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CHAPTERI
INTRODUCTION
The DNA damage response

Human cells must accurately replicgreater that® billion base pairs of DNA each time
they divide.Human cells are also constantly exposed to exogenous agents, such as ultraviolet
(UV) light, and endogenous agerdgsich as reactive oxygen species (R@&®t cause thousands
of DNA lesions in each cell every day. Cells must carefully coordinate DNAagph and
DNA repair to ensure that chromosomal aberrations are not passed from one generation to the
next. An accumulation of such mutations can result in cell death or camser Coordination of
DNA replication and DNA repair is controlled by a ssrbf signaling pathways that are
collectively known as the DNA damage response (DDR). The DDR regulates DNA replication
and DNA repair, but it also coordinates these processes with the processes of cell cycle control,

gene expression, senescence, andtapigiCiccia and Elledge, 2010)

Initiation of DDR signaling pathways primarily controlled by three proteinataxia
telangiectasia mutated (ATM), ATM and Rad3 related (ATR), and ipendent protein
kinase (DNAPK). ATM, ATR, and DNAPK are large protein kinases that are activated in
response to DNA damage. Activation of these kinases results in the phoapboryt hundreds
of additional proteins that function in the DDFhe importance of the DDR kinasteshuman
health is underscored by the fact that mutations that disrupt their function cause severe physical
and cognitiveproblems Mutations in ATM causataxiatelangiectasia (A). Patients with AT
exhibit loss of cerebellar neuron function, which causes ataxia, and have alsloodalessel

dilation (telangiectasia). Additionally, A patients are immunodeficient, profoundly sensitive to



ionizing radiagion (IR), and have an increased cancer predispogifanll, 2015) Mutations in
DNA-PK catalytic subuni{DNA-PKcs) cause severe combined immunodeficiency (SCID) as

well as body dysmorphia, growth retardation, microcephaly, seizures, and impaired neurological
function(Woodbine et al., 2013Mutations that comprorae ATR function cause Seckel

syndrome, which is characterized by primordial dwarfism, microcephaly, craniofacial
abnormalities, and mental retardat{@iDriscoll et al., 2003)Although mutation# all DDR

kinases cause severe diseases, it is important to noteritecomplete loss of ATM and DNA

PKcs function is compatible with life, complete loss of ATR is(Menolfi and Zha, 2020)

Thus, ATR may be the most important of the three DDR kinases.

Below, | will discuss the specific functions of these kinases in the DDR. Their structures
and mechanisms of regulation will also be exahiffdework in this thesis describes how ATR
activation is stimulated, so ATR will be the kinase most thoroughly discussed in the following
sections. Finally, | will describe how our knowledge of the DDR is being used to improve cancer

treatment, with a gzial focus on ATR.

DNA-PK and Norhomologous end joining

DNA doublestrand breaks (DSBs) are the most deleterious DNA lesions that occur in
cells. If unrepaired or repaired incorrectly, these lesions can result in cell death or chromosomal
translocations, and possibly tumorigenesis. Cells have evolved two ppaiavays to repair
DSBs nonhomologous end joining (NHEJ) and homologous recombination (HR). NHEJ is the
predominanDSB repair pathway and functions in all phases of the cell cycle. DSB repair by
NHEJ occurs by direct ligation of the broken DNA ends srgenerally considered to baor

prone Repair of DSBs by HR occurs in only S and G2 phase of the cell cycle and requires an



intact sister chromatid to serve as the repair template. As such, DSB repair by HRfieerror

(Scully et al., 2019)

DNA-PK is required for DSB repair by NHEJ. Upon DSB formation, the KU70/80
complex binds the DNA ends and recruits the DRIKcsto form theDNA-PK holoenzyme
which is required for long range synaptic complex formafdraham et al., 2016)
Subsequently, additional proteins including XRCGIG&4 (Critchlow et al., 1997; Grawunder et
al., 1997) XLF (Ahnesorget al., 2006) PAXX, and MRIare recruited to DSB&ig 1.1)
XRCC4LIG4 and XLF are required for short range synaptic complex forméBogham et al.,
2016)and PAXX, through a direct interactionth KU, stabilizes the core NHEJ machinery to
allow for efficient repai(Ochi et al., 2015MRI also promotes retention of the core NHEJ
proteins at DSBs vian interaction with KUand XLF(Hung et al., 2018)At a subset of DSBS,
DNA-PKcsrecruits and phosphorylates the gardcessing enzyme ArtesFig 1.1)
Phosphorylation by DNAPK stimulates Artemigsuclease activityMa et al., 2002)DNA-PK
also autophosphorylates at multiple sites, and these phosphorylation events are required for
shortrange synaptic complex formati¢@raham et al., 2016; Jette and L-d&ifler, 2015).
Current data suggests DNPKcs physically blocks DNA enligation and that
autophosphorylation relieves this blockddeng et al., 2015DNA-PK phosphorylates several
other NHEJ factors including XRCQCritchlow et al., 1997)however, whether any of these

phosphorylation events are required for NHEJ is unclear.



Figure 1.1 DNA-PK regulates NHEJ.NHEJ is the major fon of DSB repair in human cells

and occurs in all phases of the cell cycle. Upon DSB formation, the DNA ends are rapidly bound
by the KU70/80 complex. KU recruits the DNAKcs to form the DNAPK holoenzyme.
Subsequently, additional factors XLF, MRI, XRGCHK>54, and PAXX are recruited to DSBs.

Both MRI and PAXX, through an interaction with KU, stabilize the core NHEJ machinery, and
XRCC4 stimulates LIG4 ligase activity to seal the break. At a subset of DSBs;HBN\Acruits

and phosphorylates the eptbcessg enzyme Artemis. Artemis function at DSBs with non
ligatable ends to ensure DSB ends are compatible prior to final ligation-FXNA

phosphorylates several NHEJ proteins and also autophosphorylatesPRNA

autophosphorylation is required for proper ¢oithing.



ATM and DNA DSB repair

Like DNA-PK, ATM primarily functions in response to DNA DSBs. However, ATM
signaling is important for NHEJ and HR. ATM signaling also causes transcriptional changes and
activates cell cycle checkpoints, and dependindherséverity of the damage, can trigger

senescence or apopto@ackford and Jackson, 2017)

ATM activates a DNA damage signaling cascade at DSBs that recruits multiple
downstream effectors needed for lesiepair. The MRE1-RAD50-NBS1 (MRN) complex is
rapidly recruited to DSB sites where it then recruits and activates @cBMk et al., 2005; Lee
and Paull, 2004, 200%kig 1.2) Activated ATM phosphorylates the histone variant H2AX on
S1d, <cr eat (Scully armd Mig, 2043) o H2 AX r e ¢Stuokietas, 2009 C 1
another ATM substrate, and ATMependent phosphorylation stabilizes MDC1 at BSB
(Jungmichel et al., 2012; Liu et al., 201B)g 1.2) MDC1 is simultaneously phosphorylated by
CK2, and this phosphorylation promotes MDC10s
retention on chromati(Melander et al., 2008; Spycher et al., 2008)is positive feedback loop

increases ATM recruitment to DSBklereby amplifying ATMdependent signaling.

MDC1 phosphorylation by ATM stabilizes MDC1 at DSBs, but it alscegates a
platform for the recruitment of additional DDR proteins. One such protein, the ubiquitin ligase
RNF8, binds phosphorylated MD@Huen et al., 2007; Kolas et al., 2007; Mailand et al., 2007)
RNF8 ubiquitylaes the linker histone H1, which results in the recruitment of another ubiquitin

ligase, RNF16&Thorslund et al., 2015Fig 1.2). RNF168 ubiquitylates K15 on H2A variants,
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Figure 1.2 ATM orchestrates DNA DSB repair.ATM is recruited to DSBs by the DSB sensor
complex MRN, and MRN stimulates ATM kinase activity. At DSBs, ATM phosphorylates the

hi stone variant H2AX to create 9H2AX. 09H2AX
promdes MRN retention at DSBs. ATM also phosphorylates MDC1, and phosphorylated MDC1
recruits the ubiquitin ligase RNF8. RNF8 ubiquitylates the linker histone H1, and ubiquitylated
H1 is bound by another ubiquitin ligase, RNF168. RNF168 ubiquitylates K15/AVHi2ants,

and this facilitates recruitment of the adaptor protein 53BP1. Al€pkendent 53BP1

phosphorylation promotes DSB repair by NHEJ and suppress repair by HR.
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and this ubiquitylatiomecruits the adaptor protein 53BHradetTurcotte et al., 2013p3BP1
antagonizes DNA entesection, the first step of HR, and thereby promotes DSB repair by NHEJ
(Fig 1.2) In addition, 53BP1 is an ATM substrate gitsphorylated 53BP1 interacts with two
additional proteins, PTIP and RIFiunozet al., 2007)Both the 53BP-PTIP and 53BP-RIF1
interactions are important for directing DSB repair to the NHEJ patfBlagkford and

Jackson, 2017)he 53BP1RIF1 interaction may be especially important as this cerpl

functions to recruit another multiprotein complex, Shieldin, that promotes DSB repair by NHEJ

(Greenberg, 2018)

ATM signaling also promotes NHEJ through direct regulation of proteins that actively
carry out NHEJ. ATMdependent DNAPK phosphorylation contributes to Artemis recruitment
to DSBs(Jiang et al., 2015pand ATMdependent Artemis phosphorylation is required for repair

of a subset of DSBs HYyHEJ (Riballo et al., 2004)

ATM phosphorylatesumerougproteins in response to DNA damage, and although
several of these proteins are important for DSB repair by NHEJ, ATM also phosphorylates
proteins that are essential for DSB repair by HR. ATM phosphorylates all components of the
MRN complex(Matsuoka et al., 2007)he DNA endresection factor CtIPShibata et al., 2011;
Wang et al., 2013and BRCA1(Cortez et al., 1999ATM dependent CtIP phosphorylation
promotes DNA endesection(Fig 1.3) the first step in HRand is also ragred for BLM and
EXOL1 recruitment to DSBs, two proteins that promote {cagge resectioflWang et al.2013)
ATM-mediated DNA endesection also facilitates ATR recruitment to DSBs, thereby promoting
checkpoint activatiofAdams et al., 2006; Cuadrado et al., 2006; Jazayeri et al., 2006; Myers

and Cortez, 2004Fig 1.3). Importantly, ATMdependent CtIP phosphorylation depends on
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Figure 1.3 ATM regulates HR.ATM recruitment to DSBs by MRN promotes DSB repair by

HR. ATM phosphorylates the essential resection factor CtIP, and together, MRN and CtIP

perform shorrange endesection. Importantly, ATMlependent CtIP phosphorylation is

dependent on prior CtIP phosphorylation by CDK, thus ensuring-Aiépendent CtIP

phosghorylation is restricted to S and G2 phase. Following stamige endesection, longange
resection by EXOl1l generates the 36 ended ssDN
generated by DNA entksection also recruits ATR to DSBs via the sirgjlande DNA

binding protein RPAATR signaling promotes DNA repair and activates cell cycle checkpoints.



Figure 1.4 ATM promotes HR at collapsed replication forksReplication forks that encounter
DNA lesions such as singltrand breaks collapse aftim singleended DSBs (seDSBSs).
seDSBs are repaired exclusively by HR, and ATM activity at seDSBs promoteseldited
repair while suppressing NHEJ.
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prior CtIP phosphorylation by CDRWVang et al., 2013)Fig 1.3) This regulatory mechanism
ensures that ATMlependent CtIP phosphorylation only occurs in S and G2 phase of the cell

cycle, when a sisteehromatid is available to serve as a repair template.

HR regulation by ATM is also critical at replication forks. Replication forks that
encounter ssSDNA breaks collapse and form steglé DSBs (seDSBsATM function at
collapsed replication forks ensures these forks are repaired properly by HR, and not improperly
by NHEJ, which wouldtherwisecausechromosomal aberrationisatcould lead to cell death or
tumorigenesigFig 1.4) ATM-mediated DNA endesection at seDSBs limits KU binding at
these lesions and blocks XRGCH#54 dependent enpbining (Balmus et al., 2019; Chanut et

al., 2016)
ATM and cell cycle checkpoints

ATM coordinates DNA DSB break repair with cell cycle gmession by activating cell
cycle checkpoints in response to DNA damage. In G1 phase cells, DNA damage activates ATM
and causes ATMiependent p53 phosphorylation and stabilizafieég 1.5) p53, often referred
to as t he fAgua  rwhenatabized factivatesa trgnscniptiona network that
causes cellular senescence or apop{@igoh and Ziv, 2013)Through this mechanism, ATM

signaling prevents cells with damaged DNA frbeginning DNA replication.

ATM is also activated when cells undergoing DNA replication experience DNA damage.
This intraS phase checkpoint is initiated by ATd&pendent phosphorylation of CHK2. CHK?2
subsequently phosphorylates CDC25A, a phosphatasactinstes CDKs (Fig 1.5). CHK2

dependent CDC25A phosphorylation causes CDC25A degradation and thereby halts cell cycle
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Figure 1.5 ATM activates cell cycle checkpointdDNA damage activates ATMependent cell

cycle checkpoints in G1, S, and BRase. In response to genotoxic stress, ATM phosphorylates
its main downstream effector kinase CHK2. CH#é&pendent phosphorylation of the CDC25
phosphatases prevents CDC25 mediated activation of CDKs and slows cell cycle progression in
G1, S, and G2 phasAdditionally, ATM-dependent p53 phosphorylation activates the G1/S
checkpoint. p53 activates a transcriptional program that promotes cellular senescence or
apoptosis, thereby preventing cells with damaged DNA from beginning DNA replication. During
S-phag, ATM-dependent phosphorylation of SMC1 and NBS1 activates theSrfase

checkpoint.
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progressionn S-phasgFalck et al., 2001)and in G1 and G2 phagkeukas et al., 2004 ATM
also phosphorylateSMC1 in response to DNA damage, which blocks radioresistant DNA
synthesigYazdi et al., 2002)and NBS1, which is critical for activation of the inBgphase

checkpoint{Gatei et al., 2000; Lee et al., 2003; Lim et al., 2000; Zhao et al., PBIg0).5)

ATR is the replication stress response kinase

ATR is activated by a greater variety of DNA lesions than BIR@and ATM. Lesions
such as DNA intestrand crosslinkCLs), UV light adducts, DSBs, and damaged replication
forks all activate ATRand he common structure thedgcruits ATR to these lesions is RPA
coated ssDNACimprich and Cortez, 2008ATR activation at both stalled and normal
replication forkscoordinates the processes of DNA replication, DNA repair, and cell cycle
progression, and is essential for cellular proliferation. ATR regulates multiple cal cycl
checkpoints including intr&, S/G2, G2/M, and M phase checkpoints, controls origin firing, and

stabilizes stressed replication foll&aldivar et al., 202).

ATR and cell cycle checkpoints

ATR exerts many of its effects, including the activation of cell cycle checkpoints,
through its downstream effector kinase CHKiL.response to DNA damagéHK1 is
phosphorylated by ATR at residues S317 and S34%eadion that is mediated by the adaptor
CLASPIN (Kumagai and Dunphy, 2000Activated CHK1 phosphglates numerous proteins
including the CDC25 A/B/C phosphatases. CHikcbendent CDC25A/B/C phosphorylation
prevents CDK activation by these phosphatases and temporarily halts cell cycle progression.

CDC25A phosphorylation results in its degradafigiailand et al., 2000; Sorensen et al., 2003)
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and CDC25C phosphorylation causes its localization to the cytoplasm via-8& firbteins

(Peng et al., 1997; Sanchez et al., 1997)

During Sphase, CDK activity is required for origin firing. Specifically, Ciolépendent
phosphorylation oTRESLIN is required for CDCA45 loading at origins and helicase activation
(Yekezare et al., 2013As such, one way iwhich ATR activates the int¥& phase checkpoint is
through decreased CDK activitywhichcauses a reduction in origin firir{ig 1.6) ATR also
blocks CDCA45 loading at origins through other mechanisms. One such mechanism is CHK1
dependent phosphorylatiaf TRESLIN, which prevents CDCA45 recruitment to chromé@ino
et al., 2015)andanoher is ATRdependent phosphorylation of MLL. MLL phosphorylation by
ATR causes increased MLL retention on chromaimd this antagonizes CDC45 loading at
origins(Liu et al., 2010)Limiting origin firing ensures essential replication factors are not
depleted, but it also prevents ataet topological stress that would otherwise cause genome

instability (Morafraile et al., 2019)

ATR also controls the S/G2 checkpoint. This cheakipis regulated by ATR in the
absence of any exogenous DNA damage and coordingtieas® progression with a mitotic
transcriptional prograr(Saldivar et al., 2018PDuring an unperturbedghase, basal levels of
ATR activation signal through CHK1 and CDC25 to rep@ebK1-dependent phosphorylation
of B-MYB and FOXM1(Fig 1.6) If ATR is inhibited during $hase, aberrant-BlYB and
FOXM1 phosphorylatiomesults in premature expression of mitotic gefiég resulting
discoordination betweenghase length and mitotic gene expression prevents complete DNA
replication prior to mitotic entry anthus causes genomic instabil{§aldivar et al., 2018)
ATR-CHKZ1 repression of CDK1 activity in-Bhase also blocks CDKdependent RIF1

phosphorylation, whichestrains origin firing via stabilizatioof the RIFAPP1 interaction
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(Moiseeva et al., 2019Jig 1.6) In addition, ATRCHK1-dependent suppressionasiother

mitotic kinase, PLK1¢coordinates DNA replication with mitotic ongdéemmens et al., 2018)

How ATR is activated to enforce cell cycle checkpoints in unstressed conditions is incompletely
understood, but one mechanism involves inherent replicatiessstaused by low dNTP levels

in early Sphaseg(Forey et al., 2020)

As with the intraS and S/G2 checkpoints, ATR controls the G2/Makpoint through
phosphorylation of CHK1. In response to DNA damage in G2 or unresolved DNA damage from
S-phase, ATR and CHKZ1 activation in G2 prexws@DC25dependenactivation of the
CDK1/CYCLIN B complex, which is necessary for the transition frompBaseto mitosis
(Lukas et al., 2004)Although ATM-CHK2 signaling ontributes to the G2/M checkpoint too
(see above), ATRCHKL signaling is likely more important for this checkpdinin and Dutta,
2007) Additionally, ATR-CHK1 signaling in G2 controls the G2/M checkpoint kinase WEEL.
Upon DNA damage, CHK1 phosphorylates WEE1, which promotes WEEL inhibitory
phosphorylation of CDK1/CYCLIN B to delay mitotic enffiyee et al., 2001; Oconnell et al.,
1997)(Fig 1.6). CHK1 also regulates the G2/M checkpoint through phosphorylation of
FAM122A. CHK1-dependent FAM122A phosphorylation activates PP2A, which results in
PP2A dephosphorylation of WEE1 and subsequent WEE1 stabilization to activate checkpoint

signaling(Li et al., 2020 (Fig 1.6).

ATR activation in mitosis is distinct from ATR activation in other cell cycle stages
because it occurs independently of DNA damage and DNA replication. During mitosis, ATR is

recruited to centromeres in an Aurora A kinase and GENEpendent manner and is activated
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Figure 1.6 ATR activates cell cycle checkpoint&ATR-dependent cell cycle checkpoints occur
in S, G2, and M phase. Duringghase, ATRdependent CHK1 phosphorylation suppress
CDC25dependent CDK activation to slavell cycle progression and restrain new origin firing.
The ATRCHK1 pathway also regulates the S/G2 checkpoint by ensuring €l2géndent B
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MYB and FOXM1 phosphorylation does not occur prematurely and activate a mitotic
transcriptional network prior to-phase completion. ATREHK1-dependent suppression of

CDK1 activity also restrains origin firing through inhibition of RIF1. ATRIK1 signaling

controls the G2/M checkpoint by inactivating the CDC25 phosphatases and through CHK1
dependent phosphorylation of8#1 and FAM122A. Activated WEE1 phosphorylates
CDK1/CYCLIN B, which delays progression from G2 to M phase. Mitotic ATR signaling
activates Aurora B kinase to control the spindle assembly checkpoint (SAC) and ensure proper
chromosome segregation.

17



upon binding taentromeric Roops(Kabeche et al., 2018ATR-CHKZ1 signaling at
centromeres is required for efficient Aurora B kinasgvation, which ensurasaintenance of
the spindle assembly checkpof{SAC) andaccurate chromosome segregaiiBass and Cortez,

2019; Kabeche et al., 2018; Zachos et al., 20Big) 1.6)

ATR and replication fork stabilization

Replication forks frequently encounter obstacles that impede their progression such as
transcription bubbles, DNA secondary structures, repetg@quences, or DNA lesions induced
by either endogenous or exogenous soui@esan and Cimprich, 2014$tabilization of stalled
replication forks such that they can resume DNA synthesis upon removal of the impeding lesion
is a major function of ATRSaldivar et al., 2017 onsistent with this idea, a recent study found
that ATR is especially important féork stabilization within, andhe faithfulreplication of

structureforming microsatellite sequencgshastri et al., 2018)

Staled replication forks that cannot resume DNA synthesis are said to have collapsed,
and fork collapse is often accompanied by DSB formation. ATR activation at stalled replication
forks is required for fork restart and to prevBx8B formation(Couch et al., 2013Fork
collapse that occurs when ATR is inhibited is not due to dissociation of replisome components
(Dungrawala tal., 2015) but instead is likely due to inappropriate activity of fork remodeling
enzymes and structure specific nucleases that can cleave stalled replication forks. Fork
remodeling enzymes such as SMARCAL1, ZRANB3, and HLTF can remodel stallezhtiepli
forks to generate forwvay junctions known as reversed fofkortez, 2019)Although fork
reversal is likely a mechanism of DNA damage tolerance, aberrant fork reversal is detrimental

and can lead to DSB formatigNeelsen and Lopes, 2015)
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ATR likely regulatedork reversal irmultiple ways, but one such way is through
SMARCAL1 phosphorylation. ATRlependent SMARCAL1 phosphorylation prevents
excessive fork reversal and subsequent fork cleavage by-8&p@ndent nucleas@Souch et
al., 2013)(Fig 1.7A). Additionally, ATR-dependent regulation of structure specific nucleases
through dowrregulation of CDK activity ensures reversed fork stability. In G2 phase and
mitosis, elevated CDK activity stimulates SL261.X4 and MUS81EMEL1 resolution of
Holliday junctions(Wyatt et al., 2013)While beneficial in G2 phase and mitosis for the
separation of sister chromatidaberrant nuclease activity imp8ase due to decreased ATR
activity (and hence elevated CDK activity) could contribute to replication fork collapse (Fig
1.7A). Reversed forks are also stabilized by Adépendent XRCC2 phosphorylation, which
prevents naent strand degradation (NS[Haxena et al., 201%inally, ATR caninhibit NSD
by promotingfork reversalindependent fork restart mechanisms. Indeed, in response to
recurring cisplatin treatments, ATéRpendent PRIMPOL #priming confers fork protection in

BRCAIl-deficient cell{Quinet et al., 2020)Fig 1.7B).

