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ABSTRACT

USP1 isiasmember of éhubiquitinspecific protease (USP) family of deubiquitinating enzymes.
Efficient/USP1 activity requires binding to its cofactor UAF1, and the USP1/UAF1
deubiquitinase’complex has important roles in regulating DNA damedated processes. USPs
exhibita @mmon folding of their catalytic domain with three subdomains termed Thumb, Palm
and Fingers«=The Fingers appears to be the primary site for ubiquitin binding. In th&P1,
Fingers'subdomain also mediates its interaction with UAF1 and thus representtqai et
poorly characterized motif in USP1. To explore the role of USP1/UAF1 in ubigiépendent
nuclear processes, we tested the effect of modulating USP1/UAF1 activity onaharidior
localization oficonjugated ubiquitin and the DNA damagjaied proteingyH2AX, H3K56Ac

and 53BPL:sSiRNAnediated USP1 knockdown or treatment with the novel USP1/UAF1
inhibitor ML323 increased the recruitment of conjugated ubiquitin and 53BP1 into nuclear foci.
Strikingly, “ectopic coexpression of USP1 and UAF1 depleted conjugated ubiquitin in the
nucleus and blocked the recruitment of 53BP1 to DNA damage foci. In a direct comparison
with other overexpressed USPs, USP1/UAFl1 behaved as a relatively promiscuous
deubiquitinase. Experimental and cancdated mutationsni the USP1 Fingers subdomain
abrogated substrate deubiquitination without interfering with other U$Rditias, such as
UAF1 binding.or autocleavage. These results bring new insight into the function and oegulati
of the USP1/UAF1 complex.

INTRODUCTI ON
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Living organisms can be exposed to a variety of endogenous and exogenous DNA damaging
agents that generate genomic lesions. To preserve genome integrity, cells haed evolv
complex array of mechanisms to detect, signal and repair DNA damage, wHettieelly
constitute the secalled DNA damage response (DDR). In this cellular response, DNA
damagejinduces a relocalization of multiple repair factors into nuclear foanapdasite$2].
Recruitment,of theséactorsis crucially regulated by a corgx interplay ofprotein post
translational modifications (PTM$3]. In particular, themportanceof protein ubiquitinationn
several key steps of the DDR is becoming increasingly p¢ar

Protein ubiquitinationinvolves the sequential &ty of three enzymes, an ERhdtivating)
enzyme, an E2 (conjugating) enzyrmaed an E3 ubiquitin ligaserd&eins can be tagged at one
or more lysine‘residues with a single ubiquitin molecule (monoubiquitinated),foawhain of
several mbiquitin moieties (polyubiquitinated) with variable length &nklage topology
Ubiquitin“tagscan besubsequently edited or removéy the activity of deubiquitinating
enzymes (DUBs).The concerted action of E3 ligases and DUBs renders ubiquitin
(de)conjugation a very compleand dynamic procesthat modulateghe levels, localization
and/or function omany cellular proteins [5].

Several E3 ubiquitin ligases and DUBs have been shown to play a role in DNA damage
signaling and repaii6]. One of the first DUBs identified asragulator of DR was USP1, a
member of theubiquitin specific protease (USP) family. USP1 is a nuclear DUB whose
catalytictaetivityrequires allosteric activation through binding to its cofactor US&bciated
Factor 1 (WAF1)7]. UAF1 bindingis alsorequired by two other USP family members, USP12
and USP46, to be catalyticalitive[8]. The USP1/UAF1 complex has been firmly established
as a key, player in two DNA damagelated processes. Qhe one hand, it contributes to the
repair of interstrand DNAcrosslinks (ICLs) through the Fanconi anemia (FA) pathway, by
reverting mongubiquitination of FANCDP]. On the other hand, the USP1/UAF1 complex
participates in translesion synthesis (TLS), a DNA damage tolerance mechanism, tiggrever
monoubiquitinatio of PCNA[10]. Besides these wetlharacterized functions, @otentialrole

of USP1/UAF1 i additional aspects of the DDRsuggested by several lines of eviderkgest,
double knockout mice lacking both FANCD2 and USP1 exhibit a more severe pheinatype t
knockout mice lacking only USPJI11]. Second, USP1/UAF1 promotes homologous
recombination_by a yet unknown mechanism that mightirivelated to the FA pathwajl2].
ThirdgGFRUSP1 has been shown to be recruited to desitoéand DNA break¢éDSBS9 induced

by laser micrearradiation [13]. Furthermore, it is important to note that the functioh
USP1/UAF1 in the nucleus ex@smbeyond its DDRelated roles to include deubiquitination of
Inhibitors of DNA binding (ID) proteinshat regulataiffereniation processes [14Altogether,
these findings suggest that the role of USP1/UAF1l as a regulator of nuclear protein

ubiquitination deserves further investigation.
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Like many otheiproteinsthat participate in the DDR, USP1 is emerging as a potentiattarg
cancer therapfl5]. Overexpression of USP1 is frequently observed in different types of cancer,
and largescale genomic analyses have uncovered USP1 gene mutations, albeit at a low
frequency, in tumor samplgd5]. Importantly, interfering with USPZunction in several
experimental models has been reported to increase cellular sensitivity to a variety of
chemotherapeutic drud41,12,16] In this regard, anumber of USP1/UAF1 smatholecule
inhibitors, have been recently developdd,18,19] ML323, he most specific USP1/UAF1
inhibitor reported up to datf?0], constitutes an important tool to investigate USP1/UAF1
activity and, with further improvement of its pharmacodynamics and pharmatc&ine
propertiesmight eventually undergo clinical developnt.

Clinical implementation ofUSPZLtargeted therapiesvould greatly benefit from a deeper
understanding oits basic biology, which is presently limited by the lack dhigee dimensional
structure “ofthe USP/UAF1 complex. Based on the solved structureseveral other USP
family members [21,22,23], it has been determined tiatcatalytic domain of USshows a
characteristic folding that resembles an open hand, with three subdomaied Térumb, Palm

and Finger$24,25]. The Fingers subdomaappeas to bethe primary site for ubiquitin binding

by USPSs. Intriguinglywe have previously showthat the Fingers subdomain of USP1 and
USP46 also mediateheir binding to UAF1[26]. Thus, this subdomain may be critical in
regulating USP1/UAF1 activityn the absence dafpecificstructural informationcombination

of site-direeted mutageneswith functional assaysay provide further information about how
the function”of the USP1/UAF1 complex is regulated and may be alteregkgrimentally
introducedand naturally occurring Fingers subdomaiatations.

