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SUMMARY

BRCA1-deficient tumor cells have defects in homol-
ogous-recombination repair and replication fork
stability, resulting in PARP inhibitor sensitivity.
Here, we demonstrate that a deubiquitinase, USP1,
is upregulated in tumors with mutations in BRCA1.
Knockdown or inhibition of USP1 resulted in replica-
tion fork destabilization and decreased viability of
BRCA1-deficient cells, revealing a synthetic lethal
relationship. USP1 binds to and is stimulated by
fork DNA. A truncated form of USP1, lacking its
DNA-binding region, was not stimulated by DNA
and failed to localize and protect replication forks.
Persistence of monoubiquitinated PCNA at the repli-
cation fork was the mechanism of cell death in the
absence of USP1. Taken together, USP1 exhibits
DNA-mediated activation at the replication fork,
protects the fork, and promotes survival in BRCA1-
deficient cells. Inhibition of USP1 may be a useful
treatment for a subset of PARP-inhibitor-resistant
BRCA1-deficient tumors with acquired replication
fork stabilization.

INTRODUCTION

BRCA1 and BRCA2 are frequently mutated or silenced due to

epigenetic changes in breast and ovarian cancers, providing

an opportunity for targeted therapy (Farmer et al., 2005). Proteins

encoded by BRCA1 and BRCA2 genes are master regulators of

genomic stability and are essential for accurate DNA double-

strand break (DSB) repair by homologous recombination (HR)

(Gudmundsdottir and Ashworth, 2006). BRCA1 is required for

C-terminal binding protein 1 (CtBP1) interacting protein (CtIP)-

mediated resection of DSBs to generate recombinogenic sin-

gle-strand DNA (ssDNA) through the Mre11-Rad50-Nbs1

(MRN) complex (Moynahan et al., 1999; Yun and Hiom, 2009).

BRCA2 facilitates subsequent loading of RAD51 on ssDNA and
Molecu
promotes HR (Moynahan et al., 2001; Thorslund et al., 2010).

BRCA1 and BRCA2 are also required for the protection of stalled

replication forks by limiting nucleolytic degradation (Lomonosov

et al., 2003; Pathania et al., 2014; Schlacher et al., 2011, 2012).

Poly (ADP-ribose) polymerase (PARP) inhibitors have had

significant success in improving progression-free survival in

BRCA1- or BRCA2-deficient ovarian tumors (Ledermann et al.,

2014, 2016; Lord and Ashworth, 2017; Oza et al., 2015) and

remain the only US Food and Drug Administration (FDA)-

approved ‘‘synthetic lethal’’ therapeutic agents for BRCA1- or

BRCA2-deficient tumors. However, therapeutic resistance to

PARP inhibitors has emerged, resulting from either restoration

of HR or replication fork stabilization (Bunting et al., 2010; Ray

Chaudhuri et al., 2016; Rondinelli et al., 2017; Xu et al., 2015).

There is a critical need for a specific class of drugs that can target

BRCA1- or BRCA2-deficient tumors and potentially overcome

PARP inhibitor resistance.

Recent studies indicated that protein ubiquitination at the

replication fork regulates fork stability (Chu et al., 2015; Elia

et al., 2015; Lecona et al., 2016). Protein ubiquitination is a crit-

ical post-translational modification that regulates multiple

cellular processes. Protein ubiquitination is controlled by the co-

ordinate activity of ubiquitin E3 ligases and deubiquitinating en-

zymes (DUBs) (D’Andrea and Pellman, 1998; Komander and

Rape, 2012). DUBs cleave the isopeptide bond between ubiqui-

tin and the modified protein. Over 100 DUBs are known, and

these proteins are subdivided into six subfamilies (Davis and

Simeonov, 2015; Nijman et al., 2005b). The USP (ubiquitin-

specific protease) subfamily is the largest subfamily, with 58

members. USPs are cysteine proteases, containing a highly

conserved catalytic domain. The generation of small-molecule

inhibitors of USPs is currently an active pursuit of the pharma-

cology industry (Davis and Simeonov, 2015).

The function and regulation of USP1, a member of the USP

subclass of DUBs, has been evaluated in considerable detail.

USP1 regulates the Fanconi anemia (FA) DNA repair pathway,

and USP1-deficient cells or mice exhibit FA phenotypes (Kim

et al., 2009; Nijman et al., 2005a; Oestergaard et al., 2007).

Like two closely related DUBs, USP12 and USP46, USP1 binds

to a conserved WD40-repeat protein, UAF1 (Cohn et al.,

2009; Cohn et al., 2007; Sowa et al., 2009). Other USPs have
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WD40-repeat binding partners, suggesting a more general

mechanism of USP activation (Villamil et al., 2013). USP1,

USP12, and USP46 exist in a mostly inactive state, and their iso-

peptidase activity is stimulated by UAF1 binding. Recent crystal-

lographic studies demonstrate that UAF1 binds to a distinct site

on USP12 or USP46 and, through an allosteric interaction, stim-

ulates DUB activity (Li et al., 2016; Yin et al., 2015). The UAF1-

binding site of USP1, USP12, and USP46 is the zinc-finger

region, at the tips of the DUB finger structure, distant (40 Å)

from the catalytic triad of the protease (Li et al., 2016; Ye et al.,

2009). The crystal structure of USP1 has not been solved; how-

ever, it is a larger protein, suggesting that theremay be additional

regulatory regions in USP1 not present in USP12 or USP46.

USP12 and USP46, but not USP1, are also activated indepen-

dently by another WD40-repeat protein (WDR20) through an

additional allosteric site (Kee et al., 2010; Li et al., 2016).

Recent studies suggest that the USP1-UAF1 complex has a

direct interaction with DNA. First, the known substrates of

USP1-UAF1 include FANCD2-Ubiquitin (Ub), FANCI-Ub, and

proliferating cell nuclear antigen (PCNA)-Ub, all of which are

DNA-binding proteins (Huang et al., 2006; Nijman et al.,

2005a). Second, USP1-UAF1 travels with the replication fork

during DNA synthesis, suggesting that it removes ubiquitin

from protein substrates residing at the fork (Dungrawala et al.,

2015). Interestingly, the hydroxyurea-induced increase in

FANCD2-Ub and PCNA-Ub at the fork correlates temporally

with the release of USP1-UAF1 from the fork (Dungrawala

et al., 2015), suggesting that reduced local expression of USP1

accounts in part for the upregulated monoubiquitination of these

substrates. Third, UAF1 has been shown to have DNA-binding

activity and directly interact with the HR protein RAD51AP1

(Cukras et al., 2016; Liang et al., 2016). Whether USP1 also

has DNA-binding activity or a role in replication fork protection

remains unknown.

In the current study, we identified a function of USP1 during

replication in BRCA1-deficient cells. USP1 binds to DNA inde-

pendently of UAF1 and is stimulated preferentially by DNA struc-

turesmimicking a replication fork. An internally truncated version

of USP1 (USP1-Trunc), which has active deubiquitinating activ-

ity, neither binds to DNA nor is stimulated by DNA. While wild-

type USP1 localizes to replication forks of transfected human
Figure 1. USP1 Is Overexpressed in HR-Deficient Tumors

(A) USP1 mRNA levels in HR-deficient basal-like breast cancers were plotted ag

(B) USP1 mRNA levels in BRCA1 mutated or BRCA1 wild-type breast cancers w

(C) Fraction of genome altered in BRCA1 mutant breast cancers with high USP

from TCGA.

(D) Platinum sensitivity status of BRCA1 mutant ovarian cancers with high USP

from TCGA.

(E) Top left: representative images of the colonies of BRCA1-mutated UWB1.28

control siRNA (siCtrl) or siUSP1 in a clonogenic assay. Bottom left: western blo

silencing (asterisk indicates a nonspecific band). Right: graphical quantification

treatment with either control siRNA or USP1 siRNA (n = 5).

(F) Dose-response graph of UWB1.289 and UWB1.289+BRCA1 cells treated wit

(G) CRISPR gene-knockout effects inferred by the CERES computational method

BRCA2mutation status using data from the Broad Institute Cancer Dependency M

values for wild-type versus mutant cell lines were compared via the Mann-Whitn

(H) Quantitation of growth of BRCA2-deficient VU423 cells after USP1 silencing

See also Figure S1.
cells, mutant USP1-Trunc fails to localize to and stabilize the

replication fork. USP1 is required for stabilization of the replica-

tion fork of BRCA1-deficient cells, and knockout or small-mole-

cule inhibition (Liang et al., 2014) with a specific inhibitor of the

USP1-UAF1 complex is synthetic lethal in these cells.

While a USP1 substrate, FANCD2, had previously been shown

to have a replication fork protective role (Kais et al., 2016;

Schlacher et al., 2012), we found that a different USP1 substrate,

PCNA, is important in replication fork protection in BRCA1-defi-

cient cells. Synthetic lethality between USP1 and BRCA1 was

rescued by silencing either the PCNA ubiquitin ligase RAD18 or

the translesion synthesis (TLS) polymerase POLK, which accu-

mulates following USP1 silencing, due to the persistence of

Ub-PCNA. Our results suggest that accumulation of TLS poly-

merases leads to enhanced replication fork instability in

BRCA1-deficient cells and provides a mechanism of synthetic

lethality in BRCA1-deficient cells. Moreover, a USP1 inhibitor

can kill a subset of BRCA1-deficient cells that have acquired

PARP inhibitor resistance due to replication fork stabilization.