ATR phosphorylates components of the replisome and many proteins that are recruited to
stalled replication forks in addition to SMARCALL. Although the significance of all these
phosphorylation events is not known, Ahiediated phosphorylation of replicatistress
response proteins likely contributes to fork stabilization and restart. One such example is ATR
dependent phosphorylation of the MCM comp(€xrtez et al., 2004Fig 1.7B).

Phosphorylated MCM recruits FANCD?2 to replication forks, which in turn reduces fork speed
and limits ssDNA generatidiiossaint et al., 2013FANCD2, together with FANCM, also
promotes fork traverse of ICLs upon AJdependent FANCM phosphorylatigHuang et al.,

2019) ATR also phosphorylates the RECQ helicases BLM and WRN .-ddendent BLM
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Figure 1.7 ATR stabilizes stressed replication forksA) Replication stress promotes ATR
dependent SMARCAL1 phosphorylation, which restrains SMARGAlediated fork reversal
and prevents fork cleavage and DSB induction by SO¥gendent nucleases. ATRRpendent
CDK inactivation induced by fork stalling also enssiCDkdependent activation of nucleases
does not occur aberrantly/prematurely tpl&se and cause fork collapB@ ATR
phosphorylates numerous replisome and replication stress response proteins to stabilize stalled
forks and promote fork restart. ATéRgpendent RPA32 phosphorylation is required for fork
stabilization, recruitment of additional DDR proteins to stalled forks, and fork restart. Likewise,
ATR-dependent MCM phosphorylation promotes recruitment of other DDR proteins to damaged

forks. Finally, ATR signaling at stalled forks upregulates PRIMPOL, which mediates fork
restart.

\.
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phosphorylation is required for recovery froapBase arrest due to replication fork stalling
(Davies et al., 2004and ATRdependent WRN phosphorylation prevents replication fork

collapse(/Ammazzalorso et al., 2010)

Another important ATR substrate at stalled replication forks is RHA&R-dependent
RPA32 phosphorylatiors critical for stalled fork stabilization and recovery from replication
stresgqMurphy et al., 2014; Vassin et al., 20@B)g 1.7B) Additionally, ATR-dependent
RPA32 phosphorylation promotes the recruitment of HR factors PAMBBRCAZ2 to
damaged replication for®urphy et al., 2014)and ATR is required for PALB2
phosphorylation in response to replication st{@¢dskog et al., 2016)mportantly, ATR
dependent PALB2 phosphorylatian addition to ATRdependent XRCC3 phosphorylatias,
required for RAD51 recruitment to stalled replication fopkklskoget al., 2016; Saxena et al.,
2019) RAD5L1 is essential for HR, but it is also required for fork reversal and template switching
(Saldivar et al., 2017)inally, ATR promotes replication forktabilization and repair by
modulating nuclearfactin polymerizatiofLamm et al., 2020)Therefore, through
phosphorylation of numerous replication stress response proteins, ATR stabilizes stalled

replication forks and promotes fork restart likely by controlling multiple fork restart pathways.

ATR suppression of origifiring also contributes to replication fork stabilization in
response to DNA damage. Although highly abundant, Be#isbecome exhausted during
conditions of replication stress when ATR is inhibjtealusing widespread fork collapSeoledo
et al., 2013)RPA exhaustion caused by ATR inhibition may also contribute to exhaustion of HR
factors needed for replication fork restart. Indeed, in response to ATR inhibition, aberrantly fired

replicaton forks are bound by NHEJ factors instead of HR fad¢Dumgrawala et al., 2015)

21



Thus, ATR suppression of origin firing stabilizes stalled replication forks by preventing RPA

exhaustion antly promotingHR-mediated fork restart.

Another important ATR regulatgarocess that contributes to replication fork stabilization
is maintaining an adequate level of deoxyribonucleotides (dNR#s)nucleotide reductase
(RNR) controls the rate limiting step of dNTP productiand RNR expression levels are
controlled by ATRATR activity is required foexpression of ribonucleosig#phosphate
reductase subunit M2 (RRM2) (a subunit of RNByisson et al., 2015and in response to
genotoxic stresATR-dependent downregulation of CDK activity increeBR&M2 levels,
thereby ensuring adequate dNTP levels are maintéDidahgiolella et al., 2012)interestingly,
increasing Rrm2 levels in a mouse model of Seckel syndimeneass the size and lifespan of
the mice(LopezContreras et al., 2015)o0ssibly indcating that regulation of dNTP levels is an

important function of ATR during organismal development.
Structure of DDR PIKKs

The kinase domains of ATR, ATM, and DNPKcs exhibit structural similarity to the
phospholipid kinas@hosphoinositide-Binase (PI3Kkinase domaimand are so namdel3K-
like kinases (PIKK) Other PIKKs include mammalian target of rapamycin (mTOR), which
functions in cellular metabolism, SMG1, which functions in mRNA surveillance, and
transformation/trangiption domairassociated protein (TRRAP), which functions in chromatin
remodeling(Imseng et al., 2018All PIKKs share a similar domain architecture, with N
t er misolendidHUNt i ngt i n, EF3A, ATM, TORONBIEAT) 1 ep:e
tetratricopeptide repeats (TPRs). The latter TPRs form a conserved structure known as the Frap,
ATM, and TRRAP (FAT) domain, which is adjacent to the kinase domain. Following the kinase

domainat the Gterminus are the PIKK regulatory domain (PRD) and FA&E@inal (FATC)
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motif. Together, the FAT, kinase, PRD, and FATC domains make up a single FATKIN unit
(Imseng et al., 2IB) (Fig 1.8A). Of all the PIKKs, the mTOR structure has been most
extensively characterized, but in recent yestrsictural information aboubhe DDR PIKKs have

begun to emerge.

DNA-PKcs folds into three distinct structural units. The HEAT repeais fao of these
units: the Nterminal unit and the circular cradle unit, and together these units form a ring shaped
supersecondary structui®ibanda et al., 2017The third unit, the head, is composed of the
bilobal kinase domain, FATC motianda poorly conserved fragmerapamycin binding (FRB)
domain all surrounded by the FAT domé@imseng et al., 2018Fig 1.8A and B)The DNA-
PKcs head unit is similar in structure to the mTOR FATKIN unit. TN&AEPKcs is held in an
i nactive conf ehramatpiionnrs byhatthroececulby t he Kkinase
hairpins originates from the Lst8 (a binding partner of mT-®iRiling element (LBE) and
reaches into the alaitpnee asiet eparThefot h-er PRPo O
hairpins blocks access to the PRD active site cleft, while the other binds the activation loop
(Imseng et al., 2018KU80 contacts DNAPKcsat two sites in the circular cradle unit and
initiates kinase activation through a long range allosteric mech48itarda et al., 2017)
which may result in movement of thetBrminal HEAT repeat toward the FATKIN unit to
create a wider active site cl€ftin et al., 2017) This conformational change would also expose
T3950 in he activation loogSibanda et al., 2017a critical inhibitory autophosphorylation site

that when phosphorylated deases DNAPK activity.

ATM is a dimer and adopts a butteriike architecture (Fig 1.8B). The HEAT repeats,

which are important for proteiprotein interactions, form a helical superstructure and are
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Figure 1.8 Structure of DDR PIKKs. A) Domainarchitecture of ATR, ATM, and DNAKcs.

B) Threedimensional structures of AMCLATRIPPY2 ATM, and DNAPKcs. The dimeric
structures of ATRECLATRIPPI2and ATM are represented by differential coloring (yellow and
orange) of each protomer. The posit@f the Nterminal unit and circular cradle regions in
DNA-PKcs are denoted by the dashed arrows.
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divided into the spiral and pincer regigivgang et al., 2016)Fig 1.8A and B) Unlike DNA-

PKcs, ATM does not contain an FRB domain, but otherwise the RAVKIN unit generally

aligns with the mTOR FATKIN unifimseng et al., 2018ATM dimerization is mediated

exclusively through the FATKIN unit with the main interface occurring & @8mains 2 and 3

of the FAT domair(Baretic et al., 2017Within the ATM FATKIN unit, the FATC, LBE

equivalent region, activation loop, and PRD form a compact arrangement called the FLAP. The
FLAP is pushed towards the kinase active site by theothp r ot omer 6 s FAT domai
blockingsubstrateactive site access and creating a closed conformation. Upon ATM activation,
FATKIN dimeric interactions are reducemhd the FLAP repositions away from the active tite

generaten open confirmation amaresumably a more active kina@&aretic et al., 2017)

Cryo-EM structures for both the AFRTRIP and MeciDdc2 (ATRATRIP S.
cerevisiaeorthologs) complezshave beemleterminedLike ATM, the ATRYeCLATR|PPI?
complex forms alimeric butterflylike structure with two ATl and two ATRIP2
molecules in a single compl€¢Rao et al., 2018; Tannous et al., 2020; Wang et al., 261y)
1.8B). However, unlike ATM, which possessonly one dimer interface through the FATKIN
unit, three dimer interfaces exist on the APR-ATRIPP2 complex. One of these dimer
interfaces occurs through the FATKIN unit, another occurs through the PRD, and the third
occurs through the ATRAS® coiled coil domair{Wang et al., 2017)Also, unlike ATM, the
ATRMec FATKIN unit possesses no intprotomer inhibitory element3he reported Mecl
Ddc2 struatire is the closed, inactive form of the kinase where active site access and the
activation loop are blocked by the PRD, FATC, and L(BEang et al., 2017Binding of an
ATRMecl gctivator (discussed below) to the PRD is hypothesizegliteve active site blockage

throughyetunknown conformational changdswever, the structure of a hyperactive Mecl
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kinase with a mutation in the activation loop indicates Mecl activation is achieved through PRD
retraction from the activation loop concomitant with a reconfiguration of the FAT domain C

terminus and kinase daim N-lobe (Tannous et al., 2020)

Mechanisms of PIKK regulation

The similar structures of ATR, ATM, and DNRK imply that functional regulation of
these kinases may also be similar, and indeed that is the case. Each DD&sBdKiates with a
partner protein that localizes it to sites of DNA damage. ATR localizes tedeat#d ssDNA
through its interaction with ATRIRCortez et al., 2001; Zou and Elledge, 2008)M localizes
to DSBs through its interaction with NB$Ralck et al., 2005)and DNAPKCcs localizes to
DSBs through its interaction with KUGell and Jackson, 1999; Singleton et al., 1968)
1.9A). Additionally, ATRIP, NBS1, and KU8O all likely associate with their respective P3KK
similar manners as all three proteins possess relateth@nal motifs required for PIKK binding

(Falck et al., 2005)

Posttrandational modificationgPTMs)of ATR, ATM, and DNAPK also regulate their
function. All three kinases autophosphorylate, with ATR and ATM each possessing one crucial
site and DNAPKcs possessing thréleig 1.9B) DNA-PK undergoes autophosphorylation at
S2®6 and T2609 within the HEAT repeats and at T3950 in the kinase domain.
Autophosphorylation at S2056 and T2609 promotes ElNArelease from DSB sites to
facilitate endligation (Jette and LeeMliller, 2015), and autophosphorylation at T3950 inhibits
DNA-PK activity (Sibanda et al., 2017Additionally, because S2056 is near the KU binding
site, autophosphorylation at this residue may alter theDillA-PKcs interactior{Sibanda et al.,

2017)
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ATM autophosphorylates at S1981 within the FAT dombaitial experiments in human
cells indicated S1981 autophosphorylation was required for dissociation of inactive ATM dimers
to active ATM monomers (or from closed to open ATM) and for full activation of ATM in
response to DNA damagBakkenist and Kastan, 2003jowever, mutation of the
corresponding residue (S1987) in mice yield®hservable deleterious phenotypes or defects in
ATM activation(Daniel et al., 2008; Pellegrini et al., 200Burthermore, in a reconstituted

vitro system, the S1981A mutation does not reduce ATM activétiea and Paull, 2005)

Like ATM, ATR autophosphorylates at a residue within its FAT domain, T1989. Our lab
demonstrated that T1989 phosphorylation occuresponse to DNA damage and is a marker of
ATR activity, but that phosphorylation at this site is not requireddioovery from replication
stress and only causes a mild viability defect in ¢&llEm et al., 2011)However, another study
found that T1989 is essential for cellular viability and whartated, causes a substantial
reduction in checkpoint signaling. Furthermore, this same study found that T1989
phosphorylation is required for stable AR RIP association with the ATR activator DNA
topoisomerase Il binding protein 1 (TOPBRLu et al., 2011) Interestingly, theS ceevisiae
ATR ortholog, Mec1, also undergoes autophosphorylation. However, this phosphorylation is
distinct from ATR T1989 phosphorylation because Mecl autophosphorylation at S1964 inhibits
checkpoint signaling as opposed to stimulatin@liémisoglu et al., 2019¥hus, additional
studies are needed to determine the functional relevance of both ATM and ATR
autophosphorylation, and to more closely examine the similarities and differences between ATR

T1989 and Mecl S1964 autophosphorylation.
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Figure 1.9 Mechanismof DDR PIKK regulation. A) Each DDR PIKK is localized to DNA
through an interaction with a partner protein. ATRIP localizes ATR to-Bbdted sSDNA,

NBS1 recruits ATM to DSBs, and KU8O0 recruits DN cs to DSBsB) The activities of all

DDR PIKKs are reguaited by postranslation modifications (PTMs). The locations of critical
autophosphorylation sites are denoted on each kinase, and the location of a critical acetylation

site on ATM is denoted.



Another PTM that regulates PIKK activation is acatigin. ATM is acetylated at K3016
in its FATC domain by Tip60 in response to genotoxic stress and this acetylation is required for
damagedependent ATM signalin¢Sun et al., 2007)Fig 1.9B) Tip60 lossalso diminishes
DNA-PK activation in response to DNA damgdeng et al., 2006and mutton of possible
acetylation sites in the DNMRKcs FATC motif reduces DNA&K signaling(Mordes et al.,
2008a) The FATC motifs are highly conserved among ATR, ATM, and BDRicsand
remarkably, substitution dhe ATM FATC motif with the ATR or DNAPKcs FATC motif
restores Tip6@ependent ATM acetylation and ATM activation in response to DNA damage
(Jiang et al., 20060 date, there is no evidence that the ATR FATC motif is acetylated, and
although the ATR FATC motif can substitute for the ATM FATC motif, the reverse is not true
(Mordes et al., @08a) Thus, in addition to being regulated by PTMs, DDR PIKK FATC motifs

likely have additional functions such as kinase domain stabilization.
ATRMecl regulation by ATR®! activators

Each DDR PIKK requires an activator protein(sytionulate its kinase activity. KU
stimulates DNAPKcs activity and MRN stimulates ATM activi{Blackford and Jackson,
2017) In metazoan cells, there are at least two ATR activators, TOPBP1 and ETAA1 activator
of ATR kinase (ETAAL), and i%. cerevisiagthere are at least three activator$/eicl Dpb11,
Ddcl, and DnaZSaldivar et al., 2017Having multiple ATR!*“! activatorsprovides cells

additional regulatory mechanisms to coordinate B¥Ractivation and signaling.

Mecl coordinates DNA replication, DNA repair, and cgltle progression by ensuring
cells do not enter mitosis with damaged or incompletely replicated. DiK& ATR, Mec1l is
essential for cellular viability; however, Mec1l loss can be compensated for by deletlon of

ribonucleotide reductase inhibitor Snfllanz et al., 2019Mec1 is activated in response to
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DNA damage in the G1, S, and G2 phases of the cell cycle, and signals through its downstream
effector kinase Rad53 w&low cell cycle progressioAlthoughMecl-dependenRad53
phosphorylation occurs in multiple cell cycle stages, this process is regulated differently in each
stageln response to genotoxic stress in G1, Mecl activatisalésy Ddcl depender{umar

and Burgers, 2013; NavadBatil and Burgers, 2009%ut in G2, Mec1l activation of the G2/M
checkpoint depends on both Ddcl and Dp{dvadgiPatil and Burgers, 2009; NavgiePatil

et al., 2011)During Sphase, Dpbl11, Ddcl, and Dna2 all aateMecl to stimulate the

checkpoint, and checkpoint signaling is only eliminated when all three activators grulostr

and Burgers, 2013Jig 1.10) Dpb11 may be the most importanpB8ase specific Mecl
activatorhowever, as overexpression of Dpbhdit not Ddcl, can rescue the hydroxyuiidd))
sensitivity of a Ddc2 mutant strain that does not support daaeigendent checkpoint signaling
(Mordes et al., 2008bpPpbl1tdependent Mecl activation is also Cldkpendent, and therefore

only occurs in S and G2 phag¢efander and Diffley, 2011)

Mec1 activation is regulated differently throughout the cell cycle in response to DNA
damage, but Mec1 activation is also differentiaflgulated in $hase between normal and
stressed conditions. Largeale phosphoproteomic experiments revealed that while most Mec1
phosphorylation events in response to DNA damage are also fa@b&dent, during normal
DNA replication, most Mecl phosphdagion events are Rad5B8dependent. Furthermore, these
experiments showed that Mec1 activation during unperturbed DNA replication is Dna2 and Ddcl
dependent and likely reflects Mec1l activation on the lagging strand at normal replication forks

(de Oliveira et al., 2015Fig 1.10).
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Figure 1.10 Cell cycle regulation of Mec1 activationMecl activation is differentially

regulated in G1, S, and G2 phase. Mec1l activation in G1 is solely Ddc1 dependent, and
activation in G2 depends ot Ddcl and Dpbll. Duringjghase, Mecl activation is regulated
differently during normal replication than during replication stress. In unperturbed conditions,
Mec1 activation is Ddcl and Dna2 dependent and many ddepé&ndent phosphorylation events
occu independently of Rad53. In response to replication stress, Mec1 activation is dependent on
Dpb11, Ddcl, and Dna2, although Dpb11 is likely the primary activator, and most Mec1l
dependent phosphorylation events are also Rdép&ndent.
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Thus, normal vesus stressed DNA replication regulates Mec1 activation and signaling

differently.

