tissues, including breast tumours.

The PARylation of CTCF is of particular interest for the present study and this

modification will be discussed in more detail in the followssgtion
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1.7 PARylation and the PARP polymerases
1.7.1 PARylation

PARylation utilizes cellulamicotinamide adenine dinoucleotide (NADas a substrate
with a reaction that involves the breakage of the glycosylic link between the nicotinamide and
ribose followed by the release of the first along with a protod,the usage of the ribose as a
substratdor the formation of ADPR monomer$his is followed by the polymerization of these
monomersand the attachment dfie resultingpolymers to a glutamiccad residue of darget
protein(Figure 1-6) (Kim et al., 2005a)

PARylation is catalyzed by enzymes callegdyfADP-ribosgpolymerases (PARPsThe
enzyme family contains more than 10 proteins which levemon structure and/or functions
(Nguewa et al., 2005)hile themostsignificantand extensively studied omd the enzymes is
PARP1 (Kim et al.,, 2005a, Kim, 2011)PARP familycharacteristic functions include the
addition of the ADPR moieties to target proteins, as well as the elongdtibase by creating
ribosytribosyl bonds. This may result in linear and/or branched polymers of various lengths
ranging from only a few to more than one hundred resiMesndozaAlvarez et al., 2000)The
variety in the size of the polymers can be attributed to their rapid degradation BARE
enzyme as well as the nature of the proteins that they are attached to. Not all PARPs ca
catalyze the whole range of the PAR&MIly-characteristic reactions; for example, the -non
hydrolytic cleavage of the protein proximal ADPR moieties is one function restricted to the
enzyme ADPribosyl protein lyase onl{Buerkle, 2008, Oka et al., 1984

The effect that PARylation exerts on its target proteins can be traced back to the functio
of the polymers. Structurally, they incorporate features found in polynucleotides and/ ol
polysaccharides while they are also significantly negatively chaly®d consequence, they
affect the structure and the biochemical characteristics of the acceptor protein leading t

important changes in its functi¢Buerkle, 2008, Heeres and Hergenrother, 2007)
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Known PARP targetsare involved in many cellular functions such as PCNA,
topoisomerase |, p53, XRCC1, N, CTCF, histone proteins and othéBuerkle, 2008, El
Khamisy et al., 2003, Wesierskzadek et al., 2005, Hegedus and Virag, 2000 variety in

the spectrum of targets highlights the importance of this modditdbr the cellular fate and

health.
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Figure 1-6 The metabolism of poly(ADRribose) (pADPr)

PARPs biosynthesize pADPr from NABvhile PARG degrades the polymer ADP-ribose
(ADPr). The monomer pADPr can be covalently attached to aspartic acid, glutamic
lysine residues of acceptor proteins and the ADPr units of the polymer are connec
linear or branched mannergn et al. (2012)
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1.7.2 PARP polymerases
1.7.2.1 PARP1

PARP1 is the mostxtensivelystudiedenzymebelonging to the PARP fanyil The gene
coding for the protein is located on chromosome 1, locus 1942 and the protein can be four
mainly throughout the nucleus, as well as the centrogdegninChanet et al., 2010)The
structure of PARP1 includes three distinct domains that play diff@ats related to its function
(figure 1-7). The first is a binding domain that infers the polymerase activity and which is
located on tB Gterminal region. It is a highly conserved hdiop-helix motif, which is
considered to be the signature domain of the protein and plays the major role thihtihiy
and synthesis of the PAR polymdiidegnin-Chanet et al., 2010, Kim et al., 2005ahe N
terminal DNA binding domain (DBJPcontains twazinc fingers and is responsible and necessary
for DNA binding and the recognition of DNA lesions, in a manner that is not dependant on
specific DNA sequencegKo and Ren, 2012)This interaction with DNA results in a
conformational change in the molecule that increases its catalytic activity greatly. The zin
fingers are also involved in the amaction of PARP1 with protein partners and with other
PARP1 molecules. Between these two domains a central 22kD domain can be found whic
contains the site which is responsible for amtadification (Ko and Ren, 2012)

For a long time PARP1 was thought to be the only PARP polymerase, however the
existence of more members such as PARP2, the tankyrasestil#&i3i protein lyase is nhow

well documented.
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Figure 1-7 . The domain structure of human PARP1

The structure of human PARPL1 contains the DiNding, the autenodification and catalyt
domains (domains ). The PARP signature sequence (in dark blue within the Fyte
domain) is the most conserved between the PARPs. (Zn | and Zn lfidgec motifs- NLS

nuclear localization signal (adapted frdegninChanet et al. (201R)
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1.7.2.2 PARP2

PARP2 s the second most studied PAR®w@ne andlike PARP1,it is involved in the
detection of DNA damage. Whereas PARP1 detects single, double strand breaks and vario
types of lesions, PARP2 is mostly responsible for recognizing gaps and flap str{8tole®t
al., 2014) Until recently PARP1 and PARP2 were considered to be the only member of the
PARP family to be involved in DNA damage repair. However, recent studies have also prove
that PARP3 can detect doubleastd DNA breakgBeck et al., 2014)PARP2 only represents
10% of the activated PARP activity after DNA dam#Beerkle, 2008) One can therefore infer
that PARP1 acts as the main contributor in the detection and of the DNA strand breaks and tf
alarm mechanism that is activated against the instabilifydhe cause to the cell.

PARP?2 is a 66kD protein with the coding gene positioned on chromosome 14g11.2. Th.
structure of the enzyme resembles that of PARP1 with a catalytic and a DNA binding domai
found in the € and N terminal regions respectively. Thautomodification domain is not
present and the protein is thought of as
structure and function led scientists into believing that PARP2 asteda fback upo
PARP1, however evidence today swEgis that the enzymes have unique r@ksck et al.,
2014) For example, except for the centromeres, PARP2 can be also found at the telomer:

which is feature not shared with PARuerkle, 2008)
1.7.2.3 Tankyrase-1

The tankyrasd gene is located on the 8g23.1 chromosome and codes for a 142KkLC
protein. Tankyase is aother member of the polDP-ribosyl)ation polymerase family carrying
the characteristic catalytic domain at the C terminal region. It differs from the previously
described PARPs in that the polymers it creates can only be linear and more ithparidmes

not contain the N terminal DNA binding domain. Lack of this domain means that the protein
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does not have the capacity to detect DNA strand breaks and it is therefore not involved in tt
pathway which is activated in response to genotoxic stidss enzyme can be found on the
chromosomic telomere region and is involved in the maintenance of telomere length, mainly b
interacting with the telomericepeat binding factor (TRE) (Chang et al., 2005, Cook at.,

2002) TRF1 is part of a nucleoprotein complex that protects telomeres. PARylation by
tankyrasel exposes the telomere and telomerase can then add telomeric (epktatset al.,

2008)

1.7.3 PARP inhibitors

PARP inhibitors are used as chemosensitizers and cancer therapeutics, based on 1
inefficiency of tumour cells to repair DNA double strand breaks (DSB). The rationale behind this
strategy is thatnduction of single strand breaks (SSB) together with blocking of the enzymes
that are involved in the repair (PARPSs) will result in the accumulation of DBS that the tumour
cells cannot repair and thus eventuadlyell death(Underhill et al., 2011)

Because of the common structural organization of the PARPSs, all of the family member:
can be inhibited by -Ammobenzamide which binds to the nicotinamide regibthe NAD
binding site and prevents the enzyme to bind and use KB\2rkle, 2008) Several PARP
inhibitors are currently in clinical trials including Ti®, olaparib and ABT888. PARP
inhibitors mainly target PARP1 however a lack of strict target specificity is common between all

inhibitors (Wahlberg et al., 2012)
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1.7.4 Poly(ADP-ribosyl)ation and DNA damageresponse (DDR)

PARylation is involved in the response mechanism against DNA dahaenga and
Althaus, 2@5, Zhou and Elledge, 2000, Golia et al., 2015, Oliver et al., 19883tly PARP1,
but also PARP2, can detect single and double strand DNA breaks leading to an increase in t
catalytic activity of both PARP proteins. Recently, PARP3 also emerged ast af flee DDR
(Beck et al., 2014) PARP16s affinity for single DNA
the cell(Shall and de Murcia, 2000When activated, the two PARPs modify themselves and
then recuit and PARylate other important proteins. A very important part of their role is this
recruitment of DNA damage checkpoint proteins which will later on coordinate the downstrearn
events and decide the fate of the cell. Target proteins of the PARPs alirh@ammon a
polymer binding domain comprised of-26 amino acid¢éBuerkle, 2008) Interesingly, in many
cases this domain overlaps with other functional domains of the acceptor proteins and tht
binding of the polymer causes a disruption of other functions and/or interactions of the targe

PARylated proteingBuerkle, 2008) perhaps highlighting the high priority of the repair function.
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1.7.5 Poly(ADP-ribose) glycohydrolase PARG)

PARPs atalyze mono(ADRibosylation of the acceptor protein substrate, elongation
and branching of the poly(ADRbose) chain. The polymers can yan length of unitsandthey
have very short halife. The polymerization can be reversed by an enzyme callggdARd-
ribosg glycohydrolase (PARG) which can cleave the polymer bran®@wmscalzi et al., 2005)

There is only a single gene coding for PARG localized on chromosome 10g11.23 an
three different isoforms of the protein can be detected asudt d alternative splicing of the
gene transcripts. The gene comprises of 18 exons and 17 introns and from these, the cataly
region is found between introns 9 and (HMade et al., 2011, Hassler et al., 20The largest
PARG isoform can be found in the nucleus and has a molecular weight of 111kD. The two splic
variants are detected in the cytoplasm and lack the first one and two exons resulting in a 102k
and a 99kD isoform respectively. The nuclear loctibrasequence (NLS) is on exon 1 which
explains why the two splice variants are not localized in the nu@éexerFicca et al., 2004)

The PARGenzyme is activated as a result of increased concentration fAp&Yy
ribose and has a balancing effect. It acts by hydrolyzing ribose bonds and releasing free ADI
ribose residues from both linear and branched forms of polyjARRe (Slade et al., 2011)
PARG was disceered diring the decade of 1970, itjgesent in all eukaryotic cells apémm
yeast and its isoformare differentially localized in the nucle@®onicalzi et al., 2005)Mostly
due to the fact that PARG is present in small amounts in the celyjirstuit has been proven to
be a difficult taskExperimentson directed mutations of the genebDmosophilashowed thatack
of it prohibited the larvae from developingo adult flies. The small percentage of flies that did
progress to adulthood, suféer from neurodegeneration, pointing to the fact aRylation
and, equally importantly the regulation of PARylatimalso involved in the normal function of

the neurongBonicalzi et al., 2005)
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1.8 Project aims

CTCF has been pinpointed akey regulator of rany important cellular functiongainly

through engaging in proteidNA interactions throughout the gene. However, the role of

poly(ADP-ribosyl)ationof CTCF in the regulation of cellular processesaswell understood.

We hypothesie that differentidy PARylated isoforms of CTCFQTCF130 and CTCF180)

contol different groups of genedHypothesis 1) and different functions (Hypothesis 2) in

different biological situations. To investigate Hypothesis 1 the following Objectives will be

studied as follows

To identify the binding sites dhe CTCF isoforms (CTCF130 and CTCF180) using a
cell line model LDM226, proliferating expressing CTCE30 and CTCF180) and
arrested dxpressing only CTCF180). Thehighthroughput chromatin
immunoprecipiation (ChlRseq) techniquwiill be used to achieve this Objective

To identify gene expression profiles in the above cell line model by employing the
high-throughput RNASeq technique.

To integrate the ChH8eq output data with the global mMRNA expresgoofile data
generated by RNAequencing on the same cell model. This integration will provide
useful information regarding the potential of CTCF180 as a gene expression

regulator.

In the second part of our investigation, we will focus on the involvenfé@dTGF PARylation in

the DNA damage response mechanism and test Hypothdsisahieve this, Objectivly will

be studied as follows:

V.

To investigate the role of CTCF PARylation in the context of DNA damage and
repair. The cellular expression ratio anddhbization of CTCF, as well as the effect of

PARYylation inhibition will be studied in response to induced DNA damage.
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Chapter 2 Materials and Methods

2.1 Celllines and alture techniques

All cell culture experiments were performed in laminar flow type Il hoods (Thé&istter
Scientific, USA) using sterile plastic and glassware. 10% Virkon (DuPont, USA) solutions and
70% ethanol were used to ascertain aseptic conditidhsell lines were maintained &7°C in

a 5% CQ (SANYO, USA) incubator.

2.1.1 Celllines
The majority ¢ the experiments conducted in this study utilized the cell line 226LDM

which derived from normal luminal breast cell$is cell line wasimmortalizedusing the viral
constructs carrying the modified T antigen, TAg(U19e#89 (Cotsiki et al., 2005)Selected
experiments were performed using a panel of cell lines derived froAramsformed cells such

as the immortalized human Benign Prostatic Hyperplasia {BRHayward et al., 199) and the
human foreskin fibroblast cell line Hs27. A panel of cancer cell lines was also employec
including the human epithelial cervical cancer cell line Hé¢Baherer et al., 1953nd tle
human ductal carcinoma cell line ZF%.1 (Engel et al., 1978)in addition to these, the human

embryonic kidney cell line 293T was also utilizg&lBridge & al., 1987)

2.1.2 Culture media
For culturing 226LDM cells the growth mediubMEM/F-12 (PAA) was supplemented

wi t h /r8linsulgn,1 £ngl hydrocortisone, 20 ngml epidermal growth factor, 20 rignl
cholera toxin (all from Sigma), 10% fetal bovine ser(RBS) (Biosera) and /&0 ¢
gentamicin(Life Technologiednvitrogen)

The growth medim usedfor culturing Hs27,HeLa and 293T cells was thBMEM
(Dul beccods Modi f(RAA-GE Healthdaressippléireentad witli )% of FBS

(Biosera)a n d 3 @l ofgentamicinLife Technologiednvitrogen)
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The ZR75.1 and BPHL cells were maintaed in RPMI 1640 medium (PA&SE
Healthcare) supplemented with 10% FBS (Biosera) ande§0/ ml gentamicin (Life

Technologiednvitrogen).

2.1.3 Cell culture techniques
2.1.3.1 Passaging cells

All cell lines used in this study grow adherently in a monolayer and repasgaging when
reaching approximately 780% confluence. To trypsinize, the spegrowth medium was
aspiratecand 2 ml of EDTA(1X) (SIGMA) wasused for washing the cell§o detach cellsl mi
of warm 10% trypsin/EDTA(SIGMA) was addednd the flasks werancubatedfor 2-10 min
incubation at 37C. Especially for the 226LDM cells, due to being strongly adherent to the flask,
3 ml of trypsin were added instead of 1 ml and the incubation time was raisee2€ .

After confirming under the microscope thhe cells had detached, the trypsin in the flask was
diluted ten times with warm complete culture medium and then the cells were carefully
transferred into a centrifuge tube. The cell suspension was centrifuged at 450 g for 5 min and t
supernatant wasspirated off. The cell pellet was-seispended in fresh growth medium and-one
tenth of the suspension was transferred in a culture flask for future culture. The remaining ce

suspension was used according to the requirements of other experiments.
2.1.3.2 Counting and seeding of cells

Cells from the final cell suspension as described 2ri.3.1 were counted using a
haemocytometer. Theoncentration of cells per mlas determined by callating the average of
cells contained itthe fourcorners of a hemocytometer and multiplying it by 4@epending on
the experiment, the cells were diluted to the required concentration using growth medium an

seeded in6or 12well plates or flasks.
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2.1.3.3 Freezingand defrosting cell stocks

Cells were trypmised as described ir2.1.3.1 counted and 1 ml of cell suspension,
containing approximately 1 x i@ells, was mixed with 1 ml of freezing mix composed of 20%
Dimethyl SulfoxideDMSO (SIGMA) and 80% FBSThe suspension wasafrsferred to a
labelled cryotube wrapped insulating material t@nsure that the drop of temperature will be
achieved graduallyThe tube was stordd -80°C and after B days it was moved to tHiguid
nitrogen storage tank

To defrost cells, thergotubes containing cells weremovedfrom the liquid nitrogen tank
on dry ice The following day, the cells were defrosted by placing the vial under warm running
water The defrosted suspensiaras addedo warm completenediumandcentrifuged at 20
for 3 minutes. The pellet was -gispended in @l of complete medium and transferred to a

small flask. The flask was maintained at@and 5% CQuntil reaching confluence of 780%.
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2.2 Cell culture treatments

2.2.1 Cell cycle arrest treatment with hydroxyurea and n@odazole
Cells approximately 600% confluent were stripped off their spent medium and fresh

culture medium containing 100 zm hydroxyurea was added to the flaskheT cells were
incubated for 24n at 37C and CQ. After the end of the incubatiotime, the ells were
incubatedin fresh complete mediudor 1hrat 37C and CQ After 1 hr the complete medium
was aspirated off and fresh medium supplemewidd500ng/ ml nocodazole was addefifter
24 hthe detachedtells wereharvested, counted as describe@.il.3.2andused fora variety of

assays.

2.2.2 DNA damage
2.2.2.1 DNA damage caused by exposure to hydrogen peroxide {Bk)

Cells were seeded in 42ell plates (commonly 1.5 x 20well) and grown on coveslips
until reaching approximaty 70% confluence. At that time, the spent medium was aspirated off
and fresh complete medium containing 200 H,O, was added to the wells. Depending on the
requirements of the experiment, the treatment was allowed for differenfptimes varying
between 5 and 90 min at all times incubated atG3and CQ. After the completion of the
treatment, the cells were fixed with 4% paraformaldehyde for immunostaining experiments o

harvested and lysed if they were used in a western blotting experiment.
2.2.2.2 DNA damage caused by exposure to -Xradiation

Cells grown in flasks were trypsinised (as described?.ih.3.) and aliquoted to
microcentrifuge tubes with a concentration of 6 X1€ube. The cells were placed in an iron ice
box andthen irradiated usingn Xr ay gener at or f r omTheddse tdlel |
delivered was applied by variation of irradiation time at a fixed dose rate. The irradiation

parameters were: 70 keV energy, 26 aluminium filter, and 9.4 mA current.
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2.2.3 Treatment with the PARP inhibitor ABT -888
Cells were seeded in 1®ell plates and grown on cowvslips. When they reached 70%

confluence the spent medium was removed and fresh medium was added supplemented with

10eM ABT-888. The incubation, &7°C and CQ varied between 2 and 12



33

2.3 Mammalian cell transfection

Transient transfection is a method of introducing exogenous DNA into the nucleus of
eukaryotic cell§Scangos andiRldle, 1981, Scangos et al., 198)asmid DNA carrying a gene
of interest was transfected into mammalian cells for the purposes of this PhD study. Descriptior
of the plasmids used in this study are summarizethlie 2-1. Two transient transfection
methods were used; the calcium phosphate method and the SuperFect transfection reag

method from Qiagen.

2.3.1 DNA transfection using the calcium phosphate method
The calcium phosphate method is based on thmdtion of micreprecipitates in DNA

calcium mixtures. These adhere to the surface of cells and enhance the DNA uptake capacity
cells(Kingston et al., 2001)

Cells reaching 600% confluence were stripped of their spent medameh supplied with
growth medium without antibiotic. They weracubated in this medium for 1. Hn the
meantime, the transfection solutions were prepared. For each well efvalll@ate a total of
100 ¢l of transfection solution was prepared. This composeday @f plasmid DNA in 5Cl|
TE buffer (10mM Tris/HCI pH 8.0/ 1 mM EDTA) and 2M CaClkL. The mix was carefully added
to 50¢l of HBS buffer (Hepes 50 mMNaCl 280 mM/ sodium phosphate 1.5 mM) eTixture
was incubated for 20 min, then transferred dnoge into the well anéhcubated for a period of

48 h

2.3.2 DNA transfection using the SuperFect transfection reagent (Qiagen)
According to the manufacturer, SuperFeansists of activatedendrime molecules with

a defined spherical architectufiéhese are branched and have charged ends that attract the
negatively charged DNA. The DN&endrimer structures adhere to the cells and they enter the
cell through norspecific endocytosisThe reagent budrs the pH of the endosome, leading to

pH inhibition of endosomal nucleases, which ensures stability of Supebfé&tcomplexes.
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Transfection using the SuperFect transfection reagent from Qiagen was used for enhanc

transfection efficiency followingtheann uf act ur er 6s i nstructi ons.



Table 2-1 Plasmids used in transient DNA transfection experiments
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Plasmid

Description

Source

pEGFP-C1

Enhanced Green Fluoresce

Protein

Clontech

PEGFP-CTCFwt

CTCF cDNA cloned in

pPEGFRCL1 vector

(Farrar et al., 2010)

pPEGFP-CTCFmut

PARylationi deficient
CTCF cDNA cloned in

pPEGFRCL1 vector

(Farrar et al., 2011)
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2.4 General microbiology techniques

2.4.1 Bacterial culture
All bacterial culture work was carried out aspecific laminar flow hood designated for

bacterial work DH5U, anEscherichia coli (E. coli) strain, were the competentlisg(Invitrogen)
used for plasmid transformatigilanahan et al., 1991The bacterial cells we grown in Luria
Broth (LB). To prepare liter of LB we used 10y NaCl, 10g Bactotryptone and § yeast
extract supplemented either with 189 / ml of ampicillin (SIGMA) or 50eg / ml kanamycin

(SIGMA).

2.4.2 Amplification of plasmid DNA using bacterial system
2.4.2.1 Transformation of competent cells

Competent bacterial cells (DHBwere thawed on ice. 0gg of the plasmid DNA was added to

50 ¢l of the canpetent cells and the mix was incubated on ice for 30 min. The cells were hea
shocked by placing the tubes in a Relaick at 42C for 20 seconds. Following the heat shock
the cells were immediately placed on ice. After 2 min, &56f warm LB medium wasdded to

the cells. The tube was placed in the Stuart Orbital shaker incubator S150rptr226d 37C

for 1 h. From the cell suspension, 18l0were spread onto an agar plate containing antibiotic.
The remaining cell suspension was centrifuged at 2586r & min and the pellet was -re
suspended in 106l of LB. a second agar plate was plated and both plates were incubatec

overnight at 37C. Bacterial colonies could be seen in both plates the following day.
2.4.2.2 Inoculation of LB medium for plasmid DNA extraction

From one of the plates prepared as describe?2l4rP.1a single colony was carefully
picked using a sterile tip. The colony was dropped in a culture tube containing 5 ml of LB
medium supplemented with antibiotic. The oot was incubated overnight in the Stuart Orbital
incubator a37°C. The following day, 3 ml of the transformed bacterial cells were harvested by

centrifugation (5000 g 3 min) and used for small scale DNA extraction. The remaining 2 ml
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were stored at°C. Once enzymatic digestion of the isolated DNA confirmed that the plasmid
transformation and culture was successful, the stored 2 ml were used for the preparation

culture for plasmid isolation at a bigger scale.

2.4.3 Plasmid DNA isolation from bacterial celk
2.4.3.1 Small scale plasmid DNA isolation

Plasmid DNA was isolated from the small scale culture that was prepared as described
2.4.2.2 This was achieved using the QIAPrep Spin Miniprep kit (Qiagen) following the
ma n u f a crstuuctiens. 6I'Be quality and quantity of the obtained DNA was measured by

using the NanodropNR 000 spectrophot ometer wusing the
2.4.3.2 Large scale plasmid DNA isolation

For isolation of larger quantities of plasmid DNA, the Endotdxae Plasmid Maxi prep
kit (Qi agen) was used according t o t he

spectrophotometer was used to assess the quality and quantity of the isolated DNA.

2.4.4 DNA quantification and quality control
2.4.4.1 Isolated DNA quality control using restriction enzymes

Enzymatic digestions were done on plasmids prepared as describhddiimn each case
a detailed restriction site map was generated using the online software NEE\4uttee et al.,
2003) Onemicroliter of the appropriate restriction enzyfk@stDigest from Thermo Scientific)
was used to digestelg of plasmid DNA. In the solution the appropriate buffer solution provided
by the manufacturer was also added. The reaction was incubated for 30 mfiC ate®are

running the digested and undigested DNA in agarose gel.
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2.4.4.2 Agarose gel electrophoresis

Agarosegel electrophoresis was used to measure the size of the digested DNA (and RNA
according to how it migrates in the agarose matrix in response to electric current. Agarose g
was prepared by 1 g of agarose powder (for 1% gel) added to 100 ml DAE (Tris Acetate
EDTA) as well as %l of ethidium bromide The samples, containing a tracking dye (30%
glycerol/ 0.25% bromophenol blue), were added to the wells of the gel and the gel was run in
x TAE (40 mM Tris/ 20 mM acetic acid/ 1 mM EDTA) buffer. Apart from the samples, a DNA
ladde (GeneRuldE D NA |, Bednmkertas) of appropriate size range was also loaded in
parallel to help with the estimation of the unknown samples. The samples could be visualize
under a UV light system (Alpha Innotech and Fusion Fx7 from Peqglab, Germanysbéatdhe
ethidium bromide which is contained in the gel and has the capacity to intercalate into DNA

(LePecq and Paoletti, 1967)
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2.5 Automated Fluorimetric detection of Alkaline DNA Unwinding (FADU)
assay

The automated fluorimetricetiection of alkaline DNA unwinding (FADU) assay was used
to measure DNA strand breaks in large populations of @elitsenc Villanueva et al., 2011)
The assay is based on the principles of the original work Bonboim and Jevcak (1981The
automated FADU modified borencVillanueva et al. (2009produces lessids by being
conducted by a liquid handling robot in a controlled environment. The assay has increase
throughput while requiring smaller number of output cells per assay compared to its predecess:

An overview of the steps involved in FADU can be sieeiigure 2-1.

2.5.1 Cell preparation
Cells (6x 10°/ well) were seeded in custemade 96well plates, treated and allowed

repair incubation time according to the experiment requirements. After the completioa of
treatment/ repair protocol, the culture medium was aspirated off the well plate and the plate we

positioned in the working space of the rdbalevice and kept in dark at@.

2.5.2 Lysis
In an automatic manned,i s pensi ng ddffer(® & ured/ 10orfM NeQH2.5 s

mM cyclohexytdiaminetetraacetate / 0.1% sodium dodecyl sulphatieRT)was completed for
eachwe | | at a I @ tnabatoh with ®i® buffet for 12 min causes the cellular

memlranes to lyse and the contents of the cells to come into solution.

2.5.3 DNA unwinding
Following cell lysis,7 0 ¢ | of alkaline solution (0. 4

precool ed to OAC) was added on top ecbndtayee c
thus avoiding any mixing with the lysafBo achieve this, the robotic pipettes were placed at a

controlled distance from the wedlates and the dispensing speed was lowered & 18. The
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pH of the cell solution during the 12 min inculatiwith this buffer reaches 12.5 which causes

the unwinding of the DNA double helix in the contents of the samples.