In this reportwe describe the effect that modulating USP1/UAF1 function has on the levels and
localization of conjugated ubiquitin in the nucleus, as well as on the levels and kwalada

two proteins involved in the response to DSBs, phosphorylated histone HEA2AK), and

p53 binding protein 1 (53BPl1nterfering with USP1/UAF1 function increased the number of
nuclear 'ubiquitircontaining foci and 53BP1 foci. These findings provide further cupie
previousy reported evidencsuggesting that USP1/UAF1 may have additional EreRted
nuclear functions beyond those in FA and TLS. Most strikingly, we found that ectopic
expression of USP1/UAF1 led to an apparently complete depletion of conjudpdgidtin in

the nucleus and blockede recruitment of 53BP1 to DNA damafpei. We carried out a direct
comparison of USP1/UAF1 with several other USPs using geabiglitin deconjugation as
cellular readout. The results of this comparison suggedtllausexplored wide range of
substrate promiscuity in USP family DUBs. Finally, we useplat®n of conjugated ubiquitin
andblockade of 53BP1 foci formatiomsreadouts to further validate ML323 as a USP1/UAF1
inhibitor and, together with previously debed assays, to characterize in detail the phenotypic

consequences of mutations in USP1 Fingers subdomain.
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RESULTS

Modulating USP1/UAF1 functioaffectsgeneralubiquitin conjugation in the nucleus

Generalyprotein ubiquitination can be monitored in cells using immunofluorescence avith th
FK2 monoglenal antibody, a welalidated and widelused reagent that specifically recognizes
conjugated, but not free ubiquitii27]. To further investigate the role of the USP1/UAF1
complexs-inssregulating the ubiquitination of nuclear proteins, we carried out FK2
immunostaining in 293T cells in which thectivity of this complex was modulated using
different experimental approaches.

On theoneg,hand, we interfereditiv the activity of USP1/UAF1 by using siRNAased USP1
knockdown for by treating the cells with the recently described inhibitor MI2@B USP1
knockdown was carried our using a pool of three siRNA oligonucleotides thasteotly
reduces USPL mRNAnot shown) and protein levels (Figued). As shown in Figure 1A,
USP1 knockdown led to a significant increase in the percentage ®hesihg more than five
FK2-positive foci in the nucleus. A similar but slightly more pronounced effect wasvebiser
cdls treated with ML323 (Figure 1BDn the other hand, we increased the cellular levels of the
USP1/UAF1 camplex by etransfectingGFRUSP1 and XpresgAF1. In these experiments, a
fusion of GFP to the SV40uclear localization signaNLS-GFP) was included as a negative
control. Image analysis was used to quantify the intensity of the FK2 immunofluorescence
signal_instransfected cellsStrikingly, overexpression of USP1/UAF1 resulted irdrastic
reductionof the FK2 signal in the nucley&igure 1C) Importantly, the intensity of the FK2
signal was not reduced when GBBP1 was expressed alone, or wharatalytically inactive
mutant GFPUSP*%was ceexpressed with UAF1.

Formation of ubiquitircontaining foci,reflecting the recruitment of ubiquitinateroteins to

the sites of DNA damage, is a hallmark of the DDR [28] adved rtumber of FKZositive
nuclear foci iswvell known to increase when cells are treated with agents that cause DSBS, such
as the radiomimetic drug neocarzinostatin (N{29),30,31,32 In line with these reports, we
found thatnearlyall 293T cells exhibited more than five Ff@sitive foci afteNCStreatment

(not shown). V& sought to determine if overexpsimn of USP1/UAF1 would interfere with the
formation of NE€Siinduced FK2 foci. As previously observed in untreated ceiftjally no

FK2 signalcould bedetectedn NCStreatedcells overexpressing USPAAF1 (FigurelD). In
contrast, NCSnduced FK2 foci were readily detected in callerexpressing the N&-GFP
control, GFRUSP1 alone othe catalytically inactive GFRSP1=

These results indicate that interfering with USP1/UAF1 activity promotes the aetiomuof
ubiquitinated proteins into nuclear foavhereas ectopic overexpressiontbé USP1/UAR
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complex promotegjeneral ubiquitin deconjugation, thus preventing formation of ubigquitin
containing foci in response to DSBs.

Modulating USP1/UAF1 functioaffectsproteins that mediate the cellular response to DSBs

One of the first steps in the celluleesponse to DSBs, is the phosphorylation of the histone
variant H2AX by Ataxia telangiectasia mutated (AFhJated kinasef33,34] Phosphorylated
H2AX (yH2AX) accumulates into the sites of DNA damage, and facilitates the recruitment of
Mediator.of DNA damage checkpoint protein 1 (MD@3%]. This protein serves as a binding
platform for_the E3 ubiquitin ligases RNHA86,37] and RNF168[38], which ubiquitinate
histones H2A and yH2AX, thus promoting the ubiquitinatiordependent recruitmef several
DNA repair ffactors, includingb3BP1 [39]. Interestingly, aprevious largescale siRNA
screeningyhagdentified the DUBsUSP1and USP1llas twoof 73 genes that regulate the
cellular lgvels of yH2AX in untreated cells, and may participate in DDR signality.

In order tofurther evaluatehe possible effect that modulating USP1/UAF1 function might have
on the cellular response to DSBs, we focusedydBAX and 53BP1, an apical and a
downstream factor, respectively, in the DSB response. As expected, both protdihs rea
accumulated into nuclear foci in N@feated 293T cells (not shown)e also investigated a
potential effect of USP1/UAF1 on three other histone modifications, related to Biibier
(H3K56AC), orito active/repressive chromatin states (H3K4Me3 and H3K9Me3, respectively)
[41].

