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The establishment of polyubiquitin conjugates with distinct linkages play important roles in the DNA damage
response. Much remains unknown about the regulation of linkage-specific ubiquitin signaling at sites of DNA
damage. Herewe reveal thatCezanne (also known asOtud7B) deubiquitinating enzyme promotes the recruitment of
Rap80/BRCA1-A complex by binding to Lys63-polyubiquitin and targeting Lys11-polyubiquitin. Using a ubiquitin
binding domain protein array screen, we identify that the UBA domains of Cezanne and Cezanne2 (also known as
Otud7A) selectively bind to Lys63-linked polyubiquitin. Increased Lys11-linkage ubiquitination due to lack of
Cezanne DUB activity compromises the recruitment of Rap80/BRCA1-A. Cezanne2 interacts with Cezanne,
facilitating Cezanne in the recruitment of Rap80/BRCA1-A, Rad18, and 53BP1, in cellular resistance to ionizing
radiation and DNA repair. Our work presents a model that Cezanne serves as a “reader” of the Lys63-linkage
polyubiquitin at DNA damage sites and an “eraser” of the Lys11-linkage ubiquitination, indicating a crosstalk
between linkage-specific ubiquitination at DNA damage sites.
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Posttranslational modification of proteins by ubiquitina-
tion regulates multiple cellular processes in a dynamic
and reversible manner. Ubiquitination occurs by covalent
attachment of a ubiquitin molecule to substrate lysine
residue mediated by E1-activating, E2-conjugating, and
E3 ligase enzymes; deubiquitination removes ubiquitin
moiety by deubiquitinating enzymes (DUB). Ubiquitin
can be added to a target protein as mono- (monoubiquiti-
nation) or poly- (polyubiquitination) conjugates. Since ad-
ditional ubiquitin molecules can be tethered to any of the
seven lysine residues (Lys6, 11, 27, 29, 33, 48, and 63) or
through the N-terminal methionine residue in the first
ubiquitin molecule, polyubiquitin chains form with dis-
tinct linkages (Pickart 2001). Linkage-specific ubiquitin
chains adopt distinct topologies and often result in diverse
functional outcomes in cells, manifesting the magnitude
of complexity of ubiquitination (Komander and Rape
2012).

Cellular response to DNA damage involves a sophisti-
cated ATM/ATR-mediated sensory network—the DNA
damage response (DDR), which senses damage and signals
to initiate DNA repair, activates the cell cycle check-
point, regulates transcription, or triggers apoptosis or
senescence if the damage is beyond repair. The DNA dou-
ble-strand break (DSB) is one of themost cytotoxic lesions
experienced by cells that, if not repaired, leads to genomic
instability. Growing evidence over the last decade has il-
lustrated a ubiquitin landscape at DSBs, demonstrating
that ubiquitin modification on damaged chromatin plays
important roles in the signaling and repair of DSBs (Jack-
son and Durocher 2013; Elia et al. 2015). Upon induction
of DSBs and subsequent activation of ATM, phosphoryla-
tion of histoneH2AX directly recruitsMDC1, which then
leads to the recruitment of a ubiquitin E3 ligase RNF8
(Huen et al. 2007; Kolas et al. 2007; Mailand et al. 2007;
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Wang and Elledge 2007). RNF8 and RNF168 E3 ligases, to-
gether with a Lys63 (K63)-linkage-specific E2-conjugating
enzyme, Ubc13, modify chromatin in the vicinity of
DSBs, generating K63-linked ubiquitin conjugates on
damaged chromatin including histones H2A/H2AX for
the recruitment of DNA repair proteins like 53BP1 and
BRCA1 (Huen et al. 2007; Kolas et al. 2007; Mailand
et al. 2007; Wang and Elledge 2007; Doil et al. 2009;
Stewart et al. 2009; Mattiroli et al. 2012). The UIM do-
mains of Rap80, a component of the Abraxas/BRCA1-A
complex, bind to K63-linked chains recruiting Rap80
and the BRCA1-A complex to DNA damage sites (Kim
et al. 2007; Sobhian et al. 2007; Wang and Elledge
2007; Wang et al. 2007, 2009; Wang 2012). In addition
to Rap80 UIMs, the UMI-MIU1 and MIU2 domains of
RNF168 and the UBZ domain of Rad18 also recognize
K63-polyubiquitin at DSBs to facilitate the recruitment
of these proteins (Huang et al. 2009; Pinato et al. 2011;
Panier et al. 2012). It remains largely unclear whether
there are additional ubiquitin binding motifs that can
specifically recognize K63-linked ubiquitin conjugates
at DSBs.
While K63-linked ubiquitination plays a key regulatory

role in the DDR-signaling pathway in recruiting DDR fac-
tors, other linkage-specific ubiquitinations have also been
indicated in the DDR (Morris and Solomon 2004; Feng
and Chen 2012; Jackson and Durocher 2013; Elia et al.
2015; Gatti et al. 2015; Paul and Wang 2017). Recently,
we have shown that RNF8 functions with a K11-link-
age-specific ubiquitin E2 enzyme Ube2S catalyzing K11-
ubiqutin conjugation on damaged chromatin (Paul and
Wang 2017). The K11-linked ubiquitin conjugation plays
a critical role in inhibiting transcription at sites of damage
and is essential for cellular resistance to ionizing radia-
tion (IR). Although RNF8 appears to be involved in cata-
lyzing both K11- and K63-linked ubiquitination, it
remains unknown whether there is crosstalk between
K11- and K63-linkage ubiquitination.
Cezanne and Cezanne2 are members of the ovarian tu-

mor (OTU) subfamily DUBs (Komander et al. 2009). Both
Cezanne and Cezanne2 contain a UBA domain at the N
terminus followed by an OTU DUB domain. It has been
shown that Cezanne is a DUB that prefers to cleave K11-
linked ubiquitin conjugates through its OTU domain
(Bremm et al. 2010), playing a role in NF-κB signaling,
mTORC signaling and other cellular functions (Hu et al.
2013, 2016; Bremm et al. 2014; Wang et al. 2017; Bonacci
et al. 2018). Cezanne2 is a less well characterized paralog
of Cezanne. In response toDSBs, Cezanne antagonizes the
activity of RNF8 and Ube2S in K11-linkage ubiquitin
modification of chromatin-bound proteins, including
H2A/H2AX, on damaged chromatin (Paul and Wang
2017).While knockdown of RNF8 decreased the K11-link-
age ubiquitin modification, depletion of Cezanne in
RNF8-deficient cells significantly reversed the decrease
of K11-linkage ubiquitination, indicating that RNF8/
Ube2S and Cezanne function in the same pathway to
modify K11-linked ubiquitin conjugation in response to
DSBs. The role of Cezanne and Cezanne2 in the DDR is
still largely unknown.

In this study, we identify Cezanne and Cezanne2 as
“readers” and “erasers” of linkage-specific ubiquitin
“code” at DNA damage sites facilitating recruitment of
DNA repair factors. We developed a ubiquitin binding
domain microarray screen for K63-linked ubiquitin
chain-specific binders; we found that Cezanne and Ce-
zanne2 UBA domains selectively bind to the K63-, but
not K48- or K11-linked chain. Cezanne promotes Rap80/
Abraxas/BRCA1 recruitment to DNA damage sites
through its UBA domain binding to K63-conjugates and
its DUB activity disassembling K11-linked polyubiquitin.
The binding of Rap80 UIMs to the K63-linked chain is
largely decreased when a K63/K11-mixed chain is formed.
Cezanne2 interacts with Cezanne, playing a facilitating
role in Rap80/Abraxas/BRCA1, Rad18, and 53BP1 recruit-
ment, DNA repair, and cellular resistance to IR.

