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UBC13-Mediated Ubiquitin Signaling

Promotes Removal of Blocking Adducts

fromm DNA Double-Strand Breaks

Cell

Remi Akagawa,’ Hai Thanh Trinh," Liton Kumar Saha,'” Masataka Tsuda,’-® Kouji Hirota,? Shintaro Yamada,':
Atsushi Shibata,* Masato T. Kanemaki,> Shinichiro Nakada,® Shunichi Takeda,’* and Hiroyuki Sasanuma’?*

SUMMARY

Chemical modifications and adducts at DNA double-strand break (DSB) ends must be cleaned before
re-joining by non-homologous end-joining (NHEJ). MRE11 nuclease is essential for efficient removal of
Topoisomerase Il (TOP2)-DNA adducts from TOP2 poison-induced DSBs. However, mechanisms in
MRE11 recruitment to DSB sites in G, phase remain poorly understood. Here, we report that
TOP2-DNA adducts are expeditiously removed through UBC13-mediated polyubiquitination, which
promotes DSB resection in G, phase. We found that this ubiquitin signaling is required for efficient
recruitment of MRE11 onto DSB sites in G4 by facilitating localization of RAP80 and BRCA1 to DSB
sites and complex formation between BRCA1 and MRE11 at DSB sites. UBC13 and MRE11 are dispens-
able for restriction-enzyme-induced “clean” DSBs repair but responsible for over 50% and 70% of
NHEJ-dependent repair of y-ray-induced “dirty” DSBs, respectively. In conclusion, ubiquitin signaling
promotes nucleolytic removal of DSB blocking adducts by MRE11 before NHEJ.

INTRODUCTION

A DNA double-strand break (DSB) is the most genotoxic type of DNA lesion. If misrepaired or left un-
repaired, DSBs can lead to carcinogenesis and cell death. DSBs are repaired by two major repair path-
ways: homology-directed repair (HDR) and non-homologous end joining (NHEJ) (O'Driscoll and Jeggo,
2006). HDR is active only in the S/G; phases, whereas NHEJ functions throughout the cell cycle (Moyna-
han and Jasin, 2010) (Chang et al., 2017) (Nickoloff et al., 2017) (Shrivastav et al., 2008). Note that NHEJ
plays the dominant role in the Go/G; phases and repairs approximately 80% of ionizing-radiation (IR)-
induced DSBs even in the S/G, phases (Beucher et al., 2009) (Shibata et al., 2014). NHEJ is initiated
by the binding of a KU70/KU80 heterodimer and a DNA-PK-dependent protein kinase catalytic subunit
(DNA-PKcs) to the DSB ends and finishes with ligation by a complex involving DNA LIGASE 4 (LIG4) and
XRCC4 (Chang et al., 2017) (Dynan and Yoo, 1998). Ligation by LIG4 requires 3'-OH and 5'-phosphate
DSB ends, termed “clean” DSBs (Robins and Lindahl, 1996) (Chappell et al., 2002). Thus, direct ligation
by NHEJ requires the prior removal of blocking adducts and the restoration of ligatable (clean) DSB
ends.

DSBs induced by endogenous and exogenous sources are generally accompanied by chemical adducts at
DSB ends and are termed “dirty” DSBs (Asaithamby et al., 2011) (Woodbine et al., 2011). A typical exoge-
nous source, IR, generates such dirty DSBs bearing multiple DNA lesions, including abasic sites and
damaged bases at DSB ends (Davis and Chen, 2014) (Schipler and lliakis, 2013) (Averbeck et al., 2014)
(Jeggo etal., 2011) (Mladenov et al., 2018). Dirty DSBs are also produced by an anti-cancer Topoisomerase
Il (TOP2) poison, etoposide, which stabilizes the covalent association of TOP2 adducts at the 5" ends of
DSBs, referred to as a pathological TOP2 cleavage complex (TOP2¢cc) and also TOP2-DNA adducts (Pom-
mier et al., 2016). Since chemical modifications as well as 5 TOP2 adducts obstruct direct ligation of ends
by LIG4, these blocking adducts need to be removed prior to ligation by NHEJ. Removal of such blocking
modifications from DSBs is the rate-limiting step in DSB repair. This is evidenced by data showing that the
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MRE11 forms a complex with RAD50 and NBS1 (Xrs2 in Saccharomyces cerevisiae), and the resulting
MRN(X) complex is involved in the initial DSB resection step of HDR, which generates 3’ single-stranded
tails at DSBs (Shibata et al., 2014) (Roques et al., 2009) (Mimitou and Symington, 2008; Zhu et al., 2008) (Gar-
cia etal, 2011) (reviewed in Oh and Symington, 2018; Paull, 2018). Yeast genetic studies suggest an impor-
tantrole for MRE11 endonuclease in the repair of DSBs with dirty ends as evidenced by the following study.
Although Saccharomyces cerevisiae mutants expressing nuclease-deficient MRE11 perform HDR of RE-
induced clean DSBs with nearly normal kinetics, the mutant is extremely sensitive to IR (Oh and Symington,
2018) (Moreau et al., 1999) (Westmoreland and Resnick, 2013), suggesting that MRE11 plays an important
role in DSB repair other than DSB resection, potentially by removing blocking adducts. This is supported by
data showing that the nuclease activity of Schizosaccharomyces pombe MRE11 removes both 3' TOP1 and
5" TOP2 adducts from DSBs in vivo (Hartsuiker et al., 2009). Moreover, the nuclease activity of purified MRN
complex is capable of removing both 3’ and 5’ blocking adducts from DSBs (Cannavo and Cejka, 2014)
(Deshpande et al., 2016) (Deshpande et al., 2018) (reviewed in (Paull, 2018)). Although the role of yeast
MRE11 in creating ligatable ends has been established by comparing the repair kinetics of IR-induced dirty
DSBs with those of RE-induced clean DSBs (Lisby et al., 2004; Westmoreland and Resnick, 2013), similar
studies have not yet been performed in mammalian cells, because human cells deficientin MRE11 nuclease
activity display severe genome instability and are inviable (Hoa et al., 2016).

The removal of blocking TOP2 adducts provides an excellent way to examine the molecular mechanism by
which dirty DSBs are processed and clean DSBs are restored for the following reasons. Pulse exposure to
etoposide specifically generates DSBs bearing a well-characterized blocking adduct, a pathological
TOP2cc, and its number can be accurately measured (Hoa et al., 2016). TOP2 normally resolves DNA cat-
enanes by transiently forming a DSB, a TOP2cc in duplex DNA, which allows the intact DNA duplex to pass
through the DSB, followed by religation of the DSB by TOP2 (Cowell and Austin, 2012) (Nitiss, 2009). The
repair of etoposide-induced DSBs is performed by NHEJ as well as by HDR (Hoa et al., 2016) (Aparicio et al.,
2016). Repair by NHEJ requires prior removal of 5 TOP2 adducts by tyrosyl-DNA-phosphodiesterase 2
(TDP2) and MRE11 (Hoa et al., 2016) (Ledesma et al., 2009) (Lee et al., 2018). MRE11 contributes to the
removal of 5 TOP2 adducts to a considerably greater extent than does TDP2, as MRE11 nuclease-deficient
cells, but not TDP2~/~ cells, display an endogenous accumulation of pathological TOP2ccs, which leads to
cell death (Hoa et al., 2016). In HDR, MRE11 nuclease activity is tightly controlled by the ubiquitination and
phosphorylation pathways during DSB resection in the S/G; phases (Jachimowicz et al., 2019) (Dong et al.,
1999) (Costanzo et al., 2001) (Falck et al., 2012) (Kijas et al., 2015). It remains unclear exactly how MRE11
nuclease is activated at pathological TOP2ccs during the G4 phase.

The E3 ligase RNF168 catalyzes H2A K15 monoubiquitination and Ké3-linked polyubiquitination near DSB
sites (Kolas et al., 2007) (Huen et al., 2008) (Stewart et al., 2009) (Doil et al., 2009) (Mattiroli et al., 2012) (Uck-
elmann and Sixma, 2017). UBC13 plays a crucial role in K63-linked polyubiquitination (Stewart et al., 2009)
(Mattiroli et al., 2012) (Zhao et al., 2007). RAP80 is a reader of K63-linked ubiquitin chains and facilitates the
recruitment of the BRCA1-A complex onto DSB sites (Sato et al., 2009) (Wang et al., 2007) (Kim et al., 2007)
(Sobhian et al., 2007) (Hu et al., 2011). The induction of DSBs leads to the formation of a complex between
BRCA1 and MRE11 at DSB sites in a UBC13-dependent manner and promotes DSB resection (Zhao et al.,
2007) (Greenberg et al., 2006) (Chen et al., 2008). RNF168 and BRCA1 play a redundant role in promoting
HDR (Zong et al., 2019). It remains unclear whether UBC13-dependent K43 ubiquitin signaling also contrib-
utes to DSB repair during the G4 phase (reviewed in Nakada, 2016; Uckelmann and Sixma, 2017). Although
NHEJ is required for both V(D)J recombination of antigen receptor genes and development of B and T lym-
phocytes (Alt et al., 2013), V(D)J recombination is not impaired by the loss of MRE11, RAP80, RNF168, or
UBC13, indicating that all four are dispensable for NHEJ of clean DSBs carrying 3'-OH and 5'-phosphate
moieties (Yamamoto et al., 2006) (Bohgaki et al., 2011) (Yin et al., 2012) (Dinkelmann et al., 2009).

To date, no bioassay has accurately assessed the capability of NHEJ except analysis of V(D)J recombina-
tion. Previous studies have evaluated the efficiency of NHEJ by measuring the repair kinetics of IR-induced
DSBs as well as IR sensitivity in the G4 phase. However, these phenotypic assays do not distinguish NHEJ
from the preceding step, which involves the processing of dirty DSBs to restore clean ends. Another widely
used phenotypic analysis of NHEJ measures the repair of I-Scel RE-induced DSBs in reporter genes (re-
viewed in Jasin and Haber, 2016). However, this assay does not assess the frequency of the accurate
DSB-repair events that restore the I-Scel site, even though the vast majority of the NHEJ events are accu-
rate (Bétermier et al., 2014). Here we describe a new assay for assessing the capability of NHEJ. To this end,
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we expressed a regulatable AsiSI RE coupled to the estrogen receptor (ER-AsiSI) in cells (Caron et al., 2015)
(Aymard et al., 2014); pulse-exposed the cells to an estrogen antagonist, 4-hydroxytamoxifen (4-OHT), to
transiently activate AsiSl; and measured the number of unrepaired DSBs during the G, phase. We verified
over a 100-fold delay in DSB repair in the absence of LIG4. We, therefore, conclude that our repair kinetics
analysis of ER-AsiSl-induced DSBs may measure virtually all NHEJ events in wild-type cells.

We show that UBC13 promotes the recruitment of MRE11 nuclease to remove 5 TOP2 adducts from path-
ological TOP2ccs for subsequent NHEJ. We tested the involvement of UBC13 and MRE11 nuclease activity
in the repair of IR-induced DSBs in the G phase. Although both these factors are essential for the efficient
repair of dirty DSBs generated by etoposide and IR, they are both dispensable for the repair of AsiSI-
induced clean DSBs. These results indicate that the UBC13 promotes MRE11-dependent removal of block-
ing adducts from IR-induced dirty DSBs in addition of that of TOP2 adducts prior to their ligation by NHEJ.
We propose that Ké3-linked ubiquitin signaling involving MRE11 is indicated as the key step to determine
the repair kinetics of dirty DSBs.