In addition, our data suggest a potential role of the BRCA1 pro-

tein in mitigating replication fork instability resulting from aber-

rant TLS. USP1 inhibitors thus represent a class of inhibitors

with potential therapeutic use in BRCA1-deficient cancers.

RESULTS

USP1 Is Overexpressed in BRCA1-Deficient Tumors
Using published data from The Cancer Genome Atlas (TCGA)

breast cancer consortium (http://www.cbioportal.org) and GEO

database GDS2250, we found that USP1 was significantly over-

expressed in HR-deficient basal-like breast cancers compared

to the other breast cancer subtypes (p < 0.0001) (Figures 1A

and S1A) (Cancer Genome Atlas Network, 2012). USP1 overex-

pression correlated with BRCA1 deficiency in breast tumors (p <

0.0001) (Figure 1B). BRCA1-deficient tumors with high expres-

sion of USP1 have a higher level of genome alterations (Fig-

ure 1C). A similar correlation was observed in BRCA1-deficient

ovarian tumors (Figure S1B). Interestingly, USP1 expression

was also enriched in platinum-resistant ovarian cancers with

BRCA1 mutation (Figure 1D). Overexpression of USP1 was

higher in breast cancers than in other cancer types (Figure S1C).
ainst other breast cancer subtypes using data from TCGA.

ere plotted using data from TCGA.

1 expression levels or low USP1 expression levels were plotted using data

1 expression levels or low USP1 expression levels was graphed using data

9 and its isogenic BRCA1-reconstituted UWB1.289+BRCA1 cells with either

t of the lysates from UWB1.289 and UWB1.289+BRCA1 cells following USP1

of a clonogenic assay of UWB1.289 and UWB1.289+BRCA1 cells following

h a USP1 inhibitor, ML323 (n = 6). Values are mean ± SEM.

were compared in 57 breast and ovarian cancer cell lines grouped by BRCA1 or

ap and Cancer Cell Line Encyclopedia. Error bars reflect mean ± SEM. CERES

ey U test.

(n = 2).
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Figure 2. USP1 Silencing Causes Replication

Fork Instability in BRCA1-Deficient Cells

(A) Half maximal inhibitory concentration (IC50) plots of

UWB1.289 and UWB1.289+BRCA1 cells for survival

after olaparib treatment showing a functional rescue

of BRCA1 in the reconstituted UWB1.289 cells. The

IC50 values for olaparib in UWB1.289 cells and

UWB1.289+BRCA1 cells were 0.45 mM and 2.95 mM,

respectively.

(B) Western blot of the lysates from UWB1.289 and

UWB1.289+BRCA1 cells following USP1 silencing

(asterisk indicates a nonspecific band).

(C) Schematic of 5-chloro-20-deoxyuridine (CldU),

5-iodo-20-deoxyuridine (IdU), and hydroxyurea (HU)

treatment (top) and graphical quantification of fiber

assay measuring fork degradation in UWB1.289 and

UWB1.289+BRCA1 cells following USP1 silencing

(bottom). The median values for UWB1.289 siCtrl,

siUSP1, UWB1.289+BRCA1 siCtrl, and UWB1.289+

BRCA1 siUSP1 are 1.442, 1.074, 1.407, and 1.455

respectively. Statistical analysis was performed on at

least 100 cells per condition. The fiber assays were

repeated twice, and the data from a representative

experiment are shown.

(D) Schematic of CldU, IdU, and hydroxyurea treat-

ment (top) and quantification of fork stability in PEO1

(BRCA2 mutant) and PEO4 (BRCA2 revertant) cells

following USP1 silencing (bottom). The median values

for PEO1 siCtrl, PEO1 siUSP1, PEO4 siCtrl, and PEO4

siUSP1 are 0.972, 0.979, 1.006, and 1.027. The fiber

assay was repeated three times with at least 100 fi-

bers per condition, and the data from a representative

experiment are shown.

See also Figure S2.
USP1was also the highest expressed of all its orthologs in breast

cancers (Figure S1D). Of the top USP1-overexpressing breast

tumors, BRCA1 was the second most commonly mutated

gene (Figure S1E).

We further evaluated the synthetic lethal relationship be-

tween BRCA1 and USP1 in a BRCA1 mutant ovarian cancer

cell line, UWB1.289. Silencing USP1 by small interfering RNA

(siRNA) transfection resulted in reduced growth of UWB1.289,

but not of UWB1.289+BRCA1, complemented cells (Figure 1E).

Inhibition of USP1 activity by treatment of UWB1.289 cells

with a specific DUB inhibitor of USP1, ML323 (Liang et al.,

2014), also resulted in reduced growth of UWB1.289 cells

compared to UWB1.289+BRCA1 cells (Figures 1F and S1F).

Synthetic lethality between USP1 and BRCA1 was also evident

in another cancer cell line using an in vivo mouse xenograft

model (Figure S1G). BRCA1-deficient MDA-MB-436 breast

cancer cells with clustered regularly interspaced short palin-

dromic repeats (CRISPR)-mediated knockout of USP1 ex-

hibited significantly reduced tumor growth in athymic nude

mice compared to MDA-MB-436 cells with reconstitution of

BRCA1 (Figure S1G). A cancer dependency study from the

Broad Institute also confirmed that BRCA1-deficient, but not

BRCA2-deficient, breast and ovarian cell lines are hyperde-

pendent on USP1 for survival (Figure 1G). Depletion of USP1

also did not affect the growth of BRCA2-deficient VU423 cells

(Figure 1H).
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USP1 Protects Replication Forks in BRCA1-
Deficient Cells
BRCA1-deficient cells are defective in replication fork stabiliza-

tion andare dependent onFANCD2 for fork protection and restart

(Kais et al., 2016). Since USP1 regulates the levels of FANCD2

monoubiquitination, we examined the role of USP1 in replication

fork protection in BRCA1-deficient cells. Functional complemen-

tation of BRCA1 was confirmed by PARP inhibitor resistance in

UWB1.289+BRCA1 cells (Yazinski et al., 2017) (Figure 2A). We

useda lowdoseof hydroxyurea (1mM) that does not lead to repli-

cation fork instability in BRCA1-deficient cells. Hydroxyurea

treatment of BRCA1-deficient cells for 3 hr did not result in repli-

cation fork instability (Figures 2B, 2C, and S2A). Silencing of

USP1 in HeLa cells also had no significant effect on hydroxy-

urea-mediated fork stalling and degradation; however, silencing

of USP1 and BRCA1 led to a significantly higher level of fork

degradation after hydroxyurea treatment (Figure S2A). Similarly,

knockdown of USP1 in BRCA1-deficient UWB1.289 cells re-

sulted in enhanced fork degradation after stalling with hydroxy-

urea (Figures 2B and 2C). In contrast, knockdown of USP1 in

the BRCA1-complemented UWB1.289 cells did not enhance

fork degradation (Figures 2B and 2C). Treatment of BRCA1 defi-

cient MDA-MB-436 cells with the USP1 inhibitor ML323 also

resulted in enhanced fork degradation following hydroxyurea

treatment, and this effect is not increased with USP1 silencing

(Figure S2B). Loss of USP1 in BRCA2-deficient PEO1 ovarian



cancer cells did not lead to a decrease in replication fork stability

(Figure 2D). Interestingly, while loss of USP1 in BRCA1-proficient

HeLa cells did not lead to a decrease in fork stability, it reduced

the efficiency of fork progression after restart following hydroxy-

urea (HU) treatment (Figure S2C). Taken together, these results

indicate that USP1 promotes replication fork stabilization in

BRCA1-deficient, but not BRCA2-deficient, cells and suggests

that USP1 is upregulated in BRCA1-deficient cells in order to

enhance fork protection. Consistent with the role of USP1 in sta-

bilizing the replication fork, many genes encoding proteins

involved in fork stability were among the top 20 genes whose

expression correlated with USP1 expression in breast and

ovarian cancers (Figure S2D). Also, siRNA knockdown of USP1

in BRCA1-deficient retinal pigment epithelial (RPE) cells resulted

in increased chromosomal breaks and aberrations (Figure S2E).

USP1 Is a DNA-Binding Protein
Since UAF1, a binding partner of USP1, has DNA-binding activity

(Liang et al., 2016), we reasoned that USP1 might also stabilize

replication forks through a DNA-binding mechanism. To test

this hypothesis, we performed electrophoretic mobility shift as-

says with purified UAF1 protein with or without purified USP1

protein to analyze direct DNA-binding activity. Purified proteins

were incubated with either ssDNA, dsDNA, or fork DNA and visu-

alized by native polyacrylamide gel electrophoresis. The UAF1

protein and the USP1-UAF1 complex generated a gel shift of

all three DNA templates. Interestingly, free USP1 also generated

an upward shift of double-strand DNA and, more strongly, of fork

DNA, indicating that USP1 alone can bind DNA (see arrows in

Figure 3A, lane 11 and Figure 3B, lane 6).