Results

Ubiquitin binding domain microarray screen identifies
Cezanne and Cezanne2 UBA domain as selective
K63-linked ubiquitin chain binding domains

To identify proteins that selectively interact with K63-
linked ubiquitin chains, we have generated protein arrays
consisting of a library of recombinant ubiquitin binding
domains (UBDs) and performed a screen (Fig. 1A). The
UBD library contains 148 GST fusion proteins that harbor
a number of UBDs, including UIM, UBA, CUE, GAT,
VHS, PAZ, PFU,UBM,UBZ, and JAB/MPNdomains (Sup-
plemental Fig. S1). We carried out the screen by probing
the array with K63- or K48-linked tetra-ubiquitin chains
that were directly labeled with streptavidin-Cy3 on a bio-
tin moiety (at position 20 of the first ubiquitin molecule).
In addition to known K63-linked ubiquitin binding do-
mains Rap80 UIMs (Kim et al. 2007; Sobhian et al. 2007;
Wang and Elledge 2007; Wang et al. 2007), RNF168
MIU2 (Doil et al. 2009; Stewart et al. 2009), and ASCC2
CUE (Brickner et al. 2017), we have identified several
new K63-linked polyubiquitin binders including Cezanne
UBA, Cezanne2 UBA, TDRD3 UBA, and TOM1L2 VHS.
Similar results were obtained when we used labeled
K63-di-ubiquitin as a probe (Supplemental Fig. S2A). A
screen using untagged K63-tetra-ubiquitin followed by
anti-ubiquitin antibody and FITC-labeled secondary
antibody also identified Cezanne and Cezanne2 UBA as
selective “readers” of theK63-linked chain (Supplemental
Fig. S2B). We confirmed the binding of the UBA domain of
Cezanne andCezanne2 to K63-, but not K48- or K11-tetra-
ubiquitin in the in vitro pull-down assay using purified
recombinant GST-tagged protein fragments and linkage-
specific ubiquitin chains (Fig. 1B). Analyzing the UBA
domain from Cezanne or Cezanne2 binding to K63-di-
Ub in vitro using isothermal titration calorimetry (ITC)
showed that both of the UBA domains bind to K63-di-
Ub, with a binding affinity (KD=20 ± 2 and 20 ± 5 μM), ap-
proximately threefold lower than that of the UIMs of
Rap80 (KD=6.4 ± 0.2 μM) (Fig. 1C). Thus, Cezanne and Ce-
zanne2 UBA domains specifically bind to the K63-linked
ubiquitin chain.
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Rap80/Abraxas/BRCA1 recruitment is diminished
in Cezanne-deficient cells

We found that in cells depleted of Cezanne by siRNAs, IR-
induced foci (IRIF) of Rap80 were significantly decreased
(Fig. 2A,B). The Rap80 protein level, however, did not
change in the knockdown cells (Fig. 2C), indicating that
the diminishedRap80 IRIFwas not due to decreased levels
of Rap80 protein. Rap80 is a component of the BRCA1-A
complex and is essential for the recruitment of the
BRCA1-A complex in which Abraxas serves as an adaptor
protein mediating the binding of Rap80 to BRCA1 (Wang
and Elledge 2007;Wang et al. 2009). Consistent with a role

of Rap80 in the recruitment of the BRCA1-A complex to
DNA damage sites (Kim et al. 2007; Sobhian et al. 2007;
Wang et al. 2007), depletion of Cezanne also led to dimin-
ished IRIF of Abraxas and BRCA1 (Fig. 2B; Supplemental
Fig. S3). Cezanne shRNAs knockdown cells or Cezanne
knockout (KO) cells generated by CRISPR-Cas9 showed
similar defects in IRIF of Rap80, Abraxas, and BRCA1
(Fig. 2B; Supplemental Fig. S3). Cezanne deficiency, how-
ever, did not result in much change in γH2AX foci (Fig.
2A,B), indicating that Cezanne is downstream from
γH2AX in the hierarchy of recruitment of Rap80 and
BRCA1-A complex. Importantly, the deficiency of Ce-
zanne KO in recruitment of Rap80, Abraxas, and BRCA1

A

B

C

Figure 1. Identification of Cezanne and Cezanne2 UBA domain as a K63-linked ubiquitin bindingmotif. (A) A protein array screen iden-
tifies the K63-ubiquitin binding motif. Cy3-streptavidin-labeled biotin-K63- and K48- tetra-ubiquitin were used to probe the UBD arrays.
The positions of selective K63-linked ubiquitin chain binding protein (domain) are marked: 1-ASCC2 (CUE); 2-Cezanne (UBA); 3-Ce-
zanne2 (UBA); 4-TDRD3 (UBA); 5-RAP80 (UIMs); 6-TOM1L2 (VHS); and 7-RNF168 (MIU2). (B) In vitro pull-down assay using purified
recombinant GST-Cezanne UBA, Cezanne2 UBA, or Rap80 UIMs incubated with K63-, K48-, or K11-tetra-ubiquitin chains. Anti-ubiqui-
tin antibody was used for the western blot. (C ) ITC analysis of Cezanne, Cezanne2 UBA, or Rap80 UIMs binding to K63-di-Ub.
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can be rescued by complementation of wild-type (WT) Ce-
zanne gene expression (Fig. 2D). Thus, Cezanne plays a
key role in regulating the recruitment of Rap80 and the
BRCA1-A complex to DSBs.

UBA domain and DUB activity are required for
Cezanne’s role in regulating recruitment of Rap80/
Abraxas/BRCA1

Cezanne is an OTU family DUB, containing a UBA
domain followed by an OTU DUB domain at the N ter-
minus and a zinc-finger domain at the C terminus
(Bremm et al. 2010; Mevissen et al. 2013, 2016). By gen-
erating and analyzing Cezanne mutants, we found that
the UBA domain and the DUB activity are essential for
Cezanne to regulate Rap80 recruitment (Fig. 3; Supple-

mental Fig. S4). In Cezanne KO cells, we examined
whether the defect of Rap80, Abraxas, and BRCA1 IRIF
formation can be rescued when Cezanne mutants were
re-introduced for expression. Compared to WT, expres-
sion of UBA-only or a UBA domain deletion mutant
(ΔUBA) failed to rescue the defect. The GFP-tagged or
HA-tagged DUB inactive mutant (CH) that previously
was shown to abolish the DUB activity (Hu et al. 2013;
Mevissen et al. 2016) is defective in rescuing Rap80,
Abraxas, and BRCA1 IRIF in Cezanne KO cells (Fig. 3B;
Supplemental Fig. S4B). Whereas the UBA domain by it-
self does not rescue RAP80, Abraxas, and BRCA1 IRIF, a
truncated N terminus of Cezanne that contains both the
UBA domain and the DUB domain (UBA-OTU), but not
a DUB inactivated version (UBA-OUT∗), rescues the phe-
notype (Fig. 3B). The C-terminal zinc-finger domain had

A

C D

B

Figure 2. Cezanne regulates Rap80/Abraxas/BRCA1 recruitment to DNA damage sites. (A) Representative images of decreased Rap80
IRIF in Cezanne siRNA-treated U2OS cells. Cells were treated with 10 Gy IR followed by 2 h incubation before fixation and staining.
(B) Quantification of Rap80, Abraxas, BRCA1 IRIF inCezanne siRNAs-, shRNAs-treated cells, or CezanneKO (Cez-KO#1 andKO#2) cells.
Student’s t-test (con versus siCez) or nonparametric Kruskal–Wallis ANOVA (con versus shCez, con versus KO) was used for statistical
analysis. (C ) Western blots of lysates from siRNAs-treated U2OS cells untreated (no IR), or 30 min and 2 h post-IR treatment. (D) Expres-
sion of CezanneWT gene rescues the deficiency of CezanneKO cells in IRIF of Rap80, Abraxas, and BRCA1.Nonparametric Kruskal–Wal-
lis ANOVA was used for statistics analysis.
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minimal effect on the IRIF of Rap80, as the mutant with-
out this domain (ΔZF) rescues the phenotype (Fig. 3B).
These data indicate that the UBA domain and the DUB
activity together are sufficient for regulating Rap80
recruitment.

