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Abstract

Abstract

Whi | ec otmpeo n e n tMSS L o fc o mpDeEosophilaianm vee | | atnwdd i ed

k nown & oitical Foke in dosage compensatidmere is little known about the

function of its evolutionary conservetiuman orthologue So far themost well
characterised memheMOF was found to take part in several cellular processes
including transcriptional regulation, apoptosis and th&lA damae response
Howe,wdrher subunits remained relatively u
known a b d wtn c t Tio efallev. up on previous findings and better
understand how the MSL complex is involved aellular processes thistudy

focuses ortwo subunits MSL2 and MSL1

Human MSL2 and MSL1 knoe&ut cell lines were generated using CRISPR/Cas9
genome editing to address the loss of function effect of these two proteins. Cells
lacking either MSL2 or MSL1 were found to have perturbed levesegfral histone
modifications The loss of eitheproteinalso affected the acetylase function of MOF
and itschromatin binding abilityTheir role inthe DNA damage respond®DR)

was further studiedsingcolony formation in response to different DNA danmapi
agents and foci formation of important DDR mediator proteins in response to
ionising radiation (IR).Usingin vivo HR and NHEJ assays also revealed a repair
defect in MSL2 knoclout cells after DNA damagedicating that these pathways in
particular areaffected Further studies revealed that the loss of MSL2 or MSL1
affects thefoci formation of 53BP1 after damage but not tlerall repair. In
addition an increase in 53BP1 nuclear body formation was obsewssibly
indicatingreplication related dange repair defecRecovery after stalled replication
induced by hydroxyurea (HU) treatment revealed a slight increase in newly fired
origins in both the MSL2 and MSL1 knodut cell lines indicating potentialfork
recovery defectUsing a modified BiolDapproach potential MSL2 interactors and
substrates were identified and some interesting were selastsdbjects of future

experiments.

In summary, this work shows that the loss of either MSL1 or M8égatively
affectsthe DDR possibly vigperturbance ofhe histone modificatiorprofile and the
observed 53BP1 nuclear body phenotypght be due to replication related DNA
damage
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Introduction

1. Introduction

1.1Chromatin structure and histone mo

1.1.1. Chromatin structure

The eukaryotic genome is divided into c
packaged intotareompllicéd s¢ehmuwomati n. The
the nucl eosome. It contains two copies o0

H4) call ed a hilsdtbpneofochiNaAmewr, a pwpietdh 1. 6 5

(Luger etKalnnbhberl 9anyd UOdhrechlk,or9NUcl eos o me
connected to each other B8 bpri dbbahrasnkhie s jj
et al,Schafaeg et VWlt.h, 120n0k8 r hi st ocsnoemepr ot €
arrays then fold into higher order chrom
by histone variants replacing canonical

| ocal fabric of(VotlHhe camrdo)niaallhaal ,p 0280r1ed o ni n
nucl eosome can also affect gene expressi
via chromatin remodelling or spacing cor
enzy@asgaraj u and Bahrotuh oeltg.naelvh r 220@0176 n st r
can also be altered thsowdghchi cstaond amao d i
templ ated process regulation and other c
the chromat (Kouazaaa gleishi 12i0t0y7

1.1.2. Histone modications

Histones have a mainly globular structure with unstructured tails and can be
subjected to a number of different modifications which can fundamentally alter the
organization and function of chromatifigure 1.). These modifications play an
important role in the regulation of DNA related processes such as transcription, DNA
repair and replication as well as the structure of the nucleosomes. In general they
regulate transcriptignrepair replicationand mitosis but acetylation, methylation,
phosgorylation and ubiquitylation also plays role in DNA rep@dannister and
Kouzarides, 2011 Acetylation, methylation, ptsphorylation and citrullination can
also influence chromatin structure and dynamics, the binding of histones to
chaperones and gene expresgidtrahl and Allis,200Q Jenuwein and Allis, 2001
Kouzarides, 2007Tessarz and Kouzarides, 2014 additon to providing binding

1
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platforms for specific enzymatic complexes, histone modifications can also function
as interactiordisrupting agents between a histone and a chromatin f@sgerman

et al., 2002 So far over 15 different types of modifications have been identified:
acetylation, methylation, phosphorylation, ubiquitylation, sumoylation, ADP
ribosylation, citrullination, hydroxylation, butyrylation,-t8/droxyisobutyrylation,
crotonylation, propionylation, malonylation, formylation, succinylation and O
GIcNAcylation (Allfrey et al., 1964 Nishizuka et al., 1967Rogers et al., 1977
Wilkinson, 1987 Matunis et al., 1996Cohen, 2002Chen et al., 20Q7Wiang et al.,
2007, Sakabe et al., 2010an et al., 2011Zhang et al., 2011dJnoki et al., 2013
Christophorou et al., 201®Dai et al., 20131

These modifications can occur on different histones in a nucleosoghene histos

can hold several modifications at a time, presenting a challenge for their
identification and quantificatioiGarcia et al., 20Q7DiMaggio et al., 200Q The
process itself can also happen rapidly and the modified states predictéte leah

vary from being present for only a few minutes to longer and can also affect the half
life of the modified histoe (Kouzarides, 2007Barth and Imhof, 201,0Zee et al.,
2010, Zheng et al., 201FZheng et al., 2076 Crosstalk between modifications is also
possible and provides an extra level of complexity of the syétee et al., 201Qa
Bannister and Kouzarides, 2Ql11Modifications either can be dependent upon
another o can occupy the same site preventing the other from occuytregget al.,
2007, Kim et al., 2009.
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Introduction

Modifications relevant to this thesis are discussed in more details in the following

sections.

1.121. Hi stone acetylation
Histone acetylation was the first discovered modification, originally related to active
transcription (Allfrey et al., 1964. It is achieved by histone acetyl transferases
enzymes (HATs) which transfer an acetyl group from aemighzyme A (acetyl
CoA) to thet-amino group of a certain lysine residue. HAAre divided into three
superfamilies based on their structural and acetylase domain similarities: GNAT,
MYST, and CBP/p300. The GNAT (GcnBlated Nacetyltransferase) family has
highly conserved Nto C-terminal regions of C, D, A, and B motif. While regiC
is found in most GNATs but not in other HATs. Region A with a conserved
Arg/GIn-X-X-Gly-X-Gly/Ala sequence is shared with the MYST family. This region
was implicated in acetyCoA substrate recognition and bindi(ldutnall et al., 1998
Wolf et al., 1998. The MYST (MOZ, Ybf2/Sas3, Sas2, and Tip60) family members
contain the highly conserved MYST domain whis composed of an aceigbA
binding motif and a zinc finger. Members can also have additional common features
such as chromodomains and plant homeodoiinated (PHD) zinc fingergUtley
and Cote, 2003Yang, 2004. Members of the MYST family are known to be
involved in different cellular processes such as transcription, replication, DNA
damage detection and s#p Henceproblemswith their activityare associated with
numerous human diseases including can@ervakumov and Cote, 2007 The
CBP/p300 (CREBbinding protein and p300) complex is a unigue class o
acetyltransferase with distant relation to other HAWartinezBalbas et al., 1998
CBP and p300 proteins are known transcriptional coactivatdhschse structural
and functional homology but their HAT activity was a later discoyBgnnister and
Kouzarides, 19960gryzko et al., 1996 CBP/p300 is known to acetylate all histones
both in the nucleosome and in their free famvitro. Its HAT activityin vivo was
shown to be required for activation mediated by different types of nuclear receptors
(Korzus et al., 1993

Histone &etylation is known to alter the nucleosomal fibre organisation and relaxing
the DNA through neutralizing the positive chargédld lysine residue@ion et al.,

2005 ShogrerKnaak et al., 2008ppikofer et al., 2011 This permissive structural
change provides access to DNA regions for different enzymes such as transcriptional

4
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activators at promoter elemer{@entner and Henikoff, 20}3Most commonly the
lysine acetylations are recognised by bromodomain (BRD) containing proteins, for
example acetfransferases such asomodomain protein 4 (BRD4) which binds

and tetraacetylated H4Haynes et al., 199Dhalluin et al., 1999Jung et al., 2014

Also, histone acetylatioroften correlates with additional, targeted acetylation of

histones at promoter nucleosoniBsown et al., 2000Forsberg and Bresnick, 2001

The acetylation of H4 at lysine 16 (H4K16ac) is particularly interesting for this study
because the MSL (Male specific lethal) complex, the focus of this work, is the main
acetyltransferase for this resid(griginally identified inDrososphilg (Hilf iker et al.,
1997. The histone acetylase MOF (Males absent on the farst)ember ofthe
MYST family of HATSs, a catalyticsubunit of the MSL compleis responsible for

this modification MOF is also part of the NSL (Nonspecifiethal) complex which
was shown to perform H4K16aas welland is suggested to regulate housekeeping
gene expressiofLam et al., 2012 The two complexes also exist in humans and
were fownd to possess the same H4K16 acetylation actistyith et al., 2005
Taipale et al., 2005 H4K16ac was fond enriched in transcriptional start sites of
active genes on autosomal chromosomes in micenasshown to have a similar
role to theDrosophilaNSL complex(Taylor et al., 2018 Other findings show gene
body enrichment and a possible role in transcriptional elongation in mammals similar
to theDrosophilaMSL complex(Larschan et al., 20)1Transcriptional elongation

of FOSL1gene waslso found to be dependent on H3K9acS10ph/H4K pGetéorm.

At the FOSL1enhancer region pracetylated H3K9 is phosphorylatadd bound by

the 143-3 adaptomwhich thenrecruits MO to the site for H4K16 acetylatioithis
event consequentially recruits BRD4 and he positive transcription elongation factor b
(P-TEFb) to increase paused RNA polymerase Il processi¥ippo et al., 2009
H4K16ac level changes hauseen implicated in different types of cancer and
alongside with H4K20 methylation waeund to be a common hallmark of human
cancer(Fraga et al., 2005 Breast tissue array analysis also showed that more
invasive breast cancesgem to have low gxession oMOF and H4K16 acetylation
(Pfister et al., 2008 Besides,H4K16 acetylation plays role in DNA repair has
been shown to help the recruitment of ®kepair proteins such as MD(Li et al.,

201Q Sharma et al., 20)@&nd cause impaired DNA repair upon retituc (Gupta et

al., 2005 Taipale et al., 20Q55upta efal., 2008. While the majority of acetyteons
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on H4K16 is performed by MOF nather member of the MYST acetyltransferase
family, Tip60 is also able to acetylatee same residu@viyamoto et al., 2008and
was shown to be a key factor @ elegansmale X chromosome decondensation
(Lau et al., 201p

Histone acetylationlike most posttranslational modificatiens a reversible process
and histoe deacetylases (HDACsatalysethis procesgDelcuve et al., 2002 These
enzymes due to their role are involved in many repression phendifieoehbin et
al., 200). HDACs can be grouped into four differestasses based on their sequence
similarity to yeast deacetylas€de Ruijter et al., 2003 Class | HDAC family
members are considered as classical HDACstlagid deacetylation activitys Zn**
dependentThis family containsHDAC1, HDAC2, HDAC3 and HDACS8with the
first three knowrto form multiprotein compéxes such as NuRD, NODE or CoREST
(Zhang et al., 1999%ou et al., 200lLiang et al., 2008 Class Il HDACsare further
subdivided into two categories Clasa [HDAC4, HDAC5, HDAC7 and HDAC9)
and Class lIb (HDAC6 and HDAC10h relation to cancer and neurodegenerative
diseases HDACG6 posess a potential targetince it is involvedn the removal of
misfolded proteinghrough aggresomdormation or autophagylLee et al., 2010b
Ouyang et al., 2032 Class Il HDACs similar to Class | require an additional
molecule, tie NAD" cofactorfor their enzymatic activityClass IV contains only
HDAC11 which is also a zindependent deacetylase but has similarity to the
other family member§Gao et al., 2002 Since its initial discovery it has emerged as
a potential drug target in cancer since it plays a critical role in cancer cell survival
(Delcuve et al., 201, Deubzer et al., 2013 hole et al., 201)7

1.1.22. Hi stone ubiquitylation
In contrastto other hstone modificationswhere small chemical groups are added to
histone residues, ubiquitylation results in the transfemd.a kDa globular protein
to a lysineresidue(Kamadurai et al., 20Q9Histone ubiquitylation has been shown
to play importantanrole within the nucleus in transcription initiation and elongation,

silencing, and DNA repaiConaway et al., 2005chwertman et al., 2016

The first ubiquitylaion identified was at lysine 119f histone H2A(H2AK119ub)
which is also one of the most alolamt histone modifications in mammalian cells (5
15% of total H2A)Goldknopf et al., 19780sley et al.2006 Vissers et al., 2008It
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has been shown that H2AK119ub represses transcriptionblbgking RNA
polymerase Imediatedelongation(Zhou et al., 2008 Its ubiquitylation is mediated

by the Polycomb Repressor Complex 1 (PRC1) and it plays a critical rakee in
transcriptional silencing of thdOX genes andh X chromosome inactivatiowang

et al.,, 2004 Cao et al., 2005 However, more recent findingargue that a
catalytically inactivePRC1 E3 ligase subunit IRG1B, and subsequential loss of
H2AK119ub does not affect gene upregulation or change in H3K27me3 status
(lingworth et al., 2015 H2AK119 ubiquitylation can also be induced by DNA

damage, where it contributes to BRCAL recruitment and DNA réBangink et al.,

2006 Wu et al., 2009Ismail et al., 2010Ginjala et al., 2011 Another important
ubiquitylated histone is H2B which is the second most abundbiguitylated

histone (32%) with an identified modification site at lysine 120 (H2BK120ub)

(West and Bonner, 198Thorne et al., 1987 Both H2A119ub and H2B120ub have

been found to be decreased in breast and prostate tumours, suggesting a role in
cancer(Zhu et al., P07, Prenzel et al., 20)1H2BK120ub modification is regulated

by the Ring Finger Protein 20/40 (RNF20/40) and is associated with active gene
expression. It is also involved in histone crosstalk atichulation of H3K4 and

H3K79 methylation via DotlL and SET1 complex recruitm@riggs et al., 2002

Zhu et &, 2005 McGinty et al., 2008Kim et al., 2000 Anot her H2B wubi qui
at |l ysine 34 (H2BK34ub) was showm to ir
pol ymerase || processing aftert lsheuaralni ng.
MSL2 (Mal e spescuibfwrci tt e hdEL 2() Malae speci f |
whi chhe smai nt htiosp (Wt uagity a) . ,Th2814mdi fi cat
a f f BI2BK120 ubiquitylationH3 K4 and H3K79 met hyl ati on
a role in the wupstream @wtrineat iacnnd Rfut thle
2 0 1 #H3 and H1 have also been reportecbe ubiquitylatedH1 ubiquitylation at

lysine 63 plays a key role in DNA doule-strand break signalling where
ubiquitylated H3 was found in elongating spermatids in rat t¢Stiesn et al., 1998

Pham and Sauer, 200Dhorslund et al., 20)5H3 and H4 ubiquitylatiomavebeen

observed in response to UV (ultraviolet) irradiation induced DNA damage, promoted

by the CUL4DDB-ROC1 complg (Wang et al.,, 2006 Histones are mainly
monoubiquitylated, with one single ubiquitin molecule attachment to highly
conserved lysine residuéSao and Yan, 20)2However, H2A and H2B can also be

modified by polyubiquitylation. K63inked polyubiquitylation of H2A and H2A.X is

7
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required forthe DNA damage responsm particular for the assembly of DNA repair
proteins(Huen et al., 200Kolas et al., 200,Mailand et al., 200/

12Ubi quityl ation

I n recent years ubiquitylation has been
numer ous cell ul ar processes, such as p
endocyt osi s, t r aanustcorpihpatgiyo n, signalling, t
i nfl am@ahaway e Roakat,tajds02i st ,tHagh un20 @s d
Di ki c,Ur2005B2®95 and ,Khren,t 2006%Hwar z20drd
PatrickCoraOhhd Vachwer t2ndalid ). et T hael . pr 02c0els6s
ubiquitylation is a cascade mechani sm, \

transfer and covalently bind (Bi gb2) guitin

Ubiquitin, fir@Goldédeopif@aeldddtngilm)B&i5s al

encaodley four diffetb,tbcge rpeddbia@hbunmdans :

Ubcencode 3 and 9 tandem ubiquitin mo |
deubiquitylating enzymes (DUBs) t o sepaé
ubi qui tkKkinmuurnai tasn d )TRapnsa2kteddb a280BlcOo de f usi ons
bosomal protein subtuinvi@hsy ectf pS2Uai 2p0nid3 iL1
i's an 8. 5c &kmsai gitbioragni atbe raxchh kds and C).ec hanc

It forms a compact gl obulZaer nsitnraulc t ua iel w

r

covalently |l ink(EFEdga3d ot hbe prosei ss ep of
ubigactiwmating (E1) enzymes acttbivauiet iurbi
thioester bond i n an ATP dependent ma n |
ubi gqaoohj ngateinregy meB2)in t he s ameubmagnunietri nt
thioester bond. Alti gatei ng@s(tE 3>)t egpn z yunbd sq uh e
an isopeptide bond between thedelryysinmd rnea
of the wubi qKio ma md aeyo,l E2ZUU@&®zymes can-facil.
substrate binding in two different ways.
ubiquitin before dtrramtsd ef HEGYG domdaion th2
case of RI'NG type E3 ligases the enzyme:

from the E2 enziHme bregt beScludfafl marn)det9 5al
The role of E3 ligases is to deter mine

medi ate the change from ubigatiitom, crmheg wunl
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ubiquitin chain processivity (Vdinndd hdeeifm neet
al . ,,Yéain0d8 Rap.e, Si2MdDe® E2 and E3 enzymes he
rol es, I t hes ¢akplecertgaedre number of these er
While there are onl yCitewvooh arneopvoerrtPedltz EBatl .e b z
al . ,), 200 number of Medhzenzyemamdi.$ h@wdrlsd:
more than 500 E3 enzyme@ii cdentrilfiedO0i0B bm:

C. T
2 A |
H NH, C
Ub l 0// \NH
substrate |
activation conjugation
ub
NH |
C L Y, c\
substrate o] 4 NH

—— thioester bond | [
—— isopeptide bond . b

Figure 1.2: Schematic representation of the ubiquitin cascade systelint er medi at e t hi oes
bonds are fobmgedi biEavee o E E)lulnitg d s eusb 0 g & ibeonumlidy t o
the substrate mol ecul e. il fNfGe ra nidmf HtBEyETO movtvhaaygE A bli i
l'inkage t oAdapt s@bfsmgmak eanyl Di ki c, 2012

Al t hough-subsguatenlinkage mainly occurs
al so be atdiamcen,eds daroi ncey,stafCadwbl pominme Cioa
200Bavid and Hoc¢Wasng aests pahd 2t0®@T0He amino
t het eN mi nus ofCi el & as ob sSraraaltoe).,, B0 0 4

Substrates -uwchaingubhe y mamned on di fferent r
resulting 1 abmylutityll et mouboi qRie siyd easd i man o
mol ecul es can al so bind tdo t®t hae rs ulblsit q wit te
ubi qui tiFn ga®&i nlshe chain formation can h
residues of the ubiquitin molecules (K6,
throught ertmihmialNo group of another wubiquit
( hetavda i | or M1) wubiquitin chains. Besi de:
typreest erotypic and mixed ubiqui®Pengchkain
al . ,) 2Di0Of3f erent <cellular function can al ¢
The most characteri zeldi nkbeidguiitnvno |l cvheadi nisn
degradati emkednudbiKGwWBi ti n pol ymetrhdeNAwhi ch
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damage response, s (Hg ncaklel ientgGrasrbd) et 2r@a®fdf i Dci ki
20D9 Klilnked ubi quitin asasiorcaviathie d @ i fafl esroe
bi ol ogi cal processes,(Jisruceht &I Bembt oyel e
20L0 endopl as-mbsoceated| dmgr ad@gii @ma |(IE R
Dynek et) al ., 2010

A Ub

ubiquiti fusion trafficking

Ub Ub
Ub Ub Ub Ub ub Ub Ub Ub Ub Ub
| | | | | | |
substrate substrate substrate substrate substrate
monoubiquitylation multiple monoubiquitylation mixed linkage homotypic polyubiquitylation
signaling ) signaling ) polyubiquitylation
endocytosis endocytosis K6 K33
DNA repair DNA repair kinase modification
B - K11 K48
1 . V4 )"/ K48 E:ﬁ{)yde proteasomal degradation
\-/)\“\ P e
o ]
)» ' o K63
K27 4 Z . .
/’ K27 signaling
\%; W &
= \ y
!\\. \

€
2 4 / deggradation DNA damage response
‘ 7 '\ 3 ) A& » innate and adaptive immunity
%?@\’ ) —— 1 4B K29
-~ > . lysosomal degradation M1
kinase modification signaling

Figure 1.3: Schematic representation of different ubiquitin modifications and linkagesA )

Di ffereamd mpaloyubi quitylations can be rluictkueede woift
ubiquitin molecule with the seven |Aydsaipntee da nfdr oonn
(Husnjak andyd Dikic, 2012

Ubiquitylation is a reversible process,

able to remove ubiquitin from target pr ol

1.3.RI NG finga&Fri damasn E

The RING ¢ ResNel@Wgnlent family constitutes t
| i gases, containing over 600 proteins. T

(Freemont )etAatypi d&®9 1RI NG f i noggeermrr) wgrensde sn g
most cases -XOytXpad o Ly-XaHCYsHI s /-XCXLy-X[4

+se€y-XCys sequence, where X represents an)
residue can be replaced by cysteine. Bas
as -6l -tHCpe BBIoONGsen and Hr elelmeo nst, r ulcOt9w6r e o f
finger is stabilised?®iwith-bthesshi adi agge

Proteins can also contai hi mer 8i hdabomheyv
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RI N@st oh et,Bal s 290amd .t he 0mé&mberB-Rof th
RI NEGBR) class for example Parkin, HHARI
Ubiquitin Chain Assembly Coelnp | eTxh e(sLeU BpArQo)t
have a consensus RING sequence (RING1) f
region whriicchh iasnd®yeag ddmaidn R(I Rbh NéR2ynd RtBdRSs
have aHHRAGMNGhybrid mechani sm where after
RI NG1 domain wubiquitin is tra\N&G2 edamai nt o
bef or e cotng utghae (Weugbzsetir aetteS milt. , e t29#ilag| 20 % -
et al,Lazaoaa et al ., 2013

Cullin NTD

Figure 1.4: RING finger E3 ligases.Di f f er ent types of-sRbWNGi di mempl ax
A) BI RC7 homodMdmaX IBareetrdo@?i -BARFRCA1L het erodi mer D)
|l i gase composi t €Bemordded e ra daarpd eWo Ifbreornger , 2014