USP1, USP12, and USP46 are related DUB proteins that bind

to UAF1 and are stimulated by UAF1 (Cohn et al., 2007, 2009;

Dahlberg and Juo, 2014; Li et al., 2016; Yin et al., 2015). All three

proteins contain a conserved UAF1-binding site localized to a

zinc-finger region of each polypeptide (Figure S3A). These

USPs bind to a discrete WD40 domain of UAF1 (Li et al., 2016;

Yin et al., 2015). Of the three proteins, USP1 is the largest pro-

tein, as shown by the sequence alignment with USP12 and

USP46 (Figures S3A and S3B). While USP1 binds and shifts

fork DNA upward (Figure 3C, lanes 1–6), USP12 fails to bind

DNA (lanes 7–12), suggesting that the DNA-binding region of

USP1 is localized to nonconserved regions of these two proteins.

By aligning the amino acid sequence of USP1 and USP12, we

generated the cDNA encoding a truncated form of USP1 (USP1-

Trunc) designed to eliminate regions of USP1 that are not

conserved with USP12 (Figures 3D, S3A, and S3B). USP1-Trunc

still contains the critical Cys, His, and Asp residues known to

comprise the catalytic triad of the active ubiquitin protease (Eletr

and Wilkinson, 2014). USP1-Trunc also contains the two critical

amino acids (Cys 443 and Glu 514) required for binding and acti-

vation byUAF1 (Li et al., 2016; Yin et al., 2015). USP1-Trunc does

not contain the autocleavage site previously identified in full-

length USP1 (Huang et al., 2006). As predicted, USP1-Trunc

failed to bind and gel shift the fork DNA structure (Figure 3D,

lanes 8–12), confirming that the critical DNA-binding regions of

USP1 exist within the deleted amino acid sequences.

To further localize a possible DNA-binding domain of USP1,

we evaluated USP1 mutant proteins using a chromatin-binding
assay (Figure 3E). Wild-type USP1 bound to chromatin; how-

ever, USP1-Trunc and USP1-D270-307 mutants had reduced

binding to chromatin (Figure 3E). Region 2 of USP1 (from amino

acids 270–307), also deleted in USP1-Trunc, was required for

DNA binding, and positively charged lysine residues in this re-

gion may contribute to the DNA-binding activity. USP12 and

USP46 are known to interact with both UAF1 and an additional

WD40-containing protein, WDR20 (Kee et al., 2010; Sowa

et al., 2009). USP1 is a larger protein than USP12 or USP46.

Accordingly, USP1 may contain sequences that functionally

substitute for WDR20 sequences in the assembled DUBmultisu-

bunit complex (see schematic, Figure S3C). Collectively, these

results suggest that similar to UAF1, USP1 also exhibits a

DNA-binding activity with enhanced binding to fork DNA

structures.

The Deubiquitinating Activity of USP1 Is Stimulated by
DNA Binding
Since USP1 is a deubiquitinase with DNA-binding activity, DNA

may act as a cofactor altering its deubiquitinating activity. To

test this possibility, we examined the ubiquitin protease activity

of full-length USP1 bound in a complex with UAF1, with or

without DNA, using the ubiquitin-7-amido-4-methylcoumarin

(AMC) release assay and the ubiquitin CHOP2-Reporter assay

(Figure 4A) (Cohn et al., 2007, 2009; Davis et al., 2016; Kee

et al., 2010; Mistry et al., 2013). Interestingly, DNA stimulated a

time-dependent increase in DUB activity of the USP1-UAF1

complex (Figure 4B). Maximal DUB stimulation was achieved

with fork DNA, consistent with the stronger USP1-binding activ-

ity for this template. dsDNA also generated maximal DUB stim-

ulation (Figure 4B). Fork DNA increased the DUB activity of the

USP1-UAF1 complex at a 1:1 stoichiometry, with no further in-

crease in DUB activity with additional DNA (Figure 4C).

In contrast to the USP1-UAF1 complex, DNA did not stimulate

the activity of the USP12-UAF1-WDR20 complex, consistent

with the lack of DNA-binding activity of USP12 (Figure 4D).

UAF1 stimulated the DUB activity of USP1-Trunc, consistent

with the presence of both the DUB catalytic triad and the UAF1

interaction domain of USP1-Trunc (Figures 3D, S3A, and S4A).

Interestingly, DNA failed to stimulate the DUB activity of the

USP1-Trunc-UAF1 complex (Figure 4E), indicating that DNA

binding is required for DNA stimulated DUB activity. Since

UAF1 has direct DNA-binding activity and the DNA-binding site

of UAF1 remains unknown (Liang et al., 2016), it is unclear

whether DNA binding to UAF1 also contributes to DUB activity

stimulation. However, the lack of DNA stimulation of the USP1-

Trunc-UAF1 complex suggests that the DNA binding of UAF1

alone is insufficient to stimulate USP1 DUB activity and that

the direct binding of USP1 to DNA is required.

DNA Binding to USP1-UAF1 Enhances Ubiquitin
Substrate Binding and Turnover
To gain further insight into the dynamics of USP1-UAF1 activa-

tion by DNA, we investigated the kinetics of complex activation.

An in vitro enzymatic assay of the purified USP1-UAF1 complex,

using Ub-AMC as a substrate, was established (Figures 4F and

4G). In order to determine the kinetic parameters of the USP1-

UAF1 complex alone compared to the USP1-UAF1-fork DNA
Molecular Cell 72, 925–941, December 20, 2018 929
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Figure 3. USP1 Is a DNA-Binding Deubiquitinase

(A) Coomassie blue stain of USP1 and UAF1 (left) showing purity of the proteins and electromobility shift gel showing DNA-binding activity of UAF1 and UAF1 +

USP1 (right). Wild-type UAF1 or wild-type UAF1 + 100 nM USP1 proteins were incubated with ssDNA, dsDNA, or fork DNA, and electromobility shift of the DNA

was analyzed. Note that a band in lane 11 (shown in red arrow) shows binding of USP1 alone to fork DNA.

(B) Electromobility shift gel showing a strong binding of USP1 to fork DNA. USP1 protein was incubated with ssDNA, dsDNA, or fork DNA, and electromobility shift

of the DNA was analyzed.

(C) Coomassie blue stain of USP1 and USP12 showing purity of the proteins (left) and electromobility shift gel (right) showing absence of DNA-binding activity of

USP12. USP1 and USP12 proteins were incubated with ssDNA, dsDNA, or fork DNA, and electromobility shift of the DNA was analyzed.

(legend continued on next page)
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Figure 4. DNA Stimulates the Deubiquitina-

tion Activity of the USP1/UAF1 Complex

(A) Schematic of ubiquitin reporter assays used.

(B) Ub-CHOP2-Reporter deubiquitination assay

measuring wild-type USP1-UAF1 deubiquitinating

activity with no DNA, ssDNA, dsDNA, and fork DNA.

The deubiquitinating activity of wild-type USP1-

UAF1 with no DNA is significantly less than that of

wild-type USP1-UAF1 with ssDNA, dsDNA and fork

DNA (n = 10).

(C) Ub-AMC enzymatic assay measuring wild-type

USP1-UAF1 deubiquitination activity with increasing

concentrations of fork DNA (n = 2).

(D) Ub-CHOP2-Reporter deubiquitination assay

measuring wild-type USP12-UAF1-WDR20 (USP12

complex) deubiquitination activity with no DNA,

ssDNA, dsDNA, and fork DNA (n = 2).

(E) Ub-CHOP2-Reporter deubiquitination assay

measuring Trunc-USP1-UAF1 deubiquitination activ-

ity with noDNA, ssDNA, dsDNA, and fork DNA (n = 3).

(F and G) Michaelis-Menten plot of the deubiquiti-

nation activity of wild-type USP-UAF1 with fork DNA

measured by the Ub-AMC enzymatic assay (F) and

the KM and kcat values obtained from the Michaelis-

Menten plot (G). Wild-type USP1 and wild-type

UAF1 proteins were purchased from Boston Bio-

chem, while the wild-type USP12-UAF1-WDR20

complex and Trunc-USP1 proteins were made in

SF9 cells or E. coli.

Values in all the plots are mean ± SEM. See also

Figure S4.
complex, the deubiquitination reaction was performed with a

limiting amount of enzyme and an excess of substrate, and the

initial velocity (V0) was obtained. By measuring the substrate

conversion at increasing substrate concentrations (Figure 4F),

we determined that the affinity of the USP1-UAF1 complex for

its ubiquitinated substrate is modestly influenced by DNA bind-

ing, decreasing the KM from 0.79 mM to 0.33 mM (Figure 4G).

Also, the catalytic turnover was modestly influenced by DNA

binding, increasing the kcat value 1.3-fold. As a result, the kcat/KM

ratio is 3-fold higher for the USP1-UAF1-DNA complex

compared to the USP1-UAF1 complex alone. Taken together,

DNA regulates the deubiquitination activity of the USP1-UAF1

complex by increasing both substrate affinity and turnover.
(D) Schematic representation of wild-type USP1 and Trunc-USP1 (top). Coomassie blue stain of wild-typeUS

shift gel showing absence of DNA-binding activity of Trunc-USP1 (bottom right). Wild-type USP1 and Trun

electromobility shift of the DNA was analyzed (bottom right).

