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1 Summary

Transcription and DNA replication are fundament al

of genes and ensure the correct @iugphlti craetg uolnatoifont ho

mol ecmhatishs of paramount i mportance as bot h dy
replication are associated with numerous diseases
require extensive remodeling oft ot hpeerd rodaewr Ityhienigr cf

Transcriepliocati on scomflei ecntuscl ed@8RC events during wh
replication collide on thepstame DNAthempldtecgulie
rare occurraagmoe enTRCxnnducers of DNAndama&g®mimut atsit
Given that transcriptilaoyre mondde Ir ecphlriocraattii onn deux ti enrgs it vhe
the genome, one hypothesis suggests that TRC sites
and epigenome alterations that could provoke geno
induci bl erTRC Bgptem by gem&iiog@lolnye ismetgaugernatei g ea
used for conflict induction and characterized the
ifnlicted by TRCs. I mportantly, the new reporter sy
TRCs with high efficiency but also induced drasti
with an activation of the DNAo dalmalgael rmesmpobearsien §mC

cells were also particul aAtlax isae nTseiltainvgei etca aisn hai haint
(ATR a <cruci al kinase of the replication stress
chromatin organitzraitkiomg Illosfsoumfd rmucsl eosome occupa

reporter that was highly dependedtoops. t Fer shabimb
i nvestnuwnaereodus hi stone modifications for an associ
in H3K79 methyl atiohoepetbfrmcaigl! Yy R&€t st he. RThrougt
met hyl ati on Wwrsteptenzygfmet-&ll iokmer (,BOIBIdlHeonmceidn gt hat
met hyl ation is actively depositedi ay T&RECubi eédsinFi
transcriptional output and exacerbated DNA damage
modi fiicatrequired for effective trans cBreiypotnidont hreec
worokn the reporter system, I characterizedont he po
cell tli negd sae dTRG tCiIDICi2édbd and CDC6 ovpobegptedgsbonpt

of transepliiptaoinonUlctbiomat elay, omy wor k establishes
systaennd cancer mddelstadlyl TIRICheées ol ogy, whil e al so
dynamics at TRC sites and revealing a specific ep

rel evant to cancer and ot her di seases.



2Zusammenfassung

Transkripti-RepluinkdatDMNdM sind fundamentale Prozesse

jeweils die Genexpression und korrekte Duplikat:@
Regulierung dieser Prozesse ist von aqrskCti ert i Baed eal
auch gest®°rte Replikation mi t zahlreichen Krankt
gebracht wer den. Beide Prozesse erfordern eine
|l i egenden Chromati ns, dami t si e skhi pReifpalmdktaitamner
Konflikte (TRC) sind nukleare Ereignisse, bei den
S-Phase des Zell zyklus auf dersel ben DNA kol lidiereé
TRCs als potent e-SAhsidleddeit at o o nkMA und genomi scher |
Da Transkription und Replikation das Chromatin w?2
umf assend umgestalten, l egt eStneel | Hyhp obtehseosned err ash ea, n
Chr omautnidn Epi grefnnodnevreu ngen sein k°nnten, di e wi ede
Genomseg¢nsk9mretnen. I n dieser Studi e -Rheapcer ti ecrhs yes tne n
ent wickel t, indem ich eine zuvoLoapnf 2KonfhkilSteignua
genomi sch integriert und die durch TRCs verursach
Chromatinstruktur charakterisiert habe. Das neu
chromosomal e TRCs mi t hoher Effizienz, sonderr

Repli kathitarrsthdaddigungenuyund i @l onb &Sl cehd ldEeMAR ei nher gi nger
induzierende Zellen reagierten auCer dem Abteasxoinad er s

Tel angiectasia aATR Radderekatsdhei denden Kinase

Replikationsstress. Bei der Analyse der Auswirkun
stellte ich einen deutlichen Verl ust i nARedpeorr tDeirc ht
fest, der stark von de¢¥rL oSotpash ialbibt?2ntg Ddgerrw bzeurg ehhi °nraiugse 1

zahl rei cMediHfiisk @atni onen auf eine Assoziation mit TR
H3K?et hyl i erung spelzoa@ypill damdeSteadT REn festgesteldl
Hemmung desMeld BT VeérriuEnegesy s r upt or of Tel-blmiek é ¢ Si
(DOTXklo)nnte ich zeigvwent,hydaegs uH8 KSa%ketlilvenam oBRECi oni
Wei t efr¢hhirnt e das FebAketn vwiom tDQTullei ner verringerten
ver st ar kfem2 DN, was dar auf s cahkltiievGee NP ol s?istsito, ni cea su:
Hi smodci fi kgt inegifrfeerkt Neast drandgleri ption und Aufl ° s
er f or de rAbgiecshe hiesait .von der Arbeit am Reportzaimrsyst el

Ausl ®°sung vanmerTsRRthi edener Zelllinien mi t ' ber e x



charakterbDasheir HWakke |ibehr expression von CDC25 und
St°rfaktoren deRepllr Bl s &kmaipt atoinen Letdetneandliizaler et a
mei ne Arbeit ein | ei st ungsusnt#arrekbessz enl el ueens bReespircerrtteer s
Untersuchun®i dleogiTeRC deckt neue ChiSdmdtliemd yanuafmi & |
char akteeirnesisepretzi fi sche epigenetische Modifikatior
andere Krankheiten relevant i st.
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| ntroducti on

3. Chromatin function and organizati on

Chr
of
fidt
exnp
wh i

cor

190.

whi
for
Thi

omatin is a complex polymer of DNA, proteins,
eukaryopgiricmarey Ifsundttison is to organize and ¢ omg
within the confines of the nucleus while als
ression and DNA replication. The basbsomegani :
ch consists of a segment of about 147 base pai

e of hi stone proteins (two mol(Fic@l(desgeackktofall
7)Adj acent nucleosomes are |linkedsWp liamkhenotDMNA
ch is frequently bound by histone H1 to stabil
mat i onoroderhighreama{ Har géet hc&uBebnei der, .2015; T

S "beads on a string" nucleosome configuratio

compact ed -lainkde fsitbreurct ur es wintm{Fi @).(diha rmdtperd JofRobH3 .

Rho

n
re
nh
Be
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des, 2006; Thomavetr tale.l ,esls97 3)her fainwo feix@arc,t easxhiap
thi-srdeghehromatin fiber remains al Meestheirmao fe ta
, 2019; Qu®neltheetacdli.on 2012)hromatin architect

nding factor (CTCF) and cohesin complexes furtdt

topol ogically asgmicd.aBedgdon m&drirebmi(nlsApPs2020; Di
al ., 2012; Gabriele et al ., IpP8; aHesalhamadgh
omi c regions whose DNA sequencdgBemmgafne r&e nPthiialll
mi ns, 2020; Di Xoomyethaale. bez2®dl123hown to regul ate
anpcreormot er interaction or restriction and aid
agan &CrPehmilnlsi,ps2020; Cav.alFheniarlo yet ianld.i,vidu2al) c

ompartmentalized and occupy di s(cMiestteel,ti etr h2eOt2e0b)y e s

roviding the basic scafFfidd).d for nuclear organi za
From a simpl i fiicehd opnmitritn afanvibew functionally divi
euchromatin and heterochromatin. Euchromati n, i s
active, earnagdrkeptatatdi hgwards thelicéeaebeanadf &t bel
2020; Julienne et-Aalden 2012 .Li €10 &DurahProopnea teitc arle g i
are typic<akhy agedneontain many active ¢élhésebequndr
& Dekker., Mox2O®Vver, the more open state of- euchr

dep

endent and independe@itoD&NA etkepadlert eppO@b2pmasi n,

n



ot her hand, is more densely parcd&eldi,cdtriamg,crpetti o
associwathd nucl gai |Ildeebirmmand & Dekker, 2020; Julien
2014)Heterochromatin is frequently further subdi
permanently condensed state found  ,dnd exxlaewl|l eepet
sequefSakgsouk et add ,f &20UlI5t)at i ve heterochromati n,
from an inactive to an acti (&rstwatle RPpeBmadegeaae

and bal ance bet ween euchromatin and heterochr oma

function a(nMi rianbteelglrai.teyt al ., 2015)

The stiHfwatcai®n relationship of chromatin is regul
processes, including histone modification (such &
phosphorylation), the incorpanatircemadadfd| hioptod o i ¢«

rearrangeb®bhamnisst er & KouzaZathbsano20&1l; aMihlels&nh0 2 2

modi fications can either condense or decondense

ultimately, influencing gene expression. |In addit.]
involved in DNA répdiabeandetemlic¢cat2idry; Al abert &
201.2)During cell di vision, chromatin compaction el

and properly segregated (iS$hdlonetihdee rt weot Déaal @ @ lut 220t 2i 20)@

chromatin structure or function can hleeleidgyhloi ghti og

its critical role in numerous cellular (Mioabes$étasa
et al ., 2015)
Nucleosomes Chromatin loops Chromosomes

T
Hange
Wity
s,

A, F
;':'.' RacTt
=
g,
e I
T

DNA Chromatin

double helix Chromatin fiber? domains / TADs Nucleus
Figure 1: The organization | evels of DNA in the e
The DNA double helix is wrapped around the nucl eosome,
Al t hough debated, nucl eosomes might organize into chr
These |l oops can be furthmaigspupakdoioaabl etdr dMmMAas, nwhlioc h
other to form chromatin compartments. The DNA of =each

territory withCneahedcehl BhaoBRerdser. com



3. Zdranscription rdguwmlnastciramptamdado second
Sstructures

During the devel opment and I|ife of an organism, s
established and maintained in different cell types:s

where RNA polymerase enzymedepemidremasn rzer .RNAn i evu kaa

celtlrsree different RNA polymerases have been iden
gend<r amer , 2019; Roeder & Rut tReRNA plodl6y9me r Saesret eln al
transcribes |l arge ribosomal RNA precursors, RNA po

RNAs ( mRNAs) andodiengr &NAsonand RNA polymerase |
transfer RNAs (t RNAs) anSde nstneanlalc , BellOoBsbemat hBNAst ar
the three RNA polymerase complexes diffEeC€ramen,hei
201.9)

For the initiatamBNAopolty memsaasttgptriiecomagni ze itthe pr ot
target gene. Efficient promoteconeeogrdt achiandob
pol ymerase with the basal transcriptional machi ne
by numerous coactivatorsasuwke!| d&ds atsr & hs otnhagppi emo n e ma «

up chromatin to create an envi r(Kmmegrett i ge r&milsussiev,e

Lambert et al ., 2018; Lorch & Kornberg, FuOl7herUt
seqguence features of promoters I|ike CpG islands a
recogni ti,annd atcrtainvsictryi pDeahah & u tBp utd 2011; Me |1

Sch¢bel er, RRARUBGH)ans drhieb evsa st maj ority of eukaryot
initiationandc!| bagmit hani on has been daxitiesnsdnzyme c

Transcription initiation beginsawiboh tbepfexmiPil &

several gener al «cltahshst nidl uipnsittrieaatm oDnN A ascetqouresnces an
positioning of RNAHd letatalt.he 20 Db6notkostrewa et al
Philip J. Robi.nsTohne eltocaall. ,c h2rOoln6a)t i n cont ext such a

DNA opohagyey been suggested in (&Aindliemgemll @tesatlabhl i290h
et al ., 2016; VermlPaltencepaslyj,or®@@d&fL nucl eosome
of the PIC and amuclepotsoene&mdemar efateee a emu @Ine oosf o nee
200p and contribute to AbiGa@nscdiopeitomal regrlD2Biodi a
Foll owing recognition, the promoter wil/l be opene
as a DNA translocase that unwinds DNA drGd ¢mrbeepal s
et al . | 201 2; Hal sRRNeAgPel leti nalt.i,atl1®m6)i s enabl ed by

>



comp,Jwéx ch sti mul ates the phosehmryhlatdoma-lhkéB@GE€DR
extension of the | argest RNAPI | subunit RPB1. CTIL
Serine 7 (Ser7P) by THlelpke nkdiema7s & iGabdupn ist e iscny cplrionmo t
escape and transition i(lhit®.(Ebmaseri ptiah. el @a04at i
2013; Kornberg, 200.5;EsWoencgi aeltl yalS.e,r 52P0 Iwda)s s hown t ¢

RNAPI I Medaitahe®r complex and f a&§8i hghate ptomoRROR2es
al ., .2024)metazoan cells transcription is also re
RNAPI | enmragmeptreompmabi ng, during whilkpmh RKRNARPSHEr eam:

of the transcri p(tdoorne s& aArdte | smatne, (2TOSLD); Eick & Born
Lis, 1988; Str.obPauWws iEnige ki, s 1MOdRi)at ed by negative e
DRB sensitivity i6Bachaeagkyaetonanl (DSRBL7; Vos, Far
Yamaguchi etRNaAIP.I,I 2p0WX)ing is thought to act as &
additional el ongation factor s( Moos ,f oFFam nau nsgt,a bB oee henl it
201.8) Positive el on ¢greetFibon sfuabaHhe p e rcdyeMRi nki nase 9
phosphoryl at eassn NEtLhFe ®MNAHRI I CTD to rel ease RNAPI I
el ongaWVosn Farnung, Boehning, et al ., 2018, Yamad
Actively n@BNARb&t i s mar ked phhos phyrr§ydian é P)i, Serine
phosphor(ySeartafo)dh Threonine 4 phosphorylation (Thr 4
numerous CTDOHBkramaswski, 2009;. Téghkebser mat ksal acc i
t hr owgdhe gene body but di sappear tFoiwga.r. d sWhter @ ascr
Ser2P and Thr 4P have been shown to recruit elonga
prevents Dbinding of termination fact orSs nagmd eits arl e
2022)In contrast to initiation and elongation, tr
understood since termination can occu(Proudfamot ,s
201.6)Ter mi nati on of a productive transcription cyc
(Hui mi n Zhang . etHemé . a 2@ %Pledo mo de |l of nucl eol
exonucl eabkeuXRANR2 ahd,ar086)losteric switch model w
(PPdépendent dephosphorylation of the CT(DParnuda RNA
et al ., 2018)



x52 CTD repeats

Tyr1P

Ser2P

Thr4P
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PIC TSS Early Productive PAS Termination
formation elongation elongation window

FigurTehe2:phosphot ait 2t KdARIheCTD i s regul ated during

During the transcription cycle of human RNAPII and its
phosphorylation modifications are added or removed on
promoting unique functi onrsocaxcdhi vaes @lromgpdteirore,s campde ,t er n

The protective chromatin structure is necessari.|l
providing a window of opportunity for secondary
mol ecul es and DNA as well as on DBcNaAn caalio nset.r uTchtuusr,e
described below arise frequently during transcrip
|l evels of these structures have been shown to caus
t hreat to genfGarddssent @ gAguiy.l eFar, ReXHA@®@ppe, cBRmpri s
RNAONA hybrids -thams droirpnt icoonally when the transcr
douklte anded DNA (dsDNA) behind the polymerase an
(Brickner et Muse R20O2AYui Gara2a2019,;, KEetiemrcmanmgéty,
no-hnempl ate strandsiingtdciasigNedc eds(RB&AYIi n Kim et al .,
Quantitati vel oaonpasl yussiisngofi nkagi ng armddsenpuern ¢ian ¢ dt ¢ d
RNANA hybridd ® cocfuptyhes genome and reach sequence |
thanbpgOup to sevéBalcknéobasesasl ., 2022; Ch®di n, 2
2021; Ginno .etbual .t,0 2l ) tr-lamcegs i pateopakdomigan