RESULTS
UBC13 Contributes to DSB Repair during the G, Phase

We exposed an asynchronous population of MCF-7 human breast cancer cells to etoposide for 30 min, then
counted the number of conjugated-ubiquitin FK2 foci, which represent various types of ubiquitin chains
(Shiet al., 2008). Table ST shows the list of mutant cells analyzed in this study. We detected FK2 foci coloc-
alizing with 53BP1 foci in virtually all cells (Figure STA). We also detected etoposide-induced FK2 foci in
serum-starved Gy cells (Figures STA and S1B). We depleted UBC13 with shRNA (shUBC13) in the serum-
starved cells (Figure S1C) and found an ~80% decrease in the number of etoposide-induced FK2 foci (Fig-
ures 1A, STA, and S1D). Since UBC13 promotes Ké3-linked polyubiquitination at DSB sites (Stewart et al.,
2009), this result indicates that a majority of the FK2 foci contain Ké3-linked polyubiquitination. We found
that UBC13 depletion impaired H2AX ubiquitination in Gy phase, suggesting that H2AX is one of the tar-
gets of UBC13 (Figure STE). Thus, UBC13 generates Ké63-linked polyubiquitin chains of the substrates,
including H2A/H2AX, at DSB sites in the Gq as well as in the S/G; phases.

To confirm the role of UBC13 in DSB repair in the G phase, we exposed serum-starved MCF-7 cells to
etoposide for 30 min, then monitored the resolution kinetics of the yH2AX foci (Figures 1B and S1F).
Pulse exposure (0.5 h) to etoposide caused similar increases in the number of YH2AX foci in all cell types
tested. At 8 h after removal of etoposide, the number of YH2AX foci had diminished almost to back-
ground levels in the control cells but persisted in the DNA-PKcs™~ mutant cells (Figures 1B and S1F-
S1H). The delay in DSB repair in the shUBC13 cells was also more prominent than in the control cells.
These results suggest that UBC13 contributes to DSB repair through a pathway other than HDR. We
next assessed the possible functional interaction between UBC13 and canonical NHEJ by depleting
UBC13 in DNA-PKcs ™~ cells (Figure S1C) and examining the etoposide-induced yH2AX foci. The deple-
tion of UBC13 did not affect the repair kinetics of DNA-PKcs ™~ cells (Figures 1B and S1F). Since UBC13
is dispensable for efficient NHEJ (Yamamoto et al., 2006), it is surprising that UBC13 shows a phenotype
similar to DNA-PKcs deficiency for the repair of TOP2cc lesions caused by etoposide. Moreover, this
epistatic relationship between UBC13 and NHEJ suggests that UBC13 contributes to NHEJ-mediated
repair of these lesions.

UBC13-Dependent Focus Formation of BRCA1 and RAP80 in G, Cells

UBC13-dependent ubiquitination promotes the recruitment of various factors, including BRCA1 and
RAP80, to DSB sites in the S/G; phases (reviewed in Nakada, 2016; Uckelmann and Sixma, 2017). We asked
whether the formation of BRCA1 and RAP80 foci could also occur in the G; phase. Pulse exposure (0.5 h) to
etoposide caused 2.9- and 2.4-fold increases in the number of BRCA1 and RAP80 foci, respectively, in
serum-starved wild-type MCF-7 cells (Figures 1C, 1D, S11, and S1J). UBC13 depletion reduced the numbers
of BRCA1 foci and RAP80 foci by 5 and 1.5 folds, respectively, in Gq cells. Additionally, the truncated form of
RAP80 lacking ubiquitin-interacting motifs (RAP80-UIMA), which specifically recognize Ké3-linked polyubi-
quitin chains of H2A/H2AX (Figures S1K and S1L) (Mattiroli et al., 2012; Sato et al., 2009), completely abol-
ished the ability to form foci after etoposide treatment in G phase. These results indicate that, similar to
what has been observed during the S/G, phases (Wang and Elledge, 2007), UBC13-dependent K63-linked
ubiquitination plays a pivotal role in the recruitment of BRCA1 and RAP80 onto DSB sites during the Gy
phase.

iScience 23, 101027, April 24, 2020 3



iIScience

A McF-7 B MCF-7
No. of FK2 foci per cell 12 yH2AX foci in G4 cells
0 2 46 810024 *kk
r | 510 e
shControl : 8 o "
* = [
shUBC13 — | g 8 I i
Etoposide + - § 6
G 4
C o
MCE-7 2 5 .
No. of BRCA1 foci per cell 0 = - 1 i i
0 0.5 85 h

ST
shUBC13
i Il shcontol [ shusc13

DNA-PKcs™ 1i:1 shUBC13/
DNA-PKcs™”

0 2 4 6 8 024
+

Etoposide

D
MCF-7 No. of RAP8O foci per cell
0 2 4 6 8 024
+

shControl
*
shUBC13 ‘—l E

Etoposide

Figure 1. UBC13 Contributes to DSB Repair by Recruiting BRCA1 and RAP80 onto DSB Sites during the G, Phase
(A) Average number of etoposide-induced FK2 foci in MCF-7 cells synchronized during the G phase by serum starvation
(24 h). We examined wild-type MCF-7 cells treated with shRNA targeting UBC13 (shUBC13) and non-targeting shRNA
(shControl). Synchronized cells were treated with etoposide (10 uM) for 30 min, washed, and incubated with etoposide-
free media. Error bars show the standard deviation (SD) from three independent experiments. At least 50 G-phase (cyclin
A-negative) cells per experiment were counted. Single asterisk indicates p = 1.1 x 1073, calculated by Student's t test.
Representative images and box plots of FK2 foci are shown in Figures STA and S1D, respectively.

(B) DSB-repair kinetics of Gy-phase MCF-7 cells after pulse exposure (0-0.5 h) to etoposide (10 uM). Average number of
YH2AX foci was counted at 0.5 and 8.5 h after addition of etoposide. Data are as shown in (A). Single, double, and triple
asterisks indicate p = 1.2 X 10 3 p=56x10 4 and p=32x10 5 respectively, calculated by Student’s t test. The box
plots of YH2AX foci are shown in Figure S1F.

(C and D) Average number of etoposide-induced BRCA1 (C) and RAP80 (D) foci per cell. The experimental procedure and
data are as shown in (A). Asterisks indicate p = 9.3 X 10~*in (C) and p=80x 103 in (D). Representative images and box
plots of BRCA1 and RAP8O0 foci are shown in Figures STl and S1J, respectively.

RAP80 and BRCA1 Contribute to DSB Repair during G4 Phase

To test the role of RAP80 in DSB repair in the G4 phase, we generated RAP80™~ cells by disrupting exon 5
of RAP80 in TK6 human B cells and in MCF-7 cells (Figures S2A and S2B). NHEJ is preferred over HDR to
repair etoposide-induced DSBs (Maede et al., 2014). The RAP80™~ cells showed a higher sensitivity to eto-
poside than did the wild-type cells (Figures S2C and S2D). To analyze the role of RAP80 in DSB repair in the
G, phase, we enriched Gq-phase MCF-7 cells by serum starvation, exposed the cells to etoposide for
30 min, then monitored the resolution kinetics of the YH2AX foci (Figures 2A and S2E). Remarkably, the
NHEJ-deficient DNA-PKcs ™~ and the RAP80™/~ MCF-7 cells exhibited a very similar phenotype: a strong
defect in the repair of etoposide-induced DSBs (Figures 2A and S2E). Thus, RAP80 plays an important role
in NHEJ-dependent repair of etoposide-induced DSBs in the G; phase. Since RAP80 is dispensable for
NHEJ of clean DSBs (Yin et al., 2012), our results suggest that RAP80 is involved in the repair of DSBs
with TOP2 adducts, similar to BRCA1 (Sasanuma et al., 2018).

We next investigated the impact of RAP80 disruption on BRCA1-focus formation at etoposide-induced
DSB sites in serum-starved Gy MCF-7 cells. The loss of RAP80 caused a 20-fold decrease in the number
of etoposide-induced BRCA1 foci (Figures 2B and S2F), indicating that RAP80 is required for the
recruitment of BRCA1 onto DSB sites in the Gy phase. We previously showed that BRCAT plays an
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Figure 2. RAP80 and BRCA1 Contribute to DSB Repair during the G, Phase

(A) Analysis of DSB-repair kinetics (as presented in Figure 1B). Single and double asterisks indicate p = 1.3 x 10 *and p =
3.8 x 1074, respectively. Representative images and box plots of YH2AX foci are shown in Figure S2E.

(B) Average number of etoposide-induced BRCA1 foci in wild-type and RAP80™~ MCF-7 cells before and after pulse
exposure (0.5 h) to etoposide. Standard deviation (SD) was calculated from three independent experiments. Asterisk
indicates p = 4.3 x 107°. Representative images and box plots of BRCA1 foci are shown in Figure S2F.

(C) DSB-repair kinetics of MCF-7 cells in the G phase following pulse exposure (0.5 h) to etoposide (10 puM). Experimental
procedure and data presentation are as shown in Figure 1B. Single and double asterisks indicate p = 6.5 x 10 2 and p =
3.2 x 107>, respectively. Representative images and box plots of YH2AX foci are shown in Figure S2H.

important role in the removal of 5 TOP2 adducts from pathological TOP2ccs in the G; phase (Sasanuma
etal., 2018). In agreement with this, shRNA-mediated depletion of BRCA1 (Figure S2G) delayed the repair
kinetics of etoposide-induced DSBs in wild-type cells to a level very similar to that found in DNA-PKcs ™~
cells (Figures 2C and S2H). The depletion did not further delay repair kinetics in DNA-PKcs ™~ cells (Figures
2C and S2H). Thus, both UBC13 and RAP8O0 play a crucial role in the NHEJ-mediated repair of etoposide-

induced DSBs, most likely by recruiting BRCA1 onto DSB sites and promoting the removal of 5 TOP2
adducts from DSBs.
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Figure 3. UBC13, RAP80, and BRCA1 Promote the Removal of Etoposide-Induced TOP2 Adducts Independent
of TDP2

(A) Quantification of TOP2-DNA-cleavage-complexes (TOP2ccs) in TK6 lymphoid cells carrying the indicated genotypes
relative to the amount of TOP2ccs in wild-type cells. Schematic of in vivo TOP2cc measurement by immunodetection with
a-TOP2 antibody is shown in Figure S3A. Cells were treated with etoposide (10 pM) (“+") or DMSO ("-") for 2 h.
BRCATAIP/AID cq|ls were pretreated with auxin for 2 h, then incubated with etoposide (10 uM) plus auxin for an additional
2h. MRE11*/H12N cells were treated with 4-hydroxytamoxifen (4-OHT) for 3 days to inactivate the wild-type MRE11 allele,
then treated with etoposide (10uM) for 2 h. Error bars represent standard deviation (SD) of three independent
experiments. Asterisk indicates p = 2.8 x 1072, calculated by Student’s t test. Representative images of dot plots are
shown in Figure S3E.