(E) Top: schematic representation of USP1-D270–307mutant showing deletion in region 2 of USP1. Bottom:

transfected with vector, mCherry-USP1 wild-type, and mCherry-USP1-Trunc and mCherry-USP1-D270–3

and USP1-Trunc to the chromatin.

See also Figure S3.

Molecul
A Specific Inhibitor of USP1, ML323,
Inhibits the DUB Activity of USP1-
Trunc but Does Not Inhibit DNA
Binding
A specific inhibitor of USP1, ML323, was

recently identified which blocks FANCD2

deubiquitination, causes an accumulation
of cellular FANCD2-Ub and causes cellular hypersensitivity to

cisplatin (Liang et al., 2014). Although ML323 binds directly to

USP1, the binding site has not been determined. Interestingly,

ML323 inhibits USP1-Trunc, as well as wild-type, full-length

USP1, indicating that the ML323-binding sites are preserved

in the USP1-Trunc protein (Figure S4B). Moreover, ML323

binding does not interfere with the DNA-binding activity of

full-length USP1 (Figure S4C). Consistent with this result,

ML323 also inhibits the DUB activity of the USP12-UAF1-

WDR20 complex, which does not exhibit DNA binding activity

(data not shown). Taken together, the inhibitory activity of

ML323 does not result from the inhibition of DNA binding

to USP1.
P1 and Trunc-USP1 (bottom left) and electromobility

c-USP1 proteins were incubated with fork DNA, and

chromatin fractionation of the lysates from 293T cells

07 showing reduced localization of USP1-D270–307
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Figure 5. The DNA-Binding Activity of USP1 Is Required for Its Localization to the Replication Fork and for Stabilization of the Replica-

tion Fork

(A) iPOND blot with thymidine chase showing USP1 and PCNA decreasing at the replication fork following a 2-hr treatment with thymidine (n = 2).

(B) Left: iPOND blot of 293T cells transfected with vector control, mCherry-tagged wild-type USP1, or Trunc-USP1 and probed with antibody against mCherry

and PCNA. Right: densitometry analysis of the iPOND blot (n = 3) (*p = 0.0475).

(C) Western blot of the lysates from BRCA1-deficient MDA-MB-436 cells treated with siCtrl or siUSP1 and rescued with empty vector, wild-type USP1, or

USP1-Trunc.

(D) Left: graphical quantification of a DNA fiber experiment measuring hydroxyurea-mediated replication fork instability in BRCA1-deficient cells following

treatment with siCtrl or siUSP1 and rescued with empty vector, wild-type USP1, or USP1-Trunc (p < 0.0001). Right: schematic of CldU, IdU, and hydroxyurea

treatment (top), and representative images of the fibers from each treatment condition (bottom). The fiber assays were repeated twice with at least 100 fibers per

(legend continued on next page)
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USP1-UAF1 DNA-Binding Activity Is Required for
Localization of the DUBComplex to the Replication Fork
Recent studies suggest that the USP1-UAF1 complex might

play a regulatory role at the advancing replication fork by con-

trolling the local level of critical ubiquitinated substrates. Using

a method of isolation of proteins on nascent DNA (iPOND)

mass spectrometry, Dungrawala et al. (2015) identified USP1,

UAF1 (WDR48), PCNA, and the FANCI-FANCD2 complex (ID

complex) at sites of nascent DNA (Dungrawala et al., 2015).

Interestingly, the USP1-UAF1 complex moves with the elon-

gating replication fork, and fork stalling following hydroxyurea

exposure displaces the complex. Another study, which

compared the relative abundance of USPs on nascent and

mature chromatin by iPOND, also demonstrated USP1 enrich-

ment at the replisome (Lecona et al., 2016). These studies sug-

gest that USP1 localizes at the replication fork and may

contribute to replication fork protection by deubiquitinating co-

localized critical substrates. Other studies demonstrate that

replication stress causes USP1 autocleavage, suggesting a

plausible mechanism for the regulated release of USP1-UAF1

from the fork (Huang et al., 2006).

We next confirmed that USP1 localizes to the replication fork

using iPOND (Sirbu et al., 2011). Replication fork proteins were

enriched by iPOND (Dungrawala andCortez, 2015) and identified

by immunoblotting (Figure 5A). As expected, similar to PCNA,

USP1 was pulled down with nascent DNA and disappeared

following thymidine chase, suggesting that USP1 localizes to

the replication fork (Figure 5A). Since USP1-Trunc fails to bind

DNA, we predicted that it would not localize to the replication

fork. Using transient transfections of mCherry-USP1 wild-type

or mCherry-USP1-Trunc in 293T cells, we performed an iPOND

experiment followed by a western blot (Figure 5B). As predicted,

wild-type USP1, but not USP1-Trunc, localized to the replication

fork, indicating that DNA binding is required for USP1 fork

localization (Figure 5B, left panel, lanes 5 and 6). PCNA localiza-

tion was also found at the replication fork, as expected

(Figure 5B). The USP1-D270-307 mutant with defective DNA-

binding activity also showed reduced localization to the replica-

tion fork (Figure S5A).

DNA-Binding Activity of USP1 Is Required for Fork
Protection and Cell Survival in BRCA1-Deficient Cells
Since the DNA-binding activity is required for localization of

USP1 to the replication fork, we examined its role in fork protec-

tion in BRCA1-deficient cells. Knockdown of USP1 in BRCA1

deficient MDA-MB-436 breast cancer cells destabilized the

replication fork after hydroxyurea blockade (Figures 5C and

5D). Complementation with wild-type USP1, but not the DNA-

binding mutant USP1-Trunc, restored normal replication fork

stability (Figures 5C, 5D, and S5B). USP1-D270–307 mutant
condition, and the data from a representative experiment are shown. The median

Trunc are 0.9434, 0.5907, 1.018, and 0.5801, respectively.

(E) Western blot of the lysates from p53-deficient RPE cells confirming the loss o

(F) Left: western blot of the lysates fromBRCA1-deficient RPE cells treated with si

Right: graphical quantification (top) and representative images of colonies (bottom

or siUSP1 and complemented with empty vector (EV), wild-type USP1, or Trunc

See also Figure S5.
also failed to rescue the replication fork instability in BRCA1-defi-

cient cells following USP1 silencing (Figure S5C).

In order to confirm this finding in a null genetic background, we

performed a CRISPR-Cas9-mediated knockout of BRCA1 in

normal RPE cells. TP53 was first knocked out by CRISPR-

Cas9, and a single-cell subclone was generated. Subsequently,

BRCA1 was knocked out by CRISPR-Cas9, and a p53�/�,
BRCA1�/� RPE subclone was identified. This clone is both p53

and BRCA1 deficient, with no other known genetic aberrations

(Figures 5E and S5D). The p53�/�, BRCA1�/� RPE cells were

highly sensitive to PARP inhibitor treatment, while p53�/�,
BRCA1+/+ cells were resistant (Figure S5E).

Silencing of USP1 inhibited the growth of BRCA1-deficient

RPE cells, as expected. Transfection with the wild-type USP1

cDNA, but not the Trunc-USP1 cDNA, rescued the growth

defect, suggesting that the DNA-binding function of USP1 is

required for the growth and survival of BRCA1-deficient RPE

cells (Figure 5F). Similar results were obtained with BRCA1-defi-

cient MDA-MB-436 cells (data not shown). U2OS cells with

CRISPR-Cas9-mediated knockout of USP1 were also gener-

ated. As expected, these cells exhibited increased PCNA-Ub

and FANCD2-Ub. Wild-type USP1, but not the USP1-Trunc,

complemented these cells biochemically and functionally in a

chromosomal break assay (Figures S5F and S5G).

Silencing of RAD18 and POLK Rescues the Synthetic
Lethality between USP1 and BRCA1
USP1 expression correlates with PCNA expression in breast and

ovarian carcinomas (Figures S6A and S6B). Since USP1 is a deu-

biquitinase with a known replication fork protein (PCNA-Ub) as

its substrate (Huang et al., 2006), we reasoned that persistent

monoubiquitination of this substrate following USP1 inhibition

may contribute to the replication fork instability. We therefore

performed iPOND following hydroxyurea treatment in 293T cells

and assessed the recruitment of PCNA-Ub and USP1 at the

stalled fork. Monoubiquitinated PCNA levels increased at the

replication fork following hydroxyurea mediated fork stalling,

corresponding to a decrease in local USP1 (Figures 6A, S6C,

and S6D). As expected, PCNA-Ub levels increased after

CRISPR-mediated knockout of USP1 or UAF1 in RPE-1 cells

(Figures 6B and 6C). An increase in PCNA-Ub, corresponding

to a decrease in USP1, was observed after hydroxyurea treat-

ment (Figures 6A, S6C, and S6D). Taken together, these results

suggest that the timely deubiquitination of PCNA by USP1 is

critical for replication fork stability and that the aberrant accumu-

lation of monoubiquitinated PCNA and its substrates might lead

to fork instability. Indeed, silencing RAD18, the monoubiquitin

ligase for PCNA, rescued the replication fork instability of

BRCA1-deficient cells following USP1 inhibition (Figures 6D–6F

and S6E).
values for siCtrl + vector, siUSP1 + vector, siUSP1 + wild-type and siUSP1 +

f BRCA1.