2.5.4 Neutralization
To stop the DNA unwinding after the 12

sol uti on-mérchptoetnafdl 1IbM gucose) wer e addel/dks. Aathis a

point the temperature was shifted to 22AC

255 Sybr GreenE addition and fluorescence de.
156 ¢l of dil ut ed ,Of@Frdnr M&BiEee, ernahy) Bere3li8p&nsad n

onto the samples and the rologpipettor mixed the solution by-seispendingThe fluorescence

emitted from the samples was analysed immediately in a fluorescence plate reader at 492 r
excitation/ 520 nm emission. As SybrGreen intercalates to double stranded DNA, the level o
fluorecence was inversely correlated with single stranded DNA representing DNA

damage.Statistical significance was evaluated by ughhest
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( ) (6. Measurement of )
1. Cell preparation fluorescence 7. Statistical analysis
According to the damage Immediately after the and interpretation of
and repair experiment addition of SybrGreen - data
protocol fluorescence levels are -
\ y \_measure in a plate reader )
e ™ . ™
2. Cell lysis 5. SybrGreen®
Disruption of the cellular The fluorescent dye
membranes to free cell intercalates to double
contents into solution stranded DNA
\. J \. J
3. DNA unwinding o
Highly alcaline (pH 12.5) 4. Neutralization
environment causes the Quenching of the
unwinding of the double unwinding process
DNA helix

Figure 2-1 Diagrammatic representation of the stapes included inthe automated FADU

assay
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2.6 Total RNA extraction and purification

For RNA experiments, all work was done under a fume hood using sufficient amounts o
the RNA decordamination solution RNaszap (Life Technologigs Total RNA from cell lines

was extractedusig t he TRIsure reagent (Bioline) ac:

2.6.1 Extraction of total RNA from cell lines
Cells were cultured in a flask until BD% confluent. At that point, the medium was

aspirated offand 2 ml of icecold PBSwereadded tathe attached cells he flask was drained
again and new PBS was added (1 ml). The cells werapged off and collected in a
microcentrifugetube. Centrifugation at 300 g for 5 min was dotweobtain a cell pellet. The
supernatant was removed and the whabured pellet was fsuspended in 1 ml of PBS. The
pellet was once again centrifuged and the supernatant removed. 1 ml of TRIsure was added
the pellet and following rsuspension, theokition was incubated for 5 min at R200¢l of
chloroform were added aritle tube was shaken with force and incubated fomitbat RT. At

this point the solutiorthad separated o three phases, the top aqueous phase, the white phase
and the oily bottom layer. The solution was centrifuge®,50 g for 15 min at 4 and the
separated top aqueous layer was carefully extracted and transferred into a fresh centrifuge tu
The volume of this separated phase was approximatelyeR5The genetic material was
precipitated with 628 of isopropanol andincubated for 20 min on iceThe solution was
centrifugedunder the same conditions as previously, the supernatantemnoved and the pellet
re-suspended in 1 ml of 75% ethanol. The 8oluwas centrifuged for 15 miat 4£C at6000 g

The ethanol washqstep was repeated twice before removing the supernatant completely an
air-drying the RNA pellet. The RNA was solubilized in sterilewa#&% 0 €|l ) and he

min at 55C. The pellet was stored &0°C.
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2.6.2 RNA quantification and quality control
2.6.2.1 RNA guantification using the Nanodrop ND-1000

The Nanodrop NELOOO was used for the quantification of the RNA samples. The
manuf act wctiens were followed Nanodrop results are adequate for assessing the
concentration of RNA samples but not to establish the integrity of the samples and to identif

DNA contamination. For this reason the Bioanalyzer 2100 by (Agilent) is preferable.
2.6.2.2 RNA quality analysis using the Bioanalyzer 2100 (Agilent)

The quality of the RNA samples was assessed using the Bioanalyzer 2100 by Agiler
according to the manufacturerds instructio
it is an efficient methodor testing the quality of RNA samples prior to microarrays and
sequencing techniques. The quality of the RNA was assessed from the electropherograr
obtained at the end of the analysis. Only RNA of acceptable quality was used for the RNA

sequencing expenents.
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2.7 Methods for protein extraction and analysis
2.7.1 Preparation of cell extracts for SDSPAGE

Cells were trypsinied and centrifuged for 5 min at 400 g. The obtajpeitet was lysed
immediatelywith SDS lysis buffef0.1 M Tris/HCI pH6.8/ 7 M Urea/ 4% SDS, phenol red dye
and 10%b-mercaptoethanckdded beforeuyevi t h a r at i o o fx1@@ellse | |
The lysate wawortexed andcheated at 9% for 5 min The prepared samples could be used

immediately or stored a20°C.

2.7.2 Preparation of acrylamide gel Sodium Dodecyl Sulphaté Polyacrylamide Gel
Electrophoresis(SDSPAGE) and Western Blot

SDSPAGE is a method commonly useat the separation of proteins by electrophoresis
based on their molecular weigi@thrambach and Rodbard, 19714 porous polyacrylamide gel
is used as a matrix and sodium dodecyl sulphate (SDS) is used to denature and negatively cha
the proteins of interest. In SEFFAGE, proteins migrate on the gel according to their size from
the negative to the positive pole of the gel tank. Smaller proteinel faster through the pores
of the gel, while larger proteins migrate slower.

In this study an SD®AGE apparatus from Bio Rad was used. The composition of the
buffers used in these experiments can be sed¢abie 2-2. The cell lysatesvere prepared as
described in2.7.1 and together with a pr&tained protein marker they wel@aded on a0%
acrylamide ge(the composition of the gels can be seetable2-3). After the electrophoresis in
running buffer (125 V/ 40 mA/ 2.5 h) the gel contained all the proteins of the cell lysates
separated according to size. To detect and visualize a specific protein of interd3AGBSvas
followed by Western BlottingTowbin et al., 1979)

Western Blotting is a technique that follows SBAGE and involves the transfer of all

the proteins resolved in an acrylamide gel onto a membrane. This membrane can then |
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incubated with a specific antibody which will bind to the protein of interest. This binding can be
visualized and the protein size can be compared to thetgireed marker.

The resolved proteins dnmarker were transferred to alyvinylidene difluoride
(PVDF) membrane (Millipore, USA). Prior to the transfer, the gel was incubated in running
buffer 1% methanol for 15 min and the membrane was hydrated in absolute methd@el %o
sec and rinsed with RO-B. A stack consisting of 10 Whatman papers soaked in transfer buffer,
in the middle of which the gel and membrane were placed, was put on the surface of the blottir
apparatus. The sefdry transfer was set fortiburs(30V / 100 mA).

After the transfer, the membrane containing all the proteins was washed in 20%
methanol, rinsed with RO J@, and incubated overnight in blocking buffer, which prevents
nonspecific binding. The membrane was then probed with the primary an(gemisble2-4 for
concentrations) for zh and then washed thrice with washing buffer. The membrane was
incubated with the secondary antibody (prepared in blocking buffer) fora2 RT. The
membrane waginally washed 3 times for 5 min each in washing buffer. All the secondary
antibodies used in our study were conjugated with the horse radish peroxidase (HRP) enzyr
which reacts with the substrate (UptiLight) provided in the Enhanced Chemiluminescence Ki
(ECL) (Interchim). The development of the signal with chemiluminescent peroxidase substrat:
for blotting was performed in a dark room using a red light and the signal was capmuaed
autoradiography film (Kodak, Japan). The signal on the film wasaWrd using the GBX
Developer and Fixer (Kodak, JapaRpr some of the Western blotting experiments in our study,
the signal was visualized using the Fusion FX7 gel documentation system from Pegla

(Germany).



Table 2-2 Composition of buffers used in SDPAGE and Western Blotting

Buffer

Composition

SDSLysis Buffer

0.1M Tris/HCI pH 6.8, "M Urea, 4% SDS, phenol red dy

2 b-mercaptoethanol (just before use)

Resolving Buffer

2 M Tris/HCI(pH 8.9), 0.2% SDS

Stacking Buffer

0.1M Tris/HCI (pH 6.8), 0.1% SDS, 5%\crylamide / Bis

acrylamide 30% solution

Running Buffer

0.025M Tris/HCI, 0.192M Glycine, 0.1% SDS

Transfer Buffer

20mM NaPOy, 2% Methanol, 0.05% SDS

Blocking Buffer

0.1% Tween, 5% dried skimmemilk in powder form, 1x

PBS

Washing Buffer

0.1% Tween, X PBS

Table 2-3 Composition of resolving and stacking gels used in SEFAGE

" Resolving Gel(10% gel Stacking Gel (4% gel
Composition VoI?Jme éml) o< VoI%me ((ml) o<
Acrylamide / Bis 33 )
acrylamide 30% '
Resolving buffer / stacking 5 5
buffer
APS 10% 0.05 0.01
TEMED 0.02 0.004
ddH,0O 1.7 -

46
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2.7.3 Immunofluorescence (IF) staining on fixed cells
In immunofluorescence staining, which is based on the samacipe as

immunocytochemistry staining, an antibody is used to detect a specific protein. This antibody i

appropriately tagged with a visible dye such as a fluorescer{Ré#yrosVara, 2005)

IF staining waperformed onadherentcells grown oncover slips The cells were fixed
with addition of4% paraformaldehyde (PFARAfter three washes with PBglycine (0.1M),
they were incubatedfor 15 min in boiling citrate buffer X0 mM citric acid, pH 6.). After
incubation for 20min with permeabilization buffef0.25% Triton/ PBS)the cells were washed
thricewith 1 x PBS.The overslips were placed in petri dishes, circled witdrophobic marker
on the slides and 99 | of bl ocking busefumrl% BRA 1x PBB)wasv e e
added. A moist towel was put in the dish to keep the environment humid and the dish wa
covered and left on slow rocking i@ overnight. A 2 h long incubation with primary
antibodiesin buffer (0.05% Tween, 1% BSA, inXPBS) was followed by threBBS washes
Incubationcontinuedin the dark(covered with foil) withsecondary antibodiesonjugated with
fluorescent dyes (e.g. FITC, TRIT®r 1hr. After 3 more washes withx PBS, the coverslips
were left to dry andhen they were mounted to microscahees with DAPI( 4 @liandidine2-

phenylindole, dilactate) mounting medium

2.7.3.1 Microscopy

The majority of the immunofluorescence staining was observetbruthe Nikon T
Eclipse widefield microscope which was used to capture the staining images. Staining from
selected experiments was observed under the Nikon A1R confocal microscope. The visualisati

tool used to view the images was Fusion FX viewer fiokon.



Table 2-4 Antibodies used in our study and their applications
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Primary

group, USA

Antibody / Supplier Appllcathn Secondary Antibody Supplier
Concentration
Product Code
_ ] Goat antirabbit horseradish
Tatl’b't | WB (1:10,000) peroxidase (1:15,000) Abcam
Zst?/CCc'l)'r?F Goat antirabbit
Millipore IF (1:500) fluorescein isothiocyanatl&ITC) Millipore
07-729,lot # (1:500)
JBC1903613 ChlIP, IP (1:250) - -
Mouse
monoclonal , .
. .’ ) Goat antimouse horseradish
anti-Utubulin SIGMA WB (1:5,000) peroxidase (1:10,000) Abcam
T6074
Provided by Goat antimouse
Mouse the Buerkle tetramethylrhodamine (TRITC)
monoclonal, group, IF (1:400) Millipore
anti-PARP1 Konstanz, (1:400)
Germany
Rabbit
polyclonal, Goat antirabbit
anti-oH2AX Millipore IF (1:200) fluorescein isothiocyana(&ITC) Millipore
(1:500)
H5912
Mouse Goat antimouse
monoclonal, tetramethylrhodamine (TRITC)
anti-UBF(F-9) | Santa Cruz IF (1:300) Millipore
(2:400)
Sc13125
Rabbit
polyclonal,
anti-trimethyl -
Histone H3 Millipore ChIP (1:250) - -
(Lys9)
07-523
Mouse Peovided by
monoclonal, the Loba )
anti-CTCF130 nenkov ChiP (1:50)
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2.7.4 Individual protein i mmunoprecipitation (IP)
This method is used to detect and immunoprecipitate a protein céghtaut of a solution

containing thousands of proteins using an antibody that specifically recognizes this protei
(Kaboord and Perr, 2008)

Cells cultured on flasks weteypsinisedaccording tgorotocol(2.1.3.]). After centrifugation,
the cell pdet was washé twice with 1 x PBSand then lysed by vortexing in BF2 (25 mM
Tris/Hepes pH 8.0, 2 mM EDTA, 0.5% Tween20, 0.5 M NaCi1Q0 Halt Protease Inhibitors).
The lysate was incubated on ice for 15 min and then equal volume of BF1 (25 mM Tris/{Hepes
pH 80, 2mM EDTA, 0.5% Tween20, 10D Halt Protease Inhibitors) was added.

For Immunoprecipitation, the cell lysate was-pré ear ed by i ncubating
50 ¢ | -blocked PProteén A/Sepharose beads for 30 minuteSGito# a rotor shaker. The
sanple was then centrifuged 200 x gfor 1 minute at RT and the pideared supernatant was
transferred into a freshentrifuget u b e . 50 ¢l of the sepharos
clearedlysate along with the antibody (s&sble 2-4 for concentrationsand the samples were
incubated overnight at°@ on a rotating wheel. On the following day, the immuanmplexes
were recovered by centrifugation at low speed for 1 min and the supernatant was rérheved.
pellet was washethree timeswith immunoprecipitation bufferBF1+BF2) and each time the
beads were collected with centrifugation at low speed for 1 minute. The sepharose was the
lysed in SDSysis buffer and analysed by SBFAGE and western blot alyais as described in

2.7.2
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2.9 Chromatin Immunoprecipitation (ChIP)

Chromatin immunoprecipitation is a technique that allows the selection of specific protein
DNA complexes using an antibody that recognizes the proteinesest{Solomon et al., 1988,
Collas, 2010) ChIP is commonly used in transcription factor research, especially when couplec
with massive parallel sequencing (Ckd&g)(Johrson et al., 2007)

In this study, chromatin immunoprecipitation was used to identify the gemnadeebinding
sites of the transcription factor CTCF in the 226LDM cell line. Two methods were employed to

that end, the manual protocol and a specialized Kit.

2.9.1 Manual Chromatin Immunoprecipitation method

2.9.1.1 Cell Sample Preparation for ChlP

Medium was drained off of one plate containing roughby B0° cells and 2 ml of X
PBS was added. To crosslink DNA and protein %4.@f formaldehyde (37%) was added to the
plate and left for 10 min in RT on a rocker to incub@te quencithe crosslink reaction 0.125 M
of glycine was added and the plate wasubated for5 min. The cells were scraped and
transferred into twaentrifugationtubes. Centrifugation for 5 min 4000 x gat £C was done to
collect the cells as the supernatant was removed. 1 ml of ice cold hypotonic buffer was added
each of themicrocentrifugetubes and the samples werestespended a few times to make t
final cell suspension. The samples were incubated on ice for 10 min and then 2p@@ atg
for 5 min at 4C. The pellets were collected andsespended in 306l of LB-A buffer (50 mM
Tris/HCL - pH8, 10 mM EDTA, 1%SDS, 1:100 Halt Protease Inhibitor Cocktail 100x Thermo
Scientific x10) and incubated for 10 min on ice. Finally the samples were soni8at&dmin)
with the Bioruptor from Diagenod® shear the DN in fragments of 20000 bp size. To
confirm the fragment size, samples were run on 1% aggeissnd observed under UV light as

described ir2.4.4.2
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2.9.1.2 Chromatin immunoprecipitation p rotocol

After obtaining fragments otfhe desiredsize the cell suspension was diluted 10 times
using ChIP dilution buffer (0.01% SDS, 1.1%Tritori@0, 1.2 mM EDTA, 16.7 mM TrisiCL -
pH 8.0, 16.7 mM NacCl, 1:100 Protease inhibitors). 10% of the diluted suspension was kept fc
Input, while the reswas used for antibody incubation and negative coniitwd. Agarose beads
were blocked overnight with BSA1% PBS 1x43€ with agitation The next day after washing
the beads with PB&ree timesantibody (seetable 2-4 for concentrationsyvas added in one of
the tubesat the right concentration anlet samples were incubated for 1 hr & 4n a rotating
wheel They were centrifuged brieflat 250 x g and4°C. The supernatant containing the
unbound DNAwas discarded, while theellet containing the antibodyNA complexes were
washed for & min on a rotating wheel with 1 ml of the following buffers: 2x Low Salt buffer
(0,1% SDS, 1% Triton X.00, 2 mM EDTA, 20 mM Tris/HCi pH 8.0, 150 mM NacCl), 1x High
Salt (0.1% SDS, 1.1% Triton 400, 2 mM EDTA, 20 mM Tris/HC} pH 8.0, 500 mM NacCl),
2x ChIP dilution buffer (as described above), 3x TE buffer. All the buffers were kept on ice anc
the samples were centrifuged briefB50 x g/ 1 min/ 4°C) between each ash. After the last
was h, DNA was eluted with the additi o3DS/of
0.1 M NaHCO3) in each tube. In this stépe samplereviously le pt a s wdsielatgdwag 0 ,
well. The suspension was incubated for 10 mir6%C and then spun 3,000 x g The
supernatant was carefully transferred to a new tube and the elution step was repeated. After tt
400 ¢l wdre obthinech t les each one of the tubes 18
samples were incubatedrf4-5 h at 65C to reverse the DNAvrotein crosslinks. Following this
i ncubation step, 10 ¢l of-pOH 5 .M EaNTdR2 ing2BD el
Proteinase K were added to the eluates and incubated for 1 WCatMter the incubatio step,
400 ¢l of phenol/ chloroform (Fluka Biochel
vortexing the samples were centrifuged for 5min&000 x gat 4C . 1.5 ¢l of g
ml of 100% ethanol were added to the samples and stor26°@ overnight. The following day
the samples were spun for 20 minl&{000 x gat £C. Without disturbing the visible pellet, the
supernatant was discarded and 1ml of 70% ethanol was added to each tube. The samples v
spun again under the same conditiassefore and the supernatant was discarded. The samples
were left to awrdry andthen2 0 ¢ | o f ,OswassaddedTlee sainglésliluted inddH,O

were stored in20°C.
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2.9.1.3 Chromatin Immunoprecipitation kit method.

Several kits are commercially available to assist with the immunoprecipitation of protein
DNA complexes. The kit used for ChiRour study wasth& y mo Spi nE DNA ki t
Research, USA)The samples were preparesbnicated anthandled following the protocolsa

described by the manufacturer.

2.9.1.4 Measurement of ChIP DNA concentration using the NanoDrop 3300

fluorospectrophotometer

The concentration of DNA in ChIP samples was in the -pmale and a special
spectrophotometer was used to establish the concentration of DNA in our samples. This was t
NanoDrop 3300 (Thermo Scientific). The QuihE PicoGreeit ds DNA assay kit wassed

according to the manufacturer6és instructio
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2.10Next Generation Sequencing (NGS) techniques

Next generation sequencing (NGS) techniques including -Ginle® RNAseq, also known
as highthroughput sequencing, are a rapidly advancing field of gemwaiaeresearch, used for
genome wide gene expression profiling, transcription factor and histone modification researc
(Cullum et al., 2011, Johnson et al., 2007)

In our studywe performed ChIP and RNA sequencing. Th#R&Gamplesvere generated
with the Zymo Spin kit (Zymo Researchy described i2.9.1.3and the RNA samples were
prepared as described2rb.1

Samples for both experimentgere delivered to thegenetics laboratory at University
College Londor(UCL), under the supervision of Prof Mike Hubarike library preparation and
seqe nci ng using the sequencing platforms fr

College London.

2.10.1 Analysis of ChIP and RNAsequencing output data
The raw sequenced data from both ChIP and & were received in FASTQ format

(Cock et al., 2010)The bioinformatics analysis of both datasets was performed ashigh
performance computer (HPC) and the Galaxy bioinformatics tools organizing plé@dndine

et al., 2005, Goecks et al., 2010)

2.10.1.1ChIP-sequencing data analysis

The raw sequenced data underwent initial liguaontrol with the FASTQ Quality
Trimmer tool from Galaxy. The Novoalign 3.2 tool was used to align the reads to the genom
(Ruffalo et al., 2011and the peak calling was dowith the MACS2 algorithm from the Galaxy
toolbox (Feng et al., 2012)The entries were filtered farvalue lower or equal to 0.0§,value
lower or equal to 0.4ndthen the bindig sites further form +/1000 from known genes were

discarded.
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The gene ontology analysis was performed using the Gene Ontology ddfssidsaner
et al.,, 2000, Harris et al., 2004%he database for annotatiovisualization and integrated
discovery (DAVID) (Huang da et al., 2009tand the online enrichment analysis tool REVIGO
(Supek et al., 2011)Cytoscape (v3.2.1) waused to visualize and optically manipulate the
ontology graphgShannon et al., 2003)'he de novodiscovery of binding motifsrébm the
datasets was performed with use of the Multiple Em for Motif Elicitation (MEME) algorithm
(Bailey et al., 2006)The visualization of the binding sites on human chromosomes was achievec
using MATLAB installed on a workstation with multthreading endbd (package:

bioinfotoolbox MATLAB library v.R2012a)
2.10.1.2RNA-sequencing data analysis

The FASTQ Quality Trimmer tool from Galaxy was used to discard the low quality
reads. The Novoalign 3.2 tool was used to align the reads to the reference genome (hdman) ¢
the raw counts were normalized using the Bam2fpkm tool form Galaxy. To discover the
differentially expressed genes in our study and prepare the diagnostics plots we used the DESI
toolkit. The ensuing lists of genes were filtered fiovalue (0.05)andq value (0.05) Gene
ontology analysis as well as visualization of the findings on chromosomes was performed &

described2.10.1.1
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Chapter 3Genomewide analysis ofCTCF binding in proliferating
and arrested226LDM cellsusing ChlIP-Seq

3.1 Introduction / Background

CTCF was initially discovered as a transcriptional repressor of-thgccgene in chicken
and mammalian cell§=ilippova et al., 1996, Rasko et al., 200@pbwever, in dllowing research
studies, it became clear that repression was not the only function that CTCF was involved in. It
now known to be a transcriptional repressor, silencer and an activator, the only insulator know
in mammals, the regulator of imprintingdX-chromosome inactivation, and as an architectural
protein capable of mediating chromatin structure remode{l®@tgsson et al., 2001, Holwerda
and de Laat, 2013, Ong and Corces, 2014, Burcin et al., 1997, Hagicat, 2007, Qi et al.,
2015)
3.1.1 CTCF binding

All functions attributed to CTCF can be exerted through specific, and at the same time
divergent, DNA binding sites. While most DNA binding proteins have a consensus, a sequenc
they preferably bind to anchty very rarely diverge from it, CTCF uses its 11 DNA binding zinc
fingers in different combinations that allow it to bind to different mqisippova et al., 1996)
Recent studies of genomeéde CTCF distributhn in different cells revealed tens of thousands
CTCF binding sites in the genomes of these q€lsen et al., 2012, Xie et al., 2005ome
specific motifs and sites are remarkably evolutionarily conserved anspegies, from
Drosophilato man(Ni et al., 2012) However, CTCF binding capacity is dynamic resulting in
thousands of unique binding sites even between cell lines originating from the same specie
Moreover, it would appear that binding iaffy decreases with uniquene@&hen et al., 2012,
Plasschaert et al., 2014)

Mainly, but not exclusively, CTCF binds in the proximity of the transcription start site

(TSS) of genes. The transcription of thousanflgenes is regulated by CTCF in this fashion,
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but studies have also shown, or predicted, CTCF binding ircadimg regions, closed
chromatin and areas far away from any g@@ieen et al., 2012)rhe mode bCTCF activityon
the majority of these st if such existstemains unclear.

The overall number of known and predicted binding sites of CTCF across the genomes ¢
15 different species has been estimated in the region of 15 million. Such extraordinary numbe

lead to the creation of the CTCFBSOBLttp://insulatordb.uthsc.edu/a database designed to

assist researchers in the field by collecting and making available all the binding sites of CTC
with useful information such as the exact location andegrent that led to its discovery
(Ziebarth et al., 2013)

The complexity of CTCF binding has been the focus of many studieshgeyene in the
past and genomeide in the recent years due to the developmenesf generation sequencing
(NGS). Chromatin immunoprecipitation (ChlIP) is a method developed to explore DNA binding
proteins, such as transcription factors and histones by enriching the fragments to which the
bind. Coupled with massively parallel sequegcof the ensuing fragments (Ch#eq), it is
currently leading the way in research aimed to unravel the mechanisms underlying gen
regulation.
3.1.2 ChlP-seq technique

ChIP sequencing can be broken down to three major parts: (1) Chromatin

immunoprecipitation(2) sequencing of the isolated fragments and (3) computational analysis of
the sequenced datfigure 3-1) (Cullum et al., 2011, Nielsen and Mandrup, 2014)

1. Chromatin Immunoprecipitationnitially, all proteirtDNA bi ndi ng event

i n placeo bylnkind) efteni usirgy Iparaformaldebyde. The cells are then disrupted
and sonicated, resulting in fragments of DNA ranging betweer6@0Bp. Thefragments of
interesti still in complex with the proteing are immunoprecipitated using a specific GhIP

grade antibody and finally after reversal of the cilodsng, the proteins are removed and the
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sample contains the DNA fragments where the praiéinterest was binding to at the time of
crosslinking.

2. Library preparation and sequencirkllowing ChlP, library preparation includes size

selection and amplification of the DNA fragments in each sample. The sequencing of the isolate
fragment is pgormed by a higkthroughput sequencing plarm; the Miseq from Illluminaand

the 454 GS junior from Roche are among the most popular ones. Sequencing platforms ha
been compared in a number of studies, concluding that they essentially provide comgspond
results(Qualil et al., 2012, Loman et al., 2012)

3. Bioinformatics The set of raw sequences corresponding to each fragment are stored i

FASTQ format fileg(Cock et al., 2010and several steps of computational analysis are required

in order for information of biological value to be obtained from them.
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3. Bioinformatics

1. ChIP sample 2. Library preparation
analysis

preparation and sequencing

* Cross-linking of DNA with *Preparation of libraries and * Quality trimming
proteins PCR amplification of samples * Alignment of the reads to
+ DNA Shearing *Massively parallel sequencing the genome
* Immunoprecipitation with Bt S Hext Genration * Peak calling
antibody of interest Sequencing Elatiorm « Gene annotation
* Reversal of cross-linking * Gene ontology analysis/

motif discovery etc.

Figure 3-1 Diagrammatic presentation of the steps involved in a ChIiequencint
experiment

The first step in a ChHBeqwencing experiment requires the immunoprecipitation of |
fragments that the protein of interest binds to (1). This is achieved bylictkiag DNA with
proteins, shearing of the DNA by sonication, selection of the fragments using the anti
interestand then reversal of the creasking. At the end of this step, the sample will contair
DNA fragments that the protein of interest binds to. After chromatin immunoprecipitati
samples are used to create sequencing libraries and the sequekesagplace in NC
platforms (2). The raw sequenced data must then be analyzed with bioinformatics t
algorithms to elicit the biologically relevant information according to the experimental air
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Initially, the sequences (reads) are aligned/ mapped to the reference genooieayfish
identifying all the possible locations in the genome that match the reatisving only for 12
mismatched baspairs owing to single nucleotide polymorphisms (SNP) or small errors in the
sequencing process.

After the reads have been mappéd ¢limination of background signal is imperative as
several of the previous steps can introduce artefacts, such -amifam DNA shearing during
sonication or the nespecific binding of proteins other than the one of interest to the antibody
used for mmunoprecipitation. For this reason, control ChIP samples are usually prepared ir
advance. Controls can include sheared input DNA (input control) or a ChIP sample create
without an antibody (mock control) or by using a fspecific antibody. All the readsund in
the control sample are removed from the results in the sample of interest. The rationale behil
this is that al/l the fibackground readso ar
correspond to the specific binding events of interest.

Peak calling software is subsequently employed to scan across the genome and discoy
the areas where the true reads appear to show enrichment. These enrichment peaks correspor
the binding sites that were isolated during ChlP. Each one of the meaksdciated with the
nearest gene and the ensuing list contains all the binding sites discovered for the protein
interest for this experiment.