Since Cezanne DUB activity is required for Rap80 re-
cruitment, we investigated whether expression of Ce-
zanne mutants lacking the DUB activity interferes with
the endogenous Cezanne activity at sites of damage.
When overexpressed in cells, GFP-tagged DUB inactive
CH mutant of Cezanne plays a dominant-negative effect
on the recruitment of Rap80 (Fig. 3C,D; Supplemental
Fig. S5). In addition, although overexpression of the N-ter-
minal half of Cezanne, UBA-OUT, does not appear to have
a significant effect on Rap80 IRIF, expression of a DUB-in-
active version of this truncated protein (UBA-OUT∗)
greatly reduced Rap80 IRIF. So did overexpression of the
UBA domain-only mutant that lacks the DUB domain
(Fig. 3C,D; Supplemental Fig. S5). Overexpression of
HA-tagged Cezanne CH mutant also dominant-negative-
ly decreased Rap80 IRIF (Supplemental Fig. S5). Thus,
lack of DUB activity of Cezanne at DSBs can lead to de-
creased recruitment of Rap80, Abraxas and BRCA1.

Cezanne deficiency increases K11-ubiquitin conjugation
but does not affect K63- conjugation at DNA damage
sites

The recruitment of Rap80 to DNA damage sites depends
on its UIMs binding to the K63-linked ubiquitin chain
(Kim et al. 2007; Sobhian et al. 2007; Wang et al. 2007).
To determine whether Cezanne deficiency affects the
K63-linked ubiquitin conjugation at sites of damage, we
examined K63-linked ubiquitin levels on damaged chro-
matin using a K63-linkage-specific antibody (Supplemen-
tal Fig. S6A,B). Cezanne knockdown did not lead to a
decrease in K63-linked ubiquitin levels on damaged chro-
matin from cells treated with IR (Fig. 4A,B; Supplemental
Fig. S6C), indicating that the failure of Rap80 recruitment
to DNA damage sites is not due to decreased K63-linked
polyubiquitin conjugation in Cezanne-deficient cells.
Consistently, immunofluorescence (IF) staining using a
K63-specific antibody also did not show a significant
change of K63 IRIF (Supplemental Fig. S6D). Although
overexpression of UBA-only or the DUB inactive CH mu-
tant of Cezanne in WT cells resulted in decreased Rap80
recruitment (Fig. 3C), it did not lead to decreased levels
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B

Figure 3. Cezanne UBA domain and DUB activity are essential for Rap80, Abraxas, and BRCA1 recruitment. (A) A diagram of Cezanne
WT and mutants. (B) UBA and DUB activity of Cezanne are essential for Rap80, Abraxas, and BRCA1 IRIF. Cezanne KO cells were com-
plemented with expression of GFP-tagged CezanneWT or mutants. Nonparametric Kruskal–Wallis ANOVAwas used for statistics anal-
ysis. (C ) Overexpression of Cezanne DUB mutants decreases Rap80/Abraxas/BRCA1 recruitment. GFP-tagged Cezanne WT or mutants
were expressed in U2OS cells. Nonparametric Kruskal–Wallis ANOVAwas used for statistics analysis. (D) Western blot showing expres-
sion of GFP-tagged Cezanne WT and mutants in cells. ∗ marks expression of indicated protein fragments.
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of K63-linked polyubiquitin on damaged chromatin (Sup-
plemental Fig. S6E). Thus, Cezanne DUB activity at DNA
damage sites is not likely directly involved in affecting
K63-linked ubiquitin conjugation. Instead, in the absence
of Cezanne, HAK11-linked ubiquitin (anHA-tagged ubiq-
uitin K11mutant inwhich all of the lysine residues except
lysine 11 are mutated to arginine) conjugation increased,
consistent with a role of Cezanne DUB activity in antag-
onizing K11-conjugation on damaged chromatin (Fig.
4C; Paul and Wang 2017).

Cezanne K11-DUB activity is required for regulating
Rap80 recruitment

Cezanne is a K11-linkage-specific DUB (Bremm et al.
2010;Mevissen et al. 2016). In the absence of Cezanne, in-

creased K11-ubiquitin conjugation may interfere with the
binding of Rap80 UIMs to K63-ubiquitin conjugates, thus
compromising the recruitment of Rap80. If this is the
case, decreasing the K11-linked ubiquitin conjugation at
sites of damage may rescue the recruitment of Rap80 in
Cezanne-deficient cells. Indeed, when we knocked down
Ube2S, an E2 conjugating enzyme for K11-ubiquitin con-
jugation (Baboshina and Haas 1996; Garnett et al. 2009;
Williamson et al. 2009; Paul and Wang 2017), in Cezanne
KO cells, Rap80 IRIF, as well as Abraxas and BRCA1 IRIF,
were rescued (Fig. 5A,B; Supplemental Fig. S7A). As a con-
trol, knockdown of Ubc13, an E2 for K63-ubiquitin conju-
gation (Huen et al. 2007; Kolas et al. 2007; Mailand et al.
2007; Wang and Elledge 2007), in Cezanne KO cells did
not rescue the defect in Rap80/Abraxas/BRCA1 recruit-
ment (Fig. 5A,B). In addition, the DNA repair defect in

A B

C

Figure 4. Cezanne-deficiency does not affect K63-polyubiquitin levels on damaged chromatin. (A,B) K63-ubiquitin levels on damaged
chromatin are not affected in Cezanne siRNA (A) or shRNAs (B) treated U2OS cells. Cells were treated with 10 Gy IR, collected at 2 h
after incubation.Western blotswere carried outwith antibodies to K63-linkage-specific ubiquitin,GAPDH, or LaminA. (C ) HAK11-ubiq-
uitin levels on damaged chromatin in cells is increased. Cells were transfected with HA K11, treated with 10 Gy IR, followed by 2 h in-
cubation. Western blot was carried out with antibodies to HA.
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Cezanne-deficient cells marked by a delayed clearance of
γH2AX staining of cells treated with 2 Gy IR was rescued
when Ube2S was knocked down (Fig. 5C). The increased
cellular sensitivity to IR in Cezanne KO cells was also res-

cued when Ube2S was knocked down (Fig. 5D). On the
other hand, overexpression of GFP-tagged Ube2S in cells
led to decreased recruitment of Rap80/Abraxas/BRCA1
(Fig. 5E; Supplemental Fig. S7B), consistent with the