RI'NG type proteins aretkmown thotfaddm mdb
form -loet earoanodi mer s and cauabahsb Fog@muplae x
14). Whil e most of the homodi meric RI NGs
| i gases wiphobeit hs R{ NGAP, RNF4, BI RC7),
just have one E2 binding RINGARDAd an memh
(Met zger ¢t nmmrls, ca@@lbe formed using sequc¢

domai n, or the RING itself can be respon
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case, the E2 binding surface is fa€ing a
or -t €r mi nal RI NG odad maiemsaldh e iwd ¢ &hl trhegirons
the RINGs | i k-BARBPHd18ndBRICEBG2Z28Vvi c dti al .,
et al,Hua2gOoOe@t) aln, c@nttidast E3s with RIN
terminal regions tend to ttememihse fbroeg

Md mRMd mX and RNBMURCT DOhd c | APi mloenoa@t mal s,
Mace et ,lailew &t0,&éhla.n g 2e0tl Doolu. ,et2PalllTahe 26 1 2
preferences are not exclusive and E3s cs&
BartkiewiczVamdeal KooiRX@%etalanl . TTBE@DB®O&T e
ot her RI' NG E3s whichsuabcutnias cao mpdretx. ofFoa
Cullin Ring Ligase (CRL) superfamily tyr
RI' NG protein, an adaptor tpe otedcaogrintdi omt ¢
(Sari kas &t Al .evenO0Olmor-sultwmipt eE3 mubktit he
promoting compPE@/XxXC) ywhioslhmeorftAehnabudiBngot
cullliikne and a((SRIhMNG i preo)t eifo més.upbuwlntditl RI NG
compl exes focamd al soyea@ast ain multiple RI
glueomsdeuced degradation def(Ptiaent €6GI R) . ¢
Menssen ¢t al ., 2012

14Deubiquityl ation

During proteasomal or lysosomal degradation the substrate is degraded to small
peptides while ubiquitin molecules are recyclglague and Urbe, 200&ohen

Kaplan et al., 2016Collins and Goldberg, 2017 This recycling of ubiquiti

molecules prior to protein degradation facilitates a longerlifi@lof ubiquitin in

vivo (Lam et al., 199/Liu and Jacobson, 201.3The disruption of ubiquitin cleavage

prior to degradation was suggested to cause imbalance in free and substrate
conjugated ubiquitin ratidHanna et al., 20Q6Chen et al., 2011 Besides the
aforementioned processes however, ubiquitylation is a reversible process,
counterbalanced by deubiquitylating enzymes (DUBsg st or i ng t he s u
unmodified stat€Ventii and Wilkinson, 2008

DUBs belong to the protease superfamily and can be further divided into six
subfamilies based on sequence similarities and their likely mechanisms of action
(USP, UCH, OTU, MJD, MINDY andJAMM) (ReyesTurcu et al., 2009Abdul
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Rehman et al., 20)6Four of the subfamilies are cysteipmteases, which perform
their enzymatic activity through a covalent intermediate formation with the ubiquitin
molecule and the release of the substrate. Further reaction of the intermediate with a
water molecule then separates the enzyme and the ubi{igman et al., 200p

The sub classification of these proteases is based on their ubiquitin protease domains.
The largest and most diverseibfamily of all arethe ubiquitinspecific proteases
(USPs) which coprise over 60 proteins in humans. USPs have a conserved
catalytical Cys and His box motif, where the cysteine and histidine alongside with an
aspartate residue make up the catalytic triad whichsgentialfor the protease
activity (Hu et al., 2002 The ubiquitin Gterminal hydrolase (UCH) group has 4
human protein members which have been found to favour relativelly Qip to 20

30 amino acids) protein substratédmerik and Hochstrasser, 2004They are
thought to act in ubiquitin recycling and in the processing of yesyhthesized
ubiquitin (Larsen et al., 1998 The Otubain protease (OTU) group contains 14
human proteins and has an incomplete catalytic triad which is z&biby a
hydrogen bonding networfNanao et al., 2004 Although their physiological role is
unclear rgearch on an OTU membeshowed that it probably interactsitiv
polyubiquitin (Evans et al., 20Q3Vang et al., 2009Mevissen et al., 2033 The
MachadeJoseph diseas@MJD) protease group has five identified human protein
members. So far only one Ataxt has been shown to harbour deubiquitylase
activity (Burnett et al.,, 2003and CAG instability in its gene leads to Machado
Joseph diseas@Berke et al., 2004 A new subfamily MINDY (motif interacting

with Ub-containing novel DUB family) containing four protejrisasbeen recently
identified and shown to be highly selective at cleaving -Kdi8ed polyubiquitin.
These proteins have a distinct folding variant of the cysteine proteéagtica
domain and might possess diverse functional i@dé&slul Rehman et al., 20L6The

sixth subfamily is the JAB1/MPN/Mov34 (JAMM) zirdependent metalloprotease
group with 14 human protein members. Metalloproteases differ from cysteine
proteases in using a Znbound polarized water molecule generate aancovalent
intermediate with the substraf@mbroggio et al., 2004Nijman et al., 200p The
members of tis group seemingly adopted new protease functions through evolution
suggesting that some of the human JAMM proteases might be involved in other, not
ubiquitin related processéBurns et al., 2003Nijman et al., 200b

13
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15The MSL compl ex

1.5.1. The MSL complex irDrosophila

Het eromor phic ssent chirosmeswmdet er mi nati on
as nematddeaes,s farndi mammal s and dosage com
mal e (XY) and female (XXt rsaeuxb elnrdo.@Beefcdkme
These organisms evolved to compensate f
compensation intdifdf éfenlenmreangsytearrati sand Z
2010 Drosophméahbees upregul ate their X cl
transcription twofold. This highly speci
of the MSL (Mal e s(amada ce §Setarlhaaulb) 260t® Sapl | . e,
Prestel et DatosopBQl@ar dosage compensatio
I tsesifstconof Fi gal),erMILleli nsMa(l e speci fic
(Mal e specific | ethal 2) , MSL3 (male spe
first), and MLE (Mal el e®3()IRNaAmd tthwo Xndnpca
roXRNA on BbakoXe2and LHiiclcfhielser, ,Pa9 &dlan,d 1
Kuroda Qu2oblet) bA. MSROQWHDhet he exception
areexpedsis both sexesMslIt2 awasr i ptadi tah fle888a l
nucl sohifden sequence, which i s fsegmalced f
SXL (Sex nhethals) t he 5 06amd dt r3dhesl Taet yisomlt i @i
199&nd promotes the nMsclhEBAKGrrae tnelotrigen ed f
2013 Thus t he expression of MSL2doissager
compensation and ectopic expr egkdlolne yo fe tt |
al . ,). Hbvee®eh several studies support the hypothesisthigaMSL complex is

not the direct mediator of X chromosome dosage compensation, but that binding of

the MSL complex actually reduces the transcriptional activation mediated by
H4K16ac down to twofoldPr est el , St hakmanfgQ@®&nradd ,amrd
Akht arSur0dt2).al ., 2013
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Figure 1.5: The DrosophilaMSL complex. The compl ex consists of MSL1,
|l oosely attached MLE proo¥hnmo ¥Qud ntnwee t)yn aarl ¢ g d i2r0gl 4R 1

The way the MSL complex binds and regul
understood as foll ows. In the absence o
assemhkeecore of the complex and recogni z
the rtokenes across the X chr omos-aimfei niTthye s
sites (HASs) or @kt oomat ien Lyamamy elt9jorie s |,
Al ekseyenko,Setraab. et 2@tM&, | 2@ 0r8opRONAast i on
contributes to the stabilisation of the
to the KASadstit)e30Bl&haiolRNAsf are aid-ed by
dependent DEXH box RNA and DNA helicase |
with the compl ex (Gwy eRNAMeht e2rOa0edt i &m ® m 2 C(
her e, MSL spreads to | ower afKeilnietyy esti tae
199Mel |l er and Rathk net , Debhakd2 @0 D.t latl . wa s2C
suggested that o W e rbarcitdigoerss bteht rmoevegnh mru |t
stabilize ch(€Comaadn ahdn)likiRd a o, Pbé2 RNA
acivity of MLE is required f @orgm@mr eadianlc
20D8 Transcriptional activation is eachiev
coding regions which is me@i daftedebyethal:
Akht ar and0).Beckigtppro 2m@nt s suggest that t|
MSL1 | eads to its sequestration on the
MSL3 to the MSL complex medi éMoexaltelse eH4d K
20p5 1t has been shown that MSL3 contri bu
tri met H$gKa6ed whi ch overl aps wi t h HAS si
transcribed reglanscldédn aeoiwveeev.ege A 0t 7her
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wi t h human MSL proteins poi nt t owar ds [
bi nding insteaHll3kd3med8 dnitkeicnacaiEhdbor e2610
al . ) 2010

I n the context of dosagewacso nipoeunnsda tti oo ni,n tte
nucl ear pore components Megator (Mt or)

affect the X chromosome (Meodaleitzad)i on 20
Nucl eoporin associated regions (NARs) ar
areroposed t o promot e opened chromatin
transciVagpueonzas ).eltn aald.d,i tR0in@t ihret er oc et
suppressor o V¢ &u-Tkgawakons hdwn t o be r e
c hr omorseosnier i ct ed DCC -7taanrdg eht @ tneyr. o cShur (ovreart )i 3n
(HPAY fect mal e X chr omoosoamgdéd mdrep heon lagnyc
suppressP&eN ¢(posihei on effect variegation

(Spi erer eSpiaelr.er 2p0F0WRYT h eDN2DrGIi per coi | i ng
(SCF) in conjunction with topoisomerase |
and affects the expression | evel of X

knockdown of SCF lal &dFsshotved caloaalizationasweli a |l i t y
as a weak interaction with the MSL compléxur uhashi ).enh pteyi @0

studies it wansit abbs enseidtna ttlit®aml SWIm and
(nucl ercesnoondee | i ng factor 301) , subunits (
chr omosomal defects in male files, whi ch

H4K16 acetylation hel ping t dDeaucrhiinegv eeta al
200@or ona e} Anather historiz inddficationti3S10 phosphorylation

was shown to be upegulated on the male X chromosome and its kinhdellw a s

f ound t withitha M®Lrcamplex suggesting role n dosage compensation

JQin et,Jdin. ,etlPdMBans2z2h0C®nd). Johansen, 2006

I n summary, tihmp o DrCod netp I naeydsa qae | o g mMpedrss at i C
DrosobpWwi Fagul at imea IXi nckherdo nplsmob &M t benet &r|
compl ex MSL2 expression is vital and all
fl Ked l ey ot al ., 1995
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1.5.2. The MS. complex in humans

consery

The MSL compl ex i's evolutionary
orthol ogues fr om(Syaeg sutant aa nhlu Nivearrs ne x i290t0 1
Domains % of Function
similarity
MSL1 Coiled-coil 21.8% interaction with MSL2, MSL3 and MOF
PEHE 23.6%
MSL2 RING 32.5% E3 ubiquitin ligase, homeostasis, DNA binding,
CXC 40.5% X targeting
MSL3  Chromo 43.3% H3K36me3, H4K20me, DNA binding?,
MRG 22.4% stimulates HAT activity
MOF Chromobarrel 32.9% modulates HAT activity, histone acetyltransferase
HAT 63%
MLE RB1/2/ ATPase/ - dsRNA binding, ATP hydrolisis, rox RNA
Helicase/ G-rich unwinding, modulates RNA binding specificity
hMSL1 3
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1 1039
nmstz2  [HEGHN Be |
1 577
ams2  [EEH o
1 773
nmsts | 60 RS
1 521
awsts | 81 (RSN
1 512
hMOF [ |
1 458
amoF | e [
1 827
we § e e -
1 1293

Figure 1.6: Overview of the domain architecture and functions of the human and@rosophila
pg lod ti ammdihci sateigddurt e mi ¢
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2 0 P(Bigurel6) . The involvement of the MLE ort
to the other human MEkeprnodeHyuRwbb zanhdBODb
Rana,) 200%eye is no evidence of any RNA
However, sDmo s apl§lit lobadrmel e x, the human pr
H4K16 acetyl ati on(Sang tt ihv iettV aaitl h & lo e2 et 5SMOIF . ,
recent yetaursalt hracskgruwcund wafsnvieset Mot e r
parti al crystal struct safe sd urbeulma tseed viea t h
(Kadl ec ®tHadll.a,cl 20) &ti gdaF.e, MOd_®v er , evide
Drosophmbase and human studi es have sho
i mpl i ctahDeNdd aicfmna ge rr es ponster, amrsedlldipteatiogoenr aen
al . ,,W20 @9 al . Detailhagolone méhret iof the hum
these cellular processes are discussed i

Figure 1.7: The human MSL complexThe compl ex consists of MSL1, MS
Proposedf mbdel MSL complex Blub&Shbuodung eftéebe ™Mb
(Kadl ec eHahlliacet2palll. , 2012

1521. MSLlL
The hualaem smpeci fic | et hal 1 (MSL1) prot e
contai-ner minn &loidoidloerhii mh rae Rren mandl a PEH
domgWMair i n,Dn20t0r3i ev )¢iguredlb). , TRO0601 | @dd mai n
responsi ble for tKLe ientt edflaalc)ta 2odnd pwehtt hael MS, L
the PEHE domain and the foll owingonregior

18



Introduction

(Mor al es eSmiatlh ,e tX0d4. e¢ 2010301 1 mi ce t her e
known Msl 1 isoform€ and whye qeex preensésoerdn A s
and Eeates(Dmpeci 200t talhgs al so been f ol

two nucl ear | ocali zation signals (NLSs).
nucl ear focal accumul ation of the protei
in all i sof orms andmmal Bi g keh ¢NLeSa sBsRe hwhaitci h
|l ocalised in the PEHE domai(mi tirsi esvp eecti y
2014

Whil e MSL1 plays an i mportdaret MSdAl e oimpl et
there is no evidence about any enzymat.i
been found that MSL1 interacts with diff
sever al cel Folrarexpmpdessdasetrfea® ughhatnegat
regul ation by p8 MSL1 interacts with 53B]
MSLdAdependent-rdpABRi DA a¢toinweil @ @i Rentt eala.c,t i on \

pancreatic cansei ndekcatdettyNDNALldamage an

DNA regul ated by MSL1 facil it aftAegsuatdlnpe e x
Llera e} &All.l, thes3® findings suggest a pa
damage response. It has also been indicat

o f ti ssue speciyc transcription factors
TTC4 acolnPRaine agicanma pe@® minter i ev ,Bmi ati ev 20Tt

al . ,)apd09Rouxdpada et aHur,t h2eOrln2or e, MSL1 seel
in the regutwatophas®sii outit & mecshpaopret(Cooefe srio | e «
et al,CrevébDlet al ., 2008

1.522. MSPE
The male specific | ethal 2 (MSL2) npr at e
CXC and an N t er ifFgweall6). IRI NHGa sd obmemeam f i r st
Droso(illoa e and Dascpasi, o198bGk MSL ( Mal
compl eixt amals char a@topmpisz eed). iad hioaAPMO 8t wo
hel ( aarsd39ur rounding the RING domain it i
het er odeismuelrt,i ng i n conf ommatiitosn ad n zcyhmean g ec
Hall acli)etMSdl2. ,itz2®12 acts through a RI N
ubiqui tin KKrguassee aancdtW@u gty2 @.0 9 Whi2l0el1lt he C
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domain is known as a DNA binding motif s

unusuadyszienme <cluster and shows struct

met hyltraBETem@behgret). al ., 2012
| DrosopMBLRa mlkagyspart in the MSL compl ex
expressed in neacl teoepdidcri eesss i eomd iint sf emal es

overexpression of (K|l ¢kRiyomuas dibBal2 @ALOMOedS s U ¢
MSL compl ex st oi-whiiguiettyrlyatbhywgpdltysel f an
Villa e) &Ot.herafimdpngpgpose that the wubi
MSL 2 towar ds H2B at | ysi nDer o8 & @hmslagap ¢ p
compensation, s jtnhcaet pdoisnrtu prhu ttlaheiasd nascot invailt
l eth@oppy et al ., 1998

Studies in mouse embryonic stem cell s (
complex could also play a role i n mamme
chromosome inacdi M8h&ween MBdEnaNfi ed amc
regul aTtsarksanasfcri pti on and the depletion ¢
cells |l ed to enXamded mpaanumadhiédtpybéamdad fsas e
with two inact (ChelXnicactkrigmds arhes 2014

Al t hough there is not much known about t
when overexpressequiMSylLl2a tcea npl5nBoTnbotusbli p s © me
the translocation of p53 to theepxegndberdtas
apopt(Msscsol i ni )etwaal .sho2nt 2B rlegsi me 1:

ubiquitylation as well as H3K4 and K79 m
chromatin association of the RNRAESOL/240 co
direct | tyhHOiXnredsMdEtldBbci , activati(Wg eheal .t
2011 Experimeamas @asnidng hh ckredi dartded tchedtl s M
i nvolved in the [RNA deamlaagleE ur ¢20elo3ms e e, It
reported that MSL 2, i n tandem with MSL1,
at |lysine 34 and it also binds dirlectly

proce®dvsi reg al A, reddmta study using trans:
samples showed the potenti al i nvol vement
virus) <c¢cccDNA (closed circular DNA) stabi

(Apol i poprotein B mMRNA edi byngbéegqunymgl ata
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hepatoma cel |l s. This finding sugwheiscths a

can selaed¢ tiewaéerleayc hr o m¢Gaoomaelt aNA , 2017
1523. MSB

Mal e specific | ethal 3 (MSL3) protein co

terminal Chromo (Chromatin Organization

d o maRigare 1.6). Through the MRG domgHadlietc ientt ¢

al . ,) 20mMolsophel €hromo domaibute tkomowhe t 0!l

acid and nucl eosome binding of the MSL c
spredgBlusncgai no ,Stural . ,e).2 @0 Gaintd2&Q 8 uctur al

suggest that the chromatin targeting of

mono methyl ation (H4K2O0rkeilm dtn B Hboarhe zhéutinta |
al . ,). 2010

1524, MOF
Males absent on the first (MOF) protein consists ofd58i no aci ds and c ¢
N terminal ( MiyStTomd&Tacetyltransferase) dor
d o mgHFigarel6). Through the HAT domHadl et éent al

2011 It has been first identified as a n
compl eOx os o gHhiillfa ker ,Atkhahr, ah@89)BedTkes,
complex is responsible for the wupregul at

flies througHtStdiarueb2z 0edta cethiev,atSiLorc omp |l ex on
mal e flies since bhe &SphpRessi pneuborteh e
in female flies througlKeRNZA” yi neth ocoent hs, pd i !
al . ,,P@a@allva and).SawxFh ehzowev0er3 al so associ
( Nonspecicfointcp | leext h(aNSL 1, NSL2R2NS La3n,d MDRSS:
whi chntimasto i s ubigoi bot $l v eanegjrramshste ¢ Ina y
the regulratnisacinrpds offaijlaa et ). latl . haf2040so
shown that MOF is able t®rase¢piisbmpt MSd 3
i nteraction with RNA which contributes
(Buscaino )et al ., 2003

MOKF s t he mostenbeelrl osft utdhiee dMay i aagmm@l evi dan ¢
of intplraygnsmpsertant role in sevpaat okl
huma8L Mcompbkexesponsi bl e f or K1.6 eBebsuildke sa ci
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has been s h osewveral hoghistane protens suthes p53, TIPS and Nrf2

(Sykes et al., 2006Zhou et al., 2009Chen et al.,, 2041 n \witturdd es s how
acetylation activity and prsomedwometsylbati ar
at KEZouan et )AdKl6&@ eRmoddantabamet yl ati on
affechioamatin structure an@Mualkrsomat iald .pr
Smith etShdgKmrat®0 >, SB0QGKeanak and Peterso
Loss of MOF and H4K16 acetylation are al
cancer and MOF dependent the4eulaoefccertaimn ght b

oncogenes or tumour suppressor gefies aga et Kap ovarz 208K i et
2008uo et ,80L.¢et 2AILMOF2WAE shown to play a
embryogenesis and in the (Gaipntae neatpnca&l .o,f
Chel mi cki) etTha!l | 0204 MOF biont hantigeandieerasr le
embryoniTdhosmasage}) al ., 2008

Further mprleaay MOFRENAN damagebyeppewmwsrting
bi nding of 53BP1 to chromambnneabusnpmeno
(HR)epsrao and Mianmge re,t )Izd 113a s2 Oall 8stoh abte e n
t hcwmsstal kHbki6vmedh and H4Kl6acemhtaHBNeAs dam
repair protein recrui amelng .i Wht he H8KIB®BIM
(Ct-Brt eractjnpgdlhrtodaei ngl axes the chromat
r e c r u.iAlsomMQF ts involved in the activaton f ATM vi a T¥B8et yl at
(Gupta et)lal .a,dd200®n, cooditiexmpalri MORKt En
t hat cel lss imadl Rdeifrecuced DNA repair and
BRCA1 and 53BP1 was(Lcompl)atel y288B61i shed

1.6.DNA damage

1.6.1. The DNA damage response

Preservationof genomic integrity is essential for proper cell function and
reproduction. The replication of damaged DNA can lead to genomic instability,
mutation and carcinogenesis. It has been estimated that up spdrianeous DNA
lesions can occur in each ceflah day(Hoeijmakers, 2000 These can be the result

of singlestrand breaks and spontanebase losses geactive oxygen species (ROS)
from normal cellular metabolism and spontaneous hydrolysis of nucleotide residues,

inducing abasic sites and deaminatidtindahl and Barnes, 2000 However,
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environmental factors and the chemical properties of DNAatsoaffect its stability

andits proper functionThe main sources of DNA lesions are physical and chemical
envionmental agents. It has been shown that physical agents such as ultraviolet light
(UV) andionizing radiation (IR) cainduce up to 1DDNA lesions percell perday.
Genotoxic chemicals used in cancer therapy such as methyl methanesulfonate
(MMS), mitomycn C (MMC), cisplatin, psoralen, and nitrogen mustard,
camptothecin (CPT) and etoposide are also a source of DNA lg€iecsa and
Elledge, 201

To prevent these genomic erosions, eukaryotis esfolved a network system called

the DNA damage response (DDR). This system has different mechanisms to repair
the various types of lesions. Mispaired DNA bases are replaced by the mismatch
repair (MMR) while chemical alterations of bases are repairsalgih either the

base excision repair (BER) or the nucleotide excision repair (NER) based on the
complexity of the damagg@liricny, 2006 Kim and Wilson, 2012Scharer, 2013

Single strand break repair is mediated thg singlestrand break repair (SSBR)
pathway. The potentially more severe dowdti@and beaks activate either the
nonhomologous end joining (NHEJ) or homologous recombination (HR) repair
mechanisms depending on whether there is an available repair template for HR
(Caldecott, 2008Li and Heyer, 2008Davis and Chen, 20)3

1.6.2. DNA damage signalling

Different types of DNA damages have their own semofeculestaking up similar

roles in a damage signallingghway and can be grouped into faategories: sensor,
transducermediatorand effector protein@Harper and Elledge, 200 Blanpain et al.,

2011 (Figure 1.8). The final outcome of this signalling pathway depends on the
severity of the damage and can resulapoptosis, senescence (permanent cell cycle
arrest) or DNAdamagerepair which resumes normal cell cycle and proliferation
(Norbury and Zhivotovsky, 2004 d'Adda di Fagagna, 20R8 Chromatin
modifications involved in the DNA repair also promote transcriptional silencing
around the lesion to prevent interference from other DNA related processes
(Shanbhag et al., 2010
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Different types of damage have independent mddeotomplexes for sensing and
signalling, such as the MRN (MrelHad50Nbsl) complex, RPA (replication
protein A) complex (RPA70, RPA32, RPA14), ATRIP (AfiReracting protein)
and the 91-1 (RAD9-RAD1-HUS1) complexSulli et al., 2012 The MRN complex
specifically detects DNAdoublestrandbreaks while RPA/4-1 recognses single
stranded DNA for repairHigure 1.8). After sensing specific DNA lesions these
proteins recruit two differenPI3K-like kinase (PIKK) transducers, which will

determine the main signalling pathwaydhe MRN complex recruits ATM (ataxia
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telangiectasia mutated) while the RPA/ complex recruits ATR (ataxia
telangiectasia and Rad8lated) bound by ATRIFZou and Ekdge, 2008 While

ATM and ATR have distinct DNA damage specificities, they are knownfliwence

each otheraos | oc al(Maremhali anch Zou, 80)3BNVAcan esi on
promote ATR activation by enhancing DNA end resection and replication stress
induced phosphorylation of H2A.X by ATR can recruit ATM to the chromatin
adjacent to stressed replication fod8ard and Chen, 20Q0Dazayeri et al., 2006

Myers and Cortez, 2006Shiaani and Zou, 2009 Besides,it was found that
replication stress can induce the phosphorylation of ATM at S1981 by ATR and
possibly ATM can phosphorylate ATR as w@tiff et al., 2008.