After these steps are completed, further analysis can be done depending on tt
experimental design, includingomparison between different samples, retrieval of the top

scoring binding motifs, or a study on the ontology relationships between the discovered genes.

3.2 Experimental Aims

Currently, all the existing information regarding the binding characteristicsT 6fFChas
been mined from experiments on the main,-nmdified CTCF isoform, which has a molecular

weight of 130 kD (CTCF130). However, a highly PARylated CTCF isoform has also been
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discovered. The molecular weight of this isoform is 180 kD (CTCF180) aid tiie only
isoform that can be found in healthy breast tigfd@cquier et al., 2009)There is at present no
information regarding the binding characteristics of this isoform.

This chapter will be aimed at th@entifying the binding sites of CTCF in 226LDM cells,
with special focus on the binding of CTCF180 and the genes it is implicated with in contrast witt
CTCF130. To achieve this, ChBeq experiments will be performed in two separate groups of
226LDM celk.

The first group will consist of control, proliferating cells which express both of the
isoforms, while the second group will be chemically induced to stop proliferating. This
treatment, with hydroxyurea and nocodazole, causes the depletion of CTCRd3thea
expression of CTCF180 only.

Both groups of cells will be used in ChIP experiments using a polyclonal antibody
recognising all CTCF isoforms as well as a monoclonal antibody recognizing the CTFC130 only
Therefore, the 226LDM cell line model providas with the unique opportunity to study the
binding of this isoform, whereby overcoming the problem with the absence of a specific
antibody against the CTCF180.

Following ChIP, library preparation from the isolated DNA fragments will be performed at
the University College London (UCL) and the sequencing of the enriched samples will take
place at Kings College London using the-84iq platform from Illumina. The output data will be
analyzed using the bioinformatics software organizing platform Galaxy antbagspecialized
computational tools and algorithr{Giardine et al., 2005)

The study will then be directed to identify the genes associated with either or both of the
CTCF isoforms. Special interest will be cast upon CTCF180 binding characteristics as there
currenty no known information regarding the function and features of this isoform in the

existing literature. The tepcoring motifs for each isoform will be discovered and a comparison
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will be run in order to obtain further information regarding the possilfiterdnces between the

isoforms.
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3.3 Results
3.3.1 Cell cycle blocking treatment
226LDM cells in the control condition express both CTCF isoforms, namely CTCF180

and CTCF130In order to manipulate the cells into expressing the 180kD CTCF isoform only,
they were teated withhydroxyurea(HU) and nocodazole(NO), which block the cell cycle on
the S and GM phase respectively

Hydroxyurea is a useful tool for synchronizing asynchronous cell populations to the S
phase of the mitotic cycle as it completely inhidiBIA replication (Sinclair, 1965, Yarbro,
1992) while nocodazole, in concentrations on the Rarudar scale, is involved in rearranging
the dynamics of the mitotic spindl@ordan et al., 1992, Vasquez et al., 1997)

Optimization of the effects ofU and NO treatment on the cells was performed by
adjustments onparametes such asthe incubationduration and the coecentration of the
chemicals 24 and 48hoursof incubationwith each and both of the two reagentsre tested,
while the concentrations ranged from 100 to &0 for HU and 500 to 10008g/ ml for NO.

The CTCF expression profiles of the cells that were attached to the bottom of the flask &
well as the detached ltiewereanalyzedby western blding (data not shown)This experiment
confirmed that the most favourable conditions for this treatment to be effective in the case c
226LDM cellsinclude a 24 houlong incubation with100 mM HU followed by 24 hours of
incubation with500ng/ ml of NO as described in materials and methods

I n these conditions, the detached 226LL
automated cell counter from Life Sciences, USA) express the CTCF180 isoform wile th
CTCF130 disapmas (figure 3-2). This complies with thgparameters of the protocol described

by Docquier et al. (2009)
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Control Treated

180kD
CTCF

130kD

Tubulin ”

Figure 3-2 Western blotting of the control and nocodazole/hydroxyurea treated 226LDM

cells
226LDM cells were celtycle arrested by addition of 100 mM hydroxyurea and 500 ng/ml

nocodazole in their culturing medium. The treatment was administered assfoldter 24
hours of incubation with hydroxyurea, the cells were incubated with fresh complete culturing
medium for 1 hour at 3T / 5% CO2. Nocodazole was added for another 24 hours after which
the detached 226LDM cells were harvested and prepared fderweslotting. The treated
sample, as well a sampleegpared from control (untreategroliferating cells, were used for
western blotting, probed with a polyclonal a@GfTCF antibody found to recognize both
CTCF130 and CTCF180. The development of the séignawas done wi t h t
chemiluminescence substrate. Tubulin was used as a loading control.
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3.3.2 Immunoprecipitation of CTCF180
As there is currently no available antibody specifically recognising CTCF180 and a ChlIP

experiment focusing on this isoforhras not been performed before, a series of optimization
experiments were conducted to assess whether the immunoprecipitation of this protein would |
possible. Firstly, prior to ChIP, a protein immunoprecipitation (IP) experiment was performed
using the teated cells. An IP involves the retrieval of a specific protein from a solution using an
antibody raised against this protein. Both IP and ChIP techniques are based on the capacity o
protein to be immunoprecipitated by an antibody and therefore ibbtiee two experiments is
successful, this can be an indication regarding the other.

The polyclonal antibody was used to immunoprecipitate CTCF from lysed 226LDM cells
(figure 3-3). This experiment revead that the CTCF180 can be successfully

immunoprecipitated by the polyclonal antibody.
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Figure 3-3 Immunoprecipitation of CTCF in 226LDM cells using a polyclonal antibody

226L.DM cells were used in a single protein immunoprecipitation experiment to assess
CTCF180 can be precipitated. The two isoforms are stmwthe graph with black arrows.
no-antibody sample was used as control for the experiment. The visualization of the si¢

performed using UptilLightE.
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3.3.3 ChIP sample preparation and Shearing

The chromatin immunoprecipitation of CTCF from control and treated 226LDM cells was
initially attempted followingthe protocol as described Wyarrar et al. (2010)however the
resulting DNA yield was insufficient foregsjuencing. To obtain the required amount of DNA we
conducted the ChIP experiments usingthe Z28mi nE ChlI P Kit from Zy
foll owing the manufacturerdds protocol

According to the experimental design of this studytotal of 16 ChIP samplesere
prepared (semble3-1). For each of the two conditions, control and treatment, there were 4 ChIP
samples produced in duplicates: (1) immunoprecipitated with the CTCF polyclonal antibody, (2
with the CTCF monoclonal antibody, (3) the histone (closed chromatin) antibody and (4) with
no-antibody.

The control (untreated) ChIP samples were obtained from two biological replicates, eacl
equally distributed into 4 ChlIP samples. For treated samples, dm& toeld of cells after each
treatment, several biological replicates were pooled together into two groups. From each of the
groups, 4 ChIP samples were produced.

The ChIP reactions of the 16 samples were completed with two experiments; 8 sample
were prepared each time, and their duplicates were prepared in the second attempak{feom
3-1: samples 1, 3, 5, 7, 9, 11, 13 and 15 were included in ChIP experiment #1, while 2, 4, 6, ¢
10, 12, 14 and 1 ChIP experiment no.2).

Prior each of the two immunoprecipitation experiments, the samples were fragmented b
sonication in order to obtain DNA lengths ranging betweenr4Z@bp f{igure 3-4).

The conentration of the DNA samples generated by ChIP was measured using the
NanoDropE ND 3300 f |(Desjardins pne Canklim pOhénd thenQuane r

i TE PicoGreenE fluorescent dye kit from | n
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Table 3-1 Experimental design of the ChlIRSeq expemments using control and treatel

226LDM cells. The antibodies and their recognition molecules are indicated

— 1
5 CTCEF polyclonal  CTCF130+CTCF180
3
7 CTCF monoclonal CTCF130
Control 5 Histone modification
ontro Histone H3K9me3 associated with
6 closed chromatin
7 .
- : No Antibody -
[ 9
10 CTCF polyclonal ~ CTCF130+CTCF180
11
> CTCF monoclonal CTCF130
Treated 13 Histone modification
Histone H3K9me3 associated with
14 closed chromatin
15
L No Antibody -
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Figure 3-4 Fragmentation of crosslinked chromatin in control and treated 226LDM
samples

Controland treated 226LDM cells were prepared as described previously. Aftedinknsg anc
prior to chromatin immunoprecipitation, the chromatin from both groups of cells was frag
by sonication using the Biorupt omaE% dgarasen
to confirm that the lengths were between-2000 b p . The GeneRul
Thermo Scientific was used to estimate the size of the DNA fragments.
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3.3.4 Library preparation and sequencing

The obtained DNA samples were delivered to UCL for the preparation obtheds and
subsequently the sequencing of the enriched DNA fragments was performed at Kings Colleg
London using the Hseq platform from Illumina.

3.3.5 Computational analysis

The raw sequenced data was acquired from UCL stored in FASTQ format files. The dat
underwent the initial quality control with the FASJ quality trimmer tool from Galaxy and
then the Novoalign 3.2 tool was used to align the reads to the human g@Roffiado etal.,

2011)

For this analysis, the values of the ChIP samplesnfactive chromatin were used as
controls to remove the background noise. All reads that were common between the close
chromatin samples and the CTCF antibody samples were discardety toneliminate artefacts
stemming from the shearing and other processes of the sample preparation, which would |
common between them.

After removing the background reads, peak calling was performed with the MACS2
algorithm(Feng et al., 2012)lhe ensuing lists of peaks for each sample were filtered to discard
the nonsignificant ones (only entries withv a | u e and@ valQe5>0.4were kept) and the
binding sites that were withih000bp upstream or downstream of a gene were used associated
with their closest gene. At the end of this process, the genes associated with the binding sites
each of the samples in the control and treated cells wsrevered and listed in tables.

3.3.6 Analysis of CTCF binding sites in 226LDM cells

The binding sites from the Chi®eq samples obtained from the control and treated
226LDM cells using the monoclonal and polyclonal CTCF antibodies were then retrieved ant
analyzed. From the generated tablesvas possible to compare the binding events between

control and treated cells.
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With the polyclonal antibody, 2051 sites were found in control 226LDM cells and only 64
in the treated cellsGiven the experimental design of this study, we suppose thatrttmdpiof
the polyclonal CTCF in the treated cells can be attributed to CTCF180.

Out of the 64 binding sites of CTCF180 in treated cells, 41 are common between the
control and treated cell datasets for this antibody. This means that, judging from timg loihdi
the polyclonal antibody, CTCF lost 2002 binding sites in the treated cells, retaining only 41 an
gaining 23 new sites.

Presumably, these 41 common sites would be bound by CTCF180 in the control cells &
well, however further experiments would bequged to prove this. The remaining 23 sites
appear to be uniquely bound by CTCF180 in treated cells, with the exception of two gene
(RBM15B and FXYD3) which are bound by CTCF130 in control cells.

To producea more stringent st of true targets, thelfe discovery rate (FDRjdjustedp
value (Q valueyvas usedThe Qvalue implies the percentage of significant tesés would give
a false positivéBenjamini and Hochlrg, 1995) A Q valuethreshold 0k0.4 was used.

In table 3-2 andtable 3-3 the transcript and gene IDs associated with each binding event
discovered vth the polyclonal CTCF irtontrol cells are showiin order of decliningQ value.

Next, intable3-4 the bindingsitesin treated cells is shawin colorcoded format according to
whether this site is uguely bound by the polyclonal antibody in treated cells (white entries), or
if it is also bound by CTCHkn control cells (blue entries).

The samples belonging to each of the coloadled groups are showrext gable 3-5)
featuring the description of each gene, when this @lahe. The descriptions were retrieved
from the RefSeq project databa@eruitt et al., 2014and t he GeneCardseE

(Safran et al., 2010)
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Table 3-2 Top 50 binding sites of the polyclonal CTCF antibody in control 226LDM cells

, Gene Chromo Distance
Transcript ID Symbol some Strand fronStShe Q value
1. MEAF6:NM_022756 MEAF6 chrl - 0 0,309780
2. GRM4:NM_001256809 GRM4 chré - 503 0,310226
3. EGR1:NM_001964 EGR1 chrb + 116 0,310449
4. KCNA2:NM_001204269 KCNA2 chrl - 467 0,311346
5. EPHA61:NM_001278301 EPHAG chr3 82 0,311496
6. EPHAG6:NM_001080448 EPHAG chr3 82 0,311496
7. PLEKHG5:NM_001042665 [ PLEKHG5 chrl - 0 0,311646
8. CNOT11:NM_017546 CNOT11 chr2 + 0 0,312022
9. SIRT5:NM_012241 SIRT5 chré + -664 0,312399
10. STAG2:NM_001042749 STAG2 chrX + 0 0,312475
11. STAG2:NM_001282418 STAG2 chrX + 0 0,312475
12. OCRL:NM_000276 OCRL chrX + 0 0,312929
13. OCRL:NM_001587 OCRL chrX + 0 0,312929
14. FIBP:NM_004214 FIBP chrll - 0 0,313308
15. FIBP:NM_198897 FIBP chrll - 0 0,313308
16. SPG11:NM_001160227 SPG11 chrl5 - 0 0,313460
17. SPG11:NM_025137 SPG11 chrl5 - 0 0,313460
18. IDE:NM_004969 IDE chrl0 - 0 0,313764
19. C150rf40:NM_001160113 C150rf40 | chrl5 - 530 0,314145
20. C150rf40:NM_001160114 | C150rf40 [ chrl5 - 530 0,314145
21. C150rf40:NM_001160115 | C150rf40 [ chrl5 - 530 0,314145
22. C150rf40:NM_001160116 | C150rf40 [ chrl5 - 530 0,314145
23. C150rf40:NM_144597 C150rf40 | chrl5 - 530 0,314145
24. ARL6IP1:NM_015161 ARLG6IP1 chrl6 - 0 0,314988
25. CD300LG:NM_001168322 | CD300LG | chrl7 + 0 0,315295
26. CD300LG:NM_001168323 | CD300LG | chrl7 + 0 0,315295
27. CD300LG:NM_001168324 | CD300LG | chrl7 + 0 0,315295
28. CD300LG:NM_145273 CD300LG | chr17 + 0 0,315295
29. ACSS2:NM_001242393 ACSS2 chr20 + 0 0,315680
30. HOXC5:NM_018953 HOXC5 chrl2 + 0 0,315757
31. FAM83H:NM_198488 FAM83H chr8 - 156 0,315835
32. ADRA2A:NM_000681 ADRA2A chrl0 0 0,316221
33. ZNF398:NM_020781 ZNF398 chr7 0 0,316608
34. ZNF425:NM_001001661 ZNF425 chr7 - 0 0,316608
35. DDT:NM_00108432 DDT chr22 - 0 0,316686
36. SAMD5:NM_001030060 SAMD5 chré + 802 0,318404
37. MTUS1:NM_020749 MTUS1 chr8 - -906 0,318561
38. MYO7A:NM_000260 MYO7A chrll + 0 0,318718
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39. MYO7A:NM_001127179 MYO7A chrll + 0 0,318718
40. MYO7A:NM_001127180 MYO7A chrll + 0 0,318718
41. NUTM1:NM _001284292 NUTM1 chrl5 + 0 0,319191
42. NUTM1:NM_001284293 NUTM1 chrl5 + 0 0,319191
43. NUTM1:NM_175741 NUTM1 chrl5 + 0 0,319191
44. NOP10:NM_018648 NOP10 chrl5 - 0 0,319191
45. LPGAT1:NM_014873 LPGAT1 chrl - 0 0,320379
46. MESP1:NM_018670 MESP1 chrl5 - 327 0,320538
47. TBX1:NM_005992 TBX1 chr22 + 0 0,320936
48. TBX1:NM_080646 TBX1 chr22 + 0 0,320936
49. TBX1:NM_080647 TBX1 chr22 + 0 0,320936
50. NARFL:NM_022493 NARFL chrl6 - 0 0,321576
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Table 3-3 Top 50genesassociatedvith CTCF in control 226LDM cells with descriptions

Gene Symbol Description

This gene encodes a nuclear protein involved in transcriptional activation
encoded protein may form a component of several different histone acetyltran
complexes. There is pseudogene for this gene on chromosome 2. Altern
splicing results in multiple transcript variants

L-glutamate is the major excitatory neurotransmitter in the central nervous o
and activates both ionotropic and metabotropic glutamate m¥sefilutamatergid
neurotransmission is involved in most aspects of normal brain function and d
perturbed in many neuropathologic conditions. The metabotropic glutg
receptors are a family of G protetoupled receptors, which have been divided

3 groups on the basis of sequence homology, putative signal transd
mechanisms, and pharmacologic properties. Group | includes GRM1 and GRN
these receptors have been shown to activate phospholipase C. Group Il i
GRM2 and GRMS3 while Groupll includes GRM4, GRM6, GRM7 and GRM§
Group Il and 1l receptors are linked to the inhibition of the cyclic AMP cascad
differ in their agonist selectivities. Several transcript variants encoding diff
isoforms have been found for this gene.

The protein encoded by this gene belongs to the EGR family of ©&é¢2zine

finger proteins. It is a nuclear protein and functions as a transcriptional reg
The products of target genes it activates are requireddiféerentiation and
mitogeness. Studies suggest this is a cancer suppressor gene.

Potassium channels represent the most complex class of vgisageion channel
from both functional and structural standpoints. Their diverse functions in
regulating neurotransmitter relee, heart rate, insulin secretion, neurd
excitability, epithelial electrolyte transport, smooth muscle contraction, and
volume. Four sequengelated potassium channel geneshaker, shaw, shab, af
shal- have been identified in Drosophila, aedch has been shown to have hun
homolog(s). This gene encodes a member of the potassium channel, -gali2adgd
shakerfrelated subfamily. This member contains six membsgpenning domain
with a shaketype repeat in the fourth segment. It belongs ® dklayed rectifie
class, members of which allow nerve cells to efficiently repolarize following
action potential. The coding region of this gene is intronless, and the ge
clustered with genes KCNA3 and KCNA10 on chromosome 1.

EPHA6 (EPH Reeptor A6) is a Protein Coding gene. Among its related path
areEPHA forward signalingindG-protein signaling_RhoA regulation pathwayO

annotations related to this gene inclegdarin receptor actity. An important
paralog of this gene EPHB3

This gene encodes a protein that activates the nuclear factor kappa B (N
signaling pathway. Mutations in thgene are associated with autosomal receg
distal spinal muscular atrophy. Multiple transcript variants encoding diffe
isoforms have been found for this gene.

CNOT11 (CCR4ANOT Transcription Complex, Subunit 11) is a Protein Cod
7. CNOT11 gene. Among its related pathways afgene ExpressiorandDeadenylation
dependent mRNA decay

This gene encodes a member of the sirtuin family of proteins, homologs to the
Sir2 protein. Members of the sirtuin family are characterizedabsirtuin core
domain and grouped into four classes. The functions of human sirtuins have

been determined; however, yeast sirtuin proteins are known to regulate epi
8. SIRT5 gene silencing and suppress recombination of rDNA. Studies suggest thatrthe
sirtuins may function as intracellular regulatory proteins with mmabe-

ribosyltransferase activity. The protein encoded by this gene is included in cl
of the sirtuin family. Alternative splicing of this gene results in multiple trans
variants.

The protein encoded by this gene is a subunit of the cohesin complex,

regulates the separation of sister chromatids during cell division. Tar|
inactivation of this gene results in chromatid cohesion defects and aneuj
suggestig that genetic disruption of cohesin is a cause of aneuploidy in h

1. MEAF6

2. GRM4

3. EGR1

4. KCNAZ2

5. EPHAG6

6. PLEKHG5

9. STAG2



http://pathcards.genecards.org/card/epha_forward_signaling
http://pathcards.genecards.org/card/g-protein_signaling_rhoa_regulation_pathway
http://www.genecards.org/cgi-bin/carddisp.pl?gene=EPHB3
http://pathcards.genecards.org/card/gene_expression
http://pathcards.genecards.org/card/deadenylation-dependent_mrna_decay
http://pathcards.genecards.org/card/deadenylation-dependent_mrna_decay
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cancer. Alternatively spliced transcript variants encoding different isoforms
been found for this gene.

10. OCRL

This gene encodes a phosphatase enzyme that is involved in agtimeppétion
and is found in the trarSolgi network. Mutations in this gene cau
oculocerebrorenal syndrome of Lowe and also Dent disease.

11. FIBP

Acidic fibroblast growth factor is mitogenic for a variety of different cell types
acts by stimulating mitgenesis or inducing morphological changes

differentiation. The FIBP protein is an intracellular protein that binds selective
acidic fibroblast growth factor (aFGF). It is postulated that FIBP may be involv
the mitogenic action of aFGF. Tweahscript variants encoding different isoforf
have been found for this gene.

12. SPG11

The protein encoded by this gene is a potential transmembrane protein

phosphorylated upon DNA damage. Defects in this gene are a cause of

paraplegia type 1L (SPG11). Multiple transcript variants encoding different isofo
have been found for this gene.

13.IDE

This gene encodes a zinc metallopeptidase that degrades intracellular insul
thereby terminates insulins activity, as well as participating irdetlular peptidg
signalling by degrading diverse peptides such as glucagon, amylin, bradykini
kallidin. The preferential affinity of this enzyme for insulin results in insu
mediated inhibition of the degradation of other peptides such asabmglaid.
Deficiencies in this protein's function are associated with Alzheimer's diseas
type 2 diabetes mellitus but mutations in this gene have not been shown
causitive for these diseases. This protein localizes primarily to the cytoplasm
some cell types localizes to the extracellular space, cell membrane, peroxisor
mitochondrion. Alternative splicing results in multiple transcript variants encd
distinct isoforms. Additional transcript variants have been described but ha
bea experimentally verified.

14. C150rf40

-No known function

15. ARL6IP1

ARL6IP1 (ADP-Ribosylation Factetike 6 Interacting Protein 1) is a Protg
Coding gene. Diseases associated with ARL6IP1 indpdstic paraplegia 6]
autosomal recessive Among its related pathways dPAK
PathwayandPhospholipas€ Pathway

16. CD300LG

Members of the CD300 (see MIM 60678&Ke (CD300L) family, such aj
CD300LG, are widely expressed on hematopoietic cells. All CD300L protein
type | cell surface glycoproteins that contain a single immunoglobulin (iiieV
domain.[supplied by OMIM, Mar 2008]

17. ACSS2

This gene encodes gtosolic enzyme that catalyzes the activation of acetate fo
in lipid synthesis and energy generation. The protein acts as a monom(
produces acetyCoA from acetate in a reaction that requires ATP. Expression o
gene is regulated by sterolgrdatory elemenbinding proteins, transcription facto
that activate genes required for the synthesis of cholesterol and unsaturatd
acids.Alternative splicing resultaimultiple transcript variants.

18. HOXC5

This gene belongs to the homeobox fanaif genes. The homeobox genes enco
highly conserved family of transcription factors that play an important rol
morphogenesis in all multicellular organisms. Mammals possess four s
homeobox gene clusters, HOXA, HOXB, HOXC and HOXD, whichlacated on
different chromosomes and consist of 9 to 11 genes arranged in tandem. Thi
HOXCS5, is one of several homeobox HOXC genes located in a clustd
chromosome 12. Three genes, HOXC5, HOXC4 and HOXCB6, share a-80ding



http://www.malacards.org/card/spastic_paraplegia_61_autosomal_recessive
http://www.malacards.org/card/spastic_paraplegia_61_autosomal_recessive
http://pathcards.genecards.org/card/pak_pathway
http://pathcards.genecards.org/card/pak_pathway
http://pathcards.genecards.org/card/phospholipase-c_pathway
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exon. Transcripts myainclude the shared exon spliced to the ggpecific exons, o
they may include only the gerspecific exons. Two alternatively spliced varia
have been described for HOXC5. The transcript variant which includes the 4
exon apparently doesn't eneod protein. The proteicoding transcript varian
contains genapecific exons only.

19. FAM83H

The protein encoded by this gene plays an important role in the stru
development and calcification of tooth enamel. Defects in this gene are a cg
amebgenesis imperfecta type 3 (Al3).

20. ADRA2A

Alpha-2-adrenergic receptors are members of the G promipled recepto
superfamily. They include 3 highly homologous subtypes: alpha2A, alpha2B
alpha2C. These receptors have a critical role in regulagogotransmitter releas
from sympathetic nerves and from adrenergic neurons in the central nervous {
Studies in mouse revealed that both the alpha2A and alpha2C subtype
required for normal presynaptic control of transmitter release from syetal
nerves in the heart and from central noradrenergic neurons; the alpha2A o
inhibited transmitter release at high stimulation frequencies, whereas the al
subtype modulated neurotransmission at lower levels of nerve activity. This
encodesalpha2A subtype and it contains no introns in either its coding
untranslated sequences.

21. ZNF398

This gene encodes a member of the Kruppel family of CB8ge zinefinger
transcription factor proteins. The encoded protein acts as a transcriptionatac
Two transcript variants encoding distinct isoforms have been identified for this
Other transcript variants have been described, but their full length sequence
been determined.

22. ZNF425

ZNF425 (Zinc Finger Protein 425) is a Protein Codggne. Among its relate
pathways ar€&ene ExpressioandGene ExpressionAn important paralog of thi
gene iZNF786 The encoded protein acts as a transcriptional repressor.

23.DDT

D-dopachome tautomerase convertsddpachrome into 5;8ihydroxyindole. The
DDT gene is related to the migration inhibitory factor (MIF) in terms of sequd
enzyme activity, and gene structurBDT and MIF are closely linked o
chromosome 22.

24. SAMD5

-No known function

25. MTUS1

This gene encodes a protein which contains-r@inal domain able to intera
with the angiotension Il (AT2) receptor and a large cedei region allowing
dimerization. Multiple alternatively spliced transcript variants encoding diffg
isoforms have been found for this gene. One of the transcript variants ha
shown to encode a mitochondrial protein that acts as a tumor suppress
partcipates in AT2 signaling pathways. Other variants may encode nuclg
transmembrane proteirbut it has not been determined whether they also partid
in AT2 signaling pathways.

26. MYOT7A

This gene is a member of the myosin gene family. Myosins are mechanoch
proteins characterized by the presence of a motor domain, arbaxting domain,
a neck domain that interacts with other proteins, and a tail domain that serve
anchor. This gene encodes an unconventional myosin with a very short tail. O
in this gene are associated with the mouse skhldrenotype and the human UsH
syndome 1B which are characterized by deafness, reduced vestibular functig
(in human) retinal degeneratioAlternative splicing resultsni multiple transcript
variants.



http://pathcards.genecards.org/card/gene_expression
http://pathcards.genecards.org/card/gene_expression
http://www.genecards.org/cgi-bin/carddisp.pl?gene=ZNF786

76

27.

NUTM1

NUTM1 (NUT Midline Carcinoma, Family Member 1) is a Protein Coding gf
Among its related pathways a@hromatin Regulation / Acetylatio\n important
paralog of this geneNlUTM2B.

28.

NOP10

This gene is a member of the H/ACA snoRNPs (small nucleolar ribonucleoprg
gene family. snoRNPs are involved in various aspects of rRNA processin
modification and have been classified into two families: C/D and H/ACA.