(B) Quantification of TOP2ccs in MCF-7 cells with the indicated genotypes relative to the amount of TOP2ccs in wild-type
MCEF-7 cells. Cells were incubated with serum-free medium for 24 h then treated with etoposide for 2 h. Each experiment
was performed independently at least three times. Error bars represent SD. Single, double, triple, and quadruple asterisks
indicatep =47 x 1074, p=6.4x 1073, p =53 % 103 and p = 1.9 x 10 2 respectively, calculated by Student's t -test.
Representative images of dot plots are shown in Figures S3F and S3G.

UBC13, RAP80, and BRCA1 Promote the Removal of Etoposide-Induced TOP2 Adducts
Independent of TDP2

We measured the number of TOP2ccs in the Gy phase by analyzing serum-starved MCF-7 cells. We lysed
cells and separated TOP2cc from free TOP2 in cellular lysates by subjecting them to sedimentation by
means of cesium chloride (CsCl) density-gradient ultra-centrifugation, as described previously (Hoa
et al., 2016). TOP2ccs were detected as single or double dots in the middle fractions of the TOP2-DNA
complex, shown at the bottom of the blot in Figure S3A. As demonstrated previously, we detected a
greater number of etoposide-induced TOP2ccs in both nuclease-deficient MRE117"7?N and BRCA1-
depleted TKé cells, compared with wild-type cells (Hoa et al., 2016) (Sasanuma et al., 2018) (Figures 3A,
S3B, and S3E). To identify the role played by UBC13in removing etoposide-induced TOP2ccs, we depleted
UBC13 in serum-starved MCF-7 cells and subjected these cells to the same assay. The MCF-7 cells also
showed a greater number of TOP2ccs (Figures 3B and S3F) compared with shControl cells. UBC13-
depleted cells reconstituted with wild-type UBC13 (shUBC13-WT) did not accumulate etoposide-induced
TOP2ccs, whereas expression of catalytically inactive UBC13 C87A mutant protein (shUBC13-C87A) re-
sulted in accumulation of TOP2ccs compared with that of shUBC13 cells (Figures 3B, S3D, and S3F). These
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results indicate that E2 ubiquitin-conjugating activity of UBC13 is required for the efficient removal of &’
TOP2 adducts. Likewise, RAP8O™~ cells and RAP80™"~ cells expressing RAP80-UIMA caused an increase
in the number of TOP2ccs in serum-starved MCF-7 cells (Figures 3B and S3G). We therefore conclude
that ubiquitin signaling pathway involving BRCA1, RAP80, and UBC13 is required for efficient removal of
5" TOP2 adducts from etoposide-induced TOP2ccs.

Since TDP2 is implicated in removal of TOP2ccs (Ledesma et al., 2009) we tested if UBC13 and RAP80 facil-
itate the removal of 5 TOP2 adducts in a manner dependent on TDP2. To this end, we depleted UBC13 and
BRCA1 in TDP2~/~ MCF-7 cells and generated RAP80~/~/TDP2~/~ MCF-7 cells (Figures S1C, S2B, and
S2G), then measured the number of TOP2ccs in the G phase. Consistent with earlier reports (Hoa et al.,
2016) (Ledesma et al., 2009), depletion of TDP2 caused an increase in TOP2ccs upon etoposide treatment
(Figures 3B and S3F). UBC13-depletion, RAP80~’~ mutation, and BRCA1-depletion further enhanced the
accumulation of etoposide-induced TOP2ccs in TDP2/~ cells (Figures 3B, S3F, and S3G). Thus, like
BRCAT, UBC13 and RAP80 promote the removal of 5 TOP2 adducts in a TDP2-independent manner in
the G, phase.

To examine the genetic interaction between MRE11 and UBC13, we depleted UBC13 in MRET17H127N cells
(shUBC13/MRE117/H727Ny and analyzed etoposide-induced TOP2ccs. The accumulation of TOP2ccs in
shUBC13/MRE117712N cells is very similar to those of MRE117H129N cells (Figures 3A and S3E). This
epistatic relationship suggests that UBC13-dependent ubiquitination pathway promotes the removal of
TOP2ccs through MRE11 nuclease activity.

Ubiquitin Signaling Involving UBC13, RAP80, and BRCA1 Is Required for Efficient
Recruitment of MRE11 Nuclease onto DSB Sites in G, Cells

We investigated the role played by UBC13-dependent ubiquitin signaling in the recruitment of MRE11 to
DSB sites. To this end, we examined MRE11 foci following exposure of Gy-phase MCF-7 cells to etoposide.
These treatments caused increases in the number of MRE11 foci colocalizing with 53BP1, a marker of DSB
sites (Figure S4). MRE11-focus formation was impaired in BRCA1-depleted cells after etoposide treatment,
as shown previously (Sasanuma et al., 2018) (Figure 4A). The depletion of UBC13 reduced the percentage of
MRE11-positive cells by ~60% upon treatment with etoposide (Figures 4A and 54). Similarly, RAP80™~ cells
showed an ~70% reduction in the percentage of MRE11-positive cells upon treatment with etoposide.
These results indicate that in ubiquitin signaling involving UBC13, RAP80, and BRCA1, all three facilitate
the recruitment of MRE11 onto DSB sites for the efficient removal of the adducts of dirty DSBs.

UBC13 Is Essential for DNA-Damage-Induced Stable Complex Formation between BRCA1
and MRE11 in the G, Phase

Upon DNA damage in the S/G, phases, BRCA1 physically interacted with the MRN complex (Greenberg
et al., 2006; Polanowska et al., 2006) in a UBC13-dependent manner (Zhao et al., 2007), which promotes
DSB resection by MRE11. This finding prompted us to analyze DNA-damage-induced complex formation
between BRCAT and MRE11, specifically in Gi-phase cells. We exposed serum-starved MCF-7 cells to eto-
poside for 30 min, immunoprecipitated BRCA1, and tested for the presence of co-immunoprecipitated
MRE11 by western blotting. No interactions between BRCA1 and MRE11 were seen in the absence of eto-
poside, whereas etoposide exposure induced interactions (lanes 2 and 4 of Figure 4B). Remarkably, the
depletion of UBC13 abolished the DNA-damage-induced interaction (lane 6 of Figure 4B). RAP80 deletion
also decreased the amount of MRE11 associating with BRCA1 (lane 10 of Figure 4B). These results indicate
that, upon DNA damage in the G4 phase, UBC13 and RAP80 facilitate a stable interaction between BRCA1
and MRE11. These data support the notion that UBC13-mediated ubiquitin signaling activates the nuclease
activity of MRE11 via interaction with BRCA1 at DSB sites. Considering the vital role played by UBC13,
RAP80, and BRCA1 in NHEJ-dependent repair of etoposide-induced DSBs (Figures 1B, 2A, and 2C), these
data suggest that UBC13-mediated ubiquitin signaling promotes the removal of 5 TOP2 adducts by acti-
vating MRE11.

The Loss of LIG4 Reduces Repair of RE-Induced Clean DSBs over 100-Fold in the G4 Phase

The |-Scel reporter assays currently used to measure NHEJ events do not correctly measure the capability
of NHEJ, because the |-Scel RE can re-cleave the accurately repaired junction, introducing a bias in favor of
inaccurate repair that deletes the |-Sce1 site (Bétermier et al., 2014). We thus sought to establish a method
to measure the frequency of all NHEJ events correctly. To this end, we expressed ER-AsiSI RE in TKé6 cells
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Figure 4. UBC13-Mediated Ubiquitin Signaling Involving UBC13, RAP80, and BRCA1 is Required for Efficient
Recruitment of MRE11 Nuclease onto DSB Sites in G, Cells

(A) Quantification of MRE11-positive MCF-7 cells with at least 10 foci per nucleus for the indicated genotypes. Serum-
starved MCF-7 cells were treated with etoposide (10 pM) for 30 min. Error bars were plotted for standard deviation (SD)
from three independent experiments. Single, double, and triple asterisks indicatep =2.3 x 107, p=5.3 x 107>, and p =
1.3 x 107%, respectively, calculated by Student's t test. Representative images of etoposide-induced MRE11/53BP1 foci
are shown in Figure S4.

(B) Etoposide-induced complex formation of BRCA1 and MRE11 in Gy-phase MCF-7 cells. Whole-cell extracts (WCEs)
were prepared from the indicated cells, untreated (“-") or treated (“+") with etoposide (10 uM) for 0.5 h. “Input” indicates
5% of WCEs used for immunoprecipitation. BRCA1 was immunoprecipitated from the WCEs. Intensities of the
immunoprecipitated MRE11 bands for the indicated genotypes were normalized to those of the input. The graph
indicates relative band intensities of the MRE11 bands in comparison with the untreated wild-type (Lane 1). Single and
double asterisks indicate p = 2.1 x 1072 and p = 1.5 x 1073, respectively, calculated by Student's t test.

and introduced clean DSBs via pulse exposure (4 h) of cells to 4-OHT (lacovoni et al., 2010). The 4-OHT
treatment caused an increase by over eight times in the number of YH2AX foci in all genotypes (0 h in Fig-
ures 5A and S5A). The number of YH2AX foci did not decrease from 0 to 1 h after 4-OHT removal owing to
residual cleavage activity of ER-AsiSI RE. From 1 to 2 h, the number of YH2AX foci had dropped almost to
background levels in the wild-type cells (Figures 5A and S5A), which agrees with the previous finding that
AsiSl-induced DSBs are repaired within an hour (Caron et al., 2015). In contrast, even at 4 h after 4-OHT
removal, essentially all YH2AX foci persisted in the LIG4™'~ cells, indicating that the AsiSl-induced DSBs
are repaired through the NHEJ pathway. The data indicated over 100-fold delay in DSB repair in the
absence of LIG4 (Figure 5A), which is in sharp contrast with only up to several folds decrease in the number
of (inaccurate) NHEJ events measured by reporter genes carrying the I-Sce1 site in NHEJ-deficient cells in
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Figure 5. MRE11 Nuclease and UBC13-Mediated Ubiquitin Signaling Are Required for Efficient Repair of IR-
Induced Dirty DSBs in the G, Phase

(A) Repair rate of DSBs induced by AsiSl restriction enzyme in Gy-phase TKé cells. Cells expressing AsiS| fused with
estrogen receptor (ER) were treated with 4-OHT for 4 h for DSB induction. We analyzed yH2AX foci in cyclin A-negative
cells after 4-OHT was removed (time O h). We subtracted the average number of foci in the 4-OHT-untreated cells from the
average number of foci in the 4-OHT-treated cells. Values correspond to the percentage of unrepaired DSBs relative to
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Figure 5. Continued

the value at time 0 h, set to 100%. Error bars were plotted for standard deviation (SD) from three independent
experiments. More than 50 G, cells (cyclin A negative) were analyzed for each experiment. Single, double, and triple
asterisks indicate p = 1.9 X 107>, p = 2.9 X 107>, and p = 4.3 X 107>, respectively, calculated by Student’s t test. Box
plots of YH2AX foci at the indicated time points (0, 1, 2, and 4 h) are shown in Figure S5A.