Ctrl or siUSP1 and rescued with empty vector, wild-type USP1, or USP1-Trunc.

) after a clonogenic assay of BRCA1-deficient RPE cells transfected with siCtrl

-USP1 (n = 2).
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Figure 6. USP1-Mediated Replication Fork Instability in BRCA1-Deficient Cells Is Rescued by Inhibition of PCNA Monoubiquitination

(A) iPOND blot of 293T cells showing USP1 levels and Ub-PCNA levels following hydroxyurea treatment. The ratio of the long ubiquitinated form (L) versus the

short un-ubiquitinated form (S) (L/S ratio) for PCNA is shown below the blot (n = 5).

(B) Western blot of the lysates from RPE p53�/� cells with CRISPR-mediated knockout of USP1.

(C) Western blot of the lysates from RPE p53�/� cells with CRISPR-mediated knockout of UAF1. Increased monoubiquitination of both FANCD2 and PCNA are

seen in USP1�/� and UAF1�/� cells.

(legend continued on next page)
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Aberrant recruitment of the DNA polymerase POLK, which is

involved in TLS, has previously been shown to slow replication

forks in a USP1-dependent manner (Jones et al., 2012). POLK

expression is also significantly lower in BRCA1-mutated breast

tumors than wild-type tumors (Figure S6F). Aberrant monoubi-

quitination of PCNA, leading to enhanced POLK recruitment,

may therefore destabilize the replication fork in BRCA1-deficient

cells. Indeed, silencing of POLK rescued the replication fork

instability and viability of these cells following USP1 inhibition

(Figures 6G–6I), thereby providing a mechanistic explanation

for the toxicity resulting from USP1 knockdown. USP1 silencing

resulted in increased POLK foci colocalization with BRCA1 foci

(Figure S6G), suggesting that BRCA1 is required for fork stabili-

zation in the setting of persistent POLK recruitment. Knockdown

of REV1, another TLS polymerase recruited by PCNA-Ub, also

resulted in replication fork protection (Figure S6H).

TLS polymerases exhibit low fidelity (Goodman and Wood-

gate, 2013). Persistent TLS polymerase recruitment may

therefore cause replication fork destabilization through the intro-

duction of aberrant replication products such as DNA gaps and

mismatches. S1 nuclease is known to cleave DNA structures

having gaps and mismatches (Vogt, 1973). S1 nuclease treat-

ment specifically results in shorter DNA fibers due to the cleav-

age of the ssDNA gaps and mismatches and can be used for

the detection of these gaps and mismatches (Quinet et al.,

2016, 2017). In order to determine the presence of gaps andmis-

matches in the absence of USP1, we therefore performed a fiber

assay alongwith S1 nuclease treatment. A low dose hydroxyurea

(0.5 mM) treatment did not significantly affect the fork stability in

BRCA1-deficient cells treated with siUSP1 (Figure 6J). However,

S1 nuclease treatment resulted in shorter DNA fiber tracts result-

ing from cleavage of ssDNA gaps in BRCA1-deficient cells

following USP1 knockdown (Figure 6J). Again, loss of the TLS

polymerase POLK rescued this phenotype (Figure 6J). Taken

together, the increased TLS activity after USP1 loss leads to

increased ssDNA gaps in BRCA1-deficient cells.

Silencing of the nucleases DNA2 and MRE11 also rescued

replication fork instability and viability in BRCA1-deficient cells
(D) Western blot of the lysates from UWB1.289 cells following Rad18 silencing.

levels.

(E) Schematic of CldU, IdU, and hydroxyurea treatment (top) and graphical quanti

cells following treatment with siCtrl, siUSP1, siRad18, or siUSP1 and siRad18 (bot

0.9849, 0.5195, 0.8492, and 1.087, respectively. The fiber assays were repeated t

representative experiment are shown.

(F) Dose-response curve of UWB1.289 cells following Rad18 silencing and treatm

(G) Western blot of the lysates from UWB1.289 cells following POLK silencing. Val

(H) Schematic of CldU, IdU, and hydroxyurea treatment (top) and graphical quan

siUSP1, siPOLK, or siUSP1 and siPOLK (bottom). The median values for siCtr

respectively. The fiber assays were repeated three times, and the data from a re

(I) Dose-response curve of UWB1.289 cells following POLK silencing and treatm

(J) Fiber assays in BRCA1-deficient RPE cells treated with low-dose hydroxyurea

graphical quantification of fibers from cells treatedwith siUSP1 and low-dose hydr

respectively. The fiber assay was performed once with at least 100 fibers quantifie

and graphical quantification of fibers from cells treated with siUSP1 and low-dose

siUSP1, siPOLK, and siUSP1 + siPOLK are 0.664, 0.461, 0.808, and 0.753, respec

condition. Cells were treated with siRNAs and low-dose hydroxyurea followed b

combing the DNA fibers onto coverslips.

(K) Western blot of the lysates from UV-treated HeLa cells with siRNA-mediated

See also Figures S6 and S7.
following USP1 inhibition (Figures S6I and S7A). Reversed repli-

cation forks are degraded by MRE11 in BRCA1- or BRCA2-defi-

cient cells (Kolinjivadi et al., 2017; Lemaçon et al., 2017; Mijic

et al., 2017; Taglialatela et al., 2017; Vujanovic et al., 2017),

and SMARCAL1 is known to promote fork reversal (Kolinjivadi

et al., 2017). We reasoned that in the absence of USP1,

SMARCAL1 contribute to fork reversal and enhanced fork degra-

dation. Accordingly, SMARCAL1 knockdown rescued the fork

degradation phenotype in BRCA1-deficient cells following

USP1 loss (Figure S7B), suggesting that replication fork insta-

bility following USP1 depletion in BRCA1-deficient cells is

dependent on fork reversal. In contrast, knockdown of the

FAN1 nuclease did not rescue this phenotype (Figure S7C).

A recent study (Pathania et al., 2011) showed that UV strongly

activates PCNA-Ub in BRCA1-deficient cells. We therefore as-

sessed PCNA-Ub in HeLa cells after knocking down both

USP1 and BRCA1. Loss of USP1 in BRCA1-deficient cells

more strongly activated PCNA-Ub levels (Figure 6K). Taken

together, the replication fork instability of cells deficient in

BRCA1 and USP1 results from elevated levels of PCNA-Ub.

Knockdown of RAD18, POLK, REV1, DNA2, MRE11, or

SMARCAL1 rescues the replication fork instability in these cells.

Increased PCNAmonoubiquitination results in the recruitment

of POLK and other error-prone TLS polymerases (Choe and

Moldovan, 2017). Accordingly, knockdown of USP1 in 293T cells

resulted in the increased generation of point mutations as

measured via the supF assay (Figure S7D) (Huang et al., 2006).

Transfection with wild-type USP1, but not Trunc-USP1, reduced

themutagenesis level. Taken together, the toxicity resulting from

increased PCNA monoubiquitination may be an indirect conse-

quence of elevated TLS polymerase activity and TLS.

BRCA1-Deficient Cells with PARP Inhibitor Resistance
Secondary to Fork Stabilization Are Sensitive to USP1
Inhibitors
PARP inhibitor resistance of BRCA1-deficient tumor cells can

result from two major mechanisms: the restoration of HR repair

and the stabilization of the replication fork (Bouwman et al.,
Values below the Rad18 blot indicate densitometry analysis of Rad18 protein

fication of a fiber assay measuring replication fork degradation in MDA-MB-436

tom). Themedian values for siCtrl, siUSP1, siRad18, and siUSP1 + siRad18 are

hree times with at least 100 fibers quantified per condition, and the data from a

ent with the USP1 inhibitor ML323 (n = 3). Values represent mean ± SEM.

ues below the POLK blot indicate densitometry analysis of POLK protein levels.

tification of a fiber assay in MDA-MB-436 cells following treatment with siCtrl,

l, siUSP1, siPOLK, and siUSP1 + siPOLK are 1.1, 0.8663, 1.135, and 1.397,

presentative experiment are shown.

ent with the USP1 inhibitor ML323 (n = 3). Values represent mean ± SEM.

(0.5 mM). Left: schematic of CldU, IdU, and hydroxyurea treatment (top) and

oxyurea (bottom). Themedian values for siCtrl and siUSP1 are 0.673 and 0.607,

d per condition. Right: schematic of CldU, IdU, and hydroxyurea treatment (top)

hydroxyurea followed by S1 nuclease treatment. The median values for siCtrl,

tively. The fiber assaywas performed oncewith at least 100 fibers quantified per

y DNA extraction. DNA solutions were then treated with S1 nuclease before

knockdown of USP1 and BRCA1.
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2010; Bunting et al., 2010; Ray Chaudhuri et al., 2016; Xu et al.,

2015). BRCA1-deficient cells with acquired PARP inhibitor resis-

tance resulting from these mechanisms have recently been

generated (Yazinski et al., 2017). Interestingly, PARP-inhibitor-

resistant cells resulting from fork stabilization remained sensitive

to theUSP1 inhibitorML323 (Figure 7A). In contrast, PARP-inhib-

itor-resistant cells resulting from restoration of HR through

53BP1 silencing were resistant to the USP1 inhibitor (Figure 7B).