H/ACA snoRNPs also include the DKC1, NOLA1 and NOLA2 proteins. These
H/ACA snoRNP proteins localize to the dense fibrillar components of nucleol
to coiled (Cajal) bodiesni the nucleus. Both 18S rRNA production and rR
pseudouridylation are impaired if any one of the four proteins is depleted. Th
H/ACA snoRNP proteins are also components of the telomerase complex. Thi
encodes a protein related to Saccharomygeesvisiae Nop10p.

29.

LPGAT1

Acyl-CoA:lysophosphatidylglycerol (LPG) acyltransferase catalyzes the reacy
of LPG to phosphatidylglycerol, a membrane phospholipid that is an impg
precursor for the synthesis of cardiolipin [supplied by OMIM, Mar&00

30.

MESP1

MESP1 (Mesoderm Posterior Basic Helimop-Helix Transcription Factor 1) is
Protein Coding gene. Diseases associated with MESP1 ingpaaelylocosta
dysostosisAmong its related pathways aardiac ProgenitobDifferentiation GO
annotations related to this gene inclsgguencespecific DNA binding transcriptiol
factor activityandprotein dimerization activityAn important paralog of this gen
is MSGN1

31.

TBX1

This gene is a member of a phylogenetically conserved family of genes that
common DNAbinding domain, the ‘box. T-box genes encode transcription fact
involved in the regulation of developmental processes. §lite product sharg
98% amino acid sequence identity with the mouse ortholog. DiGeorge syn
(DGS)/velocardiofacial syndrome (VCFS), a common congenital disq
characterized by neuratestrelated developmental defects, has been assodg
with deldions of chromosome 22q11.2, where this gene has been mapped. §
using mouse models of DiGeorge syndrome suggest a major role for this gend
molecular etiology of DGS/VCFS. Several alternatively spliced transcript vai
encoding different iSorms have been described for this gene.

32.

NARFL

NARFL (Nuclear Prelamin A Recognition Factoike) is a Protein Coding geng
Diseases associated with NARFL inclymkrtussis Among its related pathway
areMetabolismandCytosolic Ironsulfur Cluster AssemblyGO annotations relate
to this gene includé iron, 4 sulfur cluster bindingAn important paralog of thi
gene iNARF.

33.

NTRK2

This gene encodes a member of the neurotrophic tyrosine receptor kinase (
family. This kinase is a membrabeund receptor that, upon neurotrophin bindi
phosphorylates itsend members of the MAPK pathway. Signalling through
kinase leads to cell differentiation. Mutations in this gene have been associatg
obesity and mood disorderglternative splicing results in multiple transcri
variants

34.

KCTD15

KCTD15 (Potasium Channel Tetramerization Domain Containing 15) is a Pr
Coding gene. Among its related pathways Acgvation of cAMP-Dependent
PKA andActivation of cAMPR-Dependent PKAAN important paralog of thigene
is KCTD11. During embryonic development, interferes with neural crest formd
(By similarity). Inhibits AP2 transcriptional activity by interaction with its adiiva
domain.



http://pathcards.genecards.org/card/chromatin_regulation__acetylation
http://www.genecards.org/cgi-bin/carddisp.pl?gene=NUTM2B
http://www.malacards.org/card/spondylocostal_dysostosis
http://www.malacards.org/card/spondylocostal_dysostosis
http://pathcards.genecards.org/card/cardiac_progenitor_differentiation
http://www.genecards.org/cgi-bin/carddisp.pl?gene=MSGN1
http://www.malacards.org/card/pertussis
http://pathcards.genecards.org/card/metabolism
http://pathcards.genecards.org/card/cytosolic_iron-sulfur_cluster_assembly
http://www.genecards.org/cgi-bin/carddisp.pl?gene=NARF
http://pathcards.genecards.org/card/activation_of_camp-dependent_pka
http://pathcards.genecards.org/card/activation_of_camp-dependent_pka
http://pathcards.genecards.org/card/activation_of_camp-dependent_pka
http://www.genecards.org/cgi-bin/carddisp.pl?gene=KCTD11
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35. SNX19

SNX19 (Sorting Nexin 19) is a Protein Coding gene. GO annotations related
gene includghosphatidylinositol binding

36. MYOM3

MYOMS3 (Myomesin 3) is a Protein Coding gene. GO annotations related tg
gene includgrotein homodirarization activity An important paralog of this ger
is MYBPC2.

37. OLFM1

This gene product shares extensive sequence similarity with the rat ne
olfactomedinrelated R localized protein. While the exact function of the enco
protein is not known, its abundant expression in brain suggests that it may h
essential role in nerve tissue. Several alternatively spliced transcripts en
different isoforms have bedaund for this gene.

38. PVRL1

This gene encodes an adhesion protein that plays a role in the organiza
adherens junctions and tight junctions in epithelial and endothelial cells. The
is a calcium(2+jndependent celtell adhesion molecule thabelongs to thg
immunoglobulin superfamily and has 3 extracellular immunogloHika loops, a
single transmembrane domain (in some isoforms), and a cytoplasmic regior
protein acts as a receptor for glycoprotein D (gD) of herpes simplex viruges2l
(HSV-1, HSV-2), and pseudorabies virus (PRV) and mediates viral entry
epithelial and neuronal cells. Mutations in this gene cause cleft lip
palate/ectodermal dysplasia 1 syndrome (CLPED1) as well asymaitomic cleft
lip with or without cldt palate (CL/P). Alternative splicing results in multip
transcript variants encoding proteins with distinete@nini.

39. CLUL1

-No known function

40. GNAI2

The protein encoded by this gene is an alpha subunit of guanine nucleotide |
proteins (G prot@s). The encoded protein contains the guanine nucleotide bi
site and is involved in the hormonal regulation of adenylate cyclase. Sg
transcript variants encoding different isoforms have been found for this gene.

41. TMTC2

-No known function

42. KMT2A

This gene encodes a transcriptional coactivator that plays an essential
regulating gene expression during early development and hematopoiesis
encoded protein contains multiple conserved functional domains. One of
domains, the SET domainis responsible for its histone H3 lysine 4 (H3H
methyltransferase activity which mediates chromatin modifications associate(
epigenetic transcriptional activation. This protein is processed by the er
Taspase 1 into two fragments, Mi@ and MLL-N. These fragments reassociate 4
further assemble into different multiprotein complexes that regulate the transc
of specific target genes, including many of the HOX genes. Multiple chromog
translocations involving this gene are the causeedhin acute lymphoid leukemid
and acute myeloid leukemiag\lternate splicing results in multipléranscript
variants.

43. PPIF

The protein encoded by this gene is a member of the peptidiygl cistrans
isomerase (PPlase) family. PPlases catalyze th&atis isomerization of prolin
imidic peptide bonds in oligopeptides and accelerate the folding of proteins
protein is part of the mitochondrial permeability transition pore in the i
mitochondrial membrane. Activation of this pore is thoughbeoinvolved in the
induction of apoptotic and necrotic cell death.

44. PIGO

This gene encodes a protein that is involved in glycosylphosphatidylinositol-(
anchor biosynthesis. The G&ihchor is a glycolipid which contains three mann
molecules in its c@ backbone. The GRinchor is found on many blood cells al



http://www.genecards.org/cgi-bin/carddisp.pl?gene=MYBPC2
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serves to anchor proteins to the cell surface. This protein is involved in the tr
of ethanolaminephosphate (EtNP) to the third mannose in GPI. At least
alternatively spliced transctip encoding two distinct isoforms have been found
this gene.

45. PEX5

The product of this gene binds to thee@minal PTSitype tripeptide peroxisoma
targeting signal (SKitype) and plays an essential role in peroxisomal prd
import. Peroxins (PEXS3re proteins that are essential for the assembly of funct
peroxisomes. The peroxisome biogenesis disorders (PBDs) are a grog
genetically heterogeneous autosomal recessive, lethal diseases character
multiple defects in peroxisome functionhd peroxisomal biogenesis disorders a
heterogeneous group with at least 14 complementation groups and with more
phenotype being observed in cases falling into particular complementation g
Although the clinical features of PBD patients vacglls from all PBD patient
exhibit a defect in the import of one or more classes of peroxisomal matrix pr
into the organelle. Defects in this gene are a cause of neonatal adrenoleukody
(NALD), a cause of Zellweger syndrome (ZWS) as wellngsy be a cause d
infantile Refsum disease (IRD). Alternatively spliced transcript variants enc
different isoforms have been identified.

46. LRP10

LRP10 (Low Density Lipoprotein Recept®elated Protein 10) is a Protein Codi
gene. Among its related patays areSignaling by GPCRindDisease An
important paralog of this geneliRP3.

47. SMIM13

-No known function

48. RAB3IP

RAB3IP (RAB3A Interacting Protein) is a Protein Coding gene. GO annota
related ¢ this gene includRab guanyhucleotide exchange factor activitin
important paralog of this geneRAB3IL1.

49. TTLL12

-No known function

50. SEC24B

The protein encodedly this gene is a member of the SEC24 subfamily of
SEC23/SEC24 family, which is involved in vesicle trafficking. The encoded pr
has similarity to yeast Sec24p component of COPII. COPII is the coat p
complex responsible for vesicle buddingrfr the ER. The role of this gene prod
is implicated in the shaping of the vesicle, and also in cargo selection
concentration. Two transcript variants encoding different isoforms have been
for this gene.



http://pathcards.genecards.org/card/signaling_by_gpcr
http://pathcards.genecards.org/card/disease
http://www.genecards.org/cgi-bin/carddisp.pl?gene=LRP3
http://www.genecards.org/cgi-bin/carddisp.pl?gene=RAB3IL1
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Table 3-4 Binding sites of the polyclonal CTCF antibody in treated 226LDM cells: white
entry, site is uniquely bound by the polyclonal antibody in treated cellsblue entries the site

is alsobound by CTCF in control cells

Transcript ID Gene Chromo Strand Distance from the TSS  Q value
Symbol some
S100A13:NM_001024213 [ S100A13 chrl - 0 0,382065
S100A13:NM_001024212 [ S100A13 chrl - 0 0,384789
S100A1:NM_006271 S100A1 chrl 5 0 0,384789
CISD1:NM_018464 CISD1 chrl0 + -615 0,384789
SGPL1:NM_003901 SGR.1 chrl0 + 0 0,386166
TCTN3:NM_001143973 TCTN3 chrl0 - 0 0,393198

Table 3-5 Genes associated uniquely with CTCF180 in treated 226LDM cells and genes
associated with CTCF180 in treated 226LDM cells but alsdiscovered in control cells; with

descriptions

Gene Symbol Description

This gene encodes a protein with a CDGSH -satliur domain and has been shown
bind a redoxactive [2Fe2S] cluster. The encoded protein has been localized to the
CISD1 membrae of mitochondria and is thought to play a role in regulation of oxidation. G
encoding similar proteins are located on chromosomes 4 and 17, and a pseudogen
gene is located on chromosome 2.
The protein encoded by this gene is a rhenof the S100 family of proteins containing
EF-hand calciunbinding motifs. S100 proteins are localized in the cytoplasm ar
nucleus of a wide range of cells, and involved in the regulation of a number of c
processes such as cell cycle pragien and differentiation. S100 genes include at leas
members which are located as a cluster on chromosome 1g21. This protein is
expressed in various types of tissues with a high expression level in thyroid gla
smooth muscle cells, this gtein ceexpresses with other family members in the nuc
and in stress fibers, suggesting diverse functions in signal transduction. M
alternatively spliced transcript variants encoding the same protein have been found
gene.

The protein encoded by this gene is a member of the S100 family of proteins contal
EF-hand calciurbinding motifs. This protein may function in stimulation of Cal
S100A1 induced Ca2+ release, inhibition of microtubule assembly, and inhibition of protesek
C-mediated phosphorylation. Reduced expression of this protein has been impli
cardiomyopathies.

SGPL1 -No known function

This gene encodes a member of the tectonic gene family which functions in Hed
signal transduction and developmef the neural tube. Mutations in this gene have K
associated with Orofaciodigital Syndrome IV and Joubert Syndrom 18. Alterna
spliced transcript variants encoding multiple isoforms have been observed for this g¢

S100A13

TCTN3
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3.3.6.1 Gene ntology analyss

To further compare the characteristics of the CTCF occupancies in samples obtained wi
the poly¢ o n a | CTCF an inicdntood ane tseated ftgllsaamab in order to gain an
understanding of the biological functions of CTCF in each case, a gevlegynanalysis was
performed.

Gene itology (GO) is based on universal annotation of genes with one or more GO
terms according to the processes that it is involved. The GO terms can be specific or broad a
they are structured in a paresttiid manner, pdraying the relationships between functions
(Ashburner et al., 2000, Harris et al., 2004, Gene Ontology, 2008)

Gene itology annotations for the binding sites of the polyclonal CTCF in control and
treated cells wre retrieved form the gene ontology project database, the enrichment analysis we
performed byDAVID functional annotation too{Huang da et al., 2009b, Huang da et al.,
2009a) Based on this analysis, in contoglls the genes bound by CTCF are mostly involved in
cellular protein localization, intracellular transport, membrane organization and neuron
differentiation and development. On the other hand, the genes bound in the control cells a
involved incell cycle and differentiation (S100A13) and the hedgehog pathway (TCTN®).
set of proteins involved in the hedgehog pathway, which is mostly set in motion during
embryogenesis, have also been linked with cancer and in particular with basal cell carcinom:

(Rubin and de Sauvage, 2006, Von Hoff et al., 2009)
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3.3.6.2 Motif search

One more method of analysing the characteristics of CTCF180 binding involves the
analysis of the motifs to which it binds. The motifs correspondirtedop scoring peaks from
the ChIRseq analysis were entered into the motif finding algorithm MEME (Multiple EM for
Motif Elicitation) (Bailey et al., 2006) The algorithm identifies shared motifs in a dataset of
sequences and with statistical modellingrivduces visuals of the motifs along with occurrence
number and walue. Eval ue expresses the fAexpected fr
same width as our motif that would generate the same or higher entropy score. Similarky with
value, a motif sored with a low evalue is predicted more confidently than one with a higher e
value(Nagarajan et al., 2006)

A comparison between the lists of top 10 scoring motifs representing the binding event
taking place within 100 bp upstream or downstream of gene promoters in control and treated
cells reveals divergent binding characteristics for CTCF in control and treated cells.

The most conserved and well documented consensus motif of CTCF is listed first in the
control cellsbut fourth in the treated. There are many factors that can affect this list, including
motif enrichment due to interaction with another protein or complex instead of direct binding to
DNA. However the change in the list and the introduction of new miotifsis an additional

indication that the CTCF180 binding profile can be divergent from that of CTCF130.
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Figure 3-5 Top 10 binding motfs of CTCF discovered by ChIP with the polyclonal CTCF antibody in control 226LDM cells

Control 226LDM cells were used to conduct a Ch#g experiment using the polyclonal CTCF antibody which recognizes both CTCF:
CTCF180 isoforms. Following bioinfmatics analysis the top peaks representing the binding events were entered in the MEME algadté
novodiscovery of binding motifs. The top ten discovered motifs and the frequency of their occurrence in our datasets bowvéistedrder ¢

deaeasing evalue. The reverse complement motifs are shown beside each maotif.
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Figure 3-6 Top 10 binding motifs of CTCF discovered by ChIP with the polyclonal CTCF antibod
in treated 226LDM cells

226LDM cells treated with hydroxyurea and nocodazole were used to conduct -aegQhéRperime
using the polyclonal CTCF antibody which recognizes both CTCF130 and CTCF180 isoforms. F
bioinformatics analysis the top peaks representing the bineliregts were entered in the ME
algorithm forde novodiscovery of binding motifs. The top ten discovered motifs and the freque
their occurrence in our datasets are listed above in order of decreasihg eThe reverse complem

motifs are showmeside each motif.
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3.4 Discussion
The aim of this chapter was to identify and analyze the binding sites of CTCF in 226LDM

cells, with special focus on the binding GTCF180. To achieve this, a cell line model was
generated comprised of two populations of 226LDM cells. The first consisted of proliferating
cells (control), which normally express both known CTCF isoforms, namely CTCF130 and
CTCF180. The second group sv&xposed to controlled concentrations of hydroxyurea and
nocodazole leading to a celycle block at the GRB stage. This treatment causes the
disappearance of CTCF130 in 226LDM cells, whereas CTCF180 remains.

In the absence of a specific a@TCF180 aribody, this model makes the study of the
binding for this isoform possible for the first time. Two ClgRade CTCF antibodies were at our
disposal for this experiment; a polyclonal CTCF antibody recognizing both CTCF130 and
CTCF180 and a monoclonal antilyoatcognizing CTCF130 only.

In our initial experiments, CTCF180 was successfully immunoprecipitated with the
polyclonal antibody, which indicated that this antibody could be used for ChIP assays. Th
ChIP-DNA fragments obtained with this antibody (pretaging CTCF130 and CTCF180) and
also the monoclonal antibody (precipitating CTCF130) were sequenced by a next generatic
sequencing methods and, subsequently, a bioinformatics analysis was performed using the r
output data. The analysis generated listshe annotated regions associated with the CTCF
binding sites discovered in each sample.

Taking into account the design of these experiments, the binding events discovered in tf
treated cells by the polyclonal antibody are presumably attributed to BDCHMis list,
although short, is the first evidence of CTCF180 binding and can be a stepping stone to futu
research of the binding profile of this isoform and its characteristics, for example in norma

breast tissues where it is present as a sole m@fdocquier et al., 2009)
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It should be noted that experimental validation of these findings has not been conducted |
this study due to time limitations. It will be a necessary step in the follow up investigation
ensure the accuracy of the data. Such validation would requirdmeaPCR assays using the
ChIP materials from the control and treated cells obtained as described in this Chapter to confir
specific binding of CTCF180 and CTCF130 to specific targdentified in the ChIFSeq
analyses.

Moreover, for this study the ChIP backgrotmedds were eliminated using the closed
chromatin reads as control at the peak calling stage of the analysis. At this stage the decision v
made to limit the discovered data open chromatin binding sites, however it is known that
CTCF can bind to chromatin in closed conformation, and therefore analysis including thes:
regions should be performed. This could be accomplished using {hetibody ChIP samples
as controls. Congring the outputs from the two pipelines would strengthen the robustness of the
binding sites in open chromatin and provide new information about the closed chromatin bindin
events.

Furthermore, one of the most important factors contributing to -€&dfefficiency and
guality is the ChiRgrade antibodies used to immunoprecipitate the protein of interest. In our
investigation two ChIRyrade antibodies were used, a polyclonal and a monoclonal. The
difference in the performance of the two antibodies wastgréhan originally expected; with
the polyclonal over 2000 binding sites where discovered in the control cells, while with the
monoclonal the number was lower, at 280. Such great number variation renders the comparis
between the results from the twoilntdies inadequately informative. Another antibody, specific
for recognizing CTCF130, could solve this issue. Without a doubt, the production of a

CTCF180specific antibody would also enhance the current experimental framework.
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It is worth highlighting tlat although we hypothesize that the binding sites obtained by the
polyclonal antibody in treated cells are linked to CTCF180, these may not be the same sites tt
CTCF180 would bind to in control cells. Given the exposure to treatment we anticipateethat th
need for gene regulation changes and therefore the binding sites as well as the motifs would
affected accordingly.

Additionally, another possibility must be considered, that during ChlIP some of the
CTCF180 molecules could lose their PARylation m&&Rylation is known to be a dynamic
procedure and the circumstances surrounding the switch between isoforms are currently obscu
This would account for the small number of binding sites in treated cells discovered by the
monoclonal CTCF antibody.

What ismore, one of the limitations that come with ChIP experiments is that it is not
possible to distinguish whether a DNA fragment is immunoprecipitated due to direct contact o
the protein to the binding site or if the protein of interest is there as partcomplex with
another protein or proteins. In the latter situation, a binding site would be discovered in the Chl
sample of our protein of interest; however it would not be a true binding site for it.

All these limitationsemphasizeéhe argument for datvalidation; however they do not
decrease the value of this study as the first attempt in exploring CTCF180 DNA binding.

The wealth of data that has been generated by this experiment has been vast and mz
more steps could be made to exhaust all aveoiuesearch. Firstly, the discovered binding sites
could be compared to those retrieved from preceding studies to determine whether ar
previously unknown sites were discovered in our experiments. Similarly, this could be applied tt
the discovered bindingnotifs as well. The motif search could be expanded to regions outside the
promoters as well to assess whether these change. This could help to associate specific mo

with transcription on regulation or other functions.
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Finally, the binding of CTCF al@ does not provide any information about how or
whether it regulates a gene. A combination of Cé#g with RNAseq can provide more
information about whether the binding of CTCF or, equally the loss of binding, affects the
expression levels of a gene frame condition to the other.

In the following chapter, the isolation and sequencing of total RNA from control and
treated 226LDM cells will be discussed and eventually, in chapter 5, an intersection of the tw

experiments will be explored.
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Chapter 4 Genomewide gane expression analysis in proliferating
and arrested226LDM cellsusing RNA-Seq

4.1 Introduction / Background

RNA is an important molecule which performs a wide range of molecular functions in
various biological systems. The full set of RNA transcripts oélais composed of, in order of
contribution, ribosomal (rRNA), transfer (tRNA), messenger (mMRNA), as well as intronic and
noncoding RNA (ncRNA)(Lindberg and Lundeberg, 2010)he field of study focused on the
exploration of these transcripts and how they change under certain circumstances ¢

developmental changes is called transcriptorttiise, 2008)

The fundamental target of transcriptomics is to identify and characterize the RNA content:
of cells in various developmental stages gpltysiological/ pathological conditions, and

ultimately to understand their function.

More and more evidence of the treasure of information that could be mined from RNA
transcripts was discovered with the development of experimental techniques sudhtiagerea
PCR and, subsequently, with the development of gene expression micrqdaigsek and

Repa, 2005, Brown and Botstein, 1999)

However, it was the recent development of massively parallel sequencingrpsatfaat
admittedly revolutionized the field and became the springboard for unprecedented progres
RNA sequencing (RN&seq) is a Next Generation Sequencing (NGS) method used to study the
complexity of the transcriptome and it offers a better chance ofrstadeing the role of the its
constituents as well as their role in development and digééeseg et al., 2009, Marguerat and
Bahler, 2010, Mutz et al., 2013)NA-seq has a clear advantage over its predecessibriscdds

the benefit of being more practical (inexpensive, rapid,-tigbughput) while at the same time
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offering higher sensitivity, quantitative results and the option of different types of analyses

(Marioni etal., 2008, Mutz et al., 2013)

Published reviews give a comprehensive description of the steps that are required in ord
to complete an RNA sequencing experim@iang et al., 2009, Mutz et al., 2013)he three
most important segments include, firstly, the RNA isolation and library preparation; secondly
the sequencing of the samples by a specialized platform and, finally, the bioinformatics analys

of the output datdifure 4-1).

Initially for the library preparation, the isolated RNA samples are fragmented and
converted to cDNA. After ligation to NGSpecific adapters, the samples can be amplified by
PCR prior to sequencing on a hitfiroughput platform suchs lllumina. The sequencing event
generates millions of short reads fr oen dot

method).

As discussed byoelkerding et al. (2009)Liu et al. (2@2) and (Fox et al., 2014)the
main companies that supply NGS platins presentlyare lllumina, Roche PacBioand Life
Sciences. Despite engineering differences and variationthe chemical compositions of
consumables, they follow a comparable paradigm, in that short and clonally amplified DNA is

sequenced in a massively paralleled manner.

The datasets that are generated in an RNd& experiment are extremely large and
complexand the choice of the appropriate analysis methods is crucial to correctly interpret ths
data. Although several methods and variations have been devised and a number of software to
have been created to accommodate them, the main steps involved mdddupe remain the

same.

The raw sequencing data come in the form of FASTQ files that include the nucleotide

sequence of each short read and quality score for each position. These reads are mapped or
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reference transcriptome and using the appropriatds,t the mapped data are counted and
normalized and the gene expression is measured, leading to a list of genes with associated
values and fold changes. The majority of studies using the-Bdgfapproach aim to explore the
differential expression (DE)fagenes between wild type and mutant or untreated and treated
conditions. These lists can then be studied in parallel with-S€&dPor other proteomics data to

get a biological insight on the resu{@shlack et al.2010, Marguerat and Bahler, 2010)
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* RNA isolation
* Conversion to cDNA
* ¢cDNA fragmentation

e Libral.‘ A8 . Ligation to NGS adapters
Preparation

* PCR amplification

* Next Generation Sequencing Platform
* (Illumina®, Roche®, Life Sciences®)

* Raw data (FASTQ)

» Alignment to reference transcriptome
* Read count

* Gene expression measurement

Differential Expression - Non-coding RNA
Splicing Events

RNA-seq experiment results: ]

Figure 4-1 Overview of the steps involved in an RNA sequence experiment

An RNA-seq experiment consists of three major steps. Firstly, the library preparatic
isolated purified RNAThen, the sequencing takes place with aid from specialized seqt
platforms and lastly, the raw output data is analyzed with bioinformatics tools. The anal
focus on events such as differential expressiom,amaing RNA and splicing events.
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Differential expression between two biological systems has been the main focus of mos
RNA-seq studies as it offers the opportunity to gain further insight on the interconnectior
between the transcriptome and pbigpe. However, there is so much more information that
could be mined from a specially designed RBEY experiment, including transcript splicing,
epigenetic modifications, chromatin structure variation and evolutionary development
(Voelkerding et al., 2009)RNA-seq has emerged also as a means of detecting molecular
mutations or mutation patterns that could be responsible for initiating cancer or other diseast

(Costa etl., 2013, Wei et al., 2014)

Recent exploration®f the genomeusing modern technologieeave advanced our
knowledge andunderstanding of nenoding RNA (ncRNA) and its biological role. NcCRNA
includes sequences of transcribed RNA that are not transtdtegroteins and their function
remains largely unspecified. These transcripts can be divided in two categories based on
arbitrary size threshold (200 nucleotiflewith the shorter ones, especially miRNA, capturing
most of the interest due to its iligation in numerous biological processeswéver long non
coding RNA is also emerging as an important factor in gene expression andHuotznger

and lzaurralde, 2011, Nagano and Fraser, 2011)

4.2 Experimental Aims

The aim of this chapter is to explore the gene expression profile of 226LDM cells and tc
compare the differences in expression between two groups, namely control 226LDM cells an
cell cycle arrested cells. The primary aim is to obtain a list of tHeechgenes whose expression
is affected by the celtycle cessation. The secondary aim of this Chapter is to record the long
noncoding RNA sequences that are affected by this change and which could be later o

exploited in further studies.
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To block cell gcle, the 226LDM cells will be treated as described in chapter 2, with the
addition of hydroxyurea (Hu) and nocodazole (No). RNA will be then isolated from both groups
of cells (i.e. control and treated) and, after the quality control, the RNA sampigdioates

will be sequenced at the University College London (UCL).

The bioinformatics analysis of the raw data will be conducted using a high performance
computer (HPC) and the Galaxy server, which is a bioinformatics software management syste
in a dick-andpoint environment. Following the analysis pipeline, the raw output files will be
aligned and mapped to the human genome, the read counts will be normalized and the DESE
package will be employed to measure differential expression (Bijers and Huber, 2010)
From the obtained results, the topr@gulated and dowregulated genewill be identified and
Gene itology analysis on them will be performed. Furthermore, the analysis will be repeatec

focusing on the long necoding RNA transcts.