(B-E) Repair rate of DSBs induced by IR (1 Gy) in G1-phase TKé and HCT116 cells. Average number of yH2AX foci in cyclin
A-negative cells was counted at the indicated time points. We subtracted the average number of foci in IR-untreated cells
from the average number of foci in IR-treated cells. Values correspond to the percentage of unrepaired DSBs relative to
the value at time 0.3 h, set to 100%. Error bars were plotted for standard deviation (SD) from three independent
experiments. In (B), p values were 2.0 x 107* (shUBC13 versus wild-type), 2.1 x 1073 (shBRCA1 versus wild-type), 1.9 x
107° (MRE117H12%N yersus wild-type), 9.5 x 107° (LIG4™/~/MRE117"12?N versus wild-type), 4.1 x 1074 (EXD2™/~ versus
wild-type), 3.6 x 1072 (ARTEMIS™~ versus wild-type), 6.3 X 107 (EXO17/~ versus wild-type), and 1.7x 10~* (shUBC13/
MRE117712N yersus wild-type), calculated by Student's t test. Box plots of YH2AX foci at the indicated time points (0, 0.3,
and 6 h) are shown in Figure S5D. In (C), asterisks indicate p = 1.3 x 107* (single) and p = 7.9 x 10> (double), calculated by
Student's t test. Box plots of YH2AX foci at the indicated time points (0, 0.3, and é h) are shown in Figure SéD. In (D),
asterisks indicate p = 5.1x 10™*(single) and p = 3.8 x 1072 (double), calculated by Student’s t test. Box plots of yH2AX foci
atthe indicated time points (0, 0.3, and é h) are shown in Figure S5F. In (E), asterisks indicate p = 1.2x 10 2 (single)andp =
3.2 x 1073 (double), calculated by Student's t test. Box plots of YH2AX foci at the indicated time points (0, 0.3, and 6 h) are
shown in Figure S5H.

comparison with wild-type cells (Biehs et al., 2017; Delacote et al., 2002; Gupta et al., 2018; Schipler and
lliakis, 2013; Zhang et al., 2011).

MRE11 Nuclease and UBC13-Dependent Ubiquitin Signaling Are Dispensable for NHEJ but
Required for Efficient Repair of IR-Induced DSBs

Similar to wild-type cells, at 2 h after 4-OHT removal, the number of YH2AX foci per cell had declined
to near background levels in UBC13-depleted (Figure S5B), BRCA1-depleted (Figure S5C), and MRE11
nuclease-deficient cells (Figures 5A and S5A). Thus, UBC13, BRCA1, and the nuclease activity of MRE11
are all dispensable for NHEJ. In contrast to AsiSl-mediated DSBs, IR-induced foci require a longer time
(6 h) to drop back to background levels in wild-type cells (Figure 5B). The repair was NHEJ dependent
as seen by the persistence of foci in LIG4™~ cells (Figure 5B). Interestingly, UBC13-depleted and
MRE117H127N cells also showed the persistence of foci, approximately 54% and 69% of that in
LIG4™~ mutant cells, respectively, at 6 h after IR exposure (Figures 5B and S5D). These values are prob-
ably an under-estimation of the actual contributions of UBC13 and MRE11 to the NHEJ of IR-induced
DSBs since there were some residual UBC13 and MRE11 proteins left in their depleted cells. LIG4™
“/MRET17H2N mutant cells (Figure S5E) did not show an increase in yYH2AX foci compared with
LIG4™"~ mutant cells (Figures 5B and S5D). Thus, MRE11 nuclease activity collaborates with NHEJ-
dependent repair, most likely by removing blocking adducts prior to NHEJ of clean DSBs. We conclude
that MRE11 and UBC13 play a dominant role in the removal of blocking adducts from DSB ends pre-
ceding canonical NHEJ.

Although a previous study using shRNA to knockdown MRE11 reported nearly normal repair of IR-
induced DSBs in MRE11-depleted cells (Biehs et al., 2017), we found a very severe defect in IR-induced
DSB repair in MRE11 nuclease-deficient TKé cells (Figures 5B and S5D). We thus tested the effect of
MRE11 depletion on the repair of IR-induced DSBs in another cell line: HCT116 cells. To achieve a suf-
ficient depletion of MRE11, we inserted auxin-induced-degron (AID) tag sequences into the endoge-
nous MRE11 allelic genes, generating MRETT4PAP HCT116 cells (Figures S6A and S6B). When we
depleted MRE11 using shRNA alone in HCT116 cells (Figure S6C), the depletion had very little effect
on the repair of IR-induced DSBs during the G; phase (Figures 5C and Sé6D), as shown previously (Biehs
et al., 2017). In marked contrast, cells simultaneously treated with auxin and shRNA showed delayed
repair kinetics very similar to that of HCT116 cells treated with an inhibitor of DNA-PKcs to inhibit
NHEJ (Figures 5C and SéD). The present results indicate that shRNA-mediated depletion of MRE11
might not be sufficient to identify the critical role of MRE11 in DSB repair. This observation of
HCT116 cells is reminiscent of previous data indicating that a mere ~1% of the endogenous MRE11
protein is sufficient to effectively prevent the prominent phenotype, an accumulation of spontaneously
arising mitotic chromosome breaks in TKé cells (Hoa et al., 2015). We conclude that MRE11 is required
for the removal of blocking adducts from IR-induced DSBs for subsequent NHEJ.
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RNF8, RNF168, and BRCA1 Contribute to Cellular Tolerance to IR

Although BRCA1-depleted cells and DNA-PKcs ™~ cells showed the same prominent delays in the repair of
etoposide-induced DSBs in the G; phase (Figure 2C), BRCA1's contribution to the repair of IR-induced
DSBs was less prominent than that of LIG4 (Figures 5B and S5D). We hypothesized that another enzyme(s)
substituted for lack of BRCA1 and chose to analyze BRCA1AP/AID/RNF168~/~ TK6 cells because BRCA1 and
RNF168 are compensatory in HDR (Zong et al., 2019). Like BRCA1-depleted cells (BRCATAPAIP cells
treated with auxin), BRCATAPAD/RNF168~/ cells without auxin treatment showed the delayed repair
of IR-induced DSBs in the G phase (Figures 5D and S5F). The addition of auxin to deplete BRCAT1 in the
BRCATAPAIP/RNF168~/~ cells caused a greater delay in the repair of IR-induced DSBs than the BRCA1-
depleted BRCATAIP/AID cells (Figures 5D and S5F). We also examined the contribution of RNF8, another
ubiquitin E3 ligase involved in DSB repair, to the repair of IR-induced DSBs in Gq-phase cells. We observed
the delayed DSB repair in RNF8~~ cells (Figures 5E and S5H). The depletion of BRCA1 in RNF8~'~ cells
(shBRCA1/RNF8~/7) caused a further delay in the repair of IR-induced DSBs, indicating a compensatory
function of BRCA1 and RNF8 in the repair of IR-induced DSBs. Taken together, the data support the
idea that removal of blocking adducts from IR-induced DSBs involves more complex ubiquitin signaling
than that from etoposide-induced DSBs. RNF8 and RNF168 may mask the important role played by
BRCA1 in the repair of IR-induced DSBs in the G; phase.

A Collaboration of ARTEMIS, EXD2, and EXO1 with MRE11 in the Repair of IR-Induced DSBs

We explored the role played by enzymes that are implicated in the processing of IR-induced DSBs in TK6
cells. We analyzed DNA polymerases B and 0, both of which have 5' -deoxyribose phosphate (dRP) lyase
activity (Prasad et al., 2009), TDP1, TDP2, PARP1, and XRCC1, the last two playing a key role in micro-
homology-mediated end joining (MMEJ) (Figures S7TA-S7D) (Saha et al., 2018) (Sfeir and Symington,
2015). TKé cells deficient in these proteins were all tolerant to IR (Figure S7E). We also analyzed nucle-
ases that process DSB ends during the G4 phase, including ARTEMIS, EXD2, and EXO1 (Figures S7F-
S7H) (Biehs et al., 2017). TK6 cells null-deficient in any of these three nucleases were all sensitive to IR
(Figure S7E), but the phenotypes were milder than those of LIG4-deficient and MRE11 nuclease-deficient
cells (Figures 5B and S5D). ARTEMIS has an overhang endonucleolytic processing activity (Ma et al.,
2002; Pannunzio et al., 2018) and might remove blocking adducts attached to overhang sequences at
DSBs. Neither EXD2 nor EXO1 may be able to remove blocking adducts from IR-induced DSBs. It is
more likely that these two nucleases generate ligatable blunt-end and cohesive-end breaks (Pannunzio
et al.,, 2018). In summary, these data indicate MRE11 nuclease plays a dominant role in the removal of
blocking adducts to generate clean ends and ARTEMIS, EXD2, and EXO1 may subsequently process
the clean DSBs for direct ligation by NHEJ.

DISCUSSION

We herein demonstrate that UBC13-mediated ubiquitin signaling plays a pivotal role in the removal of 5
TOP2 adducts preceding NHEJ (Figures 1, 2, 3, and 4). This signaling is carried out most likely by RAP80 and
BRCAT1 and activates the MRE11 nuclease to remove 5 TOP2 adducts. We also show that UBC13-mediated
ubiquitin signaling and MRE11 are dispensable for rejoining of the AsiSI RE-induced DSBs (Figures 5A and
S5A) but required for most NHEJ-dependent repair events in IR-irradiated G, cells (Figures 5B, 5C, S5D,
and SéD). This finding indicates the crucial role played by both UBC13-mediated ubiquitin signaling and
MRE11 in removing IR-induced blocking adducts in addition to TOP2 adducts from DSB ends. NHEJ re-
pairs approximately 80% of the IR-induced DSBs even in the S/G; phases (Beucher et al., 2009) (Shibata
etal., 2014) and plays a more important role in repairing etoposide-induced DSBs than does HDR (Maede
et al., 2014). Moreover, the repair time of dirty DSBs induced by etoposide (Figures 1B, 2A, and 2C) and IR
(Figures 5B-5E) was several times longer than that of RE-induced clean DSBs (Figure 5A). Considering
these data, the current study sheds light on the removal of blocking adducts from dirty DSBs as the key
rate-limiting step in the repair of DSBs generated by radiotherapy and a chemotherapy via etoposide dur-
ing all phases of the cell cycle.