1.6.2.1. ATM -CHK2 signallingpathway
ATM is activated at the DNA damage site by dissociating from its dimeric form
interacting with PP2A (protein phosphatase 2@joodarzi et al., 20Q04and
undergoingautophosphorylation on four sites (S367, S1893, S1981 and S2996) and
acetylation on K3016Bakkenist and Kastan, 200&ozlov et al., 201L The
activation of ATM also dependsn its acetylation by MOF, Tip60 (60 kDa trans
acting regulatory protein of HIV type 1 (Tdt)nteracting proteinacetyltransferases
and phosphorylation via PP5 (serimeeonine phosphatase 8pupta et al., 2005
Sun et al.2005 Zhang et al., 20Q5Sun et al., 2007Sun et al., 2009 In addition
ATM mediated phosphorgtion of MOF at T392supports its rolen the repair
pathway choice by facilitating HRGupta et al., 2019b Furthermore MOF and
Tip60 also affect cell fate diston by acetylating p53 at K120 thus enhancing
proapoptotic gene transcriptio(Bykes et al., 20Q6Tang et al. 2006. After
autophosphorylation ATM, DNAKcs or ATR then phosphorylates H2A.X at S139
(0H2A.X) (Burma et al., 2001aVard et al., 2004An et al., 201D This serves as a
direct binding site for MDC1 (mediator of DNA damage checkpoint protein 1) which
recognise®H2A.X through its phosphbinding BRCT (BRCA1 arboxyl terminus)
domains(Stewart et al., 20Q3Stucki et al., 2005Lou et al., 2006 MDC1 then
undergoes ATMmediated phosphorylation and dimerizati@qungmichel et al.,
2012. This DNA damagenduced phogshorylationof MDC1 recruits RNF8 which
binds the phosphorylation site of MDC1 via its forkheadociated (FHA) domain
(Huen et al., 2007 RNF8 promotes the RNFUBC13 complex formatiothrough
direct interaction with HERC2 (HECiype E3 ligase]BekkerJensen et al., 2010
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RNF8UBC13 then polyubiquitylates Hlegerating a K6dinked ubiquitin chain.
These events then facilitatethe recruitment of RNF168 which recognises the
modification through its Merminal UBD-containing region and ubiquitylates H2A

at K13 and K15(Gatti et al., 2012Mattiroli et al., 2012 Together with RNF8
RNF168 is reported to be involvgublyubiquitylation on histones H2A artdRA.X
(Mailand et al., 200,7Doil et al., 2009 Thorslund et al.2015 Stadler and Richly,
2017. Recent findings indicate that besides Kistked ubiquitin chain formation
RNF8 can promote Lys4&nd RNF168 Lys2finked polyubiquitination(Feng and
Chen, 2012 Gatti et al.,, 201pand RNF8 was also found to participate in K11
linkage conjugates on damaged chromatin|uisiog H2A and H2AX (Paul and
Wang, 201). RNF168 mediated ubiquitylationan be targetedoy the Gterminal

UBD domain ofthe proteinto further propagate ubidgylation which then alongside
MDC1 facilitates the recruitment of downstream mediator proteins such as BRCAL
(breast cancer type 1 susceptibility protein) and 53BP1 (p53 binding protein 1) to the
break siteqStewart et al., 200Bohgaki et al., 201,3Hodge et al., 2006 53BP1

foci formation at dmage sitess aided byH2AK15ub andH4K20me2 serving as
anchor site (FradetTurcotte et al., 201,3Wilson d al., 201§. The recruitment of
53BP1 restrains end resection and propagatesaomlogous end joining mediated
repairand fosters erreiree RAD5tmediated gene conversion (Gi@)G2, S phase
(Bunting et al., 2010Zimmermann et al., 2013chs et al., 2016 Particularly
interestingis that the diltion of the H4K20me2 mark from early to late S phase
decreases the accumulation of 53BP1 at damage sites preventing its binding to
replicating DNA (Pellegrno et al., 201 and (progressively) allowing for BRCA1
binding The recruitment of BRCAL is further supported by MOF dependent H4K16
acetyldion, which prevents binding of 53BP1 to the H4K20ns#2s (Hsiao and
Mizzen, 2013 Tang et al., 2013 53BPL and BRCA1lthen transfer DNA damage
signals to downstream effectors through CHK1 and CHK2 kinases as well as CK2
p38 and MK2(Reinhardt et al., 2007These two mediatorsre known to play key

role in the pathway choice between NHEJ and HR rep@diowndes, 2010
EscribaneDiaz et al., 2018

1.6.2.2. ATR -CHK1 signallingpathway
During the recruitment of ATR, first tiRad17#RFC25 clamp loader recogniséise
single stranded/double stranded DNA junctions and with RPA loads -the 9
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1complex to theloublestranetd DNA (Ellison and Stillman, 2003Zou and Elledge,
2003 Zou et al.,, 2008 During DNA end resection ATR also progressively
phosphorylates RPA32 at SBior to the plosphorylation of Ser4/Ser8 by DNA
PKcs(Liu et al., 2012p ATR is then autophosphorylated 3428, S435T71989 and
possibly atS436 and S43{Liu et al., 201). TopBPL1 is recruited to the damage sites
by ATR binding which facilitates the substrate recognition of ATR via stimulation

its kinase activity(Kumagai et al., 20Q6Liu et al., 201} In case of stalled
replication forks however Mrel@member of the MRN complexgctivaes ATR in

the absence of BRCA1/2 and Fanconi anemia protgias and Dunphy, 20}3
ATR phosphorylates a DNA replication protein, Claspin which in turn binds and
recruits CHK1 to sites near ATR to facilitaf#¢1K1 activation(Sorensen et al., 20p4
This activation igoromoted bythe interaction between tlvarboxyl teminus of Rad9
and the conservedarboxyl terminus of Claspin(Liu et al., 2012h The ATR
mediated phosphorylation of Arid(replisome component) at T826 afterliegtion
stress also promotes the interaction between Claspin and Eld& %t al., 2016
After its recruitment, CHK1 isapidly phosphorylated by ATR at multipe/T-Q
sites withinits C-terminus most importantly at S317 and S345 which are essential
for the biological activity of CHKXLiu et al., 2000Niida et al., 2007Walker et al.,
2009. Following activation CHK1 dissociates from Claspin and acts on both nuclear
and cytoplasmic substratfsukas et al., 2003

While these signalling plaways show specificity towards certain types of DNA
lesions diverse genotoxic stress can result in the simultaneous activa#diMaof
CHK2 and ATR CHK1 pathwaygSmith et al., 2010

1.6.3. DNA doublestrandbreak repair

There are at least four different DNA repair pathways which can dealdeithle
strandbreaks (DSBs): NHEJ (Nehomologous end joining), aNHEJ (alternative

NHEJ), SSA (singlstrand annealing) andlR (homologous recombination). The
choice between these pathways depends on the resection of the free DNA ends at the
break site. While alNHEJ depends on a shortei 25 nt) DNA end processing, SSA

and HR can deal with more extensive resecfldartlerode and Scully, 2009The

NHEJ in contrast does not need DNA end resection and is the dominant DNA repair

pathway in mammalians. While it is an error prone process it does not require a
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homologue template for the repair and can hamdeany stage of the caljcle. On
the contrary homologynediated repair is only availabterough S and G2 phase
utilising errorfree homologous recombination using sisteromatid sequencéSan
Filippo et al., 2008 This stuly is focusing on the two maidoublestrandbreak
repair mechanismNHEJ and HRigurel.9).
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16.3.1. No-homol ogous end joining pathwa:
In case of NHEJ repair first the Ku70/80 complex (Ku) binds the broken DNA ends
by forming a quasisymmetrical ring structure which can envelope up to two helical
turns of DNA ends (Walker et al., 200l Ku then recruits DNAPKcs (DNA
dependent protein kinase catalytic subunit) through interaction with -teer@us
of Ku80 (Singleton et al., 199%nd the two forms DNA’K (Sibanda et al., 20}.7
DNA-PKcs also phosphorylates itself and other proteins. Theriinal von
Willebrand A (VWA) domain of Ku70 has been shown to play a role in signalling
linkage between DNA repair machinery to DNA damage signalling regalgell
and SchildPoulter, 2012 Besides, ATR is recruited and activated through
autophosphorylation which enables the engagement of MDC1 through its BRTC
domain.53BP1 gets recruited through the recognition of H2AK15ub and H4K20me2
via its UDR (ubiquitylatiordependent recruitment) mot{FradetTurcotte etal.,
2013. After the recruitment 53BP1 binds RIF1 and PTIP in a phosphorylated ATM
dependent manner. 53BFRIF1 then together with REV7 prevents recruitment of
BRCAL to doublestrand breaks by inhibiting extensive end resection and thus
facilitating nonrhomologous end joiningChapman et al., 201&chwertman et al.,
2016 Chang et al., 2037 PTIP recruitsand DNAPKCcs activateshe Artemis end
processing nucleadsy phosphorylatiorto process broken DNA ends afatilitate
NHEJ repai(Davis and Chen, 20]18/oscariello et al., 200)5(Moshous et al., 2001
(Figure 1.9). Also, to further suppress HR CRt%" (cullini RING E3 ligase 3)
ubiquitylates PALB2 (partner and localizer of BRCA2) preventing its interaction
with BRCAL (Orthwein et al., 2015 The ligation of the broken DNA ends is
performed by phosphorylated XRCC4/DNA ligase IV complex wisalecruited to
the damage site through interaction with Kbostantini et al., 2007 The DNA
ligase activity of the complex is strictly dependent on DRIKcs/Ku assembly and
XRCC4 in the complexplays a role in stabilizing and stimulating the activity of
DNA ligase IV (Calsou et al., 2003 XLF (XRCC4like factor) also known as
Cernwnnos isrecruited to the break sitghere it contacts, stabilizes, and assises
other NHEJ componentt® assemble a functional NHEJ machinéWano et al.,
2009. XLF can form hetermligomers with XRCC4 to form filamentgroposedly
bridging DNA prior ligation(Andres et al., 2012
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1632. Homa@lows recombination pathway (
HR repair of DNA doublestrand breaks in cells is activeluring S phase at
replication forks or in @ phase after replicatioMarechal and Zou, 20}3In the
HR pathway the RNF&NF168 mediated ubiquitylation recruits the BRCAL
complex containing BRCA1 and RAP&@hich binds through a UBD containing
member(Sobhian et al., 20QAVu et al., 200 Phosphorylated ATM recruits the
CtIP exonuclease to perform DNA end resecioa n er at i rsigand@®dDNA i ngl e
overhangs at the DS@bartori et al., 2007 Retention of CtIP adoublestrandbreak
sitesis promoted by its RNF13fediated ubiquitylationSchmidt et al., 2015
RNF138 also ubiquitylates Ku80, a member of dioeiblestrandbreak enebinding
Ku70i Ku80 heterodimer thus relocating it from the ends to facilitate resection
(Ismail et al., 201p To prevent NHEJ BRCAL impairs retention of RIF1 at the break
sites in a CtlIRdlependent manner. To facilitate repair RPA (Replication protein A)
complex RPA70/RPA32/RPA1Yis phosphoylated by ATR and binds the exposed
single stranded DNAFigure 1.9). The RPA complex also interacts with BRCA1l
(Choudhary and Li, 2002and BRCA2(Wong et al., 2008 In case of replication
block the binding of ATR is preceded by DNA polymerase stalling and a continued
DNA unwinding by MCM replicative élicases ahead of the replication f¢Byun
et al., 2005 RAD52 stimulates DNA strand exchange by binding ssDNA and
targeting RAD51 to RPAPark et al., 1996Mcllwraith et al., 2000 Sugiyama and
Kowalczykowskj 2002 Stauffer and Chazin, 20p4 RAD51 then forms a
presynaptic nucleoprotein filament and pairs the undamaged homologous sequence
to the single stranded lesion leading to the formation of thgladiement loop (B
loop). Through WatsdrCrick base pairing the nucleoprotein filament forms
metastable par@mic joint structurgSung et al.,, 2003 The other damged single
stranded DNAcan algn with the extended Ibop toform a double holliday junction
(DHJ) which is a key pathway in meiotic ce{ldeyer et al., 2020 This DHJ then
canberesowd t hrough the BLM (Sgsl1l)/ TOP3U/ RMI
product formation(Wu and Hicksn, 2003. In mitotic cells however the newl
synthesized DNA strandissociates from the Ibop and anneals to the other DNA
end resulting in a nearossover produdfFerguson and Holloman, 1996Vhile in
meiotic cells crossovers increase genetic diversity it is essential to avoid crossover

events in mitotic cells to preserve genomic integrity.
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1.7Repl i cation

Before each cell divisiogells need tdaithfully replicate their DNAIn a precisely
regulated manneiTo ensure accuracy and proper integration of the process into the
cell cycle cells evolvedan intricate DNA replication machinery(Fragkos et al.,
2015.

Replication occurin the S phase ofhe cell cycle and takes apprioxately 10 hours

to accomplisiRew and Wilson, 2000 The nitiation startsat specific genomic loci
known asreplication origins (ORI). Unlike in E. @li, metazan genome does not
contain a consensus ORI sequence and only a subset of the potential ORI loci are
activated within each cell cyclg€Cayrou et al., 2001 The rumber of replication
origins scales with the size of the genome to ensureamageable replication
timeframe(Leonard and Mechali, 2018Vu et al., 2014bGao, 201% Accordingly,

the human genome possesses a0 origins (Huberman and Riggs, 1966
Dellino et al., 2013

Replication origins are recognised and bound by thegplkcation complex (prRC)
(Sun and Kong, 2010reeles et al., 20)5Since replication initiation happens on
diverse sequencebkd origin recognition complex (OR@pnsistingof six members
(ORCZ6) binds DNA promiscuouslyVashee et al., 2003Figure 1.10). While not
sequencespecific ORC binding shows preference towards cer@inin the genome,
for example newly fired replication sites (R); Grich sequences and CpG islands
suggesting that DNA structure might play role in the identification of these sites
(Delgado et al., 199&uo et al., 2012Hoshina et al., 2013valton et al., 2014
Parker et al., 20)7H4K20me2 and H4K20mea&lso playan important rolein the
recruitment of the ORQJorgensen et al., 201L3The loss ofthe Suv4 H4K20ne2
methyltransferase results ia phenotype similar to ones observed in ORC1
knockdown mice anth S phasesntry delay(Schotta et al., 2008eck et al., 201
ORC recruits CDC6 (Cell division cycle 6) and CDT1 (CD&d€pendent
transcriptl) which load the minchromosome maintenance (MCM) helicase
complex (MCM27) (Forsburg, 2004Ferenbach et al., 200Remus et al., 2009
Wei et al., 2010Frigola et al., 201)/which unwind the doublstranded DNA

The pre-RC recruitment is followed by origin activation with the formation of a pre
initiation complex (prdC) (Roeder,1991 Louder et al., 2016 PreRC includes
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several replication factorsuch as MCM10, CDC45, ATBependent DNA helicase

Q4 (RECQL4), Treslin, GIN$SId5, Psfl, Psf2, and PsfI)NA topoisomerase-2

b nding protein 1 (TOPBP1l) (HelereétaDROWA1l pol ymn
Fragkos et al., 201%.arasati and Duncker, 20L6After DNA unwinding performed

by the MCM27 helicase(Figure 1.10) (Quan et al., 2015Yeeles et al., 2015

Deegan et al.,, 2018 aras@ and Duncker, 2016further replication factors and

DNA polymerases are recruit¢Bacek et al., 20Q6lves et al., 201,0Fragkos et al.,

2015. Theseturn the preRC into two functional replication forks moving in

opposite directions from the activated origin with a replisome (MCR 2OPBP1,

GINS, CDC45 and Treslin) at each forkllves et al., 2010Kumagai et al., 2010
(Figure1.10). Repl i cat i on t -a3k@krectiopanctbheegenerated &vo 5 0
strandsare called leading and lagging strand respectiyeBman and Noguchi,

2013. Polymerization of new DNA strands is aided by PCNA which tetDéé
polymerasestothe DNA=or t he pol ymeri zation proces:
primer synthesis whicliacilitatest he bi ndi ng of Pol Uorfor | e
Okazaki fragment replicatiofSchauer and O'Donnell, 201AVhile the leading

strand replication is continuous, during the lagging strand polymerization the
Okazaki fragments generateg b P o | U ar e afferemimaterationtperigdet her
by DNA ligase I(Sparks et al., 2012Villiams et al, 201§.
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Replication stress caused by different DNA damage factors or abnormal DNA
structuresgenerallyresult in stalled replication fork@inca and Kowalski, 2011
Mazouzi et al., 2014 The ATM/ATR-CHK1/CHK2 checkpoint signallingnhibits
CDC25A:-C via phosphorylabn resulting in CDK1 inhibitiorand the mitotic entry is
delayeduntil successful repair and the restart of the replicafibakizawa and
Morgan, 2000Boutros etal., 2006 Chen and Poon, 200Betermann and Helleday,
201Q Ma and Poon, 2011It leads to aglobal origin activation inhibition triggered

by the checkpoint and activation of alternative origins close to the stalled fork to
complete DNA replicatiofMechali, 201Q Karnani and Dutta, 201 Fragkos et al.,
2019. In replication fork restartingBLM (Bloom syndrome proteinand WRN
(Werner syndrom ATP-dependent helicaseplay an important role BLM by
promoting restart and WRN by aiding efficientkqrogressior{Davies et al., 20Q7

Mao et al., 2010Kehrli et al., 201% Depending on the severity and complexity of
the camage replicating DNA catbe repairedand the replicatioman restart through
dormant origin firing (Blow and Ge, 2009 replication repriming, stalled fork
reversionor ectivation ofthe DNA damage tolerance (DDT) pathwdlouron et al.,
2013 Zeman and Cimprich, 2018ranzei and Szakal, 20L6lf replicationforks
cannotrestarta fork collapse occurs leatty to incomplete DNA replicatiofCortez,
2015. 53BP1 nuclear body formation has been linked to underreplicated, damaged
DNA shielding it from further erosioar an erroiprone NHEJ pathwaflukas et al.,
2011D).
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1.8Ai ms of the thesi s

The aim of this study is to further characterise and understand the functions of
human MSL1 and MSL2. Within this overall aim this work is focusing on three sub
aims: firstly, deciphemg the functon of MSL2 andMSL1 in the MSL complex
secondly,based on previous findingsirther characteris¢heir role inthe DNA
damage responsand finallyto identify novel interactors and possible substraikes

the E3 ubiquitin ligas#SL2.
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2. Materials and Methods

21.Mat eri al s

2.1.1. Reagents and buffers

Gener al chemicals wusepuriohfatsbesd 88X gmaj mdén
Scientific or GE Healthcare. Fredgablent | vy
2.1. The solutiedhswiwtedh se¢ ip® le@a@rddubdi et i |l | ed

H,O ( 60 HMirl -HIO@P URELAB f).ex, EIl ga

Table 2.1: Reagents and buffers

DNA works

Composition

20% Sucrose, 0.1 M EDTAH8.0, 1% SDS, 0.25%
Bromophenol blue, 0.25% Xylene cyanol.d

6x DNA loading dye

1x TAE 40 mM Trisacetate pH 8.0, 1 mM EDTA
I 0
TAIL buffer E(;%:nM Tris pH8.0, 5 mM EDTA, 0.2% SDS, 200 mN

Protein works

Composition

150mM Tris pH 6.8, % SDS, 0.03%romophenol blue
10%b-mercaptoethanql20% glycerol
150mM Tris pH 6.8, 2% SDS, 0.03% bromophenol bl
1 0 %mdrcaptoethanpR0% glycerol

4x Laemmli buffer

2x Laemmli buffer

Stacking gel buffer 0.5M Tris pH 6.8

Separating gel buffer 1.5M Tris pH 8.8

1x Running buffer 25mM Tris, 192mM glycine, 1% SDS
Coomassie brilliant blue 0.5% Coomassie, 35%atnanol, 14% acetic acid

Coomassie destain solution 30% methanol, 10%acetic acid

Tris-glycine buffer 25 mM Tris, 192 mM gycine, pid
Silver stain fixing solution 50% ethanol, 10% acetaxid
1x Transfer buffer 25mM Tris, 192 mM glycine, % methanol
Ponceau S solution 0.5% Ponceau S, 5% acetic acid
1 x PBS, 0.1% Tween 20;526 skimmed milk or 1%

Blocking solution BSA

1 x PBS, 0.1% Triton X, 19BSA (overnight)

Blocking solution for
streptavidin-HRP
Membrane pre-treatment for
VU-1 antibody

1 x PBS, 0.5% glutaraldehyde
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PBST

1x PBS, 0.1% Tween 20

TBST

1x TBS, 0.1% Tween 21

Primary antibody dilution
buffer

2% BSA, 0.1% sodium azide, 25mM THECI pH 7.5,
150mM NaCl

1x Phosphate buffe saline
(PBS)

137 mM NaCl, 2.7 mM KCI, 1.4 mM NaH2PO4, 4.3
mM Na2HPO4, pH 7.4

1x Tris buffer saline (TBS)

1M Tris, 1.5M NacCl

RIPA buffer

50 mM TrisHCI pH 8, 150 mM NaCl,1% N&O0, 0.5%
sodium deoxycholate, 0.1% SDS

Benzonase lysis buffer

50mM TrisHCI pH 8, 0.5% TritorX, 150 mM NacCl,
20% glycerol, benzonase, 100mM MgCI2

Lysis buffer (baculoviral
protein expression)