A

B

E F

C D

Figure 5. Cezanne promotes Rap80/Abraxas/BRCA1 recruitment through its K11-linkageDUB activity. (A,B) Depletion of Ube2S in Ce-
zanne knockdown cell rescues Rap80 IRIF. Cells were treated with 10 Gy IR, followed by 2 h incubation before fixation and staining. Rep-
resentative images (A) and quantification of Rap80, Abraxas, and BRCA1 IRIF (B) are shown. Nonparametric Kruskal–Wallis ANOVAwas
used for statistical analysis. (C ) Double depletion of Ube2S and Cezanne rescues the repair deficiency of Cezanne-depleted cells. U2OS
cells treatedwith indicated siRNAswere treatedwith 2Gy IR, fixed, and stainedwith γ-H2AX antibody at indicated times. The percentage
of γ-H2AX foci positive cells were quantified. Nonparametric Kruskal–Wallis ANOVAwas used for statistical analysis. (D) Depletion of
Ube2S rescues the IR sensitivity of Cezanne KO cells detected by colony formation assay. Student’s t-test was performed to compare Cez
KO treated with siCon (orange) or siUbe2S (green) at indicated IR doses. “Control” (black) represents cells established from transfection
with the construct without sgRNA. (E) Overexpression of GFP-tagged Ube2S in U2OS cells decreases Rap80/Abraxas/BRCA1 IRIF. Stu-
dent’s t-test was used for statistical analysis. (F ) In vitro GST-pull-down assay using purified recombinant GST-Cezanne UBA or Rap80-
UIMs incubatedwithK63-linked tetra-ubiquitin (K63-Ub4), tri-ubiquitin (K63-Ub3),mixedK63/K11-linkage tri-ubiquitin (K63/K11-L), or
branched K63/K11- tri-ubiquitin (K63/K11-B).
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idea that increased K11-conjugation compromises
recruitment of Rap80. Together, these data indicate that
the K11-linkage-specific DUB activity of Cezanne re-
moves K11-ubiquitin conjugates at DSBs to promote
Rap80 recruitment.

Decreased binding of Rap80 UIMs to mixed K63/K11-
chain

To determine the possibility that increased K11-conjuga-
tion compromises Rap80 IRIF by “corrupting” the K63-
chain that recruits Rap80 recruitment, we tested in vitro
the binding of Rap80 UIMs to a K63-chain or K63- and
K11-mixed or branched chain by carrying out a pull-
down assay using purified recombinant Cezanne UBA,
Rap80 UIMs, and synthesized ubiquitin chains with dif-
ferent linkages. We found that Rap80 UIMs binding to
mixed K63- and K11-tri-Ub (K63/K11-L) was largely abol-
ished, indicating that mixed K63/K11-chain formation is
detrimental to the binding of UIMs. Whereas Rap80
UIMs showed much weaker binding to branched K63-
and K11-tri-Ub (K63/K11-B) when compared to the bind-
ing to K63-Ub3, CezanneUBA did not appear to bind to ei-
ther mixed or branched K63/K11 chains (Fig. 5F). These
data suggest that Cezanne binds to K63-chains at DNA
damage sites to prevent K63/K11-mixed chain formation
to promote Rap80 recruitment.

Cezanne localizes to DNA damage sites regulating
recruitment of DNA repair factors

We then tested whether Cezanne localizes to DNA dam-
age sites through its UBA domain. In cells microirradiated
with a laser, GFP-tagged Cezanne accumulated at laser-
induced DNA damage, and lack of the UBA domain
(ΔUBA mutant) abolished the recruitment of Cezanne to
DNA damage sites, indicating that Cezanne localization
to DNA damage sites depends on the UBA domain
(Fig. 6A).
It has been shown that ubiquitin K63-conjugation is

critical for several additional DNA repair factors, includ-
ing Rad168, Rad18, and 53BP1 (Huang et al. 2009; Pinato
et al. 2011; Panier et al. 2012). We found that knockdown
of Cezanne led to a decrease in Rad18 IRIF, but not
RNF168 or 53BP1 IRIF (Fig. 6B; Supplemental Fig. S8), in-
dicating that theK63-ubiquitin conjugation-dependent re-
cruitments of DNA repair proteins are differentially
regulated by Cezanne.

Cezanne2 interacts with Cezanne, promoting
recruitment of Rap80/Abraxas and 53BP1 and DNA
repair

Cezanne2 is a paralog of Cezanne with a UBA domain
which also binds to the K63-linked polyubiquitin chain
(Fig. 1) followed by a DUB domain (Supplemental Fig.
S8A); however, its function is not clear. We tested wheth-
er Cezanne2 functions redundantly with Cezanne as a
backup of the Cezanne gene. We found that overexpres-

sion of Cezanne2 does not rescue the defect of Cezanne-
depleted cells (Fig. 7A), indicating that Cezanne2 does
not simply function as a backup of Cezanne.
Unlike knockdown of Cezanne, depletion of Cezanne2

alone had a minimal effect on Rap80, Abraxas, or BRCA1
IRIF (Fig. 7B; Supplemental Fig. S8C). However, siRNAs
depletion of both Cezanne and Cezanne2 led to a greater
decrease of Rap80/Abraxas/BRCA1 IRIF when compared
to Cezanne-deficient cells (Fig. 7B). Similarly, when Ce-
zanne2 is depleted in Cezanne-KO cells, the recruitment
of Rap80/Abraxas/BRCA1 is further decreased (Supple-
mental Fig. S8). Double depletion of Cezanne and Ce-
zanne2 also led to a further decrease in Rad18 IRIF but
had a minimal effect on RNF168 recruitment (Fig. 7B;
Supplemental Fig. S8). Thus, Cezanne2 facilitates Ce-
zanne in regulating Rap80/Abraxas/BRCA1 and Rad18
recruitment.
Whereas knockdown of either Cezanne or Cezanne2

alone did not result in much change in 53BP1 IRIF (Fig.
7B; Supplemental Fig. S8), depletion of both genes by siR-
NAs, however, led to a significant decrease in 53BP1 IRIF
(Fig. 7B). Similarly, althoughCezanneKO cells did not dis-
play a deficiency in 53BP IRIF, knocking down Cezanne2
in Cezanne KO cells resulted in a defect in 53BP1 recruit-
ment (Supplemental Fig. S8G). These data indicate that
both Cezanne and Cezanne2 are required to recruit
53BP1 to DNA damage sites.
The defects caused by the deficiency of Cezanne2 in re-

cruiting Rap80 and 53BP1 can be rescued by expression of
Cezanne2 WT but not the DUB mutant (Cez2-CS) (Fig.
7C), indicating that the DUB activity of Cezanne2 is re-
quired for its function. In addition, Cezanne appears to in-
teract with Cezanne2 in a co-IP experiment using cells co-
expressing HA-Cezanne and GFP-Cezanne2 (Fig. 7D).
Thus, it is likely that Cezanne and Cezanne2 form a com-
plex and that the DUB activity of both of these two pro-
teins is required for promoting Rap80/Abraxas/BRCA1,
Rad18, and 53BP1 recruitment.
Due to the role of Cezanne and Cezanne2 in the recruit-

ment of the Rap80/BRCA1-A complex, Rad18, and 53BP1,
we examined their roles in DNA damage repair and cellu-
lar resistance to IR. Using the γH2AX clearance assay to
examine repair efficiency in cells treated with 2 Gy IR,
we found that the deficiency of Cezanne-depleted cells
was further enhanced when both Cezanne and Cezanne2
were knocked down (Fig. 7E). Thus, Cezanne2 assists Ce-
zanne in the repair of DNA damage in response to IR.
When tested for the role of Cezanne and Cezanne2 in
HR and NHEJ using reporter assays, it is clear that Ce-
zanne is required for HR, whereas its role in NHEJ is not
apparent (Supplemental Fig. S9). Knockdown of Cezanne2
appears to have a minimal role in HR or NHEJ (Supple-
mental Fig. S9). We then examined the resection of DSB
ends using phosphorylated RPA32pS4/8 as a surrogate
marker. We found that RPA32pS4/8 is not affected by siR-
NAs to Cezanne, Cezanne2, or combined (Supplemental
Fig. S9), suggesting that Cezanne is not directly involved
in DSB end resection responding to IR. Since Cezanne
and Cezanne2 promote recruitment of multiple DNA re-
pair factors, their roles in HR or NHEJ are likely to be
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complex. In a colony survival assay, Cezanne-siRNA-
treated cells displayed increased sensitivity to IR, and
lack of Cezanne2 enhanced the sensitivity of Cezanne-
siRNA-treated cells to IR, consistent with their roles in
the recruitment of Rap80, Rad18, and 53BP1 (Fig. 7F; Sup-
plemental Fig. S9). Together, these data indicate that Ce-
zanne and Cezanne2 play critical roles in DNA repair and
cellular resistance to IR.