ATR activation by TOPBP1 and ETAAL is differentially regulated by cell cycle phase
and by normal or stressed conditiolmstesponse texogenously induceeplication stress,
TOPBP1 is the predominant ATR activa(Bass and Cortez, 2019; Saldivar et al., 2q{ER)
1.11). Quantitative phosphoproteomics revealed more DNA dafdagendent phosphorylation
eventsareTOPBPtdependent than ETAAdependent in response to replication st(Bsss
and Cortez, 2019Additionally, ATRdependent OH2AX induction in r
stress is almost entirely TOPBH&penden{Saldivar et al., 2018Replication stresghduced
CHK1 phosphorylation is not ETAAdlependen(Bass and Cortez, 2019; Bass et al., 2016;
Haahr et al., 2016; Lee et al., 20,1&)d relication stressnduced MCM2 phosphorylation is

TOPBPZ1dependent and not affected by ETAA1L I@Bass et al., 2016)

ETAAL is the primary ATR activator during unperturbed DNA replication and regulates
cell cycle transitions in the absence of exogenous stresd (11). ATRdependent o9H2AX
induction is ETAAldependent during normal DNA replicati(®aldivar et al., 2018and
ETAAl-dependent ATR activation during unperturbed S phase is required for normal fork
progression, suppression of origin firifldaahr et al., 2016and also suppresses the formation
of mitotic chromosomal abnormaliti€achuthankutty etl., 2019) One study reported that
ETAAl-dependent ATR activation is required for basal CHK1 activity and stability during S
phasgMichelena et al., 2019and while basal CHK1 activity may be ETAAEpendent, no
other groups have reported decreased CHK1 stability in the absence of EBégslet al.,

2016; Haahr et al., 2016; Lee et al., 20IB)e ATRdependent mitotic checkpoint is also
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Figure 1.11 Cell cycle regulation of ATR activationATR activation is differentially regulated
between normal DNA replication and conditions of replication stress. Dunoigal replication,
ATR activation is primarily ETAAIdependent, but in response to replication stress, ATR
activation is primarily TOPBR#lependent. During mitosis, AF&ependent Aurora B
phosphorylation occurs in an ETAAlependent manner.
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ETAAl-depement. ETAAL loss in mitosis impairs Aurora B phosphorylat@auyses

chromosomal alignment defects, and disrupts the @&Ss and Cortez, 2019)
Components required for ATR activation

ATR activation requires not just an ATR activating protein, but several other proteins that
accumulate at sites of DNA replicatiomests ATR is recruited to RPAoated ssDNA through a
direct interaction between ATRIP and REBall et al., 2007; Zou and Elledge, 2008id the
ATRIP-RPA interaction is mediated by ZFP1@lm et al., 2019)Simultaneouslythe RAD17
replication factor C (RFC)-8 clamp loader loads the RABRAD1-HUS1 (91-1) checkpoint
cl amp at-dsbNA judidhdlalljacent to RPéoated ssDNABermudez et al., 2003;

Ellison and Stillman, 2003; Zou et al., 200BPPBP1 recruitment occuvsa its interaction with

the phosphorylated-@rminal tail of RAD9(Delacroix et al., 2007; Rappas et al., 20449 an

interaction with the MRN complefDuursma et al., 2013) whi ch i s al so-recrui
dsDNA junctions. These interactioms,addition to an interaction with RABRAD1-HUS1

interacting nuclear orphan (RHINGjre required for TOPBP1 to stimulate ATR kinase activity

(CottaRamusino et al., 2011Fig 1.12A)

56 s sdéDNA junctions are likely generated at stalled replication forks through
multiple mechanisms. Replication fork stalling causes helipaégmerase uncoupling which
generates ssDNA ahead of the f@yun et al.,, 2005) Wh i | e -dSENA prsctibihsAre
naturally formed on the lagging strand during Dilication upon fork stallingcontinued
pri mer synthesis ahead of the fork by DNA pol
leading strand to recruit®1 and TOPBP1Fig 1.12B) l ndeed, Pol U activit
contributes to checkpoint activan (Byun et al., 2005; Van et al., 201®&)n d P o | U may al

important for 91-1 loading(Yan and Michael, 2009F- or k r ever s al coul d al s
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ssDNA-dsDNA junctions at stalled forks. If the nascent leading strand is longer than the nascent
lagging strand, fork reversal would generate {hygrapriate structure to support TOPBP1
dependent ATR activation. | f-3@ hree ssactciemn by gml
would be required to generate the appropriate stru(Baidivar et al., 201 qFig 1.12C)

Consistent with thisnodel a previous study found thdte p| et i on of DNA2, whi c

30 r e disrapts ATRrsignalingThangavel et al., 2015)

In contrast to TOPBP1, ETAAL is recruited to replication forks through a direct
interaction with RPABass et al., 2016; Haahr et al., 2016; Lee et al., 2FG)L.12A) The
ETAA1-RPA interaction promotes ETAAdependent ATR activation two wayarst, it ce
localizes ETAAL with ATRATRIP, and second, the ETAARPA interaction stimulates ATR

actvation (Lyu et al., 2019)

50 s «d€DNA junctions are the canonical ATR activating structure, but in recent
years, Rloops have emerged as another prominent ATR activating stri{€xgssley et al.,
2019) R-loops are formed when newly transcribed RNA hybridizes with complementary DNA
to generate an RNANA hybrid and a displaced strand of ssSDNA (Fig 1.12D). In mitosis, R
loop formation at centromeres recruits antivates ATR to regulate chromosome segregation
(Kabeche et al., 2018puring Sphase, Roops formed in response to exogenous replication
stress activate ATRHamperl et al., 2017; Mas et al., 2020)in addition, mutations in splicing
factors that cause increasB-loops also activate ATRChen et al.2018) ATR signaling in
response to foop formation promotesHRop resolution likely via multiple mechanisms, but
one such mechanism includes regulation of DDX19. AlBRendent DDX19 nuclear

translocation mediates DDX4®ependent Roop unwinding, whth relieves replication
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Figure 1.12 Components of ATR signaling pathwayA) Different proteins are required for
TOPBPZdependent ATR activation than for ETAAtependent ATR activation. TOPBP1
dependent act i v at-dsbNA junctionsu ATRATRIP binslsito RPsc@abed

ssDNA and simultaneously,thel9l comp !l ex i s | o-dsDEAdjunetion bythee 506 s
RAD17-RFC25 clamp loader. The ATRHRPA interaction is mediated by ZFP161. TOPBP1

recruitment occurs by TOPBP1 binding to the phosplatedl Cterminal tail of RAD9 and
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through an interaction with MRN. The interactions of TOPBP1 with RAD9, MRN, and RHINO

are all required for TOPBP1 to activate ATR. In contrast, ETAAL is recruited tedeBid

ssDNA through a direct interaction with RPB-C)5 6 s sd€DINIA junctions can be

generated at replication forks in multiplewaB35 6 j uncti ons normally for
strand during unperturbed replication. Il n res
generated on the leading strangy  Rdependent repriming ahead of the stalled f@kFork

reversal is a common mechanism of fork stabilization. Upon fork reversal, if the nascent leading
strand is longer than the nascent | at¢ghging str
opposite3d3dbcrcessctbdédn of the | agging strand wo
D) Conflicts between replication and transcription machineries can genelad@$ a structure

formed when nascent RNA (colored blue) hybridizes toehgptate DNA causing displacement

of the nontemplate DNA strand. ssDNA generated byoBps is bound by RPA, which recruits
ATR-ATRIP.
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transcription conflict§Hodroj et al., 2017)Data from recent genetic screens also indicates R
loop resolution may be a critical function of ATR signalihgleed, bss of RNASEHZ2, which
resolves Roops, confers ATR inhibitor (ATRI) hypersensitivity in multiple cell tyjfelsistedt

et al., 2019; Wang et al., 2019)

Mechanism of ATRec! gctivation

The Mecl activators activate Mecl in different cell cycle stdgeghe mechanism by which
they activate Mecl appears to be the same. Each of the Mecl activators contains an
experimentally defined Mecl activation domain (MAD) that is predicted to be intrinsically
disorderedWanrooij et al., 2016)Furthermore, each MAD contains two essential aromatic
amino acids that are required for Mec1 activatrowitro and in celé (Kumar and Burgers, 2013;
NavadgiPatil and Burgers, 2009; Navae@atil et al., 2011; Wanrooij et al., 201@)g 1.13A).
The MADs are predicted to bind and actevdiecl via a twestep process where initial Mecl
binding is mediated by the two aromatic residues and then subsequent binding by adjacent

residues stimulates full Mec1 activatipWanrooij et al., 2016(Fig 1.13B).

Prior to the work described in this thesis, less was known about the TOPBP1 and ETAA1
ATR activation domains (AADs), and the mechanism by whiely factivate ATR. Each
activator contains an experimentally defined AAD (Fig 1.13A), but no structural information
about the AADs is available. The AADs share no primary sequence similarity except for residues
that immediately flank a conserved tryptopl@both domains. Mutation of this tryptophan in
TOPBP1 and ETAAL abrogates their interaction with ATR and impairs ATR activatiotio
and in cell§Bass et al., 2016; Haahr et al., 2016; Kumagai et al., 2006; Lee et al., 2bapjer

[l describes new discovie's made about the TOPBP1 and ETAAL1 AADs and further
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Figure 1.13 Mechanism of ATR/ecl gctivation. A) Domain architecture of the Mec1 and ATR
activators. The MADs and AADs are colored green and the location of the critical aromatic
residues in each is deted. The BRCT domains in Dpbl11 and TOPBP1 are colored &)an.
Proposed twestep activation mechanism of Mecl by the MADs. Initial binding is mediated by
the two critical aromatic residues, followed by binding of adjacent residues to stimulate full
kinase activation.
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delineates the mechanism by which theiwate ATR.Specifically, the data in this chapter

shows that both AADs contain predicted coitaml motifsthat are required for ATR binding

and activationChapterV also examines the mechanism by which the AADs acti&ai, and
describes how AAD dintezation is required foefficient ATR activationln addition, Chapter

IV also documents that ETAAL forms oligomeric complexes in cells and that forced

dimerization of an ETAAL oligomerizatietefective mutant restores ATR activation in ETAAL
deficient cdls. Together, the results of Chapters Il and IV are consistent with the hypothesis that

TOPBP1 and ETAAL activate ATR via the same biochemical mechanism.

Chapter Vexamines whether leading and lagging strand synthesis is coupled during DNA
replication.The results indicate that when lagging strand synthesis is inhibited, leading strand
replication continues, albeit at a reduced rate. Uncoupling of leading and lagging strand synthesis
activatesATR to prevent replication fork collapse, but it does not induce robust replication
checkpoint signalingThus, Chapter V more specifically defines the determinants of ATR

checkpoint signaling at stalled replication forks.

The DDR and cancer

One of the hiémarks of cancer is genome instabil{tganahan and Weinberg, 2011)
Genomic instability in cancer cells often increases replication stress, and as such, causes an
increased dependence on ATR signaling for survival. Both ATR inhibitors (ATRi) and CHK
inhibitors (CHK1i) have been deV@ped and their efficacy is currently being assessed in
preclinical and clinical studig®Qiu et al., 2018)both as single agents and in combination with
more traditional genotoxic chemotherapiEsrment and O'Connor, 201ATR and CHK1
inhibition may be a particularly effective strategy for treating cancer cells withumational

p53. TP53 (gene encoding p53) is the most commonly mutated gene in cancer, and cells lacking
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p53 have a defective G1/S checkppantd thus, armore dependent on the ATR controlled
intraS and G2/M checkpointsr survival.Indeed, ATR inhibition in a p53 deficient chronic
lymphocytic leukemia (CLL) cell lineaussincreased cell death due to mitotic catastropine
in a p53 deficient xenograftodel, ATR inhibition reducgtumor load(Kwok et al., 2016)
ATM deficient tumors also have a defective G1/S checkpoint, and similar to p53 deficient
tumors, exhibit increased sensitivity to ATR inhibitorgnrvitro andin vivo models(Kwok et

al., 2015; Menezes et al., 2015; Min et al., 2017; Perkhofer 04al7, Schmitt et al., 2017)

Overexpression of certain oncogenes can ahuse increased reliance on ATR for cancer
cell survival.MYC and CYCLIN E overexpression cause increased replication sinesede-
regulation of origin firing and aberrant conflicts between the replication and transcriptional
machinery(Macheret and Halazonetis, 201Blot surprisingly, cells overexpressing CYCLIN E
are hypersensitive to ATR inhibitidihuis et al., 2011)and CHK1 inhibition has proved
efficacious in killing MYC overexpressing cellsvitro and in vivo(Ferrao et al., 2012; Matilde

et al., 2011; Sen et al., 2017)

More recently, combining DNA damaging chemothgrafith immunotherapy has
emerged as a promising therapeutic strategy for treating d@rosvn et al., 2018)Cancer cells
with DNA repair defects generally have a high mutationatibn, which renders them more
susceptible to immune checkpoint inhibit¢Berti et al., 202Q)Consistent with this notion, a
combinatorial platinum chemotherapy and &Mi-1 treatment regimen increases survival in
patients with norsmaltcell lung cance(Gandhi et al., 2018)-urthermore, irradiation combined
with ATR inhibition enhances innate immune signaling viaugison of cell cycle checkpoints
to promote increased asitimor immune responséShen et al., 2020ATR signaling also

upregulates PIL1 expressior{Sato et al., 2017}herefore, ATR inhibition may increase
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antitumor immuity in two ways: first by causing increased inflammatory signaling through
abrogation of cell cycle checkpoints and secdydncreasing proliferation and activation of
effector T cells through reduced RID expression. Together, these mechanisms arg lite

promote enhanced immune cell infiltration in tumors.

Continued research on mechanisms of ATR activation and signaling should contribute to
increased efficacy of ATR inhibitors in the cancer clinic. Although several synthetic lethal
interactions wih ATR have been established, a more comprehensive understanding of FOPBP1
and ETAALdependent ATR signaling and mechanisms of TORBRA ETAALdependent
ATR activation willprove useful in determining which patients should be treated with ATR
inhibitors.Developing ATR inhibitors that specifically inhibit TOPBRAr ETAA1-dependent

signaling may alsbe a wayto more specifically inhibit ATR in certain genetic contexts.
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CHAPTER Il
MATERIALS AND METHODS

Table 2.1 Antibodies.Information about antibodies used for immunoblotting (IB) and
immunofluorescence (IF).

Antibody | Dilution | Species Company Catalog Location | Molecular | Use
number weight
(KDa)
ATR (N- 1:1000 Goat | Santa Cruz SCG1887 Box 1 A3 301 1B
19
ATRIP-N 1:1000 | Rabbit| Cortez Box 2 A2 85 IB
BrdU 1:150 Rat Abcam 6326 IF
CHK1 1:1000 | Mouse | Santa Cruz SG8408 Box 3 D3 55 1B
CHK1 1:1000 | Rabbit Cell 2344 Box 4 Al 55 B
pS3L7 Signaling
CHK1 1:1000 | Rabbit Cell 2348 Box 9C8 55 B
pS3H5 Signaling
ETAAL 1:1000 | Rabbit Cortez Box 10 103 B
(Covance) D9
Anti-Flag | 1:1000 | Rabbit Sigma F7425 Box 9 E8 IB
Flag M2 IB: Mouse | Sigma F3165 B
1:1000 IF
IF: 1:200
GST 1:20,000| Goat | Amersham| 27457701 | Box 112 27 IB
HA 1:2000 Rat Roche | 11867423001 IB
HA.11 1:1000 | Mouse | Biolegend 901501 Box 10 B
G5
2H2 A} 1:200 | Rabbit Cell 2577 Box 4 F4 14 IF
Signaling
MCM2 1:1000 | Rabbit| Cortez 92232311 | Box 1 H6 102 IF
pS108
RAD9 1:2000 | Rabbit | Bethyl A300-890A | Box 6 G2 42 B
RPA32 1:1000 | Mouse | Abcam 2175 Box 1 B9 32 IB
RPA70 1:200 | Rabbit Cell 2267 Box 4 G5 70 IF
Signaling
RPA 32 1:1000 | Rabbit | Bethyl A300-245A | Box 6 A4 32 B
pS4/S8
RPA32 1:1000 | Rabbit | Bethyl A300-246A | Box 10 32 B
pS33 E9
TOPBP1 | 1:1000 | Rabbit| Bethyl A300-111A | Box 3 E3 170 IB
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Table 2.2 Celllines. Cell line growth mediums and transfection reagents

Cell line Growth media Plasmid transfection| SIRNA transfection
HCT116 Mc Coy 6s A PEI
FBS
HEK293T DMEM + 7.5% FBS PEI
HelLa DMEM + 7.5% FBS PEI RNAI max
RPEhTERT DMEM F12 + 7.5%
FBS
Uu20S DMEM + 7.5% FBS PEI RNAI max

Bioinformatic analysis

ETAA1 and TOPBP1 predicted disorder was determined using IUPr@d2szaros et
al., 2018)and coiled coil predictions were determined using Pair¢gMi@Donnell et al., 2006)
ETAA1 and TOPBP1 predicted coiled coil sequence alignments were assembled using

ClustalOmega.

GST protein purification

GST-tagged AADs were purified from ArcticExpreBscherichia col{Agilent
Technologies). Bacteria were resuspended in NET Buffer (25 mM Tris pH 8, 50 mM NacCl, 0.1
mM EDTA, 5% glycerol, 1 mM DTT, 5 pug/mL aprotinin, 5 pg/mL leupeptin) and sonicated
three tmes (Setting 4, Duty cycle 90, 20 seconds) with one minute of cooling between each
sonication Triton X-100 was then added to a final concentration of 484 lysates were
incubated on ice for 30 minutestter centrifugationat 5,000 x g for 10 minutesleared lysates
were incubated with glutathione sepharose beads (GE Healthcare) for 2.5 hours at 4°C. Beads
were then washed three times with NET Buffer + 1% TritetOR. Bound proteins were eluted
using elution buffer (75 mM Tris pH 8, 15 mM glutathiobgyg/mL leupeptin). For AADs used

in gekfiltration chromatography experimerdad kinase assays without a GST, @& T was
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removed by incubating beads with cleavage buffer (50 mM Tris pH 7, 150 mM NaCl, 1 mM
EDTA, 1 mM DTT) containing Prescission Proteé&& Healthcare) overnight at 4°C. Purified
proteins were dialyzed (20 mM HEPE®H pH 7.5, 50 mM NaCl, 1 mM DTT) twice, once for

2 hours, and then again overnight.

His protein purification

His-MBP-AADs and HisFKBP F36\MAADs were purified from ArcticExpres
Escherichia coliBacteriawere resuspended mative purification buffer (50 mM NaHPQ, 500
mM NacCl, 10 mM i midazole, 5 €g/ mDcoatpnngti ni n,
lysozyme and incubated on ice for 30 minutes. Cells were songateohes (Setting 4, Duty
cycle 90, 10 seconds) with ten seconds of cooling between each sonmadidysates were
cleared by centrifugatioat 3,000 x g for 15 minute€leared lysates were incubated with Ni
NTA agarose beads (Invitrogen) for 3 hours at 4°C. Beads were washed four timesstiweh
wash buffer (50 mM Nag#PQs,, 500 mM NacCl, 20 mM i midazol e, 5
leupeptin, 4 mm DTT). Bound proteins wailated by incubation withative elution buffer (50
mM NaHPQ;, 500 mM NacCl, 250 mM i midazole, 5 ¢€g/ ml
DTT), and dialyzed (20 mM HEPEKSOH pH 7.5, 50 mM NaCl, 1 mM DTT) for 2 hours, and

then again overnight at 4°C.

Nuclea Extract Preparation

HEK?293T cells were resuspended in a volume of hypotonic buffer (10 mM HEPES pH
7.9, 1.5 mM MgCI2, 10 mM KCI, 0.5 mM DTT) five times the packed cell volumetiaexal
centrifuged at 2,553 x g for 5 minutes at 4°C. Cells were resuspanbggotonic buffer three

times the packed cell volume and incubated on ice for 10 minutes. Cells were transferred to a
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glass Dounce homogenizer and homogenized with 10 slow strokes using a B type pestle. Cells
were then transferred to microcentrifugedsiand centrifuged at 3,300 x g for 15 minutes at

4°C. After removal of supernatant, cells were resuspended in a volume-sélobuffer (20

mM HEPES pH 7.9, 1.5 mM MgCI2, 20 mM KCI, 25% glycerol, 0.5 mM DTT) equal to 1/3 the
packed nuclear volume. Higgalt buffer (20 mM HEPES pH 7.9, 1.5 mM MgCI2, 1.2 M KCl,

25% glycerol, 0.5 mM DTT) equal to 1/3 the packed nuclear volume was then added dropwise to
tubes. Resuspended nuclei wereubated at 4°C for 30 minutes on a moving rotator, then
centrifuged at 21130 x g for 30 minutes at 4°C. Supernatant (nuclear extract) was transferred to
3,500 molecular weight cutoff dialysis tubing and dialyzed (20 mM HEPES pH 7.9, 100 mM

KCI, 20% glycerol, 0.5 mM DTT) for 1 hour at 4°C, and then centrifuged at 21,130 X2@ for

minutes at 4°C to obtain the final nuclear extract (supernatant).

For kinaseand bindingassays, nuclear extracts were prepared differddEy<293T cells
(from two, 15 cm plates) were resuspended in 1 mL of hypotonic buffer (20 mM HEPES pH 7.9,
1.5 mM MgCI2, 10 mM KCI, 0.5 mM DTT) and then centrifuged at 2,500 x g for 3 minutes at
4AC. Cells were resuspendentubated ondice for 16 hinutes. hy p o
Cells were transferred to Dounce homogenizer and homogenized with 15 slow strokes using a B
type pestle. Cells were transferred to microcentrifuge tubes and centrifuged at 3,300 x g for 6
minutes at 4°C. Supernatant was disied an® 5 0 ¢ | -safi lhuffeh (ROgrtM HEPES pH
7.9, 25% glycerol, 1.5 mM MgCI2, 350 mM NaCl, 0.5 mM DTT, 1 mM NaF, 1 mM sodium
orthovanadatgcel®@l mdhmsphate, 5 e€g/ mL aprotin
to nuclei slowly with periodic ming. Resuspended nuclei were then incubated on a moving
rotator for 30 minutes at 4AC and centsifuged

salt buffer (20 mM HEPES pH 7.9, 20% glycerol, 0.1% Tween 20) was added to supernatant
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prior to anothe5-minute centrifugation at 21,130 x g for 5 minutes at KRE&maining

supernatant (nuclear extract) was colle@sd used for HA immunoprecipitation.
Whole cell lysisand immunoblotting

Harvested cells were resuspended ind0Rysis buffer (50 mM TripH 7.5, 150 mM
NaCl, 10% glycerol, 0.5% NRO, 5 e€g/ mL aprotinin, 5eg/ mL | eup
ort hovan ad-alyeecol phhsphatey MmM NaF, L mM DTT,1 mMMgClI 1 ¢ L/ mL
Pierce Universal nuclease for cell Iysid incubated on ice for 30 minst&€ells were
centrifuged at 21,130 x g for 30 minutes at 4°C. The supernatant (whole cell lysate) was retained,
while the pellet was discarded. Appropriate volumes of 2x or 6x SDS sample buffer were added
to lysates before incubation at 95°C feb Binues. Equal amounts of lysates were separated by
SDSPAGEand proteins were detected by immunoblottingsome experiments, 0.5% NP

was substituted with 0.75% CHAPS.
Kinase assays

FlagATR i HA-ATRIP complexes were purified from HEK293T cell nuclear extracts
using monoclonal antiA agarose beads (Sigr#ddrich). Beads were washed three times with
TGN buffer (50 mM Tris pH 7.5, 150 mM NaCl, 10% glycerol, 1% Tween20, 0.5 mM DTT, 1
mMNaF, 1 mM sodium oqgtllycwamddapthosph@GtmM B ¢cg/
eg/ mL | eupeptin). Beads were then washed once
twice withkinase buffer (10 mM HEPEROH pH 7.5, 50 mM NaCl, 10 mM Mggl10 mM
MnCl,,1 mM DT T, -ghcérol phdsphate). Kinase reactions contaipndfied ATR-
ATRIP, substrate (GSMCM2 79-138or MCM2 79138), [ -3°P]ATP, and GST, GSRADSs,

MBP-AADs, untagged AADs, or FKBP F36XADs were incubated for 20 minutes at 30°C and
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stopped upon addition of 2X SDS sample buffer. Reaction products were separated by SDS