3 mM HEPES pH7.8, 150 mM NaCL

Streptavidin elution buffer

95% formamide, 1M EDTA pH 8

Nickel beads elution buffer

50 MM N&PQ, pH8, Q3 M NaCl, 250mM imidazole

Buffer A

10 mM HEPES pH7.5, 1.5 mM Mg£10 mM KCl, 0.5
mM DTT, 1x PI

5xLysis Buffer

250 mM Tris pH 7.5, 750 mM Nag;150% glycerol,
2.5% NR40, 1x PI

Sucrose 1

0.25 M sucrose, 10 mM Mgg&llx Pl

Sucrose 3

0.88 M sucrose,.6 mM MgCl, 1x Pl

Isotonic lysis buffer

10 mM TrisHCI pH7.4, 50 mM NacCl, 0.5 M sucrose,
0.5% Triton X100, 0.1 mM EDTA, 1mM DTT, 1xPI

Nuclear extraction buffer

10 mM TrisHCI pH7.4, 500 mM NaCl, 0.5% NBO, 0.1
mM EDTA, 1 mM DTT, 1xPI

Crystal violet solution

6.0% v/v glutaraldehyde, 0.5% wi/v crystal violet

Immunofluorescence

Composition

CSK pre-extraction buffer

100 mM NacCl, 300 mM MgGJ 10 mM PIPES pH 6.8,
0.5 ug/ml Rnase A

Fixation solution

100% methanol or 3% Paraformaldehyde (PFA) in Pt

Permeabilization solution
(for PFA fixation)

0.125% TritorX in 1xPBS

Blocking solution

1x PBS, 1% BSA

Mounting media

3% w/v N-propylgallate, 80% v/v glycerol in PBS

Spreading buffer

0.5% SDS, 200 mM Tris pH 7.4, 50 mM EDTA

E.coli growth

Composition

Luria -Bertani (LB) Broth

1% tryptone, 0.5% yeast extract, 1% NacCl, pH adjust
to 7.0 with 4 M NaOH

Luria -Bertani (LB) Agar

1.5% agar, 1% tryptone, 0.5% yeast extract, 0.5% Ne
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0.5% yeast extract, 2% tryptone, 10 mM NaCl, 2.5 m
KCI, 20 mM MgSQ

60 mM CaC}, 15% glycerol, 10 mM PIPES pH 6.8,
final pH adjusted to 7 with KOH

SOC broth

CacCl, solution

2.1.2. Molecular biology kits

Mol ecul ar biology kitsTaw8Z2ed i n this stud:?
Table 2.2: Molecular biology kits
Name Description Source
H!gh Pu_re PCR Purification of I[Roche
Mi cro Kit
Smart Pure PCR Purification of I[Eurogent
QI Aqui ck Gel Es;«;{actlon of DNA Qi agen
Smart Pure Gel SZTractlon of Dl\“Eurogent
Smart ExDMACcCt . ;
Extraction Ki,[Genomlc DNA extréeEurogent
Nucl eoBond XtrLarge scale extreéMaech-bag
| SOLATE RNA Mi RNA extraction Bi oline
High CapateDWN/ .\, synthesi s Applied
Ki t Bi osyst ¢
Fast SYBR GreeRe111|i me PCR Applled
Mi x Bi osyst €
pGEM Easy VectTA cl oni nwghiatned sbed Pr o mega
E[?OSllver PIuSD—S’AGE gel silvelSigma
2.1.3. Primersand oligos
Pr i menrds aulsiegdosf or c¢cl oning, seguecbtiasgd PCI

Si g mal iasntdabie2.3. n

Table 2.3: Primers and oligos

Name Sequence

guide sequence for targeting AAA CCG AGC CGC CTAGTG CTC AAC

MSL2 ex.1 CAC CGT TGA GCACTAGGC GGC TCG
guide sequence for targeting _AAA CGT AGC TGG TGC AAA GAC TAT C
MSL2 ex.2 CACCGATAG TCTTTG CACCAGCTAC

guide sequence for targeting  CAC CGC TAT TTC CCT ACC AGG AGT
hMSL2 ex.2 for nickase Cas9 AAA CAC TCC TGG TAG GGA AAT AGC
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Name Sequence

guide sequence for targeting  cAc cGT ACG GCA GCT ATG GTT CTG T
MSL2 ex.2 for nickase Cas9 =/ \"cAC AGA ACC ATA GCT GCC GTA C

guide sequence for targeting CAC CGATTC GAC TGT TAA ATC AGT

MSL2 ex.2 for HR repair AAA CAC TGATTT AAC AGT CGA ATC
guide sequence for targeting CACCTGCTCAGGATTGCCGCCGGC
MSL1 ex.1 AAACGCCGGCGGCAATCCTGAGCA

primers for MSL2 CRISPR ATG ACATTT GCT ACAAGATCC TATTGC A
clone identification ex.2 target ATG CTT CCA AGT TCG GCT GCA

primers for MSL2 CRISPR ATG GCT AGA CTG AGC TCC GAG TCC
clone identification ex.1 target ATC GCC GTA GGT ACG TAA TCA GCT
MSL2 ex.2i AID-GFP for HR TTAGCC ATAATG TTT TTATGT CC

template (800bp) CTC CAC TGC CCT TGT ACA GCT CGT CCA TG
MSL2 T2A-Puro. for HR GCT GTA CAA GGG CAG TGG AGA GGG CAG AG
template (800bp) GCA AGT TAA ATC AGG CAC CGG GCT TGC G
MSL2 36 UTR f g CGGTQ CTGATT TAACTT GCC GGAGCTC
template (800bp) AAG TAC AAT ACA CAA ATC TGG G

GCC ATG GCG GCC GCG GGA ATT CGATCC CG
TTAATTTTTTTG TAT TTT TAATAG AAATGG

MSL2 ex.2 for HR template GGT TTT AC

(2500bp) CAC TGC CCA TCA TAC AGT CGA ATC TCATGT
CTA TAG CTT CAT CCA AACTTT TA
GAG ATT CGA CTG TATGAT GGG CAG TGT CGA
MSL2 AID -GFP for HR GCT GAA TCT GAG GGA GAC TGA GC
template (2500bp) CCG GCA AGT TAA ATT ACT TGT ACA GCT CGT

CCATGC CGA GAG TGA TCC CGG CG

GCT GTACAA GTAATT TAACTTGCC GGA GCT
CCT GCATAT AGATCACTT GTATC

AGG CGG CCG CGAATT CACTAG TGATTA AGG
CTA ACC AAA AAG ATAAAATTG TCA GCT CTA
AAA CTATTA CC

MSL2 36 UTR f o
template (2500bp)

primers for MSL2 insertion CATGGAATTCATGAACCCCGT
into pFastBac6His plasmid ~ ATGCCTCGAGTTAACAGTCGAAT
primers for MSL2 insertion TAC GTC GAC CAT CAC CAT CAC CAT

into pIDC plasmid GCT CTA GAT TAACAG TCG AAT CTC AT
primers for MOF insertion GTG CTAGCT ACC CATACGATGTT
into pIDK plasmid TAC CGG TACCTCACTTCTTGG AGA G

GCT CCT CGG £A GCT GTA AA

CAC ATG CAG CGT GGT ATCTT
CCT ATC AGG CAG GGG TTA GG
GCA AGT GTACGT GTG TGT GT
CCAACT TGT ACATCA GCG GG
AAA CCG GAT AAA CGC AAC CC

Q-PCR primer for Xist

Q-PCR primer for Tsix

Q-PCR primer for Elavl
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Name Sequence

Q-PCR primer for MSL1 CAG GCC AAG GAA AAG GAG AT
CGC CTT TCC ATA CGT TCA AT

GTCCCTTTCGTGCTGTGTTT
GTT GGT GGG TGC AAT AGG AT
GAA GAA GCA GCT GGAGGA TG
GTT GGT CTG GCATGG AAGTT
AGA TCT ACC GCA AGA GCA ACA
CAG CAG ACA CAG GTT CTG ACA
AGG GTT CCT GCT TTC ACA GA
CTT GCC ACC AGT GCC ATT AT
ATT CCA CCC ATG GCAAATTC
TCT CGC TCC TGG AAG ATG GT
TGT AGC CCT CTG TGT GCT CAA G
CCT GTT GAC TGG TCATTA CAATAGCT
GCA AAC GGA GAG AAACCA CAC
AAA CTCCTT CTC CAG TTC CAG
TGT AGC TTC CCC CAG CAC AG
TAGTGAGCCCTGTGT CTT GTG C
GCA CTT TAT AGA CCA GCA

TCC AGC AGC CAC TCAACG

MSL2 fragment 1 (86.226aa) ATCCC:IAT GGA CTATGA GCA GTT TGA GGA

Loarcﬁebrig'lng(')”n?n'ge”t'f'ca“on’ ATC TCG AGC TAT ATG TCA ACA GTA TTA CAT
ACG TCA ATC

MSL2 fragment 2 (156296aa) ATC CAT GGG AACACATTCCCCTTTACCTTC

for Ab binding identification, _AA

bacterial cloning ATC TCG AGC TAGCTT CCAAGTTCG GCT GC

MSL2 fragment 3 (226366aa) ATC CAT GGA TAT AAA AAC TGA GGATCT GTC

for Ab binding identification, _TGA CAG

bacterial cloning ATC TCG AGC TAC AGT GTT GGG CCT CGG AT
ATC CAT GGATGC CAC TGT ATC CAA TGG ACC|

Q-PCR primer for MSL2

Q-PCR primer for MSL3

Q-PCR primer for KAT8

Q-PCR primer for PPIA

Q-PCR primer for GAPDH

Q-PCR primer for HPRT

Q-PCR primer for HOXA9

Q-PCR primer for MEIS1

Q-PCR primer for TMS1

MSL2 fragment 4 (296412aa)
for Ab binding identification,
bacterial cloning

ATCTCG AGC TAATGACTCTTT TTCATG CTT
TTA GTA GA

HA-2F primer with Xhol - ATC TCG AGT TAC CAA GCT TGT CATC
FIA-2F primer with X
bs! restriction site for TAT GAA GAC ACC GGG TAC CCA TA

cloning

_ _ AAG GCC GGC CAG GCA AAA AAG AAA AAG
Puromycin res. casette primer Gaa TTC GGC AGT GGA GAG GGC AGA GGA
with T2A sequence and Fsel  AGT cTG CTA ACA TGC GGT GAC GTC GAG GAG
EcoRI restriction site for AAT CCT GGC CCAATG ACC GAG

cloning TAG AAT TCT CAG GCA CCG GGC
PFastBacsequencing primer TTG TTC GCC CAG GAC TCT AG
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2.1.4. Vectors and plasmids

Vector s and

expression i
Table 2.4: Vectors and plasmids

Name

pFastBac6His-mMsl1

pl asmi ds
prokaryat Table2atr

n

used

Use

Plasmid for Bacmid
recombination

i n t his

eukaryotic

Source

Dr. Stephen Rea

pFastBac6His-hMSL2

Plasmid for Bacmid
recombiration

This study

pFastBacHA-hMSL3

Plasmid for Bacmid
recombination

Dr. Stephen Rea

pFastBacFLAG -MOF

Plasmid for Bacmid
recombination

Dr. Stephen Rea

pFastBac6His

Plasmid for Bacmid
recombination

Dr. Stephen Rea

pIDS Plasmid for MultiBac system Nasheier Lab
pIDK Plasmid for MultiBac system Nasheuer Lab
pIDC Plasmid for MultiBac system Nasheuer Lab
pACEBacl Plasmid for MultiBac system Nasheuer Lab
pACEBac2 Plasmid for MultiBac system Nasheuer Lab
pIDS-Flag-MSL3 Plasmid for MultiBac system This study
pIDK -HA-MOF Plasmid for MultiBac system This study
pIDC-His-hMSL2 Plasmid for MultiBac system This study
pACEBAC1-His-mMsl1 Plasmid for MultiBac system This study
EQ%EEACl'HlS'mMSIl_H'S' Plasmid for MultiBac system This study
Efﬂgfgﬁill\;l gl-:mMsll-Hls- Plasmid for MultiBac system This study
E/IASCI:_EB: /_S}\ABIEEZQSI#ASHS Plasmid for MultiBac system This study
pACEBac2-HA-MOF Plasmid for MultiBac system This study
PCDNA3.1(+) Cloning Invitrogen

His-Ub

In vivo ubiquitylation assay

Dr.Gaelle Legube

pDEST-HA-2F-MSL2

Expression plasmid for
mammalian cells

Dr. Simona
Moravcova

Expression plasmid for

HA-2F-MSL2 . Dr. Mikko Taipale
mammalian cells

HA-2F-MOF Expression plasmid for Dr. Mikko Taipale
mammalian cells

pLOX -Puro Selection in mammalian cells MorrisonLab

pLOX-Neo Selection in mammalian cells MorrisonLab

px330 CRISPR plasmid LowndesLab

px335 CRISPR plasmid (Cas9n) nickas LowndesLab
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Name Use Source
CRISPR plasmid with puro .
px330-puro resistance This study
0X330-S73 gliljiPR pasmid withMSL2 ex2 This study
0X330-S90 gﬁéiPR plasmid wittMSL2 ex1 This study

CRISPR plasmid wittMSL2 ex2

PX335 gAl guidefor DNA nicking This study
CRISPR plasmid withMSL2 ex2 .
px335 gB1 guide for DNA nicking This study
CRISPR plasmid wittMSL2 ex2 .
px330-puro_g4 guide for HR template This study
OX330-M1_2 gllfitlj?ePR plasmid wittMSL1 ex1 This study
Repair template plasmid for .
pGEM E&dRy 800 endogenous tagginig This study
Repair template plasmid for .
p GEM E &Ry endogenous tagnig This study
pcDNA3.1 Myc-BirA(R118G)  C-terminal tag for BiolD Santocanale Lab
pcDNA3.1 Myc-BirA(R118G)- Expression plasmid for modified .
hMSL2 BiolD This study
: Expression plasmid control for .
pcDNA3.1 Myc-BirA(R118G) modified BiolD This study
Cerulean FACS GFP ligation assay Lowndeslab

transfection control

I-1-Scel FACS GFP ligation assay LowndesLab

Expression plasmid for

HA-Ub . LowndesLab

mammalian cells
. Expression plasmid for

His-Ub mammalian cells Dr. Gaelle Legube
Expression plasid for

Flag-53BP1 mammalian cells LowndesLab
Expression plasmid for

GFP-53BP1 mammalian cells LowndesLab
Expression plasmid for Dr. Simona

HA-2FlaghMSL2 mammalian cells Moravcova
Expression plasmid for Dr. Simona

HA-2FlaghMSL2-oR I NG 1 malian cells Moravcova

HA-2Flag-hMSL2-C44A ExpreSS|_on plasmid for Dr. Slmonis\
mammalian cells Moravcova

. Expression plasmid for .
pCMV 3Tag 2A-6His-mMs|1 mammalian cells This study
2.1.5. Bacterial strains
Bacteri al strains for cloning ordpiroteir

T a b2l5.e
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Table 2.5: E. coli strains used in this study

E. coli strains Genotype Use
Topl0 F-mc r A gp-hgdRiNSMcrBC) Cloning
(Invitrogen) 801 acZmpM15 pl ac X7«

p( ar d69&galy galK rpsL(StrR) endA

nupG
DH5U F- 0 8lacZ oM 1 FacZyph -argF) Cloning

U169recAl endAl hsdR17 (rk,
mk+) phoAsufE 4 4thi-&gyrA96 relAl

One Shot ccdB
Survival 2 T1
(Invitrogen)

F-mcrA  grf-hsdRMS-mcrBC)

0 8lacZ pM1 BmcXdd recAl aragpl 3 9
péara-

leu)7697galu galK rpsL(StrR)endAl nupG
fhuA::1S2

Cloning of plasmids
containing the ccdB
gene

BL21-CodonPlus E.coliB R omp T hsdS(rB mB71 ) dom+

Recombinant protein

RIL (Stratagene) Tetr gal endA Hte [argU ileY leuW Camr] expression
BL21-Al F- ompThsdg (rsmg’) gal dcm araB: : Recombinant protein
(Invitrogen) T7RNAR tetA expression
DH10Bac F-mcrA  gt-hsdRMSmcrBC) Production of
0 8lacZ M1 5 recombinant bacmids
dacX74recAl endAl araD13 9 grd, leu)7  (Bacto-Bac)
697galU galK -a&
rpsL nupG/pMON14272/pMON7124
PIR1 F- Production of
adacl69 rpoS(am) robAl creC510 hsdR51 recombinant plasmids
dendArecAl ui d A( &MI-1a6 | ) : (MultiBac)
DH10EmBacY B strain derivative: Fnc r Amrréa¢dRMS- Production of
mcB C) &8 @M1 BcXdd recAl recombinant bacmids
endAlaraD 1 3 Garaee( (MultiBac)
leu)7697galU galK rpsL nupG - &8nA +
helper plasmid for Tn7 transposon enzyme
yfpreporter gene (Kret*Canf)
2.1.6. Cell lines
Cel | l i nes wused 1 Nhaldbe shiBlt adgnar BI12938t ece
used in GFP |ligation assay for monitorin
homol ogous end joinin@uBSNKEHEI)Y n0é¢ BSDIRrl Mar
cel |l |l ine for MultiBac protein expressi ol
Table 2.6: Cell lines used in this study
Cel | type Description Source
RPHA Reti nale pii tgbmedlriitad ( f e  ATCC
RPH(90D4) . .
MS L5 MSPk noe kt -IRRH | | OM4 (This s
RPH73C4 MSRk n o kt -IRRH | | 7849 (Thi s st
RPEMSL1 MSLknowkt -RFRHEH | |iag& (This s
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Cell type Description Source
l\RAgE‘.TBg P53 ankinomkEt -)RRH | | i rKar en
ARP-E9 Retinal pigménnheepmahATCC
HE R 9T3 Embryonic kidney cell ATCC
u20 S Osteosarcoma cel l l i nATCC

HelLa ZCL Cervical adenocarci ncATCC

NHDF Der mal fibroblast cel ATCC
MR G Fetal lung fibroblastATCC
BJ Foreski ncélliilbnreob| ast AT CC
Cervical adenocarcinoM Jasi
DRHel a single stably integra,.
) ) 1999
transcriptionally act
DRHe IM& L™ MSRk noec kt -HBR a cel | l'i This s
Lung cancer <cell i ne Oq i
H1299 integrated GFP repair,; 9
. ) 2007
active genomic | ocus
H12MSL?2 MSL2 konuwtt X ® | | l'ine (This s
Hi gh Five Trichopuwlasbibaagrei | oopel ATCC
S Spodopfcera(ffarldglaperrryd/vaATCC
cel | Il i ne
s?1 SpodopFera(ffarldglape”rrdeaNasheu(
cel | l'i ne

2.1.7. Tissue cuure consumables and reagents

Ti ssuepkbast waswpmue chased from Sarstedt,
Si gma. Medi ums wused for cel |ITadbd1et Fred adnd
bovine semdime{RkRBS) sul foxide (DMSO), pen

antibiotics were purchased from Si gma.

Table 2.7: Mediums used in this study

Na me Description Sour‘

DME M Dul becco's Modified Eagle Siagnm

DME M -1 1:nmi x of Dul becco's MOdif'i'Lonz
1Medi um

RPM1640 Roswel | Par k Memd@rdiaum |l nst Si gm

TAOO Modi fied Graceds I nsect MelLonz

Op tMEM Re duc e dMeSceirwnm Sigmn
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Drugs wveddecftorom sdanh bblaecctceal br | c mét dhrbnamnt i
cewkse pur clhmwsiewdaldgiasoted2den

Table 2.8: Antibiotics used in this study

Na me Cond:erati‘Name Concentr‘
Puromyci50g/ ml Ampicilli 100g/ ml
G418 1mg/ ml Kanamycin5@®g/ ml
Bl asticil®g/ ml Gentamyci 70g/ ml
Hygromi ¢1%g/ ml Chloramph2®g/ ml
Zeocin 100g/ ml Spectinom5@®g/ ml

Inhi babdr ua@lhead toiglbee bl f oycl e arrest and a
Table2.9.

Table 2.9: Drugs and nucleotide analogues used in this study

Working concentration ::A(l)?]rckelﬂ?ration
Aphidicolin 0.2 yM BrdU 20 uM
Nocodazole 0.1 pg/ml ldU 20 uM
Hydroxyurea 2mM Cldu 200 pM
Biotin 50 uM

2.1.8. Antibodies

Primary andhtsbodneéar wsade i himgbte@®. | st udy
gener al , apriobedmiée mk @@&ir £h t h eb oedxi ceesp taigoani n
hi stone modifications where 1% BSAbwas u

overnight while secondary anti bodies for

Table 2.10: Antibodies used in this study

Dilution for Dilution for

Host species WEB IE/EACS Reference
ggE)Pl (NB109 Rabbit polyclonal  1:1000 1:1000 Novus Bio
BRCAL (D-9) (s¢ . ,

6954) Mouse 1:1000 1:200 Santa Cruz
BrdU (347 580) Mouse monoclonal 1:50 B.D :
Biosciences
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Dilution for

Dilution for

Host species WB IE/EACS Reference
BrdU (MA1 - , Thermo
82088) IgG2A Ratmonoclonal 1:100 Scientific
FLAG (F 1804) Mouse monoclonal 1:1000 Sigma
GFP ) ,
(11814460001) Mouse monoclonal 1:1000 1:1000 Roche
GST (G 7781) Rabbit monoclonal 1:5000 Sigma
H3 (ab1791) Rabbit polyclonal  1:10000 Abcam
H3K27me3 . ] ) . .
(C36B11)(#9733) Rabbit polyclonal  1:1000 1:1000 Cell Signaling
H3K9me3 . ] . .
(#9754S) Rabbit polyclonal  1:1000 Cell Signaling
H3Ser10ph . . .
(06:570) Rabbit polyclonal  1:1000 Millipore
H4K16ac : ) , -
(07-329) Rabbit polyclonal  1:1000 1:1000 Millipore
H4K20me2 : ) s
(07-367) Rabbit monoclonal 1:1000 Millipore
H4K20me3 . ) -
(07-463) Rabbit monoclonal 1:1000 Millipore
: . GE
His (27-471001)  Mouse monoclonal 1:2000 Healthcare
MOF (7D1) Mouse monoclonal 1:5 Dundee Cell
MSL2 (4F12) Mouse monoclonal 1:5 Dundee Cell
MSL3 (ab38382) Rabbit polyclonal 1:300 Abcam
HRP-streptavidin . . . .
(#3999) Mouse antiserum  1:2000 Cell Signaling
HRP-b-actin . ,
(A3854) Mouse monoclonal 1:10000 Sigma
Lamin B1 . _
(ab133741) Rabbitpolyclonal 1:5000 Abcam
MDC1 (A300- . . :
053A) Rabbit monoclonal 1:1000 1:1000 Bethyl
) Thermo
Myc (9E10) Mouse monoclonal 1:5000 Scientific
SCC1(2109) Rabbit polyclonal  1:3000 Sigma
Genosys
Ub (P4D1) Mouse monoclonal 1:500 Santa Cruz
Ub (VU-1) Mouse monoclonal 1:1000 TebuBio
V5 (2F11F7) Mouse monoclonal 1:1000 Invitrogen
U-tubulin (T 6074) Mouse monoclonal 1:5000 Sigma
b-actin (ab8227)  Rabbit polyclonal  1:5000 Abcam
2 H2 A. »36] ( Mouse monoclonal 1:5000 1:1000 Millipore
Alexa Fluor-488 Donkey anti mouse 1:800 Molecular
(A21202) monoclonal ' Probes
Alexa Fluor-488 Chicken anti rat 1:300 Invitrooen
(A21470) monoclonal ' 9
Alexa Fluor-488 Donkey anti rat _ .
(A21208) monoclonal 1:300 Invitrogen
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Dilution for Dilution for

Name Host species WB IE/EACS Reference
Alexa Fluor-594  Donkey anti mouse 1:800 Molecular
(A21203) monoclonal ' Probes
Alexa Fluor-594 Goat anti mouse ) .
(A21123) IgG1 monoclonal 1:300 Invitrogen
Alexa Fluor-594  Donkey anti rabbit 1:800 Molecular
(A21207) monoclonal ' Probes
EIS-B? (715095 Donkeyanti mouse 1:50 Jackson
HRP-Anti -mouse )

(NA931) Sheep monoclonal 1:10000 Amersham
HRP-AnNti -rabbit Donkey .