This DE study is interesting on its own due to the richness of data that comes with it a
well as the fact that, to our knowledge, 226LDM cells have never been used irs&NA
experiments previously. In the context of the current study, these dibe Winked to the ChiP

seq data described in chapter 3.
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4.3 Results
4.3.1 Cell cycle blocking treatment

In these experiments, 226LD&kIIs were initially grown in culture flasks and treated with
100 mM hydroxyurea and 500ng / ml nocodazole, as described irecl2agtfter treatment, the
detached treated cells as well as control 226LDM cells were harvested for sample preparatio
Three biological replicates were prepared for each condition to ensure the reliability of the
results interpretation. The success @ tleatment for each replicate was confirmed by western
blotting where control cells exhibited expression of both CTCF isoforms, while all treated
samples showed no presence of CTCHfigare 4-2).
4.3.2 RNA isolation and quality control

The isolation of total RNA from the 6 samples was done following the protocol from
Trizol E. The samples were run on a 1% aga
order to test the quality of the RNA. Two distinct bBarrepresenting the 28S and 18S rRNAs

were visible indicating that the integrity of the RNA was hifigpute 4-3).

The concentration and purity of the samples were measured with the NanoD+bpORD
spectophotometer. The 260/280 (RNA/ protein) absorbance ratios varied between 1.86 and 1.¢
while they were between 1.64 and 1.89 for the 260/230 (RNA/ contaminantsalfseé 1 for
values). Subsequentlyntegrity control was performed using the Agilent 2100 Bioanalyzer
where clear and distinct 18S and 28S bands representing ribosomal RNA were present in all t
samplesfigure 4-4). Upon completion of th quality control the samples were delivered to UCL

for library preparation and sequencing.
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226LDM

Control Treated

180kD CTCF

130kD

Tubulin

Figure 4-2 Western blotting using lysates from226LDM cells after treatment with
Hydroxyurea and Nocodazole

226LDM cells were treated with 100 mM hydroxyurea for 24 hours and then 500
nocodazole for anber 24 hours. Following treatment the detached cells were harvest
used to prepare samples for western blotting. A polyclonal antibody recognizing bott
isoforms was used for the experiment. Each isoform can be seen on the image witl
The \sualization of the signal was done with use of the Fusion FX7 and tubulin was u:

loading control.
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Control

DNA ladder  #3

Control

#2 #3

Treated

Figure 4-3 Assessment of RNA integrity on samples prepared from 226LDM control at

treated cells

Total RNA extracted from control and treated 226LDM cells, both prepared in triplicate

run on an agarose gels stained with ethidium bromide (EtBr) in order to assess its integ

bands representing the 28S and 18S ribosomal RiX&shown with arrows.

Table 4-1 Concentrations and absorbance ratios of RNA samples measured with the
NanoDrop ND-1000.

,\Slsmgfr Concentration inrr?‘é'g;dofcoHL:g)L 260/280 260/230
1 163.8 ngg| lgg 1.91 1.82
2 164.7 ngg| leg 1.96 1.88
3 117.8 ngel 1.5¢eg 1.95 1.69
4 63.4 ngél leg 1.86 1.64
5 173.2 nge! 1.5¢eg 1.89 1.91
6 131.6 nggl 15¢gg 1.95 1.82
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Figure 4-4 Quality control of RNA isolated from control and treated 226LDM cells

Total RNA was isolated from control and treated 226LDM cells, each group licatgs. T
confirm the integrity of the content, the samples were run on a microfluidic chip us
Agilent Bioanalyzer 2100. The 28S and 18S ribosomal subunits are represented by pee
electropherograph and by bands on the gel placed on tiesiiig of each graph.
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4.3.3 Sequencing data analysis

The sequenalg of the samples took place at UCL using the lllumina Hiseq platform. The
raw sequence files were received in FASTQ format which is the most common format used i
NGS (Cock et al., 2010)It contains the output reads from the sequencer which need to be

mapped in the reference genome which in this study is the human genome.

Initially, the FASTQ quality trimmer was used to discard the low quality reads that did
not pass the quality threskdoand then the reads were aligned to the human genome using the
robust aligning tool NovoaliggRuffalo et al., 2011and a high performance computer (HPC).

The sequence alignirdata were stored in BAM file format using SAMtogls et al., 2009)

The next step of the procedure involved the raw reads count (RPKM) and normalizatiot
of the reads (FPKM) using the BamRm tool in galaxy. Multidimensional scaling (MDS)
(Borg and Groenen, 200%as employed to generate plots from both the raw and normalized
datain order to assess the level of similarity between samfitpg€ 4-5). The samples of each
group appeared clustered together (figure 4.5.A) and the in the normalized data they are groug

even closer wigh fits to the expectation from the experimental design (figure 4.5.B).

Using the raw count reads, the differential gene expression between the two sampl
groups was investigated using the DESEQ tool kit. With this package, diagnostics plots wer
createdto visualize the loaracteristics of the analysis, such asistogram portraying the
distribution ofp values(figure 46) and two heatmaps; orte show the expression variance of
the 100 most differentially expressed genespbyalue andone portraying tie similarities
between the samples according to Euclidéatance(figure 4-7). Furthermorea volcano plot
was generatedvith MATLAB combining the magnitude of expression change (log2 fold

change)with the significanced value)(figure 4-8).
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The genes whose transcription was affected by the treatment were discovered ar
analysed. From the set of results, the data correlated witvadue higher thar0.05 were
discarded as potentially neignificant and the remaining entries were sorted according te fold
change of expressioithe list was further filtered by value (<0.4).The t@ 50 transcripts (at
this point, different transcripts of the same gempresent will represent a different entry), as
well as the top 50 genes that were up~ and deegnlated are shown in tables 4.3 and 4.4
4.5 respectively. Unless referenced otherwise on the table, the gene descriptions were provid
by the RefSeq Genproject (Pruitt et al., 2005, Pruitt et al., 2014 these tables the gene

symbol along with théog2 fold change and value can be seen.
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Figure 4-5 MDS plots of raw and normalized count data showing the similarities betwet
control and treated samples

Multidimensional scaling (MDS) plots were generated from the (@&wand normalized (E
count reads using the DESEQ analysis package on Galaxy. MDS plots are used to vis!
level of similarity between samples of a dataset. In the raw counts plot the control san
shown in blue color and the treated samplesshown in pink. In the MDS plot of normali.
counts the control samples are shown in black color while the treated samples are show
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Figure 4-6 Histogram of P valuesgenerated from the DESEQpackage

A histogram of P values wagenerated by the DESEQ package to assess the qohlibhe
samples. The histogram used to visualize the distribution ofvplues within certain intervals
andto assess whether problems are present with the analysis.
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Figure 4-7 Heatmaps portraying the differential expression of the most affected genes ¢
the clustering between the control and treated samples

The DESEQ package wasnployed to generate heatmaps, which aredingensional gric
depicting data from a count tableeft: A gene expression heatmap shows the expre
variance between control and treated genes for the top 100 genes/transcripts affect
treatment ad sorted byp value. Right: The Euclidean distances between the sampl
calculated from the varianegabilizing transformation of the count data can be seen

sample heatmap. The dendrogram at the sides demonstrate the overall similarity
samples.
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Figure 4-8 Volcano plot summarizing the significant and highly deregulated genes
In this scatterplot, genes that are highly deregulated wpéapto the upper left and right

the outside of theair of threshold vertical red dotted linesgi8ficant changesccording to (

value are shown towals the higher top of the plot above the horizontal red dotted line
graph was produced using MATLAB.
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Table 4-2 Top 50 upregulated genedranscripts, sorted according to fold change, as a result
of cell-cycle block treatment in 2261DM cells, discovered with the DESEQ package

Transcript ID Gene ID Folo:g%Zange Q-value
1. KRT23:NM_015515 KRT23 8.599638 7.85E06
2. KRT23:NM_001282433 KRT23 8.495657 7.75E06
3. CHP2:NM_022097 CHP2 7.78822 0.000613
4. C150rf48:NM_032413 C150rf48 7.600153 5.03E53
5. C150rf48:NM_197955 C150rf48 7.592132 5.03E53
6. MUC4:NM_004532 MUC4 7.36881 9.71E13
7. MUC4:NM_138297 MUC4 7.362573 1.10E12
8. MUC4:NM_018406 MUC4 7.335745 1.78E07
9. S100A7A:NM_ 176823 S100A7A 7.073195 7.06E09
10.KRT34:NM_021013 KRT34 7.027633 1.18E43
11.CKB:NM_001823 CKB 6.923193 5.60E05
12.KPNA7:NM_001145715 KPNA7 6.631406 6.36E10
13.GNGT2:NM_001198755 GNGT2 6.485113 8.02E07
14.GNGT2:NM_031498 GNGT2 6.485113 8.02E07
15.GNGT2:NM_001198754 GNGT2 6.433824 1.29E06
16.GNGT2:NM_001198756 GNGT2 6.424219 1.47E06
17.CIB3:NM_054113 CiB3 6.398279 0.001035
18.LCN2:NM_005564 LCN2 6.31412 1.78E08
19.SPDEF:NM_001252294 SPDEF 6.289303 3.12E06
20.CRCT1:NM_019060 CRCT1 6.230484 1.51E27
21.CNFN:NM_032488 CNFN 6.213195 5.81E06
22.DES:NM_001927 DES 6.167984 0.026839
23.SPDEF:NM_012391 SPDEF 6.150613 4.85E06
24.1GF2:NM_001291861 IGF2 6.140172 6.55E08
25.1GF2:NM_000612 IGF2 6.127075 1.69E07
26.S100A7:NM_002963 S100A7 6.122937 8.40E14
27.1GF2:NM_001127598 IGF2 6.117659 1.09E07
28.1GF2:NM_001291862 IGF2 6.117659 1.09e07
29.1GF2:NM_001007139 IGF2 6.11769 1.09E07
30.CIB3:NM_001300922 CiB3 6.077545 0.004625
31.MUC16:NM_024690 MUC16 6.010402 0.003392
32.RAB33A:NM 004794 RAB33A 5.89684 0.000178
33.LOC388282:NM_001278081 LOC388282 5.843758 0.011923
34.MUC20:NM_001291833 MUC20 5.803648 7.42E09
35.MUC20:NM_020790 MUC20 5.799892 2.13E08
36.S100A12:NM_005621 S100A12 5.792389 7.50E14
37.MGARP:NM_032623 MGARP 5.784396 2.95E11
38. TCHHL1:NM_001008536 TCHHL1 5.772711 0.000382
39.SPANXB1:NM 032461 SPANXB1 5.765314 1.64E07
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40.SPANXB1.1:NM_032461.1 SPANXB1.1 5.733483 2.43E07
41.MUC20:NM_152673 MUC20 5.730657 3.34E08
42.LYPD2:NM_205545 LYPD2 5.709685 0.000902
43.MUC20:NM_001282506 MUC20 5.658244 1.01E07
44. SPRR2A:NM_005988 SPRR2A 5.648773 7.49E18
45.PRAP1:NM_001145201 PRAP1 5.638928 8.83E06
46.DEFB103B:NM_018661 DEFB103B 5.622059 0.002648
47.DEFB103A:NM_001081551 DEFB103A 5.622059 0.002648
48.RASGEF1C:NM_175062 RASGEF1C 5.571098 0.004904
49.CARD17:NM_001007232 CARD17 5.549296 1.83E06
50.SPRR2B:NM_001017418 SPRR2B 5.54848 3.31E21




104

Table 4-3. Top 50 upregulated genes(and their descriptions) due to teatment of 226LDM
cells with HU and NOresulting in cell-cycle block. The DESEQ package was used to
generate this data

Description

The protein encoded by this gene is a member of the keratidyfahtie keratins arg
intermediate filament proteins responsible for the structural integrity of epithelial cells a
subdivided into cytokeratins and hair keratins. The type | cytokeratins consist of
proteins which are arranged in pairs of hetgpic keratin chains. The type | cytokera
genes are clustered in a region of chromosome t@gl2Alternative splicing results if
multiple transcript variants.

This gene product is a small calcitbinding protein that regulates cell pH by coliing

plasma membrangype Na+/H+ exchange activity. This protein shares sequence sim
with calcineurin B and can bind to and stimulate the protein phosphatase actiy
calcineurin A (CnA) and functions in the calcineurin/NFAT (nuclear factorctivated T
cells) signaling pathway. Another member of the CHP subfamily, Calcineurin B homol
protein 1, is located on Chromosome 15 and is an inhibitor of calcineurin activity and
genetic phenotype associated with Parkinson's Disease (OMIMBBR6Fhis gene wa
initially identified as a tumomssociated antigen and was previously referred tq
Hepatocellular carcinomassociated antigen 520.

This gene was first identified in a study of human esophageal squamous cell car
tissues Levels of both the message and protein are reduced in carcinoma samples.

human tissues, this gene is expressed in the the esophagus, stomach, small intesti
and placenta. Alternatively spliced transcript variants that encode the samia heyve beer
identified.

The major constituents of mucus, the viscous secretion that covers epithelial surfaces
those in the trachea, colon, and cervix, are highly glycosylated proteins called mucins
glycoproteins play important re$ in the protection of the epithelial cells and have K
implicated in epithelial renewal and differentiation. This gene encodes an integral mer
glycoprotein found on the cell surface, although secreted isoforms may exist. At leg
dozen transgpt variants of this gene have been found, although for many of them thg
length transcript has not been determined or they are found only in tumor tissues. Th
contains a region in the coding sequence which has a variable number (>100) tfrtRem
repeats.

-No known function

The protein encoded by this gene is a member of the keratin gene family. As a type
keratin, it is an acidic protein which heterodimerizes with type Il keratins to form hai
nails. The type | Hakeratins are clustered in a region of chromosome 1-fll2and have
the same direction of transcription.

The protein encoded by this gene is a cytoplasmic enzyme involved in energy home
The encoded protein reversibly catalyzes the tramgfphosphate between ATP and varid
phosphogens such as creatine phosphate. It acts as a homodimer in brain as well ag
tissues, and as a heterodimer with a similar muscle isozyme in heart. The encoded prg
member of the ATP:guanido phospilansferase protein familA pseudogene of this ger
has been characterized.

-No known function

Phototransduction in rod and cone photoreceptors is regulated by groups of si
proteins. The encoded protein is thought to play a crucialinot®ne phototransduction.
belongs to the G protein gamma family and localized specifically in cones. Several tra
variants encoding the same protein have been found for this gene.

This gene product shares a high degree of sequence diynilétti DNA-dependent proteir
kinase catalytic subunitteracting protein 2 in human and mouse, and like them may
the catalytic subunit of DNAlependent protein kinases. The exact function of this gene
known. Alternative splicing results in ntiple transcript variants.

-No known function

Gene ID
1. KRT23
2. CHP2
3. C150rf48
4. MUC4
5. S100A7A
6. KRT34
7. CKB
8.

9. GNGT2
10. CIB3
11. LCN2
12. SPDEF

The protein encoded by this gene belongs to the ETS family of transcription factor
highly expressed in the prostate epithelial cells, and functions as an andrdgeendent
transactivadr of prostatespecific antigen (PSA) promoter. Higher expression of this prg
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has also been reported in brain, breast, lung and ovarian tumors, compared
corresponding normal tissues, and it shows better tassociation than other caneg
assocaited molecules, making it a more suitable target for developing specific @
therapies. Alternatively spliced transcript variants encoding different isoforms have
found for this gene.

13.

DES

This gene encodes a mussleecific class Il intermediatBlament. Homopolymers of thi
protein form a stable intracytoplasmic filamentous network connecting myofibrils to
other and to the plasma membrane. Mutations in this gene are associated withrdiededs
myopathy, a familial cardiac and skeletalapgathy (CSM), and with distal myopathies.

14.

IGF2

This gene encodes a member of the insulin family of polypeptide growth factors, whi
involved in development and growth. It is an imprinted gene, expressed only fro
paternal allele, and epigenetibanges at this locus are associated with Wilms tum
Beckwith-Wiedemann syndrome, rhabdomyosarcoma, and Siussell syndrome. A reag
through INSIGF2 gene exists, whose 5' region overlaps the INS gene and the 3'

overlaps this gene. Alternatiwebpliced transcript variants encoding different isoforms h
been found for this gene.

15.

S100A7

The protein encoded by this gene is a member of the S100 family of proteins containin
hand calciurrbinding motifs. S100 proteins are localized in theoplasm and/or nucleus of
wide range of cells, and involved in the regulation of a number of cellular processes 4
cell cycle progression and differentiation. S100 genes include at least 13 members wih
located as a cluster on chromosome 1q2ils Protein differs from the other S100 proteing
known structure in its lack of calcium binding ability in one-lidhd at the Nerminus. The|
protein is overexpressed in hyperproliferative skin diseases, exhibits antimicrobial ac|
against bactegi and induces immunomodulatory activities.

16.

MUC16

-No known function

17.

RAB33A

The protein encoded by this gene belongs to the small GTPase superfamily, Rab fam
GTP-binding protein and may be involved in vesicle transport.

18.

MUC20

This gene encodes member of the mucin protein family. Mucins are high molecular we
glycoproteins secreted by many epithelial tissues to form an insoluble mucous barrier.
terminus of this family member associates with the multifunctional docking site of the
proto-oncogene and suppresses activation of some downstream MET signaling cascag
protein features a mucin tandem repeat domain that varies between two and six copieg
individuals. Multiple variants encoding different isoforms have been fdonthis gene. A
related pseudogene, which is also located on chromosome 3, has been identified.

19.

S100A12

The protein encoded by this gene is a member of the S100 family of proteins containin
hand calciurrbinding motifs. S100 proteins are localizede cytoplasm and/or nucleus o
wide range of cells, and involved in the regulation of a number of cellular processes §
cell cycle progression and differentiation. S100 genes include at least 13 members wi
located as a cluster on chromosoig21. This protein is proposed to be involved in spe
calciumdependent signal transduction pathways and its regulatory effect on cytos
components may modulate various neutrophil activities. The protein includes an antimi
peptide whicthas antibacterial activity.

20.

TCHHL1

This gene belongs to the S100 fudgpde protein (SFTP) gene family, and is located i
cluster of SFTP genes on chromosome 1g21. Several members of this family hay
implicated in the development of complex skirsadiders. This gene is evolutionar
conserved; its expression appears to bedmcific and spatially restricted within the dis
inner root sheath of the hair follicle. It thus may have an important role in
morphogenesis.

21.

SPANXB1

Temporally reglated transcription and translation of several tegtiscific genes is require
to initiate the series of molecular and morphological changes in the male germ cell
necessary for the formation of mature spermatozoa. This gene is a member of tg
family of cancer/testimssociated genes, which are located in a cluster on chromoso
The SPANX genes encode differentially expressed teptsific proteins that localize
various subcellular compartments. This particular family member coraairegiditional 18
nucleotides in its coding region compared to the other family members in the sam
cluster. This family member is also subject to gene copy number variation. Althoug
protein encoded by this gene contains consensus nuclear ltoaliggnals, the major sit
for subcellular localization of expressed protein is in the cytoplasmic droplets of ejag
spermatozoa. This protein provides a biochemical marker for studying the unique str
in spermatazoa, while attempting to fugthdefine its role in spermatogenesis.
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22.

SPRR2A

-No known function

23.

PRAP1

-No known function

24.

DEFB103B

Defensins form a family of microbicidal and cytotoxic peptides made by neutro
Members of the defensin family are highly similar in protein seqeiefbis gene encode
defensin, beta 103, which has broad spectrum antimicrobial activity and may pl
important role in innate epithelial defense.

25.

DEFB103A

Defensins form a family of microbicidal and cytotoxic peptides made by neutro
Members of lhe defensin family are highly similar in protein sequence. This gene en
defensin, beta 103, an antibiotic peptide which is induced by bacteria and interferon g
and which displays antimicrobial activity against S. aureus, S. pyogenes, P. aerufin
coli, and C. albicans.

26.

BCL2A1

This gene encodes a member of the BCprotein family. The proteins of this family for
hetere or homodimers and act as ardind preapoptotic regulators that are involved in
wide variety of cellular activities shc as embryonic development, homeostasis

tumorigenesis. The protein encoded by this gene is able to reduce the releasapofppotic
cytochrome c from mitochondria and block caspase activation. This gene is a
transcription target of Nikappa Bin response to inflammatory mediators, and isegulated
by different extracellular signals, such as granulocyserophage colongtimulating factor
(GM-CSF), CD40, phorbol ester and inflammatory cytokine TNF andl, which suggests
cytoprotective finction that is essential for lymphocyte activation as well as cell sur
Alternatively spliced transcript variants encoding different isoforms have been found f
gene.

27.

VNN3

This gene is the central gene in a cluster of three vanin genes anosiome 6023)24.
Extensive alternative splicing has been described; the two most common variat
represented as RefSeqs.

28.

FXYD2

This gene encodes a member of the FXYD family of transmembrane proteins. This pa
protein encodes the sodium/potassitnansporting ATPase subunit gamma. Mutations in
gene have been associated with Renal Hypomagnegemiiernatively spliced transcrig
variants have been described. Reiaugh transcripts have been observed between this
and the upstream FXY domainrcontaining ion transport regulator 6 (FXYD6, Geneg
53826) locus.

29.

TMEM71

-No known function

30.

KRT75

This gene is a member of the type Il keratin family clustered on the long arm of chrom
12. Type | and type Il keratins heteropolymerize torfontermediatesized filaments in thq
cytoplasm of epithelial cells. This gene is expressed in the companion layer,
germinative matrix region of the hair follicle, and medulla of the hair shaft. The en
protein plays an essential role in haidamail formation. Variations in this gene have bg
associated with the hair disorders pseudofolliculitis barbae (PFB) and loose anag
syndrome (LAHS).

31.

VTCN1

This gene encodes a protein belonging to the B7 costimulatory protein family. Protiiss
family are present on the surface of antigeasenting cells and interact with ligand boung
receptors on the surface of T cells. Studies have shown that high levels of the encodeq
has been correlated with tumor progression. A pseudogenbifgene is located o
chromosome 20. Multiple transcript variants encoding different isoforms have been foy
this gene.

32.

MYL9

Myosin, a structural component of muscle, consists of two heavy chains and four light
The protein encoded by thigne is a myosin light chain that may regulate muscle contra
by modulating the ATPase activity of myosin heads. The encoded protein binds calcil
is activated by myosin light chain kinase. Two transcript variants encoding different isg
have leen found for this gene.

33.

LAMA4

Laminins, a family of extracellular matrix glycoproteins, are the major noncollage
constituent of basement membranes. They have been implicated in a wide var
biological processes including cell adhesion, difféegiain, migration, signaling, neurit
outgrowth and metastasis. Laminins are composed of 3 non identical chains: laminin
beta and gamma (formerly A, B1, and B2, respectively) and they form a cruciform str
consisting of 3 short arms, each fodrgy a different chain, and a long arm composed of
chains. Each laminin chain is a multidomain protein encoded by a distinct gene. §
isoforms of each chain have been described. Different alpha, beta and gamma chain
combine to give rise¢o different heterotrimeric laminin isoforms which are designated
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Arabic numerals in the order of their discovery, i.e. alphalbetalgammal heterotri
laminin 1. The biological functions of the different chains and trimer molecules are I
unknown, but some of the chains have been shown to differ with respect to their
distribution, presumably reflecting diverse functions in vivo. This gene encodes the
chain isoform laminin, alpha 4. The domain structure of alpha 4 is similar toftahtha 3,
both of which resemble truncated versions of alpha 1 and alpha 2, in that approximatel
residues at the ferminus (domains IV, V and VI) have been lost. Laminin, alpha 4 con
the Gterminal G domain which distinguishes all alpha chairom the beta and gamn
chains. The RNA analysis from adult and fetal tissues revealed developmental regula
expression, however, the exact function of laminin, alpha 4 is not known. Eigsudic
utilization of alternative polyAsignal has beedescribed in literature. Alternative splicin
results in multiple transcript variants encoding distinct isoforms.

34.

UPK2

This gene encodes one of the proteins of the highly conserved urottsglagific integral
membrane proteins of the asymmetric unit meanb which forms urothelium apical plaqu
in mammals. The asymmetric unit membrane is believed to strengthen the urothel
preventing cell rupture during bladder distention. The encoded protein is expressed
peripheral blood of bladder cancettipats with transitional cell carcinomas.

35.

IL32

This gene encodes a member of the cytokine family. The protein contains a tyrosine s
site, 3 potential Nmyristoylation sites, multiple putative phosphorylation sites, and an |
cell-attachment sequee. Expression of this protein is increased after the activatiorcefi§
by mitogens or the activation of NK cells by-H. This protein induces the production
TNFalpha from macrophage cells. Alternate transcriptional splice variants, encodingndi
isoforms, have been characterized.

36.

CLIC3

Chloride channels are a diverse group of proteins that regulate fundamental cellular pn
including stabilization of cell membrane potential, transepithelial transport, maintena
intracellular pH, ad regulation of cell volume. Chloride intracellular channel 3 is a men
of the p64 family and is predominantly localized in the nucleus and stimulates chlori
channel activity. In addition, this protein may participate in cellular growth contregdban
its association with ERK7, a member of the MAP kinase family.

37.

MT1M

This gene encodes a member of the metallothionein superfamily, type 1 f
Metallothioneins have a high content of cysteine residues that bind various heavy
These genega transcriptionally regulated by both heavy metals and glucocorticoids.

38.

CDH5

This gene is a classical cadherin from the cadherin superfamily and is located in
cadherin cluster in a region on the long arm of chromosome 16 that is involved in |
heterozygosity events in breast and prostate cancer. The encoded protein is a- ¢
dependent celtell adhesion glycoprotein comprised of five extracellular cadherin repe
transmembrane region and a highly conserved cytoplasmic tail. Functiomilag céassig
cadherin by imparting to cells the ability to adhere in a homophilic manner, the protei
play an important role in endothelial cell biology through control of the cohesion
organization of the intercellular junctions. An alternativecgpliariant has been described
its full length sequence has not been determined.

39.

CCL28

This antimicrobial gene belongs to the subfamily of small cytokine CC genes. Cytokine
family of secreted proteins involved in immunoregulatory and inflammatoocesses. Th
CC cytokines are proteins characterized by two adjacent cysteines. The cytokine enc
this gene displays chemotactic activity for resting CD4 or CD8 T cells and eosinophil
product of this gene binds to chemokine receptors CGRIBGCR10. This chemokine mg
play a role in the physiology of extracutaneous epithelial tissues, including diverse m
organs. Multiple transcript variants encoding two different isoforms have been found f
gene.

40.

KRT8

This gene is a member ofethype 1l keratin family clustered on the long arm of chromos
12. Type | and type Il keratins heteropolymerize to form intermediagal filaments in the
cytoplasm of epithelial cells. The product of this gene typically dimerizes with keratin
form an intermediate filament in simple sinddgrered epithelial cells. This protein plays
role in maintaining cellular structural integrity and also functions in signal transductio
cellular differentiation. Mutations in this gene cause cryptogenihagsis. Alternatively
spliced transcript variants have been found for this gene.

41.

FXYD6-
FXYD2

This locus represents naturally occurring refaugh transcription between the neighbor
FXYD domaincontaining ion transport regulator 6 (GenelD 53826) sodium/potassium
transporting ATPase subunit gamma (GenelD 486) genes on chromosome 11. Or
through transcript produces a fusion protein that shares sequence identity with each in
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gene product, while another redidough transcript encodes #otein that has a distinct-Q
terminus and only shares sequence identity with the upstream locus (GenelD 53826).

42.

COL15A1

This gene encodes the alpha chain of type XV collagen, a member of the FACIT cq
family (fibril-associated collagens with intertag helices). Type XV collagen has a wi
tissue distribution but the strongest expression is localized to basement membrane zo
may function to adhere basement membranes to underlying connective tissue stron
proteolytically produced @erminal fragment of type XV collagen is restin, a potentig
antiangiogenic protein that is closely related to endostatin. Mouse studies have sho
collagen XV deficiency is associated with muscle and microvessel deterioration.