PAGE and detected lmpomassie staining or immunoblotting. Substrate phosphorylation was
detectedand quantifiedby phosphoimaipg. In experiments performed with FKBP F36ADs,

the FKBP F36VAADs wer e incubated with DMSO or 5 &M ,
temperature prior to beginning kinase reactions. Kinase reactions also contained either DMSO or

5 ¢M AP20187.
Geliltration chromatography

Proteins were loaded onto a Supefdex00 Increase 10/300 GL column (GE
Healthcare) previously equilibrated with buffer (20 mM HERES3H pH 7.5, 50 mM NacCl, 10
mM DTT) and eluted at 0.25 mL min0.25 mL fractions were collected and equ@limes of
fractions corresponding to peaks were separated byFSIEE and visualized bgoomassie
staining.Purified FKBP F36VA ADs wer e i ncubated with DMSO or

at room temperature prior to loading onto column.
Co-immunoprecipitatiofrom nuclear extracts

Equal amounts of HEK293T cell nuclear extracts expresskigFlag orGFRFlag
AADs were incubated with EZvieW Red AntiFlag M2 affinity gel(SigmaAldrich) for 1-2
hours at 4°C. Beads were washed three times with dialysis buffer (20 mM HEPEH$H 7.9,
100 mM KCI, 20% glycerol, 0.5 mM DTT) and once with flag elution buffer (10 mM HEPES
KOH pH 7.9, 300 mM KCI, 1.5 mM MgG] 0.05% NP40, 0.5 mM DTT). Bound pteins were
eluted with flag elution buffer containing a3y/mL 3X FLAG peptide (Sigm&ldrich),

separated by SDBAGE, and detected by immunoblotting.
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Co-immunoprecipitation from whole cell lysates

HEK293T cells were lysed in N&O lysis buffer (50 mM Tis pH 7.5, 150 mM Nacl,
10% glycerol, 0.5% N O, 5eg/ mL aprotinin, 5 e€g/ mL | eupej]
10 milycdrol phosphate, 1 mM NaF, 1 mM DTT) for 30 minutes on ice and cleared by
centrifugation(21,130 x g, 30 minutes, 4°CJupernatastwere incubated with EZ VieW Red
Anti-Flag M2 affinity gel or monoclonal artiA agarose beads forZAhours at 4°C. Beads
were then washed three times with-M®lysis buffer and once with Flag elution buffer (10 mM
HEPESKOH pH 7.9, 300 mM KCI, 1.5 mM Mg@G] 0.05% NP40, 0.5 mM DTT). Proteins
bound to EZ ViedM Red Anti-Flag affinity gel were eluted with Flag elution buffer containing
0.3 mg/mL 3x Flag peptide. Immunoprecipitated proteins were separated by BB and
detected by immunoblotting. In some experiments, 0.5%0lRassubstituted with 0.75%
CHAPS. For experiments assessing inducible dimerization, cells were incubated with 100 nM

AP20187 for 1 hour prior to harvesting, and |
Binding assays

GST-tagged proteins were purified described above. After washes with NET Buffer +
1% Triton X100, glutathione beads were incubated with equal amounts of HEK293T cell
nuclear extractfprepared as described above for kinase assapsg¢ssing FlaA\TR i HA-
ATRIP overnight at 4°C. Beadgere washed three times with lesalt buffer (20 mM HEPES
KOH pH 7.9, 150 mM NacCl, 20% glycerol, 0.05% Tween20, 0.5 mM DB®und proteins
were eluted75 mM Tris pH 8, 15 mM glutathione, 5 pg/mL leupeptisgparated by SDS

PAGE, and detected lmpomassie staining or immunoblotting.
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Immunofluorescence

U20Sor HelLacellsgrown on glass coverslipgerewashedncewith PBS, and then
fixed in 3% paraformaldehyde/2% sucrose in R&SLO minutes at room temperature. Cells
were washed three times wiBS, and then permeabilized with 0.5% Tritor100 in PBS for 5
minutes at room temperature. Cells were then washed four times with PBS prior to blocking with
5% BSA in PBS for at least 15 minutes at room temperature. Cells were washed once with PBS
and ncubated with primary antibodieduted in 1% BSA in PB$or 1 hour at room
temperature. Cells were washed three times with PBS and incubated with se¢dexafjuor
antibodiediluted in 1% BSA in PB%or at least 20 minutes at room temperature irdtmg.
Finally, cells were washed three times with PBS and coverslips were mounted on slides with
Prolong Gold antifade reagent containing DAIRlages were obtained using a Nikon
mi croscope and FASHSEand Brdbauélear, inteNsiidd 2vere quantitated

usingElementssoftware
Micronuclei assays

Cells were untreated or treated with 100 nM AP20187 for 24 hGeils were washed
once with PBS andxXedwith 3% paraformaldehyde/2% sucrose in HBISLO minutes at room
temperatureCellswerewashedhree times witlPBS, permeabilized with 0.5% Triton200 in
PBSfor 5 minutes at room temperatureashedour times withPBS, and stained with DAPI.
Cells were imaged using a Nikon microscope and micronuclei were quethtiranually. All

samples were blinded to the experimenter.
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Clonogenic survival assays

U20S, U20S @ETAA1l, calscompkeihéntd wik AKBRAFB6V
mini-ETAAL were plated, left untreated, treated with 1 mM HU100 nM AP20187, or treated
with 5 nM CPT +/ 100 nM AP20187 for 24 hours. Following drug removal, cells were allowed
to grow for 10 days before staining with methylene blue solution (48 % methanolet¥dene
blue, 50% water). The number of colonies on each plate was quantitated manually and for each

condition, percent viability was normalized to viability of the corresponding untreated control.
Lentivirus production

Day 1: Plate 4.5 x PHEK293T cels in 10 cm dishes

Day?2: Transfect cells with 3 €g psPAX2, 1 €9
pVvT185

Day 3: Aspirate media from plates, wash with PBS, and add 7 mL of media
Day 4: Remove media from plates and store at 4°C. Add another 7 mL of media

Day 5: Remove media from plates and combine with media from Day 4. Make 1 mL aliquots and
store viruscontaining media aB0°C

Lentiviral Infection

Day 1: Plate2x T0U2 OS @ETAA1 #17 <cells in 60 mm dishes
Day 2:Infect plates with 1 mL ofirus-containing media. Leave one plate uninfected

Day 3: Expand cells from 60 mm dishes to 10 c
puromycin

Day 5: Expand surviving cells into multiple 10 cm dishes without puromycin to harvest for
immunoblotting, to feeze, and to continue passaging
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Neutralcomet assays

Neutr al Comet assays were performed)foll ow

HelLa cells were synchronized overnight with 2 mM thymidine. Cells were washed once with
PBS, incubated with fresh media for 1 hour, and then incubated with media containing no drugs,
CDA437, ATRI, or CD437+ATRIi for 0.5 3 hours. Cells were harvested arduspended in PBS.
Cells in PBS were then combined with molten LMAgarose at a ratio of 1:10 and spread onto
CometSlide. Slideswere incubated at 4°C for 30 minutes in the dark, and then immersed in
lysis solution overnight at 4°C in the dark. Slidesenmmersedn neutral electrophoresis

buffer (100 mM Tris, 300 mM sodium acetate, pH 9) for 30 minutes at 4°C in the dark prior to
electrophoresis (21 volts for 45 minutes). Slides weraérsedn DNA precipitation solution

M NH4AC in 95% ethanol) foBO minutes at room temperature in the dark and then immersed in
70% ethanol for 30 minutes at room temperature in the dark. Slides were dried at 37°C in the
dark before a 3@ninute incubation with diluted SYBR Gold. Slides were rinsed with water and
allowed to dry overnight at room temperature in the dark. Slides were imaged using a Nikon

microscope and tail moments were quantitated using OpenGoifthware
DNA Combing

HelLa cells were pulwagdhevd tthwi2de ewi tCH dHIBS S,
IdU, and washed twice with HBSS. Pulse times and absence or presence of drugs is indicated in
individual experiments. Cells weharvested and resuspended in ice cold PBS. Cells were

centrifuged at 150 x g for®i nut es at 4AC. Cells were then r

warmed to 50AC, and resuspended again by addi

transferred to plug molds and incubated at 4°C for at least 30 minutes. Solidified plugs were

tranderred to buffer 3 and incubated at 50°C overnight. Plugs were washed three times with 15
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mL of buffer 4 (1x TE Buffer), transferred to 2 mL collection tubes containing 1 mL of buffer 7,
and incubated at 68°C for 20 minutes. Collection tubes therencubated at 42°C for 10

mi nutes pri or t oagarabel Tubdas ware incubatet at82°€ dvernight. DBIA
solutions from collection tubes were gently poured caimbing reservoirsontaining 1.2 mL of
buffer 7and DNA was combed onto silanizedsecslips usinghe FiberCombmolecular

combing system (Genomidsion). Coverslips were incubated at 65°C for 2 hours, and then
incubated at20°C overnight. Coverslips were wagdto room temperature prior to incubation

with 1 M NaCl + 0.5 M NaOH for 8 mutes. Coverslips were washed three times with PBS,
incubated with 70% ethanol for 5 minutes, with 90% ethanol for 5 minutes, and with 100%
ethanol for 5 minutes. Coverslips dried at room temperature and then were washed once with
PBS. Coverslips were blked with 10% goat serum + 0.1% Tritor2X0 in PBS for 1 hour and
washed once with PBS. Coverslips were incubated with primary antibodies diluted in 10% goat
serum + 0.1% Triton XL00 in PBS for 1 hour, washed three times with PBS, incubated with
Alexa fluor secondary antibodies diluted in 10% goat serum + 0.1% Trib@Q¢or 30

minutes, washed three times with PBS, and then mounted on slides with Prolong Gold antifade
reagent without DAPI. Images were obtained using a Nikon microscopmatydes were

performed manually.
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CHAPTER Ill

COMMON MOTIFS IN ETAAL1 AND TOPBP1 REQUIRED FOR ATR KINASE

ACTIVATION

This chapter is adapted from [Common motifs in ETAAL1 and TOPBP1 required for ATR kinase
activation] published in [Journal of Biological Chemis294(21): 83958404 and has been
reproduced with the permission of the publisher and rgutbor [David Cortez]

Introduction

Cells are constantly exposed to exogenous and endogenous sources of DNA damage that
cause thousands of DNA lesions in each cell every@eygia and Elledge, 2010J hese lesions
can interfere with processes such as DNAicapion and transcription, and must be accurately
repaired to preserve genome stabi{ifgman and Cimprich, 2014)he recognition and repair of
DNA lesions is coordinated by a series of signaling pathways collectively known as the DNA
damage response (DDR)h&@ DDR also regulates cell cycle progression, cellular senescence,
and apoptosi€Ciccia and Elledge, 2010Jhe phosphatidylinositol-Binase related protein
kinases (PIKKs) ATM, ATR, and DNAK, activate the DDRBlackford and Jackson, 2017;
Ciccia and Elledge, 2010ATM and DNAPK signaling is initiated primarily in response to
DNA doublestrand breaks (DSBs), while ATR is activated at lesions containing replication

protein A (RPA)coated ssDNABIlackford and Jackson, 2017; Saldivar et al., 2017)

ATR is recruited to sites of RRgoated ssDNA through its obligate binding partner
ATRIP, which directly binds RPACortez et al., 2001; Zou and Elledge, 200&)wever,
recruitment to RPAcoated ssDNA alone is not sufficient to trigger ATR activation. Several

other proteins, including at least one ATR activating protein, must also be recruited to trigger
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maximal ATR signaling. One ATR activating protein is TOPERamagai et al., 2006)

TOPBP1 is recruited to DNA lesions that possessassBSADNA 56 junction thr
interaction with the MRE11/RAD50/NBS1 (MRN) complex and the phosphorylatedndnal

tail of RAD9, a component of the RAERAD1-HUS1 (91-1) checkpoint clamfDelacroix et

al., 2007; Duursma et al., 2013; Rappas ek@all1) TOPBP1 also interacts with RHINO at

DNA damage sitefCottaRamusino et al., 2011; Linds@®pltz et al., 2015)All these

interactions are required for TOPBP1 to fully stimulate ATR kinasgiggtwhich is

specifically mediated by the TOPBP1 ATR activation domain (Amagai et al., 2006)

The other known ATR activator is ETAAL. Unlike TOPBP1, ETAAL is recruited to
RPA-coated ssDNA through a direct interaction with RPA, where it then activates ATR through
its AAD (Bass et al., 2016; Haaht al., 2016; Lee et al., 201&@TAAL is especially important
to activate ATR to regulate cell cycle transitions even in the absence of DNA damage or

replication streséBass and Cortez, 2019; Saldivar et al., 2018)

The ATR and ATRIP orthologues Baccharomyces cerevisiaee Mecl and D&
respectively. Like ATRATRIP, MectDdc2 localizes to DNA lesions containing RfeAated
ssDNA via a direct interaction between RPA and D@zl et al., 2007) Mecl kinase activity
can then be stimulated by Dpb11 (TOPBP1 orthologue), Ddcl (human RAD9 orthologue), or the
multifunctional nuclease/helicase Dn@dimar and Burgers, 2013; Mordes et al., 2008b;
NavadgiPatil and Burgers, 2008, 2009)he biochemical mechanism by which these proteins
activate Mec1 appears to be the same. Each Mec1l activation domain (MAD) is predicted to be
intrinsically disordered and contains two essential aromatic amino acids that when mutated,
abrogate Mec1 activiain bothin vitro andin vivo (Kumar and Burgers, 2013; Navadgatil and

Burgers, 2009; Navaddratil et al., 2011) Additionally, it has been proposed that the Mecl
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activators bind Mecl via a twstep binding mechanism whereby the two aromatic residues bind
first followed by binding of the surrounding residues to stimulate full kinase activation

(Wanrooij et al., 2016)

In contrast to the Mec1 activators, how TOPBP1 and ETAAL activate ATR is less well
understood. The AAD structures have not been solved, and the AAD primary sequeta®s co
no similarities except for a few amino acids that flank a conserved trypt@pass et al., 2016)
Mutation of this tryptophan, in both TOPBP1 and ETAAL, prevents ATR activéBiass et al.,
2016; Haahr et al., 2®; Kumagai et al., 2006; Lee et al., 2Q18pwever, whether a second
critical aromatic residue or any other motifs in these domains are required for ATR activation is
unknown. To better determine how ETAA1 and TOPBP1 activate ATR, we more specifically
defined the ETAAL and TOPBP1 AAD#/e found that each of the AADs contains a predicted
coiled coil motif that is required for ATR activatiamvitro and in cells. Our data indicates that
the predicted coiled coils are required for ATR activation because these motifs bind the ATR

ATRIP compex.

Results

Identification of the ETAAL1 ATR activation domain

ETAAL is a 926 amino acid protein that contains two RPA interaction motifs and an
AAD (Bass et al., 2016; Haahr et al., 2016; Leal.e2016) However, it contains no other
defined domains and several regions within the protein are predicted to be unstructured (Fig
3.1A). To better understand how ETAAL activates ATR, we sought to more specifically define
the AAD. We previously identified the ETAAL AAD to be residuesZ&), as this fragment

stimulates robust ATR kinase activityvitro (Bass et al., 2016} ike the yeast MADs, the
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ETAA1 AAD is predicted to be intrinsically disordered without cleaoseary structure except
for a predicted coiled coil motif spanning residues-288 (p score = 0.01) (Fi§j1A and B. To
determine if this predicted coiled coil is important for ATR activation, we incubated purified
ATR-ATRIP with recombinant GSETAAL1 AADs containing or lacking the predicted coiled
coil, an ATR substrate (an MCM2 fragment containing SI&tez et al.,, 2004), and ATP
32p], and measured substrate phosphorylation. ETAA250band 7815, which contain the
predicted coiled coil, stimulate ATR kinase activity, while ETAAXIB2, which lacks the
predictedcoiled coil, does not (Fi§.10. ETAAL 75204 has partial activity, but removal of six
more residues eliminates virtually all activation (BigD and G. We also tested ETAAL1 AADs
that had amino acids deleted from théekminus. Compared to ETAAL 7815, ETAAL 85215
activates ATR less efficiently, ETAAL 9515 activates ATR very little, and ETAAL 1215

does not activate ATR at all (F&J1E). A direct comparison between ETAA1-250, 75215,
75-204, and 88215 revealed that 7850 and 78215 activatéATR to a similar extent and more
robustly than 7204 and 8815 (Fig3.1F and (. Therefore, we conclude that in addition to the
critical tryptophan (W107), ETAAL contains a predicted coiled coil motif that is required for
stimulation of maximal ATR kinge activity and the minimal AAD that retains complete activity

contains residues 7515.
Identification of the TOPBP1 ATR activation domain

TOPBP1 is a multiple BRG@omain containing protein with an AAD located between
BRCT domains 6 and Gomposed of residues 91892 (Kumagai et al., 2006).ike the ETAAL
AAD and yeast MADs, the TOPBP1 AAD is predicted to be mostly unstructure® @Ay
Since the ETAA1 AAD contains a predicted coiled coil that is required for ATR activation, we

hypothesized that the TOPBP1 AAD may contain a similar motif. Indeed, a secondary structure
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prediction algorithm identified a possible coiled coil in the TOPBP1 AAD from residues 1054
1083 albeit with a more modestspore of 0.074 (Fi§.2B). Therefore, we assessed whether this
motif was required for TOPBPdependent ATR activation. GSITOPBP1 fragments containing
the predicted coiled coil as small as amino acids 1058 stimulate ATR kinase activity (Fig
3.2C and D). However, TOPBP1 108373, which lacks the predicted coiled coil, does not
activate ATR (Fig3.2D). Thus, like ETAAL, TOPPBL1 contains a critical tryptophan (W1145)
and a predicted coiled coil within an otherwise disordered domain that is required for full

stimulation of ATR kinas activity.

A single point mutation in the predicted coiled coils disrupts ATR activation

A sequence alignment of the ETAA1 and TOPBP1 predicted coiled coil motifs reveals
some sequence similarity (F8BA). Both contain a conserved phenylalanine (F19BTAAL
and F1071 in TOPBP1), which we hypothesized could be a second critical aromatic residue in
each AAD required for ATR activation similar to the requirement in the Mecl activators.
Mutation of ETAAL F198 to alanine completely abolishes ATR activatiamn3.3B). Mutation
of TOPBP1 F1071 to alanine also reduces ATR activation, although not to the extent observed

for ETAAL (Fig 33C).

Overexpression of either the TOPBP1 or ETAA1 AAD in cells results in ATR activation
that can be assessed by measuristphe variant H2AX phosphorylation at serihe8 9 ( 0o H2 A X))
(Ball et al., 2007; Bass et al., 2016; Haahr et al., 200@)expressed the full length AADs,
AADs lacking the predicted coiled coils, or AADs with the phenylalanine mutations in U20S
cells and measured O9H2AX induction b-215i mmunof

induces a | arge i ncr e al82and BTAAL FB21BK98A exbressian ET A A
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Figure 3.1 Identification of the ETAAL1 ATR activation domain. A) Schematic of ETAAL

with the AAD and RPA interaction motifs indicated. ETAAL predicted disorder was calculated
using IUPred2A(Meszaros et al., 2018M\AD region is indicated by red bokB) Schematic of

the ETAAL AAD, with the critical tryptophan and predicted coiled coil (CC) indicated. Predicted
coiled coil per residue scores were calculated using Paif@ddRonnel et al., 2006)C-F)

Purified ATRATRIP complexes were incubated with GST or the indicated-E8AAL1 AADs,

an ATR s ub st R ReactionpnodlictsAvEre separated by - PBSE and detected

by coomassie staining and immunoblotting. Substrabeorylation was detected by
autoradiographyG) Quantification of three experiments as showf.iistatistical significance
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was calculated usingaomeay ANOVA and Tukeyds multiple
mean + SD.
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Figure 3.2 Identification of the TOPBP1 ATR activation domain.A) Schematic of TOPBP1
with the AAD indicated. BRCT domains are indicated as dark blue boxes. TOPBP1 predicted
disorder was calculated using IUPred@Aeszaros et al., 201L8M\AD region is indicated by red
box.B) Schematic of the TOPBP1 AAD, with the critical tryptophan and predicted coiled coil
(CC) indicated. Prediet coiled coil per residue scores were calculated using Paircoil2
(McDonnell et al., 2006)C-D) Purified ATRATRIP complexes were incubated with GST or

the indicated GSTOPBPIAADs, an ATR s u#B.Reacioneroductswere A T P

separated by SDBAGE and detected by coomassie staining and immunoblotting. Substrate
phosphorylation was detected by autoradiography.
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do not (Fig3.3D and E). We also assessed MCM2 Sph8sphorylation as a second measure of
ATR activation and observed that expression of ETAARZYS, but not ETAAL 78.82 or

ETAA1 75215 F198A, causes a modest increase in MCM2 S108 phosphorylatid@3fFig

Next, we measur ed 9 H2AXphosphdrylatianinceis and MCM2
expressing our newly defined TOPBP1 AADs. Expression of TOPBP1-1UBF causes a large
increase i n 9H2AX, whi Fl&73evRighfackstkeipedicted doiledr OP B P 1
coil, results i n B83GCaiH)cExmessor of TOPBRLHMA/R ( Fi ¢
F1071A causes moder aB8.35 andHpcanXisteantrwdhuhe tesubbafthe ( Fi ¢
vitro kinase assay where the F1071A mutation reduces, but does not abolish, ATR activation by
TOPBP1 (Fig3.3C). ExpressionfofOPBP1 10571173 also causes a modest increase in MCM2
S108 phosphorylation, while expression of TOPBP1 110BA3 does not. Expression of
TOPBP11054173 F1071A, as for o9H2AX, causes an in
phosphorylation (Fi@.31). Taken bgether, these results indicate that the ETAAL1 and TOPBP1

predicted coiled coils are required for efficient ATR activation in cells.