We have shown that MRE11 plays a dominant role in the removal of blocking adducts prior to NHEJ of
clean DSBs in cells. Our results are supported by several biochemical studies that showed that non-co-
valent DNA-bound KU70/80 proteins stimulate the endonuclease activity of MRE11, leading to the
removal of adducts from both 3’ and 5 termini at DSBs (Deshpande et al., 2016) (Deshpande et al,,
2018) (Anand et al., 2019) (reviewed in Paull, 2018). Thus, MRE11-dependent elimination of various
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chemical adducts attached to DSB ends may be a common mechanism for generating ligatable clean
ends prior to direct ligation by canonical NHEJ. We also examined the contributions of other nucleases
to the processing of dirty DSBs in the G; phase. ARTEMIS, EXD2, EXO1, and MRE11 contribute to
approximately 36%, 39%, 45%, and 69%, respectively, of the NHEJ events during é-h repair time post-
IR in the G, phase (Figure 5B). Although exonucleases EXD2 or EXO1 may not be capable of removing
various blocking adducts from DSB ends, the loss of ARTEMIS increases sensitivity to camptothecin, a
TOP1 poison, but not etoposide (Maede et al., 2014), suggesting that ARTEMIS removes various 3’
blocking adducts including TOP1 adducts from DSBs. ARTEMIS, EXD2, and EXO1 might generate
blunt-end and cohesive-end breaks, which can be ligated by LIG4 after the removal of blocking adducts
from DSB ends by MRE11. This notion is supported by the previous findings that DSB resection is
executed by these nucleases in Gy phase (Biehs et al., 2017). Identifying the roles played by ARTEMIS,
EXD2, and EXO1 in the repair of IR-induced DSBs is an important area of study for the future. In contrast
with the four nucleases, DNA polymerases B and 0, both of which have 5-dRP lyase activity, TDP1, and
TDP2 contribute only a little to the repair of IR-induced DSBs (Figure S7E). PARP1 and XRCC1, which play
a key role in microhomology-mediated end joining (MMEJ) (Sfeir and Symington, 2015) are dispensable
for the repair of IR-induced DSBs (Figure S7E), as previously reported (Simsek et al., 2011). In conclusion,
ARTEMIS, EXD2, EXO1, and MRE11 all contribute to the repair of IR-induced DSBs in preparation for
subsequent NHEJ. Given the dominant role played by MRE11, ARTEMIS, EXD2, and EXO1 may collab-
orate with MRE11 in the repair of IR-induced DSBs.

To protect genomic DNA from excess degradation, nuclease activity is strictly requlated (Symington, 2016).
The mechanisms underlying MRE11 nuclease activity in the S/G, phases have been thoroughly studied, but
itis unclear how MRE11 nuclease is regulated in the removal of chemical adducts from DSB ends during the
G1 phase. MRE11 nuclease activity is regulated by phosphorylation during DSB resection in the S/G,
phases (Costanzo et al., 2001) (Falck et al., 2012) (Kijas et al., 2015). DSB resection is also promoted by
UBC13-dependent ubiquitination of histones at DSB sites (reviewed in Uckelmann and Sixma, 2017),
although the usage of the lysine residues on the ubiquitin is unclear. In the present study, we show that
UBC13-mediated ubiquitination signaling is activated not only during the S/G, phases but also during
the G4 phase (Figure 1). Activation of ubiquitin signaling in the G, phase is required for the physical inter-
action between BRCA1 and MRE11 (Figure 4B), similar to S/G; phases (Zhao et al., 2007). The resulting
BRCA1-MRE11 complex that forms at the DSB site is essential for the removal of etoposide-induced 5
TOP2 adducts. In addition to ubiquitin signaling-dependent BRCAT-MRE11 complex formation, CtIP, a
regulatory factor of DSB end resection, also plays a critical role in the removal of blocking adducts.
Biochemical studies demonstrated that phosphorylated CtIP stimulates MRE11 nuclease activity for the
removal of blocking adducts (Anand et al., 2019, 2016; Quennet et al., 2011). CDK-dependent phosphor-
ylation in CtIP is required for the removal of 5 TOP2 adducts by promoting the interaction between CtIP
and BRCA1 (Aparicio et al., 2016; Nakamura et al., 2010). The phosphorylated CtIP is recognized by NBST,
which regulates the nuclease activity of MRE11-RAD50 complex (Anand et al., 2019; Deshpande et al.,
2016). Itis possible that phosphorylated CtIP regulates MRE11 nuclease activity by facilitating complex for-
mation among BRCA1-MRN-CtIP at etoposide-induced DSB sites in G4 phase. BRCA1 also promotes the
removal of IR-induced chemical adducts by MRE11 prior to direct ligation of these processed DSBs by
NHEJ. UBC13-mediated ubiquitination seems to activate complex signaling pathways involving multiple
proteins, including BRCAT, RNF8, and RNF168 (Figures 5D and 5E), and contribute to the repair of IR-
induced DSBs in the G4 phase. In sum, UBC13-mediated ubiquitin signaling activates MRE11-dependent
DSB end-processing. Future biochemical studies are needed to clarify how BRCA1 stimulates the endonu-
clease activity of MRE11.

We propose a model in which dirty DSBs, induced by etoposide and IR, are repaired during the G,
phase. DSBs are rapidly recognized by the KU70/80 complex (step 2, Figures 6A and 6B). It remains
unclear whether the KU70/80 complex interacts with DSB ends bearing intact TOP2 or interacts after
TOP2 adducts are degraded by proteasome (Isik et al., 2003; Lee et al., 2018). TDP2 removes TOP2
adducts after its degradation by the proteasome (Lee et al., 2018). UBC13 catalyzes ubiquitination of
histones at DSB sites in collaboration with ubiquitin E3 ligase(s), such as RNF8 and RNF168 (step 3, Fig-
ure 6B). The clean DSB ends induced by RE are quickly rejoined by NHEJ (step 3, Figure 6A). This ubig-
uitination (step 3, Figure 6B) facilitates the recruitment of multiple proteins such as BRCA1 and RAP80
onto the dirty DSB ends (step 4, Figure 6B). The recruited BRCA1 forms a stable complex with MRE11,
with the resulting complex perhaps stimulating the endonuclease activity of MRE11 (step 5, Figure 6B).

12 iScience 23, 101027, April 24, 2020

Cell



iIScience Cell

1 Clean DSB 1 DSB with 3’ and 6
5’ adducts

=g == = ﬁ@rkgg
2 ] 2 3 7 1

—= == —aagg- Lo Eis

Canonical 1 UBC13 and l

3 NHEJ 3 E3ligase(s) g ‘
=1 F4= %@ %
A 2 g 9 1
e ry = ==
Canonical
' i
5 10
2 g
.-:AdductSOUbiquitin () Histones ©\) Ku70/80 Ségia' Q mret

Figure 6. Proposed Model for Ten-Step Elimination of the Adducts Attached to DSB Ends

(A) Restriction enzyme generates “clean” DSBs with 3'- hydroxyl groups and 5'-phosphate ends (step 1). The DSB ends are
rapidly recognized by the KU70/80 complex (step 2) and rejoined by canonical NHEJ (step 3).

(B) lonizing radiation generates "“dirty” DSBs associated with 3" and 5" adducts (step 1). The DSB ends are rapidly
recognized by the KU70/80 complex (step 2). UBC13 promotes K63 ubiquitination at DSB sites (step 3), where this
ubiquitination is recognized by the BRCA1-RAP80 complex (step 4). UBC13 and RAP80 are required for stable complex
formation between BRCA1 and MRE11 at DSB sites (step 5). Endonucleolytic cleavage by MRE11 releases 5" and -3’
adducts from the DSB ends (steps 6-8). The resulting clean DSB ends are again recognized by the KU70/80 complex
(step 9), then ligated by canonical NHEJ (step 10).

It remains unclear how RNF148 promotes the repair of IR-induced DSBs. Non-covalent DNA-bound
KU70/80 proteins also stimulate MRE11 endonuclease activity, as previously suggested (Deshpande
et al., 2018) (Reginato et al., 2017). This stimulated MRE11 endonuclease engages in sequential endo-
nucleolytic processing of both 5" and 3’ termini and may completely remove both blocking adducts and
KU70/80 proteins from the DSBs (steps 6 and 7, Figure 6B) (Deshpande et al., 2018) (reviewed in Paull,
2018). The resulting clean DSB ends are bound by KU70/80 proteins (step 9, Figure 6B), leading to re-
joining of the DSBs by canonical NHEJ (step 10, Figure 6B). The mechanism by which a variety of chem-
icals adducts at IR-induced DSBs is likely to be much more complicated than that by which 5 TOP2
adducts are removed, with multiple mechanisms in play, depending on the structure of the dirty
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DSB ends. Future study will shed light on the multiple mechanisms underlying the removal of a variety
of chemical adducts prior to NHEJ.

Limitations of the Study

In this study, we identified the involvement of the UBC13-mediated ubiquitination pathway in the removal
of blocking adducts generated not only by etoposide but also by ionizing radiation. Mechanistically,
UBC13-mediated ubiquitination signaling strongly promotes the interaction between BRCA1 and
MRE11, thereby stimulating nuclease activity of MRE11 for the removal of blocking adducts from DSB sites.
The current study has not clearly demonstrated the molecular targets ubiquitinated by UBC13 at the DSB
sites. This topic should be investigated in future work.

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.
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SUPPLEMENTAL INFORMATION

TRANSPARENT METHODS

SUPPLEMENTAL FIGURES AND FIGURE LEGENDS

Figure S1 (related to Figure 1), UBC13 contributes to DSB repair by recruiting BRCA1
and RAP80 onto DSB sites during the G; phase.

Figure S2 (related to Figure 2), RAP80 and BRCA1 contribute to DSB repair during the
Gi phase.

Figure S3 (related to Figure 3), UBC13, RAP80, and BRCA1 promote the removal of
etoposide-induced TOP2 adducts independent of TDP2.

Figure S4 (related to Figure 4), K63 ubiquitin signaling involving UBC13, RAP80, and
BRCAL is required for efficient recruitment of MRE11 nuclease onto DSB
sites in G cells.

Figure S5 (related to Figure 5), Repair kinetics of AsiSI-induced DSBs and IR-induced
DSBs in TK6 cells.

Figure S6 (related to Figure 5), Repair kinetics of IR-induced DSBs in MRE [ [4/P/4ID
HCT116 cells.

Figure S7 (related to Figure 5), Disruption of the genes encoding POLS, POL®, TDP1,
PARPI, ARTEMIS, EXD2, and EXOI in TK6 cells and radiosensitivity of the

resultant mutants.



TRANSPARENT METHODS

Key resource table

Reagent or Resource Source Identifier

Antibodies

Mouse monoclonal a-Multi

Ubiquitin mAb (clone FK2) MBL Cat# DO58-3

Rabbit polyclonal a-53BP1 Calbiochem Cat# PC712-100UL

Mouse monoclonal a-yH2AX Milliore Cat# 05-636,

(clone JBW301) p RRID:AB 309864
. Cell Signaling Cat# 9718,

Rabbit monoclonal a-yH2AX Technology RRID:AB_ 2118009

Rabbit polyclonal a-CyclinA Santa Cruz Cat# sc-596,

(clone C19)

RRID:AB 631330

Rabbit polyclonal a-RAP80

Novus Biologicals

Cat# NBP1-87156

Rabbit polyclonal a-RAP80

Bethyl Laboratories

Cat# A300-763A

Mouse monoclonal a.-BRCA1
(clone D9)

Santa Cruz

Cat# sc-6954,
RRID:AB 626761

Rabbit polyclonal a-BRCAL1

Abcam

Cat# ab9141
RRID:AB 307041

Mouse monoclonal a-TOP2f3

(Tsutsui et al., 2001)

N/A




Mouse monoclonal o-MRE11

Cat# GTX70212,

(clone 12D7) Gene Tex RRID:AB 372398
Mouse monoclonal a-LIG4 Santa Cruz Catt sc-271299
(clone D-8)

Mouse monoclonal a-PARP1 Santa Cruz Cat# sc-7150

(clone H-250)

Rabbit polyclonal a-TDP1

Bethyl Laboratories

Cat# A301-618A

Rabbit polyclonal a.-TDP2

Bethyl Laboratories

Cat# A302-737A

Mouse monoclonal a-B-actin Sigma Cat# A5411
Mouse monoclonal a.-DNA -

PKcs (clone 18-2) Abcam Cat# ab1832
Mouse monoclonal a-UBC13 Santa Cruz Cath sc-376470
(clone F-10)

Mouse monoclonal o-RNF8 Santa Cruz Cat# sc-271462

(clone B-2)

Becton, Dickinson and

o-BrdU Cat# 555627
Company

Goat polyclonal o.-mouse . Cat# A-11029,

AlexaFluor 488 ThermoFisher RRID:AB 2534088

Goat polyclonal a-rabbit ThermoFisher Cat# A-11034,

AlexaFluor 488

RRID:AB 2576217




Goat polyclonal a-mouse

Cat# A-11032,

AlexaFluor 594 ThermoFisher RRID: AB_2534091
Goat polyclonal a-rabbit . Cat# A11037,
AlexaFluor 594 ThermoFisher RRID:AB_2534095
Goat polyclonal a.-mouse HRP ThermoFisher Cat# 32430
Donkey polyclonal a-rabbit Cat# sc-2313,
HRP Santa Cruz RRID:AB_641181
a-mouse Ig, FITC conjugate SBA Cat# 1031-02

Chemicals, Peptides, and Recombinant Proteins

Charcoal/Dextran treated FBS

Hyclone Laboratories

Cat#SH30068.03

Albumin, Bovine, F-V, pH5.2

Nacalai Tesque

Cat# 01863-48

Skim Milk for immunoassay

Nacalai Tesque

Cat# 31149-75

Paraformaldehyde Wako Cat# 16320145
FuGENE HD Transfection Promega Cati F2312
Reagent

Doxycycline Hydrochloride

MP Biomedicals, Inc.