USP1 hassturned up previoushigh throughput siRNA screens for genes modulating the levels
of phosphorylated histongH2AX [40,42] In line with previous finding440], siRNA-mediated
knockdown of USP1 and USP11 in untreated 293T gatl®asd the nuclear level of yH2AX
(Figure A, although an increase in the numbeyld2AX foci was not evident, in contrast to a
previous report on the effect of USP11 silencidg]. Oveexpression of GRRSP1 and
XpressUAF1 did not interfere with the recruitment of yYH2AX into NCS-induced nuclear foca
phosphorylatiordependent ever(Figure 2A). None of the other histone modifications tested
was affected by modulating USP1/BA levels. Thus, staining for H3K56Ac (Figure 2B),
H3K4Me3 (Figure 2C) and H3K9Me3 (Figure 2D) remained unaltered in cells transfetied wi
USP1 siRNA.or overexpressing the USP1/UAF1 complex.

In the case of 53BP1, an increased number of nuclear foci was observed when the attigity of
USP1/UAFl.complex was decreased by using either USP1 siRNA (Fayrer ML323
treatment (Figur@F), although only in the casd ML323-treated cells was the percentage of
cells with more than five 53BP1 foci significanttygher than in control cells. Conversely,
USPIUAF1 overexpression (FigureG) completelyblocked the recruitment of 53BP1 into
NCS inducedfoci, an ubiquitinatiordependent event. Blockade of 53BP1 foci formation

required ceexpression of XpresdAF1, aswell as USP1 catalytic activity.
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In summary, modulating USP1/UAF1 activity in cells affects the level or recmiitofeDSB
responseelated proteingH2AX and53BP1
A comparison of USP1/UAF1 with otheuclearUSPs usingdepletion of conjugatedbiquitin

as readout

The dramatic effect of USP1/UAF1 overexpression on nuclear ubiquitin conjugationpted

us to test_the, possibility that overexpression of other nuclear USP family DUlBd have a
similar effect.ln vitro analyses have shown that USP members are generally promiscuous in
terms_of_the type of the ubiquitin linkage they can process [25x4]little is known about
their substrate promiscyiin a cellular context. We reasoned that the depletion of congligate
ubiquitin sas detected by FK2 immunofluorescence, could represent a useful ceddlautrto
gauge therelative substrate promiscuity of DUBSs. In this regard, although FK2 intainimgs

has been previously performed in cells overexpressing specific USPs, such as W4P36 |
USP29 and WUSP44 [46], USP16 [47], or USP26 and U$d7 a systematic comparison of
how overexpression of different USP family DUBs affects FK2 sigrssl hot yet been
attempted, to the best of our knowledge.

To begin addressinthis issue, we directly compared the levels of FK2 immunofluorescence
signal in the nucleus of 293T cells overexpressing five different- ®FFFP-tagged USPs
(Figure 3A). Besides USP1, three nuclear URFSP3, USP7 and USP22kre tested. We also
included USP46 in the analysis, as this DUB, like USP1, is activated by UAF1. Since USP46 is
a cytoplasmic protein, a heterologous NLS was added to force its nucleanudation as
previously=described [26]. In these experiments, both-GEP1 and NLSJSP46GFP were
co-expressed with XpreddAF1 and NLSGFP was used as a negative control. The intensity of
FK2 immunofluorescence in the nucleus of cells expressing the different USPs waszearmal
using the FK2 intensity in the nucleus of rAwansfected cells from the same sample as a
reference. The relative FK2 intensity was then plotted against the intensity of tlearnuc
GFP/YFP fluorescence (Figure 3B).

Overexpression of the NL&FP control, NLS-USP46GFP/UAF1,YFP-USP3 orYFP-USP22

did notaffect FK2 immurostaining even at high expression levels, while a partial decrease in
the intensity of the FK2 sighavas noted in ells expressing moderate-high levels of YFP
USP7. In the case of USP1/UAF1, a drastic reduction in FK2 signal was clearly evideriheven
cells expressing very low levels of GIERSP1.

FK2 immunofluorescence was also carried out in Ni@&ted cells overexpressing these five
different USPs1 As shown in Figure 3C, FKasitive foci were readily detected in cells
expressingNLS-GFP, NLS-USP16-GFP/UAFL, YFP-USP7 or YFP-USP22.In line with a
previous repor{49], a diffuse FK2 staining, but ndCS-induced foci, was observed in cells
expressingY FP-USP3. As described above, FK2 signal was virtually undetectable in cells
expressing of USP1/UAF1.
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In summary, these findings suggest that, when expressed at similar levels, the USP1/UAF1
complex exhibits comparatively higher substrate promiscuiian other nuclear DUBm a
cellular context

ML323 reverts the effect of USP1/UAF1 overexpression on nuclear ubiguitin conjugation and
53BP1 recruitment

The drastiesteduction in nuclear ubiquitin conjugation and the blockade of 53BP1 rectuitme
into foci'in cellsoverexpressing USPAAF1 providetwo clearcut readouts for the activityf

the complexn.intact cells. These readouts could be the basis for a novel immunofluorescence
based approach to identify inhibitors of USPLJAF1 function. As a proebf-concept
experiment we,sought to evaluate the cellular activity of ML323 using these readouts. To this
end, cells,cdransfected with GFRISP1 and Xprest/AF1 were prereated with ML323 for 2
hours, and NCS was then added for an additional 2 hours. As shown in &jcwth the
depletion“ef conjugated ubiquitin (Figudd), and the blockade of 53BP1 recruitment (Figure
4B) in cells overexpressing the complex, were clearly reverted by MLB&Ber confirning

the ability of ML323 to block USP1/UAFL1 activity in cells.

Fundional characterization of experimental mutations in USP1 Fingers subdomain.

The novel readouts for USP1/UAF1 activity described here can also be useful as experimental
tools to shed further light on how the formation and function of the complex is tedyula this
regard, &hough USP1 deubiquitinase activity is crucially dependent on UAF1 interd@ion

and this“interaction is mediated by USP1 Fingers subdofp@]nthe specific USP1 residues

that contribute to UAF1 binding remain to be mapped, #ed potential effect of Fingers
subdomain mutations on the activity of the USP1/UAF1 complex has not been invesiigated.
addressthese issues, wseddepletion of conjugated ubiquitin and blockade of 538,

along with otherffunctionalreadoutssumnarized in Table 1, to characterize in detail a series of
experimental and naturallyccurringUSP1 Fingers mutants.