The coiled coil point mutations do not alter AAD oligomerization

Coiled coils often function as oligomerization domgBarkhard et al., 2001)lo
determine if mutation of the predicted coiled coils altered AAD oligomerization, we compared
the elution profiles of ETAAL 7215 and ETAAL 78215 F198A on a size exdion column.

Both ETAAL 75215 and ETAAL1 7815 F198A elute at a retention volume of 15.2, mL
indicating that the F198A mutation does not disrupt function by preventing-homo
oligomerization (Fig8.4A). Both the wildtype and mutant proteins elute at a posithat does

not match their predicted molecular weight (approximately 38.6 kDa compared to the predicted
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Figure 3.3 Mutation of a conserved phenylalanine disrupts ETAAL1 and TOPBP1

dependent ATR activation.A) Sequence alignment of ETAAL and TOPBP1 predicted coiled

coil residues flanking ETAA1 F198 and TOPBP1 F1®B-C) Purified ATRATRIP complexes

were incubated witlsST or the indicated GSETAAL or GSFTOPBP1 AADs, an ATR

substr at e¥P. Reactibn gkdlrts were separated by -BBSE and detected by

Coomassie staining. Substrate phosphorylation was detected by autoradioDrapBynpty

vector or the indided ETAAL or TOPBP1 AAD proteins were expressed in U20S cells.

2 H 2 AD<E andG-H) or MCM pS108(F andl) was visualized in Flag positive nuclei. Scale

bar is 2624 and MCM2 pS108 intensity is norm
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Statistical significance was calculated usingawrey ANOVA and Tukeyo6s mul
comparisons test. Black bars are mearsh.
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Figure 3.4 Mutation of the AADs does not alter AAD oligomerization.A-B) The indicated

ETAAL (A) or TOPBP1B) AADs were eluted from a Superd&200 Increase 10/300 GL

column while measuring UV absorbance at 280 nm. Equal amounts of fractions corresponding to
peakswere separated by SEFFAGE and visualized by coomassie staining. Elution volume of
molecular weight standards is indicated.

63



16.3 kDa). However, since the ETAA1 AAD is predicted to be intrinsically disordered (Fig

3.1A), it is unlikely to be globwr likely explaining this difference.

We also assessed TOPBP1 AAD oligomerization usingdilgraition chromatography.
TOPBP1 10571173 elutes at a retention volume of 16.23 mL, while TOPBP1-1033
F1071A elutes at a retention volume of 16.2 mL @#&B). These retention volumes correspond
to molecular weights of 21.8 kDa and 22.2 kDa respectively compared to the predicted molecular
weights of 13.4 kDa and 13.3 kDa. These results indicate that the F1071A mutation does not

alter TOPBP1 AAD oligomerizatn, despite impairing ATR activation.

The predicted coiled coils promote the AADR interaction

Since mutation of the predicted coiled coils had no apparent effect on AAD
oligomerization, we next tested how these mutations affected the ADinteractons. The
F198A mutation almost completely abolishes the ETAAL AADR interaction as measured by
co-immunoprecipitation (Fi@.5A). Similarly, the F1071A mutation diminishes the TOPBP1

AAD-ATR interaction (Fig3.5B).

Given that mutation of the predictediled coils disrupts the ETAAL and TOPBP1 AAD
ATR interactions, we considered the possibility that the predicted coiled coils might directly
contact ATR and/or ATRIP. To test this hypothesis, we purified the full length ETAAL1 AAD,
the ETAAL predicted coilécoil, and the ETAAL predicted coiled coil containing the F198A
mutation all as recombinant GSision proteins, bound the proteins to glutathione beads, and
incubated the beads with nuclear extracts expressingdHBgand HAATRIP. As expected,
the full length ETAAL1 AAD binds the ATRATRIP complex. The ETAAL predicted coiled coil

also binds a small amount of ATRTRIP, whereas no appreciable binding above background is
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observed with the F198A mutant (RB&C). We performethe same experiment with the

TOPBP1 predicted coiled coil, and similarly, observed that this protein binds a small amount of
ATR-ATRIP. In contrast, the TOPBP1 predicted coiled coil with the F1071A mutation exhibits
no ATR-ATRIP binding above backgroundi¢F3.5D). Taken together, these results suggest that
the ETAAL and TOPBP1 predicted coiled coils are important for ATR activation because these

motifs contribute to the AAD interaction with AFTRTRIP.

Discussion

Combined with previously publishetita, our results suggest that the defining features of
an ATR activation domain include: 1) the presence of an evolutionary conserved tryptophan
within a region predicted to be mostly disordered, and 2) a predicted coiled coil motif that
mediates bindingp ATR-ATRIP. Both ATR and ATRIP are thought to contain AAD interaction
surfaces needed for ATR activati@Mordes et al., 2008aperhaps explaining the requirement
of more tharone ATRATRIP binding motif in the AADs. With this more specific definition of
an AAD, it may be possible to combine phenotypic data, secondary structure predictions, and

primary sequence alignments to identify or evaluate additional AADs.

NBS1 was previosly proposed to be a direct ATR activafiiobayashi et al., 2013)
The ATR interaction domain on NBS1 was mapped to BRCT domain 2, which does not have
any similarity to te ETAAL or TOPBP1 AAD motifs. The authors concluded that NBS1
activates ATR differently than TOPBP1. Therefore, we cannot rule out the possibility that
additional ATR activators, such as NBS1, may activate ATR using mechanisms other than

through AADs.
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Like the MADs, which contain two aromatic residues required for Mec1 activation
(Kumar and Burgers, 2013; Navadgatil and Burgers, 2009; Navae®gatil et al., 2011)we
identified a second critical aromatic residue, a phenylalanine, in the ETAAL1 and TOPBP1 AADs
within the predicted coiled coils. The critical aromatic residues in the Mec1l activators are always
either tryptophan or tyrosine, and interestinglth@gh one of the critical aromatics in Dna2,
Trp-128, can be substituted with Tyr, mutation of this residue to Phe causes a defect in Mecl
activation(Wanrooij et al., 2016)The MADs also contain no obvious predicted coiled coils
(McDonnell et al. 2006) Thus, there may be some differences between the yeast MAD and
vertebrate AAD domains. Atomic resolution structural information will be required to fully

determine how the MADs and AADs actually bind to and activate Mec1 and ATR respectively.

ATR inhibitors are currently being tested as single agents and in conjunction with
genotoxic chemotherapies to treat various malignariE@snent and O'Connor, 2018)
Identification of ATR activating proteins and theechanism by which they activate ATR should
reveal more detailed information about how, when, and where ATR is activated and about
downstream activatespecific signaling cascades. This information, in turn, may be useful in
identifying which patients wodlmost benefit from ATR inhibitor treatment regimens and

contribute to improved efficacy of these drugs.

Conclusions

Budding yeast contaiat leasthree Mecl activating proteinand these proteins are
predicted to stimulate Mecl kinase activity by a omon mechanism. Each Mec1 activator
possesses two aromatic amino acids that are essential for Mecl activation because these residues
directly bind Mec1 to stimulateinase activityMetazoans contain at least two ATR activating

proteins, TOPBP1 and ETAA1nd although each of these proteins contain an essential
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tryptophan that is required for ATR binding and activation, less is known about the mechanism
by which these proteins activate ATR. We identified a common motif in the ETAAL and
TOPBP1 AADs, a prediet coiled coil, that is essential for ATR binding and activation.
Furthermore, we found that the predicted coiled coils exhibit primary sequence siraitakity
contain an essential phenylalanine that is required for ATR binding and acti2tiodata

indicates that the predicted coiled coils directly contact the-ATRIP complex.
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CHAPTER IV

REGULATION OF ATR ACTIVATION BY DIMERIZATION OF ATR ACTIVATING

DOMAINS

This chapter is adapted frorRggulation of ATR activation laymerization of ATR activating
domain$ currently in revision afJournal of Biological Chemistry] and expected to be
accepted for publication in February 2021

Introduction

Replication forks frequently encounter obstacles such as DNA damage and
transcriptional machinery that impede their progres@ortez, 2019)Stalled repliation forks
must be stabilized to avoid collapse into dotgitand breaks and to facilitate resumption of
DNA synthesis. Upon fork stalling, the phosphoinosidenase related kinase ataxia
telangiectasia and Rad3 related (ATR) activates the replicsttiess response, which slows cell
cycle progression, suppresses new origin firing, and stabilizes stalled replicatiofStddisar

etal., 2017)

ATR activation occurs not only in response to replication stress, but also during normal
DNA replication and in mitosi@Bass and Cortez, 2019; Buisson et al., 2015; Kabeichk,
2018; Saldivar et al., 2018\TR signaling in $ohase suppresses CDidépendent activation of
a mitotic transcriptional network to enforce an S/G2 checkgSamidivar et al., 2018)n
mitosis, ATR signaling ensures proper chromosome alignment and segregation, and regulates the

spindle assembly checkpoifass and Cortez, 2019; Kabeche et al., 2018)

ATR is recruited to replication forks through its obligate binding partner ATR interacting

protein (ATRIP) via a direct interaction between ATRIP and replication protein A (RE¥)ez
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et al., 2001; Zou and Elledge, 200B) mitosis, RRA recruits ATR to centromeric4ops
(Kabeche et al., 2018However, ATR localization to RRAoated ssDNA is not suffient for

ATR activation. Several additional proteins, including an ATR activating protein, must also be
recruited and assembled with ATBddivar et al., 2017)In metazoan cells, there are at least
two ATR activating proteins, TOPBP1 and ETAMass et al., 2016; Haahr et al., 2016;
Kumagai et al., 2006; Lee et al., 20@hereasS. cerevisiaeoniains at least three activators
(Kumar and Burgers, 2013; Mordes et al., 2008b; NavRdtjl andBurgers, 2008, 2009)
Whether ATR activation occurs via TOPBP1 or ETAAL is dependent on cell cycle phase and the
presence of exogenous DNamage. In response to replication stress caused by replication
inhibitors or DNA damaging agents, ATR signaling is predominantly TOREpEndent,

whereas ETAAL is the primary ATR activator during normal DNA replication and in mitosis

(Bass and Cortez, 2019; Saldivar et 20.18)

TOPBP1 and ETAAL can activate different ATR siting pathways in cells, but the
mechanism by which these proteins stimulate ATR activity appears to be the same. Both
TOPBP1 and ETAAL possess experimentally defined ATR activation domains (AADs) that are
required to bind and activate ATRTRIP complexeg¢Bass et al., 2016; Haahr et al., 2016;
Kumagai et al., 2006; Lee et al., 2018)though the AADs do not exhibit significant primary
sequence similarity, both are predicted to be intrinsically disordered, and both possess a critical
tryptophan and predicted coiled coil motif that are essential for ATR binding and activation
(Thada and Cortez, 2019Additionally, a mutation in ATR that reduces TOPBd#pendent

activation also reduces activation by ETAfass et al., 2016; Mordes et al., 2008a)

Human and yeast ATRRTRIP complexes form a dimeric butterflike structure similar

to ataxia telangiectasia mutated (ATM) with two ATR molecules and two ATRIP niedeicua
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single compleXRao et al., 2018; Sawicka et al., 2016; Tannous et al., 2021; Wang et al., 2016;
Wang et al., 2017)and dimerization of the complex is required for func(idall and Cortez,

2005) ATM is activated by the MREXRAD50-NBS1 (MRN) compleXLee and Paull, 2004,
2005) and like ATM, MRN is a dimer with two MRE11, RAD50, aN8S1 molecules in a

single compleXSyed and Tainer, 2018n addition, RAD50 dimerization is required for ATM
activation(Lee et al., 2013)Thus, activation of ATM may require dimerization of the ATM

activation protein.

TOPBP1 forms oligomeric complexes in c€llsu et al., 2006)but how TOPBP1
oligomerization affects ATR activation is not clear. While one study concluded that TOPBP1
dimerization augments ATR signaliighou et al., 2013)arother concluded that TOPBP1
oligomerization mediated by AKPphosphorylation reduces ATR signalifigu et al., 2013)In
our studies, we observe increased ATR activation when the AADs are fused to a dimeric GST
tag but not a monomeric ma#te binding protein (MBP) tag. We assessed how AAD
dimerization affects ATR activation, and found that dimerization of both the TOPBP1 and
ETAA1 AADs enhances ATR activation. Additionally, ETAAL forms oligomeric complexes in
cells. Expression of a dimeriout not monomeric, mirETAAL protein complements the
hydroxyurea (HU) and camptothecin (CPT) hypersensitivity of ETAAficient cells, and
restores genome stability. Our results indicate that ETAAL and TOPBP1 dimerization are likely

important for optimbATR checkpoint signaling.
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Results
GST tag enhances ATR activation by AADs

We previously identified the minimal TOPBP1 and ETAA1 AADs by determining which
TOPBP1 and ETAAL fragments were capable of activating ATR in aitro kinase assay
(Thada and Cortez, 201All AADs used in that study had a G&gt Interestingly, we found
that cleavage and removal of the GST tag reduces the ability of the AADs to activate ATR. Even
at a thredold higher concentration, ATR activation by untagged TOPBP1 or ETAAL1 AADs is
still less than activation by the correspomgdGSTAADs (compare lanes 2 and 5 and 6 and 9)
(Fig4.1A). The substrate used in this experiment (@8IM2 79-138) possesses a GST tag that
may form a dimefMcTigue et al., 199%Xhereforewe assessed whether increased ATR
activation by GSTAADs was due to a GSinediated interaction between substrate and AAD.
To do this, we performed kinase assays with the same substrate lacking the GST tag. Again,
compared to GST alone, GHOPBP1 AAD strogly stimulates ATR kinase activity towards
the untagged substrate, while the untagged TOPBP1 AAD does ndt1Big We also
determined how another tag that does not dimerize, MBP, affects ATR activation by the AADs.
In contrast to the GSTOPBP1 AAD, thelBP-TOPBP1 AAD induces minimal if any ATR
activation towards the untagged substrate 4Figg). We observed the same result with GST
tagged, MBPtagged, and untagged ETAA1 AADs (Fd.C). Together, these results indicate
that a GST tag fused to the TOPB&1d ETAAL1 AADs enhances ATR activation without

facilitating an interaction with the kinase substrate.
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Figure 4.1 Fusion of GST to AADs enhances their ability to activate ATRA) The kinase
activity of ATR-ATRIP towards a GSMCM2 substrate was measured in the presence of
purified GST, AAD, or GSTAAD proteins. Reaction products were separated by-BEBGE

and detected by coomassie blue staining. Substrate phosphorylation weeidstec
phosphoimagingB-C) Kinase activity of ATRATRIP towards an untagged MCM2 substrate
was measured in the presence of G3MBP-, or untagged AADs. Asterisks (*) denote antibody

heavy and light chains.
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AAD dimerization enhances ATR activation

Because GST can form a din{&fcTigue et al., 1995we hypothesized that GST
mediated AAD dimerization might be the cause of the increased ATR activation. To test this
hypothesis directly, weanerated AADs with a FKBP F36V tag. Dimerization of proteins fused
to FKBP F36V (hereafter referred to as FK) occurs upon incubation with the rapamycin analog
AP20187 (Figd.2A) (Clackson et al., 1998We first determined whether AP20187 induces
dimerizationof FK-TOPBP1 AAD and/or FKETAA1 AAD. In the absence of AP20187,
purified FK-TOPBP1 AAD elutes from a size exclusion column at a retention volume of
15.7mL, which corresponds to a molecular weight of 29 KDa @&2@). FK-TOPBP1 AAD has
a predicted molecal weight of 28.5 KDa, suggesting that in the absence of AP20187, FK
TOPBP1 AAD is a monomer. Upon preincubation with AP20187, a secofidB8P1 AAD
elution peak is observed at a retention volume of 14.6 mL4EH®). This elution volume
corresponds to molecular weight of 54 KDa, approximately twice the predicted molecular
weight of FKkTOPBP1 AAD. Thus, as expected, AP20187 inducesSTEl®BP1 AAD

dimerization.

FK-ETAAL AAD has a predicted molecular weight of 31.5 KDa, but in the absence of
AP20187 elute from a size exclusion column at a retention volume (14.6 mL) corresponding to
a molecular weight of 54 KDa (F§2C). The ETAA1 AAD is predicted to be intrinsically
disordered and unlikely to form a globular f¢lithada and Cortez, 2019yhich may explain
this result. Upon preincubation with AP20187,-EKAAL AAD elutes at a second peak of 12.6
mL, which corresponds to a predicted molecular weight of 163 KDa4(E). This result is
consistent with AP20187 ducing FKETAAL AAD dimerization or oligomerizatiorLike the

FK-ETAAL AAD, we previously found that the untagged ETAAL1 and TOPBP1 AADs elute
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Figure 4.2 FKBP F36V (FK)-AADs dimerize when incubated with AP20187A) Schematic

depicting the FK inducible dimerization systdBaC) Purified FK-TOPBP1 AAD B) or FK-
ETAAL AAD (C)wereprée ncubated with either DMSO or 5¢gM
application to a Superd&% 200 Increase 10/300 GL column. Samples fronintzated

fractions were analyzed by SEFAGE and coomassie blue stainiBgE) The indicated HAor
Flagtagged proteins were expressed in HEK293T cells. Cells were incubated with DMSO or

100 nM AP20187 for 1 hour prior to lysis with buffer containing®® or 4 &M AP2018°
Immunoprecipitated proteins were separated by-8B&E and detected by immunoblotting.
Asterisk denotes nespecific band at similar MW as Fl&K-TOPBP1 AAD D).
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from a size exclusion column at larger thadicted molecular weigh{$hada and Cortez,
2019) These results could be due to the predicted intrinsic disorder of the AADs, or to AAD
dimerization. To assess whether the TOPBP1 and/or ETAAL1 AADs dimerizeericemed ce
immunoprecipitation experiments. Immunoprecipitation of H&gTOPBP1 AAD ce
precipitates HAFK-TOPBP1 AAD in the presence, but not the absence of AP2018%.0EN).
The same result is observed when Fegd HAFK-ETAAL AAD are ceexpressedh cells (Fig
4.2E). These results suggest the AADs alone are not capable of dimerizing, @hdithetition
profiles in sizeexclusion chromatography is likely because they do not fold into a globular

structure as is predicted from their high degredisorder in prediction algorithms.

Next, we determined how AAD dimerization affects ATR activation by performing
kinase assays with the FXADs in the absence or presence of AP20187TX¥BP1 AAD
activates ATR more efficiently in the presence of APZQEhd this result is observed regardless
of AAD concentration (Figt.3A andB). AP20187 also increases ATR activation by the FK
ETAA1 AAD (Fig 4.3C andD). These results are not due to AP20187anffet effects since
basal ATR activation levels and ATRtevation by GSTAADs are not changed in the presence

of AP20187 (Figd.3E). Thus, AAD dimerization enhances ATR activatiowitro.

ETAAL forms oligomeric complexes in cells

Based on our biochemical data, we wondered whether dimerization (or oligomerization)
of ATR activating proteins in cells is important for ATR signaling. TOPBP1 oligomerization has
been reported to enhance or attenuate ATR sign@linget al., 2013; Zhou et al., 2013)ut
whether ETAAL oligomerization affects ATR signaling is not known. To determine if ETAAL
forms oligomeric complexes, we expressed fHIPALl and HAETAAL in cells either alone or

in combination and examined potential oligomerization bynomunoprecipitation.
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Figure 4.3 AAD dimerization enhances ATR activation.A-D) Kinase activity of ATRATRIP
towards untagged MCM2 substrate in the presence efGRBP1 AAD @A) or FK-ETAAL

AAD(C) was measured in the presence of DMSO or
separated by SDBAGE and detected by coomassie stainincar@itication of substrate

phosphorylation in three independent experimeBtgndD) was measured using a

phosphoimager. Statistical significance was calculated using@ang ANOVA and Tuke:

multiple comparisons test (Mean8D). E) Kinase activity ® ATR-ATRIP towards untagged

78



MCM2 substrate in the presence of GST or the indicated&%0s in the presence of DMSO
or 5 M AP20187. Asterisks (*) denote antibod
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Figure 4.4 ETAA1L forms oligomeric complexes in cellsA) FlagETAAL and HAETAAL

were expressed either alone or in combination in HEK293T cells prior to lysis,
immunoprecipitation, and immunoblotting) HA-ETAA1orHA-ET AA1 ®RPA wer e
expressed either alone or in combination with FIgA\AL in HEK293T cells prior to lysis,
immunopecipitation, and immunoblotting) HA-ETAAL 2-305, 2570, or 571926 were
expressed either alone or in combination with FHAgA\AL in HEK293T cells prior to lysis,
immunoprecipitation, and immunoblotting.
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Immunoprecipitation of HAETAAL co-precipitated-lag ETAAL, and immunoprecipitation of
FlagETAAL co-precipitates HAETAAL (Fig4.4A). ETAA1 localizes to ssDNA through a

direct interaction with RPABass et al., 2016; Haahr et al., 2016; Lee et al., 2BE)ause

ETAAL contains two RPA interaction motifs that interact with two different RPA subunits, we

tested whether ETAA1L oligomerization was dependent o T#A1-RPA interaction.
Immunoprecipitation of FlageTAAL results in similar cgrecipitation of HAETAAL and HA

ETAA1 o®oRPA (a mutant | acking both RPA interac

oligomerization occurs independently of RPA binding @#B).

Next, we attempted to identify a discreet oligomerization domain within ETAAL. We
expressed HAETAAL fragments 2305, 2570, and 57026 in cells either alone or in
combination with FlageTAAL. Immunoprecipitation of FlagTAAL co-precipitates both HA
ETAA1 2-570 and 572926, but not 2305 (Fig4.4C). This data suggests ETAAL

oligomerization may occur through multiple interaction surfaces.