Discussion

Our study identifies Cezanne and Cezanne2 as two new
components in the complex ubiquitin landscape at DNA
damage sites for regulating recruitment of DNA repair
and signaling proteins, including Rap80/Abraxas/
BRCA1, Rad18, and 53BP1. We present a model that Ce-
zanne serves as a “reader” of the K63-linkage and “eraser”

A

B

Figure 6. Cezanne localizes to DNA damage sites and promotes Rad18 IRIF. (A) GFP-Cezanne, but not the Cezanne mutant lacking the
UBA domain, accumulates to laser-induced DNA damage. U2OS cells stably expressing GFP-Cezanne WT or ΔUBA treated with laser
microirradiation were fixed and stained. (B) Cezanne deficiency leads to decreased Rad18 IRIF. U2OS or U2OS stably expressing GFP-
RNF168 cells were treated with control or Cezanne siRNA, irradiated with 10 Gy IR, followed by 2 h incubation before fixation and stain-
ing. Student’s t-test was used for statistical analysis.
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Figure 7. Cezanne andCezanne2 play critical roles in recruitment of Rap80/Abraxas/BRCA1, Rad18 and 53BP1, cellular resistance to IR,
and DNA damage repair. (A) Overexpression of GFP-Cezanne2 does not rescue Cezanne-deficiency in recruitment of Rap80/Abraxas/
BRCA1. U2OS or U2OS cells overexpressing GFP-Cezanne2 were transfected with control or Cezanne siRNA, treated with 10 Gy IR,
and incubated for 2 h before fixation and staining. Nonparametric Kruskal–Wallis ANOVAwas used for statistical analysis. (B) Cezanne
and Cezanne2 promote recruitment of Rap80/Abraxas/BRCA1, Rad18, and 53BP1. Cells were treated with 10 Gy IR, followed by 2 h in-
cubation. Nonparametric Kruskal–Wallis ANOVAwas used for statistical analysis. (C ) Cezanne2 DUB activity is required for its role in
promoting recruitment of Rap80 and 53BP1. Cezanne KO cells were transfected with Cezanne2 siRNA and complemented with expres-
sion of siRNA-resistant Cezanne2 WT or the DUB mutant (Cez2-CS) construct. Forty-eight hours after transfection, cells were treated
with 10 Gy IR and incubated for 2 h. Nonparametric Kruskal–Wallis ANOVA was used for statistical analysis. (D) Cezanne interacts
with Cezanne2. 293T cells were cotransfected with GFP-Cezanne2 and vector or HA-Cezanne expression plasmids. Total lysates were
used for immunoprecipitation. (E) Cezanne and Cezanne2 are required for efficient DNA repair. Cells were treated with 2 Gy IR, fixed,
and stainedwith γ-H2AX antibody at indicated times. Nonparametric Kruskal–Wallis ANOVAwas used for statistics analysis. (F ) Colony
survival assay for cells treated with indicated doses of IR. Two-way ANOVA statistical analysis was performed to compare Cezanne-de-
ficient (Cez-KO siCon, orange) with Cezanne- and Cezanne2-double deficient (Cez-KO siCez2, red) cells. (G) A proposed model showing
that Cezanne and Cezanne2 promote recruitment of Rap80/Abraxas/BRCA1, Rad18, and 53BP1 through binding to K63-linked ubiquitin
(“reader”) antagonizing K11-linked ubiquitin conjugation (“eraser”) at DNA damage sites.
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of the K11-linkage ubiquitination for the regulation of
DNA damage response (Fig. 7G), introducing an example
that there is crosstalk between linkage-specific ubiquiti-
nation at DNA damage sites.

Cezanne as a K63-“reader” and a K11-“eraser” of the
“ubiquitin code” at DSBs

The K63-linked ubiquitin conjugation plays a major role
in regulating DNA repair and signaling (Jackson and Dur-
ocher 2013; Panier and Durocher 2013). Several known
K63-chain binding proteins in the response to DNA dam-
age were identified from our screen, including Rap80
UIMs (Kim et al. 2007; Sobhian et al. 2007; Wang et al.
2007), the RNF168MIU2 domain, (Doil et al. 2009; Pinato
et al. 2009, 2011; Stewart et al. 2009; Panier et al. 2012),
and the ASCC2 CUE domain which was recently shown
to mediate the recruitment of ASCC2 to alkylation dam-
age sites (Brickner et al. 2017). It remains to be seen
whether the other domains identified in our screen also
bind to K63-polyubiquitin at DSBs or are involved in
DNA damage responses. Although the “reader” list for
the K63-chain at DSBs may still not be complete, our
study adds Cezanne and Cezanne2 as two new “readers”
of the K63-chain ubiquitin code for the regulation of
DNA damage response.

The fact that Cezanne and Cezanne2 contain both a
UBA domain and an OTU DUB domain predicts that
they can be “reader” and “eraser” of the “ubiquitin
code.” Since neither the UBA deletion mutant nor DUB
mutant rescues the defect of Cezanne KO cells in Rap80
IRIF formation, it indicates that both the “reader” and
“eraser” activity are essential for the role of Cezanne in
promoting Rap80 recruitment. Cezanne “reads” the
K63-chain (Fig. 1) and localizes to DNA damage sites
through the UBA domain (Fig. 6A). It is noted that the af-
finity of the Cezanne and Cezanne2 UBA binding to di-
K63-Ub is less than that of the Rap80 UIMs in vitro (Fig.
1); thus, Cezanne and Cezanne2 are less likely to compete
with Rap80 in binding to K63-linked conjugates at DSBs.
Indeed, exogenously overexpressed wild-type Cezanne or
the Cezanne N-terminal fragment containing the UBA
and intact DUB domain do not appear to compromise
Rap80 IRIF (Fig. 3C). While the K63-“reader” activity lo-
calizes Cezanne to DSBs, the DUB activity of Cezanne
is required for Cezanne’s role in promoting Rap80 recruit-
ment. Mutation of the residues that abolish the DUB ac-
tivity compromises the role of Cezanne in the
recruitment of Rap80 (Fig. 3).Moreover, Cezannemutants
lacking DUB activity, when overexpressed in wild-type
cells, play a dominant negative role in regulating Rap80
recruitment to DSBs (Fig. 3).