First, we used ClustalWWbased sequence alignment to compare the Fingers of USP1 with the
Fingers of USP46, an amino acid segment thatkatets UAF1[26] and the Fingers of USP7, a
segment_ that does not bind UAF1, (data not shown). Since the front of the Fingersanbdom
represents the primary site for ubiquitin binding in most {#8/ily DUBs [21,22,23] we
reasoned that residues at theclbaf the Fingers would be more likely to be involved in
USP1/UAF1 interaction. As illustrated Figure 5A we selected four USP1 residues (R439,
L441 gE446/and S494) that are relatively well conserved in USP46, but not in USRVouldd

be exposed at'#h back of the Fingers subdomain in a hypothetical tliensional model of
USP1 based on the solved structure of UBRT. We generated a mutant, termed GFpPT™,

in which these four amino acids were replaced with the corresponding USP7 residues
(R439Q/L441K/LA46R/IS494A). In addition to USPY three other USP1 mutants, USP1

USP1" and USPY®V (Figure 5B) bearing different alanine substitutions in a short sequence
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motif (**VERIV) that resembles an essential UAF1 binding site in the HPV11 Ehselfo]

were also tested.

We have reported before that UAF1 binding is not disrupted by mutation of SSERIV

motif [51]. Here, using a previously described nuclear relocation §g$hye found that GFP
USPZ™is also able to bind UAF1 (FiguBf). As a negative control, a deletion mutant lacking
the Fingers,subdomail,FP-USP1del(426520), did not induce UAF1 relocation to the nucleus.
On the other hand, we evaluated the ability of USP1 Finger mutants to undego autodeavage
the 670GG._diglycinamotif, which represents a weknown mechanism that regulates USP1
function [10], and can be experimentally induced yegpression with UAF1 [26]. UAF1 eo
expressiomesulted in autocleavage of wild type USP1 and the Finger mutants (EiBure
whereasaycatalytically inactive mutant (USP*%9, included as a negative control, did not
undergo/@utocleavage whenexpressed with UAFIRegardingcellular activity GFRUSP1'E
retained “the rability of wild type USP1 to deplete conjugated ubiquitin bhock 53BP1
relocaton to DNA damage foci (Figure 6C,)Din contrast, FK2 staining and 53BP1 foci were
readily detected in cells overexpressing @FsP1Y, GFRUSP1Y®" and GFPUSPI™ To
further substantiate these findings, we tested the ability of the mtitargvert hydroxyurea
(HU)-induced monoubiquitination of PCNA, aelirestablished physiological substratbthe
USP1/UAF1complex As shown in FigureE, expression of wild type GFBSPL1 or the
mutant GFRUSP1F reduced the levels of monoubiquitinatedN?C(ubPCNA) in HUtreated
cells. In“eontrast, ubPCNA levels in cells expressing -G8P1Y, GFRUSPY®"Y and GFP
USPI™ weré similar to those of cells expressing the empty vector or the catalytically énactiv
GFRUSPT™®

Altogether, our data indicatbat mutations in USP1 Fingers may severely impair the ability of
the USP1/UAF1 complex to deubiquitinate cellular substraiut disrupting the complex or
interfering with USP1 autocleavage.

Functional characterization of cangeftated mutations in UBSL Fingers subdomain

In orderi{to extend our functional analysisn@aturally-occurring USP1 mutationsve selected

two missense mutations in Fingers domain residues (S475Y and D5@BN); have been
detected in  endometrial carcinoma and melanoma plesm respectively
(http://cancer.sanger.ac.uk/cancergenome/projects/cosmic/and a third mutation, S575R,
which is located outside the Fingers but affects the most commonly mutated U ires
tumors"GFRUSPF*"*", GFRUSPP***" and GFPUSPT*"*Rwere able to promote the nuclear
relocation of “WAF1(Figure 7A) and undergo UAFpromoted autocleavagé-igure 7B).
Subsequent cellular activity assays revealed that the S475Y mutation, kbe rather two
cancefrelated mutations tested, abrogates USP1 ability to deplete conjugated ubiquitie (Figu
70), prevent 53BP1 recruitment to DNA damage foci (Figtidg and reduce ubPCNA levels in
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cells treated with HU (Figure 7E) or with the D8®lucer methyl methanesulfonate (MMS)
(Figure 7F).

DISCUSSION

The rolegof the, USP1/UAF1 deubiquitinase complex as an important regulator of DNA repa
has been_ firmly established. Besides its watbwn functions as a key regulator the Fanconi
anemia(FA) pathway[9] and translesion syntheqiSLS) [10], several observations have been
reported.that, altogether, suggest a potentially broader role of the USP1/UAFExamitie
cellular response to DNA damagkl,12,13] To further explore this possibilitywe tested the
effect of modulating the function of théSP1/UAF1complex on general protein ubiquitination,

as well as,on.the levels and localization of two proteins involved in the response tddoii&
strand breaks (DSBg)H2AX and 53BP1.

Interfering“with- USP1/UAF1lactivity increased the recruitment of ubiquitinated proteins into
discrete nuclear foci, albeit not as dramatically as treatment with theiidiBing agenNCS.

In line with the results of previolBRNA screening[40,42], we found that USP1 knockdown
has an effect othe levels offH2AX. Of note USP1 silencingeems to increag#i2AX levels

in cells not exposed to DNA damage [40, and the present report), but to deget2axelevels

in cisplatintreated cellg42]. Although these seengty contradictory findings will require
further_clarification, three independent studies, including ours, point to a role S&1 U
modulatingthe_levelof H2AX phosphorylation, a key apical event in the response to DSBs.
Downstream ofH2AX in the DSB repia pathway, we found that interfering with USP1/UAF1
function increased the number of 53BP1 foci in the nuclei of 293T cells not exposed to
genotoxic stress, which is consistent with the results of a previous [82jdyVe noted that
ML323 treatment restdd in a more pronounced increase in the number of FK2 or 53BP1 foci
than USP1 knockdowrThisobservatiomrmay reflect a moreompleteblockade of USP1/UAF1
function by ML 323, or suggest that the drug has additional effects besides inhibiting
USP1/UAF1.Altogether, the results of our siRN#ased or inhibitebased experimen&ipport
previoudy reported evidencfl1,12,13] suggesting potentiallybroader role of USP1/UAFih

the respense;to DNA damabeyondits functionsin FA and TLS.