Y



features but have also been found at enhancer s,
genomic (r.giloints et al , 2021; Ni ehr.s M r ledkosorp, 2 R2 0
formation is favored-ciomt eag i-sakneiwhwwi€Cthh dheasgchr ti B&rsg
strand asymmetry in the di ¢Cas-Buktiman &f CBG®dinm, C2

t he
formati @mualdirugpl @xes

| mportantly,

simultadeonyps fRr mati on

(Bel otserkovskii. et al

exposeldo ops ODNsA soyspooesp tnigbh [ teh et oOR s e
(G4)( Saunkdi rDNKAi d aentd gaaln.s,c rd @24 )o n

t he
w 2M020ebVowsau&i Aguiplogarea,t i 2

has been shown to sl ow

with other genomic procegddHaerrdwmcsh &a AghHA xibda@p RODt3I|
formation frequently impairs the progression of r ¢
stress and gendmwiac-MUismes t & b iAlgiutiy er a, 2019;. Hampet
Consequently, the cell empl oylsoampbnes @ utse leinzaysnes g u
Aquarius (AQR) or Senataxi(mMa(samToX)a ecan atbrn wit Bd RHy, b r
et al ., 2011; ,Yawhge reetd sa dtph,es GR@IR B & | RN E&HRIN a Hel

and RM&saegrade the RNAppdrotr( Wyfg ekveeltR al ., 2019; |
201.8)Despite being a thr eladoptso adeno nh av ei npgheygsii alyc

medi ati sguiclchhss ecombelfldi en ahcPBn200®uting to gen
(Ni ehrs & lamlide ,pramd@) ng DNA repair processes in
tel omeMaersnef & Legube, 202 ConBemqué&nt &y, 20o2obpr r eg
transcription is essential to p,asngemgeaomuc| éarn efgu
3. BNA replication and replication stres
The accurate duplication of the genetic informati
f arhienheri tance and maintenance of <celll identity i
al | stages of life starting with the initial di
devel ogma@antmai ntaining tissue integrity in adult I

3billion base pairs separated inthur2kd edti fdEm@en202z
vast majority of cells contain two ddddildonofbatshee pc
in a single cell Considering that trillions of n
highly regul ated dupleigudtrieadn tof mahentgd mome lils frunc
preserve faithful DNA replication quickly Il eads t
with cancer andMethereti ataseg017)



DNA replication initiates at chr omosomal positi
recognized by the origin Breddogenti tailo.n, ¢clo9p3QRXE o SGR C
bi nds DNAIlIi keafashgon togethe8 WCDG6Cell h®i ebygi ba
DNA for furthen nlieddiompsofmet mai MCM@Zantbatompt exas
replicati Eemgl ecaabli,a 20 2nluymber of intermedi at e
Chromatin |Iicensing and DNAsriepl iicnatliocand ifnage ttchre 1Ir e
7 doubl e hexamer for bi(dRiernmeucst iedn all .DNA 0rOedp; |. iWea tsisan
Next, numerous firing factors enable the recruitn
|l oaded -MChM2x amer s i nto the activatedMCMBGI NEY i ve
(1'lves et BNA,i 2049nthesized in a conWUiPOL&Ys ofnash
the |l eading strand and in a di s diomQL Dh)u oouns tnhaen nleag |
stra®Gdrg & Burgers, 2005; Nick McEI hi nmyggegitnaglstra
synthesis is aidedUpbryi niaNA psoylnytnmeersaszeé ng an RNA pr
synthesis(NyawOeD .alDi,scdh23)huous synt h”9bp)resul

Okazaki fragments thatt haercencleat ed mat wumoed olby nuc
pol ymenrmased i(Hase&Saun et al ., 2023)
Unl i ke in si mpucehSeslichray otmgyceg yearseéyi sihaaenan DNA r1 €

origins are not defined by a consensus sequence.

and | ocal chromatin composition was proposed as t
human (cked I& Still man, ,20t28Bys Hlyeadinng 2t0d 6t)he def i ni
(Petryk etFuarlt.her2ml6), DNA replication occurs in
tempor al manner, resulting in a replication timin
or fapéicat i(nfyr argekgoi so nest al ., 2015; Hansen .et al .,
Replicathas ®Hieminngi nked to 3D genome or-gpecrzéiicon
(Emerson et al., 2022; Marchal et al., 2019; Si ma
I nterference with DNA replication by a number of c
stress. DNA replication stress is defined by the
synt heSaxsxena & Zou, 2022, Zemalnmp&r Camprychyreploil(
threatens genome stability in nor mal and cancer ¢
(Hanahan & Weinber iyyaj @a00686purrdédsd) of replication st
pools, unrepaired DNA | esions, DNAo spx,0nadmd yt rsa mrsucc
compl d Seaxena & Zou, 202 2; Zemadd &ttiemgplrieyw,o1i, o2 04 f
numer ous oncogenes can cause replication stress

N M



replication initiation, dysregul ation of the repl

(Kotsantis et al ., 2016; Macher et & HBd acdealt wst
replication stress and maintain genomic integrity
response pathways to prevent, over come, and tol e
stress response includeponsear alt itmteerepnneatte dnr
activation of the(Repbicateofathkec@Wdidleitu negt al . ,
and initiation ( @H ONMyuregp,ai 202 2) anc é Asphactuhrwa & s
Mosammaparast, 2021; Buéashonpfian&eMesammaparR@288) 20:°
et al ., l2022plication stress is not adequately re:
which results in DNA breaks that pftEorat atpirolpeet
202.0T)his can trigger further genomic instability

formatiaommd anaph@Sexdmadf§eBZowhi W22)e frequently o
the malignant transf é6Bmghéebh ef abncel20te] | slanaha
2011)

At axia Telangiectasia and Rad3 related (ATR) and

key kinases that pl ay essential roles in the <cel
stress. ATR i s primarily acti vatfear kisn trmheg p ofnrsesq
accumul at eCaIDNAt al ., 2010; Zbus &s EDNAdige, r 2ap0a)
Replication Protein A (RPA), wHingdlrerraedrn migt PrATR i W
(Cortez et al., 2001AlZceu n&atklvlieddlge ATROGAN-be act
associated antigen 1 (ETAA1l) that -bchdsaRPAgddDbDeme
(Haahr et al., 2016;BocuahdpaaahweysadappeaadNl1tBd be wor

but compl emen(thaah rmaentneallpon 2&dt6i)vati on, ATR phos|
downstream targets, most n@QHKMI Mattshweo ke etk pdli a,t X
phosphoryl ation triggers a cascade of events ainmn
preventing (iTosedol eapaddit2on8)ly, ATR activation
origin firing, sl owing down the overall replicati
checkpoint to oveMaciosnmewvwe eetstales,s 201 XCr uktadladd oy, e t/
function has been shown to not only impair the pr
extends to adjacent fork¢$Cbhllasget ahrom20R20; dd&m
I n contrast, ATM is predomimitendndalct({ PaBeK &ty aDIN
2005, Ji Hoon Lee UPoPRauwlelt ec2D0f) a DSB, ATM is r.
autophosphorylation and consequently phosphoryl at
the checkpointB&khhasiestCH&EK2Kastan, 2003artMatsuokaod
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ATM kinase ultimately halts the ce(Kactyah eetatal he
Khanna et aanld ,f u2rOtOhle)r regul ates repair via- homol o
homol ogous end joinindgBrNHEJ)n pat mway QHH®D0s e pdhtaen u
their specialization, both kinases frequently cr

response.

. Franscriptiononépiccation

The genome serves as a tempdlae@r fPproaesaeges mamba g
epigenetic regul ati on, DNA replication, and DNA
crosstalk and cooperation with each other in ord
(GarM#tsae & Agui.l eNreav,er2z2thled)essr r eheecof two machiner
genomic | ocation and time can | ead to interferenc

are TRCs, during which transcribing RNA polymeras

same DNA (Bterared o et al ., 20LMys e Br&whkgyi |1lOo88,, Zal &
et al ., Th@ak) conflicts have been shdqwrltms igihvetr ia
201L,1)mut gtLiaommgs et al ., 2017,; [BNA kkarPeaaeked aét , aR016p
Germain et, admedr t 22 Xdr iepa(tGroonel |y et al ., 202 2; S
highlighting the i mportance eopfl itciagthitolny ccooonrtdrionlalteido
cells. TRCs can occur in two different forms depe
andplireeg i on towards each other. Transcription and r
other will -oares(uHQ) iTmRGse,adwher eas movement i-n the ¢
directiona(Fi@QDa nmpreCsl e.t lamhpor tZEORIECH)yhaH® been sho\
be the more deleterious type of TRCs in various
pausing and blockage of the replication fork, w h
formati on of( HaNY ebrrl e aekts al . |, 2017n lcomR@stald eCD 2
considered |l ess harmful and are more easily overc
(Br¢ning & Marians, 2020; Bruno et al ., AgdR4j oHaimp
HO <conflicts are particularly susceptible to to]
replication accumul ate positive supercoiling in t
buil dup of positive supceoancfolilatngg & tMeHrQ iTkiohtihsen200t2 10
removal of topological stress through topoi somer a:

TRC s(iltemsg & Merri kh, 2021; Y. Li u e€erthealmo, e2 a1 ;r i A
role -oRC#HOi s further suppanrt eddnbryweccatni ocenvaoll uad riioenmatr ayt
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transcription and replicgtMaomnskKengbactt &r Gal dad, e R 3
et al ., 2016,; J. .Bf f Waingntelty afli.r,i 2@ 0r7gpl i cation o
TSSs of highly transcri bedcoglelniedsiac rs-dhderr geabayt p& e@oelnd a
201 2; Sdguneédiesa et .alMor edaw@®9), evidbasedf TBR@® pkpemt
Ssyst eamg g etshtast cells induce-daeapeondéhti cODNArdamagei or
Particularly, HO conflicts have been shown-to ind
TRCs rdelhgcobinvati on of (tHempAdM patt h@Gdarys i 2t0elrivt) wi t h
from bacteri-hasetheHPl @Pmcdnstructlooplsowed edlse v ant &

orientation, supporting a role-imducelkdegensmmi gct mirs
(Gar-M#sae & Aguilera, 2019; Hamper | et al ., 2017; L
Head-ON TRC Co-directional TRC

Transcription  Replication Transcription  Replication
Figure XaokRQs ii-oan hamdi cecti onal orientation
Transcription and replication compl exesn mMARCisng whoeweaerad
movement in the same-ddifeettopnal i TRCs o Pawmtnifd ulcarsl yf,a vho

formation -lodopsst.abl e R

3.4FdAagile sites are genomic TRC hotspo

Whil e TRCs have the potential to threaten genome
note that in the maj,dmrmiatnyscofi pde moomiacmmdl o eptliicmd i on
manner, thereby preventing TRCs. Additionall vy, t

resolution f@aopopsocesdi Rg enzymes ensure that TR
genome i nt engraiitnieadl sndnai et MNaev.er t2h0e2l le)s s , a small S
regi ons, termed commdmefbradgislse <itt @ad . ( CRD&L)2 ; Dur k
W. Gl over, 1981; Thomas MWem&lomyeparti adl. ar 119 84y sc
stress amd vVERC i(nHsetlantriilciht ytBradaka@®d1l)n these regi
chr omosomal rearrangement s,t hdeerleaityitarn ,ut o mgamml icfai
other d{Biegselkl et al ., 201 0MamMHe |l t mmor esu@mpr. es L2d0rl
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found in CFSs, making them vUlBrigrmealdlle etto adnc o Renlio0
2020)CFSs ar-egpeelfitypbkboicahedeginogeneand exception
hundreds of kil ob(@aBuwrskitmo &nme@ladvaesre,s 2.00T7h e Sen dri mo&u s
| ength of CFS genes and their el evat edmgktahppamsi ty
di fficult templates for pHehmtrahs.etlimlfiaocnt2,@ hthr) ar nesy
of €E&n require more than one( Heellmr iacyc leet TThol sh e 2

inherently creates a problem for DNA replication
faithfully rempHadasettead edrusrurneg tShat no genetic infor
Consequently, CFSs are | i kedryi vheont sgpeontosni{i fte i misR €akb i a
et al ., B2@lMdMes CFSs, al so ot heeartteypleiscfrodafgdiflgeasg i | e
(ERFS) incelfiBae | Bw et al ., 2013angtcuGearemai rDNeAt ba le
cluster s( C(oRmGs2)i et al ., ZhCa2vde; bWeein edte seaclr.i,be210 1t 60) U
dependent genomic instability. ERF Ssanidn rceopnltircaastti

ori-giimh regions with high transcri(pBarolnow eevtelasl .an
St Germain .etWhill.e t2l022gxact mechani sms of ERFSs
transcriput @ahR@Gs dhave been demonstr at(eBdard sowc reuc iad
2013; St Ger ma.i nRRBEs alhavye 20&n primarily descri be
transition regions of neur onal progenitor cell s,
uni direct(i@mnradz fiorekts BeDl show0a4particul drolopshiaghid d
enrichmenTR@&oi veél©O (CSBazzi et @émons2t0r2adt)i ng t hat

threaten genomic integrity in different genomic ¢

3.40n2cogenes as dri vers pdfi ctartda mosnc riingteird

Genome instability and epigenetic dysregulation
tumorigenesis and malignantHabahawi & Wefi nimanyg, t @M
Cancer cells freqguently show aberrant replication
occurrence of TRCs and genome dest a@albrii lviemat i o
hypertranscription has recently beenudennected st v
transcription could result i n exacehribggiR@ d| @v silco o1
(Bowry et. aEvidemed)from numerous recent studies
amplified or overexpressed oncogenes <can cause T
cancer model s. Particularly, i €6 N Ed oM YeCt,omoe rod x d rhees

most frequently amplifi(eBergewmlkelsi mnethuara.n, cahk@®E;r sB
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Zack et ,alere 20b3%Nn to induce firing of novel repl]
genes-2-08 tsteosar(Eioghp( MedHesret & Hal aZTbeséiasncadagéen
induced replication forks showed high Il evels of f

—

he concept of TRCs as drivers of tumor progressi
Xpression in neurobl ast oinmtah wahse srhwoMne aro exompPemea t te

Papadopoul os &t ualies 262 21)g tghley coivneer mtxdp avieas|diinddR A S f
n amino aclVi Ad2h (HRASf i brobl asts, furipleen uddmans
transcription dynamics cahypauseame@idi gtaitRki@O narsd r k
(Fi gB), thus driving genoMat § arsttiabh.idBFdeyl dtnh&@h&kea o (
such as phosph@iNasles €D CedbrAadr. i, gi2m 1I13i))cenhZzamme tfiaditor
et al ., ,pRd2d)and/ or-assanisarepti emdls ecaant i dens csrtirkeescs b
direct connection to TR@EsS gflasHopwevbeeniastabhbiedhbl
TSSs imply TRCs as potentZampegt iedis® naGoddll ecca n2voedllyy t

oncogenes are involved or likely involved in tran:

e
and maintain transcription elongaesenhighéyeby omi
(
o]

or indirectly Qoamsilderd nogp MmpR@x. dysregul ation of s
tumor suppressor proteins in camdaemse acamariey sd empr

wi || be required to understand oncogenic TRC form
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A