(NA934) monoclonal 1:10000 Amersham

2.1.9. Computer programmes

DNA sequencing data was vVviwewed cardt &8U A L
SnapG@areever(GSL 1BiJot ©&ANWA and protein alignm

cLC Sequence Qi ¥gpewefFor ( pri mer design
(http:// pyimer Pruitmeetet/ Ppe mi wwe. br g(miwams b i o
usedGene and protein sequences wer e

(http:// www. emgemNat oogal Center for Bi «

(htt psnc/bliwww.m. ni h. gov/) . For CRI SR/ Cas?9
Zhang Lab @Gnbokipneé/ ¢ piodwars. Guapkdw®ad OFPri sm
(Gr apisPdd)wawaes us ed sftoart egertal pghasl sa.n d

22Met hods

2.2.1. Nucleic acid methods

2211. RNA extraction
RNA @axtn on was <carried out according to
| sol ate KRB WMiBirine¥ 1°¢el Bs were harvested
| ysi s Thef fr @R NeAa sweadsb otuln@n t he col umn provid
Aftehi wgs the RNA was-febatwdtiens8&adObt BNe

2212. ¢cDNA synthesis
Foll owing RNA extraction reverse transcr
RNA wusing t he HitgghDNé&apkaicti t Y ApRPNA ed Bi oc¢
conditionsgaadmehe3phb2dldr e as in
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Table 2.11: Reverse transcription protocol

Reagents Final conceRT PCR progran

RNA 0 .05 Reverse tri3% 60nin
2x RT buf flx Enzyme ina(9% 5min
2R Enzyme Ix Hol d 4°C

H,O up 1tdol

2211. Genomic DNA extraction
Genomi c DNA wa sS mneaxrttr BN ead€ tutsriancgt i on  Ki t  (

or by wusing the foll weregrpsospeoldedPeéehl
Buf fer, containing 20 mg/ ml ProteiCnase K
Samples were then incubated atr pfooorm % e mg
min. 240 Ol 5M NaCl was addedmtbe mhema tau

wi th shaknmigorat5 1mMiOr0. Genomi c DNA was sej
at 13B#&atfC 4f or 30 min. The supernatant wa
precipitated with 700 Ol i sopropagmol . Th
42C for 10 min and the pellet was was h
centrifugartpatn racto m 3t3emdpienr atthuea eetfhoanol wa
the pellet was ai6®drioé¢d Qamdgemne &il s1$ 0dlowne @

22.12. RNA and DNAocoesenmatt on
The concentration dddt eRNAY naenddi nN AN awaosDr o p
spcphot omet er ( Thle@Imoo fECRNDMEE 6 aaded t he
absorbance wasnmme aSsaunrpd de satwi2a26h0 an OD 260/

and 2 Wweferuterther experiments.

22.13. Pol ymehas®e reaction
Pol ymerase whai pertacmednoncgne gpmpaedidentf
or an Eppendorf MaBCRr mg Elppree) e pugsri andgi ekn@D
Hot St art ( Novagen) pol yuper asgeo 1t @i mé hePC
manuf adtnwrieornéesf t he primers melting tempe
of the PCR product. The gener al PCR ©pro
Tab2le
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Table 2.12: Polymerasechain reaction protocol

Reagent s EiozilentIPCR progran

DNA 50 g Hot star9% 4% ec

18 KOD Hot s Ix Denatur¢9% 3Gec
dNTPs 2 00M Anneal irdg 2Bec 38
258 Mg$SO 1mM El ongati 78 26 e2mi n
1M Forward 0.G6M Final el &€ng5min

1MM Reverse 0.0M Hol d 4°C

KOD pol ymer a lU

DMSO 5%

H,O up 2t@ol

2214, Fusion PCR
With this method twwene® ftihsed (PPECReti t@arg me
from the original reactions. First, each
primers containing specifcaont aosvherrnl gatpipam g
regions with the ottdlsper o ®WCaRrt ep r ibndeudc t &8s tTenm
a Ssubsequent PCR reaction wusing the sar
amplifications. For an easier assembly c
were used at a time and twheoushygytassemhsk

products and the third fragment.

2215 Quantit-at meePCRal
Quantit-&atiimee PCRR)( Qwvas wused pmroe pgiean clh a ge
the amespeti bfc RNA transcribed. To measu
this PICRnNnr®&YEYBR| Goeckyye emdSYBReGr eann eganmat e

into the synthesised DNA and the accumu

measur ed®.CRThm xQwas made foll owing the ma
Fast SYBR Gr eenApvalsiteed BJvi s yKsitte m(s ) . As t
used. Af ter reverse transcription, it W

specpirfiin@enrds nor mal i sed to the eXQAPelsHsi on
PPlaamHKPRTIPr i mer sequemabkea3. Tahree rleiasctteidonnisn we |
Opti cwadl I96Reacti on Pl ates wusing the 7500
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Bi osystems) . Each reaction was run in du
tested with a mebticomgpfcumve hanal vspiexci fi
anal ysed wusing the Applied Biosystems d
2. 0T.hée. PCR condi tTaoh2$§8are shown in

Table 2.13: Quantitative real-time PCR protocol

Reagent s Elozglent PCR progr ami

2x Master mi x 1Ix Hot stari19% 2Ge

c DNA 1: 801 . Denatur at9% 3Ge
1M Forward 0.G6M Anneal in6C 3Ge 38
10mM Rseevepri 0.3M El ongati 60C 3Ge
H,0 up 1t@wl

2216. Restriction digestion of DNA

Enzymes used in this study were mwmrdchase
the digestion conditions were foll owed
di gesPMA was visualised on agarose gel U S

2217. Al kaline phosphatase treatment
I n certain cases alkaline phosphatase t

pl asmids togmateéewent Digested s@ampAkkalwiene

Phosphatase (SAP) (Promega) . This reacti
ends of t he DNA. The reaction was per f
instructibusit/Bdg eDNj of SAP was i ncuba

di gesteadt “@3ecobor1 h in 1x SAP reaction bu
was then pdHrghi PdresP@B Cleanup Micro Ki
PCR Kit (Eurogentec).

22.18. Agarose gel electrophoresis
Agarose gel el ectrophor esiag meanstssp gaanfdot ene
them by sidzca.erfdmeas i DDA fr agments were c
DNA | adimemt dFer mol eculrar adeangdhsti drmaa rtkheer
Sampl es wer 6xSlaoadoeadd i wiNge Wwd yEen g(I an@. -B% ol abs
agas® gels weséenpgpraeapgarede (Sigma) dissol
Sybr Safe (Il nvitrogen) DNA dye. The el ect
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usi ndgRalBi dFPoawe Basi ¢ poweesi ssuladplsyedamnudsi ng C
5500 (Al pharlavnot eahllW)i nat or

2219. DNA extamdctpuwmi ficati on
DNA bands were excised from the agarose
placed into a 1. 5ml Eppendorf Ewubeaandow
Ki t (Qi agen)rerGdlheKiStmaf ElPuogent ec) DNA

agar oamred greé dfioslsloolwiendg t he manufacturer ds

| f gel extraction was not necessary, DI
restrictioHdi glh gPste uBCRgCIReahep WBircrSommakKi
PCR Kit (Eurogentec) following the manuf:

2.2.1.10. A tailing of DNA for ligation
To insert DNA intoa T vector, PCR products generated by KOD enzyme were
treated with Taq polymerase to attach A (Adenine) overhangs tmdhef ¢he DNA.
Briefly, the DNA was incubatedith Tag enzyme, 10X Buffer and MgCat 72C
for 10 min. The product was then either used directly in a ligation reaction or
purified usingHi gh Pure PCR Cleanup Micro Kit (|

( Eurtoge)n foll owing the manufacturerds i ns
22111. DNA | i gati on

DNA | igation was per f onrznyende uasnidn gb uTf4f eDNA |

Of inal volume.sDepeafli nhbeohrabpments and

(bl-antseéendkythenr evas kept at room° emper :

overnight.

2.2.1.12. MultiBac gasmid generation with CreoxP recombination

Acceptor (pACEBacl, pACEBac?2) and donor
used to generate pl asmid hfeusmuadnt icgoenntea ifnuisi
performed in a stepwise manner uai ng on:
t i .nBer i eafplpyr oxi mat el yofeqawcadepamaundwelr edonor
combined with Cre(NEBpmhai R®ds edl e mzeyantet i on
I nstrsucdteisocr i bed i n the ACEMBL Mul fThBac
reaction wasCifneubhthked at 37
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22113. Preparation of ®&hemiodal |l y compe:!
Chemi cal | yE.c ocarepleltse nwe rwa t hr,ed@dCith © d . Cel l s
gr owhnt haonutti bi ot i cs® over rbinghtLBatbr®7 h wi th

rpm Then cells were diluted in 1:50 in 1
shakirf@ taa 8w OD600 between 0.5 and 0. 6.
mi Falcon tdbes &and ¢€tbrl |5e min. After th
60009 f oart°Cl40 Trhien cel |l pellets were then

0. 1M ,CaChcubated on ice for 30 min and |
resuspended cont0alilsMio nCgalCGlcer ol and aliquc
Eppendor f at ubwesrtes Tshneap frozen in | iquid v
stor-8fC.at

Chemicall yE.c oampleitsentontaining a bacmid b
with a dij)nfeearheonrdtwe@aeCllgs own wi t hout antib
3T in 500ml LB br ot tmwihtehn sthhaekyi npeBliaet da 3 Qu
LB broth and were gro@ntagannODbd babbdawe
O.After that <cells wemeralfugeotadeisntaamd5
for 15 min. Cells were then pelleted at
200 mhs&€laktti on and were pell dhedpadaien av

resuspended 0ROV om aladCl was i cac Udlat e3 !

Foll owing incubation cell were pelleted
in 8 msolCatCi on. The suspension was aliqu
and the aliquots were snap frnnozed8fCian | i q

22114 E. wTtwoamnsfor mati on

Competent cells were mixed with DNA and
cells were H&atf ogho3cOk esitecatand then place
500500 Ol LB broth or SOG fmadriad iwas aamdd e
all owed t o°r evd d\ers hatkpifdog 8Bt0 6 ;M or over
then were pepinet ed mtn2008&§suspended in 5
onto LBtaeagarcoptaining appr oaptreidataev earnntiigbhi
3.

For -WHiutee s cr eweenrien gt,r epatastide siv0 g A0 udli o n
and 100 OIlI PoTfG.10A0 treM growing the cells o
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picked and streafgald andol BTG eoonaiMmil reg
selection. For Bcaocl noi ndi etsr awnes éoilr pntaat b aothi @ t
3.

22115. Pl asmid DNA preparation
Pl asmid DNA was extracted using Nucl eoB:
Nagel) foll owing the manufuacdtounrse rwesr ei nusst:
mi ni prep extraction as wel/l . Briefly, 4
centrifugep@or 14008 npell et was ©DOSHuspe
Reswmsgen Buffer &OiddLly$esd BWift ker 2n@02mMiOn i
ONeutraButherowas!| peddddt he tmheture was i
for 5 min. The mixturer rwdort B&n’Oni e haet i f4L
supernatant containing the plasmid DNA w
ande tDNA was precipitated using 200 Ol
pell etedpimbr 13048Cni Mmhat supernatant was r e
was washed with 70% ethanopimandl8®€mini it
The ethanolefwdd yt remowvamd.drTiheedt p&DI| enti nwa
resuspensdoe dOli nRe3ssOuspensi on Buffer.

2.21.16. Bac mi de tNrAact i on
Bacmid DNA was rextgfemdNtiecd ewBiomgl Xtra Mid
( Mar c-Nagely) with the foRhmlowbHOPaotoell
was pelleted in a tabmhetofd aemtr iAffugee at
medi a, cells were resuspended in 300 Ol
using 300 Ol thypsits bBuff ¢ ryasnfdsu biancdeidc aatto rr oo
temper at urkolfloaowibn gmitnh.e i ncubati on, 300
added to the | ysate and mixed gentl y. Af
i ncubated on ice for rlpmomi nl Oa nnui rg.te &4 Thheet esd
was then transferred to a new EpAfetnedror f
gentl e mixing the samples were incubated
rpmor 15 min. The supernatant was then |
addedhée¢é opell et and washed bySamplkesi wgr ¢
then centrifpmmed A0 dmwAd BAntdgpt heas repeat

more ti me. The et hanol was then removed
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The DHA wWherendesus rRe4Q@s Penoifon Buffer.
stor &d wuvantt i4 transfecti-2B. and then transf

2.2.2. Protein methods

2221. Whol e cellul ar protein extracti
For protein extract preparatirgimocel5] sniwe
andgashed with 1xPBS. Cel | pell ets were t
buffer or Benzonementleydsivei tbhu f @ emp Iseutpep | ED
| nhi baadkotrai@ (FRhoocshET)OPanfkdhosphatase | nhibi
(RocThkeé¢. |l ysataddhewe i ncubated on ice for
centrifugedman NULBOMONn and the supernatan
tube. The pell et was discarded. The pro
Bradford method.

For bacul oevx pradhsisg hooatFliires wer e harvested,
rpmor 5 min and washed withuspxeBdsed Cied | L
buffer supplemented with Complete EDTA f
Lysamtease i ncubagda®dmiom, icentfropfnogped5ami o 38a
the supernatant was transferred to a new
The pellet was then again resuspended in

and saved as insoluble fraction.

2222. Subltul ar protein fractionation
4x dm confluent di shes werrep moar vie smiem , ar
washed with 1xPBS. The celd5@lelBueftfse rweA e
i ncubated on ice for 5 min. Afthed |teldatl ar
dounce homogenizer (20 ti mes rwpfhohr a5 tmignh:
at’CPel l et and super MMatea rstu premat@ant h wasv d
a new 1.5 ml E pwpi etnhd o5rxf £ yJaeurbsecR il ifchre d1 Oy smat e
wasentrafuge@#&#t®C4and the supernatant was
fraction. The pellet 6hv&dcwarelrajstuysepde n o
over @l 6d0Wshionaonfi Sentoskpifped 20 °OMOMOat
The supernatant was discarded anddlthe p
1xLysi sAfBuefrf etrhat it w@ls Iwxlwsipe nBefdf é m &8
on ice for 10 min. The Irpé$nare 1l@&smi tThheeh &
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supetraant was @araewfeubedabhd saved as nuc
was then IOfseBkenizonhsS@ | ysis buffer and
|l ysate was cemntprimofrugledd natn 1a3n0d0 Ot he super
chromat irmchhauwmd f

2.2.2.3. Cytoplasmic and nuclear protein fractionation

10 cm confluent dish/sample was harvested and pelletéd2zar @ mor 5 mi n ar

washed with 1xPBS. Cel | pell ets were th
buffer and incubafedronncokafiooc®3l®OWE INGE
added to the lysate in a final concentr a

i ncubated onysaetefowebemipdmore2®WLmati he5 @0
supernatant was tr anpselelrerteedd taog panaofr ract Shl 4t
min @t ®Bhe supernatant was saved as <cyt
resuspended in Nuclear extractiopimbuffer
10 mi°®, at hdnr pamorl14an0 addiatCednbaysaDesmi wer e
pell etedpimbr 120%mMi Bupterhat ant was saved

2224, Bradford assay
To determine the protein concentration o
1 Ol of protein extBraazdf awads RE agean twi (t $i @bl
HO. The mixture was incubated for 5 min
was measur ed against a bl ank sampl e a
spectrophotometer ( Theeramoc a3 d iberoattiiifiaems gceu r Tve
al bumi nwa(sBuAss)ed. A stepwise dilution was
sol uti-RPand)( Bamd t he absorbance was measur e

absorbance and the concentration of t hes

2.2.2.1. His-tagged protein cammunoprecipitation
HEK293T cell were seeded to reach 70% confluency the next day. Cells were
transfected with 4.5g DNA (2.5pug mycBiolD/myc-BiolD-MSL2 and 01lug His-
Ub constructs) and were harvested after 24 h. 10 hours prieeshamulture media
was supplemented with0 uM biotin. Cell pellets were lysed using benzonase lysis
buffer. 10ul slurry of HIS-Select HF Nickel Affinity Gebeads IdH0537) (Sigmaper
sample were prncubated in the same lysis buffer. 1 mg protein ekinas then

added to the beads and the final volume was adjusted tpl508e affinity binding
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was performed at°€ with gentle rotation overnight. Beads were then pelleted at
1500rpm 2 min and the supernatant was saved as unbound fraction. Samples were
washed with lysis buffer and eluted with nickel bead elution buffer. Recovered

samples were then used in a second immunoprecipitation using streptavidin beads.

2222, Biotinyl atoendmupnrooptreeicni pi t ati on
HEK293T cell were seeded to reach 70% confluencynéet day. Cells were
transfected with 4.51g DNA (2.5ug mycBiolD/myc-BiolD-MSL2 and 01ug His-

Ub constructs) and were harvested after 24 h. 10 hours prior harvest culture media
was supplemented with0 uM biotin. Cell pellets were lysedsing benzonaskysis

buffer. @ pl slurry of magnetidMyOne Streptavidin CtHynabeadgInvitrogen per

sample were prancubated in the same lysis buffer5ing protein extract was then
added to the beads and the final volume was adjusted tpl5008e affinity binding

was performed at°€ with gentle rotation for 4. Beads were then separated using
magnetic force and the supernatant was saved as unbound fraction. Samples were
washed with lysis buffer and eluted with streptavidin elution buHfe85C 2 min

The recoered protein was then subjected to SEXSGE.

2.2.2.3. GFPRtagged protein cammunoprecipitation
HEK293T cell were seeded to reach 70% confluency the next Cells were
transfected with 3ig DNA (1 ug GFR53BP1, 1.51g FlagMSL2 and 0.5ug His-Ub
constructs) and are harvested after 24 Cell pellets were lysed using benzonase
lysis buffer. 10ul slurry of magnetic GFRrap beads (Serotec) per sample were pre
incubated in the same lysis buffer. 7Q@ protein extractvas then added to the
beads and the final volerwas adjusted to 4Qd. The beads were then incubated
with the extracts at°€ with rotation for 2 h. The supernatant was then removed and
the beads were washed and boiled inuL@xLSB. The recovered protein was then
subjected to SDPAGE.

2224. SDPol ylaacmiyde gel el ectrophoresis
For va tsiuan i ansde pmr@aR8iomol yacryl ami de gel
( SEPAGHER)as used. For opti mal separ¥¢ldt¥d)on, (
were used according to the siTzadldled t he
Briefly, protein extracts cwenrteai miiBhegd 1wi2t!

mer captoet hanol . S¥mploers Swenrien bfooirl ecdo maptl e
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Af t er , they were Ildoreada&dProeaciasi @geal Pdlusn gk
Prestained ProRed)aeRobdaerdP( BsoPrestain
(Ther mo $Pcioemt nf we) ght mar ker glamfdf eun at

Table 2.14: SDS-polyacrylamide gel protocol

Separating ge Stacki

Gel percentag 6% 8% 10% 12% 15% 5%
H20 ( ml ) 5.¢2 4.7 4.1 3.3 2.3 3.05
30Bi-scryl amid 2 2.7 3.3 4.1 5.1 0.65
1.M T#HICd &.HdmI ) 2.5 -
0.M T#HICd 6pEBmI ) - 1.25
10®DS ( OI) 100 50
10®wPs (0O1) 50 25
TEMED ( O1) 5 5

2225. Coomassie staining
Protein visualisation without the use of
protein efxtparePSBEYN.geA s wepbpemabnai Bledentwi bh
st diom 30 trhi ngemt.IGe | &g iwteatei ocnhen destai nec
destain solution untiApphexbmaazkdg O0de msidbie\
500 ng/ protein band.

2.2.2.6. Negative zinc staining
To visualiseprotein onan SDSPAGE gel negative zinc stainingaw used as it
shows highersensitivity compared to coomassie strainingels were washed in
deionised water for 5 sec amtubatedn 200 mM imidazole for 20 min (12%gel).
Following incubationimidazole solution was replaced by 200 mM Zn&blution
and ncubated until bands appeareitaining results in white precipitation in the
regions of the gel that does not contain proteins. Protein bands appear clear.
Destaining was performed using Fgb/cine bufferAp pr oxi mat d Osamsli t i
100 ngbpndt ei n

2.2.2.7. Silver staining
For i mmunoprecipitated protein visuali zzé
met hod was performed using the ®Praiteiosgl:

was performed following the m&AGEagtedr er
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was fixed usinf Fixing solution for 20 mi
30% et hanol solution-Helforweame awas he ddnian
were then senitized for 10 mizx ulk0 ni Be
Mi | -HJOQ wa s h . Gels were then equilibrated
washed i-HB O Midrl i1Q min. Gels were devel ope
10 min and the devel opment was stopped &
gel s wkeee walkdO®i Fbr Q ApPpmoxi mat el saeemdsi 10 v
ng/ protein band.

2228. Protein transfer to membrane
Before i mmunobl ottragst errroetder ns elwewleos e
membr ane (GE Healthcare) in 1xr aBaosfer
Cel |l -R&aB) owasndustehde transfer was rduny at 1
transf-Broffr &8s yemi ans fReard ) Cenvals (uBied at a
mA for 45 min. The assembly of both tran
t hhmanuf actiumetrducti ons. After the transfe
Ponceau S solution to deftoerr nB nnei nt haen dg uvad si
d d.B.