In an attempt' to gauge to what extent thieserved effects are a direct consequeoice
USP1/UAFlagctivity, we increased the cellular levels of the complex byramsfecting GFP
USP1 and XpresdAF1l. Two previous DUB overexpression screenings have reptred
USP1, when expressed alone, does not block 53BP1 recruitment to DNA damage foci [46,48].
Strikingly, USP1/UAFloverexpression (but not overexpression of USP1 alone) resulted in a
drastic reduction of conjugated ubiquitin in the nucleus, as detertoynEH2 immunostaining.

In a comparison with other USPs, general ubiquitin deconjugation was not observed in the
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nucleus of cells expressing USP3, USP22 or MISP46, and was only noted in cells
expressing medium to high levels of USP7. Thus USP1/UAFlveshas a relatively more
promiscuous deubiquitinasehen overexpressed in cells. It is presently unclear if this apparent
promiscuity reflects nospecific substrate deubiquitination or indicates that USP1 has a larger
repertoire of specific nuclear substrates than other DOBaote,USP1/UAF1 and USPfave

been shownyto exhibit relatively higher enzymatic activity when compared to otRer usig
biochemical analysesith artificial substrate$7,44,53,54]. Our data suggest that this relatively
higherenzymatic activityin vitro translates into a comparatively higher substrate promiscuity of
these USPs when ectopically expressed in cells. Such promiscuity limits the usefdilness o
USP1/UAF1 wmerexpression experimentis explore the role of the complex specific cellular
pathwaysyand<to identify its physiological substrates. Admittedly, in the darftexir study, it

is not passible\to establish to what extent general ubiquitin deconjugation contributes to t
observed“blockade of 53BP1 recruitment t8BDfoci in cells overexpressing USP1/UAF1.
More generally, although the number of DU&smpared in our study is certainly limited, our
findings 'suggest that potential promiscuity should be taken into account when imegriheti
results of DUB overexpression screenings.

From a practical point of view, general ubiquitin deconjugation and blockade of 53BP1 foci
recruitment represent two cleeut readouts for USP1/UAF1 activity in cells, which could be
easily evaluated using automated microscopy. Using tieesiouts we have further confirmed
the abilitysef ML323 to inhibit USP1/UAF1 activity, providing preof-concept evidenctat

they could"be the basis for an immunofluorescdrasedassay to identify novel USRIAF1
inhibitors. Furthermore, these novel readouts expand the battery of tests that can be used in
structurefunction studies to interrogate the effect of mutations in different domains af.USP
Here, we have focused on the Fingers subdomain, a segment that mediategtgisietion

[26] and'thatby analogy to other USPs [21,22,23], would also be involved ubiquitin binding.
Interestingly, our data show that certain experimental mutations in the Findeisnwin,
while preserving the ability of USP1 to bind to and be activated by UAF1 (as dwdrhy its
ability to_undergo autocleavage), abrogate the ability ofuU@1/UAFlcomplex to promote
substrate deubiquitinatioin our view, there are at least two reasonable explanations for these
findings. On one hand, it is possible that Finger mutatimterfere with the bindingf the
ubiquitin moiety in substrates to the complex. An alternative possibility is thatathgytic
activity'of USP1 is affected by these mutations in such a manner that cleavage dirubiqui
moieties is perturbed, but the ability to cleave the peptide bond at the 670GG motitiaRbe
molecule is retainedMore importantly, since there is still limited knowledge on theafthat
cancefrelated missense mutations may have on DUB function, we extended this analysis to
naurally occurring USP1 Fingers mutations that have been detected in tumoresampl

Previously, we have identified a cancer mutation (L699P) that hampers USPlkau#ge
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[26]. Here, we identify a single aminoacid change in the Fingers subdomain (S4i&bY) t
abrogates substrate deubiquitination without impairing UAF1 binding or autocleavager-Cance
related missense mutations that resutlecreased deubiquitination activitgve been identified

in other DUBs, including USP7 [55]. However, to the best of knowledge the S575Y

substitution is the first canceelated lossf function missense mutation identified in USP1.
MATERIALS AND METHODS

Plasmidsgcloning proceduresRNAsand sitedirected mutagenesis

The plasmid encoding wild type GRFSP1 waskindly provided by RenéBernards
(Netherlands"€ancenstitute, AmsterdampPlasmidscontaining theull-lengthcDNA of USP3

and USP7,were provided by Pier Paolo Fdre (University of Mila) and Roger Evert
(University of Glasgow respectivelyA plasmid encodingFlagHA-USP22 wagrovided by
John W. 'Harper (Haard Medical School, Boston) through Addgene (#22575). Fintily
plasmid encoding XpressUAF1 was provided by Jae U. Jung (University of Sowttn
California, Los Angeles The plasmids encany YFPR-USP3 and YFRISP7 NLS-USP46
GFP, YFRUSP1Del(426520), GFPUSPT**° and UAFImRFP were generated peeviously
described[26,51,56] To generatethe plasmid encoding YRRISP22, USP22 cDNA was
amplified by PCR using high fidelity Pfu Ultrall fusid#iS DNA polymerase (Stratagenand
subcloned into pEYRE1 (Clontechks aKpnl/BamHIfragment

A pool of‘three sSiRNAg¢Ambion, Life Technologiesiargeting USP1s14723, s14724, s14725)
and a_pool of two siRNAs targeting USP11 (s15739, s15740) were used in knockdown
experiments. Scramble siRNA silencer select SIRNA #1 wasassadegative control.

USP1 mutations weriatroducedusing the QuickChange Lightning Sit®irected Mutagenesis
Kit (Stratagene), according to manufacturer’s directions. All the new consterasaged were
subjected to DNA sequencingtébvidg, and the absence of any unwanted mutation was
confirmed. The sequences of the oligonucleotides used in cloning awlitesiteed mutagenesis
are available upon request.