Dimeric mintETAAL restores function in ETAAlkficient cells

We have been unsuccessful in further narrowingtigomerization surfaces in part
because of the instability of ETAAL fragments and lack of predicted folded domains.
Nonetheless, we were interested in determining if ETAAL oligomerization affects ATR signaling
in cells, so investigated whether we couldyant oligomerization by removing most of the
ETAAL1 regions predicted to be disordered while retaining known functional motifs. To do this,
we created a protein we have termed rEMAAL, in which we fused ETAAL amino acids 2
305 to the RPA70 (residues 66@2) and RPA32 (residues 8826) interaction motifs (Fig

45A). In addition to the AAD and RPA interaction motifs, miEiTAAL also retains CDK
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FlagFK-ETAAL 2-305 in HEK293T cells. Cells were preincubated with DMSO or 100 nM
AP20187 for 1 hour prior to lysis in buffer containBbgS O or 4&e¢ M AP20187.
Immunoprecipitated proteins were detected by immunoblotting.
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dependent phosphorylation sites that are required for ETdejendent suppression of

chromosomal instabilityAchuthankutty et al., 2019)

We assessed the functionality of mEITAAL by measuring ATR activation and RPA
binding. Overexpression of both fiéngth ETAAL and the ETAA1 AAD results in ectopic
ATR activationthatcab e me as ur ed by (Aohttizakkdty et al.d20iO;tBass et
al., 2016; Thada and Cortez, 201BK-mini-ETAAL overexpression causes a large increase in
JH2AX induction, and an even gr e &lTMPMLAADNCr ease
overexpression (Fig.5B). In addition, immunoprecipitation of FKini-ETAAL co-precipitates
RPA32 (Fig4.5C). These results indicate FKini-ETAAL is capable of activating ATR and

binding RPA.

Next, we examined mifiETAAL oligomerization. As expected, immunoprecipitation of
FlagFK-mini-ETAAL results in ceprecipitation of HAFK-mini-ETAAL in the presence of
AP20187. We also detect a substantially attenuated interaction betweearfeladA-FK-mini-
ETAAL in the absence of AP20187 (F&D). The small residual interaction is mediated by
RPA since immunoprecipitation of Fl&g<-ETAAL 2-305 (which lacks the RPA interaction
motifs) only coprecipitates HAFK-ETAA1 2-305 in the presence, but not absence, of AP20187

(Fig 4.5E).

We next tested whether monomeric and/or dimeric4HBIPAAL is sufficient to restore
function to ETAAZdeficient cels. First, we assessed ATdependent RPA32 phosphorylation in
response to CPT, which is reduced in ETAd¢ficient cellg{Bass etl., 2016; Haahr et al.,
2016; Leeetal.,2016) As previously reported, -CpdOfehd1l c el
editing have reduced RPA32 S33 phosphorylation upon CPT treatment comparedtypeavild

controls or @ETAA1l c eflll{lesgh ETAAIP(Figet 6Y9. Expessionvof t h F K
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the FK tag by itself does not complement the defect whether or not the dimerization ligand

AP20187 is added to the culture media #Fg A ) . I n contrast, @ETAAl ce
mini-ETAAL in the absence of AP20187 eltipartial restoration of RPA32 phosphorylation

upon CPT treatment. Importantly, phosphorylation is further increased in these cells in the

presence of AP20187 (F&6A and B). This result is likely due to more potent ATR activation

by dimeric Fkmini-ETAAL, but also due to increased recruitment of dimerierrki-ETAAL

to damaged replication forks. Indeed,-Rini-ETAAL co-localization with RPA in response to

CPT is increased upon addition of AP20187 @&&(C).

ETAA1-deficient cells also exhibit incread genome instability, including a greater
number of cells with micronuclei due to defective ATR signa{Bass et al., 20160 examine
mi cronucl ei formation, we first generated U2O0
FK-ETAAL, o FK-mini-ETAAL (Fig 4.6D). Although we have been unable to detect expression
of FK-ETAAL by immunoblot in these cells, our phenotypic data indicates it is expressed since it
complements ETAAMeficient phenotypes (F46D and E). As expecteddET AAL cel |l s, o
PETAAl1l cells expressing only the FK protein e
irrespective of whether AP20187 is present &) E ) . Il n contrast, @ETAAL
FK-full length ETAA1 have reduced micronuclei formation (Bi§ E) . ®@ETAAL1l cel |l s
expressing FKmini-ETAAL in the absence of AP20187 have micronuclei levels similar to
PETAAl1l and @ETAAl1+FK cell s. Homird-ETéAALcells ncubat i
with AP20187 reduces the percentage of cells with micronuclei to thelsame e | as @ETAA1

cells expressing Full length ETAAL (Fig4.6E).

Finally, we examined whether Fikini-ETAAL dimerization complements the HU and

CPT sensitivity of @ETAAl cells. As shown pre
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Figure 4.6 Induced dimerization of mini-ETAAL restores function in ETAA1-deficient
cels,AHEK293T, HEK293T o@ETAAL1, or HEK293T @ETAAI
indicated cDNAs were preincubated with 100 nM AP20187 for 2 hours before incubation with

300 nM CPT +/ 100 nM AP20187 for 6 hours as indicated. Cells were lysed and proteins were
sepaated by SDSPAGE and immunoblotted with the indicated antibodBQuantification of

RPA32 S33 phosphorylation in FEKEISBA TeatgtET AAL ¢
with 300 nM CPT and/or 100 nM AP20187 as indicated. Statistical significance waktslc
withaoneway ANOVA and Tukeyods mul t-$pn=8.C)dJa0Bp ar i s on
cells expressing HAK-mini-ETAAL were treated with 300 nM CPT for 3 hours or-freated

with 100 nM AP20187 for 1 hour before treatment with 300 nM CPT anchiW08P20187 for

3 hours. Cells were fixed and stained for RPA70 andRfAmMIini-ETAAL. Representatives

images for each condition are shol.U2 OS ®@ETAAL1l cel {FSKKHEKKpr essi ng
ETAAL, or HA-FK-mini-ETAAL were generated by lentiviral infection. HAK-ETAAL

expression is below limit of detectio) Micronuclei quantification and representative images

in the indicated cell types incubated in the absence or presence of 100 nM AP20187 for 24 hours.
Statistical significance was calculated with a-ev®/ ANOVA and Tukeyods multiop
comparisons test (Mean-iD, n=3).F) Representative images of a clonogenic survival assay

of the indicated cell types treated with 1 mM HU #30 nM AP20187 or 5 nM CPT 100 nM

AP20187 for 24 hourss) Quantification of surival assay shown ifF). Percent viability for

each condition is normalized to the corresponding untreated control. Statistical significance was
calculated withaonvay ANOVA and Tukeyds mul t-$Dpn=8 compart
technical triplicate).
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clonogenic survival assay upon HU and CPT treatment4(BlgandG). In the absence of

AP20187, expression of FKiini-ETAAL has minimal impact on HU sensitivity although it does
reduce hypersensitivity to CPT. Induction of mitiAA1 dimerization by AP20187 further

reduces sensitivity to both HU and CPT (Bi§F andG). These results are not due to other
effects of AP20187 as AP20187 does not alter
4.6G). Altogether, these results indiealimerization of minETAAL restores functionality and

largely rescues the genome instability and HU and CPT sensitivities caused by defective ATR

signaling in ETAAZdeficient cells.

Discussion

ATR-ATRIP is a dimer of dimers with two ATR and two ATRIPlacules in a single
complex, and this dimerization is required for signaling and checkpoint a¢Batlyand Cortez,
2005; Rao et al., 2018; Wang et al., 200 now find that dimerization of the TOPBP1 and
ETAAL AADs is also important for ATR activation and function. Like TOPBP1, ETAA1L forms
oligomeric complexes in cells. An ETAAL protein that cargioterize (miniETAAL) is unable
to restore function in ETAAteficient cells until it is induced to dimerize with a heterologous
dimerization domain. These results are consistent with the hypothesis that TOPBP1 and ETAAL

activate ATR as dimers via the sabiechemical mechanism.

Consistent with this conclusion, ATR activationenopusegg extracts was previously
shown to be strongly stimulated by a GBOPBP1 AAD recombinant protein, but only weakly
stimulated by an MBAROPBP1 AAD(Kim et al., 2020) Addition of an FK tag to MBP
TOPBP1 AAD causes increased ATR activation inghesence, but not absence, of AP20187.
The TOPBP1 AAD elutes from a siexclusion column at a larger than predicted molecular

weight(Thada and Cortez, 20190)his difference has been suggested to be because the TOPBP1
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AAD itself is a dimer(Kim et al., 2020) However, our data indicate that the TOPBRd
ETAA1 AADs only form dimers when fused to heterologous dimerization domains or are
embedded within the fulength proteins. Therefore, the aberrant elution profiles of these
proteins from sizexclusion columns is likely because they are intringiadibordered and do

not form globular domains.

Previous studies examining how TOPBP1 oligomerization affects ATR activation
reported conflicting results. Our findings are consistent with those of Zhou (@haly et al.,
2013)who reported that forced TOPBP1 dimerization enhances ATR signaling. In contrast, Liu
et al.,(Liu et al., 2013)eported that TOPBP1 oligomerization mediated by AKT
phosphorylation reduces ATR signaling. These differences couldriteitzble to differences in
the specific oligomeric structures formed in these circumstances. Consistent with our
conclusions, a study published during revisions of this manuscript found that TOPBP1
oligomerization occurs via liquitiquid phase separatiand that microrsized TOPBP1

condensates promote ATR activati@mattini et al., 2021)

Our domain mapping studies of ETAAlggests it contains at least two separable
regions that mediate oligomerization. Similar findings have been reported for TOPBP1
oligomerization. One study found that AKdependent AAD phosphorylation mediates TOPBP1
oligomerization via the BRCA1-@&rminus7/8 (BRCT7/8) domainf.iu et al., 2013)while
another study reported that the BRCT1/2 and BRCT4/5 domains mediate TOPBP1
oligomerization(Kim et al., 2020) Unlike TOPBP1, ETAAL is mostly devoid of predicted
folded domains and several regions within ETAAL are predicted to be intrinsically disordered
(Thada and Cortez, 201Although disordered regions in other proteins often promote phase

separation due to sedissemblyBanani et al., 2017p previous rert found no evidence of

88



ETAA1 biomolecular condensate formati@irattini et al., 2021)Thus, elucidating specially

how ETAA1 digomerization occurs will require additional studies.

FK-min-ETAA1l, when expressed in @ETAA1 cell s,
in response to CPT treatment, reduces micronu
cells expressing fulengthETAA1, and restores the HU and CPT
to wild-type levels only upon mifie TAA1 induced dimerization. Thus, in addition to ATR
ATRIP and RPA binding, ETAA1 dimerization is needed for its function in the DNA damage
response. Thissult also suggests that these ETAAL biochemical activities may be sufficient to
mediate at least some functions of ETAAL. However, theriiii-ETAAL protein is expressed
at higher levels than the fudkéngth protein, which could obscure the need for &ttt domains
or motifs in ETAAL. ETAAL forms complexes with several other DNA damage response
proteins(Bass et al., 2016 hus, further studies will be needed to determine if there are
additional functional motifs within the disordered regions of ETAAL. Nogleks, the mini
ETAAL protein may be useful in future structural studies aimed at visualizing the activated form
of ATR since the miRETAAL lacks most of the disordered regions and is sufficient induce an

active ATR conformation.

In conclusion, dimerizéon of the ATR activators ETAAL and TOPBP1 is important for
their function in ATR activation. Regulation of TOPBP1 and ETAA1 oligomerization, possibly
mediated by podiranslation modifications and/or phase separation, may facilitate precise

spatiotemporacontrol of ATR signaling.
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Conclusions

The ATR"LATRIPPY2 complex is a dimer of dimers that forms a butterfly like
structure, and complex dimerization is required for function. We now show that TOPBP1 and
ETAA1 AAD dimerization is required for ATR activation. ETAAL forms oligomeric complexes
in cells, and oligorarization is mediated by at least two distinct regiointhe protein Fusion of
ETAA1 amino acids 805 to the RPA70 and RPA32 interaction motifs creates aETiAAL
protein that retains all known function motifs, but unlike-fatigth ETAAL, miniETAAL does
not form oligomeric complexes. Mait TAAL expression fully rescues defective ATR signaling
and genomic instabilitin ETAA1-deficient cells only upon mifETAAL induced dimerization.
These results support a model whereby TOPBP1 and ETAAL activatag\diers via the

same biochemical mechanism.

90



CHAPTER V

ATR PREVENTS FORK COLLAPSE IN RESPONSE TO LAGGING STRAND

REPLICATION STRESS
Introduction

Each time a cell divides, it must accurately duplicate its genome to ensure each daughter
cell recéves the correct amount of genetic material. This process, called DNA replication,
requires a plethora of proteins that function in a spatiotemporally regulated fBargars and
Kunkel, 2017) DNA replication begins at origins of replication and involves DINdvinding by
helicases and synthesis of nascent DNA by polymerases. In eukaryotes, the CMG helicase
unwi nds DNA while polymerases U,@Buigersamhd U ( Po
Kunkel, 2017) Based on the polarity of DNA and because DNA polymerases sizgh#N¥A in
t he3®dodirecti on, DNA replication occurs differ
|l eading strand after pr iPrmasegnasaemtdNA isgyrthes&zéd sy nt
cont i nuo u@ursel éal., 26080n the lagging strand, DNA synthesis occurs
discontinuously via the generation of Okazaki fragmédisazaki et al., 1968)-ollowing initial
priming and DNA-Psymalsesi ©kbhyaRol fdagment synt
(McElhinny etal.,2008) Thus, while | eading s tPrnmsedor synt he:
initiation, | aggi ng -Brimasafordhe sygthesishobeseryOkarakiqui r e s

fragment.

DNA lesions, repttive sequences, and collisions with transcriptional machinery can
interfere with DNA replicatiorf{Cortez, 2019)Obstacles that stop or slow DNA replication forks

activate the replication stress response (RSR). The RSR coordinates DNA replication with DNA
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repair to ensure replication accuracy is maintained, and coordinates DNA rephathice!l

cycle progression to ensure cells with damaged or incompletely replicated DNA do not undergo
cell division(Ciccia and Elledge, 2010ATR is master regulator of the RSR. Upon fork stalling,
ATR is activated and phosphorylates nuous proteins, including its main downstream effector
kinase CHKZ1, to slow origin firing, stabilize stalled replication forks, and slow cell cycle

progressior{Saldivar et al., 2017)

HU is routinely used to induce replication stress and study the RSR. HU inmiigs R
and thereby depletes cellular dNTP pd@sgh and Xu, 2016).ow dNTP levels stall
replication forks and cause robust ATR signaling. Howeverjmtluced fork stalling stalls both
leadingand lagging strand synthesis. Recent evidence indicates thatsprerific DNA lesions
affect replication forks differently. While lagging strand lesions are efficiently bypassed, leading
strand lesions substantially reduce fork progression and refitAnunwinding ahead of the
lesion(Taylor and Yeeles, 2018%iven this difference, and the differences between leading and
lagging strand DNA replication, it is tempting to speculate that stspedific lesions may result
in distinct RSRs. However, it is currently unknown if leading or lagging strand lesions activate

RSRs distinct from each other or distinct from RSRs activated by stalling both strands.

Here, | used the small molecule CD437 to study the RSR upon lagging sttHimgj.
CD437 is a selective Pol U inhibitor that bin
(Han et al., 2016)Thus, at active replication forks CD487e pendent Pol U inhibi
lagging strand synthesis by preventing Okazaki fragment generation. CD437 causes an ~40%
reduction in replication fork speed, the accumulation of ssSDNA on the lagging strand, and
eventually DSBs due to RPA exhaustion. Stalling lagging strand synthesis also activates

TOPBP1dependent ATR signaling, which prevents fork collapse upon strandplimgpu
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Results

Pol U inhibition causes eveatgaidSBsaccumul ati on

To begin to explore how Pol U inhibition

fork speed in cells treated with CD437. Cells were pulsed with CldU for 15 minutes to label
ongoing replication forks, and then pulsed with IdU for 30 minutes ialitkence or presence of
CD437. Compared to untreated cells, replication forks in cells treated with CD437 slowed by
approximately 35%Fig 5.1A) | also measured ssDNA formation in cells treated with CD437.
Compared to 30 minutes of HU, which induces niectable ssDNA above the amount in
untreated cells, 30 minutes of CD437 causes a substantial accumulation of $3DNAB)
Prolonged treatment with CD437 causes an even greater accumulation of &8DISAC) The

increase i n s s DNibitiorcisaduestecdntinugd DRAsnthekis byrthie leading

strand because cells treated with HU and CD437 simultaneously, which stalls DNA synthesis on

both strands, suppresses the ssDNA accumulation caused by CD43(Fajdn&B)

of

a

To more directly examine DNA damagmet caused

assays to measure DSBs in cells treated with CD437. CD437 causes a modest increase in DSBs

after 2 hours, and a larger and statistically significant increase after 3(RigusslD). Given the

| arge amount of ssDNA generated by Pol U i

prolonged CD437 treatment were likely due to RPA exhaustion. To test this, | compared DSBs

in cells treated with CD437 to DSBs in cells treated wib¥37 that overexpressed RPA. RPA
overexpression suppresses the DSBs that form after 3 hours of CD437 tréBtgnBritE)
Toget her, these results indicate that Pol

partially reduces leading strand siyesis (strand uncoupling). Continued leading strand
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24 hours, synchronized overnight with 2 mM thymidine, and then were left untreated or treated
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HelLa cells were | abel ed wit hdodethight With BmMI U f or 2
thymi dine, and then were | eft uXhourseCeltseate or tr
fixed and stained forBrdlD)Sy nc hr oni zed HelLa cell s wes+ e trea
3 hours and then processed for neutral consgtyad ail moments were quantified using

OpenComet softwar&) Synchronized HelLa cells and cells overexpressing RPA were treated

with 5 €M CD437 for 3 hours and then processe
guantified using OpenComet softwahe.all panels, statistical significance was calculated with a
KruskatWal | i s test and Dunnds multiple compari son
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synthesis upon lagging strand stalling causes ssDNA accumulation that eventually results in

DSBs due td&RPA exhaustion.
Pol U inhibition activates ATR

RPA-coated ssDNA recruits ATRRTRIP to stalled replication forks through a direct
interaction between ATRIP and RR2Zou and Elledge, 2003) Because Pol U inhi
substantial ssDNAdrmation, we examined the recruitment of ARRRIP to replication forks
in response to CD437 usimgplation ofproteinson nascenDNA (iPOND). Indeed, ATR and
ATRIP are two of the most highly enriched proteins at replication forks upon Cietg8ihent
(Mehta et al., in preparation)o directly examine ATR activation in response to CD437, |
measured CHK1 and RPA32 phosphorylation. In HCT116 cells, compared to HU, CD437 results
in very little CHK1 phosphorylation. By contrast, CD437 result®lust RPA32
phosphorylation, while HU induces no RPA32 phosphorylation above backgroundlegels
5.2A). Interestingly, when | assessed CD4®pendent ATR signaling in HEK293T cells, |
observed that although CD437 results in less CHK1 phosphorylaaortiU, CHK1
phosphorylation induced by these drugs is more similar in this ce(Higé&.2B) | compared
HU- and CD437dependent ATR signaling in three additional cell types and similar to HCT116
and HEK293T cells, found that CD437 results in more RPP3osphorylation, but less CHK1
phosphorylation compared to HBig 5.2GE). Differences between Hland CD437dependent
CHK1 phosphorylation are likely cetype specific. Another ATR substrate, MCM2, is
phosphorylated similarly in response to CD437 br (Mehta, unpublished)rhus, strand
uncoupling caused by Pol U inhibi thbutgesultsims ul t s

less CHK1 phosphorylation than occurs upon stalling of both strands.
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CLASPIN overexpression increases CHK1 phosphorylation sipand uncoupling

Less CHK1 phosphorylation in response to lagging strand stalling compared to stalling
both strands was surprising given that Pol U
and results in more ATRRTRIP recruitment to forks than is observed upon trftdtment
(Mehta et al., in preparationh closer examination of the iPOND dataset revealed that
CLASPIN, which mediates ATRependent CHK1 phosphorylation in response to replication
stresyKumagai and Dunphy, 2000} recruited to forks upon stalling both strands, but not upon
lagging strand stallingMehta et al., in preparation)o determine if Iss CHK1 phosphorylation
in response to Pol U inhibition is due to | ac
CLASPIN in HCT116 cells exposed to CD437. CLASPIN overexpression increases-CD437
dependent CHK1 phosphorylation but does not increase CHK1 pivgfgtion to the level

observed upon HU treatmeffitig 5.3A).

CD43T-dependent CHK1 phosphorylation is most similar to-ttipendent CHK1
phosphorylation in HEK293T cells. A comparison of CLASPIN expression levels between
HCT116 and HEK293T cells revealed £8PIN is more highly expressed in HEK293T cells
than HCT116 cell§Fig 5.3B) Altogether, these results suggest that lagging strand stalling
induces less CHK1 phosphorylation than stalling both strands because lagging strand stalling
does not result in CL8PIN recruitment and that celipe specific differences in CD437
dependent CHK1 phosphorylation are at least partially due to CLASPIN expression level

differences.
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ATR prevents fork collapse upon strand uncoupling

ATR recruitment to and activation at stalleddamaged replication forks results in fork
stabilization, promotes efficient fork restart, activates the-Btphase checkpoint, and
suppresses origin firin@aldivar et al.,, 2017) Because Pol U inhibition
assessed the specific function(s) of ATR at replication forks where lagging strand synthesis is
inhibited. While treatment of cells with CD437 for 1 hour causes no deteatabdase in DSBS,
co-treatment of cells with CD437 and ATRI for the same time does cause increase(HSBs
5.4A). This result is not due to ATR inhibition alone as treatment of cells with ATRIi for 2 hours
causes no detectable increase in D@B$ 5.4B) Thus, ATR activation in response to strand

uncoupling prevents DSB formation.

