Localized protein biotinylation at DNA
damage sites identities ZPET, a repressor
of homologous recombination
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Numerous DNA repair and signaling proteins function at DNA damage sites to protect the genome. Here, we show
that fusion of the promiscuous biotin ligase BirA®''8¢ with RAD18 leads to localized protein biotinylation at DNA
damage sites, allowing identification of ZPET (zinc finger protein proximal to RAD eighteen)/ZNF280C as

a potential DNA damage response (DDR) protein. ZPET binds ssDNA and localizes to DNA double-strand breaks
(DSBs) and stalled replication forks. In vitro, ZPET inhibits MRE11 binding to ssDNA. In cells, ZPET delays MRE11
binding to chromatin after DSB formation and slows DNA end resection through binding ssDNA. ZPET hinders
resection independently of 53BP1 and HELB. Cells lacking ZPET displayed enhanced homologous recombination
(HR), accelerated replication forks under stress, and increased resistance to DSBs and PARP inhibition. These results
not only reveal ZPET as an HR repressor but also suggest that localized protein biotinylation at DNA damage sites is

a useful strategy to identify DDR proteins.
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The DNA damage response (DDR) is a complex cellular
process crucial for genomic stability. In response to dif-
ferent types of DNA damage, a large number of proteins
involved in DNA repair, DNA damage signaling, and
other damage-regulated processes are recruited to sites of
DNA lesions (Ciccia and Elledge 2010). These proteins
are assembled into stable or transient complexes, allowing
them to execute their functions. The enrichment of dis-
tinct groups of DDR proteins at sites of different DNA le-
sions is important for not only their biochemical activities
but also their functional specificities. Taking advantage
of the interactions among DDR proteins, affinity-based
biochemical approaches have been successfully used in
numerous studies to extend the DDR protein network
(Wang et al. 2000; Cortez et al. 2001; Meetei et al. 2003;
Xia et al. 2006; Marechal et al. 2014; Tkac et al. 2016).
However, the affinity-based approaches are less effective
for capturing proteins that weakly or transiently interact
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with known DDR proteins. Furthermore, some DDR pro-
teins may not interact with any known DDR proteins at
all, precluding them from identification by the affinity-
based approaches. The limitations of the affinity-based
approaches raise the possibility that many uncharac-
terized DDR proteins might have escaped previous prote-
omic screens and that an alternative approach to identify
DDR proteins may significantly extend the DDR protein
network.

BirA is an Escherichia coli protein biotin ligase that bio-
tinylates a specific substrate (Chapman-Smith and Cronan
1999). A BirA acceptor peptide (BAP) has been identified
from the substrate and fused to other proteins, enabling
BirA to biotinylate these fusion proteins when they are
present in close proximity (Duffy et al. 1998). The BirA
R118G (BirA®!8C) mutant lacks the substrate specificity
of wild-type BirA (Choi-Rhee et al. 2004), giving it the

© 2019 Moquin et al. This article is distributed exclusively by Cold
Spring Harbor Laboratory Press for the first six months after the full-issue
publication date (see http://genesdev.cshlp.org/site/misc/terms.xhtml).
After six months, it is available under a Creative Commons License (Attri-
bution-NonCommercial 4.0 International), as described at http://creative-
commons.org/licenses/by-nc/4.0/.

GENES & DEVELOPMENT 33:75-89 Published by Cold Spring Harbor Laboratory Press; ISSN 0890-9369/19; www.genesdev.org 75


mailto:zou.lee@mgh.harvard.edu
mailto:zou.lee@mgh.harvard.edu
mailto:zou.lee@mgh.harvard.edu
mailto:zou.lee@mgh.harvard.edu
http://www.genesdev.org/cgi/doi/10.1101/gad.315978.118
http://www.genesdev.org/cgi/doi/10.1101/gad.315978.118
http://genesdev.cshlp.org/site/misc/terms.xhtml
http://genesdev.cshlp.org/site/misc/terms.xhtml
http://genesdev.cshlp.org/site/misc/terms.xhtml
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://genesdev.cshlp.org/site/misc/terms.xhtml

Moquin et al.

ability to biotinylate proteins promiscuously in a pro-
ximity-dependent manner. When fused to a bait protein,
BirAR!!8C biotinylates the proteins in close proximity to
the bait, allowing biochemical isolation and identification
of these proteins (Roux et al. 2012). Fusion proteins con-
taining BirA®!'®G have been successfully used to study
proteins in various cellular compartments, such as cell-
cell junctions, nuclear envelope, chromatin, centrosomes,
telomeres, and DNA replication forks (Roux et al. 2012;
Firat-Karalar et al. 2014; Lambert et al. 2015; Dong et al.
2016; Dubois et al. 2016; Garcia-Exposito et al. 2016).
The enrichment of DDR proteins at sites of DNA damage
presents an attractive opportunity for using BirAR!8G
to identify uncharacterized DDR proteins based on their
proximity to known DDR proteins, overcoming the limi-
tations of affinity-based approaches. Notably, APEX2, an-
other biotin ligase, was used recently to capture DDR
proteins in the absence of exogenous DNA damage (Gupta
etal.2018).In this study, we specifically tested the feasibil-
ity of using BirAR!8S to identify DDR proteins at DNA
damage sites.