Cell culture, transfections and drug treatments

Human embryonic kidney 293T (HEK293T) cells were grown in Dulbecco’s modifiglt'Ba
medium supplemented with 10% fetélovine serum 100 U/ml penicillin and 100 pg/ml
streptomycin _&ll from Invitrogen). Twenty four hours before transfectioells were seeded
onto 12well or 6-well tissue culture plates. Plasmid transfections were carriedising X
tremeGENE 9utransfection reagent (Roche Diagnostics) following manufacturettscqir
SiRNA transfections were carried ousing Lipofectamine RNAIMAX (Invitrogen)10 nM
siRNA was used per sample

Cells were treated with the following drugstL323 (Calbiochem) at 50uM for 4 or 16h,
neocarzinostatin (NCS, Sigafddrich) at 100mg/ml for 2 or 4hhydroxyurea (HU, Sigma
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Aldrich) at 4mM for 24 hrandMethyl methanesulfonate (MMS, Sigrdddrich) at 1mM for 1h.
MMS treatment was followed by&hrecovey in drugfree medium.

Immunofluorescence, confocalgmscopyand image @alysis

Cells growing onto sterile coverslipsyere fixed with 3,7% formaldehyde in phosphate
bufferedgsaling, (PBS) for 30 min, permeabilized with 0,2% TritehOR in PBS for 10 in,
blocked forsdh in blocking solutio(8% BSA in PBS and incubated with primary antibodies
diluted in blocking solution for 1h at room temperatdrie following primary antibodieand
dilutions were_usedFK2 (Enzo, 1:50§ yH2AX-Ser319(Millipore, 1:500), 53BP1 (Novus,
1:200, H3K56Ac (Abcam, 1:200)H3K4Me3 (Abcam, 1:200) and H3K9MeRell Signaling
Technology, $:100)Cells werenextwashed with PBS and incubateith secondary antibodies
(Alexa Fluor 488 antmouse and Alexa Fluor 8%ntimouse/rabbit; Invitrogen, 1:40@r 1h

at room gemperature. Coverslips were washed with PBSranuhtedonto microscope slides
using Vectashield mounting medium with DAPI (Vector Laboratories). Samplesametyzed
using an Olympus Fluoview FV500 confocal microscope equipped withi€&Mer software.
To avoid bias'in the quantitation BK2 and 53BPXoci, slides were coded, and images were
taken and examined by an observer unaware of the identity of the samples.

Image analysis with ImageJ softwavas used to quantify the intensity of the FK2yH2AX
immunoflorescence signal, as well as the intensity of GFP/YFP fluorescence.

The number of cells examined in each experiment is indicated in the corresponding Figure
legend.

Immunoblot aalysis

Cellswere washed with iceold PBS and collected in lysis buffer containing 10 mM sodium
phosphate (pH 7.4),50 mM NaCl, 1 mM EDTA, 1 mM EGTA, 10 mM f-glycerophosphate,
0.5% NP40, 10 mM phenylmethylsulfonylfluoride, 10 mM sodium orthovanadate, 10 pg/ml
proteas finhibitor cocktail (Roche), and 50 mM-&thylmaleimide (Thermo Scientific). Protein
concentration was determined using the DC Protein AssayR8&d). Potein samples were
separated in 12% or 8% SEBPRAGE and transferred onsnitrocellulose membrane (&iRad).
Prior to antibody incubation, membranes were stained with Ponceau to asseiss|gading.
Membranes were blocked with 5% nfat dry milk in TTBS and blotted with primary
antibodies.The following primary antibodies and dilutions were used:-¥ptess (Invitr@en,
1:5000, antrPCNA (SantaCruz 1:400, antrGFP (Chromtek, 1:1000, anti-B-actin (Sigma
Aldrich; 1:3000) andantia-tubulin (SigmaAldrich, 1:5000. Subsequently, membranes were
incubated withi the corresponding horseradish peroxidasgigated secondary antibodies
(Santa cruz, 1:3000), and developed with ECL reagent (Thermo Scientificiquaatiave
analysis of immunoblot bands was performed by densitometry using Quantity Onareafté
(Bio-Rad Laboratories).

Statisticalanalysis
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Statistical calculations were performed with Graphpad Prism Software (Graphpadieg§an
CA, USA). All analyses are twtailed Student stest and error bars represent standardr of
the mean (SEM).
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SUPPORTING INFORMATION

Figure S1: Efficacy of siRNAnediated knockdown of USP1 and USP11.

FIGURE/AEGENDS

Figure 1._Effeet of modulating USP1/UAFL1 function on general ubiquitin conjugationin

the nucleus

A. Immuneblet'shows efficacy of USP1 silencing in 293T cells using a pool of threésiRN
targeting:USP1 (siUSP1). A scramble siRNA was used as negative cor@mR[9i Confocal
microscopy imageshow representative examples of FK2 immunostaining?98T cells
transfectedmwith a control siRNAr with USPZ1targeting siRNAs DAPI was used to
counterstain“the nucleus (DNA panelSyaph represents the percentage of cells showing more
than five ' FK2postive nuclear foci in each conditio®. Confocal microscopy images FK2
immunestaining irR93T cells untreated (UT) or treated witle USP1/UAF1 inhibitor ML323
(50uM) for_leh.'Graph represents the percentage of cells showing more than fivpdsKize
nuclearfoci‘in“each condition. In panels A and B, the data shown in the graphs correspond to
the mean of four independent experimeantd error bars indicate thtasdard error of the mean
(SEM). 100mcells per condition were examined in each experingx0.05; **p<0.01
(Student’s test). C. Confocal microscopyimagesof FK2 immunostaining in293T cells
transfectedswith expression plasmids encodingLS GFP negative contrdNLS), GFRUSP1
alone (USP1), GRRISP1 wild type (USPY") plus XpresdJAF1, ora catalytically inactive
GFRUSPI*mutant (USP1’9 plus XpresdJAF1. The nucleus of a representative transfected
cell in"each sample is circled by a dotted line. The intensity oFKZimmunofluorescence
signal in the nucleus of at lea&0 transfected cellsvith similar GFP expression levetser
sample wasjuantifiedusinglmage J softwardn the graph on the right, each dot represents the
intensitysof the FK2 signal in the nucleus of a single cell, and the bar indilcatesedianThe

dat shownrcerrespond to one experiment. Two independent experiments were performed with
similar results.D. Confocal microscopyimagesshow FK2 immunostaining i293T cells
transfected slin panelC, andtreated with 100mg/mieocarzinostatin (NCS) for 4h.