43.

SPRR2E

This gene encodes member of a family of small prolinech proteins clustered in th
epidermal differentiation complex on chromosome 1g21. The encoded protein, alon
other family members, is a component of the cornified cell envelope that forms bene
plasma memtane in terminally differentiated stratified squamous epithelia. This envé
serves as a barrier against extracellular and environmental factors. The seven SPRH
(A-G) appear to have been homogenized by gene conversion compared to others #teih
that exhibit greater differences in protein structure.

44,

C2orf72

-No known function

45.

KRT33A

This gene encodes a member of the keratin gene family. This gene is one of multiple
hair keratin genes that are clustered in a region of chromosomg-§Z@land have the sam
direction of transcription. As a type | hair keratin, the encoded protein is an acidic ¢
which heterodimerizes with type Il keratins to form hair and nails. There are two isofo
this protein, encoded by two separate gekesatin 33A and keratin 33B.

46.

TNNC2

Troponin (Tn), a key protein complex in the regulation of striated muscle contracti
composed of 3 subunits. The -Trsubunit inhibits actomyosin ATPase, the-Tnsubunit
binds tropomyosin and F&, while the TrC subunit binds calcium and overcomes
inhibitory action of the troponin complex on actin filaments. The protein encoded b
gene is the T4€ subunit.

47.

NLRP10

Members of the NALP protein family typically contain a NACHT domain, a NACH
associated doain (NAD), a Gterminal leucinerich repeat (LRR) region, and antirminal
pyrin domain (PYD). The protein encoded by this gene belongs to the NALP protein 1
despite lacking the LRR region. This protein likely plays a regulatory role in the i
immune system. The protein belongs to the sigmdiced multiprotein complex, th
inflammasome, that activates the finflammatory caspases, caspdsand caspasg. Other
experiments indicate that this gene acts as a multifunctional negative reguld
inflammation and apoptosis.

48.

SPRR2D

-No known function

49.

CXorf49

-No known function

50.

CXorf49B

-No known function
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Table 4-4. Top 50 downregulated genedranscripts, sorted according to fold change,
resulting from cell-cycle block treatment in 226LDM cells, discovered with the DESEQ

package
Transcript ID Gene ID FoIJg%inge Q-value
1. IFNE:NM_176891 IFNE -6.30539 1.17E13
2. KCNJ10:NM_002241 KCNJ10 -6.07528 0.000371
3. CD37:NM_001774 CD37 -5.78961 0.105869
4. CD37:NM_001040031 CD37 -5.78961 0.105869
5. CHST4:NM_005769 CHST4 -5.56221 9.82E08
6. SBSPON:NM_153225 SBSPON -5.51535 5.88E10
7. SLC25A27:NM_004277 SLC25A27 -5.32327 0.000171
8. SLC25A27:NM_001204051 SLC25A27 -5.30305 0.000171
9. CHST4:NM_001166395 CHST4 -5.30287 3.30E07
10. ADAMTS15:NM_139055 ADAMTS15 -5.29835 6.33E13
11. PGLYRP1:NM_005091 PGLYRP1 -5.2588 0.013616
12. MARCH1:NM_001166373 MARCH1 -5.21713 9.58E07
13. MARCH1:NM_017923 MARCH1 -5.21713 9.58E07
14. SLC25A27:NM_001204052 SLC25A27 -5.19801 0.000195
15. FAM184B:NM_015683 FAM184B -4.97151 0.000322
16. OCLM:NM_022375 OCLM -4.92508 0.003207
17. SLITRK5:NM_015567 SLITRK5 -4.86939 0.002609
18. SLC29A1:NM_001078175 SLC29A1 -4.83037 1.05E25
19. SLC29A1:NM_001078176 SLC29A1 -4.82799 3.14E26
20. SLC29A1:NM_001078174 SLC29A1 -4.82574 1.49E26
21. SLC29A1:NM_004955 SLC29A1 -4.82569 1.49E26
22. SLC29A1:NM_001078177 SLC29A1 -4.82535 8.54E26
23. SLC16A7:NM_004731 SLC16A7 -4.81848 4.69E08
24. FRMPD2:NM 001042512 FRMPD2 -4.76662 0.060652
25. SLC16A7:NM_001270623 SLC16A7 -4.75744 7.07E08
26. SLC16A7:NM_001270622 SLC16A7 -4.75744 7.07E08
27. HOXD9:NM_014213 HOXD9 -4.74498 0.033306
28. SLC47A2:NM_152908 SLC47A2 -4.73102 0.078496
29. DSG1:NM_001942 DSG1 -4.71024 0.322558
30. SLC47A2:NM_001256663 SLC47A2 -4.70516 0.079138
31. SLC47A2:NM_001099646 SLC47A2 -4.70051 0.079915
32. MXRA5:NM_0 15419 MXRA5 -4.65616 0.337272
33. SLC34A1:NM_001167579 SLC34A1 -4.64595 0.082399
34. GPRASP1:NM_001184727 GPRASP1 -4.60355 0.00573
35. GPRASP1:NM_014710 GPRASP1 -4.58758 0.006117
36. GPRASP1:NM_001099411 GPRASP1 -4.58758 0.006117
37. GPRASP1:NM_001099410 GPRASP1 -4.58758 0.006117
38. SPATA25:NM_080608 SPATA25 -4.57957 0.003438
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39. METTL7A:NM_014033 METTL7A -4.56485 0.182034
40. CYP3A5:NM_001291829 CYP3AS5 -4.53891 0.009357
41. CYP3A5:NM_001291830 CYP3AS5 -4.52157 0.010025
42. CYP3A5:NM_000777 CYP3A5 -4.48625 0.011512
43. CHRNG:NM_005199 CHRNG -4.46742 0.249945
44. ASIC1:NM_001256830 ASIC1 -4.44766 1.13E22
45. PPARGC1B:NM_001172699 PPARGC1B -4.4433 1.54E25
46. PNKD:NM_022572 PNKD -4.43 7.13E06
47. PPARGC1B:NM_001172698 PPARGC1B -4.42352 2.15E25
48. PPARGC1B:NM_133263 PPARGC1B -4.41747 2.15E25
49. ASIC1:NM_001095 ASIC1 -4.40213 2.22E23
50. ASIC1:NM_020039 ASIC1 -4.38977 2.47E23
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Table 4-5. Top 50 downregulated genes(and their descriptions) due to teatment of
226LDM cells with HU and NOresulting in cell-cycleblock. The DESEQ package was used
to generate this data

Gene ID Description

1. IFNE -No known function

This gene encodes a member of the inward rectifige potassium channel famil
characterized by having a greater tendency to allow potassiflowt into, rather thar
out of, a cell. The encoded protein may form a heterodimer with another potg
channel protein and may be responsible for the potassium buffering action o
cells in the brain. Mutations in this gene have been associatdd sgizure
susceptibility of common idiopathic generalized epilepsy syndromes.

The protein encoded by this gene is a member of the transmembrane 4 supe
also known as the tetraspanin family. Most of these members aidelte proteing
that are characterized by the presence of four hydrophobic domains. The p
mediate signal transduction events that play a role in the regulation o
development, activation, growth and motility. This encoded protein is a cell sU
glycoprotein thais known to complex with integrins and other transmembrar
superfamily proteins. It may play a role incé€ll-B-cell interactions. Alternatg
splicing results in multiple transcript variants encoding different isoforms.
This gene encodes anadt¢dylglucosamine 80 sulfotransferase. The encoded enzy
transfers sulfate from 3'phosphoadenosine 5'phaspHate to the éydroxyl group
of N-acetylglucosamine on glycoproteins. This protein is localized to the Golgi g
involved in the modificatiomf glycan structures on ligands of the lymphocyte hon
receptor Lselectin. Alternate splicing in the 5' UTR results in multiple transg
variants that encode the same protein.

5. SBSPON -No known function

Mitochondrial uncoupling proteins (LK} are members of the larger family
mitochondrial anion carrier proteins (MACP). UCPs separate oxid
phosphorylation from ATP synthesis with energy dissipated as heat, also referrg
the mitochondrial proton leak. UCPs facilitate the transfeanions from the inner tg
the outer mitochondrial membrane and the return transfer of protons from the o
6. SLC25A27 the inner mitochondrial membrane. They also reduce the mitochondrial men
potential in mammalian cells. Tissue specificity occurs for ifferdnt UCPs and th¢
exact methods of how UCPs transfer H+/Cifle not known. UCPs contain the thr
homologous protein domains of MACPs. Transcripts of this gene are only deteq
brain tissue and are specifically modulated by various environmentalitioms.
Alternative splicing results in multiple transcript variants

This gene encodes a member of the ADAMTS (a disintegrin and metalloprots
with thrombospondin motifs) protein family. ADAMTS family members share se
distinct proteinmodules, including a propeptide region, a metalloproteinase dom
7. ADAMTS15 disintegrinlike domain, and a thrombospondin type 1 (TS) motif. Individual mem
of this family differ in the number of @rminal TS motifs, and some have unique
terminal domainsThe protein encoded by this gene has a high sequence simila
the proteins encoded by ADAMTS1 and ADAMTS8.

MARCH1 is a member of the MARCH family of membrapeund E3 ubiquitin
ligases (EC 6.3.2.19). MARCH proteins add ubiquitin (see MIM3B3) to targef]
lysines in substrate proteins, thereby signaling their vesicular transport be
8. MARCH1 membrane compartments. MARCH1 downregulates the surface expression of|
histocompatibility complex (MHC) class Il molecules (see MIM 142880) and
glycoproteins by directing them to the late endosomal/lysosomal compar|
[supplied by OMIM, Mar 2010].

The protein encoded by this gene is induced by cyclic mechanical stretch
9. OCLM trabecular cells of the eye and it is also expressed in retinapfdtsin may play &
role in trabecular meshwork function and the development of glaucoma.
Members of the SLITRK family, such as SLITRKS5, are integral membrane prg
10. SLITRK5 with 2 N-terminal leucinerich repeat (LRR) domains similar to those of SLIbtpins
(see SLIT1; MIM 603742). Most SLITRKs, including SLITRKS5, also haviefninal

2. KCNJ10

3. CD37

4. CHST4
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regions that share homology with neurotrophin receptors (see NTRK1; MIM 191
SLITRKs are expressed predominantly in neural tissues and have smeadtgating
activity [supplied by OMIM, Mar 2008].

11.

SLC29A1

This gene is a member of the equilibrative nucleoside transporter family. The
encodes a transmembrane glycoprotein that localizes to the plasma and mitoch
membranes and mediates the cellular uptake usfensides from the surroundir
medium. The protein is categorized as an equilibrative (as opposed to concen
transporter that is sensitive to inhibition by nitrobenzylthioinosine (NBMH
Nucleoside transporters are required for nucleotide systiesells that lack de nov|
nucleoside synthesis pathways, and are also necessary for the uptake of c
nucleosides used for cancer and viral chemotherapies. Multiple alternatively S
variants, encoding the same protein, have been found $ogehie.

12.

SLC16A7

This gene is a member of the monocarboxylate transporter family. Members

family transport metabolites, such as lactate, pyruvate, and ketone bodies. The
encoded by this gene catalyzes the prditoked transport of monocaolylates and
has the highest affinity for pyruvate. This protein has been reported to be more
expressed in prostate and colorectal cancer specimens when compared to
specimensAlternative splicing results in multiple transcript variants.

13.

FRMPD2

This gene encodes a peripheral membrane protein and is located in a reg
chromosome 10q that contains a segmental duplication. This copy of the gene
length and is in the telomeric duplicated region. Two other more centromer
proximd copies of the gene are partial and may represent pseudogenes. Fh
length gene appears to function in the establishment and maintenance
polarization. The protein is recruited to eedll junctions in an Eadherindependent
manner, and isedectively localized at the basolateral membrane in polarized epitl
cells. Alternative splicing results in multipltranscript variants.

14.

HOXD9

This gene belongs to the homeobox family of genes. The homeobox genes et
highly conserved family oftranscription factors that play an important role
morphogenesis in all multicellular organisms. Mammals possess four s
homeobox gene clusters, HOXA, HOXB, HOXC and HOXD, located on diffe
chromosomes, consisting of 9 to 11 genes arranged detanThis gene is one (
several homeobox HOXD genes located at 2337 chromosome regions. Deletiol
that removed the entire HOXD gene cluster or 5' end of this cluster have
associated with severe limb and genital abnormalities. The exact rdlis giehe hag
not been determined.

15.

SLC47A2

This gene encodes a protein belonging to a family of transporters involv
excretion of toxic electrolytes, both endogenous and exogenous, through uriy
bile. This transporter family shares homology wille tbacterial MATE (multidrug
and toxin extrusion) protein family responsible for drug resistance. This gene is
two members of the MATE transporter family located near each other on chrom
17. Alternatively spliced transcript variants encodinffedént isoforms have bee
identified for this gene.

16.

DSG1

Desmosomes are calell junctions between epithelial, myocardial and certain g
cell types. Desmoglein 1 is a calcitinding transmembrane glycoprotein compon
of desmosomes in vertebrateitbplial cells. Currently, three desmoglein subfam
members have been identified and all are members of the cadherin cell ag
molecule superfamily. These desmoglein gene family members are located in a
on chromosome 18. The protein encodedtlis gene has been identified as
autoantigen of the autoimmune skin blistering disease pemphigus foliaceus.

17.

MXRAS

This gene encodes one of the matemodelling associated proteins. This prot
contains 7 leucineich repeats and 12 immunoglobulike C2-type domains relate
to perlecan. This gene has a pseudogene on chromosome Y. [provided by RefS|
2010].

18.

SLC34A1

This gene encodes a member of the type Il sogibosphate cotransporter famil
Mutations in this gene are associated with dphosphatemia
nephrolithiasis/osteoporosis JAlternative splicing results in multiple transcri
variants.

19.

GPRASP1

This gene encodes a member of the GPRASP (G probeipled receptor associatd
sorting protein) family. The protein may modulate lysososmating and functiona
downregulation of a variety of @rotein coupled receptors. It targets receptors
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degradation in lysosomes. The receptors interacting with this sorting protein ir
D2 dopamine receptor (DRD2), delta opioid receptor (OPRD&)a2 adrenergig
receptor (ADRB2), D4 dopamine receptor (DRD4) and cannabinoid 1 reg
(CB1R). Multiple alternatively spliced transcript variants encoding the same p
have been identified.

20.

SPATA25

-No known function

21.

METTL7A

-No known function

22.

CYP3AS5

This gene encodes a member of the cytochrome P450 superfamily of enzymg
cytochrome P450 proteins are monooxygenases which catalyze many re
involved in drug metabolism and synthesis of cholesterol, steroids and other
The encodegbrotein metabolizes drugs as well as the steroid hormones testos
and progesterone. This gene is part of a cluster of cytochrome P450 ge
chromosome 7g21.1. Two pseudogenes of this gene have been identified with
cluster on chromosome 7.x@ression of this gene is widely variable amd
populations, and a single nucleotide polymorphism that affects transcript splicin
been associated with susceptibility to hypertensiédternative splicing results ir
multiple transcript variants.

23.

CHRNG

The mammalian musclgpe acetylcholine receptor is a transmembrane pentar
glycoprotein with two alpha subunits, one beta, one delta, and one epsilon (ir
skeletal muscle) or gamma (in fetal and denervated muscle) subunit. This gene
encoas the gamma subunit, is expressed prior to the 4thiitgt week of gestation i
humans. The gamma subunit of the acetylcholine receptor plays a rg
neuromuscular organogenesis and ligand binding and disruption of gamma g
expression prevents theorrect localization of the receptor in cell membran
Mutations in this gene cause Escobar syndrome and a lethal form of m
pterygium syndrome. Muscligpe acetylcholine receptor is the major antigen in
autoimmune disease myasthenia gravis.

24,

ASIC1

This gene encodes a member of the -aeidsing ion channel (ASIC) family ¢
proteins, which are part of the degenerin/epithelial sodium channel (DEG/H
superfamily. Members of the ASIC family are sensitive to amiloride and functid
neurotransmision. The encoded proteins function in learning, pain transduction, {
sensation, and development of memory and fédternatively spliced transcrip
variants have been described.

25.

PPARGC1B

The protein encoded by this gene stimulates the activity wérak transcription
factors and nuclear receptors, including estrogen receptor alpha, nuclear res
factor 1, and glucocorticoid receptor. The encoded protein may be involved
oxidation, noroxidative glucose metabolism, and the regulation aofergy
expenditure. This protein is downregulated in prediabetic and type 2 diabetes
patients. Certain allelic variations in this gene increase the risk of the developn
obesity. Three transcript variants encoding different isoforms haveftwaea for this
gene.

26.

PNKD

This gene is thought to play a role in the regulation of myofibrillogenesis. Mutg
in this gene have been associated with the movement disorder paroxysmg
kinesigenic dyskinesidlternative splicing results in multipleanscript variants.

27.

SLFNL1

-No known function

28.

CLEC7A

This gene encodes a member of thety@e lectin/Gtype lectinlike domain
(CTL/CTLD) superfamily. The encoded glycoprotein is a small type Il memb
receptor with an extracellular -@pe lectinlike domain fold and a cytoplasm
domain with an immunoreceptor tyrosibased activation motif. It functions as
patterarecognition receptor that recognizes a variety of figddinked and betd,,6-
linked glucans from fungi and plants, and in this way®pla role in innate immun
response. Alternate transcriptional splice variants, encoding different isoforms
been characterized. This gene is closely linked to other CTL/CTLD superf
members on chromosome 12p13 in the natural killer gene conggear

29.

HOXD10

This gene is a member of the ABdhomeobox family and encodes a protein wit
homeobox DNAbinding domain. It is included in a cluster of homeobox D ge
located on chromosome 2. The encoded nuclear protein functions as a sed
specifc transcription factor that is expressed in the developing limb buds a
involved in differentiation and limb development. Mutations in this gene have




114

associated with Wilm's tumor and congenital vertical talus (also known as ‘¢
bottom foot' déormity or congenital convex pes valgus) and/or a foot deforr
resembling that seen in Charddarie-Tooth disease.

30.

RNF128

The protein encoded by this gene is a type | transmembrane protein that loca
the endocytic pathway. This protein contan®ING zinefinger motif and has bee
shown to possess E3 ubiquitin ligase activity. Expression of this gene in retro
transduced T cell hybridoma significantly inhibits activatioduced IL2 and IL4|
cytokine production. Induced expression of tipgme was observed in anergic CD4
T cells, which suggested a role in the induction of anergic phenotype. Alterng
spliced transcript variants encoding distinct isoforms have been reported.

31.

BGN

The protein encoded by this gene is a small cellularpericellular matrix
proteoglycan that is closely related in structure to two other small proteogly
decorin and fibromodulin. The encoded protein and decorin are thought to |
result of a gene duplication. Decorin contains one attached glycasglgdan chain,
while this protein probably contains two chains. For this reason, this protein is
biglycan. This protein plays a role in assembly of collagen fibrils and m
regeneration. It interacts with several proteins involved in musculairogy,
including alphadystroglycan, alphaand gammsasarcoglycan and collagen VI, and
is critical for the assembly of the dystroptaasociated protein complex.

32.

PTPRZ1

This gene encodes a member of the receptor protein tyrosine phosphatase
Expression of this gene is restricted to the central nervous system (CNS), and
be involved in the regulation of specific developmental processes in the
Alternatively spliced transcript variants encoding different isoforms have
described fothis gene.

33.

KCNA7

Potassium channels represent the most complex class of vghsegeion channel
from both functional and structural standpoints. Their diverse functions in
regulating neurotransmitter release, heart rate, insulin secretion, neexoitability,
epithelial electrolyte transport, smooth muscle contraction, and cell volume.
sequenceelated potassium channel geneshaker, shaw, shab, and sh&lave been
identified in Drosophila, and each has been shown to have human homoldggs
gene encodes a member of the potassium channel, voléaee, shakerelated
subfamily. This member contains six membrapanning domains with a shakgpe
repeat in the fourth segment. The gene is expressed preferentially in skeletal 1
heart and kidneylt is a candidate generfinherited cardiac disorders.

34.

CLDN10

This gene encodes a member of the claudin family. Claudins are integral mer
proteins and components of tight junction strands. Tight junction strands serv
physical larrier to prevent solutes and water from passing freely through
paracellular space between epithelial or endothelial cell sheets, and also play
roles in maintaining cell polarity and signal transductions. The expression level
gene is asociated with recurrence of primary hepatocellular carcinoma.
alternatively spliced transcript variants encoding different isoforms have
reported, but the transcript sequences of some variants are not determined.

35.

TLL1

This gene encodes an astalike, zincdependent, metalloprotease that belongs tg
peptidase M12A family. This protease processes procollagerogeptides, such g
chordin, prebiglycan and prdysyl oxidase. Studies in mice suggest that this ¢
plays multiple roles in the g@elopment of mammalian heart, and is essential for
formation of the interventricular septum. Allelic variants of this gene are asso
with atrial septal defect type 6. Alternatively spliced transcript variants encq
different isoforms have bedaund for this gene.

36.

DLX1

This gene encodes a member of a homeobox transcription factor gene family g
to the Drosophila distdessgene. The encoded protein is localized to the nu
where it may function as a transcriptional regulatosighalsfrom multiple TGFbeta
superfamily members. The encoded protein may play a role in the contt
craniofacial patterning and the differentiation and survival of inhibitory neurons i
forebrain. This gene is located in a {aitail configuration wib another member g
the family on the long arm of chromosome 2. Alternatively spliced transcript va
encoding different isoforms have been described.

37.

ZNF540

-No known function

38.

ATP8A1

The Rtype adenosinetriphosphatasegype ATPases) are a famibf proteins which
use the free energy of ATP hydrolysis to drive uphill transport of ions a
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membranes. Several subfamilies oftyPe ATPases have been identified. G
subfamily catalyzes transport of heavy metal ions. Another subfamily transports
heavy metal ions (NMHI). The protein encoded by this gene is a member of the
subfamily of Ptype ATPases and acts to transport amphipaths, suc
phosphatidylserine. Two transcript variants encoding different isoforms have
found for this gene.

39.

MRGPRX3

This gene encodes a member of the -nadeted/sensory neuron specific subfamily
G protein coupled receptors. The encoded protein may be involved in sensory
regulation and in the modulation of pain.

40.

MFSD2A

-No known function

41,

EPB41L4A

Members of the band 4.1 protein superfamily, including EPB41L4A, are thoug
regulate the interaction between the cytoskeleton and plasma membrane [supy
OMIM, Jul 2008].

42.

KRT1

The protein encoded by this gene is a member of the keratin geite fEine type Il
cytokeratins consist of basic or neutral proteins which are arranged in pa
heterotypic keratin chains coexpressed during differentiation of simple and str
epithelial tissues. This type Il cytokeratin is specifically expressdde spinous an(
granular layers of the epidermis with family member KRT10 and mutations in
genes have been associated with bullous congenital ichthyosiform erythroderm
type Il cytokeratins are clustered in a region of chromosome 13432

43.

FLRT2

This gene encodes a member of the fibronectin leucine rich transmembrane

(FLRT) family. FLRT family members may function in cell adhesion and/or recq
signalling. Their protein structures resemble small leuditte proteoglycans found i
the extracellular matrix.

44,

ATP7B

This gene is a member of thetype cation transport ATPase family and encode
protein with several membraispanning domains, an ATPase consensus sequel
hinge domain, a phosphorylation site, and at least 2 putadiweerbinding sites. This
protein functions as a monomer, exporting copper out of the cells, such as the e
hepatic copper into the bile. Alternate transcriptional splice variants, enc
different isoforms with distinct cellular localizationsave been characterize
Mutations in this gene have been associated with Wilson disease (WD).

45,

C20rf88

-No known function

46.

GPR63

This gene encodes a G proteimupled receptor. Multiple alternatively splicg
variants, encoding the same protein, have ldemtified.

47.

MAGEE1

This gene encodes an alptigstrobrevinassociated MAGE (melanonr@ssociated
antigen) protein, which is a member of the MAGE family. The protein conta
nuclear localization signal in the-términus, 30 1zamino acid repeats begimgj at nt
60 with the consensus sequence ASEGPSTSVLPT, and two MAGE domains in
terminus. It may play a signaling role in brain, muscle, and peripheral nerve
gene is located on X chromosome in a region containing loci linked to m
retardation

48.

INHBC

This gene encodes the beta C chain of inhibin, a member of thdo@t@ksuperfamily
This subunit forms heterodimers with beta A and beta B subunits. Inhibing
activins, also members of the TEta superfamily, are hormones with oppos
actions and are involved in hypothalamic, pituitary, and gonadal hormone secret
well as growth and differentiation of various cell types.

49,

LHX4

This gene encodes a member of a large protein family which contains the
domain, a unique cysteifrch zinc-binding domain. The encoded protein is
transcription factor involved in the control of differentiation and development o
pituitary gland.Mutations in this gene cause combirtlitary hormone deficiency
4

50.

T™MC2

This gene is considered a membef a gene family predicted to enco
transmembrane proteins. The specific function of this gene is unknown; hoy
expression in the inner ear suggests that it may be crucial for normal au
function. Mutations in this gene may underlie hereditdisorders of balance an
hearing.
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4.3.4 Gene Ontology Enrichment Analysis

The obtained lists of significantly differentially expredsgenes were used to perform Gene
Ontology analysis in order to visualize the common functioglaltionships between them. 1i&e
Ontology annotation terms (GO terms) form a universally agreed vocabulary assigned to gent
according to their attributes or functions. Multiple GO terms can be assigned to each ger
depending on the current knowledge of the functions it is involvei®E is a web server that

can manage long lists of gene GO terms by removing redundant terms and visualizing tr
remaining ones based on semantic similagBupek et al., @11) This tool, along with the
Cytoscape V3.2.1 software progrgi®hannon et al., 2003as used to perform enriclemt
analysisand visualize theelationships on all the ugegulated and dowregulated genes from

this study figure 49 and 410respectively).

The nodes and edges presented in GO graphs summarizefsiiadiological processes
that the differentially expressed genes are known to participate in. Genes invdlvednmune
responsecell adhesionregulation of cell activation and gene expression, are among others that
get more actively transcribed the treated cells. At the same time, gemestlyinvolved incell
signaling pathwaysembryo morphogenesis, ion and transmembrane transgem to be de

activated during this cell cycle block.
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Figure 4-9 Gene ntology analysis for the genes with uegulated expression in celtycle
blocked 226LDM cells treated with hydroxyurea and nocodazole

Differential expression analysis was performed on control anecyel blocked 225LDI
cells with the DISEQ package. A gene ontology analysis was performed with the €
ranked list of significantly upegulated genes. GO annotation terms were assigned t
gene and statistical analysis and clustering of these terms was performed by the REV
sener. The ontology relationships between theregulated genes are shown in the graph
nodes representing biological processes connected in a-phiehmanner with edges. T
size of the nodes represents the log_size of terms falling into the ballpgocess describ
in the node label. The color of eashde varies according to thalue (from red to green, r

representing the lowestvalue). The editing of the graph was performed with the Cyto!
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Figure 4-10 Gene ntology analysis for the genes with dowsnegulated expression in cell
cycle arrested 226LDM cells treated with hydroxyurea and nocodazole

Differential expression analysis was performed on control anetyelg blocked 225LDMeells

with the DESEQ package. Genatdlogy analysis was performed with the ensuing ranked list of
significantly downregulated genes. GO annotation terms were assigned to each gene ar
statistical analysis and clustering of these terms was performed by the QX server. The
relationships between the wpgulated genes are shown in the graph with nodes representing
biological processes connected in a pagiid manner with edges. The size of the nodes
represents the log_size of terms falling into the bickgprocess described in the node label.
The color of edt node varies according to thevglue (from red to green, red repeating the
lowestq value). The editing of the graph was performed with the CytoScape V3.2.1 software.
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4.3.5 Non-coding RNA

The function of noncoding RNAs remains to a great extent unknown; however their
expression patterns have been reported to be dynamic and potentially purposeful. Consideri
this, further to the expression analysis on protein coding genes, we also explongaréissien
patterns of nortoding genes and identified significantly differentially expressed genes between

the control and treated 226LDM cells.