DSBs caused by ATkhibition could be the result of replication fork collapse, increased
dormant origin firing, or both. | used DNA Combing to directly measure fork collapssis
treated with CD437, ATRI, or both CD437 and ATRI. Cells were pulsed with CldU (red tracks)
for 20 minutes in the absence or presence of drugs, then pulsed with IdU (green tracks) for 20
minutes. Tracks with both red and green indicate continued ONtaesis after drug removal,
while red only tracks indicate fork collapseD437 alone causes an increase in fork collapse
(Fig 5.4C) whichis surprising given that CD437 does not induce DSBs until at least 2 hours of
treatmentOne possible explanation for this discrepancy is that althoughtsheont m P o | U
inhibition may cause a slight increase in fork collapse, DSBs are not observed by €sayst a
until a majority of forks have collapsed. Compared to untreated A&IRi alone @es not cause

an increase in fork dlapse The combined treatment of CD437 and ATRi causes an even greater
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Figure 5.4 ATR prevents fork collapse upon strand uncoulng. A) Synchronized HeLa cells

were untreated, treated with 5 ¢ MW7@DOddar or 5
and then processed for neutral comet askay moments were quantified using OpenComet

software.B) Synchronized HeLa cellswereune at ed or tr eat e@0v¥or2t h 1 ¢
hours and then processed for neutral comet a¥saynoments were quantified using

OpenComet softwar€) HelLa cells and cells overexpressing RPA were pulsed with CldU +/

drugs and IdU as indicated and geesed for DNA combing. Fork collapse percentage was

guantitated manuallyD) Synchronized HeLa cells or cells overexpressing RPA were treated

with 5 &M CD437 n0dforl hoarnd@&npiocegs&iXor neutral comet
assay.Tail moments wereupntified using OpenComet softwahe.all panels where indicated,

statistical significance was calculated witha Krusk&d | | i s t est and Dunnds n
comparisons test.
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incidence of fork collapse compared to CD437 alone, indicating that ATR prévdntollapse

when lagging strand synthesis is inhibif€t 5.4C) Fork collapse in response to CD437+ATRi

is not due to RPA exhaustion as RPA overexpression does not rescue fork collapse in this
condition(Fig 5.4C) In addition, RPA overexpression does prevent DSB formation in

response to CD437+ATRi treatmdRig 5.4D) Finally, DSBs caused by CD437+ATRi cannot

be prevented by inhibiting origin firingMehta, unpublished)logether, these results indicate

that in response to strandcoupling, ATR prevents fork collapse not through inhibition of

origin firing and RPA exhaustion, but more likely by preventing aberrant fork remodeling and/or

nucleasamediated cleavage of replication forks.
ATR activation in response to strand uncouplis TOPBPidependent

ATR activation requires the assembly of a mpttein complex that contains at least
one ATR activating protein. Metazoan cells contain at least two ATR activating proteins,
TOPBP1 and ETAAISaldivar et al., 2017)TOPBP1 is the predominant ATR activator when
cells are exposed to exogenous sources of replication stress, while ETAAL is the primary
activator in undamaged ce(Bass and Cortez, 2019; Saldivar et al., 20L8%sessed whether
ATR activation in respdher&TAAledeperaént. Comparethto bi t i o
control cells, cells depleted of RAD9, which disrupts TOPBEfendent ATR activation,
exhibit less CHK1 and RPA32 phosphorylation in response to CD437. By contrast, cells
depleted of ETAAL show no detectable defect HKQ or RPA32 phosphorylation when treated
with CD437(Fig5.5A) ETAAl1@ cell s also exhibit no defec
CDA437 treatment, and only a slight reduction in RPA32 phosphoryigigrb.5B) These

results indicate that ATR activatioawsed by strand uncoupling is TOPBddpendent.
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Discussion

Pol U inhibition stalls lagging strand syn
synthesis, suggesting human cells possess a mechanism to at least partially couple leading and
lagging strand synthesis during DNA replication. Previous studies exan@ading and
lagging strand replication coordinationimvitro systems found that lagging strand synthesis,
and specifically primer synthesis on the lagging strand, slows leading strand polyme(lzzgion
et al., 2006; Yao et al., 200%jowever, a more recent report found that leading and lagging
strand polymases function independently of each other within single replis@@rakam et al.,

2017) Another recent study reported that leading and lagging strand polymerases function
independently of eachtote r i n mammal i an c ¢gHrdillaetal.p202Q) P o | U i
Several possibilities could explain these differences including the model system and/or type and

dose of drugs usedlly data indicates that while leading strand replication canorandhe

absence of lagging strand replication, leading and lagging strand DNA synthesis are not

completely autonomous processes.

Stalling lagging strand synthesis slows leading strand synthesis in multiple human cell
types(Mehta et al., in preparatiorfjut the mechanism for this slowing is not understood. One
possibility is that ATR signaling upon strand uncoupling reduces CMG activity to slow DNA
unwinding and limit ssDNA formation. Consistent with this hypothesis, Mecl phosphorylates
Mcm4 in responst replication stres@Randell et al., 2010and deletion of Mectlepedent
phosphorylation sites within Mcm4 abrogates DNA damage checkpoint sig(falieg et al.,
2014) In addition, Rad53 limits DNA unwinding and ssDNA formation in response to
replication stress, and this result has been observed in cells and with a recomsitried

system(Devbhandari and Remus, 2020; Gan et al., 2Qh#)uman cells, both ATR and CHK1
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have been shown to phosphorylate MCM complex components but whetheCAKR-

dependent MCM phosphorylation reguateMG activity is not cleaiCortez et al., 2004; Han et
al.,,2015) Pol U i nhi bdegendenn MOM@ phaspherglatiénTbRt interestingly,
co-treatment of cells with CD437 and ATRiduces leading strand synthesis even more than
CDA437 alondMehta, unpublishedHowever, this result could be due to increased fork collapse
caused by accelerated leading strand synthesis, which would result in visualization of shorter

replication forks

ATR activation upon strand uncoupling prevents replication fork collapse, but how ATR
preserves fork stability in this scenario is not clear. ATR prevents fork collapse upon stalling of
both strands by reducing origin firing and regulating numerous [iR8fins, including the fork
remodeler SMARCALXDungrawala et al., 2015; Toledo et al., 20¥#8)R-dependent
SMARCAL1 phosphorylation prevents aberrant fork remodeling and fork cleavage by SLX4
dependent nucleas@Souch et al., 2013)Given that fork collapse upon strand uncoupling is not
due to RPA exhaustion caused by increased origin firing, it is possible that ATR inhibition upon
lagging strand stalling results in fork collapse due toedgibtion of fork remodeling proteins
and/or nuclease activity. Additional studies are needed to specifically elucidate how ATR

stabilizes replication forks upon strand uncoupling.

ATR activation upon strand uncoupling is TOPBiRpendent. TOPBPRPdependent AR
activation requires the-8-1 complex, which is loaded ontssdDNA-dsDNA junction with a
free 506 e REC2bBerrmudeR ét@l., 2003; Ellison and Stilim&003; Zou et al.,
2003) How this structure is generated upon lagging strand stalling remains an important,
unanswered question. One possibility is that continued RNA primer synthesis orgihg lag

strand-Pbiym®&sé UossRDNARNADNA janct®Is is sufficient for 4-1
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loading. A second possibility is that fork reversal upon lagging strand stalling generates the
TOPBPZactivating structure. However, current data doesuapport this model as depletion of
SMARCAL1, HLTF, ZRANBS3, or RAD51 upon Pol U i
(Mehta et al., in preparatiani third possibility is that RPAoated ssDNA generated upon

strand uncoupling recruits TOPBP1. In supmdrthis hypothesis, a previous study found that
TOPBP1 binds RPAoated ssDNA irXenopusegg extractg¢Acevedo et al., 2016A fourth

possibility isthatrggr i mi ng occurs on the |l agging strand
polymerase. Preliminary data indicates that depletion of PRIMPOL, a DNA deperidant D
primasepolymerase, partially reduces ATR signaling upon lagging strand stédktg not

shown and Mehta et al., in preparajiobhus, repriming on the lagging strand by PRIMPOL

may be a mec han issDNA-dBDNA jurttiorcihigerterated upadrand

uncoupling.

Despite more ssDNA generated and more AARRIP recruited to replication forks
upon strand uncoupling than stalling both strands, strand uncoupling induces less CHK1
phosphorylation than stalling of both strands. This is due toda€k ASPIN recruitment upon
strand uncoupling. CLASPIN is an intrinsic component of the replisome and interacts with
mul tiple replication factor s (Leemetdl, 2@D5; 8mgitsdét CN A ,
al., 2019) but what causeincreased CLASPIN recruitment to forks where both stramds a

stalled as opposed to just the lagging strand is not known.

I n conclusion, usi n,gfouad tsatddading and laggingBttahd U i n h
synthesis is partially coupled in human cells, and that strand uncoupling leads to recruitment and
activation of ATR. TOPBP-tlependent ATR signaling upon lagging strand stalling regulates

fork stability but does nahduce robust replication checkpoint signaling.
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Conclusions

Previous studies examining coordination of leading and lagging strand synthesis during
DNA replication reported conflicting results. My data indicates leading and lagging strand
synthesis is paially coupled in mammalian cells. Selectively stalling lagging strand synthesis
causes strand uncoupling and ssDNA accumulation on the lagging strand, resulting in TOPBP1
dependent ATR activatioATR activation induced by strand uncoupling prevents taillapse;
however, ATRdependent checkpoint signaling in response to lagging strand stalling is

substantially attenuated compared to checkpoint signaling induced by stalling both strands.
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CHAPTERVI
DISCUSSION AND FUTURE DIRECTIONS
Mechanism of ATR®! activation
Function of the predicted coiled coils and critical aromatic residues

Current data suggests that the Mec1 activators employ a similar mechanism to activate
Mecl and that the ATR activators employ a similar mechanism to activateAdmiatation in
the ATR PRD thaattenuate®\TR activation by TOPBP1 alsattenuatesctivationby ETAAL
(Bass et al., 2016y OPBP1 binds the ATRRTRIP complexthrough an interaction with the
ATR PRD and ATRIP. A mutation in ATRIP, termed ATRi®p, abrogates the TOPBP1
ATRIP interaction and impairs ATHependent checkpoint signalifigordes et al., 2008a)
Interestingly, whermn analogous mutation is introduced into Ddc2, terdue@-top, the Dpb14
Mecl-Ddc?2 interaction is lost and Mec1l signaling is perturiddrdes et al., 2008a; Mordes et
al., 2008b) It is currently unknown if the ATRHop muation impairs ETAAldependent
signaling, but together, this data suggeststtr@ATR'e! activation mechanism is conserved

from yeast td(humans

Given that TOPBP1, and likely ETAAtontact both ATR and ATRIP to stimulate ATR
activity, thequestion arises as taweh regions of the AADs contact ATR and which contact
ATRIP?1 have shown that the ETAAL1 and TOPBP1 predicted coiled coils alone bind ATR
ATRIP, indicating that the predicted coiled coils are an AARRIP interacting surface on the
AADs. Whether the predicted coiled coils contact ATR or ATRIP remains an open question. If

the predicted coiled coils bind one subunit of the AARRIP complex, another AAD region
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the other scenario, the reverse occurs.
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must bind the other suburfkig 6.1) The likely candidate for this second binding interaction is
the critical tryptophan in the AADs. Although there is no data demonstrating a direct interaction
between the critical tryptophans and ARRRIP, mutation of these residues reduces the

ETAA1- and TOPBPATR interactions and impairs ATR signaling. In addition, the critical
tryptophans and adjacent residues are conserved{emmpudo humangBass et al., 2016;

Haahr et al., 2016; Kumagai et al., 2006; Lee et al., 2@&LB)gh-resolutionatomic structure of
ATR-ATRIP bound taan AAD will delineate exactly how the AADs bind ATRTRIP to

stimulate kinase activity.

If the ATRMec! activation mechanism is conserved from yeast to humans, the MADs
would be expected to possess predicted coiled coils that bind M2 However, unlike
ETAAI residues 18215 (pscore =0.01) and TOPBPL1 residues 10883 (pscore=0.074)the
MADs contan no obvious predicted coiled co({lgicDonnell et al., 2006)The residues in each
MAD with the highest likelihood of forming coiled coils include Dpbl1 residues6®22(p
score=0.095), Ddcl residues 4885 (pscore=0.15), and Dna2 residues 23D (p
score=0.099jFig 6.2AC). The aforementioned residues in Ddc1 and Dna2 are not required for
Mec1 activation because small peptides containing only the critical aromatic residues a
immediately flanking amino acids are sufficient to activate Mecl in &itro kinase assay
(Wanrooij etal., 2016) It is worth noting however, that Mec1l activation by these small peptides
is several orders of magnitude lower thrfull-length MADs.Interestingly, the authors of this
study were not able to generate a small peptide with the two aromatic residues from Dpbl1 that
was capable of activating Mecl. This result suggests that perhaps an additional component in the

Dpb11 MAD is required for M&l activation and that Dpbiddependent Mecl activation may be
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Figure 6.2: MAD coiled coil predictions. A-C)) Predicted coiled coil per residuespores of

the Dpbl11 MAD(A), Ddcl MAD (B), and Dna2 MAID(C). Lower pscores indicate a greater
likelihood offorming a coiled coil. Predicted coiled co#sgores were calculated using Paircoil2
(McDonnell et al., 2006)The critical aromatic amino acids within each MAD are alsown.
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distinct from Ddc1and Dna2dependent Mecl activatio@ellular data also indicates that
Dpbll and Ddcidependent Mecl activation may occur via different mechanisms.
Overexpression of Dpbl1 rescues the HU sensitivity of -doje3/east, but Dell overexpression

does no{Mordes et al., 2008b)

NBS1 was previously reported to be an ATR activéfmbayashi et al., 2013hut the
region of NBS1 that interacts with ATBRCT domain 2bears no resemblance to the ETAAL
and TOPBP1 AADs. If NBS1 is indeed an ATR activator, then two distinct ATR activation
mechanismékely exist in metazoan cells. Therefore, it would not be aswaable to
hypothesize that more than one Mecl activation mechanism exists in yeast. Perhaps
TOPBPPrPLdependenf TRMeC! activation is conserved from yeast to humans, but additional
ATRMecl gctivating mechanisms (Ddcl and Dna2 in yeast and NBS1 in metaatsmekist If
biochemical activation of AT®#! occurs through multiple, distinct mechanisms, it will be

imperative to identify how these mechanisms differentially affect ¥Rsignaling in cells.
Mapping the predicted coiled coil interaction surface on ATR or ATRIP

As described above, an outstanding question is whether the AAD predicted coiled coils

contact ATR or ATRIP. While a highesolution atomic structure of AFRTRIP bound taan

AAD would answer this questioalternative approaches could also be u€etk possibility

would be to perform a yeasto-hybrid screen where AADs containing or lacking the predicted
coiled coil are used as bait proteins to screen an ATR fragmearyliland ATRIP fragment

library. AADs with an intact predicted coiled coil should bind the ATR PRD and ATRIP
(Mordes et al., 2008alHowever, if the predicted coiled coil directly contacts one subunit of the
ATR-ATRIP complex, an AAD lacking this motif should only interact with eith&RAor

ATRIP. Another possibility would be to perform binding assays as described in CHapter
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purified GSTFtagged predicted coiled coil could be incubated with nuclear extracts expressing
only FlagATR or HA-ATRIP. To rule out the possibility of endegous ATR or ATRIP

bridging an interaction between the predicted coiled coil andATd&) or HA-ATRIP, mutant
forms of ATR and ATRIP that do not interact with each other could be lise@nportant to

note, however, that one caveat of this approachrassthe predicted coiled ceATR or ATRIP

interaction occurs independently of AR RIP complex formation.

Regulation oATR activatiorby TOPBP1 and ETAAL dimerization

Consistent with the hypothesis that TOPBP1 and ETAAL activate ATR via the same
mechanism, | have found that TOPBP1 and ETAA1 AAD dimerization augments ATR
activation. My data also implies that dimerizat{on oligomerizationpf full-length TOPBP1
and ETAAL in cells positively regulates ATR signaling. Whether a similar mechanism is
employed by the Mec1l activators to stimulate Meghalingremains unknown. How or if
MAD dimerization affects Mec1 activation or if Dpb11, Ddcl, and/or Dna2 form oligomeric

complexeswarrants investigation.

Further delineating how TOPBP1 and ETAAL oligomerization are regulated also
warrants investigatiorAKT -dependent TOPBP1 AAD phosphorylation mediates TOPBP1
oligomerization via interactions between the AAD and BRCT7/8 daspaind this
oligomerization reduces ATR signalifigiu et al., 2013)However, ATMdependent TOPBP1
AAD phosphorylation and CDKand ATRdependent ETAAL1 AAD phosphorylati@mhances
TOPBPZ and ETAAXdependent ATR activation respectively (discussed fulibkw)
(Achuthankutty et al., 2019; Yoo et al., 200Fhus, differential AAD phosphorylation events
have opposing effects on ATR activatidnut whether the stimulatory phosphorylation events

regulate TOPBP1 and/or ETAAL oligomerization is unclear. Future studies are needed to address
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these possibilities, but my data indicates ETAAL oligomerization occurs independently of the

AAD and is theréore unlikely to be affected by AAD phosphorylation.

ETAAL oligomerization is mediated by at least two distinct regions within the protein,
but the mechanism by which ETAAL selésociates is not clear. Given that several regions
within ETAAL are predictetb be intrinsicallydisorderedand that ETAAL contains a repetitive
sequence elemerdne possibility is that ETAAL oligomerization occurs through formation of
biomolecular condensates. Intrinsically disordered proteins often undergo phase separation to
form biomolecular condensates via several weak intermolecular interatisaiasted by
repetitive sequence elemefBanani et al., 20175uch phase separation would explidie

difficulty in mapping ETAAL oligomerization domains/motifs.

Consistent with the hypothesis that ETAAL phase separation mediates oligomerization
and hence function, several studies have shown that other prumemgo functionally relevant
phasesgparationat sites of DNA damagéaserinduced microirradiation results PARP-1-
dependentecruitment and phase separation of intrinsically disordered proteins FUS(BeS
in sarcoma/translated in sarcomBYVS(ewing sarcoma)and TAF1YTATA box-binding
proteinassociated factor 68 KDaj DNA strand break@ltmeyer et al., 2015; Patel et al.,

2015) and 531 phase separation in irradiated cptismotes DSB repair arrdgulates

expression of p53 and p&Rpendent gendKilic et al., 2019;Pessina et al., 2019 addition,
Escherichia colsingle stranded (ss) DNAinding protein (SSB) undergoes phase separation
under celllike conditions, and this phase sep@mabccurs through a multitude of interactions
involving both the intrinsically disordered linker (IDL) and structural regions of the protein. SSB
phase separation has been proposed as a mechanism bywtwditan more rapidly respond

to genotoxic stres and repair DNA damag@earami et al., 2020)Thus, similar ETAAL phase
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separation to increase local ETAAL concentration at DNA damage sites may increase ATR
activation andacilitate proteinprotein interactions between ETAAL and additional DDR

proteins (discussed below).

Mechanisns of PIKK activation

The similar domain architectures and thde@ensional structures of the PIKKs predicts
these kinases may be activated via similar mechanfSmessuch similarity is the oligomeric
state of PIKK activating proteins. TOPBRBf&id ETAAL form oligomeric comples, and
dimerization of these proteins is required for efficient ATR activation. Similarly, MRN and
KU70/80, which activate ATM and DNA&RKcs respectively, are also diméFsancoeur et al.,
1986; Mimori et al., 1986; Reeves, 1985; Syed and Tainer, 2Bi®hemical experiments
indicate RAD50 dimerization is essential for ATM activat{dee et al., 2013)and KU70/80,
which is an obligate heterodimer, together with DRKcs forms the active DNARK
holoenzymgBlackford and Jackson, 201 RHEB, whichactivates mTORC1, does not self
associatehut activation of the dimeric mMTORC1 complex requires simultaneous binding of two
RHEB moleculegYang et al., 2017)Thus, PIKK activation likely requires binding of two

activator molecules.

The predicted coiled cisiin TOPBP1 and ETAA1L contact either ATRIP or the ATR
PRD. However, potential interactions between PIKK activator predicted coiled coils and the
corresponding PIKK PRDs does not appear to be a common activation mechanism. Our lab
previously found thaike ATR, mutations in the DNAPKcs PRD disrupts DNAK activation
(Mordes et al., 2008aand another study proposed KU70/&@ds immediately @erminal to
the DNA-PKcs kinase doain (Spagnolo et al., 2006) ogether, these ressilsuggested a

potential interaction between KU70/80 and the DRKcs PRD; however, more recent
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structural data indicates the KU86t€minus contacts DNAKcs through the circular cradle
HEAT repeats rather than the PRD to initiate kinase activ@8idranda et al., 2017).ikewise,
theNBS1G er mi nus contacts ATM n eotlen@dHEATregeatst®R D,
trigger ATM activation(Jansma and Hopfner, in prigsghe binding sites on DNARKcs and

ATM of KU80 and NBS1lrespectivelyare analogous to the ATRIP binding site on ABither

than the TOPBP1 and ETAAL binding site on AfRRlck et al., 2005)As for ATR, the

structure of the active ATM complex has y@be solved, but current data indicates ATM and
DNA-PKcs activation byMRN and KU70/80exhibit at least some mechanistic differences tha
ATR activation by TOPBP1 and ETAAIn addition, the KU80 and NBS1-termini are not
predicted to be intrinsically disordered and do not contain predicted coiled coil motifs

(McDonnell et al., 2006; Meszaros et al., 2018)

ETAAL1 regulation

ETAAlproteinprotein interactions

In addition to ATRATRIP and RPA, ETAAL interacts with BRCA1, BRCA2, BLM, and
HLTF (Bass et al., 2016Whether any of these interactions are direct or functionally relevant
are important questions that require further investigaB®CA1, BRCA2, BLM, and HLTHRll
function in recombinatiotbased repair pathwayBai et al.,2020; Bussen et al., 2007; Bussen et
al., 2006; Tarsounas and Sung, 2020; Wu et al., 2BI&A1 also functions in recombination
based epair, as evidenced by the increase in sigteomatid exchanges (SCEs) in ETAAL
deficient cellgBass et al., 2016 BLM-deficiency causes an increase in SCEs @$aganti et
al., 1974; Kuhn and Therman, 198byt interestingly, SCEs are not tuet exacerbated upon
combined ETAA1 and BLM los@Bass et al., 2016¥5uggesting an epistatic relationship.