Figure 2. Effect of modulating USP1/UAF1 function onyH2AX, H3K56Ac, H3K4Me3,
H3K9Me3 and 53BP1.
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A. Immunoblot shows efficacy of USP11 silencing in 293T cells using a pool of two siRNAs
targeting USP11 (siUSP11). A scramble siRNA was used as negativel ¢ei@ftRL). The
graphbelow representthe intensity ofyH2AX immunofluorescence signal in theialeus of

293T cells transfected with a control siRN&x with siRNAs targeting USP1hAnd USP1The
intensityyof theyH2AX signalin the nucleus of at lead0 cells per sample waguantified
usingImagesd, software. Each dot in the graph represents téwsity of theyH2AX signalin

the nucleus of a single cell, and the bar indicates the mddtardatasshown correspond to one
experiment.. Two independent experiments were performed with siragaits.On the right,
confocal“imicroscopyimages showing examples of YH2AX immunostaining in 293T cells
transfected withexpression plasmids encoditd-P (vector) or cdransfected with plasmids
encodingy, GFRJSP1 and XpresgdAF1l (USP1/UAF1). Cells were treated with NCS
(100mg/ml) ffor, 4hto inducethe recruitment offH2AX into nuclear foci B. On the left,
confocal ‘micrescopy images showing representative examples of H3K56Auniostaining in

293T cells transfected with a control siRNA (siCTRL) or with a pool of three siRNfegtar
USP1 (siUSP1)On the right, confocal microscopy images showing representative exarfiples o
H3K56Ac immunostaining in 293T cells transfected with expression plasmids enconding YFP
(vector) or cetransfected with plasmids encoding GBBP1 and XpresgdAF1 (USP1/UAF1)

and treated with NCS (100mg/ml) for 4h. C, D. Confocal microscopy images showing
representative examples of H3K4Me3 and H3K9Me3 staining in 293T transfected as in panel B.
E. Confoeal. microscopymages showing representative examples of 53BP1 immunostaming i
293T cellsttransfected with a control siRNA (SiCTRL) or with a pool of three siRAsting

USP1 (siUSP1)Graph represents the percentage of cells showing more than five 53BP1
nuclear foci in each condition.. Eonfocal microscopy images 53BP1 immunostaining in
293T cells untreated (UT) or treated with ML323 (50uM) for 16h. Graph represents the
percentage of cells showing more than five 53BP1 nuclear foci in each condition. Infpanels
and F, he data shown in the graphs correspond to the mean of four independent experiments
and error bars indicate théasdard error of the mean (SEM)00 cells per condition were
examined in each experimemts= nonsignificant; **p<0.01 (Student s-test). G. Confocal
microscopy images showing representative examplé&S8BP1 immunostainingn 293T cells
transfected witkexpression plasmidsncodinga NLSGFP negative contrdNLS), GFRUSP1

alone (USP1),.GFRISP1 wild type (USPY") and XpresdJAF1, or a catalytically inactive
GFRUWSP1 mutant (USP1%) and XpresdJAF1. Cells were treated with NCS (100mg/mih
before fixationnGraph represents the percentage of cells showing more than fiverh@RRt

foci in each sample. The data shown correspond to the mean oirithependent experiments

and error bars indicate théasdard error of the mean (SEM)00 cells per condition were

examined in each experimetitp<0.01 (Student’s-test).
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Figure 3: Comparison of USP1/UAF1 with other nuclear USPs using depletion of
conjugated ubiquitin as readout.

A. Confocal microscopy images show examples of FK2 immunostaining #93T cells
transfected with expression plasmids encodingLSGFP negative contrdNLS), GFRUSP1

plus XpresdJAEF1 (USP1/UAF1), NLSUSP46GFP plusXpressUAF1 (USP46/UAF1) YFP-

USP3, YERUSP7 or YFRUSP22 B. Using Image J softwarethe intensity of theFK2
immunofluorescence and the YFP/GFP fluorescence in the nucleuscefl&@er samplavas
quantified.. EK2 intensity was normalized using the intensity of the signal in theusuaihon
transfected cells, and then plotted against the YFP/GFP inteksigh dot in the graph
represents a'single cell. Trend lines were added using Excel. Trehdata correspond to one
experiment._Three individual experiments were carried out, with similar ses€ulConfocal
microscopyimagesshow examples of FK2 immunostaining283T cells transfected aspanel

A, andtreated®with 100mg/mieocarzinostatin (NCS) for 4h.

Figure 4. ML323 reverts the effect of USP1/UAF1 overexpression on nuclear uhiitin
conjugation and 53BP1 recruitment

A. Confacal microscopyimagesshowing examples of FK2 immunostaining2@3T cellsco-
transfected with expression plasmids encod®BGPUSP1 and XpresdJAF1. 24h after
transfection, cellsvere either left untreatiupper set of panelgy treated with ML323 (50uM)

for 2h (lower set of panels)NCS (100 mg/ml)was subsequently added, and samples were
incubatedsfor additional 2h before being fixed and immunostaiBedonfocal microscopy
imagesshow examples of 53BP1 immunostainin@¥8T cells transfected and treated as in A.
Figure 5: Description of the experimental mutations introduced in USP1 Fingers
subdomain

A. ClustalW2based sequence alignment of amino acid segments in the Fingevsnauixiof

USP1 (residues 42820), USP46 (residues 12%59) and USP7 (residues 3441). Letters are
colored according to the physicochemical properties of the represented residue
(http://www.ebi.ac.uk/Tools/msa/clustalw2/help/fag.htm), and arrowheads indicate those
residues_whose properties are similar in USP1 and USP46, but different in ASETTsks
indicate ‘the four cysteine residues that form a-binding motif conserved in most USPs,
including USP1 and USP46, but not in USP7 (BBlow, a model of USP1 catalytic domain
based on homology with USP7 structure 1NB8 (21) is shown as a surface representation,
depicted with Pymol program, and omitting the USP1 inserted domains not present in USP7.
The structure“af the USP catalytic domain resembles an “open right hand”, and bo#métont
back views of the “hand” are shown. The Fingers-doimain segment (residues 4220) is
colored cyan. Taking into account that Fingers subdomain sequences in USP1 and USP46, but
not in USP7, mediate binding to UAF1 (26, and data not shown), and that the “front” side of the
Fingers subdomain is involved in ubiquitin binding in U@mily DUBs (2123), we
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hypothesized that some USP1 residc@sserved in USP46 but not in USP7, and located on the
“back” side of the Fingers might be particularly relevant for UAF1 binding aner aibecific
functional properties of USP1 Fingers. Four USP1 residues that fulfill theseeragnts,
R439, L441, L46 and S494 (indicated by black arrowheads in the alignment and highlighted in
dark red,in the model) were replaced with the corresponding USP7 residues to lageate t
USPZ™ mutant (R439Q/L441K/LA46R/S494A). B. Amino acid sequence of USP1 segment
480-520 'indicating the position of a VEIRV motif that resembles the essential UA¥inbi