2229. Il mmunobl otting
Foll owing protein transf eb%tmiel meB®Ak ane
1x PBBET1x aTB$SDom t e@mp3elr amiunr ewiftohA fgteenrt | e
that, membranes were incubated wiffCh pri mi
The excess antibody was WathB8&of fenwsf ht
me mbr ane was incubated with horseradish
antibody I|Iisted in . .T.hef crxclesls atmmti bowhyt
agaidesacsprleed ously and the proteins were
Westeont iBnlg Substrate ( Ther mo Fi sher) e

i nstructions. The chemilumi nesaarycef idimgr
(Konica HMn@PLOBYD Automatic Film Plthoecesso
signal iRnahysieyg evhma oNIt)Hvar e (
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2.2.3. Immunofluorescent microscopy

2231. Sampl e fixation
| mmunofl uwa®esusedeto visualise subcell ul
formaticemrafdiat i on (I R). Ceflbarewemeciseed
gl assesandvVWRi)x ed i we t reeotllhBa0n%o | or 4% par af
(PEA)Met hanol feéemegl| ae2td@l fwermr eatt hl east 20
further proceeding to blocking and stain
temperature for 5 min in the PFA solutio
1x PBS and ped me2bdoXTmwietdl wPBB for 5 min.

2232. Prextraction
Prior PFA fixatientraotpeemhtowisedd ass ense rper e
on 18 mm coverslips were washed with 1x |
for 10 min. Then cel |l se wdrme swastdddF Awietdh v

solution.

2233. Il mmunobl otting and mounting
After fixation tdelllxs PwBeSr e owas htednevwi f or 4
1% BSA/ PBS for 30 min at room temperatur
BSA/ PcBotht ap mii megrtyi body f or 1 h at room t
chamber. Coverslips were then washed thr
fluorkye end rsjewcepantdead y anti bodySiaggrdaDNRA Og /
staininfgjosolubhian robmmt dmpambleee wer e t
washed three times again -MOt bheflar ¢ BB0 amit
thevmt h mounoiBmgemédioat microscope helides

slides were sealed wit?Pf alndiamagiangdg. pol i s|

2234. |l mage capture
Il mmunofl uor esecreemtpt umae@mgscsads whAamer a ( Hamam;
Phot oonn cGdny mpus | X51 i nvert eudn dneirc rooislc ogte
t emperledtOd r eo.i | obj ecoil wve,i tNA61.033 asmdt war
was .usBdmradiati on-stexpkscioméries ed using
di stance between adjacmet gewdnageas .&2rDd hsetsaec
i ndi vidual channel i mfaigleef owe pal maxyEeaeat if eod .
Figure4llwer e captured -ubki 00! Omympuson Xa Del
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high resolution micoagndecope !l (GE Heoealmt h @anmp
objectiSY\WWoRa&Ndver ss @it waa.re. 2was used. Dec
performed ®wsiofgsHyoams

2.2.3.5. DNA fibre assay
DNA fibre analysis was performed dgscribed previouslyMerrick et al., 200%
Briefly, Cells were incubated in 20M IdU nucleotide analogue containing media
for 30 min then treated with 2 mM hydroxyurea for 2 h. The culture media was then
replaced with fresh media containing 20M CldU nucleotide analogue and
incubated for 30 minCells wee trypsinised and resuspended in ice cold 1xPBS,
counted and diluted to 2.5x16ells/ml. Nucleotide analogue labelled samples were
diluted in 1:6 ratio with unlabelled samples and fl5was spread on a glass
coverslip. 7.5 pl Spreading buffer was addedtie cells and incubated for 8 min.
Coverslips were then tilted 180 allow slow spreading of fibres. Once dried samples
were immersed in 3:1 methanol/acetic acid solution for fixation overnightCat 4
Following day coverslips were treated wi2tb M HA for 1 h at room temperature
and washed 3x with 1x PBS. Samples were blocked in 1% BSA in 1xPBST for 30
min. Then coverslips were incubated with primary antibaglginstCldU for 30 min,
then washed with 1xPBS and blocking solution. Following the washkitegs
samples were incubated with the appropriate secondary antibody for 30 min. After
incubationsamples were washeolpocked and probed with primary antibody against
IdU for 30 min followed by secondary antibody incubation as described before.
Finally Coverslips were washed 3x in 1XxPBS and mounted onto microscope slides

with mounting media.

2.2.4. Cell biology techniques

2241. Cel | cul ture
Human cell s were maintained in appropri:
bovine sef8mgwiaR)BhD)ut antd3wiott h ¢ & 8 5 &0
humi dity. At 90% confluency cell s were tr
Adhemesretcti cell s were maintainedC.Cenl ITSC100

at 90% cweaemihyesndciwsiridgyp oend t hei r aaaddh esrpd nitt s
1: 2 anSd 9SfArl 1: 5 ( HSwhp 8 bvkeh ncrealtliso . wer e ¢
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250 ml flasks in 20: &l whoerd orae anlde dvea ec s1p
5g0cel |l s/ ml

2241. Freezing and thawing cell s
90% confluent mMmMumashes!| Werentt®psi ni sed,
pell eted and washed with 1x PBS. Cel | p
freezing media (10% DMSO in FBS) and ali
Nal gene Cryogenic Vials f(rDblzemmoi nFia hB#r)
Freezing Containeg®C (dher moghti shErdzean sa
transferred to liquid nitro®®&n tanks for

2242. Cel |l proliferation assay
RPHcell s were atleubtheadmoyshe bMarr i(enf el)d Supe
asleschbielh ¢t & 0 be)r2,000®01 s were then seeded
6wel | di shes &nhd. ckhaucnht eedx peevreirnyent was rep

2.2.4.3. Clonogenicsurvivalassay
RPHE kel were counted and seeded in numbe
into 6 c¢cm di shk4dlays daopkercaeesdi ngglt he me
cells were washed with 1xPBS. Colonies w
for 30 mihned twhietnh waxs PBS t wi c e Caonldo nli eefst
were then counted and the percentage of
(Franken ¢t al ., 2006

2.2.5. Cell transfection

Pl asmi ierusednsf eclableddn are | i sted in

2251. Transient transfection

Transi ent transfection of human <cell s w
transfect(iloowvinteagemt . The day before tra
we l | pl at es-80t% croemddhuem@®y t he nex-t day

Li pofectami need0WMEWa emi a separately an
30 min at room temperatur e. Af ter t hat

i ncubated for 30 min. Bspieaaltiedbel tumaasm
mi xture was addpwi sea.tBot hewedl b%¢ dhé h |
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transfection complex was replaced by cul"
for4@4nh.

2252. Stable transfection

Stabl e transfection of human cell s wa s
transfeeftloviteadagen). The day before tra
cm di shes-81006 coamadh uebcy the next day. Tt
prepared as described before and was add
the cultau4d efhimedi it ansf ectieadrsl aweltlhs swern a
(1:5) i nto 10 c¢cm di shes codoniltabid8ei nAgyf tseerl e
col ony formati on separ at e -wel ¢ nsepsl a0necree

confluent, cell s wewed |f uprltahteers , s céal cerd diips

di s.heGl ontelse rwelr aarweesstteeradnn ab.lyosti s

2253. Bacmid transfection

Transf ectanodn iSohfe dft9 cel l s was performed u.
reagent (Sigma). The day before transfec:
7TB8B0% confl uendyctnhNgdA naenxdt Elsacyor t |V was mi
free culture media separatel y30 tmiftdae mi X €
cel |l swawéreed with serum free media and t he
them. After 4°h tihrec ulraatnisdrecati oh7 compl ex
media and the cell s wehree vfiurutsh ecrongraawn nf
t hen removeidf uagnedd rcaetind 4 5 B0 mi n . The supe
transferred to a fnwerwi hiéuscet iaonnds saasv epda sfsoarg
stock.

2.2.5.4. Baculoviral infection
To generate viradfddntso SERIIS§ owerafeseteded in
rea’/cd0% contheemeyt day. 5DO@Of ol raws s¢ 0d &
added to the culture media and the cell s
media was <coll ectedr pmar cenmirnfu@gbd atupd
transfaernewa tobe fawnrdi Iséaescetdi ofnosr as passadg
stoThke procedurentwab tbpeatecdalt hstpacl aw
coll ected. The viruses were then tested

met hdoeds cr i bewh sle@fe@ated wusing High Five c:¢
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i nstead o048 SH 9pastl lisnf ecti onrf orhevecelelr i

anal ysi s.

2.2.6. Flow cytometry

Cel | cycle analysis was perfor med usi ng
Bi osci enlesl)lwiebheub8t2edd &MdtUn f orh a2/ emitre,d ,
resuspended in 1xCePBSTrancd | fBiolfti0dmt eed swi(tShy s
were thenlpérlpfared5 amin and resuspended
Fixation was perfdr medd kO tofe 1D teitohna ne
mi xing by vortexi ng-:28Saunfptiieltsh ewe rgr csc eosr seic
staining, 3 ml 1x PBS was added trgomthe f
for ns mihe pellets werr 1 hmin.1In¢ sRIBP HICd e dva
added to thedsuespenafiédmin at room t empe
pel | et erdpfactr 152 On@i n resuspended in 1x PBS
the samples were resuspendedpelinl dt end &g di
pell ets were theénb5ndBMatiend lixn PBBTOIcont
primary antibody for 30 min at room temp
added to the cells and thea pdnospeeéndaiicmer wa
that, the pellets were incubated in 50

conjugated secondary antibody f oCel3l0s mir
were then pell et dd rhd% dB BrSdAx uishPpBeSn dceadn tiani n i
Og/ ml pr ogii dieu20P0 )Ogatngtek ARNat room temper

mi n .

For in vivo NHEdatindn HRs S&y¢ BBDBFAGS I Eam!
was WCseddd.s tr anGefreuclaecttbc wén dodi ng pl as mi d
harvested 48tkhfadden2d and resuspended i

Data was analysed using BD (FBADCSBIiDisvca eShafe
BD Accuri C6 Plus versiror!|l 9w4d ngl S(OoBD whBir ee:

(Cel | |l maging Core, Turku Centre for Bi ot

2.2.7. o-irradiation(IR)

For DNA damage experimentsirradiation was used aslamagingagent. Briefly,

cells were seeded into 10 or 6 cm dishes for western blot analysis or 3 cm dishes with
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coverslips for immunofluorescence experiments to reach the requirddesuxyfthe
next day. The rradiation wasperformed using o-irradiator with a*'Cs source at

9.52Gy/min (Mainance Engineering, Hampshire, UK)

2.2.8. Ultraviolet radiation (UV)
For UV induced DNA damage experimemisre performed usinglVitec UV lamp
(LF 106S) UV radiation was monitored usingVitec RS radiometer(SX 254
Briefly cells were seeded into 6 cm dishes to thguired confluencyand were
treated directly after attachmeifthe culture media was removed from the cells and
was replaced after UV treatmie
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3. Generation and functional analysisof human MSL2 and MSL1

knock-out cell lines

31l ntroducti on

MSL2 and MSL1 were iniéllly discovered irDrosophila They are part of the MSL
complexwhich plays a critical role inDrosophiladosage compensati@yualisng

the expression of X chromosome linked ge(ealmer et al., 1994Kelley et al.,
1995. This complexis responsible for thecetylation of lysine 16 at histone H4
(H4K16ac)whosemodification enables the recruitment of different transcriptional
factors tofacilitate a twofoldincrease irexpression oK chromosomagenesin male
(XY) flies thus balancing theiexpression relative to females (XXJrestel et al.,
201Q Schiemann et al., 201Conrad and Akhtar, 2013un et al., 2013

The members of th&ISL complex are well conserved across speciesd hav e
orthologues fro®anyjeaan a&aod RBamaies, )a20Q1 2
MSL2 is known to possess E3 ubiquitin ligase activity and was found to specifically
ubiquitylate H2B at lysine 34 (H2BK34ulhich plays a role imestarting the stalled

RNA polymerase Il apromoter region§Wu et al., 2011 It was also showthatthe
knockdown of MSL2affecs X chromosome inactivation in mammalaggesting a

role in human dosage compensat{@helmicki et al., 2014 Although MSL1 was

not found to possess enzymatic activity it is essential for the complex stabiigy. T
dimerization of MSL1 provides binding platform for MSkich is required forte

correct conformation of thé1SL2 praein facilitating the function foits RING

domain (Hallacli et al., 2012 It has been shown th#SL2 is only enzimatically
activein tandem withMSL1 and is only able to bind to a previously formed MSL1
dimer (Hallacli et al., 2012 While there are more extensive studieDrosophila
deciphering the role of the MSL complekereis little known about the functioof

the human proteingspecially in a context oude of dosage compensation. To study

the effect of human MSL2 and MSL1 on the otlsemplex members a loss of
function approach was selectedddiuman knoclout cells were generated using the

novel CRISPIRCas9 genome editing technique.
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32CRI SPR/ Cas§@emededit eidng

Previously obtained resultshowed that knockdown experiments using RNA
interference (RNAI) has a low efficiency and for certawestigationgt also limits

the timescale of the assaydielpartial knockdown of MSL2 could also result in a
depletion level not strong enough to show a phenotype which could lead to
difficulties in further investigationsTo overcome these difficulties functioral
analysisof bothMSL2 andMSL1 aCRISPR/Cas®9nediatecknockout approach was

selected.

The CRISPR (clustered regularly interspaced short palindromic repeats)/Cas9 system
is based on a prokaryotic adaptive immune systertenableghetargeted cleavage

of foreign genetic element®eveau et al., 20)0 The system itself is based on
RNA-guided nucleases. There are three types of CRISPR systems across bacterias
andarchaeasand each system comprise a cluster of CRIaBR$vciatedCas)genes.

The most commonly used Cas enzyme is derived opyogenefCas9) and it has

been codon optimised for mammalian cell expres@ong et al., 2013 This DNA
cleaving enzyme can be targeted to specific sites in the genome by a 20 bp guide
nucleotide preceded by an NGG trinucleotide. The latter is a requisite protespacer
adjacent motif (PM) which Cas9 recognises and binds After PAM recognition
andbinding the guide sequence is matched to the following nucleotide sequences in
the genome and in case of a match it cleaves the DNA 3 bp upstream of the PAM

sequence.

To generatknock-out cell lines a single guide sequerisentroduced to the cellor
site specific cleavage.fter the introduction ot doublestrandbreak (DSB)in the
target sequence the method relima the erroprone NHEJ (nonhomologous end
joining) repair system to imduce indels(insertions or deletionsyenerating a
frameshift mutation aftethe targeted site resulting in a truncated, mutant protein
(Ran et al., 20LRodgers and McVey, 20L6For more efficient targeting, a mutant
version of the Cas9 enzyme, Cas@m be usedn this case an aspartdtealanine
mutation in the RuvC catalytic domain of the enzyme allthesCas9n to nick rather
than cleave DNA resulting in singitrand breaks and the subseduereferential
repair through IR. Efficient gene targetingvith Cas9mrequires a pair of gRNA sites
to generataloublestrandb r e a k' s wi t h(Rabh 6t alg 2083rT hsanmretpcd
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can be used to generate specific insertifmmsvarious purposedn parallel to the
knockout cell line generatiorhts work madeattempts tause this technique for an
endogenously tagged MSL2 cell line generatiomvever due to time limitations the
project was discontinue(Appendix 4 i Endogenously taggedonditional MSL2

cell line generation

3.2.1. MSL2 knockout target srategyand screening
To study MSL2 and MSL1 functions in the |

t i ssuecanud iatuirceenlsl l ine with clpsepbsedota
be uwso&das model snyodntr em s tnteedm epdhdl i ECRRIP &
( RPIEC e | Iwalsihmes e n

The hM&hgnen ¢ oicetiehde auctlbosomasomet 8i A dt wo
exoerscodi BagnTi no aci d promaim, Whiec RIING de
for enkag macttiicyM$ly2 oifs ItdeatNat eararhi nt he pr o
ther etfrmeaé n t arget for generati(Rigg&h)eul | (
For kinloe Ustt r aalC&Rdg WP R/ Casedd igeamogmea p p.u sWlidthh

this meteh oadi tmad mwtaisoduce(iamsen nidem/uda Ingt i or
frameshiidn raerediia i agpremature stop codon.
|l ocus of the MSL3pypyog€mre8 anwodidndg yplasm
was asddt wo guiwkadesseieggne ntchees RI NG .dmacodi ng
target st bhZeh asnegl elLcathi (oam laibn emat oekl@d, wher e
system is applied to wihtehipw®dgtiechmat i af it ar ge
onl i nteakeosoli nt opeatodafi @egeatth owi t hin gene ¢
nomodregions i mantdherogenadmes t he pwittehnta al
score (higher score corresfpomdsaembagl boWwes
the highest scored omrestheaearbegi ngarmeg t b €1
chosTearese two sequences wer e(FecglBl)ed S90 a
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A

MSL2

MSL2

RPE-1 WT

RPE-190_D4
RPE-190_A3
RPE-190_A2
RPE-190_A1

RPE-1 WT
RPE-173_A1
RPE-13_A2

RPE-173_A5
RPE-173_A6
RPE-173_C5
RPE-173_C4

S90

ex 1

GCTACTGCTC
GCTACTGCTC
GCTACTGCTC
GCTACTGCTC
GCTACTGCTC

AAAATGATGA
AAANNGATGA
AAAATGATGA
AAAATGATGA
AAAATGATGA
AAAATGATGA
AAAATGATGA

S73

ex 2

TCTACATTTC
TCTACATTTC
TCTACATTTC
TCTACATTTC
TCTACATTTC

TGAAACCTTC

TGAAACCTTC
TGAAACCTTC
TGAAACCTTC
TGAAACCTTC
TGAAACCTTC

CGCGA-GCCG
CGCGAGGCCG
CGCGATGCCG
CGCGATGCCG
CGCGATGCCG

CTGTA-GCTG
CTGTAAGCTG
CTGTATGCTG
CTGTAAGCTG
CTGTA-----
CTGTAAGCTG

CCTAGTGCTC
CCTAGTGCTC
CCTAGTGCTC
CCTAGTGCTC
CCTAGTGCTC

GTGCAAAGAC

GTGCAAAGAC
GTGCAAAGAC
GTGCAAAGAC
-TGCAAAGAC
GTGCAAAGAC

Figure 3.1: MSL2 coding region and CRISPR target stategy. A)Two t ar get

induce frameshift mutation in both eBpnSedusnaet |
al igmtm of RPEdC et Yypreuantiled cl ones fr oki ghhlei gthwe dt
nucl eoti ieerehow Oh the mutated g8JQdence compar ec
To target the Cas9 nuclease twetheiasbkett
into the px8pB®draptlBBEyme thles e trahehgctwedh
puromycin rieagi sptlascRiudcod)d WB@X ng Sipcée toat
date there is nionrediradtiecomndfi bMdSBly2 faonm al
was used to-oiud@Gnandsg fkmomkeither strate
screenedtuoustchgorae@resgiinr e anmnd sdgiegei @ g
3.1).

Foprsecreening with r eRBQGR iprtiimnenr se nzeyrmee dld sg
surrounding genomic region of twhae ttaireget
subjected to enzymatic digest and the di
Restrictiwenr eenczhymseasgntice the wild type se
cut Fsotthee. SS90 Sfhaalget f en €& dv&h zSgmeer Lede

Mut ati on gener ated in this regi omhevi a (

i tTher prascui vien.
Hidgedijei f y t|

rest reincztyinben biairdd ngr ev € ret

were sent for sequencing to
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Unfortunately thidomethed SO0 t awgrekedtr
performec€awd8thymehedot gi ve aClcoomed ufsriovm t
|l atter t awegtedts esnttr adierggyct |l 'y f oampleiqfuieaat ing
Both target strategies proved.taéamgetvegy
ex orl 4olut cfif oBRésepneded to have some sort
while the sequencing data fr omst hoeute xoofn |
closeseened showing 58% and 67% efficien
90D4 and 73C4 were chos%eWhDdbaot afost bee ba
insertion which results in a premdatdur e s
ad so contains nmeoeé obbsrgQgain a premature
76th amiSmomcacibadt h of tsh emspdh @anlea ndasy isnhgo witeh
i nitial analpyseisse.ntalt & oiMdStdpPel YOD4 cl one

3.2.2. MSL1 knockout target strategyand screening

The hMB8BbBgene is | ocated on the autosomal
nNi ne exons6 lednniomdd ngc i&i mprd atrMStin® n o-d et

strategy, t pe nORleS RRM &4 snds etdootlo i ntt r oduc
mutation via indel g e mae rtartuinocna t vehdi cnhu t vaonu |
pr otTei rg.ener aotuet ac ekinl-o elkinmmiendarlegi Nn of t he
was tdarngeetxetdn &lhso enabil mdofithteba MSL2 inte

rgi (Figure3.2).

Detection of MSL1 via western blot proved to be challenging and while the antibody
generated in house was able to detect recombinant MSL1 it was not specific enough

in cellular extracts Appendix 1 - MSL2 and MSL1 antibodyoptimizatior). Thus,

based on the success of the MSL2 knouak strategy, the potential MSL1 clones

were screenedith a similar methodA prescreening with restriction digest was not
possible, sincghere was no available enzyme recognition site overlapping with the
chosen target region. The surrounding genomic region of the expected mutation site
was PCR amplified and the PCR products were sent directly for sequeRgoge(

3.2). Among the screened clondd1l 7 was chosen for furt
MS L)L . I't contains a one basepair insert.i
and a premature stop codon after the 19t |
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M1

*ex1

MsL1 —-—//—.—//La—/

ex5 ex7 ex9

MSL1 cc

RPE-1 WT AAGGCGGCCG CGGCCCCTGC CGG-CGGCAA TCCTGAGCAG CGACTGGACT
RPE-1M1_5 AAGGCGGCCG CGGCCCCTGC CGG-CGGCAA TCCTGAGCAG CGACTGGACT
RPE-1M1_7 AAGGCGGCCG CGGCCCCTGC CGGGCGGCAA TCCTGAGCAG CGACTGGACT

Figure322MSL1 coding region andA)OReéSPRrgatgeitestatnt el

of exon 1 was selected to induce frameshift mut at
protBe)i nSequenrcte afl i WiPH#E ¢tisy paen d mut at eMSkcl onasgét o
siHeghlighted nucl eotide shows insertion in the n

33Human MSL2 and MSL1 are not essent

After the generatilmoacdkite MISLBiI mthnle cMSLAf

absence on wviability Q@lnderpvractliiofnesoashh cowme d
MSL"anMSL'cel | s werlkadisibmiel amamoar ptot yge
i ndicating thatestsletnae agehés satriegiataet .i fT ot
probéirative abal gt g wiwsa sa $psear yffedaldaed .ac® i ng

MSL2 orhaibLdi mil ar prol i f eRPafiicieowl $rha toen Ityo
as | idgehltay aafntders o7 2thhe | oss of tt hceeslel pgrootve
(Fi gB83A). This resultpwasgi dusfFerdasci i lbeld
chicken DT amohMeZ L&dcledslhso weepdp r o k 24 edieh ay

prol i f(leaia,t)iWhls3 coul d bheremeet withendicel |
the doubling time for DT40 cel |l sl iceldppr
whidcduhbbeeuwte2rdyour s . So the observed sl igh

rate might have been enk&aeoaedeilh theaef asi
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RPE-1 WT RPE-1 MSL2* RPE-1 MSL1*
o 1%10% -
- RPE-1WT £
p—— ® RPE-1 MSL2™ 3
- A RPE-1 MSLT™ ©
§ 6x10% 4
s DNA (PI)
2 4x10°
H
= [ RPE-1 WT RPE-1 MSL2* RPE-1 MSL1+
2x10°
0

BrdU-FITC

T T T
Oh 24 h 48h 72h r—"»: :__'_: ! :
Time | '3 1 ! Zi
I zg 29.67% o *,i 35.40% 2 _a 33.64%

DNA (PI)

Figure 3.3: Cell proliferation analysis of RPE-1 WT, MSL2" and MSL1" cell lines A)Gr o wt h

curovfe wi IMSLtzympdSL'RPHEcelElrs.or bars repregcerB) standa
Cel | cycle profiee(RI)Yhoprop@E)Géeénhi papeldatciednh si n
wild MSLf2zenMSLIRPHEcel | s. Cells wermrsé¢ atnedt-avdtivi ttFh T
BrdU antibody and propidium iodide (PI).