As a proof of principle, we fused BirAR 18 to the ubiqui-
tin ligase RAD18 (Ting et al. 2010). RAD18 was chosen for
this study because it has a unique ability to localize to dif-
ferent DNA lesions, including DNA double-strand breaks
(DSBs) and lesions that stall replication forks, which pro-
vides a potential strategy to identify DDR proteins that
function in distinct contexts. Furthermore, a fusion of
wild-type BirA and RAD18 has been used to modify BAP-
tagged histones (Shoaib et al. 2013). In response to UV-in-
duced DNA damage, RAD18 monoubiquitinates PCNA,
enabling translesion DNA synthesis (TLS) at or behind rep-
lication forks (Kannouche et al. 2004; Watanabe et al.
2004). In response to DNA interstrand cross-links (ICLs),
RADI18 promotes ubiquitination of the FANCD2-FANCI
complex and its accumulation at DNA damage sites (Wil-
liams et al. 2011). Furthermore, in response to DSBs,
RADI18 is recruited to DNA damage sites in an RNF8-de-
pendent manner, allowing RAD18 to promote homolo-
gous recombination (HR) through its interaction with
RADS51C (Huang et al. 2009). RAD18 was also shown to
ubiquitinate 53BP1 at DSBs, promoting its retention at
DSBs in G1 and repair through nonhomologous end join-
ing (NHE]) (Watanabe et al. 2009). The ability of RAD18
to function in different repair pathways makes Bir-
ARUBG_RADIS a potentially versatile bait protein in mul-
tiple DDR contexts.

In this study, we focused on using BirAR 8. RADI18 to
identify DDR proteins at DSBs. We successfully detected
a number of known DDR proteins that function at DSBs,
including MDC1, RNF8, RAP80, and others. In addi-
tion, we identified a previously uncharacterized protein,
ZNF280C, as a potential player in the DDR. We show
that ZNF280C, which we renamed ZPET (zinc finger pro-
tein proximal to RAD eighteen), localizes to sites of DSBs
and stalled replication forks. ZPET binds ssDNA directly
and inhibits MRE11 binding to ssDNA in cell extracts. In
response to DSBs, ZPET delays the recruitment of MRE11
and CtIP to chromatin and slows DNA end resection in a
ssDNA binding-dependent manner. The function of ZPET
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in antagonizing resection is independent of 53BP1 and
HELB. Loss of ZPET increases HR efficiency, accelerates
replication forks under stress, and renders cells resistant
to DSBs and PARP inhibition. Together, these results sug-
gest that ZPET functions in a ssDNA-triggered feedback
loop to restrict DNA end resection and HR, demonstrat-
ing that BirAR!8S s a powerful tool to identify DDR pro-
teins at sites of DNA damage.

Results

BirARM8G. R AD18 promotes localized protein
biotinylation at DNA damage sites

To identify proteins that localize to sites of DNA damage,
we fused BirAR'8S with the N terminus of RAD18. U208
derivative cell lines that stably express BirAR '8S.RAD18
were generated. RAD18 is known to localize to sites of
DSBs and stalled DNA replication forks (Watanabe et al.
2004; Huang et al. 2009). In cells microirradiated with a
UV laser, BirAR 18G.RAD18 was efficiently recruited to la-
ser stripes (Fig. 1A). Importantly, when BirARM8G.RAD18-
expressing cells were supplemented with exogenous bio-
tin, robust biotin signals were detected in laser stripes
(Fig. 1A), suggesting that BirAR18S_-RAD18 induces local-
ized protein biotinylation. Due to intrinsic replication
stress, RAD18 forms spontaneous foci in a fraction of pro-
liferating cells (Inagaki et al. 2009). In BirAR!'8G.RAD18-
expressing cells, spontaneous BirARM!8G.RADI8 foci
colocalized with biotin foci in the presence of exogenous
biotin (Fig. 1B), suggesting that BirAR18<.RAD18 biotiny-
lates proteins at stalled or collapsed replication forks. After
exposure to ionizing radiation (IR), foci containing both
BirARM!8C.RADIS8 and biotin were drastically increased
(Fig. 1B), indicating localized protein biotinylation at
DSBs. Consistent with the idea that BirAR''8G.RADI8
biotinylates proteins at sites of DNA damage, biotin sig-
nals colocalized with yH2AX and RPA32, two DNA dam-
age markers, in laser stripes (Fig. 1C). In marked contrast to
BirAR!!8G_RADI18, a fusion protein of BirAR!8C and GFP
(BirAR!'8G.GFP) did not colocalize with yH2AX and
RPA32 and was unable to induce biotin signals in laser
stripes (Fig. 1D; Supplemental Fig. S1). Together, these re-
sults suggest that BirAR!8S_.RADI18 provides an efficient
and specific means to induce protein biotinylation at sites
of DNA damage.

Identification of ZPET/ZNF280C as a potential
DDR protein

We next sought to use BirAR18S_RADI8 to identify pro-
teins that are present in proximity to RADI18 after DNA
damage. BirAR''8S_.RADI18-expressing cells were briefly
cultured in the presence of exogenous biotin, exposed to
10 Gy of IR or left untreated, and lysed to generate
whole-cell extracts. Biotinylated proteins in cell extracts
were captured with streptavidin-coated beads under dena-
turing conditions and subjected to multiplexed quantita-
tive mass spectrometry analysis (Ting et al. 2011; Lapek
et al. 2017). Our analysis identified a number of proteins
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that were increasingly biotinylated after IR (Fig. 1E; Sup-
plemental Table 1). Among these proteins were several
known DDR proteins, including MDC1, RNF8, RNF169,
RAPS80, BRCA1, 53BP1, and Poln (Fig. 1E; Supplemental
Table 1). All of these DDR proteins, including Poln, are
known to function at DSBs (Scully et al. 1996; Wang
et al. 2002; Goldberg et al. 2003; Lou et al. 2003; Stewart
et al. 2003; Huen et al. 2007; Kim et al. 2007; Kolas et al.
2007; Sobhian et al. 2007; Wang et al. 2007; McIlwraith
and West 2008; Chen et al. 2012; Buisson et al. 2014). Im-
portantly, BirAR8S.GFP, which was unable to localize
to sites of DNA damage, did not lead to preferential bioti-
nylation of DDR proteins after IR (Supplemental Table 2),
confirming the specificity of our approach. To validate the
mass spectrometry results, we used streptavidin-coated
beads to capture biotinylated proteins from cells treated
or untreated with IR and analyzed the proteins by Western
blot. Indeed, an increased amount of MDC1 was captured
after IR (Fig. 1F), confirming that MDC1 was biotinylated
in an IR-stimulated manner. Interestingly, we also found
that BirAR 18 G.RAD18 was one of the major biotinylated
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proteins, although its biotinylation was not induced by
IR as the aforementioned DDR proteins (Supplemental Ta-
ble 1). These results validate the use of BirAR 8. RAD18
to enrich DDR proteins that function at DSBs.