Cyclin E/ MYC
Normal cell cycle Accelerated S-phase entry
Intragenic origin Intragenic origin
v N Overexpression
[/
= o7, >
—_— —>» TRC <€—
RNAPII inactivates intragenic replication origins Intragenic origins fire and replication forks collide with RNAPII
HRASY"?
Normal transcription levels HRAS""2-driven hypertranscription
Overexpression R-loop 1
>
e < e —>» TRC €—

Hypertranscription favors R-loop formation and collisions with replisomes

C D

CDC25A CDC6 s
@ 1? '

Stalled/reversed forks prone to DNA damage DNA damage at TSS might be caused by CD-TRCs

Figure 4: Current view on how oncogenes could dri

A)ln a normal cell transcribing RNpAhPa sle ,i ntahceri evhayt epsr e wvnet ir
firing in -phbhsequb&pbonSoverexpression ofphasegemtersy Ciys
accelerated and RNAPII|I diooeschear hiavter agémnici @emitgt mnse
origins give rise to replication forks that cl ash

(Macheret & Halazonetis, 2018)

B)Overexpression of Vilmuctoagneéni lc e aHIRA St o hypertranscripti

transcription is more prone-loopstalrimangoananthenélby
repli,sdarhegri ebynwg ri(GSkottamMtRiCs et al ., 2016)

C)CDC25A contplnd sse tghieeda S entry checkpoints and Sworfkasr ,up

D)

no direct evidence for TRCs has been shown upon over e

l evels favor fork stalling apdoceveesalr aguevetd lly asc O
sit(Neel sen et al., 2013)

CDC6 i s ctrhfeniranlatfiom-repl t bat pve complex and can induc
overexpression. El evated CDC6 | evels were shown to c
induction ¢opZampeTR&€Bs. et al ., 2021)

NZ



3. 8Model systems to study TRCs

The rare nature of TRCs depending on two pervasi Vv
event to study. While previous work on fragile si
and replication strongly pointi ¢ owas(d@rboERiCtyy ed ia
202 2; Hamper | et al ., 2017 ; Hel mrich et al ., 201
Macher et & Hal azmaeayi ue80LlB8hs including TRC fre
| ocati on, and | ocal proteome remain unanswered. T
met hodol ogy to detect and quantify TRCs. Proxi mit.)
RNAPI | and proliferation <cell nucl ear antigen (P
visualization and quamhHarmperalti en af . TRZO1.2¥elLal or

remains the only currently available method for
replication machi nerFiued hiempmloyieng sPRCs fi c inductic
TR@ependent mol ecemaldrinfd hamdgeées si nce nearly all/l cu
TRCs in eukaryotic cells rely on drug treatments

For exampltegr mshtorranscripti on el donfatc ht-bb-0i nhi bi
ri bofuranosyl(brRBhzamCO&R2oliemdbdéaeora spi ke of nTRC | e
(Shao et ,awher2@8@0mhobRB treatment reduced TRC occu
the complexity (oFetTrRCp awlnasmietsmall ar |l ¥024) evated t
i mposed by topoisomerase inhibitordlLaag @&r dheakeda k
2021; Y. Liu &8tyahd, the2pbreviously described act

3.4.2), exposure of breast cancer cells to estroge
hundred target genesl otohpatb(uStdpeconk e ey HIiickhe IBROIgG )i ng
coinciding TRCs. Unfortunately, al | these approa
di sturbances and dysregulation independent of TRC:

downstream eff elcadopiso elxBcClsu soirv eR

To over come t his l' imitati on, researchers have co
precisely study TRCs and their consequences. Whil
mi ght not fully recapitul ate the smeawmigfeinco uisn cued il u
TRCs ahdofgs and allow for mechanistic investigat
prokaryotes, which wusually harbor one <circul ar c
replication, thus enahl angreéebiesestandg bobéc dlRiCzed m

reporter genes such as | acZ or | BxAB8¢htEiemeosnts ttra tteh

that conflicts in HO but not CDho@r ifeortmattiiom dan ai
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str-dependamn@i §A(Lang et al ., 2017;. Llafngt ke Meao mfi |
cannot be resolved by RNase HIII processing, they
and coincidin@lLamug agtenalbihded@bhdenB. wSulbead sag e d

the fact that |l oss of function mutations in the t
used for selection vi(Ri §A( a@nhapreéetn Bgsich? @mMdB 0o ma
integration of the thyP3 gene wunder an inducible
mut ati onal consequences coul dclhe siadsde retsiscerd . a B t che |
(indels) reflective of the collision location, at
each ¢6Shekar et &ID. coa®léxts showed indels more
reporter genes, whereas HO mutations werelddstrib

to partighl amultywwti on rates at the respective promo

Similar to the work in prokaryotes, researchers he
repeats kof iamt@rémal fragment of the LEU2 gene posi
in front of an early f{(Piadoré&pAjuiafCeowai aPDgb nHO N
CD conflicts could trigger genomic instability re
i nto a functio@al B LEURI sgemleenot ype coul dH be re:¢
overexprewsegdogat,i HQo nf |l i ct dependend osgsabiabki zaat ¢ emt
contributor tOPrmraedomdiAaguiiloenr ana0@gblus approaches.
regul ated LYS2 (Nep&Kitnerbspdt gaRrdidiskel e (LCGRAU-ZX 2gae n e
Rubi o et welr.e, i2n0sle8r)t ed cl ose to effi diednthear iigni mHO

or CD direction. Res®| fragmefFRCStgamue atii ®eaast, oi nser

the result of DNA DSBs. Mut ati onal phenotypes wer
setu@arREli o et al . | 2018; FN.naKilm, ereaknt HOOK) es
live cell mi croscopy system allowing to track th

reporter gene upon HO or CDO Tcsadlrlkiassi oents Wawii.lt,én 2t0Gh2ex )h
system repli somes showed remar kabl e robustness

topoi solmeetdaseepl i some ,psaratlilcuwlgarelviebtosr k B® &ERCal . ,
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Bacteria B Yeast
oric oriC
CEN

CEN
Reporter genes:
-LacZ
-thyP3
-uxABCDE leu2A5"::leu2A3’ GAL leu2A5"::leu2A3’
TerC TerC TRC-induced
recombination

TRC induction GAL (> LEU2
+ R-Loops + + Indels +
4+ Base substitutions + + Frameshift mutation +
-+ Indels + DNA damage +
C Mammalian cells
mAIRN
oriP/ oriP/
EBNA1 EBNA1
@, @)
mAIRN
persistant R-Loops
HO cD
ATR kinase ATM kinase
activation activation

Figure 5: Modeltregstemavatbudpl eranscription repl:i

Al n bacterial cel |l s, repornober |l geABEDBEuUuwar asp dsictZi or éd
orientation towards the chromosomal replication origi
out come. Al t hough HO conflicts are molesaled elt ®3é ous
substitutions. Additionally, insertions a-mMmBRCsdel et i o
preferentially at the promoter region.

B)l yeastLEU2 reporter constructs were engineered in th
replicating sequence (ARS) to study {TRE€sr elc scmbiayegen
stronbeaePendent induction of r econmbdyadfi oinndaenlds ,a nf ri a
mut ations, and DNA damage.

C)ln mammalian cell s, pt @oomi dosu ocharet aAinntiinsge ntskhPer OR el BF 2 R

Codi ng(imRNARNene in CD or HO orientation relative to tt
PEpstRdarmr nucl edrorarmPt/ I EBNRALl) were used to study TRCs
behavi onr.i ei®@®ed TRCs were charlacdprfiaremdatbhiyompeard saetit
ATR kinase, -whieeetasd CDRCs displ dyop [fowmbsbthioekes apod I
acti vattheenAToM ki nase.
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I n contrast to yeast, mammalian cells do not cont
initiate DNA replication withAne b& oMdai orepnhno,ca2iddbd;

al ., .20Mb&a)eover, a | arge excess of available repl
stochastic origin wusage, creating r e(pVMdachdrietn & a
Hal azonetis, 2018, HFédusykdetreal. po20L6pning of an
front of an efficient origin is not possi bl e, wh i
cell s. To overcome this issue, researchers have d
i n malmman cel |l s. The respective con(shDOXedsciclmlng a i
transcription units, Wbbphfarmasiuewcepi kbl @ heo pRoO

mur iAme i sense oPrbGER2R KRémiAh R NRINGiemrneo etoralcgnt2rodl2)
regions that-ldopeosufemrhlmassRelde cyan f | (&E€F)&seceent pr

Fi §G(Hamper|l et @ahe, pR84&dm)ids also include a sing
origin (orniHR/IMPEMAL)et dhis 2013 n can recruit en
compl exes and is acpha&GHedi mndty alnc,e 2MM1FS; Mori yam
et al .., QI0o0MOi)ng of the reporter gene constructs
uni directional origin enables the (BipgQi fCiom sii rsd leantt

with previous results from prokaryotes and yeast

stabilizladadapn( bafmpRer | et lant.er 0tli7H @loy, fiomdnd aegd rkR p
uni ts in both orientations could cause genomic

signaling. HO conflicts-depeaidieintaDNA daomagkedeanpoli
CD conflictng | pyr eaccamivraad e dF it h@( KA MVMp &ri In aeste Allt. h o kP 7
the plasmid system offers a controlled approach f
does not <capture the full complexity of TRCs in

these skor plaksni ds mi ght tnoopto laocgciucraalt ecloyn sntirmaiicnt s o

native chromatin context including its highly com

Taken together, TRC model Syst éemsh eh asveu diye eorf  CTrRUCcsi
di fferent species and have shaped our undmedstand
consequences. | mportantly, al | mo d e | systems ar e
respective results require careful evaluation and
with respect to understanding TR@Gsmmian i Bhglgleynomee
additional approaches and endoedde It os ycsot nepnmrse haernes iuvregleyn
and-l Rop biology.
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3. 4TRCsan i mpact the chromatin | andscap:

Transcription and replication are both nuclear P
remodeling as they (({lkalvednde ne.tt Hlaheg,erf2o0n2el,) col | i si
both protein complexes are I|likely to disturb 1loc
genetic and epigenetic instability. l ndeed, previ

hi stone modi ficatinomps oamdnehi eamani t i gdtoiompg . T REGsr | &
studies in yeast identified histone H3 serine 10
essenti-ladeomduc®dId chromatin compaction a(Mm@arsd?gaal i
Pichardo et @3Ubse@weln/t) wor k in mammals uncovered
|l arge upstreamedgamaMilgs @r~-cluT®RCHOprone t-bodmg ming
(Bayerbaiu et (RilIGA 2@®@23)Xionally, H3 Il ysine 4 (H3K
shown to act as a pr owdicscehp es iftsepde edlu rbiamga dtorwasn s cr i
replication forks, thereby reducing(Ftie8(CChamge of

et al ., h@z@p)endentl y,taiggpriedaswoncbht fesossm H2AK11
H2AK119 ubi(qlh2 AK1 1adtciro nt dweH? AfKaumdi bt o rel ease RNAPI |
and suppress transcription near stalled replicati
with assdoopsk@#B@®@i §( Hao et .al ., 2022)

Apart from histone modifications, numerous ot her
players in-l R amdoRutainem.ri Pihé on BREG)IS whau roirt BARIG1t K
mammal i an SWI/SNF chromatin remodeling complex co
pat hway and t hlusopr edcoop eredein@@ D) TRLw-6RrAHIi U et . al ., 2
Mor eover, recent work defined putative gpnomec TR

genomic | ocations wi tShe gpudbaltiac, BMNGQAQDBE yChildRe nt i f yi n¢
remode&Wery SNeH at e e smsaotcri iaxtdeedp eancdteinnt r egul at or of <chr
A memb@MARCHISNO8O0O Compl ex ATHNOESH adhedbasbsspsi at ed

protein MMARAI2n -( Bop driven genoBaiycé e n st aebti |. at y, 2
I nterestinnhggyatohecompl ex, predominantly known to
RNAPI I, was shown to attenuate CD TRCs and genomi

to preserve productive (B8Bpbwmatkoretf damhkle p2dde39t s
transcriptilohegegtubatsabunits al belntasact swggkhks
alternative functions of -chpbmattnohacbordirnattoa
dependent RNA exosome recruitment was demG@GNstrat e
driven neuftbPdbpadopomal os et al ., 2022)
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A B

H3510P marks HO TRC chromatin domains H3K4me3 "speed bump" to slow replication and prevent TRCs
—> < < <
R-loop driven chromatin compaction H3K4me3

C

Dynamic H2AK119cr to H2AK119ub switch at reversed forks attenuates TRCs

- ~f -

Fork reversal

H2AK119cr \ /\

H2AK119ub releases RNAPII . HZAfé"g’" Hz‘f‘.K"Q“b

D

BRG1 increases chromatin accessibilty at TRCs aiding resolution and R-loop supression

O

¥ &/

Figure 6: Chromatin processes impacting TRC occur
A)Evi dence from yeast and human cells suggest that H3S:
to-lRop dri ven( BRaooywpmkitu oent al Pji ch®23,0 Gar a@da, 2017)

B)l n vyeaMiilelposhH3ikdme3 was ashodpeazd dwmpthe replisome,
slowing it down and helping to avdihd nagolelti sailans 2wWi2t0h

C)A dynamic switch fromuBRtAKldYerseaead fHRAKL1®as demonst
TRCs. Specifically, H2AK119ub deposition releases RN
obstacle for(Hade etepdli somz022)

D)I'n mammalian cells the SWI/ SNFopuboninmat BRGlasdppe msd e
at TRC sites <creating a more open chromatin enviro
procecBayderbiu et. al ., 2021)



3.4TRC prevention and resolution

To circumvent har mf ul effects driven by TRCs, cel |

Numerousgs eBRCution pat hways working at different |

the complexity of mammalian replisomes and DNA r e|
to cell function, degrapatymef aoassohr omamoivial apped
simplest solutioRi @A rlensdeelevde TsRGser al RNAPI | remo

context of DNA damage and( HB8sohaeée héen @e4d4e@ri bet
& Svejstr.upl,mpoolit3antl vy, targeting tHe&amhos pdh oTfrR/G a
resolution. Recent work showed that the PPl nucl e
WD repeat ai ni ngWpR®2edncB88 (eplication strlkes by
RNAPQCTD thereby promoting RNAP | I(Fir@Alolvar d samelr kp r et
al ., 2020; Jeong He oNio rLeeoev ¢ebtt aaRRNARg2 ®1t0)si tes of D
been thoroughly studied #cnoutpH e dc cmrutcd xetotofdet rexmcs I
NER) -NHFR entail s t wo-asnedq uypebnity vailt immoantoi on st eps, f ol
of the stlablyl epdr oORNeAGPs o ma(Fi @ &g rtaldulas i pinvi ng access to
DNA | e(sHoobns on et al ., 2012, Wi | son, Harr eman, &
Taschner, etWhile R2018B8¢é¢mdERSscamcdieraectilfy T€ngage i n

it serves as a cruci al p altihrwanry ctho ormeamad we  tt rhaep peebdy
occurr emnpcheasien Beyond RNAPI I degradati on, t wo r ec:
RNAPII can be transiently disengaged from chr omat

before reengagi mg sdmotrd | ¢ hradmatri (Bmplmneoma mdssag
Fenstermaker. eAl taHaughROt2ZlBd | oss of a RNA transcrif
t han DNA replication stress, RNAPI | removal as t
constant transcription abortion at CFS genes that