Cat# 195044

Fluoro-KEEPER Antifade
Reagent

Nacalai Tesque

Cat# 12745-74

Etoposide

Trevigen

Cat# 4886-400-01

KU7441

Selleckchem.com

Cat# S2638

3’-Indoleacetic Acid

Nacalai Tesque

Cat# 19119-61

2.5 g/1-Tripsin/1 mmol/I-EDTA
Solution

Nacalai Tesque

Cat# 35554-64

Propidium iodine (PI)

DOJINDO

Cat# P378

BrdU

Nacalai Tesque

Cat# 05650-66

Critical Commercial Assays




GeneArt Seamless Cloning

: ThermoFisher Cat# A14606

Enzyme Mix

Stbl3 ThermoFisher Cat# C737303

X10-gold Ultracompetent cells Ajilent Cat# 200314

Experimental Models: Cell Lines

Human: MCF7, wild-type ATCC Cat# HTB-22

. . A gift from Dr.

Human: TK6 (TSCER?2), wild- Masamitsu Honma N/A

hpe (Honma et al., 2003)

Human: HCT116 WT, wild-type A gift from Dr. Masato N/A
Kanemaki

Human: Lenti-X™ 293T TAKARA Cat# 632180

Experimental Models: Organisms/Strains

The mutant genotypes of TK6,

MCEF7, and HCT116 are listed in This work

Table S1

Oligonucleotides

The primers are listed in Table This work

S2

Recombinant DNA

Plasmid: px330-U6-

Chimeric_BB-CBh-hSpCas9 Addgene Cat# 42230

Plasmid: DT-ApA/MARKER® CDB, RIKEN, Kobe N/A

Plasmid: pSpCas9(BB)-2A-

Puro(pX459) (Ran et al., 2013) Cat# 48139

Plasmid: lentiCRISPRv2-neo Addgene Addgene#98292

Plasmid: pLKO.1 (Hoa et al., 2016) Cat#8453

Plasmid: pMD2.G Cat #12259
Addgene

Plasmid: pMDLg/pRRE Cat#8453




Plasmid: pRSV-Rev Cat#12253

Plasmid: lentiCRISPRv2-A4siSI A gift from Tanya Paull N/A

Contact for reagent and resource sharing

Further information and requests for resources and reagents should be directed to and

will be fulfilled by the Lead Contact, Hiroyuki Sasanuma (hiroysasa@rg.med.kyoto-

u.ac.jp)

Experimental model and subject details

Mutant cells and primer sequences used in this paper are described in Tables S1 and S2,

respectively.

Method details

Cell culture

Human TK6 B cells were incubated in RPMI1640 medium (Cat# 3026456, Nacalai
Tesque, Japan) supplemented with horse serum (5%) (Gibco, US), penicillin (100
U/ml), streptomycin (100 pg/ml) (Nacalai, Japan), and sodium pyruvate (200 mg/ml)
(ThermoFisher, US). MCF-7 cells were maintained in Dulbecco’s Modified Eagle
Medium (DMEM) (Cat# 0845964, Gibco, US) containing fetal bovine serum (10%)
(Gibco, US), penicillin (100 U/ml), and streptomycin (100 pg/ml) (Nacalai, Japan).

HCT116 cells were maintained in McCoy’s SA medium (Cat# SH30200.01, GE



Healthcare, US) containing fetal bovine serum (10%) (Gibco, US), penicillin (100
U/ml), streptomycin (100 pg/ml) (Nacalai, Japan), and L-Glutamine (Nacalai, Japan).
Lenti-X™ 293T cells (Cat# 632180, TAKARA, Japan) were maintained in DMEM
supplemented with fetal bovine serum (10%), penicillin (100 U/ml), streptomycin (100
pg/ml) (Nacalai, Japan), sodium pyruvate (200 mg/ml) and L-glutamine (Nacalai,
Japan). TK6, MCF-7, HCT116 and Lenti-X™ 293T cells were maintained at 37°C

under a humidified atmosphere and CO: (5%).

Designing gene-targeting constructs and transfection of them into TK6 cells

We designed gene-targeting constructs based on the manual provided by GeneArt
Seamless Cloning Enzyme Mix (ThermoFischer, US)(Hoa et al., 2016). Table S1 shows
the list of mutants and the antibiotic resistance markers (MARKERF) used to generate
the mutants in this study. To generate gene-targeting constructs, we amplified left and
right arms (~1 kb each) from genomic DNA. The amplified arms were assembled with
the DT-ApA/MARKERR vector digested with Apal and the AfIII using GeneArt Seamless
Cloning Enzyme Mix (ThermoFischer, US). Primer information about the left and right
arms (~1 kb each) is described in Table S2. To generate the left arm, we needed to add
the upstream and downstream sequences derived from the Apal site to the 5’ and 3’
ends, respectively, of the PCR-amplified left arm. For this purpose, we added “5°-
GCGAATTGGGTACCGGGCC” to 5’ of the upstream primer and added “5°-
CTGGGCTCGAGGGGGGGCC™ to 5° of the downstream primer. We added the
upstream and downstream sequences from the AfII1 site to the 5’ and 3’ ends,
respectively, of the right arm. We added “5’-TGGGAAGCTTGTCGACTTAA” to 5’ of

the upstream primer of the PCR-amplified right arm and added ”5’-



CACTAGTAGGCGCGCCTTAA” to 5’ of the downstream primer of the PCR-
amplified right arm. The DT-ApA/MARKER?® was provided by the Laboratory for
Animal Resources and Genetic Engineering, Center for Developmental Biology,

RIKEN Kobe (http://www.clst.riken.jp/arg/cassette.html).

The gRNAs were inserted into the Bbs/ site of pX330 vector (Cat# 42230, Addgene,
US). The two resulting targeting vectors containing different antibiotic markers were
transfected with pX330-gRNA into six million TK6 cells. The transfected pX330
expressed the Cas9-gRNA complex, which induced DSBs at the specific locus of the
genomic DNA and thus facilitated HR between the genomic locus and the arms of the

targeting vectors.

Generation of TK6 mutant cells

Schematic diagrams of RAP80, RNF'S, POLp, POLQ, TDP1, PARPI1, ARTEMIS, EXD2,
and EXOI target locations are depicted in Figures S2A, S3C, S7TA-D and S7F-H.
Generation of BRCA 44D BRCA AP AID/RNF1687, XRCC17-, and MRE 1771129V
cells was as described previously (Hoa et al., 2016, 2015; Keka et al., 2015; Saha et al.,
2018; Sasanuma et al., 2018)(Zong et al., 2019). To generate TDP1-/TDP2”" and LIG4
“/MRE117H12°N mutant cells, we disrupted TDP2 genes in TDPI”" cells and LIG4 genes
in MRE 1"~P/HI29N cells (Figures S7C and SSE). PCR genotyping using the primers
shown in Table S2 was performed as a primary screening. The gene-disruption events
were confirmed by western blotting, reverse transcription-PCR (RT-PCR), or Southern
blotting analysis. Disruption of EXO/ alleles was confirmed by genomic Southern

blotting using a *?P-labeled probe, which was amplified by the following primer pair:



5’-CCATGCTAGTGAAAATTGAGAACAACTTTT and 5°-
CTCCTTACTTTATACATCAGCATTACTGAA (Figure S7TH). Genomic DNA was

digested with HindllI for Southern blotting analysis.

CRISPR/Cas9-mediated genome-editing in human MCF-7 cells

The gRNA sequences are shown in Table S2. gRNAs were inserted into the Bbs/ site of
pX459 (Cat# 48139, Addgene, US). pX459 expresses both a gRNA under the control of
the U6 promoter and Cas9 driven by the chicken [-actin promoter. Schematic diagrams
of the DNA-PKcs and RAPS80 target locations are presented in Figures S1G and S2A,
respectively. pX459-gRNA was transfected into MCF-7 cells with FuGENE HD
(Promega, US). Following transfection, cells were incubated with puromycin-containing
medium for 48 h, after which we removed the puromycin and further incubated the cells
(for approximately 2 weeks) to isolate the clones. Gene-disruption events were

confirmed by western blotting.

CRISPR/Cas9-mediated genome-editing in human HCT116 cells

The C-terminus of endogenous MRE1 was fused with mAID-GFP in HCT116 cells
constitutively expressing OsTIR1 (Natsume et al., 2016). We inserted gRNA into
pX330-U3-Chimeric BB-CBh-hSpCas9 (Addgene #42230) to cut 31bp downstream of
the stop codon (Figure S7A). We constructed two donor plasmids, each containing a
knock-in cassette that encodes mAID-GFP with a neomycin or hygromycin resistance
marker. The donors harbor homology arms (about 1 kb) at both ends of the knock-in
cassette for integration by homology-directed repair. CRISPR and donor plasmids were

co-transfected into HCT116 CMV-OsTIR1 cells. Cells were selected in the presence of



G418 (700 pg/mL) and HygroGold (100 ug/mL) following a publicly available protocol
(Yesbolatova et al., 2019). Isolated clones were evaluated by genomic PCR to verify the
bi-allelic integration, and the expression of the MRE11-mAID-GFP protein was

confirmed by western blotting.

Cell-cycle analysis

Cells were labeled for 15 min with 50 uM BrdU. They were then harvested and fixed at
4°C overnight with 70% ethanol, and successively incubated as follows: (i) in 2N HCI,
0.5% Triton X-100 for 30 min at room temperature; (ii) in FITC-conjugated anti-BrdU
antibody (Becton, Dickinson and Company, Franklin Lakes, NJ) for 30 min at room
temperature; (iii) in FITC- conjugated anti - mouse antibody (Southern Biotech,
Birmingham, AL) for 30 min at room temperature; (iv) in 5 pg/ml PI in PBS.
Subsequent flow cytometric analysis was performed on an LSRFortessa (Becton,
Dickinson and Company). Fluorescence data were displayed as dot plots using the Cell

Quest software (Becton, Dickinson and Company).