In our mass spectrometry data sets, we noticed that
a previously uncharacterized protein, ZNF280C, was bio-
tinylated in an IR-stimulated manner similarly to RAP80
and RNF169 (Fig. 1E). In addition, ZNF280C was bio-
tinylated more efficiently by BirA®!8S.RADI18 than by
BirAR8C_GFP after IR (Supplemental Table 1). We re-
named ZNF280C protein ZPET to reflect its proximity
to RAD18. Using an anti-ZPET antibody, we confirmed
that ZPET was increasingly biotinylated by BirAR!!8C.
RADI18 after IR (Fig. 1G).

ZPET is recruited to DSBs and stalled replication forks

To investigate whether ZPET functions in the DDR, we
next analyzed the localization of ZPET after DNA dam-
age. In cells microirradiated with a UV laser, both endog-
enous RADI18 and HA-tagged ZPET were detected in laser
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stripes (Fig. 2A). An IR-induced colocalization of HA-
ZPET and yH2AX was also detected by proximity ligation
assay (PLA) using both HA and yH2AX antibodies but not
either antibody alone (Fig. 2B; Supplemental Fig. S2A). In
cells where DSBs are conditionally induced by the restric-
tion enzyme AsiSI (Aymard et al. 2014), an increase of
GFP-ZPET levels at DSBs was detected by chromatin im-
munoprecipitation (ChIP) 60-120 min after DSB induc-
tion (Fig. 2C). GFP-ZPET was preferentially enriched at
DSBs compared with distal loci (Supplemental Fig. S2B).
Furthermore, in a cell line that carries an array of tetracy-
cline response elements (TREs) inserted with 96 I-Scel
sites (Wei et al. 2015; Teng et al. 2018), GFP-ZPET formed
a single focus in the nucleus when I-Scel was expressed
(Fig. 2D). This focus of GFP-ZPET was positive for both
yH2AX and TA-Cherry, a marker of the array, showing
that GFP-ZPET colocalized with I-Scel-generated DSBs.
Together, these results demonstrate that ZPET is recruit-
ed to DSBs.

In parallel with the experiments using Bir
RADI18, we used iPOND (isolation of proteins on nascent

ARLISG,

A

PLA antibodies

DNA) and mass spectrometry to characterize the proteins
recruited to stalled DNA replication forks (Sirbu et al.
2011). ZPET was identified as one of the proteins recruit-
ed to stalled forks in hydroxyurea (HU), a replication in-
hibitor (Supplemental Fig. S2C). To confirm the mass
spectrometry data, we analyzed the iPOND samples by
Western blot using ZPET and PCNA antibodies (Fig.
2E). As expected, PCNA was readily detected at unper-
turbed replication forks and reduced after HU treatment
(Sirbu et al. 2011). Due to the cross-linking step of iPOND
and the large size of ZPET, the ZPET in iPOND samples
was detected as smears in Western blots. In contrast to
PCNA, ZPET was detected only after HU treatment, sug-
gesting that ZPET is recruited to stalled forks. The levels
of ZPET captured by iPOND were reduced but not
eliminated after thymidine chase, suggesting that some
ZPET may remain associated with chromatin after
replication (see the Discussion). The topoisomerase I
inhibitor camptothecin (CPT), which induces replica-
tion-associated DSBs, also triggered ZPET binding to rep-
lication forks (Supplemental Fig. S2D). Thus, ZPET is

Figure 2. ZPET localizes to sites of DSBs and stalled
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The relative levels of GFP-ZPET at three AsiSI sites
were analyzed by quantitative PCR using primers rec-
ognizing adjacent sequences. (D) U20S cells carrying
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The array and GFP-ZPET were visualized by TA-
Cherry and GFP, respectively. (E) HEK293T cells
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recruited not only to DSBs but also to stalled and col-
lapsed replication forks.

ZPET binds ssDNA in vitro and in cells

The localization of ZPET to DSBs and stalled replication
forks suggests that ZPET may associate with a DNA struc-
ture commonly induced in these contexts. ssDNA is gen-
erated at DSBs by DNA end resection and also increasingly
exposed at replication forks stalled by HU. To test whether
ZPET binds ssDNA, we used biotinylated ssDNA to pull
down proteins from cell extracts. ssDNA captured HA-
ZPET along with endogenous RPA and ATR (Fig. 3A). In
contrast, dsDNA did not bind HA-ZPET (Supplemental
Fig. S3A). Furthermore, in electrophoresis mobility shift
assay (EMSA), the HA-ZPET isolated with the HA tag
bound to ssDNA but not dsDNA (Fig. 3B; Supplemental
Fig. S3B). Together, these results suggest that ZPET is a
ssDNA-binding protein.

ZPET contains a domain of unknown function (DUF) at
the N terminus and a cluster of five zinc fingers in the cen-
tral region (Fig. 3C). The DUF of ZPET was not necessary or
sufficient for ssDNA binding (Supplemental Fig. S3C).
However, two ZPET mutants lacking three of the zinc fin-
gers (ZPET2%F24 and ZPET2%F3%) were defective for
ssDNA binding compared with wild-type ZPET (ZPETW?)
(Fig. 3C), suggesting that ZPET binds ssDNA through its
zinc fingers. To test whether the ssDNA binding of ZPET

Localized biotinylation at DNA damage sites

ZPET*%4F24 and ZPET*#* using iPOND and immuno-
staining. In HU-treated cells, ZPET*%*2* and ZPET*#F3-
were detected less efficiently than ZPETWT by iPOND
(Fig. 3D). However, ZPET*%F2* and ZPET*%F% were still
detected at the TRE/I-Scel array when I-Scel was expressed
(Supplemental Fig. S3D). Thus, the ssDNA binding of
ZPET isimportant for its localization to stalled replication
forks but not forits accumulation at DSBs. Although ZPET
may bind ssDNA at resected DNA ends, its accumulation
around DSBs likely occurs through a ssDNA-independent
mechanism.