(s8e4.1), providing a rationale for the existence

As mentioneldoapovferedRuently coincide with TRCs, [
both transcription and replicati olnoorpesruampdv aoln. i L
i mportant step (FingARC hree stoolsut iwen I oolpapaotcersisza edy R
are t heH RlNmzsyemes, RNase H1 and RNaseHHniymes khavyeo
been characterized as specific endonucl eases cl e:
(Hyj ek et. aNhe,yr eaGHIR)Nasenar i | y f unct i-loonosp si,nHRNaes er e n
is invodoeg remBval and riborfbplaeg ktsi cee @ ci, si2drl 2,
al ., .20b8p of e&idltber HRNase embryonic | ethaH2 in mioc
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can |l ead to severe devel opm@out iksefrnedkrio®@res st hnaseth
2022; Reijns ®eceht, wdbk2has HlIsesitepapsf RadoRNas
the ge(ndrnoes sl ey ,etswadgest2i0ork )abait o RNalsene is insuf:;
l oop removal at a subset oNER emaaicneroycinucllnearsiegst
XPF have also been demonstradiedopsoasaneoaagociatetandg

(Sollier .etAlatler, natlilvde t o #A wolpesolcyatni d ec Ireeanoaveeed, VR
through numerous RNA: DNA helicases imhadadrnin ga rSeniXa
compl ement at(FANQlAbzp ®t al ., 2012; Chang et al .,
et al ., Pa023)ul arl vy, SETX and the yeast homol og ¢
with the replisome and act as an essential- protei

TRCs and dor mant replicatliomom @mioghenel dot ievtat abn,
Further mor e, recent studi e xi dReNMt ihfeileidc ars®eme raosu su r
RNA: DNA hybrids (Redudti ngl DBXde0 2MmMor i m et DBK5, 20
(Mersaoui etDBKP®I @0k OWs ki, eDDKaWs8. L.202 %) edDX¥19 , 2
(Hodroj et RDK3bdR® 16t ,alDDK3B0OHh)ar a ,etDRBACGER®r 2&1 7)

Calero et, aDDXMRORON et DDXAA2ZW2LI) etamd . PDRDODAT7)
(Marciema et alWhi 2&28Bhese helicases have demonst
hybrid unwindi hg wiitni gviitvyjopee irtelgaurl at ory compl exi ty
i ndividual enzymes is not yetspercdéoacp Rpdoc ®s shng e
DNA interstr andFacnrcoosnsil iannke niieap adFPoNIGpvBR2 photwei nm o b
requireldoofporr eRnovdMadir €88y .etFANCD2 2&0cltébg t oget he
BLM helicase and the hbmolirogaauts o &rcwmank cteypdd onl i ty
BRCARNn an early {fTRCaoR$ @ opB8BhaLd et .alAl t hd2w®) t he ¢
mechani sm of FANCD2 action at TRCs still remains
DDX47 strongly i phpoloyp a efruonvcatli otnh aitn iR further brid
ATRlependency of t(lOkiamorntecreui Bihent 20199 FANCD2, PC
ATPase f amil yc cAAtAa idminmmagAMDb)d tseinneeded t o prevent r e
sl ow down and TRCs vi a -tdix helcirah & arpe nft e @ &KwolyE AcDn

Kim et alTAM5 2vMaXxs0)al so proposed to mitigate PCNA a
reduce additional interference, t hus emplhasep zi ng
processing and repliiSamnmigom Komk eiCohd eeltiRO®0D0y, the
of numerous independtopbpapdocedsind@gnpaRhlwagyps i nd
removal, despite the pHywipsl oign caér tfauinnctp oomee sosfe s

prevent transcriptiohitgwdaoddrgephomati bnssabess i

M



A RNAPII and R-loop removal

‘\R NA
’Xm‘\

RNAPII

B RNA takeover

RNAPII Replisome ~_"""""""

C Replisome skipping and repriming D Fork reversal an cleavage/religation cycle

Fork reversal




Fi gwr eOveroMi sveVRCatesol ution pathways

A)The empll awmser ous ptad @ mwaoyre gr ad el RAMNdAePmoavsesoci do®g sR
from ch,r oaraltdhvei ncgo nt iDnNuAa tsiyonnt hoefs i s .

B)In CD conflicts, the replisome can displace the RNAI
reinitiate DNA replication

C)When facing a transcription block, the repli.some ma
Depending on t hePRafMle cptreirdmd®BRdr MP@AL 1 pol ymerase are use
l eading strand blocks, respectively.

D)l mnhease of persistent RNAPII complexes, the replicati
the fork and initiate repair meomarirgmsa Rgcvérsed fFfor
and-ligaThiomn.all ows the passage of RNAPI I and requires
the conflict.

I n case of severe replipat y merrebneoevka |H npmgli rineorctess,s i B

alone might not suffice to resolve a TRC, thus de

to solve the conflict. Evi denc es cporeneidao (Bd. onlgiotl liy f

suggests that the replisome can bypass the RNAP
obstr ritg®nNBr ¢ni ng & Mar i aGosn z 8210e2z0 ;& GA-gueRlegmra mi 2@1

requires either the newly made RNA to serve as a

for-dicomectional TRCs, or the synthkisiB (®dntd mew
Smogorzewska, -QORADE| €6z me zAguWhet @, t h@138ynt  hesis of
fragment is a convenient solution based on the in
strand, |l eading strand repriming is more compl ex

human ,ckél PRI MPOL enzyme contains primase and DNA
l eading strand skip@Pam@2menrzd eteparli.mi ny013; . Mour - n
I nterestingly, PRI MPOL was shown to be actively reé
and aid in repriming downstream dfoopN~A nsde cGCon d awhyi ce
frequently asso(cStartackda weitt ha | TRCs2024Fo6vikmoide! eénga
replication fork, it has been demonstrated t hat
subsequdntglayt erdg all owi ng RNA polymerases to resta
replicafi@gin. fdDmiks mul tistep process depends on se
ATRlependent DNA hel i cRE€EQ1 Qadnda)RECHE ustperce f i c

endonucl ease SbLdnictreoSIlsX4 e |j unctsMMuWhS 8eln dadnftld c | e a s €
(MUS81/ BBMENNA r epai r protei nRARARS DNAomolgage (I V, t
pol ymelrsawlkeuni t POLDS, and the transcription el ong

recoYy€hwppidi etFiahal |l ,02i0n many of these pat hway
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an
t h

intermedi ate remodeling process called fork re
e repl i(cSatoiyoretf mapk ovi2d®di28g t he cell with additio

35Ai ms of this study

Al
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n
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h
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s u
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t o

m 1: Establ i shment of a genomically integr a
aracteri zatnidounc eodf cThRComatin changes

described in the introduction, research on TRC
d cellul ar systems availabl e t oi rtwidyetrheef omeec,h ao
al of whito tdleerxilop a genomically integrated TR
able me to specifically induce TRCs in the mamm
nsequences wi trhe sumlputdliceemeateyWstem | i ke this at h
further expaned sothandiend iaoifiotderdC samadndti egshu ptmart § no f
nds.ca@ens e denmati npj e cotfi vtehi s study is to deter mi

aracteristics|l oafpi TRG@ a&mdomatin alterations Wi

cleosome dynamics, hi stone modi fications, and D

m 2 Systematic compari son of di stinct oncoger

nsequences on TRC | evels and genomic instabilit
previously highlighted, oncogenes are potent d
ocesses, thereby |l eading to elevated TRC | evel
cogenes have nbpeleincBdRi@rde cithluyct i on, t heelelvildemcmo d el
ggests a potential involvement. Nevertheless, a
inducers of TRCs with consistent methodol ogy I
al of wtahitso wsoyrskt eamaatcitcealilzye camd compare the abili
induce TRCs aneésdcdroicyi etterdamsnroimnptci amstability.
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4 . Results

4. 1 RNAhDPNAiIi ds ar e nruecdiesotsasnste mbol y and f ¢
a nucl eddsepmeted chromanhi i s$trouctur e

As the i mpact -l ®ofopBROxN arhd oRnatin remains insuffici
was to address to what extent these conflicts and
nucl eosrogreni zati on and thereby drive genome instal

chromatin polymer and nucl eosome or giamiwaiatg@a® nt o n
probe the i-hobeppl aywdoft hRir potenti al for nucl eos
RNA: DNA WwWgbriréecomyitn t vireachsscr i pt-l ompohet madl RN DNA
sequence and subsequent hybridization of t he DN
Expectedly, the RNA: DNA i nt erymeidni aatgea reoxshei bgietle de | reecc
whitch |ikely a result of altered topology of the
RNadsde treat ment , thereby confirming sPe@A)fi cToRNA:
addr ess t he c-chpaps | ittoy icmfcoRpor at e nucl eosomes,

nucl eosome formation was performed between mAI RN
present in the same reaction tube. |l nerneaass irreg ud d a&
in stable nudliemnsonoer fdosr DA as seen by reduced mc

RNA: DNA hybrids were wunable to form nucl eosomes

supplied histone proteins. E v etnh aantd ultiedt oprree cp rpo tt el
ds DNA, the signal intensity of the mAhBNc &N AnD®NA
nucl eosome ofnortmad | BPWBR)i.dsSt(ri ki ngl vy, the results

RNA: DNA hybrids are incompatimblei Whibdh muod rgvbastoime f
due to stronger rigidity of the RNA strand and a |
an-DANA afmdNABconformation f¢Jd.RNA: DNA kRybrlds 2019)
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- - + RNase H DNA RNA:DNA
RNA - + +++ - ___——"1 Histones

Precipitates

Nucleosomes

mAIRN

RNA:DNA

DNA
mAIRN
RNA:DNA
DNA

Fi gwBr eRNA: DNA hybrid structures are incaompavtiitbrloe

A)Nati e p®l yacryl ami de gel showing the 2)coompatatedo
dsDNA al oh) RNAL DNA hybrids wereHtWRRNademijn BARNASZ e
(1 a3n)e.

B)Nati %e p6l yacryl ami de wppelHl ecofsoimkee assembly assay on mAl
(Il am-82er sus mAI RNhYRNAI: DNAi n competition 4i)t husmMmigRN
increasing amounts of hi stone octamer s, as indicated
nucl eosaonnde sthNA t one precipitates are marked on the rig

Toprovide compl ement amy weywiddeenm,c el ithooakn advant age
established epi somall oroepp ocarntde rT RCy sitnedmu cftbl BormB ei rnl  heut mé
al ., .20rh7)s construct cont daindsu c & bOd\®) x-f ORS Irimmen g ( DO
MAI RN transcripttiloeniuwnirtecas owealll oasi gin of 4+ eplica
Barr vir(usod(iBEEBW)t al ., 2013.,;, DMopdrydinmag edn atthe @Radsli2

reporter uni t towards ori P, ei ther HO or CD TRC:
Quanti fi elaotoipon eovfe  RNAsi mmpubdpAreci pitation (DRI P)
(gPCR) readout i ndiimnrcductdi ar aftd wdrpsT RLtr analtée oR, wher
TRO®OrienRAhbbpnl evel s( ampeaerelduaetedad ki,ng 0ilnft)o consi d

orientdtependent -lbdap fodrnRati on on the HO epi somes.

di fference would affect | ocal nucl eosome organiz
digestion was performBdHof ot eawedt bgn SBHOt ArdnCD TR
and withdepe®®Xnt transcriptional induction of th
transcriptional induction, both HO and CD epi some:
nucl eosome monsesmemasnd dir mener s, demonstrating that
i n ckil§.s (Crucially, transcriptional induction on
induced a drastic | oss of nucl eosome l evel s and

0]



nucl eosome band intensity andim@poriThedefinedi bgsd
t hat particularly HO TRCs but not CD TRCs interf
sites.

HO-TRC plasmid

MNase MNase
— |
mAIRN
HO Ctrd
oriP/ — Fo—

Intensity [A.U.]

- — HODOX
EBNA1 l ' '

[=N—N—N-]
=R=3=X=] _
o2R8% %
& L X
i : 0 =
; 2 50 §
dimers —» : i } 100 §
monomers —» oo : »
150 a
Ctrl +DOX
CD-TRC plasmid
MNase MNase
B |
- CD Ctrl
oriP/ ' o= — CDDOX
EBNA1 = T
= ' Intensity [A.U.]
. P : cococo
: 3
i X
. = ')
- wec BeE B
m monomers —» . - ki
. (=]
Ctrl + DOX

Fi gur e MNase assay *Heweasl satt h(HhQ TRRC epi somes redu
occupancy

Pl asmids contain the mAI RN reporter sequence in either
origin of replication (ori P/ EBNA1). Southern bl ot i ma
treat ment Oui/tnhl ODQoK. f1Sm mP fiterse avtee @ wi tcho nicreort @ &as iIMNG s e

(0, 2.5,0r22501@e!l units). Arrows show nucl eosome monom
of the Southern blot signal from nucleosome bands in ar
is shown next to the blots.

To further validate these findings, an independen
canoni cal hi stone H3 foll owed by qPCR amraaslsyasyi s wa
resul ts, epi somes with induced HGOvhcdnref |dDc tcso nsfhloiwe

oM



not di srupt (3.4 & c Apanac yc o natnraol | yizNeAdP lall smccupancy a
reporter sequences using Chl P, which confirmed i c
epi somes u-g e p e nDdGeXn t transcr(FpgDBnaNMoriemdwet i onnr e
genomic | ocus ACTB as well as an intergenic contr
increased RNAPII I evels upon DOX t ri ematanmadn tp.l aGonlilde c
reporter systems supporesstldestabcéeptytbédt mAh&Ni R

HO TRCs can displace nucleosomes and thereby caus

associated with elevated susceptibility to DNA da
A Histone H3 ChIP mAIRN Histone H3 ChIP - ACTB  Histone H3 ChIP - Intergenic
0.0361
T >0.9999 >0.9999
6 0.0169 0.9847 6 [ 54 >0.9999 0.8753
R | E |
E E £ o
£ 4 £ 44 =
] g 31 o .
c c c
o 2 2,
2 2 2 24 2
£ £ £
= = =1
0- 0 T T 0-
Ctrl DOX Ctrl DOX Ctrl DOX Ctrl DOX Ctrl DOX Ctrl DOX
HO CD HO CcD HO | CD
B RNAPII ChIP mAIRN RNAPII ChIP - ACTB RNAPII ChIP - Intergenic
0.0604
1
<0.0001 <0.0001 4 0.4 0.9872 0.9888
1 0.0043 >0.9999 ’
£ L £ |—| £
g 3 E 3 ] GE, e
= = Y =
o Q L
£ 24 g 2+ S 0.2
s 5 5 L) .
o [= [=3
£ 14 £ 11 £ 014 °
=2 = =
0- 0 T T 0.0~
Ctrl DOX Ctrl DOX Ctrl DOX Ctrl DOX Ctrl DOX Ctrl DOX
HO CcD HO CD L HO I CD

Figur®e CHlIPER analysis c alnofoiprsmsatt héd®i sPRe s reduce
nucl eosome occupancy

A)ChIgPPCR analysis for histone H3 at the mAI RN gene (n=
(n=2) in HEK293 containing plasmids for either HO or
10g/ mL DOXh.f oFr r2o04r bars showayabal P sids nahANOWmietamce (
Tukeyds multiple comparison test.