site in.the HPV11 E1 helicase (50). Three different mutant versioad$pf. (USPY, UsP1’

and USPY™"), bearing the indicated alanine substitutions in this motif weredest

Figure 6:«€Characterization of experimental mutations in USP1 Fingers subdomain.

A. Confaeal.microscopy images showing examples of 293T celexpressing UAFIMRFP

(red) anddifferent GFRISP1 constructs (green). B. Immunoblot analysisesb the ability of
experimental USP1 Finger mutants to undergo Uiigliced autocleavage. 293T cells were
transfected with the indicated GRFSP1 variants either alone) (or in combination with
XpressUAF1 (+). Anti-GFP antibody was used to detect @FEP1 and antXpress antibody
was used to detect XpreBg\F1. a-tubulin was used as a loading control. The higher molecular
weight band in the “USP1” blot corresponds to foteaved GFRJSP1, whereas the lower
band corresponds to thetBrminal fragment thaesults from autocleavage at ig0GGmotif.

C. Confocal microscopyimagesshowing examples of FK2 immunostaining283T cellsco-
transfectedawith expression plasmids encoding Xpess1 and either GRRISP1 wild type
(WT) orsFinger subdomain mutant vants of GFPUSP1. Cells were treated with NCS
(200mg/ml) 4h before being fixed and immunostaineD. Confocal microscopy images
showinggzexamples of 53BP1 immunostaining?88T cellstransfected and treated as in panel
C. E.Immunaoblot analysis of 293T ke cotransfected with Xpresd AF1 andeither empty
YFP-vector, GEPUSP1"", the catalytically inactive mutant US®4° or the four USP1 Fingers
subdomairmutants. Cells wereiter left untreated (U)Tor treated with 4mM hybxyurea for

24h Using an antPCNA antibody, monoubiquitinated PCNA (ubPCNA) is detected as a band
migrating slightly above the newmbiquitinated form (PCNA).Anti-GFP and antKpress
antibodies were used to confirm expression of the transfected pr@teinsn was used as a
control for equal loading of the protein sampl€ke dotted line indicates thitie panel isa
composite of two images from a single exposure of the sam@&lyekatio of ubiquitinated to
nonubiquitinated PCNA (ubPCNA/PCNA ratio) was determined by densitgnaetalysis of

the immunoblotbandsand normalized using the ubPCNA/PCNA ratio in cells expressing wild
type GFRUSPL1 as a referenc&he graph on the right shows the results of this analysis. The
data represent the mean &idM of 3 independat experiments.

Figure 7: Characterization of cancerrelated mutations in USP1 Fingers subdomain
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A. Confocal images showing examples of 293T celleexjressing UAFINRFP (red) and
different GFRPUSP1 constructs (green). B. Immunoblot analysiseti tte ability of USP1
cancerrelated mutants to undergo UAkiduced autocleavage. 293T cells were transfected
with the indicated GFRISP1 variants either along r in combination with Xpress AF1 (+).
Anti-GFR antibedy was used to detect @GFBP1 and antKpress antibody was used to detect
XpressUAERL: a-tubulin was used as a loading contr@. Confocal microscopy images
showing“.examples of FK2 immunostaining 293T cells co-transfected with expression
plasmids.encoeding Xpred4$AF1 and either GFRISP1 wild type (WT) or three differeatSP1
mutant variants that have been identified in tumor samplsPE£*®Y, USPP**N and
USPT*"*3r Cells were treated with NCS (100mg/rdh before fixation. The nucleus of a
representative’ cell in each sample is circled by a dottedDin€onfocal microscopyimages
showingfexamples of 53BP1 immunostainin@B8T cellstransfected and treated as in panel
C. E.Immunablot analysis of 293¢ells cotransfected with Xpresd AF1 andeither empty
YFP-vector, GEPUSP1"'", the catalytically inactive mutant USP1® or the three cancer
relatedUSP1mutants. Cells were either left untreated JWF treated with 4mM hydbxyurea

for 24h.[ Thenonubiqutinated (PCNA) and monoubiquitinated (uUbPCNAdrms of PCNA
were detected usinqrantiPCNA antibody Anti-GFP and antKpress antibodies were used to
confirm expression of the transfected protefaactin was used as a control for equal loading of
theprotein samplesThe dotted line indicates thiite panel isacomposite of two images from a
single expesure of the same gé&lhe ratio of ubiquitinated to newbiquitinated PCNA
(ubPCNA/PCNA ratio) was determined by densitometry analysis of the moioha bandsand
normalized using the ubPCNA/PCNA ratio in cells expressing wild type-GHPL as a
reference The graph on the right shows the results of this analysis. The data represent the mean
andSEM of 3independent experiments. Immunoblot analysis &93T cells cetransfected as

in panel E and either left untreated (UT) or treated with 1mM MMS fofdllowed by a3 h
recovery in drugree medium. The numbers below the ubPCNA bands indicate the
UbPCNA/PCNA ratio.

Table 1. Results of the characterizabn of USP1 Fingers subdomain mutant variants using

a battery of functional tests.

TEST
. UAF1 FK2 Blockade of PCNA
USP1 variant , Autocleavage ) ) o
relocation depletion 53BP1 foci deubiquitination
WT + + + + +
C90Ss + - - - -
Del (420520) - n.t* n.t n.t n.t
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VE + + +
\Y + + -
VE/IV + + -
S475Y + + -
D502N + + +
S575R + +

ol

Author Manuscri
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