Cezanne and Cezanne2 are the only DUBs known to be
specific for K11-linked polyubiquitin (Bremm et al. 2010,
2014; Mevissen et al. 2013). Depleting Cezanne leads to
increased K11-linked ubiquitin conjugation on chromatin
(Fig. 4C). This is consistent with our previous finding that
Cezanne antagonizes RNF8 and Ube2S-dependent K11-
conjugation on damaged chromatin (Paul and Wang
2017). Recently, however, Cezanne was also found to pos-

sess a K63-DUB activity toward modifying proteins with
K63-chains in NF-kB activation or mTORC2/AKT signal-
ing (Enesa et al. 2008; Wang et al. 2017). Such a Cezanne
K63-DUB activity is unlikely to be occurring at DNA
damage sites since we did not observe a significant in-
crease of K63-linked polyubiquitin modification on dam-
aged chromatin in the absence of Cezanne (Fig. 4). Thus,
although it is possible that Cezanne may display differen-
tial DUB activities processing K11- or K63-ubiquitin
chains conjugated by different E2s or E3s, it is unlikely
that Cezanne is directly involved in processing K63-ubiq-
uitin chains on damaged chromatin.

Our results indicate that overly increased K11-ubiqui-
tin conjugation impairs the recruitment of DNA repair
factors, and the DUB activity of Cezanne that “erases”
the K11-linked ubiquitin chain plays a critical role in
the DDR. Knocking down Ube2S in Cezanne -deficient
cells, which rebalances the K11-conjugation, restores the
recruitment of Rap80 and rescues the deficiency of Ce-
zanne-depleted cells inDNA repair and cellular resistance
to IR (Fig. 5). On the other hand, an enforced increase of
K11-ubiquitination by overexpression of Ube2S in cells re-
sults in impaired Rap80/Abraxas/BRCA1 recruitment
similar to that caused by depletion of Cezanne. Why
does increased K11-conjugation have a negative effect on
Rap80 recruitment? We show that, in vitro, the binding
of Rap80 UIMs to the K63/K11-mixed chain is largely
abolished (Fig. 5F). Thus, it is likely that elevated K11-
conjugation due to lack of Cezanne DUB activity increas-
es the formation of a K63/K11-mixed chain at sites of
damage, which impairs the binding of Rap80 UIMs and
thus the recruitment of Rap80.

Together, our study paints a model that Cezanne pro-
motes Rap80 recruitment through its UBA domain bind-
ing to the K63-linked ubiquitin chain and its DUB
antagonizing K11-linked ubiquitin conjugation (Fig. 7G).

Crosstalk between K11- and K63-linked polyubiquitin
modification

The “ubiquitin code” at sites of DNA damage is complex.
Multiple forms of linkage-specific ubiquitin conjugation
have been implicated, including K6, K11, K27, K33, K48,
and K63 (Morris and Solomon 2004; Feng and Chen
2012; Jackson and Durocher 2013; Elia et al. 2015; Gatti
et al. 2015; Paul and Wang 2017). Little is known about
whether there is coordination between these different
linkages. Our study provides an example that there is
crosstalk between K63- and K11-linked ubiquitination,
suggesting that linkage-specific ubiquitination at DSBs
is likely coordinated.

The K63-linked chains are key to the recruitment of
BRCA1 and 53BP1, and the K11-linked chains are impli-
cated in regulating inhibition of transcription (Paul and
Wang 2017). The crosstalk likely fine-tunes the linkage-
specific ubiquitination for coordination of these events
in the DNA damage response. Cezanne K11-DUB activity
may be important to generate a chromatin environment at
DSBs that favors K63-conjugation by antagonizing K11-
conjugation to allow for efficient recruitment of DNA
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repair factors. Considering that both K63- and K11-conju-
gation are catalyzed by the same E3 ligase RNF8, the
crosstalk carried out by Cezanne and Cezanne2 to coordi-
nate the linkage-specific ubiquitination is likely to be par-
ticularly important. Since it has been shown thatCezanne
K11-DUB activity not only functions toward K11-chains
but also extends to K11-linkage within K11/K63- and
K11/Lys48-branched chains (Mevissen et al. 2016), it is
likely that at least one of the functions of Cezanne is to
prevent K11-conjugation on K63-chains forming mixed
K63/K11-chains to protect the “purity” of K63-chains.
Such a crosstalk is essential in promoting K63-ubiquitin
chain-dependent recruitment of Rap80, Rad18, and
53BP1.

Roles of Cezanne and Cezanne2 in promoting Rap80,
Rad18, and 53BP1 recruitment and DNA repair

Our data indicate that both Cezanne and Cezanne2 play
critical roles in the DDR promoting recruitment of
DNA repair factors, in DNA repair, and in cellular resis-
tance to IR. Although Cezanne2 shares sequence and pro-
tein domain similarity with Cezanne, it does not replace
the function of Cezanne (Fig. 7A). Unlike Cezanne, Ce-
zanne2 depletion alone does not have a major effect on
Rap80/Abraxas/BRCA1 or Rad18 recruitment. Cezanne2
deficiency, however, greatly increases the defects of
Rap80/Abraxas/BRCA1 and Rad18 foci formation in Ce-
zanne-deficient cells, indicating that in the regulation of
Rap80/BRCA1-A complex and Rad18 recruitment, Ce-
zanne plays a major role and Cezanne2 plays a facilitating
role. The regulatory role of Cezanne and Cezanne2 in
53BP1 recruitment is somewhat different. Knockdown
of either Cezanne or Cezanne2 does not affect 53BP1
foci; only when both are depleted, the recruitment of
53BP1 is compromised (Fig. 7). It indicates that both Ce-
zanne and Cezanne2 are required for regulation of 53BP1
foci formation. The different roles of Cezanne and Ce-
zanne2 in promoting Rap80 or Rad18 and 53BP1 suggest
that the K63-dependent recruitments of DNA repair pro-
teins are differentially regulated by Cezanne and Ce-
zanne2. This is consistent with the difference in
mechanisms of recruitment of Rap80 or Rad18 and
53BP1. Rap80 or Rad18 are respectively recruited to
DSBs through theUIMs of Rap80 or theUBZof Rad18 spe-
cifically interacting with K63-linked polyubiquitin (Kim
et al. 2007; Sobhian et al. 2007; Wang et al. 2007). 53BP1
recruitment, however, depends on its Tudor domain bind-
ing to dimethylated histone H4 lysine 20 and its ubiquiti-
nation-dependent recruitment (UDR) motif interacting
with histone H2A K15 monoubiqutinated by RNF168
(Fradet-Turcotte et al. 2013; Wilson et al. 2016). Since Ce-
zanne and Cezanne2 have little effect on the recruitment
of RNF168, they are likely downstream from RNF168 in
the recruitment of Rap80, Rad18, or 53BP1. In addition,
Cezanne2 interacts with Cezanne (Fig. 7D), and the
DUB activity of Cezanne2 is important for its function
(Fig. 7B). Thus, Cezanne and Cezanne2 likely form a com-
plex, with both of the DUB activities required for promot-
ing recruitment of DNA repair factors.

In summary, our work demonstrates that polyubiquitin
modification at DSBs is a highly orchestrated process that
involves crosstalk between different linkage ubiquitin
chains, a mechanism that likely applies to other cellular
processes that involve linkage-specific ubiquitination.

Materials and methods

UBD array screen

Purified recombinant GST-fused ubiquitin binding domainswere
arrayed onto glass slides. The current version of the library con-
tains 148 GST fusion proteins that harbor members of protein
domain families known to interact with ubiquitin, including
UIMs, UBA, CUE, GAT, VHS, PAZ, PFU, UBM, UBZ, and JAB/
MPN domains. We carried out the screen by probing the array
with K63-linked or K48-linked tetra-Ub chains that were directly
labeled with streptavidin-Cy3 on a biotin moiety (at position 20
of the first Ub molecule). The S20 site of the first ubiquitin was
mutated to C and biotinylated. This position was then used for
Cy3-Streptavidin labeling.