B)Same &gf drn -GRCR analysis of RNAPII l evel s.
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4. 2 Chr omosomal I nt ¢ wgrogpt ifoomr md gt mAIl RN
Il ncreases cellular TRC | evels

Al 't hough theaesed arsemparter system has yielded novel

l oop formati on,,ahRC cdirroamattii oan aliistrywpti on, it remaii
the episomes arien chroehblti nGzegdn this | imitation
pl asmid reporters, I sought to construct an advan
more accurately reflect the dynamics of TRCs in

previously described mMAI RN sagquendbdé¢ et pgomoe e rwiwtals
a Sleeping Beauty transposase weadeod.geeanaemipd nign tBe
all owed us to integrate the repoe2QSe ro sctoenosstarruccotmai rn«

|l ifgkeée d) Through this approach, mul tiple insertion

thus positioning the reporter sequence in diverse
pl asmi d (sHyasrtpeem | et dahe, ud0d7yectional origin or
integration construct. This origin had previously
context and thus, would Ilikely not provide suffici
context necessary(Mori yR@ai atduentsitpena2iQ 102)n dyoi giehn o u s
early replication timing and high efficiency are
before ori Plrhact isvcaetmiaarni.iocuilsarly | i kely as Sleepi

preferentially targets geafct had@lkawdnrgz retpldlc.a,t i d
Liu et ales,pi2005)he Iladck poft hesiRed that the trans

stronf)jlopyp Rf orming mAI RN sequence would result ir
compl exes as prevTows | & Aewiclriahriesss,e RMWpRAIdrmepd e x e s
are a potent genomic obstacle, which in turn woul c

forks and thuBFittgead to TRCs

Sleeping Beauty Transposase

DOX mAIRN

—>
—_—>

Transcription Replication

HO-TRC plasmid

o
Il



Fi gurie Schematic showing the generation of the <chr

Genomic integrlaconf @of mitnhgge nRAlI RN sequence of the epis
performed using Sl eeping Belaawdypy ftaramatpiosm saet. tlmae umAIbRN
stalls RNAPII progression aotilcséeansswatporepiiochsiaaol
Fol | owi ntgr atnhsef eccot2i dOr5-GiNe tcae | U line with the mAI RN ir
a vector expressitnrgamnsd ppeyd ng, Beaudegn20atedal Imolnior ¢
containing the insertions in varying genomic posi
cel l lines, we performed copy number analysis by
undenti biotic selection, thus indicating successf

harbored between onkEi ¢8) filvrt emeetgrmagliwynsCl(one#12
copy number and was further chaiagt ¢WGEed whiwiho lue
five integrations adin dsBs ffTabd.ecWED moesouretss (wer e c¢o
an exemplary site on chromosome 10 using genotypi
Fi dg2M@M). To test the functionality ofPORTIf aore ponmdleys

of mAIl RN gene expression. -ROScoelthabstneée owit thleowptar
MAIl RN expression wabkoiddhtedth5B84t OOdeOnbkr,eatespectiv
(Fi g E). ClHdre was consequently chosen as the main

experiments unless stated ot her wise.

6 .. 7
A B KT ¢ cC ... .
% Chr 9 site e
4 Copy number mAIRN ./ Chr5site \\3
W

g o j e
Q3 : 3000 bp
= . s P
- 7 Chr2site 1 AIRN 2000 bp
2, 8 m 1500 bp
T 8| £S5 1200 bp
e 1 LI vl 1000 bp
=]
] ¥
14
0
1 2 4 8 11 12 \
Cell line number # ;g\\ o
% 1B
D E >o 9999
<0 0001 >0.9999
» 250
Chr 10 neighboring genome Reporter sequence E, 0 0146 >0 9999
200
I — 2
£ 150
£
< 100
2
390 400 410 & 50
CCCACCAGATTAGCTACAGTTGAAGTCGG 2
0

Ctrl 4h 24h Ctrl 4h 24h
Clone#12 U-2 OS - parental

Clone#12 - Chr 10 site

(0} 0)



Fi gurze Characterization of the Clone#12 chr omosoma

A)Copy number analysis of several monoclonal cell | ines
mAl RN reporter construct (n=2). Copy nhumber compared

B)Circus plot visualization of the position of the fiwv
the mono@D8Bnatkl U Iine Clone#1l2.

C)Agarose gel odmoot ynmi atghpelPiGddorn t Hd Chnt egruwasiimog psriitmer s
mAl RN#1 RHEWtasrhd 860 FWRZ men(tbhpdMA | adder sesehewhefilobands.

D) Thexempl ary di0t evaen cOGmmf i rmed usiongi S@gngbke BERupnoidnog
C) The obtained sshemws enlto mtg mtaegedqgn nwiithly of t he report
and the neighboé6riCAg genome

E)YRFgPCR analysis of mAI RN RNA expression with primer |
20S cells exp®dge dnlt ®OK 6 ohr 2(4n =3) . Error bars indicate
standard deviations ((TSRkeyoWe Imuh tANMOVA cwintphari son test

To test the functionality of our newly developed
transcription -iodpcpiomeoffendew®ul d indeed cause

cel l Il i ne. Her e, I performedcPLRelvyt bl angabbdiges$o
( RNAPI | Ser 2P) and DNA clamp and replication proc
replication fork complex. GCPuAifaddiy,wel epdhadateac tha imik
cells as hsadn eas DOXni addcshowed signhfiaadédintb2i ncr e
DOX expdsdmB¥. (Extended thr eiantduecnetd oaf n2odder-BL A decl i
foci, likely a result of compensatory mechani sms I
(Fi & 3NA. Comparabl vy, Clone#1l, anot her independent

Beauty approach but harboring the mA(R&éeddPporter |
al so contained a highkbrDOXmbeé€&agBi ROO(tuweaosnt ,4 par en
U-20S <cells did noepesrmhdbemnmta iDh@¥P ke As éFOICif3CT RE her eby
demonstrating that the TRC induction is indeed a ¢

the mAI RNsegpenter
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A

TRC PLA - U-2 OS Clone#12

DOX  DAPI EdU PLA EdU/PLA
' 0.0081
5 1997 1 00180
2 1
S 100
o
‘s
'gso- -
E PR O e v 3
z
0 T T T T T
Ctrl 4h 8h 12h 24h
DOX treatment
0.0314
DoX __ DAPI d PLA dUIA . 1 —
=]
< 60
-l
o
‘s 40
3
£ 20
2 -l*.--'_'_:i.:-_
J
Ctrl 4h DOX
C TRC PLA - U-2 OS parental
DOX _ DAPI EdU PLA  EdUPLA g0 09999
2. .g
< 60
-
o
% 40
2
£ 20-
=]
= _,__EE___.....__
[“es T T
Ctrl 4h DOX
Fi guwr3e  nduction of genomically integrated mAI RN
bur den
A)Representative images of TRC PLA assays in Clone#12 w
4h,and hl2 i me 5HEotihngdlj)d.ox yurEiddJc heak st aining was -perf or me
phase cells. Cells @GermLtPO@X4tedr wiRG Onaouctlion for tF
Scale 6mr Quantification of PRGsRLAefldesi (mwMdhermeiam $ ¢
bi ol ogical replicate as colored dots). Bars indicate
onway ANOVA with Tukeyod6s multiple comparison test
B)Same TRC PLA rAgfadrouClicetdéishtreat ed . wiQuhanDOX ifcoart idon of
foci nunphearse nceSl I s (=3F)t.. Student ds t
C)Same TRC PLA rA)bdoupaRdbtal | 8§ treatedh.wiQuamtOXf ifcoart ido
TRC PLA foci-phamkbecei hsS(f=e3)t.. Studentds t
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4. 3 Chromosomdalki vemsoip&rse a | ocal and

replication stress

Previous work has shown

response

t hat TRCs can i(nChuacpep igden o

et al ., 2020; Hamper | et al .T,he2@fdr eHell mmiomhd ee te d
created by-dourwemAlgRMomi ¢ reporter can generate r
DNA damage. I nitially, focused my investigatio
damaged replicationmubsbykdethatctdhmemepode d REay-®n a
Feliu et al ., 2021, 2.0 2RBe markkaaripR MR e@h baP y.s,i s2 0f109r) F
revealed significantly increased binding at the m,
TRC inducti on, thus ©providsipnegci diircecrtepévicaaen oa fsd
Fi a4 . |l mportantly, we al so benchmar ked FANCD2

pol ymerase inhibitor Aph

idicolin (APH), which had

l eveCBES@@kamoto et Bhdee@0D1BANCD2 occupancy increa
NRG&an#®WOXupon APH tFie@8menktn (contrast, DOX treatr
FANCD2 |1 evel s Ritdg B)F,S tgleenreessb y( s udpe@pmpmerndargt ar OOIXi cat i

increase only at the TRC

reporter sites.

FANCD2 ChIP mAIRN#1 FANCD2 ChIP CFSs
0.9656
—

o 0.0083 o 0.0013

t 6 € 15 —

[T (-]

> . <

s s

[= c

54 5 197 <0.0001

3 . 3

g 27 g 57 L

£ E

= =

g ° .

£ 0- £ 0-

w Ctrl  24h DOX W ctrl APH DOX Ctrl APH DOX

NRG3 WWOX
Fi gurde TRC induction at the mAI RN reporter increas

A)ChIgPPCR analysis showing
using the mAI RN#1 pri mer
SD. Studersttds T

B)ChIgPPCR analysis showing
orOg/ mL DOX f(mPABACFS ana
(DMSO) ©OWM APH K OrdRAawpnyo

FANCD2 | evelsepar taesry nTeq woenrc
Oa i/ mL ©oX d$( ow®4det tEreracre db a0r so

FANDD®Xah RS se lalts CeS eg etnreesa t «

|l ysis, cells were additional
ABNOVA with Tukeyds .multiple

Oz



To further validate whether fl miop ¢gloematty men iag dr
sequence, I al so constructed d ndarcti rbdle ECIFIP Isiemer
anal ogy to the orig@iHamperpll astmi Hh.sgeB@M@}¥t t o mAl

expression ddeosopnsotanfdorwmmuR d be expected to induce
Her e, I selected a monoclwewnshmECEBEP oembeti né& (6L e
and transcriptional i nducibility, as demonstratec

gPCR anqdP GRRT, respedtctiM)el y n( compari son to the mAI RI
(Fi 42 he ECFP CIl dhnesgbkacwentplagnaubnibee r-5 oif ntdegr ati on sit

~80-f ohdriease in expression | evel uptoinmdOXhitgrean mtel
i n the mAI RN~ leBotnl sdiskei ed2D). Crucially, this high | eve
did not increase | ocal FANCD2 occupaboctyh acseldetleirn
(Fi 4 5, demonstrating that the observed genomic ir

| oop forming mAI RN TRC reporter | oci

Copy number ECFP ECFP expression FANCD2 ChIP
0.0001 2 00057 01436
8- , 10009 20 Z 8-
© ) ?
o 6- HED g6
= < =
Q Z 600 5
< [ >4
T 4 £ 24
E-, ® 400 = .
w 24 = gz_
& 200+ E
& o
0- 0- £ Q-
2 6 22 Ctrl DOX w Ctrl DOX Ctrl DOX
Cell line number # Cl 2 - ECFP#1
one Clone 12 Clone 2
mAIRN#2 ECFP#2
Fi gurs5e A reporter cell ' ine with inducible ECFP ex

occupancyD@Xoinnducti on

A)Copy number analysis of several monoclonal cell | ines
ECFP reporter €Tbeaesthwmppter( m¥f1)ECFP tiheendogeraowed A&TB | o0«
using specific primemomamplliofcying the two

B)RFqPCR analysis of ECFP RNA expression with poi mer pa
10g/ mL DO f(mr=324

C)ChIgPPCR analysis showing FANCD2 Il evels in asynchrono
using the mAIRN#2 (n0O4) and ECFP#2 (n=3) primer pair
Studefttes Tor Wel chu lANY¥HA mukt hi ple comparison test.

Ai mi ng t o mor e comprehensively explore t he repl

i mmunofl uorescence (I F) staining -@lgiddctk slta brekANGY2

oT



anal ysiphasek 8Sell s. Remar kabl vy, the number of F ANC
increased upon DOX-depeéewdeinon mamnartimhe highest |
aftehr &2f4 i nduction (Aindg h&l evmeéedo&EFASNED2 foci were
Sphase a8phase cells but showed at I|-phsfFae g®of ol d F
suggesting that repl i cat i-pohna sien tceehllresr yadosciev ewi ao f T RChs

observed phenotype.

DOX _ DAPI FANCD2 EdU/FANCD2 S-phase cells non-S-phase cells
0.0002 0.0056
Ctrl 3 0.0010 ! " 0.0007
L=
< 807 1 9.0451 0.0802
o 1 1
‘i’ 60
4h
< 40
s e
sl Em. L T S 1§ 1 A A&
a e A vEe o
24h E _ih- T T T T
2  Ctl 4h 8h 12h 24h Ctrl 4h 8h 12h 24h
DOX treatment DOX treatment
Fi gurée TRC reporter induction causes a gl obal FANC

Representative images of FANCD2 ihmmuamiodf |2 d-Htsciheienisn @i
was performed fphrasleaktellilsg «Cfel $ s We/rmL ed@PX sfear t DRO iomrd
Scale Bmr ©QQantificat i ounmboefr -FHANCD2abploasem celBasr s(n=3) .
indicate mean valuesway t ANGWA virtdi nTawrkye yobnse mul t i pl e con

Considering the strong gl obal FANCD2 response, I
gl obal transcr iopft i ONtAHPddlr egull at ibeen i ndirectly respoao

stress phenotypeandaipopdliasmndegt er mi ned by RNAPI | {
unchankgie®dY ( underscoring that the replication st
gl obally altered transcription dynamics but rathei

TRC reporter sites.