ZPET depletion accelerates resection-driven
RPA phosphorylation

To assess the function of ZPET in the DDR, we knocked
down ZPET with three independent siRNAs (Fig. 4A; Sup-
plemental Fig. S4A). Knockdown of ZPET did not signifi-
cantly alter the cell cycle (Supplemental Fig. S4B). ZPET
knockdown cells and control cells were treated with 1
1M CPT to induce replication-associated DSBs. After 45
min of CPT treatment, yH2AX was similarly induced in
control cells and ZPET knockdown cells (Fig. 4A), sug-
gesting that the same levels of DSBs were generated in
these cells. However, the phosphorylation of RPA32 at
Ser4/8 was significantly enhanced in ZPET knockdown
cells compared with control cells (Fig. 4A). Consistently,
immunofluorescence analysis revealed that ZPET knock-
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Figure 3. ZPET localizes to stalled forks by
binding ssDNA. (A) HA-ZPET expression
was induced by Dox in U20S cells as indi-
cated. Biotinylated ssDNA was used to cap-
ture proteins from cell extracts. The HA-
ZPET, ATR, and RPA32 captured by ssDNA
and in input extracts were detected by West-
ern blot. (B, top panel) Increasing concen-
trations of HA-ZPET (35, 70, 140 nM)
were incubated with 20 nM ssDNA (63 nu-
cleotides) or 20 nM dsDNA (55 base pairs),
and analyzed by EMSA. (Bottom panel)
The complex formation of ZPET and DNA
was quantified. The error bar represents
the SD from two independent experiments.
(C) HA-tagged wild-type ZPET (ZPETWT),
ZPET2%F2* and ZPET*#F-° were transient-
ly expressed in HEK293T cells and analyzed
by biotin-ssDNA pull-down. (Top panel) A
schema of the domains of ZPET and the
ZPET mutants is shown. (Bottom panel)
The levels of ZPET variants captured by
ssDNA and in input extracts were analyzed
by Western blot. (D) HA-tagged ZPETVT,
ZPET*?F2* and ZPET*#F3° were transient-
ly expressed in HEK293T cells and analyzed
by iPOND after EdU labeling and HU treat-
ment. The levels of HA-ZPET in iPOND
samples and input extracts were analyzed
by Western blot.
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Figure 4. ZPET depletion accelerates resec-
tion-driven RPA phosphorylation. (A) U20S
cells were transfected with control and three
independent ZPET siRNAs as indicated.
Cells were treated with 1 pM CPT for 45
min, and cell lysates were analyzed by West-
ern blot using the indicated antibodies.
(B) U20S cells were transfected as in A,
untreated or treated with 10 Gy of IR, and
analyzed by immunofluorescence using the
p-RPA32 (S33) antibody. (C) Wild-type or
ZPET knockout U20S cells were treated
IR with 1 uM CPT for the indicated durations.
Cell lysates were analyzed by Western blot
using the indicated antibodies. (D,E) Cells
were analyzed as in A except where indicated
and were pretreated with mirin (D) or trans-
fected with CtIP siRNA (E) prior to CPT
treatment.
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RPA32 (p-RPA32 Ser33) foci after IR compared with con-
trol cells (Fig. 4B). RPA32 is progressively phosphorylated
by ATR and DNA-PK during DNA end resection (Shiotani
et al. 2013). The increase of RPA32 phosphorylation in
ZPET knockdown cells after CPT or IR treatment sug-
gests that ZPET may modulate DNA end resection.

To confirm the results from ZPET knockdown cells, we
generated several independent ZPET knockout cell lines
using CRISPR/Cas9. Consistent with ZPET knockdown
cells, ZPET knockout cells also displayed an increase in
RPA32 phosphorylation after 45-60 min of CPT treat-
ment (Fig. 4C). Resection of CPT-induced DSBs is depen-
dent on the MRE11 nuclease and CtIP, which associates
with the MRE11-RAD50-NBS1 (MRN) complex (Sartori
et al. 2007). Notably, while CPT-induced RPA32 phos-
phorylation was increased in ZPET knockdown cells,
the p-RPA32 was nearly abolished by mirin, an inhibi-
tor of the MRE11 nuclease (Fig. 4D). Furthermore, the
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p-RPA32 in ZPET knockdown cells was also significantly
reduced by CtIP knockdown (Fig. 4E). These results
suggest that the heightened RPA32 phosphorylation in
ZPET-depleted cells is driven by MRE11- and CtIP-medi-
ated DNA end resection. Thus, in the absence of ZPET,
the resection of DNA ends by MRN-CtIP may be
enhanced.