Taken together, these results suggest that a subset of PARP-

inhibitor-resistant BRCA1-deficient cells, including those that

acquired resistance through fork stabilization, are sensitive to

USP1 inhibition. Accordingly, USP1 inhibitors may be useful in

the treatment of BRCA1-deficient tumors with acquired PARP in-

hibitor resistance through this mechanism.

Knockdown of USP1 in BRCA1-deficient cells results in

increased PCNA monoubiquitination, increased fork resection,

and subsequent cell death. Importantly, USP1 inhibitors may

exhibit a monotherapy activity or potentiate the response of

PARP inhibitors in BRCA1-deficient cells. Consistently, a USP1

inhibitor, ML323, enhanced the growth inhibition by a PARP in-

hibitor in BRCA1-deficient cells (Figure 7C). Collectively, our re-

sults support a model in which DNA-stimulated USP1 activity at

the replication fork allows the survival of BRCA1-deficient cells.

USP1 deubiquitinates PCNA-Ub at the replication fork and limits

the toxic persistence of TLS activity (Figure 7D).

DISCUSSION

The USP1 substrates FANCD2-Ub and PCNA-Ub regulate repli-

cation fork events (Choe and Moldovan, 2017; Kais et al., 2016;

Schlacher et al., 2012). FANCD2 is monoubiquitinated by the FA

core E3 ligase complex, and PCNA is monoubiquitinated by

RAD18. Both proteins are deubiquitinated by the USP1-UAF1

complex at the replication fork. FANCD2-Ub and PCNA-Ub

can each recruit the nuclease FAN1 using the ubiquitin-binding

pocket of FAN1, and FAN1 recruitment can prevent collapse of

stalled forks (Lachaud et al., 2016; Porro et al., 2017). PCNA-

Ub also recruits TLS polymerases, such as POLK and REV1, to

the replication fork (Bi et al., 2006; Watanabe et al., 2004).

Knockdown of USP1 in cell lines (Oestergaard et al., 2007) and

a mouse model (Kim et al., 2009) results in upregulation of

FANCD2-Ub and PCNA-Ub and DNA repair dysfunction.
Figure 7. PARP Inhibitor Augments the Growth Inhibition by USP1 Inhi

(A) Right: representative colony assays of UWB1.289 cells, UWB1.289+BRCA1 ce

Left: quantification of colonies after clonogenic assay of parental BRCA1-deficien

with the USP1 inhibitor ML323 (n = 2). SYR14 cells were a kind gift from Dr. L

stabilization.

(B) BRCA1-deficient cells are known to restore HR capacity following the loss of 53

mediated knockdown of 53BP1 to USP1 depletion was determined. Quantitation

53BP1 followed by siRNA knockdown of USP1 is shown in the left panel (n = 2

mediated knockdown of 53BP1 followed by siRNA knockdown of USP1 are sho

(C) Quantitation (left panel) and representative images of the colonies (right pan

graded concentrations of USP1 inhibitor ML323 in the presence or absence of th

(D) Schematic model of USP1-mediated fork stabilization. Upon replication fork

PCNA binding from replicative polymerases (pold/ε) to TLS polymerases (e.g., POL

facilitating the conversion of PCNA binding back to replicative polymerases (pold

polymerase loading and accumulation of toxic PCNA-Ub. BRCA1 is required to s

replication fork degradation.
Whether USP1 knockdown also results in replication fork insta-

bility has not been previously evaluated. In the current study,

we show that USP1 plays a critical role in protecting the replica-

tion fork in BRCA1-deficient cells by preventing the toxic PCNA-

Ub-mediated recruitment of TLS polymerases to the fork. As a

result, USP1 and BRCA1 are synthetic lethal.

Previous studies had suggested that the active USP1-UAF1

complex functions at the replication fork. For instance, USP1-

UAF1 travels with the fork and is released from the fork upon hy-

droxyurea-mediated fork stalling (Dungrawala et al., 2015). This

observation suggested that release of USP1-UAF1 might be an

essential regulatory event controlling the hydroxyurea-mediated

increase of FANCD2-Ub and PCNA-Ub. Moreover, the UAF1

subunit of the complex has a well-characterized DNA-binding

function (Liang et al., 2016), further implying its possible function

at the fork.

In the current study, we identify a DNA-binding property of

USP1. We demonstrate that the USP1-UAF1 complex is local-

ized to the replication fork and that its deubiquitinating activity

is stimulated by a DNA structure mimicking a fork. Localization

of the active enzyme to the fork is required for fork stabilization

and reduction of PCNA-Ub levels at the fork. Interestingly,

USP1-UAF1 is a unique DUB complex that is activated by DNA

binding. Moreover, the most potent stimulant of its DUB activity

is a DNA structure resembling a DNA replication fork. Recent

studies indicate that DUB enzymes are often bound in com-

plexes with allosteric binding partners. These structures offer

an opportunity for the design of specific inhibitors that can

disrupt allosteric activation of the complex (Li et al., 2016; Yin

et al., 2015). Our results suggest that a small-molecule inhibitor

of DNA binding to USP1-UAF1 might afford another avenue of

DUB inhibitor development.

Our data also identify an important mechanism by which

USP1 stabilizes the fork. Knockdown or small-molecule inhibi-

tion of USP1 activity results in the toxic accumulation of PCNA-

Ub. Elevated PCNA-Ub results in elevated and persistent

recruitment of the TLS polymerase POLK to the fork, leading

to fork destabilization and increased single-base-pair mutagen-

esis. Consistent with these observations, the cellular toxicity re-

sulting from elevated PCNA-Ub levels was reversed by the

knockdown of the PCNA monoubiquitination ligase RAD18.

A previous study has shown that PCNA ubiquitination is
bitor in BRCA1-Deficient Cells

lls, and PARP-inhibitor-resistant UWB1.289-SYR14 cells treated with olaparib.

t UWB1.289 cells and PARP-inhibitor resistant UWB1.289 SYR14 cells treated

ee Zou and have acquired PARP inhibitor resistance due to replication fork

BP1. Sensitivity of BRCA1-deficient RPE cells with small hairpin RNA (shRNA)-

of growth of BRCA1-deficient RPE cells with shRNA-mediated knockdown of

). Western blots of the lysates from BRCA1-deficient RPE cells with shRNA-

wn in the middle panel and right panel.

el) after a clonogenic assay of BRCA1-deficient UWB1.289 cells exposed to

e PARP inhibitor olaparib (n = 1). Values represent mean ± SEM.

stalling, RAD18-mediated monoubiquitination of PCNA facilitates switching of

K). Following lesion bypass by TLS polymerases, USP1 deubiquitinates PCNA,

/ε). Loss of USP1 leads to replication fork destabilization due to persistent TLS

tabilize the replication fork. Therefore, loss of both USP1 and BRCA1 leads to
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important, but not essential, for TLS in mammalian cells (Hen-

del et al., 2011).

In the absence of USP1, BRCA1 cellular phenotypes are exac-

erbated. While normal cells can tolerate the loss of USP1 and the

elevated expression of toxic PCNA-Ub at the fork, BRCA1-defi-

cient tumor cells cannot tolerate elevated PCNA-Ub levels.

BRCA1-deficient cells already have fork instability, and the

further knockdown of USP1 results in a synthetic lethal interac-

tion. In the absence of USP1, a TLS polymerase, POLK, accumu-

lates at the fork, leading to a reduction in replication fork speed

(Jones et al., 2012). REV1, another TLS polymerase, also con-

tributes to the fork instability in BRCA1-deficient cells. Taken

together, our results suggest that BRCA1 plays a role in protect-

ing the fork from excessive TLS. Previous studies have also

investigated a role of BRCA1 in replication and TLS (Pathania

et al., 2011; Tian et al., 2013; Urban et al., 2016). Consistent

with our study, BRCA1-deficient cells accumulate PCNA-Ub at

sites of replication in a RECQ5-helicase-dependent manner

(Urban et al., 2016). In addition, a study by Pathania et al.

(2011) also supports our findings, demonstrating that UV

strongly activates PCNA-Ub in BRCA1-deficient cells. Indeed,

we show that loss of USP1 in BRCA1-deficient cells more

strongly activates PCNA-Ub. In contrast, another study (Tian

et al., 2013) suggested that BRCA1 promotes ubiquitination of

PCNA by regulating the recruitment of RAD18 to chromatin

and directly recruits TLS polymerases (e.g., polymerase eta

and REV1) to DNA damage sites.

Our data support a model in which elevated PCNA-Ub, but not

elevated FANCD2-Ub (Kais et al., 2016), accounts for the syn-

thetic lethality of BRCA1 and USP1. The FANCD2-Ub-mediated

and PCNA-Ub-mediated recruitment of FAN1 to the replication

fork does not appear to contribute to the observed fork-degrada-

tion phenotype in USP1-deficient cells. In contrast, the PCNA-

Ub-mediated recruitment of TLS polymerases, such as POLK

and REV1, destabilizes the fork in BRCA1 and USP1 double

knockout cells through the introduction of DNA gaps and mis-

matches at the replication fork. Elevated fork reversal and

nuclease digestion further destabilizes the fork, as a reduction

in SMARCAL1, DNA2, and MRE11 expression is also protective.