Tourft her i nvestigate 1 f <cellloscycolfe epirtohgerre
or M$She, cel l c ywcalse adniad tyeseebdht € e h | l i ne by
1xi@synchronous <cells were treated with
mi n ufhes .c e ltlhse nweprsei ni sed, washed and fi xec

staining propidiuamd otdheaeBr(dPU )i nwaesr pucsreadt |
by &8ndU primary and FIHiCgilddecBhhdat heantsbh
showotMSh’2anMSL™lcel | s seem to have%)a sl i
i ncrease in cellompameer tiont8eapwabedcoybpe
i ndeacanti | d S plhhabewarrpebgnadiswedierpnther mi

repeats should be carried out to confirm

The obrteasiunletds ws hd RPEMSIL"™2 nMSL'c é1 | gmew
and prolifendéer sommhhrtygndi ti ons.

34The dfosmuman MSLd20 easmdnfadiSdrle s pi on of

t hoet M&SrL compl ex member s

As reported before in Drosophila studies
both MSL1 and MSL3 protein |l eveHamwbtal e |
et al). To 2a0dodsr ess t hessquoefsteiotnherf MShlLe2 |[oor
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si mielfdrect on the expressitohne ocfofmipih ®tx o& h
guantitatPhGQR) PR (p@uredd.r med

B RPE-1
31 Hl RPE-1WT cytoplasmic nuclear

ol
2.54 RPE-1 MSL2 WT MSL2+* MSL1- WT MSL2- MSL1+

Bl RPE-1 MSLTT

e — — MSL3

s

S SCC1

Relative gene expression level >

_— a-tubulin

MSLT MSL2 MSL3 KATS

Figure 3.4: Relative gene expression levels of the human MSL complex members in wild type,
MSL2" and MSL1" RPE-1cell lines.A)Q-P CR a n atl hMsSilcso nopfl e x grae KA & &

is the MOF edchedkipmesgena. ) .evel was relative to
nor mal PPeainldtPiRdont Eol @rs braepresent GnhnabB)eastdedrevi at
blosing cytoplasmic anfdoMSuL8hdaiMOpPprt @ti @i re xfpr &@ctsii @m
tyeMSL2 ndSL"IRPHEcel |. |Tmescontrol for Gtyubwllias mamrcd f
for nuclear protein control SCC1 was used.

The resultbBeshowstbafhteithersiMIW?2aifodredts Lyl
the gene expressi o(ligure34 At) heSi mtclee rt hme nthRe rSs
genome aefdfiptcionsgeti ntshaens | at i onal l evel it i
decreas®MSLarM$hRNA expression ML 2ame res
MSL'c el | Whi hes a slIwiagshto bisnecv\@dapeeh @ ¢ hpr es s i

western blot analysis using nuclear prot

protei samgerienhevouknoekl l i nes d@iguren t he
3.4 B). Protein | evels of MOF were al so c¢omg
similar | evels suggesting that the | o0oss

e X pr e(Biguiedsh .

35Loss of MSL2 or WMHMPled gemectxpM®BIssi

To see ifknown targetgenesof MSL2/1 and MOF are affected-RCR experiment

was carried oufFigure3.5).

It has previously been shown in mouse embryonic stem cells that the loss of MSL1/2
affects the expression 0&ix a long non coding RNA (InRNA)Tsixis an antagonist

for the Xist INRNA and represses its general transcriptional activation role on the X

71



Generation and functional analysis of human MSL2 and MSL1 koatkell lines

chromosomaen facilitating proper X inactivatiofChelmicki et al., 2014 Thus, Tsix
andXistwere included in the @ CR screen ttest the idea that ¢hloss of MSL2 or
MSL1 can affect the expression of these two INRNAs aindm that the X

chromosome condensation in somatéd|s.

The RNA recognition motif of theELAV family showsclose relation to the one in

the SXL proteifGood, 1995Koushika et al., 1996SXL in Drosophilais knownto
regulateMSL2expressior(Kelley et al., 1995Graindorge et al., 20)3thusELAV1
expression was investigated in the context of a possible regulation of MSL2 in
humansUsing QPCR analysis the potential effect on the expressid&iaiVL1was
studied in responge the loss of MSL2 or MSLIELAVL1 (also known as HuR) is

an RNA binding protein, which through regulating mRNA stability was shown to

play a role in proliferation and cell growth in mamm@g et al., 200D

It is known that theHOX (homeobox) lociencoding transcriptioiactor proteins
transcriptional activation is regulated blye methylation of HR4 and H4K16ac,

latter performed by MORMilne et al., 2002 Dou et al., 200p It has also been
reported previously that MSL2/MSL1 play an important role in transcriptio
activation atHOXA9(Homeobox A9)andMEIS1loci (Wu et al., 2011 HOXA9 is
known to play role in hematopoietic stem cell expansion and is also linked to acute
leukemias(Collins and Hess, 20)6MEIS1 is known to have an important role in
normal development and together with HOXA9 its overexpression is linked to acute
myeloid leukemigThorsteinsdottir et al., 200Mohr et al., 201Y.

Since the acetylation of H4K16 wakown to beperturbed in thé1SL2" DT40cells
(Lai et al.,, 2013 an additional @PCR analysis was carried out to test if the
expression ofMOF related genesre affectedin the human kncbuts For this
experimenfTMS1proapoptoticgenewaschosersince it is known to be silenced in a
H4K16ac dependent manner upon the depletion of MKdpoorVazirani et al.,
2008 (Figure3.5).

Results showed that boffisix and Xist RNA expression decreased in the MSL2
knock out cells, while the levels in thdSLI" cell line did notchange Figure3.5).

It is known that MSL2 mediateEsix expression and thus repressionXast RNA
spreading on inactive X chromosomes in embryonic cells. However, the obtained
results show a decrease in both RNA levels. Since-RRiells are already
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differentiated a mder effect was expected. However, the loss of MSL2 possibly

disrupter the overall expression of these two genes.

37 HEE RPE-1WT f J

RPE-1 MsL2”

B Rpe-1MsL1L”

Relative gene expression level

Tsix Xist ELAVL1 HOXA9 MEIS1 TMS1

Figure 3.5: Relative expression levels of indicated genéswild type, MSL2" and MSL1"" RPE-1
celllinesQ-PCR anal ysis of ThMSLexapfrfeescstieodn gleenveesl.s ar e r e

cells and the expressiPdBAnBWRREMroomMmabassedragaessh
devi.bttiadn syscal wasapénpoymedNOVA and Fi sher 6s LSELC

(0. 0%3xp~

RNA expression levels oELAW.1 did not show a difference in the knoauts
compared to the wild type cell§his supports previous results &iSL2 RNA
expression levs in the MSL2 and MSL1 knoe&ut cells(Figure3.4) which did not
show an increase compared to wild type celOXA9 gene expression level
similarly to what has been reported befgWéu et al., 2014ashowed amoderate
decrease ithe MSL2" cells However,HOXA9 expression in the MSL1 knoasut
cells showed a significant increasgene expression level MEIS1did not chage
in eitherMSL2" or MSLI" cell lines in comparison to wild type RPEcells(Figure
3.5). RNA levels ofTMSL, a gene activated by MOElso showed mild decrease in
expressin in both knoclout cell lines While MSL2 knockout cells had a higher
standard deviation this experiment should be repetieslipport this dataThe
observed changeould suggesthattheloss of MSL2 or MSLlaffects theactivity of
MOF and thesubsequent transcriptionattivation ofTMSL by MOF.
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36Perturbed histohwSLlmddSUicall oni nas
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Figure 3.6: H4K16ac level in wild type,MSL2" and MSL1" RPE-1cells A) H4 K16 ac

i mmunofl uor esciemicled MStRendSt'PRPHEC elSIcsa.l e bab i ndice
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Consistent with prDewvisophdl @AAONn gl bast h til
H4iKl6vas r edudMSdZzied@Geaslhlear t geltaialet, ).a&10.0,9 2
whi<lhp ptord hypotthleesirso laeh maefig uUMKt2 ng t he s
the human compl ex. The acetylation phen
perturbed in case of the depletion of MS
compl ex greatly aff édtld ttyhFgurdBid)sOtFo e acet

Ot her hi stone modi fglcabalns areil mttiean atl o al
i nactive chromati n mairnkcel rusd iwegr es oames ow hii ncvh
been r eporetcetde dt dbybe hesef fl oss (Loafi MSIL)2ali.n DO
(Figure3.7).
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Figure 3.7: Perturbed histone modifications inMSL2" and MSL1" cells. A) Hi st one
modi fications affected by the | o0oss of either MS L
datSa.gnal intensity was Ureuabswlriend . eaenpie enecsrisdad wrs e d s
relative to tshier rwirl dbatrysp er elpawvel8nat issttaincdaalr da ndaelvyi
per f oursmendgggay ANOVA and FiRhealdse0t3SRO)) £2806023) .

Besides  HAKLé6hanotfher transcription rela
acetyl ati otno weaes .ochhidodskedneaad i s known to medi

of the chromatin remodelling SWI/SNF com
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enablreanscrnptiAqmdlbmti )As| afg hase2@éet he |
of taydeamaisonobserved, bpurt o ttehivared dsi $nifogtm iefnicea n
(Figure3.7).

Inacti ve het er oscuhcrie 3rda® mae2 mam & e B 3Kk37/mee33 a

werael smmvest((Figuget3@ddLevels of H3 K9 me 2 wer e
previously in DT40 cell s, but no s4 gni fi
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k nown matrok constitutiwhilheet EIBKR2KA me Bhatiisn e
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MSL2 or MSL1 affects either chromatin co

of other chromatin modifying enzymes.
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| Drosophubdaes it has been found that MS
decreased chromatin binding of the ot hel
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38Re ntroduction of INBLAc partially re

To investigate whether the acetyltransferase activity could be restored by providing
the physical structure of the complaxrescueexperiment was carriedut (Figure

3.9). For this experiment already available mob4sll cDNA was used as mouse
Msl1 protein has a 95.44 % similarity to human MSELIl lengthmMsl|1 cDNA
wasinserted into an expression plasmid and transiently traesféntoMSLI" RPE

1 cell line.

Full lengthmMsI1 cDNA with 6His tag has been digested from pACEBAGHis-

mMsl1 plasmid and inserted into pEGHFL plasmid usinghol restriction site. Two
different clones from the same construct were transfected inEo1IRRSLI" cells

and GFPMSL1 protein expression was observeddé while G4 likely contained a
mutation preventing expression. This construct however was unable to rescue the
phenotype probably due to the largeedminal GFP tag which could have intedé

with binding or conformationHigure3.9 A).
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To generate a smaller epitope tagged construct-BisI1 sequence was inserted
into pPCMV-3TagMyc-2A plasmid usingBamHI and HindlIl restrictionsites.Four
different clones from the same construct were transfected inteIRRELT" cells
anddifferent levels of H4K16ac were observed in each transfe¢fmure 3.9 B).
While this construct partially rested the H4K16ac level in the RPEMSLI cell

line, the level of exogenous MSL1 could not be detected by westerrHidot¢ 3.9).

As previous studies also experienced difficulties with the detection of edttgiid
protein(Cai et al., 201)) Q-PCR experimentwas carried out to look at MSLRNA
expression in the transfected c€fsgure3.9 C). The results showed that indeed the
mouseMsI1l RNA is expressed in the cells and the observed increase of H4K16ac
was due to the rmtroduction of the protein. As MSL1 seemed to be sensitive to
epitope tag size and possibly location evies $maller tag could have disrupted its

proper functioning as a core protein.

39Di scussi on

After successfully generating human MSL2 an8L1 knock-out cell lines using the
CRISPR/Cas9 genome editing tool, effects on cell growth and proliferation were
studie. It was found that while neither thdSL2" nor the MSLI™ RPEL cells
showed a growth defect compared to wild type cells, cell cycle profile analysis

completed with BrdU incorporation revealed agisti increase in S/G2 population
(Fi g33).e

Gene expression of the othBISL complex subunitsn the absence of MSL2 or
MSL1 was also studied and found to be unperturbed. This data was further supported
by western blot analysis probing against MSL3 and MOF pretelichabundance

also did not show a difference in the two knaek cell lines compared to wild type

cells.

Further investigation was performed to study the effect of the loss of MSL2 or MSL1
on gene expressioby looking atknown target genes df1SL1/2 and MOF.As
MSL2 related INRNASTsix and Xist expression wastudied While Xist contributes

to X chromosome inactivation and compactitsix has an antagonising effect on
Xist However, results showed a decreaseexpression inboth knockouts To

follow up on this finding RNA FISH experiment could be performed to address if the
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loss of MSL2 affected the compaction or inactive status of the inactive X
chromosomeln accordance with previous findings MSL2 relatd@XA9and gene
expression wasound to bedecreasedWu et al., 201}, but MEIS1 expression did

not change in thSL2" or MSLT" cells. Significant increase IHOXA9expression
was observed in the MSLInkck-out, which could suggest that MSL1 is involved in
the activation of this gene different to MSL2. However, further studies are required
to support this hypothesi8s MOFrelated geneTMS1RNA levels were studied and
found decreased in both MSL2 andSML knockout cell lines. This result might be
due toa possiblalisruptionin the MSL complex which could affect MOF functions.
This hypothesis could be further studied usingnemunoprecipitation assay in the
MSL2" andMSL1I" cell lines using MOF aBait.

To address theffects of the loss of either MSL2 BtSL1 on the MSL complex, its
specific H4K16acwas studied and found to be decreased to 70% and 50%
respectively which was consistent with previous observa{i®msth et al., 2003_ai

et al., 2013 The acetylation itself is performed the catalytic subuniMOF and the
decrease in acetylation could beiadirect effect caused by the structural disruption
of the MSL complex. Supporting evidenitem Drosophilaexperimentshowed that
Drosophila MSL2 can maintain the stoichiometryf the complex and human
structural studies revealed that MSL1 serves aacldmne and binding platform for
the other member¥adlec et al., 201,Hallacli et al., 2012 While it is possible that
human MSL2 through ubiquitylating MOF affects its mediated H4K16ac activity, so
far there is no evidence for this hypothedis.paralle] a moderate increase in
H4K8ac was observed which is knowo be involved in transcriptional initiat
(Agalioti et al., 2002 It is posdble that H4K8ac plays a role in counterbalancing the
effect of the decreased H4Kl6ac along with other transcriptional activating
modification but further investigation are required to study genome wide gene

activation.

As observed before in DT40 cells thess of MSL2(Lai et al., 2013 and in this

study also MSL1 affected other chromatin modifications as well. Constitutive and
facultative heterochromatic markers BlessH3 K9 me 2 a n d weéigfegudd/i me 3
to be increased which might indicates a more compacted chromatin status. However,
decrease irH3K9me3might indicatean increase in actively transcribed regions in

the chromatin, which could also suggest a balanciregetin compacted regionbo
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gain information on the status global gene expression RNA sequencing assay could
be performed. The decreased leveH#K20me2 wagparticularlyinteresting since it

plays a role in replication and helps the recruitment of 5S3BHINA damage sites
Botuyan eKual et )2lOhBspbeehd Bhbvih before that the loss of
MSL2 affects DNA repair, particularly the NHEJ pathwii et al., 2013

To investigate if the loss of MSL2 and MSL1 affects MOF mediated H4K16ac via
disrupting its asociation with chromatin previously reportedDrosophila (Lyman

et al., 1997 Gu et al.,, 1998the chromatinbinding affinity of MOF was studied

through subcellular fractionation. Resultyvealed that the loss of either MSL2 or

MSL1 decreaséhe amount of chromatin boubhdiOF. Thi s resul t i ndi ca:
i's only able to properl yhbaeasacisataeb!| wi tcho
humans, and this stability is |likely to
as well. The |l ess severe effect on chrom
MSL2 or MSL1 could mean t hagsgtialnl i aktloenpt @

chromatin with a | ower efficiency. Al ter
can also contribute to the observed | ev
conceal the actual severity of a @i srupt
chromatin. Al s o, since the gquan#i7f cat i
decrease in the presence of MOF i n the ¢
wild type <cell s, a | arge portion of MOF
compl ex ceallln@mmadndi ti on, chromatin i mmuno

could also be performed to study MOF bi

chromatin in the absence of either MSL2

In general, the disruption of the MSL comphga the knockout of either MSL2 or
MSL1 led to changes in several posttranslational modificatiaffected MSL

mediated gene expression and affected the chromatin binding ability of MOF

81



The role of MSL2 and MSL1 in DNA damage repair and replication

4. The role of MSL2 and MSL1 in DNA damage repair and

replication

411 ntroducti on
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i mport amttlryoduy i ng br eFaakiatghef uiln ttrhaen sINNA s i
i nformation {saneér PNAogiamipugrei ng repl i cat
cause replicati on ledddomkoticsentry telay oirgompléte ¢c h ¢ a
DNA replication(Peterman and Helleday, 201Minca and Kowalski, 2011Cortez,

2015. Eukaryot escoenpdlegadr a nteacliae@ENsAMdamage
resptomsewmer ¢ hesg pdanget Caklca faf eamntds). EIl | ed g
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MOF al seod lnd f BNA damage r epoamorl oigmo ulso tem dt h
( NHEJ) and t he homo(lHbRp@au  Wlaies emb ipn at i o
Experi mentcse lilna hhdumneasnc k e MSDZ 4 Gohumtek | s have
al so $matbn. 2 s nvol ve dDNIAn diama g e n sree. Hi st ¢
modi fications related to the recruitment
sucsh 53 BP1 ord#&MOChaaweldles depl eted of MSL2
i n DNA repairtr S u MY | mpepptahifray | et i)l . 2
Hu maMSLgr ot ein was shown (Gor omdlél aa)c 21000t
These resultMSI2gM%ldli esdi dtehsatt he i niti at.
mi ght be ipmwanovda chgi m e@MAbiitnnd@mntg k@iyd DDR
medi at orMDGauncdh 5433BPdama®@BR1I ties.al so know
nucl ear oboddaneasgesdrdenr r epl ilctatiesd ©siN@ueglhd t
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NHEJ repair mechanism until the S phase
(Rot hkamm e,tSa&®ohar2008nd Heukagdagt) 2004
Studi &©ds osaghiowad t hatmorMuadad i ba mnht ot i c
progression wi t hout cenbddomal nnacpvatiorr thraughu s i n g
checkpoint kinase Bomologue PmChk3 activation(Pushpavalli et al., 20).3Also

MSL2 and MSL1 wereshown to interact with PAF1 protein which is known to be
involved in recovery from hydroxyurea induced replication stfes$ et al., 2015

Thi s chapter adensionfgobtt ® wwaoapk on thetsteerf i n
under st andMSLh2e arnod €MRNIA idramagpanB@NA
doublt elammelak repair.

42M32and MSle required for efficient

To study the general involvement of human MSL2 and MSL1 in different types of
DNA damage responsgathwayssuch as NHEJ, HR, NER and stalled replication
fork induceddamageepait RPE1 WT, MSL2" andMSLI" cells were subjected to
increasing doses othree different DNA damaging agentsp-irradiation (IR),

ultravioletradiation (UV) and hydroxyurea (HU) treatméRigure4.1).

IR induced DNA damage can result in various lesions including the most severe
type, DNA doublestrand breaks activating amly the NHEJ and HR repair
pathwayqVignard et al., 2013 It has been previously shown, that the loss of MSL2

in chicken cells contributk to increased sensitivity to IRLai et al., 201R
Experiments with human knoakut cells performed here showed significant
difference in clonogenic survival rasipporting the aforementioned observations
(Figure 4.1 A, B). Both MSLZ" and MSLI" cell lines had decreased colony
formation ability, MSL2" cells showing a more severe phenotype compared to
MSLT".

To investigate if the loss of MSL2 or MSL1 affects nucleotide excision repair (NER)
a survival assay using UV induced DNA damage was performed. UV induced
damage mainly results in bulky adduct formation by cyclobutane pyrimidine dimers
(CPDs) or pyrimidingoyrimidone (64) photoproductgHu et al., 201Y. A colony
formation assay after UV induced damage revealed that M&t2” and MSL1"

cells showd similar sensitivity and had a deceased survival rate compared to wild
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type RPE1 (Figure 4.1 C, D). However, this assay should be repeated using UV
doses smaller than 5J, as the number of colonies had a gresdsgecompared to

untreated cells which could affect correct interpretation of the data.
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Figure 4.1: Clonogenic survival assayR PE WWS L"a nMSL"Wwer e treated with i
types do&dmoiEgyents in i ndBy e@cfi @mmgmadtoiscers.afAt-Br | R tr
Col dmy mati on aftdey C&l eameaftonremati &€n after HU tr at

was normalised to untreated contrdelvi pSttpadth asttiiocna.l
anal ysis wasipgr honmag@dvaarydAMeOVIAi cananefTukeyds mul t i g
test. P valwue: (0.0332) *, (0.0021) *=*

To better understand if repair mechanisms related to replication induced stress were
also affected HU swival assay was performefFigure 4.1 E, F). Hydroxyurea
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treatment blocks replication via nucleotide starvation in a reversible m@turese
et al., 2008 The obtained results showed that the loss of MSL2 or M&dlInot
show a significant difference inecovery in response to HU induced repigar
comparison to wild type cells

In conclusionboth MSL2 and MSL1 deplet cells showed increateensitivity
towardsIR and to a lesser extent WV inducedDNA damag while HU treatment
did not affect colony formation and growthhis datasuggest that both proteins are
required for efficientDNA damagerepair, and might phy a role in various repair
mechanismsTo further characteriseow pathways might be affectethis chapter

focusedon MSL2usingin vivoreporter assays

43l n WHEd abDAHRamama®i r assays

It has previously been showtimat MSL2 is involved ilNHEJ repair(Lai et al., 2013

However whetherif it has arole in the HR pathway has not beilenestigatedyet.

To study if humanMSL2 knockout cells show a sirtar defectin the NHEJ repair
pathwayand also toinvestigatethe effect onHR repair two specifian vivo GFP

ligation assays werperformed Thesesystems enablthe study of the involvement
of MSL2 intheDNA damage respong® using different GFP repiar constructs.