RNAPII EAdU/RNAPII
DOX DAPI EdU Ser2P Ser2P

0.4608

|
0.2084
15007 —————

100 B 88 & & &

500

Ctrl 4h 8h 12h 24h
DOX treatment

RNAPII Ser2P Intensity [A.U.]
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Fi gurife TRC reporter induction does not alter gl oba

Representative Swmagé&muofof RNARPIlIscence stai rFiinggg 6inr t he s
4h, anhd) .24Ed-Ut cbt akning was per-ploassmedetliolirss |waebreel ienxgp oosfe dS
or O/ mL DOX for TRC indwmchn+Bpas Bramentbairn (&b Barwst e uni
indicate mean valuesway tANGWA wWirtdh nTaukye yotnse mul t i pl e con

As a compl ement ar yWeaspiperrona cbhl,otl awmsaddysi s of whol e
additional mar kers ofspblRisge)f.l i TRCEC iiomdwsdtriesrs wit h
globally elevated | evelhd safonPBNA2AXmphbSMankgl at i
Serine 33 phosphoryl ated ssDNA binding protein RF
nucl ear | oadi ngntemne¢sHRIAXPIRYE,2 s ienacrrleiaesredi n t he tin
when compared t,o WhRA3h2 piS8 Wictpmeivstoest | i terature
phosphorylation is needed t ®soH2MWAMoicait,e tDhNeA erbeyp ap os
RPA32pS33 downstream of (AhAXt phoepdiangHd? a0 0c@nd
RPA32pS33 are targets of the ATR (kAmarsteha nett hal .DN
Tol edo et, al . suRR9daGlentthieeelltlgshexppeedfic ABDPR i nhilt
(ATRi ) . | mportantly, increased ATR activity had
inflicted by HO TRC(Hampewalmmetl ifalnr. tchedrQ s§ypporting
involvement in the observed gl obal DNA damage res
demonstrated sensitivity to TRC induction -as see!l
phase celhsofhftewathdeDlOOX. I n contrast, cells expos
alone (DMSO control) displ-phade afFoiequdnB®m| ¢ ered fract

A DOX B
>0.9999
Ctrl HU 4h 8h 12h 24h 48h 72h T
2084 0.5639 0.0002
@ 0.6 oleg
RPA32 o] .
—— — — -g_ [ar ole *
pS33 0‘3 0.4 © (]
YH2AX B —— — — — E * ﬂ
0 0.2+ .
RPA32 8
10 12 09 11 19 16 19 20 goo L AL IEIPAPAIAE
pS33 DOX: Ctrl 4h 8h 24h Ctrl 4h 8h 24h
yH2AX 10 15 07 18 22 16 09 07 , DMSO , | 10uMATRI,

Figu8e TIRC induction in reporaiH@AXcealhlds RPABE2eS38I| &1
and detlpahyasseS i n dependence on ATR activity

A)Representative Western bl ot a JHRIAyXs iasn do FfRPIARBAR p&E381Ba ques i n
|l ysates from mAI RN reporbgedrOLc eDIOXs feox p a sheed i t7othi \x.ad re d1 t
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Hydroxy wurea (HU) treatment was used as a positive cc
as the |l oading contoHZAX QudntRiPABRasSBE8nsighals nor mal
provided bel ow.

B)Quantification of tphheasfer a(cnts60)n. oCde lclesl |wlegriemltSDeCaxt efdo rwi
4h, hg8 oh. M0 ATR i nhkgi2bli t(oATRVB or DMSO were added resp
cells were exposed to ATRI or DMSO for 24h.

To validate these resul ts and more thoroughly c
conducted proliferation analysis of <cells <challer
ovedays. TRC induction via DOX al omte grecsswtlh erde d uc t

which was strongly exacerbated @OponSRaEIdGOABpnal AT
| mportantly, DOX and ATRI showed a synergistic be
explained by just the individual effects of the t
kinaseM @D 019), which has beNeAdo s st wrh nteca kwarekp aiir
becomes activated upon CD (HRGmer h m& mmdlsipan? O0caellhl

reduced cell DOX Iriefag eclalt $ odui ndi d not demonstrate
behavior as s(kEiedeA Bor HADRier dOM e AT RIf 0lr0 AT Mi C 0 mj
abolished cell growth intdapeéemdenhenf ®OWX 1 eadwlctt $
TRC induction by the reporter system creates DNA
proliferation -daefle &lfel) eindeann AlaRm ner . Further, our

el evated TRC beardieddycdamebeetidls, but only if the DI

fully functional

Y



60 30+

@ o P
= 2 60 IE
2 40- 18 2 a8
< ® A € =1
<] g S ap @
o = o 40 =]
o ] s o
= 204 = 2
s T 20
7] ]
14 o 4 e

Ov——TFT——T7T T T T T 1 Oy——r—VT1T 1T T 1 T T

0 24 48 72 96 120 144 168 0 24 48 72 96 120 144 168
Time (h) Time (h)

DMSO 1 pM ATRi 10 uM ATRi DMSO 1 pM ATMi 10 uM ATMi

-»- DMSO DOX -1 pM ATRi DOX -»-10 uM ATRi DOX -o- DMSO DOX -1 uM ATMi DOX -e-10 uM ATMi DOX
B DMSO 1 M ATRI 10 uM ATRi

1 uM ATMi 10 uM ATMi

Figu®:e AMTR inhibitiDbDRECGaexacedbatpe!|l i feration i mpair
A)Proliferation assay of TRC repbgtmt DPOX|soupamduraeai o

in hil2 ntervals usifelllndAnaytysi $S3 Slyist & m. Cell s were ac
1 orOMIOATRIi ®RthoWEDMSO cemtt.r oAl tterrenaatm vel vy, cell s we
10M AT Mi vBiOtOH 9K W r DMSO control treat ment . Data poir

replicates (n=3) with error barCAUGEasant e mgntSD.f Ar ea
replicatermede feafbstical anwbhysANOWALt wi Oh diTokey o
comparison tesbthwasdUGpmeasdr ement s.

B)YCorrespondi ngstcaivastitradh eviemldetof t he H®A) .me courses shown

4. 41 Rop medi ated TRCs impair DNA replic

Since elevated FANCD2 |l evels have been connected
simultaneous!| yRIbee@msosdtpanedtnc i nst alfiBlaiytbyg &p ruo eeds s
al ., 2023; Okamoto et al .I, woOnde r eSdh aiof -l et pasli.a, l d2cOt:
TRC at the mAI RN reporter will result in impaired

the interplay of DNA r d ploipcsa tiing oal easi et Ihla @ldReCrs, asnhidn cRe

i mpairments might be dependent on the | ocal repl i
adouble thymidine bheekl| $s ocasynhlktdr@bi 83eborder and
the <cellpshasetd o oar ¢ mbeS8thwe emi rGt , I cdnufl i rceneeld
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synchronization by flow cytometry analysis using
synthesis. Asynchronous control conditioms isnhowed
GIphase% 4P ha,saad%5in -cRAFE GO Doubl e thymidine bl oc
in %®8f cells synchronized at the G1/ S b4 doefr and
cells bephageinfBer 4h.

Asynchronous \ Arrested Released

2 .

B

m e

PI PI PI

100 100 - 1001

75 75 751

xX 50 50 50
i e .
(| IS 0 04
G1 S G2 G1 S G2 G1 S G2

Fi gw®re FIl ow cytometry analgsiresbobedasgndhreheasgegd c

FIl ow cytometry analysis of asynchronbughaseubd¢leet bgdi dé
BrdU incorporation was used to detect nascent DNA syntt
the gating applied faonrd sG2p/aM acteil ofnh pionpteor ai¥lntcaSd ¢ s i n each
cycl e ipshhacswen bel ow (n=3).

Using this efficient synchr dmiozpatlieore |sst ri amt €dly ,s yln cr
4h rel epdadeScelDIRI-PRERNgeadoop. |Bvel s at t he i no
reporter sitfeolwedrienaboad e @ -pihna sheo tcho nGlli ta eodnisSe cXt r i k
compari son pha6é aonddbtions revealed a mphdesde but
cells when comphir@®8) t oAsxGlareilthpor(t ant cortra@lo) itre
RNadsdie reduced DRI R osibgansaell i mleosleevel s, indicating t
gPCR readout . | mportantly, this effect was not t he
strength as meRCEiIi@®B) byt Rlis arguing for a DNA rep!
TR@ependent st albodpszaadat onhefr &p oeprhtaesre sceeglulesn.c elsn icn
unr el altoeodp R orming control l ocus RPL13A did not s

Simiidlao IRRvel s when compar-phagas&streadre®st ed with S

3
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A DRIP-qPCR mAIRN#2 DRIP-qPCR RPL13A

0.0316
— 0.0609 RT-qPCR mAIRN#1
0.0191 0.0028 : '

g 0.2530 0.7856

_ 0.9987
150 —
0.0087 0.0116

100 .

1
0.0007

1 5
Hallalf %iiﬁ%i

DOX: - - + + - - + + DOX: - - +
RNaseH: - + - + - + - + RNaseH: - + -

G1 S (4h) G1 S (4h)

50

Enrichment over Intergenic
~ =)
1 1
[ ]
[ ]
]
[ ]
— 1]
Enrichment over Intergenic

Relative mRNA levels

o
L

DoOX: - + -+
G1 S (4h)

Fi g®rle mAI RN reporter inductpopop fesmhtsonn stabl e

ARl oop |l evels megaBQRedt byh ®RmMARI RN reporterh orrel|RePalsle3dA |
Sphase cell t re@dg/edL wD@X Wsionrg 1t he mAIl RN#2 cpornitmeorl p a
conditions, isolated genomi c EDNARNDNfargtelm awd rl rsi gvlats ti o0 cdueb
R1oops (n0O3).

B)RFgPCR analysis of mAI RN geneh exeglrepbkba eoenSd eelvle | tsr @ ant eGdl
or Og/ mL DOX wusing the mAI RN#1 pri mer pair -way4). Er
ANOVA with Tukeyds multiple comparison test.

To precisely analyze t he-liompactonofDNIANd e d cBRC oan ¢
stage s hafs eSS | chose seqpexhpéedimmaVMaBogdieat adi {ff @0t
ti me pointehase.osFolSIl owi ng t he arrest by a dou

synchronization, cedbphsaswedwrateiltenalsafd 62 ah®&add
simultaneously exposed to DOX for TRC induction o
sampl es of G1/S <cells were kept in the presence

replication aacrtd vBrtd/U ainrdc mmrhppeabedf boa. h80Ovesting, cCeé
wi t h Brdu for | a bDeNA migg 2 ¥ f Bcaodntteanitn i n g DNA was
i mmunoprecipitated from the r eguwlctiifig gentdmiood yD MA
processed-siemt d iBrrda0 i es. On -stehge dgaltoab acll ulsetveerle,d Barcdcl

experimental time poievtel andfdicoplreyeadilinghet ween
(Fi g 2pB. Further, edahly sthhiomedphoimgther(2i milarity tha
(®h). G1 samples did not correlate, indicating an

no



ST I I

BrdU BrdU BrdU BrdU
by b b b
| || |

G1 2h 4h 6h 8h

B ﬁman's R [n = 555366]
1

2h DOX B 0.9

DOX

— 0.8

4h_UNT 0.7

= 0.6

G1_UNT 0.5

Fi gu22 Brsdkely dat a i s hi ghly correlated-plaasie cl us
progression

A)Schematic depiction of tseqttéatemecnotusr sien exiper iBmalrt
synchronized at t We® u @1lheySmi bdd rncee rb | wictkh Cel-psawerfomrel
dur ati chnsh4d4hf6oh. 8Cel |l s were pulsedmiwntho2b6ab®dl Bndbcén

Upon rel eapslasientoced | s were Qg/emalt e@OXni t @1 Oc oonrt r b | c
contugluy cut hymeadd mteameadingm and treatbhd with DOX for
B)Heat map di splaying replicate cosreqgl ateipdn c@Spesarfmana@agd |
and treatment conditions. EnE wlietnho tae sk btzhee onfunmbber of ¢

Before &Rdkiompg iaflnd TRC could directly i mpair DNA
reporter sites, | fdiBrdsUegsddt aheot deki nesbheer epl
i ndividual integration sites. As Mbi oglml ichhtié@d sloynea 1
the BredU daulsdccessfully 4i sntiidonmadrielpdtiecearntliynwg regi on
genome, as indicated by pref-f.hethhraidhBrad W eirnc el pa@
intph&se, r e sFp e@c3tAiTvinest gnofmede data all owed me to
replication timing dynamics of the fiswey rsapaoratleri

mn



5kb binslOiknb a etg/i on around t hEi @3B)B.e |li mttreigg wbt,n piny ,s i1
Cho, andOChbrtes all showed the segosgeghtl efbi @h me
phaskFe g(3B. Subsequent time points displayed [Iitt]
early replicatiagsite Zoaxhiaki-t e lhianateiaon ybelwa wmi a
strongest-48i gnhlbasse 2 26hit e 1 was etphe canliyngl ategi on
seq signaéarnind@ly afptper repease. i Golbl e&ctively, t he

exhibit a predorhiama&ntrieypléearalty o8 ti ming, which is
preferenti al targeting of open and acsposba&dr omat
Liu et al ., 2005, Mickegmati mlstark®222ypically ass
ti mlRgind & Gilbert, 2013; P. A. Zhao et al ., 202«
A B
chr10:81,863,990-92,119,800 Site +/- 100 kb Relative log2 counts
] 10 Mb ) — 4
82 Mb 84 Mb 86 Mb 88 Mb 90 Mb 92 Mb = — !
| \ | \ ! | \ | \ | | Chri10 —s=— —
2h [0-1.10] — = == B2
R W MMMM Chr 2.1 —— 0
4h [0-1.10] =
— = -2
6h 0-1.10 Chr22—" = I »
8h [0-110]1  chrs _E = B
‘ . ‘ — Chro —=
ainime i IO U LTl B 6 (G G LR (s L o] [ ] —

R1R2 R1R2 R1R2 R1R2 R1R2

Fi gw®Rr3Repl ication timing analysistedeatedi espoheem

early replicating domains of the genome

A)Genome browser snapshotMbofr eagiroenp roens ecnhtrad movseo med0 10 de
BrdsUeq time course analysis can successfully track DN
| ate replicating domai ns.

B)Heat map efgBsdymha@kbinegi ons around the mAKDbBRNoiinntseigzreat
in synchroni zel, HGdh,&redhl & ednedp22s e Scedsles. sBogad!l i s di sy
as | o0g2 normalized read counts relative to the mean

replicates is shown side by side (R1 and R2).
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(Fi
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rspective, i mplying that transcriptional activa
plication fork prwigde s®idomhetotnepahompa@mameci fic bin

@A). This is consi st ehetr ewiTtRIC p melwicd u o nr @ Nu lutn hva
t impair DNA replicatiing 8BIltnhsitne aad, s ian gdrea sctelcl ri
dsUleq signal was oObserved in the DOX sample con
clusively Ekpamgreredmt bebbn harboringFitddéeBEmAI RN r
ucially, this significant disruptionhofreBredaldei n

me point t hat mat ches the previously defined r
cations. QuhbBartdsdemcghabni ofltOReb sraemge om/s used for
mi ng analysis also reveal edbthé nmAli RN sépgoi f érca
dU i ncor phoriangpgilomarssdag(4 R
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Figuz24 TRC induction ragpotrher mAhENCces drastic r
i mpair ments

A)YMA plots showing diffeseqgtisalgnabkg-@hateioem 2bé a8Be dtJi me
comparing DOX vs Ct.bkbcbhdisipnes lobatlyaandbtns are
significantly changed bins are displayed in grey.

B)MA plots showing diffeseqgtisalgnahbg-@hatehen &bt aBe dtUi me
comparing DOX vsi nCttr-hle0 Ob/ikdi trieognsons around the integ
Fi @3Bk bin size. Signi ficanandboitnssiagrnei fhiicgahnltilgyh tcehda ni¢
di splayed in grey.