Our results indicate that USP1 depletion is synthetic lethal with

BRCA1 deficiency, but not with BRCA2 deficiency. Although

both BRCA1 and BRCA2 protect replication forks from degrada-

tion, BRCA1 also has BRCA2-independent functions at stalled

replication forks (Bunting et al., 2010; Pathania et al., 2011; Willis

et al., 2017). For instance, BRCA1 deficiency leads to discrete

chromosomal aberrations (namely, tandem duplications) at

stalled forks (Nik-Zainal et al., 2016; Willis et al., 2017). The

mechanisms that lead to fork protection in BRCA1- and

BRCA2-deficient cells are also distinct. Destabilized forks are

substrates for MUS81 nuclease-mediated remodeling only in

BRCA2-deficient cells (Lemaçon et al., 2017; Rondinelli et al.,

2017). Previous studies have shown that replication intermedi-

ates protected by either BRCA1 or BRCA2 contain reversed

replication forks (Kolinjivadi et al., 2017; Lemaçon et al., 2017;

Mijic et al., 2017; Taglialatela et al., 2017). These findings sug-

gest that although BRCA1 andBRCA2 protect the same interme-

diates, their absence may activate alternative pathways of fork

processing and restart. For instance, the fork processing and
938 Molecular Cell 72, 925–941, December 20, 2018
restart pathways are MUS81 dependent in the absence of

BRCA2 and USP1 dependent in the absence of BRCA1, ac-

counting for the synthetic lethality.

Importantly, the synthetic-lethal mechanism resulting from the

combined knockdown of BRCA1 and USP1 has clinical implica-

tions. Multiple tumor types, including breast, ovarian, prostate,

and pancreatic carcinomas, often have underlying defects in

BRCA1 activity, resulting from germline or somatic mutations

in the BRCA1 gene. These tumors, with underlying defects in

HR repair and fork stability, are often sensitive to PARP inhibitors

(Farmer et al., 2005). Since PARP inhibitor resistance is rapidly

emerging in the clinic, through multiple independent mecha-

nisms (Bouwman et al., 2010; Bunting et al., 2010; Jaspers

et al., 2013; Ray Chaudhuri et al., 2016; Rondinelli et al., 2017;

Xu et al., 2015), small-molecule inhibitors of USP1may have clin-

ical efficacy, as a monotherapy or in combination with PARP in-

hibitors, in BRCA1-deficient cancers. Tumor cells with acquired

resistance to PARP inhibitors, resulting from replication fork sta-

bilization, appear to be more vulnerable to USP1 inhibition than

tumor cells with restored HR.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

FANCD2 Santa Cruz F17; RRID:AB_2278211

USP1 Huang et al., 2006; Millipore; Bethyl ABC413; A301-699A; RRID:AB_1211376

POLK Bethyl A301-975A; RRID:AB_1548018

RAD18 Novus 3H7; RRID:AB_547545

PCNA Santa Cruz PC-10; RRID:AB_628110

mCherry Abcam ab167453; RRID:AB_2571870

Tubulin Abcam ab6160; RRID:AB_305328

53BP1 Cell Signaling 4937; RRID:AB_10694558

Fan1 Invitrogen PA525171; RRID:AB_2542671

MRE11 Novus Biologicals NB100-142; RRID:AB_10077796

BRCA1 EMD Millipore MS110; 07-434; RRID:AB_213438

SMARCAL1 (Yusufzai et al., 2009)

Recombinant Proteins

USP1 R&D Systems E564

USP1/UAF1 R&D Systems E568

Critical Commercial Assays

Ub-Chop2 Reporter System LifeSensors PR1101

Experimental Models: Cell Lines

293T ATCC CRL-3216

HeLa ATCC CCL-2

RPE1 ATCC CRL-4000

UWB1.289 ATCC CRL-2945

UWB1.289+BRCA1 ATCC CRL-2946

UWB1.289-SYR14 Yazinski et al., 2017 Lee Zou’s laboratory, Massachusetts

General Hospital

Experimental Models: Organisms/Strains

Athymic nude mice/Crl:NU(NCr)-Foxn1nu Charles River Laboratories Strain code 490
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Alan

D’Andrea (alan_dandrea@dfci.harvard.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines
HeLa and 293T cells were purchased from ATCC and grown in DMEM (GIBCO) supplemented with 10% fetal bovine serum. MDA-

MB-436 andMDA-MB-436+BRCA1 cells were a kind gift fromDr. Geoffrey Shapiro (Dana Farber Cancer Institute) and grown in RPMI

(GIBCO) supplemented with 10% fetal bovine serum. RPE1 cells were purchased from ATCC and grown in DMEM/F12 (GIBCO) sup-

plemented with 10% fetal bovine serum. UWB1.289, UWB1.289+BRCA1 cells were purchased from ATCC (Yazinski et al., 2017) and

grown in RPMI (ATCC) andMEGM (Lonza) at a 1:1 ratio, supplemented with 3% fetal bovine serum. UWB1.289 SYR14 cells (Yazinski

et al., 2017) were obtained from Dr. Lee Zou and were also grown in RPMI (ATCC) and MEGM (Lonza) at a 1:1 ratio, supplemented

with 3% fetal bovine serum. All cell lines were cultured at 37�C in a humidified incubator.
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Animal studies
Xenograft studies were approved by The Dana-Farber Cancer Institute’s Animal Care and Use Committee. Five weeks old female

athymic nude mice were purchased from Charles River laboratories and acclimatized at the animal facility of Dana-Farber Cancer

Institute for four weeks. 23 106 breast cancer cells were then mixed with matrigel (BD Biosciences) and subcutaneously implanted

into both flanks of mice. The tumor growth was monitored by caliper measurements (twice a week) and tumor volumes were calcu-

lated using a formula (length 3 width2)/2.

METHOD DETAILS

Generation of p53/BRCA1 knockout RPE-1 cells
Oligonucleotides encoding guide RNAs targeting TP53 and BRCA1 were cloned into the pSpCas9(BB)-2A-GFP vector, a gift from

Feng Zhang (Addgene plasmid # 48138). The targeted genomic sequences were GATCCACTCACAGTTTCCAT and TCTTGTGCT

GACTTACCAGA for TP53 and BRCA1, respectively. The targeted genomic sequences for USP1 and UAF1 were CTTTCACTAGG

TATGACACC and ACCGGCAGAACACAGCAGGG, respectively. RPE-1 cells were transfected with the CRISPR-Cas9 targeting

construct to TP53 using Lipofectamine 2000 (Invitrogen, Cat #11668). 48 hours following transfection, GFP+ cells were selected

and single cells were seeded using a BD FACSAria II cell sorter. Single cells were grown for approximately 3 weeks. TP53 knockout

clones were identified by western blotting. The same procedure was used to knock out BRCA1 in a TP53 knockout RPE-1 cell line.

BRCA1 knockout clones were identified by western blotting and confirmed by Sanger sequencing.

Western blotting
Cells were lysed with lysis buffer (300mM NaCl, 50mM Tris-Cl, 1mM EDTA, 0.5% NP-40), lysates were resolved on denaturing

Nupage (Invitrogen) polyacrylamide gels and transferred onto nitrocellulose membranes. Membranes were blocked with 5% milk

in TBST, and probed with primary and secondary antibodies respectively, then detected with chemiluminescence (Western

Lightning, Perkin Elmer).

iPOND
Accelerated native iPOND was performed as described (Leung et al., 2013; Rondinelli et al., 2017). Briefly, 2-4 15cm dishes of 293T

cells were plated at a density of 15million cells per plate. Cells were pulsedwith EdU for 10min then treatedwith thymidine for 2 hours

or hydroxyurea for 3 hours (Dungrawala and Cortez, 2015). Nuclei were then harvested and resuspended in click reaction mix con-

taining biotin azide for an hour. Samples were next lysed and sonicated and streptavidin pull-down performed overnight at 4�C.
Beads were washed 5-7 times then boiled with loading buffer containing 2-mercaptoethanol for 20 min. Samples were then resolved

in Nupage (Invitrogen) polyacrylamide gels and transferred onto nitrocellulose membranes for blotting.

Replication combing assay
Replication combing assaywas performed using the FiberCombmachine (Genomic Vision). Briefly, cells were treatedwith CldU, IdU,

then HU, with 3 PBS washes between each treatment. Treatment times are indicated in each figure. Cells were then trypsinized,

counted and embedded in low melting point agarose plugs, then treated with proteinase k overnight. Agarose plugs were then

washed and digested with agarase. Agarase-treated samples were then poured into FiberComb wells and combed onto silanized

coverslips. Coverslips were probed with rat anti-BrdU antibody (clone BU1/75 (ICR1) specific to CldU, Life Technologies

MA182088) and mouse anti-BrdU Antibody (specific to IdU, BD Biosciences 347580) and visualized by fluorescence microscopy.

Pictures were taken of at least 100 fibers per condition. DNA fibers were measured with ImageJ and graphed. Each experiment

was repeated at least three times unless otherwise stated. For S1 nuclease treatment, S1 nuclease (ThermoFisher Scientific) was

added to DNA solution following agarase treatment and incubated at room temperature for 30 min. Nuclease treated samples

were then poured into FiberComb wells and combed onto silanized coverslips.