However, like my attempts to identify a distinct oligomerization domain within ETAAL,
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previous attempts to map a BLM interaction surface on ETAAL wengcuassful (Bass,
unpublished). Thus, the ETAARLM interaction may be the result of numerous multivalent
interactions possibly withinbiomolecular condensatdadeed, pevious studies have found

BLM functions in such structures. Atrtificially created t@lere clusters in promyelocytic
leukemia(PML) bodies that mimic alternative lengthening of telomers (ALT) associated PML
bodies (APBs), which are membraless condensates, only exhibit Alphenotypes upon BLM
overexpressiofMin et al., 2019) A separate study found that BLM localizes to telomeric foci in
ALT cells, and that BLM overexpressiamcreases telomeric DNA in these céBtavropoulos

et al., 2002)

Biomolecular condensatere organization hubs within the cell and function to bring
specific proteins together, while simultaneously also keeping others Bpaexample, PARR
dependent FUS recruitment to liquid droplets at DNA strand breaks results inrd@@ement
of TAF15 and hnRNPUL1, a genome maintenance protein predicted to contain intrinsically
disordered domains. In contrast, other DDR prot&iolsiding KU70, NBS1, MDC1, and 53BP1
are excluded from these condensgfdameyer et al., 2015)For 53BP1 specifically,
biomolecular condensate formation at some DNA breaks while exclusion from catedeais
other sites may regulate its function and prof@iotein interactions. Likewise, some ETAAL
proteinprotein interactions may occur within biomolecular condensatesthe composition of
specific condensates may spatiotemporally regulate thesadtibns to modulate ETAAL

function.

ETAAL regulation by phosphorylation

ETAAL is phosphorylated during an unperturbegifase and in response to replication

stresgAchuthankutty et al., 2019)n the absence of any exogenous DNA damage, ETAAL is
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phosphorylated in a CDidependent manner at S95 and S111. These residues are located within
the AAD and phagshorylation of these sites potentiate ETA8&pendent ATR activation. As

such, mutation of both S95 and S111 cause mitotic chromosomal abnormalities that arise from
unresolvé replication intermediate@chuthankutty et al., 2019ETAA1L also undergoes ATR
dependent phosphorylation at S95 in response to exogenous DNA d@wlagthankutty et al.,
2019) Whether ATR directly phos$wrylates S95 and/or if S95 phosphorylation in response to
replications stress is functionally important is not known. However, previous studies indicate
AADMAP phosphorylation potentiates ATR! activation by ATR'®®! activating proteins. The
TOPBP1 AAD b phosphorylated by ATM, and this phosphorylation is required for TOPBP1
dependent ATR activation in response to DSBse@nopusegg extract§Yoo et al., 2007)
Additionally, Dpb11 is phosphorylated within its MAD by Mec1, and this phosphorylation is

required for Dpbldependent Mecl activation bathvitro and in cell{Mordes et al., 2008b)
DNA replication stress regulates ETAAL expression

ETAAL expression levels are altered in response to DNA replication stress. Prolonged
CPT exposure causes a decrease in ETAAL expression as visualized by immundBlastng
and Cortez, 2019)hisdecrease is due to ETAAL phosphorylation as phosphatase treatment
restores ETAAL expression levels to those observed in untreated cells (Bass, unpublished).
Interestingly, ETAAL expression increases in response toHLD437 treatmenfFig 6.3)
ETAA1L uncergoes ATRdependent phosphorylation in response to(Athuthankutty et al.,
2019) but it is not known if CD437 induces ETAAL phosphorylation. It is also not clear if the
observed increasae ETAAL expression upon HOr CD437 treatment is due to phosphorylation.
The changes in ETAAL expression level induced by exogenous replication stress could be due to

accumulation of a substrate that preferentially activates ETégxendent ATR signalinguch
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as Rloops. Both HU and CPT cause an increase-iodp formation(Hamperl et al., 2017;
Marinello et al., 2013)While it is not known if CD437 causes|Bop accumulation, depletion of
RTEL1 (regulator of telomere elgation helicase 1), which is known to resolve replication
transcript conflictgWu et al., 202Q)exacerbates fork slowing upon CD48&atment (Mehta,
unpublished). Further fork slowing in response to CDARIRTEL1 depletion is rescued by
transcription inhibition (Mehta, unpublished). These results suggksigformation may
contribute to CD43dependent fork slowing and that incsed ETAAL expression upon CD437
treatment could be due telBop accumulation. Further studies are needed to test these
hypotheses. In addition, how differences in ETAAL expression are regulated in response to

different replication inhibitors warrants fagr investigation.

Division of labor between TOPBP1 and ETAAL

Current data indicates TOPBPL1 is the primary ATR activator in response to DNA
replication stress, while ETAAL is the primary ATR activator during normal DNA replication
(Bass and Cortez, 2019; Saldivar et al., 20A%imilar division of labor amongst the Mecl
activating proteins has also been propgsiedOliveira et al., 2015However, thesenodels are
likely oversimplified. ETAAL is a replication stress response protein and was first identified as
such(Bass et al., 2016; Haahr et al., 2016; Lee et al., 2ET&#AL is enriched at stalled
replication forkdDungrawala et al., 2015and ETAAL loss causes increased sensitivity to HU
andCPT. ETAAL1 loss also results in defective RB2phosphorylation in response to prolonged
CPT treatmen{Bass etl., 2016; Haahr et al., 2016; Lee et al., 20A8)for TOPBP1,

TOPBPZdependent ATR activation is essential in the absence of any exogenous DNA damage.
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Mutation of a single amino acid in the TOPBRAD that prevents ATR activatiocauses cell

and organismal lethalitiZhou et al., 2013)TOPBPL is required for the initiation of DNA
replication andit is currentlyunknown if mutation of the TOPBP1 AAD causes DNA

replication defect-dowever, he Dpb11 MAD is dispensable f@NA replication(Pfander and
Diffley, 2011), whichsuggests that the lethality associated with TOPBP1 AAD mutations is not

due to defective DNA replication

The specific function(s) of ETAAtlependent ATR activation in response to exogenous
replication stress warrants further investigation. One hypothesis is that ETAA1 activates ATR
specifically at Rloops.Because R 0 0 p s stDEHA-dDNBA functions, TOPP1 recruitment
to these structures is likely precluded. By contrast, ETAA1L recruitmentdopg® could occur
through direct ETAAIRPA interactionsR-loop accumulation in response to replication stress
activates ATRHamperl et al., 2017; Matos et al., 202ad Rloop formation at centromeres in
mitosis results in ATR recruitment and activat{gt@beche et al., 2018Thus, while
centromeric Roop formation likely mediates ETAAdependent ATR activation in mitosis; R
loop accumulabn in Sphase due to replication stress could also activate ETdefEndent
ATR signaling.As such, the Hlnd CPTsensitivity of ETAAZdeficient cells may be due to

defective ATR signaling at, and resolution of|d®ps.

Likewise, the specific functionsf TOPBP1 and ETAAXdependent ATR activation
during an unperturbed-ghase require further investigation. TOPBiRpendent ATR activation
is essential for cell and organismal viabilfghou et al., 2013while ETAAl-dependent ATR
activationis not. ETAA1” mice exhibit defective Eell clonal expansion in response to viral

infection but are otherwise phenotypically normal. However, ETAAL loss does result in partial
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embryonic lethalityMiosge et al., 2017)These results indicate RBP1 is the more important

ATR activator during unperturbed DNA replication.

ETAA1 | oss r @erdationedsringdDNA rapication, while TOPBP1 loss
does notAlso, ATR controls an intrinsic S/G2 checkpoint that coordinates mitotic gene
expression and-Bhase progressiqi®aldivar et al., 2018put whether this checkpoint is
ETAA1L- or TOPBP1dependent is not clear. Loss of S/G2 checkpoint signaling increases
genomic instability butaes not result in cell lethality, suggesting ETAAL1 may control this
checkpointlf ETAAl-d ependent ATR activation regul ates
checkpoint under normal conditions, what is the essential function of TO&&sehdent ATR
activation n unperturbed cellsRTR inhibition in otherwise unperturbed cells causes robust
ssDNA accumulation, specifically in earlyfBase cells, and eventually replication catastrophe.
ssDNA accumulation and replication catastrophe result from increased aiirgieind
defective RRM2 accumulatigiBuisson et al., 2015Replication catastrophe causes excessive
DNA damage that prevents further cell proliferation and is thus incompatible with viability
(Toledo et al., 2013)TOPBP1dependent regulation of origin firing and dNTP levels to prevent
replication catastrophe could explain why TOPRBRpendent AR activation is essential for
cell and organismal viability. While these hypotheses require further testing, | propose that
TOPBP1 is the primary ATR activator during normal and stressed DNA replication. In both
scenarios, TOPBRdependent ATR activatiostabilizes stalled replication forks, regulates
origin firing, and ensures adequate dNTP levels to prevent replication catastrophe. In response to
DNA damage, TOPBP1 also solely regulates cell cycle checkpoints (Fig 6.4A and B). By

contrast, | hypothesiZ€TAA1 has more specialized functions during both normal and stressed
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Figure 6.4 Proposed model of TOPBRland ETAAl-dependent ATR signaling eventsA)

In response to replication stress caused by exogenous DNA damaging agents, ATR signaling is
predominantly TOPBRilependent. TOPBPdependent ATR signaling increases dNTP levels,
promotes replication fork stabilization and restart, activates cell cycl&mbiats, and
phosphorylates the majority of AT&ependent substrates including H2AX. ETA8&pendent

ATR signaling occurs atHbops to promote Hoop resolutionB) During unperturbed DNA
replication, TOPBP-lependent ATR signaling activates cell cycleaipoints to restrain origin
firing, stabilizes replication forks, and ensures adequate dNTP levels. Edégehdent ATR
signaling also contributes to checkpoint activation to restrain origin firing and mediates H2AX
phosphorylation.
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DNA replication.In the absence of exogenous stress, ET2AEther with TOPBP1 controls
cell cycle checkpointsvhereasn the presence of exogenous DNA damage, ETA&dendent
ATR activation promotes foop resolutionFig 6.4A and B)These ETAAldependent
processes, wie not essential for viability, are important for maintenance of genome stability.
ETAA1-dependent regulation of recombination pathways, such as Holliday judcdsmution
during HR or recombinatiebased replication fork restart, may also contribatemaintenance of

genome stability.
Defining the ATR checkpoint activating structure
Leading vs. lagging strand lesions

Using a selective Pol U inhibitor, | found
much less robust DN£eplication checkpoint in comparison to stalling both strands. Despite the
increase in ssSDNA accumulation and ATR recruitment to replication forks upon lagging strand
stalling, CHK1 phosphorylation in this scenario is less than CHK1 phosphorylation amsesp
to stalling both strandg-ig 6.5A). In fact, when CHK1 phosphorylation is normalized to RPA32
phosphorylation, CHK1 phosphorylationliéx higher in response to HU &tinent than CD437
treatmen{Fig 6.5B) These results indicate one, that sSDNA gati@n at replication forks is not
sufficient to activate replication checkpoint signaling and two, that robust replication checkpoint
signaling occurs only in response to leading strand stallengging strand synthesis occurs
discontinuously via Okazakiagment generatio(Burgers and Kunkel, 2017therefore, in
response ttagging strand specific DNA lesions, DNA-peiming past the lesion would facilitate
continued lagging strand synthesis without impeding fork progression and not activate the
replication checpoint. In contrast, leading strand specific lesions that interfere with DNA

polymerization would cause helicagelymerase uncoupling, fork slowing, and activiie
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replication checkpoin As such, helicaspolymerase uncoupling ienopusegg extracts results

in robust ATR activatioiByun et al., 2005)Therefore, | propose that ATR checkpoint signaling

in response to replication stress is primarily triggered by leading strand replication impediments.

This hypothesis is consistent withvitro results denonstrating that only leading strand specific

lesions interfere with fork progressi¢haylor and Yeeles, 2018\dditionally, this model
predicts that selective Pol U inhibitiadsn shou

observed upon HU treatment.

During unperturbed DNA replication, AT activation is primarily mediated by
Okazaki fragment generation on the lagging strand, and many Mecl substrates during
unperturbed replication are distinct from those thatradtaded by replication stregde Oliveira
et al., 2015)Distinct mechanisms of ATYR! activation that occur on the lagging and leading
strand may therefore control the replication stress response. While lagging strand replication
functions to activate ATR during a normap8ase, leading strand impeding lesions caused by
replication streskkely increase ATR signaling beyond basal levels to activate the replication
checkpoint. This transition, along with simultaneous changes in the fork proteome such as
CLASPIN recruitment, which only occurs upon leading strand stalling, likely directst&TR
phosphorylate the requisite substrates needed to maintain replication fork stability in the

presence of exogenously induced DNA damage.
Generation of the ATR activating structure

The canonical structure that supports TOPBIRfendent ATR signaling atalled
replication f odsDN# juncton(MacZougalléet ak, 20D MNAIch is generated

by P oprimitl doweastream of the lesigByun et al., 2005; Van et al., 201@) data
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Figure 6.5: HU induces more robust replication checkpoint signaling than CD43A) HelLa

cells were untreated or treated with 5 &M CD4
and proteins were separated by SP'SGE and detected by immunoblotting. CHK1

phosphorylation was quantified in three independent experiments (Me3Db)tB)

Quantification of CHK1 phosphorylation normalized to RPA32 phosphorylation in HelLa cells

upon treatment with 5 &M CD43%SDhr 3 mM HU f or
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currently supporting this model are derived from experiments perfornéehiopuseqy

extracts, and i t-primiagisregtireddan ATR activiation aPstalled f0rksrine

cells. To test this, | treated cells with either HU, CD437, or both HU and CD437 and examined

CHK1 phosphorylation. Surprisingly, compared to cells e@atith HU, cells treated with HU

and CD437 exhibit increased CHK1 phosphorylation, and this difference is observed in at least

two cell typegqFig 6.6) The same result was reported in another s(kdgilla et al., 202Q)This
resultindicatestta i n human cel |l s, Pol U activity is no

replication forks.

Sever al possibilities can expipamingbeinhhe appa
necessary for ATR activation Xenopusegg extracts but not humanlseFirst, it is possible
t hat 5-dsDNAjuhdiéns generated by primer synthesis are not required for ATR
activation at stalled forks in human cells. However, given that RAD9, RAD1, and HUS1 are
three of the most highly enriched proteins at-btalledreplication forks and are required for
TOPBPZ1dependent CHK1 phosphorylatiDungrawala et al., 2015t is likely that primer
synthesis facilitates their recruitment. A second possibility is thatinging at stalled forks can
occur isinndepPeodnddint manner. Because CD43-7 does
Primase, it is possible that geaton of RNAprimers downstream of a stalled fork is sufficient
to facilitate 91-1 loading. Experiments examining this possibilityd@nopusegg extracts have
been inconclusive however, because RNA primers annealed to ssDNA are rapidly degraded in
this system(MacDougall et al., 2007) P-imdepekHtent rpriming could also be mediated by
PRIMPOL. PRIMPOL repriming downstream of UNihduced lesions is required fefficient

fork restart(Mouron et al., R13) therefore, PRIMPOL rpriming at stalled forks may function
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to generate the ATR activating structure. Further studies are needed to test this hypothesis.

third possibility is that the ATR activating structure at stalled forks in human cells is generated

by fork remodeling. As discussed in Chagtdork reversatould generate the ATR activating

structure if the nascent leading strand is longer than the nascent lagging strand. If the nascent

|l agging strand is |l onger than the 8dscestecl ea
would generate the ATRctivating structureVh i | e depl eti on of -DANA2, wh
resection, reduces ATR signaling upon fork stal(iflgangavel et al., 2015bhere is currently

scant evidence that inhibiting fork reversal impairs ATR atitin (Saldivar et al., 2017)

However, given that numerous enzymes regulate at least two distinct fork reversal pétiwvays

et al., 2020)more genetic analyses are needed to better determine how or if fork reversal

promotes checkpoint signaling by geriera the ATR activating structure.

ATR future directions

Since its discovery 25 years ago, ATR has been extensively studied. Recently, many
reports have focused on how ATR regulates DNA replication and genomic stability in the
absence of exogenous DNA dage. Asmentionedabove, phosphoproteomic analyses revealed
many Mecl substrates during unperturbed DNA replication are distinct from those induced by
exogenous replication stre@e Oliveira et al., 2015While several phosphoproteomic screens
to identify damagespecific ATR substrates have been performed, a comprehensive list of ATR
substrates phosphorylated during unperturbed conditions is labkamy. ATR substrates
phosphorylated in unperturbed aretorbed settings are likely to be the same, but several
substrates may also be differentially phosphorylated in these two settings. Identification of
differentially phosphorylated proteins in unstressed and stressed conditioagdnmay

determining whicltandidate ATR downstream effectors that when inhibitedldincrease
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efficacy of radie and/or chemotherapy while reducing adverse side effegtthermore,
identifying TOPBP1and ETAALtdependent ATR substrates durexgunperturbecell cycle
will in crease our understanding of the specific functions of each activator during normal DNA

replication.

Replication fork reversal occurs in response to numerous genotoxic drugseaan/es
fork stability by preventing nascent strand degradation and by piragriesion repair in the
context of duplex DNACortez, 2019)Damaged replication forks can also be stabilized and
restarted by PRIMPOdependent Hpriming, and recent studies indicétek reversal and re
priming pathways function antagonistically at replication forks. Upon loss of HLTF, which
prevents fork revesal, unrestrained DNA synthesis occurs in a PRIMRI®pendent manner
(Bai et al., 202Q)Additionally, in response tepeatedisplatindoses BRCAl-deficient cells
downregulate fork reversal and wpgulate PRIMPOtdependent restart. Fork reversal can also
be suppressed by PRIMPOL overexpres$f@uinet et al., 2020)'he balance between fork
reversal and PRIMPQGHependent rpriming is regulated by ATR, but the underlying
mechanism(sare incompletely understood. ATR signaling promotes reversal of damaged
replication forks, but it also activates fork reversal globally to stabilize undamaged forks
(Mutreja et al., 2018 However, ATR signaling also mediates PRIMR@¢pendent fork restart
in BRCAl-deficient cells, but onlafter multiple cisplatin treatmeng®uinet et al., 2020)
Together, this data suggests that ATR primarily mediates fork stabilization and repair through
fork reversal, but in response to repeated genotoxic stress and/or loss of certain DNA repair
proteins, ATR signaling is rewired to promote PRIMR@¢pendent rpriming. Understanding
how differences in ATR signaling regulate these opposing pathmayde usefulfor

developing therapeutic strategies to treat cancers with spbdificrepair defects.
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ATR functions in pathways other than the DDRIuding in response to nuclear
envelope mechanical streg&umar et al., 2014)A recent report also found that Mecl is
required to maintain proteostasis and that defectivelMagmaling results in widespreaadxic
protein aggregatio(CorcolesSaez et al., 2018%imilarly, it was found that defective ATM
activation upon oxidative stress causes severe protein aggre@atsoet al., 2018)t is not
clear if defective ATR signaling causes aberotein aggregation; however, in my studies |
have noticed that whole celll |l ysates from HEK
protein concentrations than whole cell lysates from an equivalent cell number of HEK293T wild
type cells. Whether thigfference is attributable to protein aggregation and/or aberrant
autophagyemains unknown, but this observation indicates that ATR signaling may regulate
proteostasis in an ETAAdependent manner. More experiments are needed to test this
hypothesis dirett, but this findingcould open a new avenue of research by directly linking

genome maintenance with protein homeostasis.

Conclusions

In summary, | have more thorodglhdefined the mechanism of ATR activation by
TOPBP1 and ETAAL. In Chapter lll, | identified the minimal TOPBP1 and ETAAL1 AADs
required for ATR activation and found that each AAD contains a predicted coiled coil motif that
is required for ATR binding and aeation. The predicted coiled coils are essential for ATR
activation because they directly contact the AARRIP complex. In Chapter 1V, | determined
that TOPBP1 and ETAA1 AAD dimerization enhances ATR activation, and that ETAAL forms
oligomeric complexes cells. Although I did not identify a distinct oligomerization domain
within ETAAL, | found that an oligomerizatiethefective ETAAL mutant is unable to restore

ATR signaling and genome stability to ETAAlEficient cells unless it is induced to dimerize
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through a heterologous dimerization domain. In Chapter V, | analyzed the replication stress
response activated by selectively stalling the laggtrand and found that leading and lagging
strand replication are partially coupled in human cells. Additignbfound that while lagging
strand stalling activateSTR in a TOPBPidependent mannéo prevent replication fork

collapse, it does not induce robust replication checkpoint signaling.

Future studies that describe atomresolution structures of the aet ATRMecL
ATRIPPI°2 complex will enhance our understanding of the mechanism of ATR activation and
likely show how the predicted coiled coils contact AARRIP and how AAD dimerization
transitions ATR from an inactive to active state. In addition, moATstructurefunction
analyses will further define ETAAL oligomerization surfaces and also elucidate the functional
relevance of ETAAL protetprotein interactions and pestanslational modificationgzinally,
identifying how stranépecific lesions affet ATR signaling may reveal how specific ATR
substrates modulate replication fork fidelity and cell cycle checkpoints in both unstressed and

stressed conditions.
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