ZPET delays MRN-CtIP recruitment and slows DNA
end resection

The increase of RPA32 phosphorylation in ZPET-depleted
cells prompted us to test whether ZPET is an inhibitor of
DNA end resection. To analyze the effects of ZPET pro-
tein on resection, we generated stable cell lines that
inducibly express HA-ZPET. Cells were treated with
doxycycline (Dox) to induce HA-ZPET expression and ex-
posed to CPT for different lengths of time (Fig. 5A).
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Figure 5. ZPET delays the binding of MRE11 and CtIP to chro-
matin and slows resection. (A) HA-ZPET expression was induced
by Dox in U20S cells as indicated. Cells were treated with CPT
for the indicated durations. Cell lysates were analyzed by Western
blot using the indicated antibodies. (B) Cells were plated on cov-
erslips, treated with Dox and CPT as indicated, and analyzed by
immunofluorescence using the p-RPA32 (S33) antibody. (C)
ZPET knockout cells reconstituted with Dox-inducible HA-
ZPET were cultured in the presence or absence of Dox. The cells
were then treated with 1 uM CPT for the indicated durations, and
whole-cell extracts were analyzed by Western blot using the indi-
cated antibodies. (D) Cells were treated as in C and fractionated
into chromatin, nuclear-soluble, and cytoplasmic fractions. The
levels of the indicated proteins in these fractions were analyzed
by Western blot.
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Opposite to that in ZPET-depleted cells, CPT-induced
RPA32 phosphorylation was reduced in cells expressing
HA-ZPET compared with control cells. Notably, the
reduction of RPA32 phosphorylation in HA-ZPET-ex-
pressing cells was most evident 30-60 min after CPT
treatment (Fig. 5A). At 120 min after CPT treatment,
the levels of p-RPA32 were similar in HA-ZPET-express-
ing cells and control cells (Fig. 5A), suggesting that
ZPET slows but not does not block resection. Consistent
with the Western results, induction of HA-ZPET reduced
the immunofluorescence of p-RPA32 (Ser33) after CPT
treatment (Fig. 5B). To rule out the possibility that HA-
ZPET exerts dominant-negative effects on endogenous
ZPET, we used a ZPET knockout cell line to generate sec-
ondary cell lines that inducibly express HA-ZPET (Fig.
5C). Even in the absence of endogenous ZPET, HA-
ZPET reduced RPA32 phosphorylation 30-60 min after
CPT treatment. These results further support the notion
that ZPET slows DNA end resection.

Tounderstand how ZPET slows DNA end resection, we
analyzed the chromatin binding of a number of DDR pro-
teins in ZPET knockout cells with or without HA-ZPET
(Fig. 5D). In ZPET knockout cells without HA-ZPET,
the levels of both MRE11 and CtIP on chromatin were in-
creased 30 min after CPT treatment, indicating the re-
cruitment of MRN-CtIP to DSBs. Concomitant with the
recruitment of MRN-CtIP, RPA32 levels also increased
on chromatin, indicating the initiation of resection. Lev-
els of ATR, phosphorylated Chk1 (p-Chkl), and RAD51
on chromatin were also elevated 30 min after CPT treat-
ment, suggesting that ssDNA triggered ATR activation
and HR. Interestingly, p-RPA32 appeared in soluble nucle-
ar fractions 45 min after CPT treatment, suggesting that
phosphorylation of RPA promotes its turnover on chroma-
tin. Importantly, the recruitment of MRN-CtIP to chro-
matin was significantly reduced by HA-ZPET in ZPET
knockout cells 30 min after CPT treatment (Fig. 5D). At
45 min after CPT treatment, a delayed recruitment of
MREI11 and CtIP was observed in ZPET knockout cells ex-
pressing HA-ZPET, although this recruitment was less ef-
ficient than that in ZPET knockout cells without HA-
ZPET at 30 min. Consistent with the delay in MRN-
CtIP recruitment, the binding of RPA32, ATR, p-Chkl,
and RADS5]1 to chromatin were all delayed in ZPET knock-
out cells expressing HA-ZPET. Furthermore, the release of
p-RPA32 from chromatin was also delayed by HA-ZPET
in ZPET knockout cells. Thus, ZPET delays and dampens
the recruitment of MRN-CtIP to chromatin during DNA
end resection.

ZPET inhibits the association of MRE11 with ssDNA

ZPET may delay the recruitment of MRN-CtIP to DSBs by
inhibiting its binding to DNA or chromatin. Since ZPET
binds ssDNA, we next tested whether the ssDNA binding
of ZPET is important for its role in slowing resection. At
45 min after CPT treatment, the levels of p-RPA32 were
lower in cells expressing ZPETW" than in cells expressing
ZPETA%F24 or ZPET2%%35 (Fig. 6A), suggesting that ZPET
needs to bind ssDNA to inhibit resection.
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During DNA end resection, MRN-CtIP first generates
DNA nicks near DNA ends and then converts them into
ssDNA gaps and 3’ ssDNA overhangs (Garcia et al.
2011; Cannavo and Cejka 2014; Anand et al. 2016). The as-
sociation of MRN with ssDNA may be important for the
conversion of ssDNA gaps into ssDNA overhangs. To test
whether ZPET affects the ssDNA binding of MRN, we
generated extracts from HA-ZPET-expressing cells and
control cells and used biotinylated ssDNA to capture
MRE11 from these extracts. Lower levels of MRE11l
were captured by ssDNA from extracts of HA-ZPET-ex-
pressing cells (Fig. 6B), suggesting that ZPET inhibits the
binding of MRE11 to ssDNA. This result provides a possi-
ble mechanism that reduces the association of MRN-CtIP
with resection intermediates and hinders its function in
resection.

ZPET inhibits resection independently of 53BP1
and HELB

In addition to ZPET, 53BP1 and HELB are also important
inhibitors of resection. 53BP1 restricts DSBresection by re-
cruiting RIF1 and PTIP (Bunting et al. 2010; Callen et al.
2013; Chapman et al. 2013; Di Virgilio et al. 2013; Escri-
bano-Diaz et al. 2013; Zimmermann et al. 2013; Wang
et al. 2014). The HELB helicase is recruited to DSBs by
RPA, where it restricts resection by inhibiting EXO1 and
DNA2 (Tkac et al. 2016). To understand whether ZPET
functions with 53BP1 or HELB to inhibit resection, we de-
pleted ZPET, 53BP1, and HELB individually or in combina-
tion and analyzed the effects on CPT-induced p-RPA32. In
contrast to ZPET knockdown, loss of 53BP1 did not in-
crease p-RPA32 after 45 min of CPT treatment (Fig. 6C,
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lanes 5-7), suggesting that ZPET and 53BP1 affect resec-
tion differently. In addition, p-RPA32 was similarly in-
creased by ZPET knockdown in control cells and 53BP1
knockout cells (Fig. 6C, cf. lanes 5 and 7 and lanes 6 and
8), lending further support to the notion that ZPET inhibits
resection independently of 53BP1. In contrast to 53BP1
depletion but similar to ZPET knockdown, knockdown
of HELB increased p-RPA32 after 45 min of CPT treatment
(Fig. 6D, lanes 5-7). Notably, codepletion of HELB and
ZPET furtherincreased p-RPA32 compared with depletion
of HELB or ZPET alone (Fig. 6D, cf. lanes 6,7 and 8),
suggesting that the roles of HELB and ZPET in resection
regulation are not epistatic. Thus, ZPET functions inde-
pendently of 53BP1 and HELB to restrict resection.