4.3.1. Generation oMSL2" H1299 and DRHela cell lines

To study the effect of MSL2 in the NHEJ repair mechansipreviously established
GFP reporter cell line (H1299) was us@giwara and Kohno, 20}1In order to
utilise this systenMSL2 knock-out cell line was generated usitige CRISPR/Cas9
target strategy in the H1299 cells. Since tpne targeting has already been
successfullyestablished in RRPE cells, for thiscell line the same guide sequence
targeting exon 1 (S9Q@yas usedFigure4.2 A). For antibiotic selectiom neomycin
resistance casdetcontaining plasmid (pLOXeg was chosensince puromycin
had previouslybeen used to establish the assay sysBareeningvas performed by
PCR amplification of the Cas9 target site surroundjagomic region followed by
sequencingFigure 4.2 B). To perform then vivo assay clone H1299 S90 2 was

chosen eferred toas H1299VISL2" now onwary.

For investigating the involvement of MSL2 in HR repairvivo the DRHelLa GFP

reporter cell line was usedPierce et al., 1999 Similar tothe H1299 cell line
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described above aMSL2" cell line was generated in the BfeLa cells as well. For
screening, the target site and its surrounding region was PCR amplified and sent
directly for sequencing~gure4.2 C). To perform the HR assay the EHReLa S90_2

clone was chosen (referred to as-BBLaMSL2™ now onward).

A S90

ex 1 ex2

v [ o

H1299 WT CTGCAATGAA CCCCGTGAAT GCTACTGCTC TCTACATTTC CGCGA-GCCG CCTAGTGCTC
H1299 890_1 CTGCAATGAA CCCCGTGAAT GCTACTGCTC TCTACATTTC CGCGACGCCG CCTAGTGCTC

C

DR-HeLa WT CTGCAATGAA CCCCGTGAAT GCTACTGCTC TCTACATTTC CGCGA-GCCG CCTAGTGCTC
DR-Hela S90_1 CTGCAATGAA CCCCGTGAAT GCTACTGCTC TCTACATTTC =-=-==-- GCCG CCTAGTGCTC
DR-Hela S90_2 CTGCAATGAA CCCCGTGAAT GCTACTGCTC TCTACATTTC CGCGAAGCGG CCTAGTGCTC

Figure 4.2: Schematic representation of the MSL2 target strategyA )IMSL 2 t aroget si te f

CRI SPR/ Cas9 mediated gene editing. The Cas9 cut

( RI NG) encodi M§L2epronheibh. tBep Sequence alnidgnment
the select MLl drmg gat theéeé mentC) ofSegiHedae wpd il PR an
t wo catoMéke2 target site.

The chosenin vivorepair assays knoebut clonescontaina one basepair insertido

mimic asimilar mutationto the previously generated RREclone(90 D4).

4.3.2. The loss of MSL2 negataly affectsNHEJ repair

The H1299 cell line contains a stably integrated reporter construct consisting of
eGFPcDNA separated from a CMV promotby a HSVTK (Herpes simplex virus
thymidine kinase)sequenceBefore and after the HSVK coding regionl-Scel

restrictionenzyme sites have been insertegjure4.3).
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In normal conditions the eGFP is not expressed in the cells. However, the
introduction of thel-Scelerdonuclease results in the excision of the HER/open
reading frame (ORF) and following successful ligation, the eGFP sequence can be
transcribed since it is now in close proximity to the CMV prom(tegure4.3 A).

Thus, if thel-Scel digested sequence is repaired through NHEJ it facilitates the
expression of eGFP and the level of repair activity can be evaluated by the

proportion of eGFmositive cells using flow cytometry.

To analyse the repair efficiency in tMSL2" H1299 cells a flow cytometric assay
was carried out. Pcells were seeded intovdell dishes ando-transfected withan
I-Scel and a Cerulean coding plasmid to facilitabe gating of the transfected
population. Cells were analysed at 24h, 48l @2h post transfection usirig) D
FACS Canto |1 f(IBdw Bad (HRgoadere s )

The gating strategy usdiqureldB.Unhherntgeh Yy ysi
t he assay seetnheadn |eeaxspse treeeltdisa bolfe GFP expr e
wild type <cell popul ation already expr e
could be the result d&fSWekn d odgueen otucs irtesmolvia

Whliei me | imitation preysive evth taduktn cedklulp loif
generaddonj onal controls were included
popul ati on. Each assay oOofibai nde CElle29I9e a
H128MS$L"X el | .Friomes hese samples the GFP an

were used as dheosuvectssehubasepair via
counting the number of GFPouptosand vtehec ewill
transfecteAlstpapslfiacitoonn and repair effioc
repeats instead of standard deviation er
error of Whihfekbemeradeisdul n ¢t show a sighefi c:
i ndicatddhaa thhiwemmd ackl ng MSledahtrddiaend owe
average 4.2% of GFP positive cells) comp
GFP posi (Figwed3@el | s)

Thi s geeggtlsshumalllangi MSL 2 npaavier ed NHEJ r
mechani ssnupvhdrcths pr esi ogs chicédiemgddDT40 ce
treated hum@amai U203 Bd4 lalt hfiCxld8m previ ous r e:
showed ot hawing | R i ntdhMSe@r DNAI da amangde mul a
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t hdysnamics of accumd2AsXggemirirngrthhati of
role at the first pglaait etf). alh.e, s2@h&A I | i ng

4.3.3. The loss of MSL2 negatively affects HR repair

DR-Hela cells contain a nefunctional eGFP sequence which was mutated by the
insertion of anl-Scel restricton site (SceGFP). Further alortge sequencealso
containsan incomplete eGFP (iIGFRDNA with the correct eGFP ORFRJpon
introduction of thd-Scelenzymea doublestrandbreakis generatedn the SceGFP
sequence. If its repair is facilitated by the HRchremism, the iGFP sequenceugsed

as repair template and the coresteGFP sequence is able to toanslated into a
functional eGFP protei(Figure4.4).

To perform thein vivo HR assay, DRHelLa and DRHela cels were transfected

with an I-Scel coding plasmid. The selection and gating for transfected cells was

done using Cerulean fluorescent protein, and the encoding plasmid was co
transfected alongside theScelplasmid. This system was not compromised bylron

Scel induced GFP expression so no additional corrections were included in the
analysis. Gating strategy for GFP positive transfected population is shokigwoe

4.4 B. Cells were harvested at 24h, 48h and 72#r afansfection and analysed using

BD FACS Canto Il (BD BFigue4dCences) fl ow c\

Results show a trend of MBE&reddsdd nGRR egx

of GFP positeseimegeltbhat tsuggghave a | ow
compared to-HeLhd(typeabDRrage 1(Bigarewd GFP
D) . However, to address whether MBRs def ¢
or whet2pelrayMSla role in cellular process:
requires further investigations.
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44Foc al recruitment of DNA damage an:

Result describegreviously showed that theoks of MSL2 or MSL1, potentially
affect various types of DDR pathwayparticularly the NHEJ and HR repair
mechanisms aniISL2 was also lsown to accumulaten response tdONA damage
(Lai et al., 2013 In combination with th@reviously obtainedlata showng that the
absence of either MSL2 dSL1 affect histone modifications involved ithe DNA
damage respons@igure 3.7), further investigation was carried out to see if the
different mediators linked to these histone modifiagaioave a defect in recruitment

or foci formation.

To gener Abemo@eamop @ wlr atliRdare | d sss awesr e synct
by 48h s éeromnm tsot merp¥@i tdore igsnagb | e o-t eda d iod&tdi on

arrest waseracmi ®etverdv dtyi sn using no serum

The efficiency of st hanadelsledc wcsli.eaTdarf rl eosm

asynchaodoasrlesstwedr ecellabel | ed with propi
st akignre45 A) and ptelrecent age of cells in each
(GO/ G1, S,qu@2n/t(Miyureveaids) . Whi l e different | e
observed -Ln WHMBEZ2aRRBSL"lcel |l | ines the ser

i ncreased the GO/ Gl 4Hdipud fatt @ ro nscyomnmepraracerai e
to the asynchrl oan qouas pdedrpecdel natt asgoena 61 &2V M

p h aasfet ers haaowekdsd aiera sa! | cel | |l i nes compar e
c e |(Rigsre4d5B) .
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Figure 4.5: Cell cycle profile of asynchronous andGO0 arrested cellsA) RIP BAMIS L'2a n d
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4.4.1. o0H2A.X foci formation after DNA damage

The phosphld2 AX¥%13D HRAX)ddamaged DNA sites

t he DINAr ssttbr&mk irer cg mihtelvieiRmg ak ou et al .,
Firsanov )eDNAalbr,eaxG®kGllareby i DNA dxzmoodogeai Se
compl exes such as MRNSURPAget ABRIhEehseenDd 29
recrmuamsduchelrM parnodv lRAITlehr fpohrons p h oo 1y | éit fi foear e n
mol ecul es i nAhueti naMaH 2A2n0a1 0 anaH2AZXdhen 201 3
serves as a recruitmefdctor and binding platform fathe DNA damage response

mediator proteins for example MDG$tewart et al., 20Q3Stucki et al., 2006 To

study i f the bHoA.wXs &ffectechia th1SLA™ and MSLI" cell

lines IRinduced nuclear foci (IRIF) experiment was carried @ugure 4.6). The

layout of the experiment and the timepoints taken are indicatdéigume 4.6 A.

(Expanded figure il\ppendix 21 Expanded IRIF foci formation images
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The obtained results shotlvatoH2A.X foci formationin case of the(RPE-1 MSL2"
cellsis similar to the wild typeHowever,compared to the wild typRPE1 in the

MSLI" cell line 30min, 1h and 4h after irradiation thésesignificantly less foci
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(Figure4.6 B) and these foci seem to be lésgght anddefinedas well(Figure 4.6
C). Since it is known that acetylation by MOF plays a role in ATM activaféapta
et al., 2005, the observed phenotype in tMSLI" cells could indicate that the
disruption of the MSL complex partially affects ATMediated phosphorylation of
H2A.X. There is no evidenc#houghfor this MSL1 related indirect effect on ATM
activation The suggested explanation for the observed perturbed foci formation in
the RPEL MSL1™" cell line needsfurther investigationsnvolving ATM activation
experiments in the absence of MShe recovery timeafter IR showed a&imilar
trend in all threecell lines and 24h postirradiation there is no difference in the
number of foci betwee RPE1 WT, MSL2" and MSLI" (Figure 4.6 B). This
suggestghat neither MSL2 nor MSL1 are essential for the general repaidNA
doublestrand breaks, buhe generaloH2A.X foci formationis affected by the ks
of MSL1.

To follow the later events ahe DDR, thefocal recritment of three different DNA
damage mediato(®1DC1, BRCA1 and 53BP1yere studied as well

4.4.2. MDCL1 foci formation after DNA damage

MDC1 is recruited to DNA damage sites through bindotRA.X via its BRCT
domain (Stewart et al., 20Q3Stucki et al., 2006 This event is followed byhe
activaton of MDC1 through phosphorylation and dimerizatio@ungmichel et al.,
2012. Activation of MDC1 and RNF168 mediated ubiquitylation of H2A at K13 and
K15 facilitatesthe recruitment of importardownstreammediators such as BRCAL
and 53BPXLou et al., 2006Stewartet al., 2009Mattiroli et al., 2012

While the relation between MSL2 and MDC1 has not bstediedyet, it has also
beenreportedthat the knockdown of MSL1In human U20S celldeads to the
dowrregulation of MDC1(Lai, 2013.

To see if the loss of MSL1 or MSL2 could affect the faearuitment ofMDC1 an
IRIF experiment was carried o(figure4.7). The layout of the experiment and the
timepoints taken are indicatea (Figure4.7 A). (Expanded figure il\ppendix 21

Expanded IRIF foci formation images
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The results show thahe loss of MSL1 significantly increased the number of foci at
15min and 30min after IR compared to wild type RPEells(Figure4.7 B). The
recruitment of MDC1to DNA damage sitepartially depends orH4K16ac and
oH2A.X binding (Taipale et al., 20055harma et al., 20)@&ndthese modifications

in previously performedexperiments were found to be perturb@agure 3.7 and
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Figure4.6). The increased number of MDG@Gdci formationobservedFigure4.7 C)

could indicate a recruitment defect at the early tpoets after irradiation in the
MSL1I" cells compared to wild typélowever the same increase was not observed in
the MSL2" cells suggesting that there might be a threshold level of DDR telate
histone modifications to affect the recruitment of MDC1 and the loss of MSL2 did
not result in a decrease great enough to affect the foci formation at 15min and 30min
post IR.In the RPEL MSL2" cell line significant difference in MDC1 foci number
wasobserved 1h after IR compared to wild type cells, showing similar level as the
30min timepoint Figure4.7 B). This prolonged presence of MDC1 IRIF faduld
either suggest an impaired dissociation of MDC1 frore tepair sites or a
temporarily slowed repairHowever, in the number of MDC1 foci at thater
timepointsafter IR there was no difference between the three cell lines.

This data indicates that while the overall repair wasaffectedoy the loss of elter
MSL2 or MSL1, they possibly had an indirect effect on the early timepoint
recruitment of MDC1.

4.4.3. BRCA1 foci formation after DNA damage

BRCAlan si mportant DDR medi ator praneéin r
plays a key role 1 3 @R eplaoirc ¢ alvintdveegen
201Dal ey and).Sdmeg, r2CX4aideneeard fMIEBBIRICIAYL 0 n
t he MOF medi at e H4 Kalebm d y IRNRESERNFA68 médiated
ubiquitylationof H2A andH2A.X (Mai | and elti adt , &lRROOIT2@10 al
20IMattiroli) et al ., 2012

To investigatenow the loss of MSL2 or MSL1 affectee recruitnent of BRCA1,
and the promotion of HR repaitmmunofluorescenexperiment was carried otd
look at foci formationafter IR (Figure 4.8). The layout of the experiment and the

timepoints taken are indicated Brgure4.8 A.
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The results show th&®PE1 MSL2" cells had slightly elevatechumberof BRCAL
foci 4h and 24hafter DNA damagecompared to the wild type cell$Vhile this
difference isnot statisticallysignificantit could indicate a moderately impaired HR

repair The difference in BRCAL foci number in case of M8LI" cells compared
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to wild type RPE1 30min and 1h after IR show a trend of decreased number of foci
with the 1h ti mepoi nt This eesultsgggesthaithdIldss c ant |
of either MSL2 or MSL1 has no or very mild effect BRCA1 recruitment.

4.4.4. 53BP1foci formationafterDNA damage

53BP1lis the main mediator of the NHEJ repair pathW@ypta et al., 20143alt is
recruited to the DNA damage siteg MDC1 and RNF16&nd bindH2AK15ub and
H4K20me2 asanchor sites(Bohgaki et al., 201,3FradetTurcotte et al., 2013
Wilson et al., 201p The concentration of H4K20me?2 is particulartyportant for its
recruitment and dilution of this modification can prevent the binding of 53BP1 to
DNA (Pellegrino et al., 20)7Similarly, the loss of p53 also contributes to defective
53BP1foci formation in G1 and early S phase of the cell cy@éoureau et al.,
2016. Following recruitment 53BP1 binds RIF1 and together with Rp¥&vents
DNA end resection thuBRCAL recruitment to damage sites facilitating NHEJ repair
(Bunting et al., 201,0Chapman et al., 201Zimmermann et al., 20}3In contrast
H4K16ac at DNA damage sites pemts 53BP1 binding to H4K20rBemarks and
promoteHR repair(Tang et al., 2013

While MSL2 so far has not been implicated58BP1 mediated recruitment, but it
has previously been shown that MSL1 interacts with 53@Htonella et al., 2009
suggesting that other M.Sproteins might be involved as interactors as well

The IRIF foci formationof 53BPIvas studied to investigate the role of MSor
MSL1 in the NHEJ pathwayfFigure 4.9). The experimental layowind timepoints
taken areindicated onFigure 4.9 A. (Expanded figure imPAppendix 31 53BP1
nuclear body definition
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foci nulnbdteh pesttransl ati onal modi ficat.
| ocal i sitongd eéndaBgPel si t es. Whil e decrease a
53BP1 binding at DNA dlamagege isntasl|l peoéenh
f o,c6ii miclhamg@e H4K16ac mar k woNHEJ raantdh e5 3 BoP

recruitment. So the obser vedu npthessradcteéygneg c
where decrease of H 4eKc1r 6uat co meximadnealsgees ushi 3tB A le
reduotftHoK20me2 prevents I ts pr BBpee v ears,soc
further investigation is required to add:]
In adB4hbhipaost i rbr3aBdRlatsiiotnefsmawiiet werd mmrgleser

t hMS L"Z e (Figsred9C) These@fewvi oaly been descr
nucl ear bodi es whi cbhNAarlee stihoonusg hg e ntear as$ ke i
transminsds iraenmée mr eplk asat et Uadeyrepllicated
regsi(grener ally | ate r epariecartaemrge sgseendo mfi @r
through differéont me@&dhplkedmomnd .| ecses)evi si
physically preoaoheB8IRTrepuppaessar o f und
Drosoipmhil i t s f ¢Krokb apyraosghrie sasniddnHofF ¢ uicth e , e tl
200%her et)Tahaleseg2mhadener al tend to repli
finish replicat i o-ph ab8aef lolr &ec et -iMeradeen@,yr ro02f0 0 S
Andreyeva ,Hor cathan -Viertadv @0), DNA 1ll5esi ons sequ
i n thBB@Bmeclearbodiesc cumul ate i n G1 (pukaastal., of t h
2011).

To quantify thephenotypeobservedafter IRIF further analysis wagerformed
(Figure 4.10). The number of nuclear bodies wemmuntedin RPE1 wild type,
MSL2" and MSLI" cells using a size exclusion quantifitin analysis(Detailed
explanation onthresholdsettings are explained &ppendix 317 53BP1 nuclear body

definition).
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The number of nuclear bodies after IRigure 4.10 A) were counted in wild type,
MSL2" and MSLI" RPE1 cell. Figure4.10 B) and theresults show an increased
number of nuclear bodies peaking at 4h and 34#fce most cells only contained one

or two nuclear bodies, the percentage of cells with more than 2 nuclear bodies was
also calculated. Thebtained data showed a larger numbeM&L2" and MSL1"

cells with more than twauclear bodies compared to wild type RPEells(Figure

4.10 C). Theseobservation coulduggeseither 53BP1 localization defect as shown
before with foci formation Kigure 4.9) or an increased number of damaged,

underreplicated DNA. Taddress this question the number of cells VE8BP1
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nuclear bodies was counteohd found to be increased in cells lacking either MSL2
or MSL1 (Figure4.10 D). This result couldndicatethat itis more likely to have an
increase in damaged, underreplicated DNA in Bd®L2" and MSL1" cell lines,

given that this quantification is not biased by foci number.

Overlaése ftpaiditngtshavtar de Iloos MBdGhabd s
prol obn3gBePdl nucl ear bodies shielding unres:s
damages weo@®c pmrodnidi hdaysrii sn.g

45The | ®MSs2 odand MSL1 affects replica

recgver

4.5.1. 9H2A.X foci formationin mitotic cells

To study if theloss of MSL2 or MSL1 results in an increase imitosis related

damage immunofluorescent analysis was perform&idg e&ponentially growing

wild type RPE1, RPE1 MSL2" and RPEL MSLI" cells To manitor DNA damage
occurring in mitotic cellso H2 AwaX used as a markéFigure 4.11). Cells in

different stages of mitotic division were imaged @&hd numbero f 0 HOA . X
presentwas counted.As oppose to an @ected increase in DNA breaks MSL2"

andMSLI cellstheo H2 A. X f oci formation showed no
wild type cellsin number(Figure4.11 B). However, interestinglyn the RPEL1 WT

cells less defined foci formation ag observed compared to the two knemkt cell
lines(Figure4.11A).
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Figure 4.11: o0H2A.X foci formation in mitoticcells A)oH2 A.oXc if f or mati on in wild
MS L2RP EL cell s. Sc abCm.lbmarg e $§ n dviea @&t etsak en B)y Dr . \
Quantification of |\Weri adRehe Xafhalcysifo®rsmhaowiomgpar c
sampl es.

102



The role of MSL2 and MSL1 in DNA damage repair and replication

This observatiortould indicatea different role iroH2A.X foci formation inmitosis
for MSL2 and MSL1which mightaffect theredundancyf this histone modification.
Upon theloss of eitheMSL2 or MSL1 proteinsthe phosphorylation of H2A.X foci
could remain more redundafdowever this hypothesis needs further investigation
such as immunofluorescentdetection of ATM and ATR recruitment and

guantification aDNA damagesites.

4.5.2. Replication restart after fork stalling

To investigate if thegprolongedpresence and increased number oBB3B nuclear
bodiesin bothMSL2" andMSLI" cell linesis related taa replication defecinduced
by fork stalling DNA fibre assay was performeds the depletion of MOF via RNAI
was previously showto causedefect in replication restart after HU dageaRea
Lab-Dr. Jennifer Chubb unpublishethty, TP53" KAT8" double knockout cells
were also included in these experimeniesultspresented beforshowedthat the
loss of eitheMSL2 or MSL1 affect the activity of MOKFigure3.8) andit is likely
that the removal of either of these proteins from the cells will result MOd
mimicking, but less severe phenotypiehas also been reported previously thaF1,
an MSL2 and MSL1 interacting protein, is invetyin recovery from hydroxyurea
induced replication streg®oli et al., 201pwhich can indicate the involvement of

these two MSL proteins in replication rela@tA damage as well.

To see if the loss of MSL2 oMSL1 can affectreplication recovery after
hydroxyureainduced stressDNA fibre assaywas performedFigure 4.12). Cells
were treated first with IdUS¢lodo-2 -Nigoxyuriding nucleotide analogu®r 30 min

The media waghen completed with hydroxyurea to induce replication arrest by
nucleotide starvation.Cells were releasedto CldU (5chloro-2-deoxyuridine)
analogue containing fresh mediad the ircorporation of newly synthesised DNA
was labelledfor 30 min (Figure 4.12 A). DNA fibres were visualised using

immunofluorescent microscogiFigure4.12 B).
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Figure 4.12: Replication fork progression after hydroxyurea treatment A) S cthiecma

representatcbasef ekperPaeelae ab ars ert dgD.Ness efnitbsr e2s0 OM . t
Il dU and CIl dU t rnagowk sn gr, e mreend gyn tfiimg do and stalled re
treat meretd.Chlddel® Rer c enft adA f i br eeprle graed s @emt itreg mi n

fork <col |l.apkeet aeviesntisepresented as peracki).age of
Percentage of DNA fibres representing new origin
wi thin all Eroruonrtegidaetsreard k ssttia®@mndaatrids tdiecvaila anal ysi s

usi ngvatywWNOVA and Tukeyds omultieslte comp

The resus show that cells depleted of MSL2 MSL1 havea decrease in the
percentage ofeplication termination/fork collapse events (indicated by IdU only
tracks)after hydroxyurea treatme(figure 4.12 B). Also, both RPE1 MSL2" and
MSLI" cells had a larger number ofaewly fired origins(indicated by CldU only
tracks)compared to wild type cells suggestiaug increase isilent replication origin

site activation (Figure 4.12 C). On the cotrary, RPEL TP53" KAT8" showed
similar phenotype to wild typeellsboth in fork termination/collapse and newly fired
origin trackevens. This suggests that the MSL2/1 complex might act outside of the

MSL complexin replication.
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Figure 4.13: I1du/CldU ratio in ongoing replicaton.A)Repr esent ati ve i mage of o
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