Measurement of cellular sensitivity to DNA damaging agents

Cellular sensitivity of an asynchronous population of TK6 cells to etoposide and IR was
measured by clonogenic cell-survival analysis. Cells were grown in the respective
medium described above, containing methylcellulose, for 10 days. Cellular sensitivity
of an asynchronous population of MCF-7 cells to etoposide was measured by
clonogenic cell-survival analysis. Cells were grown in the respective medium described

above for 10 days.



Measurement of TOP2 trapped on genomic DNA DSBs
The protocol for this assay was as described by Hoa et al. 2016. TOP2ccs that migrated

into the CsCl gradient during ultra-centrifugation were detected by slot blot.

Lentivirus-mediated gene silencing and 4siSI expression

Lentiviral vectors were simultaneously transfected with virus-packaging plasmids
(pMD2.G, pMDLg/pRRE, and pRSV-Rev) into LentiX-293T cells (Cat# 632180,
Takara, Japan). Lentiviruses were harvested at 48 h post-transfection. MCF-7 cells were
infected with the virus for 48 h. Puromycin was added to enrich the infected cells at 24
h after infection. For gene silencing, sShRNA sequences targeting MRE11 (5°-
CGACTGCGAGTGGACTATAGC), UBC13 (5’-CTAGGCTATATGCCATGAATA)
and BRCAL1 (5’-CCCTAAGTTTACTTCTCTAAA) were cloned into a pLKO.1
lentiviral vector (Table S2). Downregulation of MRE11, UBC13, and BRCA1 was
confirmed by western blotting (Figures S1C, S2G, S5B, S5C, and S6C). To obtain TK6
cells stably expressing regulatable AsiSI RE coupled to an estrogen receptor (ER-AsiSI)
in cells (Caron et al., 2015)(Aymard et al., 2014), the lentiviral lentiCRISPRv2 vector
containing both ER-4siST and puromycin-resistance genes (a gift from Gaélle Legube
and Tanya Paull) was transfected into the LentiX-293T cells. The lentiviral particles
were harvested at 48 h post transfection and were infected into the TK6 cells.

To express ER-AsiSI in MRE11772°N TK6 cells (Figure 5A), we treated MRE [ [7/H129¥
cells with 4-OHT (200 nM) for 24 h to inactivate the wild-type MRE11 gene, generating
MRE 111N cells. After 4-OHT was washed out from the medium, lentiviral particles

expressing ER-4siSI were infected into the 4-OHT-treated MRE 172N cells. After



incubating the infected cells for two days, we analyzed the ER-AsiSI-induced YH2AX

foci by addition of 4-OHT into the medium.

Immuno-staining of YH2AX in TK6 cells

Cells were treated with etoposide (10 uM) for 30 minutes and IR, and subsequently
washed twice with warm PBS and cultured in drug-free media. Cells were collected
using a cytospin (ThermoFisher, US) and subjected to fixation by formaldehyde (4%)
(Wako, Japan) in PBS, permeabilization by Tween-20 (0.1%) (23926-35, Nacalai
Tesque) in PBS, and blocking by BSA (5%) (01683-48, Nacalai Tesque) in PBS. We
used a-phospho (Ser139) -histone H2AX (anti-yH2AX) antibody (1/1000 dilution,
JBW301, Millipore, US). To distinguish cells in the G; phase from other phases, we
used a a-cyclinA antibody (1/100 dilution, GO811, Santa Cruz Biotechnology, US). The
slides were mounted in Fluoro-KEEPER containing 4°, 6-diamidino-2-phenylindole

(DAPI) (12745-74, Nacalai Tesque, Japan).

Immuno-staining in MCF-7 cells

We synchronized MCF-7 cells in the G; phase using serum-starvation for 24 h. We then
treated cells with etoposide (10 uM) for 30 min and IR, followed by washing and
incubation with serum-free media. For the detection of FK2 and MRE11 foci, MCF-7
cells were permeabilized with TritonX-100 (0.5%) on ice for 10 min and then fixed with
formaldehyde (4%) on ice for 15 min. For detection of RAP80 and yH2AX foci, the
cells were fixed with paraformaldehyde (4%) on ice for 20 min and permeabilized with
TritonX-100 (0.2%) on ice for 7 min. After incubation in blocking solution (5%) (BSA

in PBS), the cells were incubated with the following primary antibodies for 1 h: a-FK2



(1/1000, MBL Life Science, Japan), a-BRCA1 (1/500, D-9, mouse monoclonal, Santa
Cruz Biotechnology, US), a-RAP80 (1/1000, A300-763 A, rabbit polyclonal, Bethyl
Laboratories, US), a-yH2AX (1/1000, JBW301, mouse monoclonal, Millipore, US), a-
YyH2AX (1/500, 20E3, rabbit polyclonal, Cell Signaling Technology, US), a-CyclinA
(1/500, EPR17351, rabbit polyclonal, Abcam, UK), a-53BP1 (1/1000, PC712, rabbit
polyclonal, Merck, US) and a-MRE11 (1/500, 12D7, mouse monoclonal, GeneTex,
US). After washing three times with PBS, cells were stained with a.-mouse (Alexa Fluor
488), a-rabbit (Alexa Fluor 488), a-mouse (Alexa Fluor 594) or a-rabbit (Alexa Fluor
594) secondary antibodies. The slides were mounted in Fluoro-KEEPER containing 4°,

6-diamidino-2-phenylindole (DAPI) (12745-74, Nacalai Tesque, Japan).

Focus counting and statistical analysis

For MCF-T7 cells, foci images were captured using a BZ-9000 fluorescence microscope
(Keyence). The number of the nuclear foci signals was automatically counted using
Hybrid cell count software (Keyence). In TK6 cells, the number of nuclear foci counted
by Hybrid cell count software was underestimated, because nuclei in TK6 cells are
more round and thicker (~5 pm in diameter) in TK6 cell than that in adherent MCF-7
cells. To count all nuclear foci, 5 images at different focal planes through the entire
thickness of the cellular nuclei were captured at 1 um intervals along the Z-axis using
confocal microscope (SP8, Leica, Germany). Image Z-stacks were projected using the
maximal intensity method using LAS AF software (Leica, Germany). The number of
YH2AX foci were counted blind. We performed all foci experiments independently at
least three times for calculation of standard deviation and counted more than 50 cells at

each experiment. The average foci numbers were counted from each experiment. The



bars in foci graphs indicate the average of average foci number from each experiment.
The error bars indicate standard deviation calculated from average number of each
experiment. The box plots in supplemental figures indicate the median (the line inside
the box) and distribution of all foci (more than 150 dots in total) including more than

three experiments.

Immunoprecipitation and western blotting

Whole-cell extracts were prepared from 5 x 10° cells lysed in IP buffer containing
HEPES pH 7.5 (50 mM), KCI (150 mM), Tween 20 (0.05%), NP-40 (0.05%), Glycerol
(10 %), NaF (2uM), Na3VO4 0.4uM), Na-pyrophosphate (0.5 uM), 2 x protease
inhibitor cocktail (5056489001, Complete, Roche, Switzerland), and [3-
glycerophosphate (2 uM). BRCA1 was immunoprecipitated with a-BRCAT1 antibody
(1/500, D-9, mouse monoclonal, Santa Cruz Biotechnology, US) pretreated with protein
G magnetic beads (10004D, ThermoFisher, US). The magnetic beads were washed
three times with IP buffer containing KCI (200 mM). The immunoprecipitates were
subjected to SDS-PAGE and immunoblotting with a-BRCA1 and a-MRE11 (1/1000,
12D7, GeneTex, US). For signal detection, membranes were incubated with the
appropriate HRP-linked secondary antibodies at room temperature for 1 h and

developed by chemiluminescence using ECL reagent.

Trichloroacetic acid (TCA) precipitation
Cells (0.5 x 106 cells) were lysed in RIPA buffer containing Tris-HCI pH 7.6 (50 mM),
NaCl (150 mM), NP-40 (1%), Sodium Deoxycholate (0.5%), and Sodium Dodecyl

Sulfate (0.1%). The cellular lysates were precipitated with 20% TCA on ice for 30 min.



Centrifuge the samples at 13,000 g at 4 degree for 10min. Aspirate the supernatant and
wash the pellets (ppts) with ice-cold acetone several times to completely remove the
remaining TCA. The protein ppts were dissolved in 2 x Laemmli sample buffer and

bailed for 10 minutes.

Construction of lentiviral plasmids expressing RAP80-WT and RAP80-UIMA
Wild-type RAP80 (RAP80-WT) gene and RAP80 (RAP80-UIMA) gene lacking UIM
domain were amplified by PCR using the following primers from pSNAP{-RAPS§0-
FLAG and pSNAPf-RAP80r-UIM-deletion (gifts from Dr. Shibata); the forward
primer, 5°-
CGGGTTTGCCGCCAGAACACAGGACCGGTATGGACTACAAAGACCATGA-3’;
the reverse primer, 5°-
TGTTTCAGCAGAGAGAAGTTTGTTGCGCCGGTGAATTCGAATTTTCTCC-3".
The amplified products were cloned into lentiCRISPRv2-Neo (Addgene#98292)

digested with Xbal and BamHI by seamless reaction.

Construction of lentiviral plasmids expressing UBC13-WT and UBC13-C87A
UBC13 gene was amplified by PCR from a cDNA library using the following primers;
the forward primer, 5°-
GGGTTTGCCGCCAGAACACAGGACCGGTTATGGCCGGGCTGCCCCGCAG-3’;
the reverse primer, 5’-
TGTTTCAGCAGAGAGAAGTTTGTTGCGCCAATATTATTCATGGCATATAGC-
3’. To generate shRNA-resistant UBC13 gene, we introduced silent mutations into

UBC13 gene by PCR using the two primers, 5’-



GAAAGTAATGCTCGATACTTTTCATGTGGTCATTGCTGGCC-3’ and 5°-
GATAAATTAGGTAGGATCTGCTTAGATATTTTGAAAGATAAG -3°.

To introduce the catalytic inactive mutation (C87A) of UBC13 gene, we used the
primer, 5’-GATAAATTAGGTAGGATCGCCTTAGATATTTTGAAAGATAAG-3’.
The amplified products were cloned into lentiCRISPRv2-Neo (Addgene#98292)

digested with Xbal and BamHI by seamless reaction.



SUPPLEMENTAL FIGURE LEGENDS

Figure S1 (related to Figure 1)

UBC13 contributes to DSB repair by recruiting BRCA1 and RAP80 onto DSB sites
during the G; phase.

(A) Representative images of etoposide-induced FK2 and 53BP1 foci in asynchronous
and serum-starved MCF-7 cells. Green specks indicate FK2 signal. The nuclei are
outlined.

(B) Cell cycle analysis of serum-starved cells. Cells were incubated with serum-free
medium for 24 h and stained with FITC-conjugated anti-BrdU antibody to measure
BrdU incorporation into genomic DNA (y-axis, logarithmic scale) and with propidium
iodide (PI) to measure the total DNA (x-axis, linear scale).