ZPET loss enhances HR and fork recovery

To determine whether the impact of ZPET on DNA end re-
section is functionally significant, we used the mClover
assay to measure HR efficiency in ZPET knockout cells.
In the mClover assay, a DSB is generated in the endo-
genous LAMINA gene by CRISPR/Cas9, and the coding se-
quence of mClover is inserted into the DSB via HR (Pinder
etal. 2015). The HR-mediated insertion of mClover results
in a fluorescent mClover-Lamin A fusion protein, which is
used to score HR efficiency. Using the mClover assay, we
found that HR efficiency was increased in ZPET knockout
cell lines compared with a control line (Fig. 7A). Further-
more, expression of HA-ZPET in ZPET knockout cells re-
duced HR efficiency (Fig. 7A), confirming that the effects
of ZPET knockout on HR are specific. Together, these re-
sults suggest that ZPET not only inhibits resection but
also reduces HR efficiency.
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Since ZPET is recruited to stalled and collapsed replica-
tion forks, we asked whether ZPET is functionally impor-
tant for fork dynamics. We analyzed replication fork
progress in ZPET knockout cells with or without HA-
ZPET using DNA fiber assay. Before cells were exposed
to HU or CPT, HA-ZPET did not significantly alter fork
speed (Fig. 7B, right panel). However, after cells were treat-
ed with HU or CPT, HA-ZPET reduced fork progression
(Fig. 7B, left and middle panels). These results suggest
that ZPET suppresses the processing of stalled/collapsed
replication forks, thereby slowing fork recovery and
progression.
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ZPET loss promotes cellular resistance to DSBs
and PARP inhibition

The impact of ZPET on HR and fork progression in CPT
prompted us to test whether ZPET affects CPT sensitiv-
ity. We treated ZPET knockout and control cells with in-
creasing concentrations of CPT and analyzed cell survival
in 7 d (Fig. 7C). Multiple independent ZPET knockout cell
lines displayed increased survival after CPT treatment
compared with the control line, showing that the lack of
ZPET promotes cell survival in response to replication-as-
sociated DSBs. Furthermore, expression of HA-ZPET in
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ZPET knockout cells reduced cell survival after CPT
treatment (Fig. 7D), confirming that the effects of ZPET
knockout on CPT sensitivity are specific. Similar cell sur-
vival results were also obtained when ZPET knockout and
control cells were briefly treated with high concentrations
of CPT (Supplemental Fig. S5A,B). Thus, consistent with
the role of ZPET in restricting HR and fork recovery, cells
lacking ZPET are more resistant to CPT-induced DSBs.

Cells defective in HR are susceptible to PARP inhibi-
tion. To assess whether ZPET influences the sensitivity
of cells to PARP inhibition, we analyzed the survival of
ZPET knockout and control cells in the presence of ola-
parib, a PARP inhibitor (PARPi) (Fig. 7E). Consistent
with the increased HR in ZPET knockout cells, ZPET
knockout cells were more resistant to olaparib than con-
trol cells in the 7-d cell survival assay. Furthermore, ex-
pression of HA-ZPET in ZPET knockout cells reduced
cell survival in olaparib (Supplemental Fig. S5C), confirm-
ing that the effects of ZPET knockout on olaparib sensitiv-
ity are specific. The increase of olaparib resistance in ZPET
knockout cells raises the question of whether loss of ZPET
causes PARPi resistance in BRCA1-deficient cells. To test
this possibility, we used siRNA to knock down BRCA1 in
ZPET knockout and control cells (Fig. 7F). Because BRCA1
depletion reduces cell survival in long-term assays, we an-
alyzed olaparib sensitivity in 5 d instead of 7 d. As expect-
ed, knockdown of BRCALI drastically increased olaparib
sensitivity (Fig. 7F; Yazinski et al. 2017). Unlike in the 7-
d assay, ZPET knockout cells did not display an increase
in olaparib resistance in the 5-d assay, probably owing to
the smaller number of cell divisions in olaparib. However,
compared with control cells, ZPET knockout cells were
significantly more resistant to olaparib after BRCAIL
knockdown in the 5-d assay. Together, these results sug-
gest that loss of ZPET may contribute to the PARPi resis-
tance of BRCA1-deficient cells by enhancing HR.

Discussion

The use of localized protein biotinylation to identify
DDR proteins

Identification of DDR proteins is one of the major tasks for
the research of DDR. Numerous DDR proteins have been
identified by coimmunoprecipitations and tandem affini-
ty purifications of known DDR proteins (Wang et al. 2000;
Cortez et al. 2001; Meetei et al. 2003; Xia et al. 2006;
Marechal et al. 2014; Tkac et al. 2016). These biochemical
approaches rely on stable protein—protein interactions and
may not be effective for identifying proteins that tran-
siently or weakly interact with bait proteins. In addition,
some DDR proteins may not interact with any known
DDR proteins at all, making them impossible to capture
with the available baits. Many known DDR proteins lo-
calize to sites of DNA damage to execute their functions
in DNA repair and DNA damage signaling (Bekker-Jensen
et al. 2006). This common spatial feature of DDR proteins
provides another opportunity to identify unknown pro-
teins involved in the DDR. The promiscuous BirAR!!8S
mutant offers a unique strategy to biotinylate proteins
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in proximity to BirA®'8S fusions. In this study, we used
BirAR!!'8G.RADI18 as a proof of principle to show that lo-
calized protein biotinylation at DNA damage sites can
be used to identify previously unknown DDR proteins.
This strategy may capture proteins that transiently or
weakly interact with any given bait and even proteins at
DNA damage sites that do not interact with the bait at
all, overcoming the limitations of affinity-based approach-
es. Recently, the biotin ligase APEX2 has also been used to
capture complexes of DDR proteins (Gupta et al. 2018).
Together, these studies have opened a new avenue for
the identification of uncharacterized DDR proteins.