C) Representative genome browsegecnapsgmalt adr casvse ralgle dmkA
integrati bnghaset hiemé& plg/nmL iNOX torrealt ed cel | s.

I n contmaptdif fnorences coul dh, bhe@d nsdehe&s af nogFli Gsh e( 4

I nterestingly, although insigmiali caomnutl d dDlei idhettleyc t &
time point, suggesting a delayed and potentially
reporter following the prewniFé 84IBy) .i nlcno msplnmentae yr, e plu
demonstrates that TRCoopr ifwemalbhy omAlcRMN Read to di
replication fork iawpsditnteentesartlhiagr ciodud rdt icfi ed DNA
growth phenotypes.
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Fi g5 RC i nduction at the mAI RN reporter does not
td at-ph8&se

MA pksbobswing the differesneéedgadi graplu htt atnldSBEds BrrddJl ease ti
points comparing DOX vsl1CBbIlreginadnsi ansumac the i+irhtegr a
5kb. Signifihdamtl ibpihmeseadaprte si gni fi cantly changed bins ar
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4.5 TRC induction disrupts the | ocal <ch
Rl oop reporter sites

Having discovered -drhiate m eTppoGst ecrans ylsetaednt o repl i cat
damage, | next asked whether this | ocal interfere
templ at e. Anal ogous to the apprsqgqacny fionri ttimd mloaad
characterize the behavi ¢rveflalRINAWRIDIbd arnel thinst ghe H

dynamics of gene tr ans orcicputpiaopomoyna nTdR Cn uicr dewcstoimen .

purpose, | cogRPCRciadsgnhkcRhrmomif addsGelrled ease with a
targeting RNAPI | Ser2P and histone H3. As anticip
increased at t he mAd RNhe eaddteromrsi ok DOH, t hus ¢
RNAPI | recruitmentaocesasi pt e oFniagwia b tRievmeatrikoarnb | (y act

reporter transcscrtirpmigon eldead t t on aof nucl eosome 0CcCC
significantly decreased H3FiegnhaBDOXmd imte ad tmetnti e dmAll R
RNAPI | Ser 2P at the highlACTtBreeames,crmdredathfoacteka ep
occupancy -@Aatrabnhberinbed;demdRXNRe of@e § 6 B) , serving a

specificity controls for the DOX treatment.

A RNAPII Ser2P RNAPII Ser2P B Histone H3 Histone H3
mAIRN ACTB mAIRN NRXN2
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-
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Fi g@®re TRC -hodpRi nduction at the mAI RN reporter r e

A)ChIgPPCR analysis depicting RNAPI I Ser2P at the report
l ocus in syphbasenteklis 84 rdbebte mirdime bl ock. Cell s
with OgbmL1DOKX fmz3 ). Error barstesntdicate SD. Wel chos

B)Same &agf drn -GRCR of histone H3 at the mAI RN#1 or NRXN2

Next, I wondered i f the obserlvoeodp H3o rinvastsi oins, aa ss pseu

the previouish yuWathk@a@dBed or occ uR-Isooipn dae precird e n't wa )
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exampl e -mrsoducty of the strong transcriptional act
sequence. To this end, | attempted to rescue the
human HRKlA@ed RNase H1, an enzyme orne sopfooRpisdbma df or
accemtpgpd oach tdoopnfdiepmnBency( Wyj ek pete nalt ype2019;

al ., .eAa1&)YWdition to H3 | evels, I al s CRuamptoinf i e
RNaddel overexpression, as FANCD2 haldobp gsLiitatnegwmre tt o
al ., . 2DeS)pitebl Mestarahysis showing highly HIfficier

afteh @4 traBResBeé¥ti Bhdg e onwelidrheessrcue the | oss of H
previously observedFi@¢e¢Bpase of FANCD2 (

FANCD2 mAIRN#1 Histone H3 mAIRN#1
0.7259 0.9997
Ctrl  RNH1 I 1 I |
209 04825 0.2644 g  <0.0001 <0.0001
Q Q
— — I
s | NI
2" g ] Ed
[= f=4
RNase H1 2 10 . S 4-
FLAG 2 . =
— £ £
5 2+
.-é § () .|
i i
U T T 0- T T
Ctrl CtrlDOX RNH RNH DOX Ctrl Ctrl DOX RNH RNH DOX

FiguT:e LLss of nucleoandtheFANCDPane@gnnmiot mbet rescued
RNasHel overexpression

A)Represent ati bleot Weismheaeg ens di spl-RlyA®G g s iRgfNmasle iHNL Cl one#1
overexpression of RNase H1 orh.amR&fpteys ovarstitang @b mtsmo l
B)ChIlgPPCR data of FANCD2 in Clone#12 <cells at the mAIl RN
H1( RNEY an empty vecthor Celld smiwekrfeonGg/anle ddD O t2h4 Oh o(rn =
Error bars show-waDl. ANONAnari yf homekeydés multiple compal
C)Same &89fdrn -GRCR data for histone H3.

While this result was initialobgpauneapiest andt ®Pparpr
RNadiel had been deft€Crobsdeypeéedrvaen ,t h2e0 20t i fici all
stable nature of 4t bepsnducedt mdl BRRNgRadati on effi ci
a possible explanation for the | ack of rescue. A
accumul ation at iaoadwlceke dadmé\o RNe s ¢ gpendent. To discr
these two possibilities, |  tRd ooko pa d wa mti angge EOCIF Pt hteo
line as an independent afFd gB8d¥mpISe meé kti amrgy yap piB3odeh

Mno



significantly decreased at t he IiINRIXUWNReocht EGFP | ge e
(Fi g8Bproviding evidence that the nucl eosome | osc
consequence ofl oiotps fotFnuart gh @ Rlmosr edatta i s agreement
previously obskPOX ed uEREPI tElrleadfedNAl dambhge respon
i RANCD2 -€¢RCRi(@5)C, suggesting that both DNA damage

| oss i mewutiirttm@am fMRor mi ng sequence.
Histone H3 Histone H3 Histone H3 NRXN2
mAIRN#2 ECFP#2
0.9511 0.9996
1.0 - 0.1719 1.5 |
4 L
c 5 L] | |
& 0.8- & ‘
£ 0.0003 £ 1o-
= 0.6 e
§ 041 E
g 2 0.5
= £
S 0.2- °
€ S
1] w
0.0 - 0.0-
Ctrl  DOX ctl  DOX Ctrl DOX Ctrl DOX
Clone#12 Clone#2 Clone#12 Clone#2
Figu8e Nucl eosome | oclsesopcfcaumrmi mg MWAI RN sites but n
sites

A)ChIgPPCR analysis of Histone H3 |l evels in Clone#12 and
l oci . Cells wernédgémpodOb f(or=B2dr Error bars indicate
B)Same &Agf drm the NRXN2 control regi on.

Toobt ai more gl obal overview of the transcriptione
i nductiongPCRes LmplPes werws ed bfseerqupemapagr ati on of |
Sequen@®iGBgi braries tosemeranoarinysCrsl.P Aver agSerq t he
signal across the five mAI RN integration sites de
nucl eosome depletion phenotypes are not artehsetrri ct
extend throughout the erktbhFr g9 ephAstehi coasalwyusits C

average signal of all five integration sites due
behavior could be detected in th€octlhise emnad, nitagn
RNAPI | Ser 2P and-shkiqgs tdar eb pH 3b-f GBIBK b upstream and dc
of the reporter sites. Surprisingly, RNAPI | Ser 2P

sequence but frequentlgye nemi endwdd &b ehged nedk oigeEemao u s

P M



(Fi g9BFor ex&LhEl esli teéi spl ays increased | evels of R

treat ment , whichupstepdedi nhtonitheseXqU2engeneff arh
several thous&ng@g9)kase pairs (
A mAIRN reporter B RNAPII Ser2P - DOX vs Ctrl
—_—  5102bp —— 15
Chr 2 site 1 "
, 1000bp ~2.000bp 3.000bp 4.000bp  5.000 bp 1.0
Ctrl [0-17] Chr 2 site 2 0.5

RNAPII _
Ser2P 4h DOi [0-171 Chr 5 site 0.0
— A “ L P -0.5

Ctrl [0 - 0,88] Chr 9 site
Histone ‘_A_‘#LL

1.0
Chr 10 site
H3 4h DOX [0 - 0,88] 15
o -5.0 site distance 50kb
mAIRN
C chr2:104,936,611-104,945,675
9.065 bp
104.92}7.000 bp ‘ 104.92‘59.000 bp , 104.911 .000 bp . 104.9?3.000 bp ‘ 104.94'-5.000 bp
Ctrl [0-1,77]
RNAPII
Ser2P | 4h pox | | [0-1,771
Ctrl [0 - 0,36]
Histone hidk_ o .I‘ “ A- ‘ - ‘
H3 | 4hDOX ' [0 - 0,36]
MRPS9-AS2
Fi gube RNAPI I Ser2P | evels are increased in genon
reporter sites
A)Representative genome browser snapshot of RNAPII Ser?2
reporter construct in DOX treated -phaseatcelalted condi't
B)Heat map showing log2 fold change of RNAPI I Ser 2P si gl

5kb region surrounding t(htehlkibnZbeignr actoinotnaisniitneg |tohcea tn AolnRs
i s not i ndlpudbdead) sikE0

C)Representative genome browser snapshot di splaying RN
MRPSAS2 | ocus which contains the Chr 2 site 1 integra
as A)n Sequencing | ibraries wererFidgéAawaekl fr om sampl es
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To test whether elevated RNAPI I Ser2P occupancy W
performePd RRTanal ysi sMRP&8RRZ2®sd iggneg,in direct vici
reporte+ owals upd egul ated EFpEMADOKNt ceat mant, neigh
of t h2xe GhoERSHNETK9 orl ChsFAM2 %(AGLUD1 | ocated furthe
from the integration site wErgOWotDaéfecoctelei pr ¢ e
uni directionalRNARIelnsSeorn2 Pofs itghnea | beyond the repor
the result of readthrough transcription that is d
ON promoter controlling mAI RN transcr i pteigone.e sWhi I
of readt hroughFitgrBa®,s crainp8 0BBingt hed GCshirt e did not €
transcription obBt3WdCde the reporter (

Reporter induction did not induce any gl obal der e
genomiicns in direct vicinitty §bA. tMaesti nitrego ratt a rotnl
nei ghboring genomic bikrbs i (st teexcrl agcerdt g ogn ttéheofvi S u
RNAPII readthrough were undlitgelrBE)d iTrhitsh ediart aH 3 uogcgcel

the H3 | oss phenotype cannot be explained by high
but is rather speclibopabhg TRCveEormgtitdbe &Kf the n
hi stone H3 Il evels FegaBneldnusechmamgy,d t(hese findin

Rl o@pi ven TRCs can cause a reduction of || ocal nu
| ocal chromatin environment and increasing its v
destabilization.

)
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A MRPS9-AS2 CERS6 STK39 FAM25A GLUD1

o 9888
0.3301 0.9984
— 0.9984 0. 9956 0.9999
80-0.0003 0.0019 2.5 >0.9999
o | l
: P >0.9999 0.0056
2 60 . 5 2070, —
< : 2 >0.9999 0. 4501 o 8283
E 2 1.5 1
£ 407 E L, o G1
2 2 @ G1DOX
£ 20- § 0.5 o s
(]
® o 0.0 @ SDOX
Chr 2 site 1 - intron Chr 2 site 2 - neighboring Chr 10 site - neighboring
B ¢chr9:137,616,195-137,636,913
20 kb
137.618 kb 137.622 kb 137.6?6 kb 137.630 kb 137.634 kb
1 1 1 1 | ] 1 1
Ctrl [0-0,79]
RNAPIISer2P | ox [0-0,79]
Ctrl [0-1,07]
Histone H3
4h DOX [0 -1,07]
ARRDC1-AS1 EHMT1 EHMTA EHMT1
C chr10:87,019,146-87,059,207
40 kb
87.020 kb 87.030 kb 87.040 kb 87.050 kb
1 1 | 1 L
T
ctrl [0-1,25]
RNAPII Ser2P

4h DOX | [0 - 1,25]
Ctrl I ‘i - 0|91]

Histone H3

4h Tx | I || [0 -0,91]

——t—
FAM25A GLUD1

Fi gu3fbe Readt hrough transcription of the activated
genome iwpacsifie manner

A)RFTgPCR quantification of expression |l evels of genes
integration sites. Synchphas e edelGls owe rde Qg ir el te@® Xwvdi tSh
forh 4 n=3). sBroSwr ©Pads-wayy ANOY¥A with Tukeyds multiple

B)Representative genome bkbwsemgisnapsamo®uofit agrdthieorChs
region (orange bar) showing RNAPI IDOXerr@dtreaducht hiesat ende
conditions inpétweehrcehized S

C)Same as inkB) regioa 40ound t hel0i,ntwehgrcaht iad ik dsM@tedaAt can nGh
anGLUDdlenes.
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A RNAPII Ser2P - DOX vs Ctrl B Histone H3 - DOX vs Citrl

© o -
e mMAIRN significant
< - non-significant
© ]
5 5
z° T °
£ £
o o~
2% g
T A e mAIRN significant T
non-significant
? ?
T T | T T T T T T T T T
00 05 1.0 15 20 25 00 05 10 15 20 25
log10 mean counts log10 mean counts
Histone H3 - DOX vs Ctrl
1.5
Chr 2 site 1
1.0
Chr 2 site 2 05
Chr 5 site 0.0
Chr 9 site 0.5
-1.0
Chr 10 site
r -1.5
-5.0 site distance 5.0 kb

Fi gu3l Loss of nucl eosome occupancy-l oemareporctoar
sequence and does nwitdeoccur genome

A)MA plots showing differential ChkeBuét akjhh ath$inogfnidlichaanlt | R
changed mAI RN bins are highlighted in red, not signif

B) MA pdfdtht one H3 iChlfPheigamé pa@aAnameters as 1in

C)Heatmap il lustrating the | o0og2 fold change of histone
5kb region surroundi ng t hOelb pbritne gri &tei.on site | ocations

46H3 K79 met hyl ateinorni chhsesthm@®iCf i cati-on at
| oop reporterwiacdhel genome

Beyond the incraeaasesisnbchiomatriesul ting from nucl e
TRC anldoo® i nducti on cohlurldmaitmma cfdesad sulr seeesrhaalvepaper
reported altered l evel s of hi stone posttransl at
met hyl ation (H3K4me), H3S10 phosphorylation (H3S1
mo d e | sy8Bagmehiu et al ., 2023; Chong, elt aGeéci ded 2t

comprehensively analyze histonet REpieevino umAll \RNi d emt

PN



mar ks as a candiqdPaGR elxipsetr ifroerntGh |l A mp,dr ti anrctl luyd,e df
sitesi de histone H3 ChlIP from the identical nucl e
the |l oss of histone H3 occupancy at the induced m/
|l evel s ackiog2dAlmgleyr estingly, the | oss of histone |
4h of DOX treatment in arrested G1 cells and furt
phase with simultanEhius ®EOXerewagtoisamr ewaesrl cbasi ed e
primer pairs along (Fh@&?2Bkposrutgeggre st e quwencheat acti ve
could further reduce nucleosome occupanclyopomn ef
stabilizati o-phbhyge TFTRSBeleadainnd Sdi s cNicsisfl fomrnent i al H3 oc«
was observed at the wunr elsautgegde sNRXIN2 tchaarntt rtohli ss ietféf
mAl RN TRC (Fe@apter

A Split chromatin qPCR analysis
— E— Histone modification ChIP
H3 normalized quantification
__ of histone modification
Crosslinked and - Canonical Histone H3 ChIP ——
sonicated chromatin
TSS mAIRN# mAIRN#2 NRXN2
- - - -
L2 > 3 > > > > > > . <
—-
TRE Promoter mAIRN SV40 poly-A NRXN2 (Exon 5)
C Hschr 05277 D Hsche
0.1484 ' ' D 9670

— 0.0695 0.0137

o
c
¢ 0.259 0.0163 0.0031
s

Q u
£ 0.204 o
& 0.15-
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FigwB2eoss of nucleosome occupancy is -phaserdalled

A)Cartoon of the ChlP worTkRFal ewe udseerdt floirs tsocnrree emo dhigf i c at
tested magdai fniadathieadn Chl P of canonical hi stone H3 frc
conducted, allowing for subsequent H3 normalization.