Isothermal titration calorimetry (ITC) of Rap80 UIMs, Cezanne UBA,
and Cezanne2 UBA with K63-diUb

DNA fragments encoding Rap80 UIMs (60–144 amino acids), Ce-
zanne UBA (1–66 aa), and Cezanne2 UBA (1–88 aa) were cloned
into pGEX-4T-1. The Gst-tagged proteins were expressed in
Escherichia coli BL21 (DE3) cells induced with 0.1 mM isopropyl
β-D-thiogalactoside overnight. Cell pellets were lysed in 20 mM
Tris pH 7.5, 150 mM NaCl, 5% glycerol, 0.5 mM tris(2-carbox-
yethyl) phosphine (TCEP) with sonication. Lysate was cleared
with centrifugation followed by 8 mL glutathione Sepharose
(GE Healthcare) and extensive washes. Thrombin protease was
added, mixed into the beads, and allowed to cut the fusion over-
night at 4°C in the column. Flow-through containing the ubiqui-
tin binding domainswas collected, concentrated, and loaded onto
a Hitrap Superdex 16/60 S200 preparative sizing column (GE
Healthcare). Selected fractions from the sizing column profile
were collected, flash frozen, and stored at −80°C. Purified K63-
diUB in PBS buffer at pH 7.4 was purchased from Lifesensors,
Inc. Buffer exchange to buffers (10 mM Tris pH 7.2 and 50 mM
NaCl, 0.1 mM TCEP) was completed either by running through
a Superdex 200 Increase 10/300 GL analytical sizing column
(GE Healthcare) or rounds of concentration/dilution using an
Amicon Ultra 0.5 mL Centrifugal 3K cutoff concentrator (Milli-
pore) for all proteins. The K63-diUB was placed in the cell, and
the respective ubiquitin binding domains in the syringe at the ap-
proximate concentrations (18 μM for Cezanne2 UBA, 25 μM for
Cezanne UBA, and 20 μM for Rap80 UIMs) were measured using
aThermoScientificNanodropOne either at 280 nm (Cezanne and
Cezanne2) or at peptide bond wavelength (Rap80 and K63-diUb),
as these proteins had no tryptophan. Experiments were done at
25°C using theMicroCal PEAQ-ITC automated system (Malvern
Instrument Ltd). Binding constants (KD) were calculated by fitting
the data using the MicroCal PEAQ-ITC Analysis ITC software
(Malvern).

In vitro GST pull-down assay

Ten micrograms of purified recombinant GST-RAP80 UIMs, Ce-
zanne UBA, and Cezanne2 UBA bound to Glutathione Sepharose
4B beads was mixed with 100 ng K63-, K48- or K11-linked tetra-
ubiquitin chain, K63-linked Ub3, K11/K63-mixed Ub3, or
K11/K63-branched Ub3 in 400 μL NETN butter, and incubated
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at 4°Cwith rocking for 3 h. After threewasheswithNETNbuffer,
beads were boiled in 5× SDS sample loading buffer and loaded to a
protein gel for western blot analysis.

Synthesis of tri-ubiquitin chain

K11/K63-linked mixed (linear) and branched tri-ubiquitins were
assembled from ubiquitin monomers containing chain terminat-
ing mutations (K11R&K63R, K63R, and K11R&D77 for the for-
mer and K11R&K63R and D77 for the latter) in a controlled
stepwise manner using linkage-specific E2 enzymes Ube2s (for
K11) and Ubc13/MMS2 (for K63) following the strategy described
in Castañeda et al. (2013) and Nakasone et al. (2013). K63-linked
tri-ubiquitin was assembled from WT ubiquitin using Ubc13/
MMS2; the trimer species was separated from the reactants and
other products using cation-exchange and size-exclusion
chromatography.

Cell lines, cell culture, and antibodies

The human U2OS cell line was grown inMcCoy’s 5Awith L-glu-
tamine medium (Cellgro, Corning) supplemented with 10% FBS
(GenDEPOT) and 1% penicillin/streptomycin (Gibco). The
293T cell line was grown in DMEM (Cellgro, Corning) with 4.5
g/L glucose, L-glutamine, and sodium pyruvate medium supple-
mented with 10% FBS and 1% penicillin/streptomycin. Antibod-
ies used are: Cezanne (Santa Cruz, sc-514402), RAP80 (Bethyl
Laboratories, A300-763A), Abraxas (homemade), HA (Cell Signal-
ing Technology, 3724s, 2367s), GFP (Invitrogen, A11122,
A11120), K63 (EMD Millipore, 05-1308), ubiquitin (Santa Cruz,
sc-8017), Ubc13 (Zymed, 37-1100), Ube2S (Cell Signaling Tech-
nology, 11878s), Lamin A (Sigma, L1293), GAPDH (Invitrogen,
MA5-15738), BRCA1 (Santa Cruz, sc-6954), 53BP1 (Upstate, 05-
726), γH2AX (Upstate, 05-636 JBW103), Rad18 (Abcam,
ab188235), and pRPA32 (Bethyl, A300-245).

Plasmid, siRNA, and shRNA

The pENTR-Cezanne was purchased from the MDACC shRNA
and ORFeome Core at MD Anderson and was inserted into a
MSCV-GFP retroviral expression vector or pCDNA3-HA expres-
sion vectors by LR recombination. SiRNAs targeting Cezanne,
Cezanne2, Ube2S, and Ubc13, and negative control siRNA were
purchased from Invitrogen. Cezanne,Ube2S,Ubc13, and negative
control siRNA sequences were published previously (Paul and
Wang 2017). Cezanne2 siRNA sequences are: 5′-AAAUCCUCG-
CUGUACACGC-3′, and 5′-UCAUCAUGGUAUAGAGAGC-3′.
SiRNAs were transfected into cells using lipofectamine RNAi-
MAX reagent (Invitrogen). Lentiviral Cezanne and Cezanne 2
shRNA plasmids were purchased from the MDACC shRNA
and ORFeome Core. The shRNA sequences for Cezanne are:
5′-TGAGCAAGGACAAAGACGT-3′ and 5′-ATTCTGCTGTGT
CTGCTGC-3′. The shRNA sequences for Cezanne2 are: 5′-TGA
TCATAGGCCAGAACCA-3′ and 5′-GTATCTGCCACAACAA
CGA-3′.

Generation of Cezanne KO cells

The CRISPR-Cas9 system was used to generate Cezanne KO
U2OS cells. Briefly, U2OS cells were infected by pLentiCRISPR
lentivirus carrying Cas9 and sgRNA targeting Cezanne, which
expresses Cas9 endonuclease and the targeting sequences:
5′-TCAGATTTTGTCCGTTCCAC-3′. Cells were subjected to
puromycin selection. Single colonies were selected and expanded
for a screen for Cezanne KO clones.