The raw sequenced RNA data, in FASTQ format, were aligned and mapped on the whol
human genome and a pipe was developed to screen for raoding genes. Diagnostics plots
and quality control was performed as described previously using the DESEQ package and tl
quality of the samples and the analysis was confirrfigdré 4-11, Error! Reference source

not found.-12 andfigure 4-12).

From the analysis, the differentially expressed genes were filteredcardlithose tha
have aQ value higher than 0.0&8nd the remaining ones were divided inragulated and down
regulated according to their fold change in between the two physiological conditions. The top 5
up~ and dowsregulated noftoding genes are preded intable4-6 andtable 4-7 respectively.

In these tables the gene symbol along with the fold changg \eadde can be seen.
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Figure 4-11 Non-coding RNA sample distances visualized in twdimensional graphs by thi
DESEQ package

Treated 1
Treated 3
Treated 2

The similarities between the control and treated samples are pictudnultidimensione
scaling (MDS) plot and a samptiistance heatmapeft: In MDS plot, the level of similarit
between samples of our dataset can be seen. The control samples are shown in blue ¢
the treated samples are shown in piRight: The Euclidean distances between the sample

be seen in the sample heatmap. The dendrogram at the sides demonstrate the overal
between samples.
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Figure 412 Histogram of P valuesgenerated from the DESEQpackage
A histogram of P values was generated by the DESEQ package to assess the qual

samples. The histogram is used to visualize the distributiop wdlues within certain interve
and to assess whether prabteare present with the analysis.
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Control 1
Control 2
Control 3
Treated 1
Treated?2
Treated 3

Figure 4-12 Heatmap of differential expression of norcoding genes in control and treate
226LDM cells

The DESEQ package was used to generate the expression heatmap-dodingntranscript
The expression divergence of the i) genes/transcripts affected by the treatment in 22¢
cells can be seein the heatmap according povalue. A clustering dendrogram representing
clustering of the column data (samples) can be seen on top of the heatmap.
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Table 4-6 Top 50 upregulated noncoding gene transcripts, sorted according to fold

change, as a consequence of cell cycle arrest in 226LDM cells, discovered using the DESEQ

package

Transcript ID

log2

p-value

FoldChange

adjusted

1. RNUG6-2.9:NR_125730.9 8.089406202 3.16E31
2. RNUG6-2:NR_125730 7.757098858 1.05E29
3. RNU6-2.2:NR_125730.2 7.462141616 9.97E27
4. KRTAP5-AS1:NR_021489 6.584861497 5.95E05
5. TMCO5B:NR_046005 6.321300035 0.0018814
6. RNVU1-19:NR_104086 6.316590435 0.0088546
7. LINCO01405:NR_036513 6.103343714 0.00015
8. INS-IGF2:NR_003512 6.093284077 1.80E08
9. SPRR2C:NR_003062 5.771581929 4.56E06
10. ABHD11-AS1:NR_026690 5.753429704 6.32E06
11. RNU6-2.5:NR_125730.5 5.558473821 1.00E24
12. RNU6-2.4:NR_125730.4 5.552410981 1.40E33
13. TEX26-AS1:NR_038287 5.544292915 0.0061583
14. RNUG6-2.10:NR_125730.10 5.537704365 9.04E27
15. RNU6-2.8:NR_125730.8 5.506411466 4.49E28
16. VTCN1:NR_045603 5.435773714 0.0033258
17. RNU6-2.1:NR_125730.1 5.422723069 3.16E31
18. VTCN1:NR_045604 5.421724439 0.0030636
19. RNUG6-2.7:NR_125730.7 5.371384241 4.05E37
20. RNU6-2.6:NR_125730.6 5.358272526 1.57E31
21. RNU6-2.3:NR_125730.3 5.35144416 4.94E19
22. WFDC21P:NR_030732 5.12062436 0.0001172
23. LINC01269:NR_125769 5.118798495 0.0001259
24. C1QTNF1-AS1:NR_040018 5.103587415 2.06E12
25. C1QTNF1-AS1:NR_040019 5.103587415 2.06E12
26. RNUGATAC:NR_023344 4.968268105 3.30E10
27. SERPINBO9P1:NR_033851 4.953280428 0.0001971
28. APOBECS3B-AS1:NR_104187 4.920520368 4.75E13
29. LINC00273:NR_038368 4.897432426 0.0009009
30. GLIPR2:NR_104639 4.788283528 1.33E06
31. GLIPR2:NR_104640 4.786723099 1.51E06
32. GLIPR2:NR_104638 4.77872 1.46E06
33. GLIPR2:NR_104637 4.776676104 1.72E06
34. ANO1-AS2:NR_103835 4.690662392 6.55E07
35. ANKRD30BL:NR_027020 4.651558571 0.0003838
36. FMOD:NR_103757 4.650916487 0.023637
37. GLIPR2:NR_104641 4.58337318 5.73E07
38. CHRNA4:NR_046317 4.443940678 0.0443368
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39. LINC01133:NR_038849 4.39171289 1.24E29
40. C50rf66-AS1:NR_105050 4.382870174 0.0014902
41. C50rf66-AS1:NR_105049 4.382870174 0.0014902
42. KRT19P2:NR_036685 4.36634295 0.001897
43. PDE6G:NR_026872 4.316991767 0.0129551
44. FAM25BP:NR_104039 4.167544243 1.56E15
45. LINCO01540:NR_110429 4.129800733 0.0062991
46. LINCO1540:NR_110428 4.09481155 0.0075615
47. LINCO0592:NR_027358 4.064977222 5.09E09
48. CIB2:NR_125435 3.879924246 0.0003211
49. HSH2D:NR_111903 3.732336682 8.43E19
50. LIN C00160:NR_024351 3.732053845 4.12E05
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Table 4-7 Top 50 downregulated long norrcoding gene transcripts, sorted according to
fold change, as a result of celtycle arrest in 226LDM cells, discovered with th®©ESEQ
package

Transcript ID

log2

p-value adjusted

FoldChange

1. MLLT10P1:NR_045115 -6.296682603 1.80E05
2. FAM106A:NR_026809 -5.798489612 0.0013112
3. KIZ -AS1:NR_109956 -5.515303113 0.0616641
4. LINCO0173:NR_027345 -5.296498623 0.0231589
5. HCG8:NR_103542 -5.11826481 6.27E10
6. LINCO1355:NR_110616 -5.110507631 0.0001508
7. MANEA -AS1:NR_104136 -5.086470455 0.0243794
8. MRPL23-AS1:NR_024471 -4.997112262 0.1149861
9. CYP3A5:NR_033807 -4.979831552 0.0001357
10. SLC16A7:NR_073055 -4.76189461 2.61E10
11. SLC16A7:NR_073056 -4.76136987 2.61E10
12. FRMPD2B.1:NR_033172.1 -4.699310133 0.0667126
13. ZNF571-AS1:NR_038247 -4.672797079 0.0248735
14. ZNF571-AS1:NR_038248 -4.617578806 0.0296082
15. ZNF571-AS1:NR_038249 -4.617578806 0.0296082
16. LINC00173:NR_027346 -4.588640859 0.0950188
17. SCARNAZ27:NR_003703 -4.559327696 0.0053897
18. LINC00852:NR_026829 -4.539455161 1.62E05
19. TSIX:NR_003255 -4.461121648 2.39E15
20. XIST:NR_001564 -4.423481431 1.93E08
21. GRTP1-AS1:NR_120385 -4.375893521 0.0732026
22. ASIC1:NR_046389 -4.358679274 2.32E25
23. FRMPD2B:NR_033172 -4.34015408 0.0256721
24. RPS15AP10:NR_026768 -4.289058273 0.0150915
25. LINCO0479:NR_027272 -4.259274125 0.0001975
26. NPTN-IT1:NR_103844 -4.235113165 5.73E07
27. DPRXP4:NR_002221 -4.199329154 0.0075905
28. LINCO1179:NR_121676 -4.184252885 0.000336
29. FLJ44511:NR_033963 -4.1705758 0.1460655
30. MFSD2A:NR_109896 -4.154319272 6.62E28
31. LINC01004:NR_039981 -4.10359801 0.0004323
32. INE1:NR_024616 -4.102383616 3.25E12
33. LINC01252:NR_033890 -4.101614637 0.0931621
34. HCG27.2:NR_026791.2 -4.06847 0.0204587
35. PWARS5:NR_022008 -4.046436951 0.032033
36. LINCO0086:NR_024359 -4.04028287 0.0869138
37. STAM-AS1:NR_110370 -4.012747071 0.0008809
38. DKFZP43410714:NR_033797 -3.970170784 4.13E05
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39. LHX4 -AS1:NR_037642 -3.960061996 1.38E24
40. RPL23AP64:NR_003040 -3.955597229 6.18E05
41. LINCO0O663:NR_026956 -3.940774443 0.006069
42. HERC2P7:NR_036470 -3.925136331 8.03E07
43. HERC2P4:NR_109773 -3.92286214 3.58E06
44. N4BP2L2-1T2:NR_026928 -3.910954469 1.13E07
45. MTVR2:NR_027025 -3.87489278 0.1974436
46. MBL1P:NR_002724 -3.81830226 3.21E05
47. ZNF154:NR_110974 -3.759754608 8.23E06
48. LINCO0965:NR_027000 -3.741198478 0.0554387
49. USP32P2:NR_003554 -3.723082332 5.28E10
50. SLC7A11-AS1:NR_038380 -3.715296713 0.0475209
51.1L12RB2:NR_047584 -3.692018342 0.0121721
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4.4 Discussion

The objective of this chapter was to identify gene expression changesakaildoe in
226LDM cells that were chemically induced to stop proliferating. This was accomplished by
extracting, sequencing, analysing and comparing total RNA from two separate groups of cell:
the first consisted of proliferating cells and the secpopulation was treated with klyoxyurea
and nocodazole to block cell cycle. Cells belonging to the latter group expressed only th

CTCF180 isoform instead of both known CTCF isoforms.

The extracted RNA was used in a massively parallel sequencing experndeheautput
data were explored using an analysis pipeline based on bioinformatics tools and software. Wi
the RNAseq experiment it was possible to acquire virtually complete snapshots of the
transcriptomes in the two cell populations. This allowedysetform a comparison analysis and
discover the pathways that are potentially activated or deactivated as a result of the treatme
Thousands of coding and nending genes were found to be significantly over~ or under

expressed in the treated cells.

From this investigation it was possible to retrieve lists of differentially expressed ranked
genes and to visualize the functional relationships of the biological processes that they a
involved in by exploiting the Gene Ontology project annotations and.tbolboth groups,
namely up and dowregulated genes, the actual results generally met the expectations. Fo
example, amonghe up-regulated genes in arrested celisreare those involved in processes
such ascell adhesiontranslation,immune responsand geneexpressionOn the other hand,
downregulated genes are mostly involved well signaling pathways,on transport,
morphogenesis and polarity as well @l adhesion. The number of the affected processes
involved in RNA metabolism is particulgriremarkable, including RNA processingnd

catabolism The biological interpretation of this observation may be that in the general
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requirement in the RNAnediated processes is reduced in the arrested cells, which are les:
metabolically agve. In the tresed cells, pathways that are involved in response to stress and
chemicals is activated and at the same time it appears that the immune response is a
noticeably stimulatedln conclusion, the changedentified in the transcriptomes of the cells
appear @ reflect two different biological situationfidalthy proliferating vs arrestefstressed

cells).

It should be noted that the GO annotation is a dynamic event and numerous terms cs
change; they can be assigned to different genes or even be discorlouealver, many of the
genes from the list of the differentially expressed genes could currently not be assigned a G

term at all, in which case they were not included in the GO analysis.

Differential expression of neocoding RNA transcripts was also repaftin this study.
Although the identities of significantly affected noading transcripts were obtained, their
functions remain still largely unknown. Known information regarding-ootding RNA is stored
in online databases, most of which focus on miRRAtabases specifically for long neonding
RNA, most prominently NONCODEXie et al., 2014) collect information from the existing
literature and other available databases regarding expression profiles of knoRMAR)
potential links to disease and prediction of function. The challenges of IncRNA annotation ant
the need for more universal and consistently accessible information for lorgpdimig RNAS

have been highlighted in previous studiaschoal et al., 2012, Pauli et al., 2015)

In summary, in this Chapter the RNA profiles of proliferating and arrested 226LDM cells
have been generated for the first time. A huge volume of novel data has been obtained and di
andyzed using a number of bioinformatics tools, which in turn allowed us to identify gene

expression patterns characteristic for two populations of 226LDM cells.



130

With regards to both, coding and nrooding RNA, an inherent limitation of RNSeq is
that it can provide answers regarding gene expression without information on to how these
changes occurred and/ or in which order it happened. The underlying molecular processes whi
are involved in the regulation of gene expression cannot be elucidated usingNAieeR
technique alone; a combination of RM&q experiments with other experimental techniques,
such as ChlBeq and redime PCR, will be important to link the expression profiles to the

function of particular transcription factors.

More specifically,in our study the particular focus will be on a transcription factor, CTCF.
We will investigate whether differential expression of the genes in two populations of 226LDM
cells is associated with the occupancies of the promoters of these genes by CTCFEIBCTC
This will be achieved by intersecting the RMAqg data with the CTCF ChBeq data in

proliferating and arrested 226LDM cells; it is described in the following Chapter 5.
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Chapter 5Integration of the ChlP-Seq and RNASe(q data obtained
from the populations of proliferating and arrested 226LDM cells.

5.1 Introduction

The recent development oéxt generation higthroughput genomic technologies has led
to an unprecedented progress in genomic research. Techniques such as chroma
immunoprecipitation sequencin@hlP-seq), RNA sequencing and genomigle association
studies (GWA) are becoming increasingly accessible and have paved the way for new researc
opportunities. Many studies have been published using high throughput techniques and at t
same time a varig of bioinformatics tools has been developed to aid the analysis of the large
output dataset&Cullum et al., 2011)

It remains challenging to elucidate the interplay betwgsmetics and epigenetics and the
combination of next generation techniques allows for more complex research questions like th
to be asked and more informative answers to be gendidésekins et al., 2010, Angeili and
Costa, 2014)

The integration of ChIP and RN#eq can provide the information about a possible
association between the binding of a transcription factor and the effects of this binding on ger
expression. Other studies have used the combinatitimese techniques to predict changes in
expression according to differential transcription factor bind@gyang et al., 2009)

More research is needed to accurately and quantitatively understand the existing, compl
genomewide networks however these techniques are a considerable step forward by elucidatir

the roles of key playeiisa main events.
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5.2 Experimental Aims

For the experiments conducted in the two previous chapters, the 226LDM cell model wa
used in which the control population expressed both CTCF isoforms (CTCF130, CTCF180) an
the treated expressed the CTCF180 only. freatment, with hydroxyurea and nocodazole,
caused celtycle arrest in the GBI phase and induced a switch in the CTCF isoforms.

In chapter 3, the polyclonal and the monoclonal CTCF antibody were used irs€&hlP
that revealed the CTCF binding sitesas the genomes of control and treated cells. In the
following chapter 4, the global mMRNA expression profiles of the two conditions were compared.

The aim of this chapter is to integrate the results from the results from these chapters. W
hypothesize thathere is correlation between CTCF binding at specific sites and changes in the
expression of the associated genes. The investigation will focus on genes which:

1. Were bound by CTCF in the control and/or treated cells and
2. Were differentially expressed betarethe control and treated 226LDM cells

The analysis will be performed by intersecting the datasets produced from each of the tw

experiments and the account of the up and dmgualated CTCF targets will be given.
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5.3 Results

In this study, the differerdily expressed transcripts identified in the control and treated
226LDM cells by RNASeq(Chapter 4) were linked to the binding of CTCF isoforms reageal
by ChIRSeq Chapter 3)p-value filtered results) The CTCF binding sites withitOOObp of the
trangription start site (TSS) of genes were selected for these anfysakie threshold 0.05)
Intersection of these data showed that multiple links appear to exist between changes in ge
expression and the loss or gain of CTCF binding, as illustratée Meénn diagranffigure 5-1).

Out of 2051 CTCF binding sites in control 226LDM cells identified using the polyclonal
CTCF antibody (which recognizes both isoforms, CTCF130 and CTCFI®®)9 were
associted with differentially expressed transcripts. Among those, 520 wereguypated while
the remaining 489 were dowegulated.

From 64 binding sites identified in the treated cells (CTCF180 only), 26 were associatec
with genes that were differentially engssed; 16 were uggulated and 10 were dowegulated.
There were 8 common CTCF binding sites between control and treated cells inréggilaped
and 6 in the dowanegulated groufffigure 5-1).

Aiming to evidence more robustly the true targets, the margentQ valuewas used
to generatehe lists of targets shown in this chapter. Usirggvalue threshold of 0.4, we found
180 targets bound by CTCF whose expression changed in the treated cplstidalar, 83
targets were upegulated (2 of them remained bound in the treated condition) while 97 were

downregulated (3 remained bound in treated cells).
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4 483 4

Down-regulated
>14,000

Figure 5-1 Venn Diagram presenting the differentially expressed CTCF binding targets |
control and treated 226LDM cells

ChIP and RNA sequencing was conducted in control and treated 226LDM cells. Interse
the sequencing ressaltrevealed the binding targets of CTCF (CTCF130/180 in contrc
CTCF180 in treated cells, identified with the polyclonal antibody), which were differe
expressed in the treated cells. Number of CTCF130 binding sites in control celisased 8 ¢

white number in the dashed shape in the intersections. (See main text for detailed explat
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5.3.1 CTCF association withup-requlated genes in 226LDM cells
By intersecting ChIP and RNAeq datafiltered byQ value we discovered that 85 genes

occupied by CTCF in control 226LDM cells were significantlyregulated in treated cells.
Among these genes, 2 were also targets both in control and treated cells (table 5.1).

The remaining 83 ihding sites were associated with increased expression in the treatec
cells coupled with the loss of CTCF binding. The top 50 transcripts that displayed increase
expression are listed in table 5.2 in order of the decreasing fold change. Based on this al
pending experimental validation, their expression is potentially influenced directly or indirectly

by CTCF binding.
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Table 5-1 Up-regulated targets bound by CTCF in both control and in treated 226LDM

cells
. Gene Fold
Transcript ID Svmbol Chanae
1. S100A13:NM_001024213 S100A13 6.677046
2. S100A13:NM_001024212 S100A13 6.660637

Table 5-2 Top 50 targets associated with CTCF whose expression was-rggulated in

treated 226.DM cells and binding was lost

Transcript ID

Gene Symbol

Log2 FoldChange

1. UPK2:NM_006760 UPK2 5,162216
2. LCN15:NM_203347 LCN15 3,42951
3. HPD:NM_001171993 HPD 2,654225
4. TTC39A:NM_001297666 TTC39A 2,504616
5. TTC39A:NM_001297667 TTC39A 2,440188
6. STARD10:NM_0066% STARD10 2,407431
7. TPS53I3:NM_001206802 TP53I3 2,257445
8. MYOMB3:NM_152372 MYOM3 2,145771
9. MZT2A:NM_001085365 MZT2A 2,07671
10. UNC13D:NM_199242 UNC13D 2,070984
11. AKR1B1:NM_001628 AKR1B1 2,061382
12. PSG4:NM_001276495 PSG4 2,032634
13. PSG4:NM_213633 PSG4 2,030582
14. PSG4:NM_002780 PSG4 2,029551
15. RPL39L:NM_052969 RPL39L 1,926199
16. CLTB:NM_001834 CLTB 1,891354
17. CLTB:NM_007097 CLTB 1,890508
18. UQCC2:NM_032340 uQCC2 1,846334
19. KLC3:NM_177417 KLC3 1,780857
20. RPL7:NM_000971 RPL7 1,764561
21. SLC27A5:NM_012254 SLC27A5 1,746649
22. CEACAM 1:NM_001712 CEACAM1 1,698591
23. CEACAM1:NM_001024912 CEACAM1 1,697494
24. CEACAM1:NM_001205344 CEACAM1 1,697494
25. C150rf40:NM_001160115 C150rf40 1,679434
26. C150rf40:NM_001160116 C150rf40 1,667749
27. CEACAM1:NM_001184813 CEACAM1 1,654582
28. CEACAM1:NM_001184816 CEACAM1 1,653375
29. CEACAM1:NM_001184815 CEACAM1 1,652473
30. SMAGP:NM_001033873 SMAGP 1,650975
31. HPCAL1:NM_002149 HPCAL1 1,629145
32. MESP1:NM_018670 MESP1 1,625055
33. C140rf2:NM_004894 Cl4orf2 1,625011
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34. C140rf2:NM_001127393 Cl4orf2 1,62355
35. HPCAL1:NM_134421 HPCAL1 1,60689
36. MRPL23:NM_021134 MRPL23 1,598766
37.1SY1-RAB43:NM_001204890 ISY1-RAB43 1,510335
38. ZNF425:NM_001001661 ZNF425 1,48103
39. C150rf40:NM_001160113 C150rf40 1,46562
40. MRPL38:NM_032478 MRPL38 1,43757
41. NOP10:NM_018648 NOP10 1,423719
42. NABP2:NM_024068 NABP2 1,412168
43. C150rf40:NM_001160114 C150rf40 1,401653
44. NME1-NME2:NM_001018136 NME1-NME2 1,400934
45. C100rf54:NM_022153 C10o0rf54 1,379281
46. C150rf40:NM_144597 C150rf40 1,349093
47.Cllorf1:NM_022761 Cllorfl 1,343673
48. SFN:NM_006142 SEN 1,312197
49. RPL26L1:NM_016093 RPL26L1 1,22789
50. FIBP:NM_004214 FIBP 1,222373
51. FIBP:NM_198897 FIBP 1,217752
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5.3.2 CTCF association withdown-regulated genes in 226LDM cells

The intersection of ChIP and RNgeq(Q value filtered)revealed thaB7 targetswere
downregulated in the treated cell®ut of these 97 transcripts, Were also associated with
CTCF180 in treated cellable 53). The remaining94 were not associatl with CTCF in

treated cellstop 50 of these transcripts are showtaible 54, ranked according to fold change.
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Table 5-3 List of down-regulated targets bound by CTCF both in control and treated
226LDM cells

Transcript ID Gene Symbol Log2FoldChange
1. SGPL1:NM_003901 SGPL1 -2,3565
2. TCTN3:NM_001143973 TCTN3 -1,87127
3. S100A1:NM_006271 S100AL -1.0968

Table 5-4 Top 50 CTCF targets whose expression was dowegulated in treated 226LDM

cellsand binding was lost

Transcript ID Gene Symbol Log2 FoldChange
1. ARL6IP1:NM_015161 ARL6IP1 -3,92177
2. SLC6A15NM_018057 SLC6A15 -3,43998
3. KCNIP2:NM_173194 KCNIP2 -3,34652
4. LTB4R2:NM_001164692 LTB4R2 -3,03998
5. JRK:NM_003724 JRK -3,0288
6. LTB4R2:NM_019839 LTB4R2 -3,02425
7. SLC6A15:NM_001146335 SLC6A15 -2,91716
8. SLC6A15:NM_182767 SLC6A15 -2,90977
9. MAT2A:NM_005911 MAT2A -2,87756
10. JRK:NM_001077527 JRK -2,83656
11. GSTA4:NM_001512 GSTA4 -2,79356
12. JRK:NM_001279352 JRK -2,63189
13. SAMD5:NM_001030060 SAMDS -2,43252
14. COL27A1:NM_032888 COL27A1 -2,33791
15. KIAA1919:NM_153369 KIAA1919 -2,19629
16. KMT2A:NM_001197104 KMT2A -2,07487
17. KMT2A: NM_005933 KMT2A -2,07487
18. DST:NM_001144770 DST -2,06823
19. DST:NM_183380 DST -2,06722
20. XYLB:NM_005108 XYLB -1,94564
21. XXYLT1:NM_152531 XXYLT1 -1,90918
22. LPGAT1:NM_014873 LPGAT1 -1,8628
23. GDPD1:NM_001165993 GDPD1 -1,74502
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24. LRIG2:NM_014813 LRIG2 -1,73306
25. ABCC5:NM_001023587 ABCC5 -1,6847
26. PIGO:NM_032634 PIGO -1,65188
27. GLTPD2:NM_001014985 GLTPD2 -1,64126
28. PIGO:NM_001201484 PIGO -1,63659
29. PIGO:NM_152850 PIGO -1,63423
30. ARRDC3:NM_020801 ARRDC3 -1,58151
31. ZNF783:NM_001195220 ZNF783 -1,54794
32. SYNM:NM_015286 SYNM -1,534

33. SYNM:NM_145728 SYNM -1,51835
34. SLC3A2:NM_001013251 SLC3A2 -1,48721
35. PVRL1:NM_002855 PVRL1 -1,47781
36. PGBD2:NM_170725 PGBD2 -1,43834
37. TMTC2:NM_152588 TMTC2 -1,42514
38. TM2D3:NM_025141 TM2D3 -1,40488
39. ABCC5:NM_005688 ABCC5 -1,40468
40. CREB3L2:NM_194071 CREB3L2 -1,40402
41. EGR1:NM_001964 EGR1 -1,40144
42. TM2D3:NM_078474 TM2D3 -1,40017
43. PTPRU:NM_005704 PTPRU -1,37153
44. PTPRU:NM_001195001 PTPRU -1,37126
45. PTPRU:NM_133178 PTPRU -1,37126
46. PTPRU:NM_133177 PTPRU -1,37119
47. SLC29A3:NM_001174098 SLC29A3 -1,33866
48. SLC29A3:NM_018344 SLC29A3 -1,33866
49. RBM4B:NM_001286135 RBM4B -1,29116
50. GEMIN4:NM_015721 GEMIN4 -1,28311
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5.3.3 The CTCF binding sites associated with the alteration in gene expression in control
and treated cells are distributed in a noruniformed manner in all chromosomes

The results described previouslyggest that in our model of proliferating and-cgitle
blocked 226LDM cells, the binding of CTCF can affect expression of the genes associated wit
it; the same applies for the loss of CTCF binding or change in the PAdRy$atus.

Interestingly, there are chromosomes where this causal relationship appears to be mc
pronounced, such as chromosome 17 or 20. On other chromosomes (e.g. chromosome 7 and
this effect is less prominent. These spatial arrangements andriclgsdf binding sites, which
may be unique for our model and dynamically change depending on the treatment that the ce

undergo, are presented in figure 5.2. The graphs were generated using MATLAB.
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Figure 5-2 Diagrammatic representationof CTCF binding events onchromosomes and the effect on mRNA expre®n

ChIP and RNA sequencing experiments were conducted in a cell line model generated from control and treated 226LDMresited Tded!
underwent a hydroxyurea and nocodazole treatment which led toyctdl blockage and a switch to the expresadrCTCF180 only, i
comparison to control cells which express both known CTCF isoforms, namely CTCF130 and CTCF180. The binding events @it the
polyclonal CTCF antibody (which recognizes both isoforms) are shown on top of the chromosomése8kepresent the binding target
control cells while red lines represent the binding in treated cells. For each binding, the expression level (in tHeH&ivh afunts) is show
blue represents the expression in control cells while red repréisergspression in treated cells. The graphs were prepared using MATL/
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5.4 Discussion

Previously, a cell line modelas generated using control 226LDM cells together with a
population that underwent treatment with hydroxyurea and nocodazole. This treatment whic
induces cell cycle arrest also causes a transition in CTCF PARylation status in these cell
Control cells &press both known isoforms, CTCF130 and CTCF180, while in the treated cells,
only CTCF180 is detected.