B)Schematic representation of the mAI RN I ocus of the i
near NRXN2 exon 5. Locations of the teamdlRXNR)meém pai
subsequent ChlIP experiments are indicated as bl ack beze

C)Hi st one H3 Chh Pr eilne-p&la doerS cde | | t r gt/ end WIOKh f@BoHBetel s
were quantified at the reporter sequence with pri mer s
control |l ocus (n=3). Err oiwgbaArNSOVIAN dviid dnit F uER.y 6Qr dniumh & i
test .

D)Same &%f drm the NRXN2 | ocus.

H3
de
ch
fo
p h
bu
(Fi
H2

- T T ~—
> o < — 3

K4 trimethylation (H3K4me3d3) is frequently depos
creasing 56 to 360 gradi eriBKanédrloylgwasud m echeentd g
aracterized as a mitigator of TRCs by acting as
r(khong et. aConsik2oéntl ydeplenfdennd isnchD@Xse of H3

ase cells at primer |l ocations mAI RN#1 and mAI RN
t a region just upstream of the TSS or the unt
§3A) Moreover, recent work demonstrated that a
AK119ub | eads to transcriptional repregdaon and
al .., I2n02a2g)r eemenkKl,l19ubf oondeDBMrriecaBtpeddas @ cel | s

rticularly at the TSS and 56 region of the mAIR
cupancy between the conditions could be detectec
tFé §(3)B. Lasel pehaviorrani HBKmMmOt Wyl ati on ( H3IK7 9 me

d uomaisomonat oreed mAI RN reporter. H3K79me2/ 3 was
omoters and gene bodies (&ft eqgetri vdl pltrnardOBI, b &¥e
t also to aid DNA replication at a Subset of o]
crui tTneebdBi ndfi ng (PBBPEFwWLm €t al ., 2013, rMakiemg eitt ad
teresting target to study in the context of TRCs
rongly enriched at al | tested | ocations of t hi

rticul arl POMIngdhuSipdiaesleskied 3 ®) ( I n contrast, no cl
en at the NRXINR2 xlointc onhdHifo§cu@®s. t est ed
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Enrichment over Intergenic

H3K4me3 ChIP
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Fi gu3r3eH3 K4 me 3, H2 AKldl OHHIDK79 met hyl-ennin iooh ed ec HIrRCma t
modi ficati olnso@mtr ¢ h@r tRer

A)H3 normalized -§BERmeB hGirlefrepdsasieScel | tr®&atmd WOXh 0
forh.4 Occulpawnelys of the respective histone modificat
sequence with primers at TSS, mAIl RN#1, mAl RN# 2, or
indicate SD.w®y dAM@QVA winteh Tukeyds multiple compariso

B)Same @&9f damm -RCR of H2AK119ub.

C)Same &Af drmm -GRCR of H3K79me?2.

D)Same &sf dam -GRCR of H3K79me3.

To independently validate t hese findings, I c ho
bi oinformatic approach to test for the enrichment
genomic HO or CDOHamgerrlegdtonasi .hr i2dfL,7)put ati ve genc
defined by oveehapdptagf DRI thapp, nGbowhadRquemci ng ( GI
seq) data f ohiemgmaditatfeg itngmanscriptional activity o
sequencisnegq)( Gkat a for mapping of replication origi
these three publicly availabl e gwindoemiTcR Cd aheoateseptost si
defined based on genomic regions, in whoiocph froe priincga
genes t hat are act ipvheasyi g#AAnNnsEurbeer mar e§ trans
pol ymerase at t hese hot spot s haivieecttheenahlncer ¢
replication forks either in HO or CD direction,

oriented TRCs. After the identification of these
ChlsPeq data were obthaishnedef onoddif i tat@éons in Hela
overl ayed over the TRC hotspot regi ons. H3 K4 me 3,
symmetric distributions between HO anHi &DB)s.i des w

I n strong coret2r aasntd, HB3KK/79mMe 3 showed a drastic asy

regions, implying that these modifications might
(Fi 4F) H2AK119ukBeqQhldmta were only publicly availa
cells and did not show meaningful enrichment of
regi ons, suggesting that the disparity bted ween th

i nconc(Fugi4¥pe
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ChlIP signal

ChIP signal

ChIP signal

Transcription

H3K4me3 ChIP
2.00 ;
1.754
1.50
1.254 HO CcDh
1.00 |
O'TSIWM/\W
0.50 1 I I | I
-10 -5 0 5 10
Distance from Origin (kb)
H3K36me3 ChIP
2.00 g
1'75-W
1.50
1254 HO CcDh
1.00+
0.751
0.501— T T T T
-10 -5 0 5 10
Distance from Origin (kb)
H3K79me3 ChIP
0.08 | :
0.07 HO co
0.06
0.05
0.04-
0.03 :
|

I | | 1
-10 -5 0 5 10
Distance from Origin (kb)

ChIP signal

ChIP signal

ChIP signal

Replication
H3K27me3 ChIP
2.00 ;
1.75
1.50
1.25 HO CD
1.00 H
0.75- |
0.50 1— T | T T
-10 -5 0 5 10
Distance from Origin (kb)
H3K79me2 ChIP
2.00 ;
1.75
1.50
1.25
1.00
0.75
0.50 I I I I I
-10 -5 0 5 10
Distance from Origin (kb)
H2AK119ub ChiIP
0.075- HO : cD
0.070 -
0.065
0.060 -
0.055
0.050 -
0.045 -

1 1 I I 1
-10 -5 0 5 10
Distance from Origin (kb)

Po



Fi gwBrde H3K79 met hyl at igenn ansi ce nTr RICohagndd saRt e s

A)Cartoon for the selection of genomic regions prone t
r

l
[

intragenic origins of replication within actively t
B)Analysis ofCIHBK2Z2MaEBHIK3I6EME)HI K79 me2F) HEAKAd9me3s€E€pl P
signal from HelLa cells at intragenic origins residing
surrounding theklb eign ofnisz s pamd 2ar ek bp oaswiatyi of nreodm aptr ol neoat set
terminators. Era5rcbahiddesbewi aterval as determined
G)Same &BF)ioor H2AK119ub ChI P signal in MCF7 cell s.

Building on this initial evidence of H3K79me2/ 3 a

l oop sites, I was curious whether a ¢gllobmd amodr e
H3K79me2/ 3 occupancy exists. Fol | dwi n(gq DRRd PK daalt lai
defifhe®@oR prone genomic regions in Heoloap cfeolrinsi,n gl as

no-RI oop forming regions and quantified H3K79me2
Crucially, both H3K79me2 andiH3ImBoOoOPmda o rahi mmwge & elgii goh
compared to the control set, further establishing
l oops and HBK@B9Wwe 2wh3 cth coul d at Bl daep ofbegxeannvpel de a't
gendA€CTBNnRPL1BA §5) Col l ectively, these findings de

reporter system can recapitulate the behnnel atrad dy

hi stone PTMs |l i ke H3K4me3 and H2AK119 and furthe
met hyl at ioadn fassada ilmn rel-fvaptbtol ®B¢€. and R
H3K79me2 H3K79me3 chr7:5,525,714-5,532,514
7 kb
] 32640 520363 32640 520363
€10 — ; 5.526 kb 5.528 kb 5.530 kb 5.532 kb
=] ! L L 1 1 1 1 1 1
g s | [0 - 4.09]
:olm T orr e el
N —_— h
= . : ' i [0-2.01]
g 4 : : H3K79me2
E 24 - : - [0 - 4.02]
~ - : . H3K79me3 ‘ . I
gj 0_ JE— —_—
e I T I 1 ——
HeLa DRIP peak overlap ACTB
C chr19:49,487,436-49,501,664
14 kb
49.490 kb 49.500 kb
1 1 1
[0 - 5,32]
gDRIP . II‘“ P
[0 - 3,82]
H3K79me2
[0 - 5,35]
H3K79me3 ‘ P
———h-H{-Ham i 1
RPL13A SNORD35A RPS11 MIR150
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Fi gwBr5e-lIRoop and H3K79 met hyl awiicben overl ap genome

A)Bopl ot comparing H3K79me2 and H3K79me3 ChlIP signal at
() wi-tdoRs . Bkim. sBmzke iGndi cates number of genomic bins.

B)Genome browser snapshot of a -gempnmnine ACdmdpllecnusgifarm:!
showing over l-a@@, nHg3 KDRMe2, ands eHB Ks7i9gmea3l Ghnl PHelLa <c el

C)Same &B9fdrm a similar reffodmral@migh8Ai hgci%.eo®R chr

47Eval uation of the role of H3K79 methy

Foll owing the identification of H3K79 methyl ati o
involved in the regludmaps,onl owasTREBsagearndt R el uci dat
modi fication has any functionalDQTellLe viasncteheato nfIRC

hi stone met hyl transferase capdiNigay et &exhmaintgi, n g2

Consequently, [ inhibited DOT1L activity in the T
i nhi bi t5®6r76ER2Pi nometostat, DOT1Li), whi ch has bee
specific in reduchDangg!|D>OTeltlL Vid chi, e 2i0ELY8gd | ysi s of cel | ¢
50M DOT1Lih froersuln2ed in a gl obal |l oss of about 4 (
compared to |l oading controls GAPDH and ORCR. Il n c
was insufficient(Figpadhtamgride&hedmeaxi th existing |I|i
H3K79 demethyl ase has been identified to dat e,
treat ment can successfully prevent the new-deposii
3edl divisionexosdtdihgt enar kef gkertiotedl ad hr, o @0t1i9n
35
o oo ~

ORC2 —— —

1.0 0.9 0.6

Fi gwBr6e Pr ol onged DOT1Li i nhibition reduces gl obal

Representative Western blot of HOK7D0OdAL|I enveHSHi7bhoonel E
or DMSOh foorh. BAPDH asdraps®Rd20adi ng controls. Quantificat
i ntenwartd ersor mal i zed taor eOR@2e wsaitg nveel teond he DMSO conditic
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For specific analysis of H3K79me2 signal at t he
normalized H3K79me2 Chl P. Expectedly, cells in L
dependent increase of H3K79me2 | evels atNP2her mAI R
AdB contr &li 3 At e€r @gci all yh) band m@mrcabt)entyreBaa t(ment w
DOT1Li entirely abolished the previousFyg8d®served
These results suggesdtepansdpadci fdiepthIH A DOXtohy | at i on
MmAIl RN reporter sequences via acti-gRCRAdw®HOTAdandAst
wi t h hi stone H3 nor mali zati on, | wonder ed i f DO
occupancy and maybe promot es st haet otbhsee rTvReGl rneupcol retoesro |
of DOT1L homanltho®™@B d8 not prevent or alleviate the n
MAI RN sites seen ufrog 7BOX hiursd uscutgigoenst i ng t hat t he
occurs independnenthlyy aof oH3lKne DOT1L action.
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Figu7ie HBK79me2 is activiehgudego$SRCedepbdbrthe sites

l OH3 nor mal i zed HPBKTR mie CehllIPsOM r2@T leld iwi t-BB6iB6) dih o¢ EBZ
and h72 Cells were als®gt meaDOX. wHB8K70me?2 llevels were
mAl RN#1 or the NRXN2 and ACTBrc dratrrsolOmdii fteaawa y S8 ) .
ANOVA with Tukeyds multiple comparison test.

.0Corresponding histone H3 ChIP for the mAIRKRN#1 and NR>

To obtain morehrewliedemfceD@TorL i n TRC biology, | conc
and PCNA to test whet her DOT1Li can increase TRC
results,habDOGXorted&t ment did not cause changes in
condi Fi@g®s (n contrash,r®&dddéed dlooab&l2 TRC bur den
without TRC reporter activation. This is most I ik
el ongation and thus Ilow®eredP loerv edisr comatRMAPIa phe
reported filot eD@®@Tllit al ., 29t0r8i;k iWug leyt, aclo mb i2n0e2dl )t r

DOT1Li hanbDOX i nduction caused an inEr §8&3ei nopfl yiRnQy |
t hat DOTI1L activity is regpiiedtifon poopéei nataonsc

to oveacwimel y TRECdoncedr model reporter cell I ine

PLA RNAPII Ser2P:PCNA
0.8168  0.0782

J
Wﬁ?%$

T T T T
Ctrl DOX Ctrl DOX

Number of PLA foci

DMSO DOT1Li

Fi gu8e Combined DOT1L and DOX treat ment exacerbate
cell s

Quantification of TRC PLA foci (RNARISle $Sed2B.arceé!| PENAe:
with DMSO or DBOTCEei |l towe72 al sCg/tmle aDtQixd fwixt3H4. 0 Bar s1 i nd
mean val 88s Umiptahiersetds .t

These data suggest that DOT1L is specifically rect
inducti on. To gain mombomecthasi steicec uil hneght £an oc
the reporter sites, I considered the possibility

continuous association with =either the transcrip
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perfor med PLA assays using pri mary antibodi es a
component PCNA. I nteresth nOWPICINA PobBubsbchumbel dobe
particul apdsyi tipiveEdSUcel | s, suggestingwitthhata DOpreddi fc
fraction of act i(wiegaMB)pTheaspeai ffioadiktsy of this PL
veri fied kwiox ksbdRV/NAOT 1 Lh f(ogi I@MIsIDOT 1tLr eat me nt reduc
DOT1pLr otlecivre | s% bgmpdr adnbarmgetsi RNA comnmdolst ¢ ®ingGt ry!
reduced t he H3Ky0IWei28 $)CComrarlespondi ngl POTEtM@&NA umber
PLA ficmcisi DOT1L wasndsitgminfsi cawhehy coemga€edleltlos si
(Fi 8§9D). Moreover, single antibody <controls for PCN
det ect ablien dfiacccaiwwi hgc k g r oFuingd9 BMogrtali nt erestingly, TI
by DOX demonstrated ®#CNAduat daBOB)obtOAdlLeby indic

t hat DOT1L dissociates from active replication f ol
notion that DOT1L may be released from the replis
posteplicative chromat2i/itmet3o deposit H3K79 me

21N































































































































































































































