Sensitivity assays
Cells were transfected with siRNA or plasmid 18-24h before being plated for colony formation assays. Cells were counted and plated

in triplicates in 6-well plates. For treatment with USP1 inhibitor ML323 (Selleckchem, Texas, USA), plated cells were allowed to

adhere overnight before treatment with ML323 the next day. At the end of the experiment, cells were fixed with methanol for

10 min at �20�C then stained with crystal violet. Plates were imaged with ImageQuant Las4000 (GE Healthcare) and quantification

of cell growth area was performed with ImageJ.

Protein purification, in vitro deubiquitination assays and electromobility shift assays
Recombinant USP1 and UAF1 wild-type and mutant proteins were prepared in SF9 cells as previously described (Cohn et al., 2007).

Recombinant USP1 and UAF1 proteins from R&D systems (E564, E566) were used for some electromobility shift assays and in vitro

deubiquitination assays. Ub-CHOP2-Reporter assays (Life Sensors, PR1101) were performed according to manufacturer’s instruc-

tions provided with the kit (Davis et al., 2016). Ub-AMC (R&D systems) assays were performed as previously described (Cohn et al.,

2009; Cohn et al., 2007; Kee et al., 2010; Mistry et al., 2013). USP1/UAF1 enzyme was diluted in buffer (containing 0.1mg/ml
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ovalbumin, 10mMDTT, 20mM pH7.8 HEPES, 20mMNaCl and 0.5mM EDTA) to a final concentration of 10nM. Single-stranded, dou-

ble-stranded, fork DNA or an equivalent amount of water is added to themix to a final concentration of 20nM. Samples were added to

a 384-well black bottom plate (Westnet). Ub-AMC substrate was pipetted in just before plates were read. For kcat/KM calculations, a

graph of Ub-AMC fluorescence-to-substrate conversion was first plotted by measuring fluorescence with known substrate concen-

trations. An excess of Ub-AMC substrate was added to known amounts of USP1/UAF1 enzyme. Initial velocity (Vo) was obtained by

graphing time against substrate concentration and obtaining the slope from the first three time points (180 s) of each graph. Graph-

pad Prism was used to calculate kcat, KM and kcat/KM from Vo and enzyme concentrations. Electromobility shift assays were per-

formed by pre-incubating fluorophore (Cy3)-tagged DNA and purified protein in binding buffer (20mM HEPES (pH 7.6), 0.1M KCl,

5mM MgCl2, 3% (v/v) glycerol, 0.25mg/ml BSA, 0.05mM EDTA, 0.5mM DTT, 0.01% (v/v) NP-40) for 30 min on ice. Samples were

then loaded onto 6% polyacrylamide gels and ran at 65V in 0.5X TBE for 135min at 4�C. Gels were visualized using the LAS-4000

imaging system (GE Healthcare Life Sciences). DNAs used for Ub-AMC, Ub-CHOP2 and electromobility shift assay were 40bp in

length and were designed to have minimal potential of secondary structure formation. The sequences were as follows: 40-mer

top (50-CCAGTGAATTGTTGCTCGGTACCTGCTAACGGTAATCGG-30); 40-mer ds-bottom (50-CCGATTACCGTTAGCAGGTACC

GAGCAACAATTCACTGG-30); 40-mer fork bottom (50-CAGCTATGGGACATTCGATACCGAGCAACAATTCACTGG-30). The KM and

kcat values of USP1 were determined using the Ub-AMC assay as described previously (Cohn et al., 2007).

Immunofluorescence
Cells plated on coverslips were washed oncewith PBS and fixedwith 4%paraformaldehyde for 10minutes on ice. 0.5%Triton X-100

was added to cells for 30min for extraction. Coverslips were then blocked with 3% BSA for 30min and primary antibody to BRCA1

(Millipore #07-434) added (diluted 1:1000 in 3%BSA) overnight. Following overnight incubation, coverslips were washed three times

with PBS, then anti-rabbit secondary antibody (Alexa Fluor, Life Technologies) added for 30min. Coverslips were then mounted with

DAPI and visualized under the fluorescence microscope.

Cytogenetics
Cells were transfected with siRNAs twice for 48 hours and incubated for 48 hours in the presence or absence of 20ng/ml of MMC.

Cells were exposed for 2 hours to colcemid (0.1ug/ml) and harvested using a 0.075MKCL hypotonic solution and fixedwith 3:1meth-

anol: acetic acid. Slides were stained with Wright’s stain and when possible, 50 metaphase spreads were scored for aberrations.

Metaphase spreads were observed using a Zeiss Axio Imager microscope and captured using CytoVision software from Applied

Imaging.

SupF mutagenesis assay
293T cells were transfected with the respective siRNA and plasmids and cultured for 48h. Next, the supF plasmid (pSP189) was

damaged with 1000J/ cm2 of UVC and transfected into the cells. After another 48h, the supF plasmid was extracted using a miniprep

kit (Wizard plus SV miniprep kit, Promega). The unreplicated DNA was digested using DPN1 and the remaining pSP189 plasmid was

ethanol precipitated and transformed into electrocompetent MBM7070, a strain of E.coli which has a mutated b galactosidase gene.

The cells were then plated on agar plates containing 100 mg/ml ampicillin, 100 mg/ml of X-gal and 1mM of IPTG. The number of white

and blue colonies were counted and themutation frequency was calculated by dividing the total number of white colonies by the total

number white and blue colonies.

siRNA and sgRNA sequences
siRNA sequences against USP1 were 50-TCGGCAATACTTGCTATCTTA-30 and 50- CCATACAAACATTGGTAAA-30 (siRNA against

30UTR) respectively. sgRNA sequence against USP1 and UAF1 were as follows:

USP1-F: CACCGGTCATACCTAGTGAAAGTAA

USP1-R: AAACTTACTTTCACTAGGTATGACC

UAF1-F: CACCGAGTGTCAACATGCAAGATGG

UAF1-R: AAACCCATCTTGCATGTTGACACTC

Other siRNA sequences were as follows:

POLK: 50-AACCTCTAGAAATGTCTCATA-30

Rad18: 50-AAACTCAGTGTCCAACTTGCT-30

SMARCAL1: 50-AGAGCACAGUAAACUAAUUGCAAAG-30

Rev1: 50- CAGCGCATCTGTGCCAAAGAA-30

Fan1: 50- GCAGGAAGGCAGAGTGGCT-30

DNA2: 50- CAGTATCTCCTCTAGCTAGTT-30

MRE11: 50-GGGTTATTTGAGCAAGTAATT-30
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Quantitative real-time PCR
RNA was extracted using RNeasy Mini Kit (QIAGEN) and reverse transcribed with the SuperScriptIII kit (Thermo Fisher Scientific).

Real-time PCR was performed with SYBR Green PCR Master Mix (Life Technologies). Primer sequences are as follows:

Rev1-F: GATGGAGGAAGCGAGCTGAAA

Rev1-R: CCTTCTGCATAGCAGCATCTG

GAPDH-F: TCATTTCCTGGTATGACAACG

GAPDH-R: TTACTCCTTGGAGGCCATGT
QUANTIFICATION AND STATISTICAL ANALYSIS

Bioinformatics Analysis
The Cancer Genome Atlas (TCGA) datasets were accessed through the public portal (http://www.cbioportal.org). Published TCGA

datasets for breast and ovarian cancers were used in which bothmutations and expression analyses were available (Cancer Genome

Atlas Research Network, 2011; Stephens et al., 2012). USP1 expression in BRCA1 mutant tumors was compared against BRCA1

wild-type tumors. GraphPad Prismwas used to graph the data and carry out statistical analyses (Student’s t test). USP1 overexpres-

sion in basal-like breast cancers was confirmed using a separate dataset from the Gene Expression Omnibus (GEO: GDS2250).

USP1 dependency analysis
To assess USP1 dependency in breast and ovarian cancer cell lines by BRCA1 and BRCA2 mutation status, data extracted from the

Broad Institute Cancer Dependency Map Achilles CRISPR Avana 17Q2 dataset (Meyers et al., 2017) and the Cancer Cell Line Ency-

clopedia (Cancer Cell Line Encyclopedia Consortium and Genomics of Drug Sensitivity in Cancer Consortium, 2015) were used. All

57 breast and ovarian cancer cell lines for which there were data on gene-knockout effects inferred by CERES (Meyers et al., 2017)

and BRCA1 and BRCA2 mutation status were included in the analysis. Cell lines were grouped by presence or absence of a nonsy-

nonymous BRCA1 or BRCA2 mutation. CERES gene dependency scores for USP1 in wild-type versus mutant groups were plotted

using GraphPad Prism 7.03 (bars reflect mean ± SEM) and compared via the non-parametric Mann-Whitney U test.

Statistical Analysis
iPOND densitometry data are represented as mean ± SEM over at least 3 independent experiments. Fiber assay, Ub-AMC and Ub-

CHOP2-Reporter data are represented asmean ± SD or mean ± SEM in one representative experiment and repeated at least 3 times

unless otherwise indicated. Significance was determined by Student’s t test and calculated using the Graphpad Prism software un-

less otherwise stated.
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