ZPET mediates a ssDNA-triggered feedback loop
to restrict resection

In this study, we identified ZPET as a repressor of DNA end
resection. Interestingly, ZPET is a ssDNA-binding protein,
and its function in slowing resection is dependent on its
ssDNA binding. Together, these findings suggest that
ZPET mediates a ssDNA-triggered feedback loop to re-
strict resection. Although ZPET and HELB function inde-
pendently to restrict resection, their roles are remarkably
similar. Whereas ZPET binds ssDNA, HELB is recruited
by RPA (Tkac et al. 2016). Both proteins are required for
preventing hyperresection during the early phase of DSB
response. The existence of these feedback loops suggests
that the proper control of resection is critical for the DDR.

Why do cells need a ZPET-mediated feedback loop to re-
strict resection? The restriction of resection by ZPET may
control the choice between different DSB repair pathways.
Alternatively, ZPET may inhibit HR during a specific
window of the cell cycle or in specific regions of the ge-
nome. Furthermore, ZPET may prevent excessive resec-
tion, which may lead to aberrant or inaccurate repair.
We cannot exclude the possibility that ZPET has other
functions and that its impacts on DNA end resection are
merely side effects. Understanding whether ZPET has a
physiological role in protecting the genome in specific
contexts is an important task for future investigations.
In pathological and therapeutic contexts, such as in
BRCA1-deficient cancer cells and in response to PARPi
and CPT treatments, ZPET may interfere with the HR
pathway, and loss of ZPET may allow cells to tolerate ge-
nomic instability and develop drug resistance.

It is worth noting that the ZPET may be regulated by
multiple mechanisms during the DDR. In previous prote-
omics studies, ZNF280C was identified as a potential sub-
strate of ATM/ATR kinases (Matsuoka et al. 2007), a
protein ubiquitinated in a DNA damage-induced manner
(Mandemaker et al. 2017), and a protein deSUMOylated
after DNA damage (Hendriks et al. 2015). These results
suggest that ZPET may be a node of regulation during
the DDR.

ZPET inhibits resection as a ssDNA-binding protein

The ability of ZPET to bind ssDNA is important for its
function to slow resection. During resection, MRN-CtIP
first generates DNA nicks near DSB ends and then acts
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as a 3/-to-5' exonuclease to convert DNA nicks into 3’
ssDNA overhangs (Garcia et al. 2011; Cannavo and Cejka
2014; Anand et al. 2016). The association of MRN-CtIP
with resection intermediates, such as ssDNA gaps, may
be important for its function in resection. In cell extracts,
ZPET inhibits the binding of MRE11 to ssDNA. In cells,
ZPET delays and attenuates the recruitment of MRE11
and CtIP to chromatin. These results provide a possible
mechanism to explain the inhibitory effects of ZPET on re-
section. We noted that many of the DDR proteins that
were biotinylated by BirAR''8G_.RAD18 after IR are known
to associate with the chromatin flanking DSBs, suggesting
that ZPET may be present in this chromatin environment.
Consistent with the possibility that ZPET spreads on chro-
matin, induction of AsiSI-mediated DSB formation led to
smallincreases of ZPET at loci distal to AsiSIsites (Supple-
mental Fig. S2B), and ZPET remained bound to replicated
DNA in iPOND after thymidine chase (Fig. 2E). The bind-
ing of ZPET to chromatin may also explain the localization
of ZPET ssDNA-binding mutants to DSBs (Supplemental
Fig. S3D). MDC1, the top hit of BirAR 183S.RAD18, medi-
ates the recruitment of MRN to chromatin (Chapman
and Jackson 2008; Wu et al. 2008), raising the possibility
that ZPET may act on chromatin to hinder MRN recruit-
ment. In a previous proteomic study, ZPET was shown
to bind major satellites in a SUV39H-dependent manner,
suggesting that it may have an affinity for H3K9me3-
marked chromatin (Saksouk et al. 2014). Although the in-
duction of H3K9me3 by DSBs was observed only by some
studies but not others (Ayrapetov et al. 2014; Clouaire
etal. 2018), the H3K9me3 reader protein HP1a is recruited
to DNA damage sites (Baldeyron et al. 2011).

In addition to DSBs, ZPET is also recruited to stalled
and collapsed replication forks. In the absence of ZPET,
replication forks progress faster in HU and CPT, suggest-
ing that ZPET slows a rate-limiting event during the
recovery of stalled/collapsed forks. It is tempting to spec-
ulate that ZPET inhibits the resection of reversed repli-
cation forks and/or fork-derived one-ended DSBs. While
loss of ZPET allows efficient fork recovery under stress,
the function of ZPET at stalled/collapsed forks may be
important for suppressing mutagenic processes, such as
break-induced replication (BIR) and single-strand anneal-
ing (SSA), in specific regions of the genome.

Although ZPET and 53BP1 function independently to
restrict resection, they share a surprising similarity. Re-
cently, several studies suggested that the 53BP-RIF1-
REV7 pathway inhibits resection through the Shieldin
complex (Dev et al. 2018; Ghezraoui et al. 2018; Gupta
et al. 2018; Mirman et al. 2018; Noordermeer et al. 2018).
SHLD2, a component of Shieldin, is a ssDNA-binding pro-
tein like ZPET (Noordermeer et al. 2018). Notably, the
ssDNA binding of SHLD2 is critical for Shieldin function,
suggesting that Shieldin, like ZPET, also inhibits resection
by binding ssDNA. Furthermore, another ssDNA-binding
complex, CST (CTC1-STN1-TEN1), also contributes to
the inhibition of resection (Mirman et al. 2018). Together,
these studies on Shieldin, CST, and ZPET highlight the
importance of ssDNA-binding proteins in the regulation
of resection.