This cell model was used in Ch#éq experiments that were aimed to identify binding
sites of CTCF in both cell populations. Using the polyclonal CBGfbodies, sites bound to
both CTCF130 and CTCF180 isoforms of CTCF could be selected; the monoclonal antibody we
used to precipitate sites bound to CTCF130 (described in Chapter 3). The same two ce
populations were employed to generate global RNAilps{described in Chapter 4).

In this chapter, we presented the intersection of the two datasets. Combining these ne
generation sequencing assays is a very important step in extracting biological value from the ric
and complex data that each of themngrates. This allows to link binding of a partar
transcription factor (CTCF in this study) to gene expression.

By comparing the Chi#Seq andRNA-Seq datd(filtered by pvalue) 1009 CTCF sites
discovered in control cells, approximatelglithof the tdaal binding siteswere associated with
differential gene expression in treated cells. More specifically, over 500 wesgulated and
just under 500 were dowmgulated as a result of losing CTCF binding. With the exception of
only 14 targets (8 for thep- and 6 for the dowanegulated) all targets lost binding of CTCF in
treated cells.

In treated cells, the number of discovered CTCF binding events was considerably smalle
that in control cells (64 targets compared to the 2051 in the control). Froey Btewere found
significantly affected by the treatment and 14 of them were commonly bound in control cells (¢

of the upregulated and 6 of the dowrgulated targets).
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Notably among the sites associated withregulated genes in treated cells, thereeng®
binding sites (all associated with the same gene) that were also bound by the CTCF130 in tl
control cells. This gene, FXYD3, codes for a protein that belongs to a small family of proteins
which contain an FXYD sequence and may regulate the fundtimm-@umps and ioithannels
(Pruitt et al., 2014)The protein has also been shown to demonstrate interesting yet varying
expression changes in various cancers including gastric adenocarcinoma, lung and hoeast car
(Okudela et al., 2009, Yamamoto et al., 2009, Zhu et al., 2010)

On the other hand, 10 dowagulated targets were discovered and four of these were not
present in any other of the datasets; AKAP5, SCAF1AFSand DUSP11.

AKAP5 encodes the A kinase anchor protein 5, member of a family of proteins which
facilitate signal transduction by guiding enzymes in the proximity of their substrates, mostly
known to do so for protetkinaseA. Members of this family arevolved in various functions
including cell cycle and cancer progressfasseltine and Scott, 2013, Saini et al., 2013)

SCAF11, also known as SIP1, is reportedly involved in mRNA splicing eyghtng
and Wu, 1998)SCAP is a protein with a function as a regulator of cholesterojrtiossis(Sun
et al.,, 2007) DUSP11 is a target of the p53 transcription factor, it is reportedly activated after
DNA damage and is also involved in RNA splicing events and cell gr@®&prara et al., 2009)

Following further filtering of the target lists by using the more string@ntalue, the
number of hits was reduced aspected. We found 83 upgulated targets, out of which only 2
were still binding in the treated cells. This means that, for the remaining 81, loss of CTCF
binding lead to increased expression. On the other hand, 97 targets wereedolated; in the
mgority of cases (94) the change seems to be associated with loss of CTCF binding.

The genes described above and those associated with the rest of the binding sites discus
in this chapter are involved in a wide spectrum of functions. Due to time riesisict was not

possible to analyze in depth all the pathways that the genes are involved in. For the same reas
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the validation of our findings by molecular methods in the laboratory was not performed. Taking
into consideration the underlying limitation$ both sequencing techniques this validation will
be necessary. Pending experimental validation, our study suggests that CTCF bindaeg can
essential for theegulation of key genes involvad a variety of functions linked to different

biological situéions.
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Chapter 6 CTCF PARylation and DNA Damage Response

6.1 Introduction
6.1.1 DNA Damage Response (DDR)

Cells need to maintain the integrity of their genetic information and to pass this
information to the daughter cells in an accurate and controlled manner. This gamatitance
can be compromised by damage in the DNA ofrtta¢her cellscaused by errors in the internal
replication machinery, the cellular environment or by external events and.dgesits of this
natureare not a rarityand thereforet is importantto haveprompt and efficientnechanismin
placeto correct the errors in DNA or eliminate cells in case of substantial daffag@athways
that are activated as a reaction to damage are collectively referred to as the DNA Dama

Response (DDR) (for rewies seeZhou and Elledge (200@ndLjungman (2010)

The front runner in the protection system against damage is agonlponent signaling
network responsible for the detection of cellular structure abnorrasliby using specific
checkpoints. The cellular responses after the initial detection of the damage are commc
between all eukaryotic cells and include cell cycle arrest and/or blottke DNA replication

procesgPieper et al., 1999, Zhou and Elledge, 2000, Jackson and Bartek, 2009)

6.1.2 PARylation is involved in DNA Damage Response
PARylationcaused mainly b)PARP1, but also PARP, is one of the first eventsllowing

a |l esion in DNA. PARRBIE nsotrd asnda ad en siet isvae
Arepai rmeno t o (Vaeega and élthaup, 2@08, Kia retead, 20056)pon
discovering a lesiorthe activated PARP1 modifigself and recruitdmportantrepair fa¢ors

such as XRCC1DNA ligase Ill and othergEl-Khamisy et al., 2003, Malanga and Althaus,

2005)
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The importance of PARylation in DDR has been ptbire experiments where PARP1
knockdown cells exhibitefective repair capacity and hygsnsitivity to damaging agents

(Pieper et al., 1999, Malanga and Althaus, 2005)

6.1.3 CTCF isoformsand DNA Damage Response
A growing body of evidence support the hypothesis @&EF could be involved in DDR.

Firstly, CTCF has been a documented factor in the regulation of cellular processes such as c
growth, proliferation and cell cycle progress (Heath et al., 2008)all of which areaffected
during DDR.Furthermore, CTCF has been linked wk#y proteins, includingg53 and cohesjn

which are involved ilDNA damage repaifOhlsson et al., 2001, Millau and Gaudreau, 2011)

Of particular relevace for this study is the fact that CTCF has been linked with PARP1
and can be PARylatgf'u et al., 2004b, Farrar et al., 2018 investigation byGuastafierro et
al. (2@8) revealed another link between the two proteins by showing that CTCF can activate
PARP1 autemodification. The potential significance of this modification of CTCF in DDR is

the main focus of this study

6.2 Experimental Aims
The mainhypothesisvhich thisstudy will address is that the PARylation of CTCF could

be important or requireth the context of DDR. The underlying assumption implies that
activated PARP pathway esponsiblefor the recruitmentand PARylation of CTCF at the
damaged sitesSuppaing that this is the cas€TCF could then function incellular defense

against instability and damage.

Thefirst objective ofthe work described in this chaptertasestablisithat DNA damage
af fects CTCF with regar ds the celiilhwilvwe potsweth by ar

determining the expression(western blot) and localization pattesn (immunofluorescence
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staining)of CTCF following the induction of small, nelethal lesions to cells treated withe

DNA damaging agent hydrogen peroxi#&Q.).

The second objective of the work is to investigate the importance of CTCF PARylation
during DDR. To achieve this, two experimental tools will be used: (1) the mutant variant of

CTCF deficient for PARylation and (2) PARP inhibitors.

In the firstcase, EGFP plasmids containing the PARylatieficient CTCF constructs,
previously produced byrarrar et al. (2011)vill be transfected into cells and the response to
damage will be compared to that of cells transfected wighwild-type CTCF. In the second
case, the PARP inhibitor AB888 will be used to block PARylation activifyVahlberg et al.,
2012)and the results of this inhibition will be monitored in control as well as,{D.itreated
cells. The states of CTCF and PARP1 will be monitored by Immunofluorescent staining (IF) anc

microscopy.

The immunostaining experiments can help with the interpretation of events that take
place in individual cells or a small population oflgelTo investigate the effects of the
treatments in total cell populations, another technique will be employed, namely the automate
fluorimetric analysis of DNA unwinding (FADU) assay. This automated techniiseyssed in
more detail in chapter 1, offethe option of robust, high throughput detection and quaatifio
of DNA damage and repafMorencVillanueva et al., 2011)in our study, FADU will be used
to determine the extent of DNA damage in cells treated with a damaging agent when th

PARylation of CTCF is blocked througgither of the aforementioned methods.

The cell line to be used in the majority of the experiments described in this chapter i
226LDM, derived from normal breast luminal cells and immortalized by viral constructs
carrying the modified T antigen TAg (9dI89-97) and hTERTDocquier et al., 2009)This cell

line was chosen because of its closeness to the healthy normal gelb. For purpose of
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comprehensiveness and in order to explore whether the naturerestitts was global, a further

panel of selected normal and cancer cell lines was fasesome of the experiments.

6.3 Results

In a series of experiments described below, CTCF cellular distribution was investigated ir
226LDM cells treated with low concentations of HO, which is a known DNA
damaging/oxidizing ageritmlay et al., 1988, Henle and Linn, 199The concentration dfi,O,
for these experiments was optimized at €M this amount of the reageonh the micre and
milimolar scales effective in generating small DNA lesions that trigger the activation of a repair
mechanism without causing damage serious enougigter apoptotic cell deatfiNakamura et

al., 2003)

6.3.1 The localization pattern of CTCF in 226LDM cells changes after 30minutes of
treatment with H,O,, while its expression remains unaltered

In the first set of experiments, the 226LDM cells, seeded in wells ofveelldlate,were
treated with 20&M of H,O, and samples of these cells were harvested at a range of different
time-points. Alongside,nontreatedcell samplesvere used as a control to verify that cell cycle
stage/events are not interfering with the interpretation of the results. Thaverd prepared for
Western Blotting (WB) and Immunofluorescence (IF) staining experimant®rder to

demonstratéhe CTCFexpression and localization patterrespectively.

Western blottingexperiments on theeated cells did not portray significarftasges in
the expression of CTCF or the ratio between the two isoforms in the course ¢figure 6-1).
This implies that if CTCHs involved in thedamageesponse mechanism, as hypothesized, then

this would occur most likely by utilizinghe existing molecais rather than producimgw ones.

Although WB revealed no obvious variancedimCF abundancéollowing the treatment
a changevasdetected in the localizatioand distribution patterns of CTCHter 30 minutes of

exposure to thelamaging agent As shown infigure 6-2, in control cells and in cells after 15
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min and 60 min of treatment CTCF is characterized by generally diffuse distributidw in t
nucleoplasmwith no considerable elmcalization between CTCF and PARPHowever, after

30 min CTCF is detected in the nucleoli as confirmed byntteeolar marker UBEGoenechea

et al., 1992)examples arendicated with white arrows). At this time poimxtensive overlap
betweenCTCF and PARP1 can be observed (examples are indicated with yellow arfug/s)
co-localization disappears after 60 min of treatment. Control cells exhibited the same

localizationfor all time-points (data not shown).

The relocalization of CTCF from nucleoplasm into nucleoli had been reported previously
shown to be associatedth growth inhibition, cell differentiation and apoptosis. Interestingly,
CTCF inhibited nucleolar tragription through mechanisms involving CTCF PARylation

(Torrano et al., 2006)

To obtain more detailed visual information of these events, the stained cells were als
viewed using confocal microscopy. As shown figure 6-3, both CTCF and PARP1 are
dispersed throughout the nuclei of the untreated 226LDM cells, although their distributior
patterns differ, whereby CTCF appears diffused in the nucleus and PARBiei€oncentrated
on specific areas. However, the distribution pattern of CTCF and PARP1 changes in 226LDN
cells after 30 min with bD,, revealing considerable docalization between these proteins

(figure 6-4).

PARP1 (and PARP2) have been reported to accumulate in nucleoli in a complex with B2.
(Meder et al., 2005Moreover, the interactions have been documented between -BAfRHE
B23, CTCF and B23Yusufzai et al., 2004between CTCF and PARRGuastafierro et al.,
2008) CTCF and UBHvan de Nobelen et al., 2010}t is therefore possible CTCF may be a

part of a large multifunctional protein complex involved in the regulation of nucleolar
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function(s) dependent on PARPs. These aspects will befuthaddr essed i n

section of this Chapter.



157

226LDM
TP L b
kKD~

Tubul in

(S
w
oo

l | l J

Control Treated
15nmBO0mMEO0OmM 15m30m60m

Figure 6-1 Analysis of CTCF expression in nortreated 226LDM cells and in cells treate
with H 20,

226LDM cells seeded in wells wereesited with 20@M of H,O,. After 15, 30 and 60 minut
cells were harvested and samples were prepared for WB. For the sarpeititse samples we
prepared from control nemeated cells. For the blotting experiment, the polyclonat@mnCF
antibody wheh recognizes both of the CTCF isoforms, 130kD and 180kD, was used. -

was used as a loading control.
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Figure 6-2 Widefield microscopy of 226LDM cells immunofluorescentf stained with the
anti-CTCF, anti-PARP1 and antrUBF antibodies

226LDM cells were cultured on glass cowlips placed in the wells of 12 waeilates, treate
withH,0,, fixed and prepared for IF staining experimer@seen (FITC),staining with the am
CTCF antibody. Rd (TRITC),staining with the amtPARP1 ori UBF antibodies (as indicate
Nucl ei wer e Vv ikdamidino2-phengindole (DAPI) gtaljingblue). Right, merge
of the green and red channels. CTCHamalization with PARP1 is indicated with yellow arrc
and with UBF with white arrows Images were taken at 60x magnification using the Nike

Eclipse widefield microscope. Scale bar shows 20
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Figure 6-3 Analysis of untreated 226LDM cells, stained with the atCTCF and anti-

PARP1 antibodies, using confocal microscopy

The 226LDM cells grown under normal conditions without treatment were prepared as d
in figure 6.2. Green (FITC),staining with the antCTCF antibody. Bd (TRITC)staining witt
the anttPARP1 antibody. Nuclewe r e v i s u a |-diamidino2-phenylihdoled (NAPI
staining blue). Bottom right, merge of the green and red channels. Images were ta
60l magni fication using the Nikon A1Rcon
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Figure 6-4 Analysis of 226LDM cells after 30 minutes of treatment with KO, and stainec

with the anti-CTCF and anti-PARP1 antibodies, using confocal microscopy

The 226LDM cel grown under normal conditions without treatment were prepared as desc
figure 6.2. Green (FITC),staining with the amCTCF antibody. Rd (TRITC) staining with th
antrPARP1 antibody. Nuclei were visualized wit 4diNymiéinc2-phenylindole (DAPI) stainir
(blue). Bottomrightt mer ge of t he green and red chani

using the Nikon A1Rconfocal microscope.
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6.3.2 CTCF is detected in the nucleoli cdocalizing with PARP1 in response tdreatment
with H,0;in a panel of normalimmortalized cell lines, wheeas these features were
not observed in cancercell lines.

From the experimental results described in the previous section, it can be inferred that i
226LDM cells treated with H,O, there is a obvious change in the localizatiorirom
nucleoplasm to nuatdi rather thann the amount of CTCFand in these cellSTCF colocalizes
with PARPXfigures 6.16.2). To establish whether this phenomenon was cell line specific or if
this is a global event, the experiment veamducted using a panel oéll lineswith different
characteristics

Firstly, experiments werearried out usingZR-75.1 (breast cancer cellgfigure 6-5),
HeLa (cervical cancer cellqfigure 6-6) and 293T cellgtransformed human kidney embryonic
cells) (figure 6-7). In all cases, the cellsere grown on coverslips, treated with 20@ H,O,,
fixed and stained following the same protocof@sthe 226LDM cells in the previous section.
Several posttreatment timgooints were selected, however the distribution patterns of CTCF

and PARP1 did not resemble thos@#6LDM cells at any of these points.

On the other hand, in the experiments caned with Hs27 (normal foreskin fibroblast)
and BPH1 (benign prostate hyperplasia) cellsmin posttreatment, CTCF appeared in the
nucleoli, celocalizing with PARP1226LDM cells (figures 6.86.9).This can be explained by
the fact that the immortalizeP26LDM, Hs27 and BPH. cells were generated from primary
cells and have d@racteristics of normal cell§he earlier response time may reflect different

origin of these cells.

From these experiments it can be concluded that, in response to treatmeHb@yith
CTCF is detected ithe nucleoli celocalizing with PARP1in a panel of normaimmortalized

cell lines,howeverthese features were not presientancer cell lines
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Control —
no
treatment

S mins

15 mins

Figure 6-5 Widefield microscopy of ZR75.1cells after treatment with H,0, immunofluorescerily
stained with the anti-CTCF and anti-PARP antibodies
ZR-75.1 cells were cultured on glass coverslips, placed in the wells of a 1glatel, treated with D,

fixed and preparkfor IF staining experiment&reen (FITC)staining with the altCTCF antibody
Red (TRITC), staining with the amPARP1 antibody Nuc | e i wer e V-
diamidine2-phenylindole (DAPI) stainingb{ue). Right, merge of the green and red chan
| mages were taken at 1 60 -Edlipsg widefieid eneroscopen Sc

bar shows 2@m.
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Control — no
treatment

30 mins

60 mins

Figure 6-6 Widefield microscopy of HelLa cells after treatment with H0O,
immunofluorescently stained with the anttCTCF and anti-PARP antibodies

HelLa cells were cultured on glass cegéps placed in the wells of a 12 wglates, treated wi
H.O,fixed and prepared for IF staining experime@eeen (FITC)staining with the aCTCF
antibody. Red (TRITC) ,staining with the amPARP1 antibog. Nuclei were visualized wi
4 Ngliagnidino2-phenylindole (DAPI) staining bjue). Right, merge of the green and
channel s. | mages were taken a t -Edipsed widefiall
microscope. Scale bar shows&a.
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Control —
no
treatment

5 mins

30 mins

Figure 6-7 Widefield microscopy of  293T cells after treatment with HO,
immunofluorescently stained with the aniCTCF and anti-PARP antibodies

293T cells were cultured on glass coskps placed in the wells of a 12 livplates, treated wi
H.O, fixed and prepared for IF staining experimer@seen (FITC),staining with the an
CTCF antibody. led (TRITC),staining with the altfPARP1 antibodyNuclei were visualize
wi t h-diadnijno@-phenylindole (DAPI) stainingbue). Right, merge of the green and

channel s. | ma g e s mageification using ¢he Nilkon TEclip8ed widefiel
microscope. Scale bar shows&a.
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PARPI1 CTCF DAPI Merge

Control

Treated for

Treated 5 mins
for 5 mins

Figure 6-8 Immunofluorescence staining on BPHL cells after treatment with H,O, using
anti-CTCF and anti-PARP1 antibodies viewed by widefield microscopy

BPH-1 cells cultured, treated with,B,, fixed and stained following thsame protocol as for i
cells in figure 6.1. Several tim@oints were tested and compared to the healthy situation
minutes after treatment CTCF and PARP1 appear4oaalize inside the nucleus (shown v
white arrows) . | manggnificationeusirg the hikoe TEcligse widefil

microscope. Scale bar shows&a.
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PARP1 DAPI Merge

Control

Treated for
5 mins

Figure 6-9 Immunofluorescence staining on Hs27 cells after treatment with 0, using
anti-CTCF and anti-PARP1 antibodiesviewed by widefield microscopy

Hs27 cells cultured, treated with®, fixed and stained following the same protocol as fo
cells in figure 6.1. Several tim@oints were tested and compared to the healthy situation
minutes after treatment CTCFA&RARP1 appear to docalize inside the nucleus (shown v
white arrows). I mages were t ak e fEcligse widefil

microscope. Scale bar shows&a.
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6.3.3 PARylation of CTCF is important in its involvement in DDR

The observations described in the previous sections indicated that CTCF and PARP1 m:
be involved in the regulation of the DDR pathways. This section will further explore the
relationship between CTCF and PARPL, in particular the irapoet of CTCF PARYylation, in

the context of DDR.

To achievethis, two experimental approaches will be utilized: (1) transient transfections
using the PARylatiomdeficient CTCF vector and (2) application of the PARP inhibitor, ABT
888 The effects of the afementioned methods will be studied in cells after DNA damage. The

experiments described in this section were all conducted on 226LDM cells.

6.3.3.1 Exogenows PARylation-deficient CTCF does not celocalize with PARP1
nor UBF in the event of DNA damage and appeart affect the formation
of the nucleolus
Two types of EGFRCTCF hybridplasmidsgenerated in our laboratoyrarrar etal.,
2010) were used for the transfection experiments: the -tyjiee CTCF andhe PARylation
deficient CTCF mutant.The transfecte®26LDM cells grown on coverslipwere transfected
with these plasmids antien subjected to the DNA damage experinvétit H,O, as described in
the previous sectioriThe IF stainingimages obtainedwith the aid of widefield microscopy
revealed thiain the cells with exogenous wiltype CTCFa similarlocalization pattern could be
observedas in the cells with endogenous CWFC (figure 6-10). On the other handin cells
transfectedwith the PARylationdeficient CTCF mutant no nucleolar -tmcalization of the
exogenous EGFRagged CTCF with PARP1, and also with UBF, could bgeovedat anytime-
point (figure 6-11). Furthermore RemarkablyUBF and PARP1 appesd to lose theirown
normal spatial patterin the cells transfected with the mutant CTCF, compared with non
transected cells. These observations indicate BraRylation of CTCF may play a role in the

stabilizationof the nucleolstructureat least in the contexif DNA damage.
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DAPI CTCF PARP1

Figure 6-10 Imaging of 226LDM cells, transfected with the exogenous, EGFRgged, wild

15 mins after
treatment

30 mins after
treatment

60 mins
after
treatment

type CTCF following treatment with H,O, and viewed by widefield microscopy

226LDM cells grown on glass coverslips wells of a 12well plate were transfected w
plasmids carrying the wiltype EGFPCTCF constructs. The cells were then treated witt
€M H,0, for various timepoints, fixed and stained using the monoclonal-BARP1 antibod
Exogenous wildype CTG (greeni EGFP) is localized in the nucleus andlooalizes witl
PARPL1 (redi TRITC) following DNA damagel mages wer e taken a
the Nikon TtEclipse widefield microscope. Scale bar shows 20
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15 mins after
treatment

~ 30 mins after
treatment
—PARP1

30 mins after
L treatment
- UBF

60 mins
after
treatment

Figure 6-11 Imaging 226LDM cels, transfected with the EGFRtagged, PARylation
deficient CTCF mutant following treatment with H,0O, and viewed by widefield microscopy
226LDM cells were grown on glass coverslips, transfected with the plasmid expressing th:
EGFRCTCF mutant deficient foPARylation. The cells were treated with 2001 H,0, for
various timepoints, fixed and stained using a monoclonal-BAtRP1 antibody. Note that the
diffuse localization of exogenous CTCF (greerEGFP) in nucleoplasm and absence of co
localization with PARP1 (red TRITC) or UBF (redi TRITC) following DNA damage. The
normal distribution pattern of UBF and PARP1 seen in untransfected cells (dashed line circles)
compromi sed in transfected cell s ( sdamdmb | i
2-phenylindole (DAPI) stainingbue). Right, merge of the green and red channels. Images were
taken at 160 magni f-Ectipaewidefiald micsoscopg. Stale bar siiowk 20n

em.
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6.3.4 Cells treated with the PARP inhibitor ABT-888 repair DNA damage slower / less
efficiently than control cells

To confirm the generalimportance of PARP activity in the ladar response to DNA
damage the ABB88 PARP inhibitor, whiclinas been reported tdock the activity of PARP-L
PARP4(Wahlberg et al., 2012yvas employed for our experimenidie extent of DNA damage
was determined througtthe abundanceof the modified histone-H2AX, which represents a
phosphorylatedH2AX histone ands a known marker for DNA damag&uo and Yang, 2008,

Sharma et al., 2012)

In these experiments, 226LDBbklls grown on coverslips were treated wibM ABT-
888 overnight and fresh inhibitor was added to the cells together wiy. HCells, with and
without ABT-8 8 8, wer e t hen f i xedH2AXmnadtibos\t addiffarentdtimevi t

points.

TheF staining imagesbtained with widefield microsgy, revealed that in cells where
PARPs wer e i nhi-b2AK lbwing treatménewitle HOs were fstill o
considerable after 60 min, whereas in control cells staining abiiszgipeared at this time point
(figure 6:12). Thisresultcan be interpretedsslowerand/ or defective function of the DNA

repair machinery.
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200 uM H,0, 200 pM H,0,
+5 uM ABT-888 NO ABT-888

15 mins

3
Figure 6-12 Distribution of 9-H2AX, a marker for DNA damage, in untreated 226LDM

cells and cells treated with £M ABT -888 following H,O,-induced DNA damage: widefield

microscopy

30 mins

60 mins

226LDM cells cultured on coverslips in -kl plates were exposed overnight te/@ ABT-
888 or left untreated to besed as control. To induce DNA damage, 200 H,0, were applied
to all cells fresh ABT888 was added at the same time in the relevant wa@lg€en (FITC),
staining with the antio-H2AX ant i body. Nucl ei w ediaraidine2t s U ¢
phenylindole (IAPI) staining blue. | mages were taken at 160 m,

Ti-Eclipse widefeld microscope. Scale ba2éem.
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6.3.5 High throughput measurement of DNA Damage FADU assay

In the previous section, througlse of theo-H2AX antibody the visualzation of the
repair progresw/as possiblén the single cefi/small populations of cell3he employment of the
FADU assay(described in Section 2.8nabled the monitoring of the repair procatthe total

cell population level.

6.3.5.1 Overview of the DNA damaye repair pattern in cell lines

In the first series of FADU experiments, 226LDM cells were seeded in nontransparen
FADU well plates (1x 10° cells/ welli 4 replicates for each time point). Once the attachment of
cells to the surface of the wells was aonkd, the plates were left overnight in the £O
i ncubator. On the foll owi ng H®Dafy a widelramge ofe | |
time points. The plates were then placed in the FADU machine and at the end of the experime
the fluorescence enbiid from the wells was measured in a plate reader. The fluorescence in this
case represents doutdanded DNAand therefore the level of fluorescence is inversely
proportional to the damage within the cell populatidowo controls were used in each FADU
experiment;TO includedundamagedatells that did not undergo ttakaline unwinding step and
POcontainedundamaged cells.

The results obtained from this initial experiment showed the repair patt@266DM
displayinga gradual repain the course of 6@ninutes from the introduction of DNA damage.
This pattern is in agreement with the general existroglel (MorenaVillanueva et al., 2011,
MorencVillanueva et al., 2009figure 6-137 A). The TO control confirmed that the cells at the
time of these experiments were viable and healthy. The same protocol, as described above
226LDM cells, was used in the experiment with breast cancer cel$5ZR A respose pattern
similar to the 226LDM cells was observed in this cdggife 6-137 B). It should be noted that

in both experiments the fluorescence levels at 60 minutes were lower than the PO control (no
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damaging conditions), therefore in our next experiments the final time point was extended to 9

minutes to ensure maximal repair.














































