Construction of Cezanne mutants

Cezanne mutants were generated using a QuikChange II site-di-
rected mutagenesis kit (Agilent Technologies) in the pENTR-Ce-
zanne plasmid and then were inserted into the retroviral
expression vector MSCV-GFP or pCNDA3-HA expression vector
by LR recombination. Primers used for mutagenesis are: CH 5′-
CTGGAGATGGGAACAGCCTCCTGCATGCA-3′ and 5′-TGC
ATGCAGGAGGCTGTTCCCATCTCCAG-3′ (for C194S muta-
tion), and 5′-GCCTATGATCAGGCCCGCTTTTCTGCACTC
GTG-3′ and 5′-CACGAGTGCAGAAAAGCGGGCCTGATCAT
AGGC-3′ (for H358R mutation), UBA 5′-TTCCAGCATGGAC
TTGACGCTACTATTCAAAATCACTGAGGGCGGCATTC-3′

and 5′-GAATGCCGCCCTCAGTGATTTTGAATAGTAGCGT
CAAGTCCATGCTGGAA-3′, UBA-OTU 5′-GGTATTCTCCT
TCTGCTCCATCTACTAGAGTGCAGAAAAGTGGGCCTG-3′

and 5′-CAGGCCCACTTTTCTGCACTCTAGTAGATGGAG
CAGAAGGAGAATACC-3′, ΔZF 5′-CAAACAACCGAACTG
CAGCTTCTATTGATAGCCTGAGACAAACAAC-3′ and 5′-GT
TGTTTGTCTCAGGCTATCAATAGAAGCTGCAGTTCGGT
TGTTTG-3′, ΔUBA5′-CCTGGACATGGATGCTCAAGTCCA
TGCTGGAA-3′ and 5′-TTCCAGCATGGACTTGAGCATCC
ATGTCCAGG-3′. The primers for generating the Cezanne
sgRNA-resistant construct are: 5′-GCTCTGCTCCTGTGCT
CCGGACGAAATCTGACAGAACAGCATCCATGTC-3′ and
5′-GACATGGATGCTGTTCTGTCAGATTTCGTCCGGAGCA
CAGGAGCAGAGC-3′.

Immunofluorescence

Immunofluorescencewas carried out as previously described (Hu
et al. 2011). Briefly, cellswere grownon coverslips, treated or non-
treated with IR. Cells were fixed with a fresh 3% paraformalde-
hyde/ 2% sucrose solution for 20 min at room temperature,
followed by permeabilization with 0.5% Triton X-100 solution
on ice for 5 min. After wash with PBS, cells were then incubated
with the indicated primary antibody diluted in 1% BSA at 37°C
for 1 h, followed by incubation with the secondary antibody con-
jugated with Alexa-488 or Alexa-555 for 1 h at 37°C. Coverslips
were then washed with PBS andmounted using DAPI containing
antifade solution (Invitrogen). For K63 IF staining, cells were pre-
extracted using pre-extraction buffer (10 mM PIPES PH6.8, 100
mM NaCl, 300 mM sucrose, 3 mM MgCL2, 1 mM EGTA, and
0.2% Triton X-100) on ice for 5 min. Images were collected
with an 80i eclipse Nikon microscope using the 40× objective.

Cell lysis and chromatin fractionation

Cells were lysed usingNETNbuffer (50mMTris-HCl pH 8.0, 150
mM NaCl, 1 mM EDTA, 0.5% Nonidet P-40, 1 mM DTT, and
protease inhibitors including 1mMPMSF, 5mMNaF, 1mMNa3-
VO4, 50 mM β-Glycerophosphate, and protease inhibitor cock-
tails) on ice for 20 min, centrifuged at 4°C using 15,000 rpm for
10 min, and the supernatant was collected as total cell lysate.
Chromatin fractionation was carried out as previously described
(Xu et al. 2017). Briefly, 2 × 106 cells were incubated with 300 µL
cold buffer A (10 mM HEPES pH 7.9, 10 mM KCL, 1.5 mM
MgCL2, 0.34 M sucrose, 10% glycerol, 5 mM NaF, 1 mM Na3-
VO4, 1 mM DTT, protease inhibitor cocktails, and 0.1% Triton
X-100) for 5 min on ice. After centrifugation at 4000 rpm at 4°C
for 5 min, cell pellets were collected and washed with cold buffer
A. Cell pellets were then incubated with cold buffer B (3 mM
EDTA, 0.2 mM EGTA, 1 mM DTT, and protease inhibitor cock-
tails) for 30min on ice. After centrifugation at 4500 rpm at 4°C for
5 min, pellets were collected and washed with buffer B, and then
suspended in NETN buffer and sonicated, followed by
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centrifugation. The supernatant was collected as the chromatin
fraction. For co-immunoprecipitation (co-IP), 293T cells trans-
fectedwith the indicated plasmids were lysed usingNETNbuffer
with 3UDNase I (NEB,M0303S). After sonication and centrifuga-
tion, total cell lysate was collected for IP with anti-HA-agarose
beads.

Colony survival assay

For colony survival, the experiment was carried out as previously
described (Wu et al. 2016). In brief, cells were plated at low densi-
ty and treated with different doses of IR or left untreated. Cells
were then incubated in a 37°C, 5% CO2 incubator for about
10 d. Colonies were fixed and stained with 0.5% crystal violet
and a 20%methanol solution.Colonies havingmore than 50 cells
were counted as a positive. Colony formation efficiency was nor-
malized to untreated samples for the calculation of percentage of
survival. Error bars represent standard deviation (SD) across
triplicates.

Laser microirradiation

U2OS stably expressing GFP-Cezanne or GFP-ΔUBA Cezanne
cells were seeded in cell culture plates with glass bottoms and in-
cubated with 10 µM BrdU for 24 h. Laser ablation was performed
with anABLATE355 nm froman Intelligent Imaging Innovations
(3i) system integrated in aNikon Inverted TiMicroscope using an
Apo 60× λS oil 1.4 N.A. objective. Ablation was applied on a line
using a raster block of 1 and 40% of total attenuation with a rep-
etition of 5. Cells were pre-extracted with pre-extraction buffer
before fixation and staining. Images were collected with an in-
verted Zeiss Observer Z1 using a Plan Neofluor 40× oil 1.3 N.A.
objective and analyzed with SlideBook 6.0.

HR and NHEJ assay

A DR-GFP reporter assay and EJ2GFP reporter assay were carried
out as previously described (Moynahan et al. 1999; Bennardo et al.
2008). EJ2GFP-puro was a gift from Jeremy Stark (Addgene
plasmid #44024; http://n2t.net/addgene:44025;RRID:Addgene_
44025). Forty-eight hours after siRNA transfection, 2 µg of
I-SceI expression plasmid were transfected into cells. The per-
centage of GFP positive cells was analyzed by a Gallios561 flow
cytometer.

qPCR

Total RNAwas isolated from cells using theRNeasyRNAextrac-
tion kit (Qiagen), and cDNA was synthesized from 1 µg of total
RNA using a iScript cDNA synthesis kit (Bio-Rad). Fluorescence
real-time PCR analysis was conducted using iTaq Universal
SYBR Green Supermix (Bio-Rad) and performed on the Bio-Rad
C1000 thermal cycler (CFX-96 real-time PCR detection systems;
Bio-Rad). The ribosomal protein large subunit P0 (RPLP0) mRNA
level was used for normalization. The real-time PCR primers are:
Cezanne 2, 5′-CACGAGCTGTAAACGGCTTCT-3′ and 5′-GCT
TTCCGTAACACCAGGTCC-3′ and RPLP0, 5′-TTCATTGTG
GGAGCAGAC-3′ and 5′-CAGCAGTTTCTCCAGAGC-3′.

Statistics

All data were plotted as mean values with variances as SD using
GraphPad Prism7 software. Student’s t-test, nonparametric Krus-
kal–Wallis ANOVA, or two-wayANOVAwere used for statistical
analysis.
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