Localized biotinylation at DNA damage sites

Resection kinetics and HR efficiency

Interestingly, while the effects of ZPET on resection are
largely restricted to the early phase of this process, ZPET
affects HR efficiency significantly. This observation raises
several non-mutually exclusive possibilities. First, the
rapid formation of long ssDNA overhangs may be impor-
tant for high HR efficiency. RPA may be recruited more ef-
ficiently when long ssDNA is rapidly exposed, favoring HR
over other resection-dependent repair pathways, such as
alternative NHE] (Alt-NHE]), SSA, and BIR. Second, the
swift activation of the ATR-Chk1 pathway may be impor-
tant for efficient HR. The ATR-Chk1 pathway is known to
elicit a PP2A-mediated feedback loop to restrict Chk1 ac-
tivity (Leung-Pineda et al. 2006). Fast resection may allow
ATR to promote HR more efficiently before the PP2A-me-
diated feedback loop is fully active. Finally, the HR path-
way may be more efficient during the early phase of DSB
response because the functionality of certain HR proteins
may decline over time. For example, RAD51 is ubiquiti-
nated by the E3 ligase RFWD3 after DSB formation (Inano
etal. 2017}, but RADS51 ubiquitination interferes with the
BRCA2-RAD5] interaction (Luo et al. 2016). In light of
this study, it is tempting to speculate that the kinetics of
DNA end resection during the early phase of DSB response
is an important determinant of HR efficiency, presenting
an enticing model for future investigations.

Materials and methods

Cell lines

U20S cells lines stably expressing BirAR'18S.RADI18 or
BirAR S GFP were generated using linearized plasmids and select-
ed with 1 pg/mL puromycin. Clones expressing similar levels of
BirAR8C.RADI8 or BirAR '8S.GFP were chosen for comparison.

Antibodies

The following antibodies were used in this study: histone H4
(Abcam, ab31830), ZNF280C (Abcam, ab83287), PCNA (Santa
Cruz Biotechnology, Sc-56), p-Chkl (S345) (Cell Signaling,
2348), GAPDH (Millipore), histone H3 (Abcam), RPA34 (Thermo
Scientific, MA1-26418), MDC1 (Bethyl Laboratories, A300-
051A), ATR (Bethyl Laboratories, A300-138A), CtIP (Abcam,
ab155988), MRE11 (Genetex), RPA32 (S4/8) (Bethyl Laboratories,
A300-245), phospho-histone H2A.X (Ser139) (20E3), HA (Cova-
nce, HA.11), and GFP (Invitrogen, A11122).

Biotinylation assay

Cells were either left untreated or treated with 10 Gy of IR and al-
lowed to recover for 1 h. Cells were incubated in 0.5-1 pg/mL bio-
tin for 4 h and then harvested. Where indicated, crude chromatin
extracts were generated by first pre-extracting cells with 0.5% Tri-
ton X-100 PBS for 5 min. Pre-extracted cells or intact cells were
lysed in 1% SDS, 20 mM Tris (pH 8.0) supplemented with 10
mM DTT, and protease inhibitor cocktail and a phosphatase in-
hibitor cocktail for 10 min. Cell lysates were sonicated three times
at 60% power using a cup sonicator following a cycle of 30 sec on
and 30 sec off. Lysates were boiled for 10 min and vortexed every 3
min. The lysates were then diluted in NETN lysis buffer (20 mM
Tris at pH 8.0, 150 mM NaCl, 0.5% NP-40, 10% glycerol),
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precleared with protein A-conjugated magnetic beads, and then
subjected to biotin pull-down with streptavidin-conjugated mag-
netic beads (M-280). Pull-downs were washed twice with 1%
SDS RIPA, twice with 1% SDS RIPA high salt, and once with
1% SDS RIPA. Pull-downs were then boiled in sample buffer
and subjected to mass spectrometry analysis or Western blot.

Quantitative mass spectrometry and data analysis

Proteins enriched by streptavidin beads were suspended in 3%
SDA, 4 M urea, and 50 mM HEPES (pH 8.5). Proteins were re-
duced and alkylated, purified by precipitation, and digested
with Lys-C and trypsin (Edwards and Haas 2016). Peptides were
labeled with TMT-10plex reagents as follows (McAlister et al.
2012): sample 26B_1 (126), 26BR_1 (127n), 64BR_1 (127¢), 26B_2
(128n), 26BR_2 (128¢), and 64BR_2 (129n). Labeled peptides
were pooled and fractionated by basic reversed-phase high-perfor-
mance liquid chromatography (HPLC). Twelve fractionations
were analyzed by multiplexed quantitative proteomics per-
formed on an Orbitrap Fusion mass spectrometer (Thermo Scien-
tifc) using a simultaneous precursor selection (SPS)-based MS3
method (Ting et al. 2011; McAlister et al. 2014).

MS2 data were annotated using SEQUEST searching data
against the UniProt database of human protein sequences (Eng
et al. 1994; Huttlin et al. 2010). A <1% false discovery filter for
both peptide and protein assignments was applied through the
target decoy database search strategy using linear discriminant
analysis and posterior error histogram sorting (Elias and Gygi
2007; Huttlin et al. 2010). Peptides with unambiguous protein an-
notations were assigned to the protein with the most matching
peptides (Huttlin et al. 2010). For quantification, we extracted
TMT reporter ion intensities as those of the most intense ions
within a 0.03-Th window around the predicted MS3 reporter
ion intensities. Only MS3 with an average signal to noise value
>40 per reporter ion as well as with an isolation specificity
>0.75 were considered for quantification (Ting et al. 2011).
TMT intensities were first normalized for each protein based on
the median average protein intensity calculated for all proteins.
Next, a median of the normalized intensities was calculated
from all protein intensities in each TMT channel, and the protein
intensities were normalized to the median value of these median
intensities.
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