(C) Western blot analysis of UBC13-shRNA-treated (shUBC13) MCF-7 cells. Lanes 1
and 2 show wild-type MCF-7 and control-shRNA-treated cells, respectively,
representing positive controls. Lanes 3-5 show a successful depletion of UBCI13 by
shRNA. B-Actin was a loading control.

(D) Distribution of etoposide-induced FK2 foci in shControl- and shUBC13-treated
MCF-7 cells. Box plots display the median (black bars) and 25-75th percentiles (box
ranges). A representative experiment (n=3, 150 cells) is shown. Single asterisk indicates
p <22 x 107, calculated by a Wilcoxon rank sum test.

(E) Western blotting analysis of YH2AX upon etoposide treatment. Serum-starved cells
were incubated with etoposide (10 pM) for 30 min.

(F) Distribution of etoposide-induced YH2AX foci per cells in the indicated genotypes.
Box plots indicate the median (bars), 25th, and 75th percentiles (boxes ranges). Single

asterisks indicate p < 2.2 x 10716, calculated by a Wilcoxon rank sum test.



(G) Schematic diagram of DNA-PKcs genomic locus, target location, and guide RNA
(gRNA) sequence in MCF-7 cells.

(H) Western blots of the whole-cell extracts prepared from wild-type and DNA-PKcs™
MCF-7 clones. B-Actin was a loading control.

(I and J) Distribution of BRCA1 (I) and RAPS80 (J) foci per cell following 0.5-h pulse
exposure to etoposide (10 uM) in individual MCF-7 cells (upper). Box plots display the
median (black bars) and 25-75th percentiles (box ranges). Single and double asterisks
indicate p < 2.2 x 10-'%and p=5.0 x 10!, respectively calculated by a Wilcoxon rank
sum test. A representative experiment (n=3, 150 cells) is shown. Green and red specks
indicate BRCA1/RAP80 and YH2AX signals, respectively (lower). The nuclei are
outlined.

(K) Western blotting analysis of RAP80 expression. The lenti-virus plasmids harboring
wild-type RAP80-3FLAG and RAP80-AUIM-3FLAG (lacking UIM domain) were
infected into RAP80”- MCF-7 cells. The infected cells were selected in neomycin-
containing medium. 3-Actin was a loading control.

(L) Distribution (left graph) and representative images (right panels) of RAP80 foci per
cell following 0.5-h pulse exposure to etoposide (10 uM) in individual MCF-7 cells.
Box plots display the median (black bars) and 25-75th percentiles (box ranges). Single
asterisk indicates p < 2.2 x 107!6 calculated by a Wilcoxon rank sum test. A
representative experiment (n=3, 150 cells) is shown. Green and red specks indicate

RAPS80 and YH2AX signals, respectively. The nuclei are outlined.

Figure S2 (related to Figure 2)

RAP80 and BRCAT1 contribute to DSB repair during the G phase.



(A) Schematic diagram of RAP80 genomic locus, target location, gene-targeting
construct and guide RNA (gRNA) sequence in TK6 and MCF-7 cells. Targeting vectors
having neomycin and puromycin were used only for the disruption of RAPS80 in TK6
cells.

(B) Western blotting analysis with a-RAP80 antibody to confirm the gene disruption
events in the indicated genotypes. -Actin was a loading control.

(C and D) The sensitivity of TK6 (C) and MCF-7 (D) cells to etoposide was measured
by clonogenic cell-survival analysis. The dose for etoposide is displayed by the x-axis
on a linear scale. The percentage of cell survival relative to that of untreated cells is
shown by Y-axis on a logarithmic scale. Error bars show standard deviation (SD)
calculated from three independent experiments.

(E and F) Distribution of YH2AX (E) and BRCA1 (F) foci per cell following pulse
exposure (0.5 h) to etoposide (10 uM) in individual MCF-7 cells (upper). Box plots
display the median (bars) and 25-75th percentiles (box ranges). Single asterisks indicate
p <22 x 107, calculated by a Wilcoxon rank sum test. A representative experiment
(n=3, 150 cells) is shown. Representative images of etoposide-induced YH2AX (E) and
BRCAI1 (F) foci are shown (lower). Green specks indicate YH2AX (E) and BRCA1 (F)
signals. The nuclei are outlined.

(G) Western blot analysis of BRCA1-shRNA-treated MCF-7 cells. Lanes 1 and 2 show
wild-type MCF-7 and control-shRNA-treated cells, respectively. Lanes 3-5 show a
successful depletion by shRNA in the indicated genotypes. B-Actin is a loading control.
(H) Distribution of YH2AX foci per cell following pulse exposure (0.5 h) to etoposide
(10 uM) in individual MCF-7 cells (upper). A representative experiment (n=3, 150

cells) is shown. Box plots display the median (bars) and 25-75th percentiles (box



ranges). Single asterisks indicate p < 2.2 x 10°'¢, calculated by a Wilcoxon rank sum
test. Representative images of etoposide-induced YH2AX foci are shown (lower). Green

specks indicate YH2AX signals. The nuclei are outlined.

Figure S3 (related to Figure 3)

UBC13, RAP80, and BRCA1 promote the removal of etoposide-induced TOP2
adducts independent of TDP2.

(A) Schematic of in vivo TOP2cc measurement by immunodetection with a-TOP2
antibody.

(B) Degradation of BRCA1-mAID-GFP proteins two hours after exposure of
BRCAI4P/AID cells to auxin (250 nM). The whole-cell extracts were analyzed by
western blot with a-BRCA1 antibody. B-Actin is a loading control.

(C) Schematic diagram of RNF'§ genomic locus, target location, and guide RNA
(gRNA) sequence in TK6 cells (upper). Western blots of the whole-cell extracts
prepared from wild-type and RNF8”- TK6 clones (lower). B-Actin was a loading control.
(D) Western blotting analysis of UBC13 expression. The lenti-virus plasmids harboring
wild-type UBC13 (shUBC13-WT) and UBC13C87A (shUBC13-C87A, catalytic
inactive form) were infected into UBC13-depleted MCF-7 cells. The infected cells were
selected in puromycin-containing medium. 3-Actin was a loading control.

(E, F, and G) Western blotting analysis of TOP2f in TK6 and serum-starved MCF-7

cells treated with etoposide (10 uM) (“+”) or DMSO (“-”) for 2 h.

Figure S4 (related to Figure 4)



K63 ubiquitin signaling involving UBC13, RAP80, and BRCAL is required for
efficient recruitment of MRE11 nuclease onto DSB sites in G cells.

Representative images of MRE11 and 53BP1 foci following pulse-exposure (0.5 h) to
etoposide. Green and red specks indicate MRE11 and 53BP1 signals, respectively. The

nuclei are outlined.

Figure S5 (related to Figure 5)

Repair Kinetics of AsiSI-induced DSBs and IR-induced DSBs in TK6 cells.

(A) Distribution of AsiSI-induced YH2AX foci in the indicated genotypes. Box plots
display the median (bars) and 25-75th percentiles (box ranges). Single asterisks indicate
p <22 x 107, calculated by a Wilcoxon rank sum test. A representative experiment
(n=3, 150 cells) is shown.

(B and C) Western blot analysis of UBC13-shRNA-treated (shUBC13) (B) and
BRCA1-shRNA-treated (shBRCA1) (C) TK6 cells. Lanes 1 and 2 show wild-type and
control-shRNA-treated (shControl) TK6 cells, respectively, representing positive
controls. Lane 3 shows a successful depletion of UBC13 or BRCA1 by shRNA. -Actin
was a loading control.

(D) Distribution of IR-induced YH2AX foci in the indicated genotypes. Box plots
display the median (bars) and 25-75th percentiles (box ranges). Single asterisks indicate
p <22 x 107, calculated by a Wilcoxon rank sum test. A representative experiment
(n=3, 150 cells) is shown.

(E) Schematic diagram of LIG4 genomic locus, gene-targeting construct, and gRNA
sequence in TK6 cells (upper). Targeting events were confirmed by western blotting

analysis (lower). B-Actin was a loading control.



(F) Distribution of IR-induced YH2AX foci in the indicated genotypes. Box plots
display the median (bars) and 25-75th percentiles (box ranges). Single and double
asterisks indicate p = 1.9 x 10 and p=5.1 x 108, respectively calculated by a Wilcoxon
rank sum test. A representative experiment (n=3, 150 cells) is shown.

(G) Western blot analysis of BRCA1-shRNA-treated (shBRCAT1) TK6 cells. B-Actin
was a loading control.

(H) Distribution of IR-induced YH2AX foci in the indicated genotypes. Box plots
display the median (bars) and 25-75th percentiles (box ranges). Single and double
asterisks indicate p = 2.1 x 1072 and p < 2.2 x 107!6, respectively calculated by a

Wilcoxon rank sum test. A representative experiment (n=3, 150 cells) is shown.

Figure S6 (related to Figure 5)

Repair kinetics of IR-induced DSBs in MRE11/2410 HCT116 cells.

(A) Schematic diagram of MRE1 genomic locus, gene-targeting construct, and gRNA
sequence in HCT116 cells. “mAID” indicates the minimized sequence of the Auxin-
induced-degron-tag. gRNA binds genomic sequences at the downstream of the
termination codon of MRE11 gene.

(B) Degradation of MRE11-mAID-GFP proteins two hours after exposure of
BRCAAPAID cells to auxin (250 nM). The whole-cell extracts were analyzed by western
blot with a-MREI11 antibody. Ponceau staining was used to show equal loading.

(C) Western blotting analysis of MRE11-shRNA-treated (shMRE11) HCT116 cells.
Lane 3 shows a successful depletion of UBC13 by shRNA. 3-Actin was a loading

control.



(D) Distribution of IR-induced YH2AX foci in the indicated cells. Box plots display the
median (bars) and 25-75th percentiles (box ranges). Single asterisks indicate p < 2.2 x
10-'¢, calculated by a Wilcoxon rank sum test. A representative experiment (n=3, 150

cells) is shown.

Figure S7 (related to Figure 5)

Disruption of the genes encoding POLS, POL@, TDP1, PARP1, ARTEMIS, EXD2,
and EXOI in TK6 cells and radiosensitivity of the resultant mutants.

(A-D and F-H) Schematic diagram of the genomic loci, target location, gene-targeting
constructs and guide RNA (gRNA) sequences of the indicated genes in TK6 (upper).
The targeting events were confirmed by western blotting, Southern blotting, and/or
reverse transcription PCR (RT-PCR) analyses. B-Actin is a loading control for western
blotting analysis. B-Actin and glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
are internal controls for RT-PCR analysis. Ponceau staining in (D) was used to show
equal loading. Orange vertical and horizontal lines in (H) indicate HindllI restriction
enzyme sites and probe for Southern blotting analysis, respectively.

(E) The doses that reduce percent colony survival to 50% (LDso) following the exposure
of the indicated genotypes to IR. Error bars represent SD of the mean from three
independent experiments. The single, double, and triple asterisks indicate p = 8.4 x 107
(Wild-type vs. EXD27), p = 7.8 x 107 (Wild-type vs. ARTEMIS”") and p = 4.4 x 1073

(Wild-type vs. EXO™"), respectively, which were calculated by a Student’s #-test.
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