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Requirement of WDR70 for POLE3-mediated DNA
double-strand breaks repair
Xiaobing Mao1, Jian Wu1, Qin Zhang1, Su Zhang1, Xiaoshuang Chen1, Xueqin Liu1, Mingtian Wei2,
Xiaowen Wan1, Lei Qiu1, Ming Zeng3, Xue Lei1, Cong Liu3, Junhong Han1*

H2BK120ub1 triggers several prominent downstream histone modification pathways and changes in chromatin
structure, therefore involving it into multiple critical cellular processes including DNA transcription and DNA
damage repair. Although it has been reported that H2BK120ub1 is mediated by RNF20/40 and CRL4WDR70,
less is known about the underlying regulation mechanism for H2BK120ub1 by WDR70. By using a series of bio-
chemical and cell-based studies, we find that WDR70 promotes H2BK120ub1 by interacting with RNF20/40
complex, and deposition of H2BK120ub1 and H3K79me2 in POLE3 loci is highly sensitive to POLE3 transcription.
Moreover, we demonstrate that POLE3 interacts CHRAC1 to promote DNA repair by regulation on the expression
of homology-directed repair proteins and KU80 recruitment and identify CHRAC1 D121Y mutation in colorectal
cancer, which leads to the defect in DNA repair due to attenuated the interaction with POLE3. These findings
highlight a previously unknown role for WDR70 in maintenance of genomic stability and imply POLE3 and
CHRAC1 as potential therapeutic targets in cancer.
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INTRODUCTION
Genomic instability is a hallmark of cancer (1, 2). Rapid and effi-
cient repair of DNA damage helps to maintain genomic integrity,
which is critical for cell survival and viability. In contrast, dysfunc-
tional DNA damage response (DDR) leads to unrepaired DNA
damage disrupting genomic integrity, which induces various aber-
rant cellular behaviors. The DNA double-strand break (DSB), one
of the most powerful activators, can be repaired via homologous re-
combination (HR) or nonhomologous end-joining (NHEJ)
pathway (3, 4). Although different DNA repair pathways have dif-
ferent components, there are several common characteristics in re-
sponse to DNA damage. In brief, DNA damage sensors are
immediately recruited to the DNA damage site, which serve as a
platform to recruit the mediators. HR usually exists in S phase or
G2 phase without error in DNA damage repair because it is required
homologous sequence as a template. HR is initiated by recruitment
of MRN complex to degrade nucleolytic from 50 to 30 in combina-
tion with the C-terminal binding protein (CtBP) interacting protein
(CtIP), generating a 30 single-strand DNA (ssDNA) (5). Replication
protein A (RPA) complex, which is composed of RPA1, RPA2, and
RPA3, binds to the naked ssDNA to protect it. Subsequently, RPA
complex is replaced with RAD51 recombinase immediately, which
is important for chromosome synapsis and sister chromatid ex-
change (6). However, the process of classic NHEJ is not as compli-
cated as the HR. KU70 and KU80 forms a complex at broken site to
activate DNA–protein kinase C (DNA-PKc) recruiting DNA ligase
IV for re-ligating the broken DNA independent on homologous se-
quence (7). Therefore, NHEJ can be performed in the any phase
while it is error prone.

The monoubiquitylation of H2B lysine residue 120
(H2BK120ub1) is one of the most marked chromatin modifications.
H2BK120ub1 functions as a signaling hub to trigger several prom-
inent downstream histone modification pathways and to decompact
chromatin structure, therefore involving it into multiple critical cel-
lular processes, including DNA transcription, DNA damage repair,
and DNA replication (8–16). For example, the positive cross-talk
between H2BK120ub1 and H3K79me2 has been reported previous-
ly; in particular, H2BK120ub1 is a prerequisite for histone
H3K4me3 and H3K79me2, two known active transcription
markers (8, 15, 17–19). In addition to H2B ubiquitylation at
lysine-120 by breast cancer gene 1 (BRAC1) and mouse double
minute 2 (MDM2), the heterodimer E3 ligase Ring finger protein
20/40 (RNF20/40) also monoubiquitylates H2B at lysine-120, and
a previous study has proposed that the phosphorylation of RNF20
serine-172 by ataxia telangiectasia mutated (ATM) kinase can facil-
itate HR and NHEJ (12). WD repeat–containing protein 70
(WDR70), which is composed of six WD40 repeat domain func-
tions as a subunit of CRL4 complex in homology-directed repair
(HDR) by regulating the transcription of BRCA1, BRCA2, RAD51,
and substantial additional transcriptomic changes (20). CRL4WDR70

could promote themonoubiquitylation of H2B to affect DNA resec-
tion and thus HDR (21). Despite all these, our current understand-
ing of the factors that regulate H2BK120ub1 in DDR need to be
further polished.

Here, we show thatWDR70 interacts with RNF20/40 to facilitate
H2BK120 monoubiquitylation and functions in DDR. We define
the mechanistic basis of WDR70 binding to RNF20/40 and
uncover an intrinsic ubiquitylation activity toward H2BK120 in co-
ordination with RNF20/40. Depletion of WDR70 directly affects on
genomic integrity by interrupting HR and NHEJ. Furthermore,
DNA polymerase epsilon 3 (POLE3) expression is enhanced in
WDR70-RNF20/40 apparatus–dependent manner. The direct in-
teraction between POLE3 and CHRAC1, a component of chromatin
accessibility complex (CHRAC) (22, 23), is also observed to
promote DNA repair by regulation on the expression of HDR
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proteins and KU80 recruitment. We further identify CHRAC1
D121Y mutation in colorectal cancer (CRC) and observe that this
mutation leads to the defect in DNA repair due to attenuated the
interaction with POLE3. Collectively, our work reveals an important
role of WDR70 in chromatin integrity maintenance.

RESULTS
WDR70 associates with H2B ubiquitylation E3 ligase
RNF20/40
To screen proteins associating with WDR70, the affinity purifica-
tion coupled mass spectrometry was conducted in human embry-
onic kidney (HEK) 293T cells. The ectopically expressed
hemagglutinin (HA)–WDR70 in HEK293T was immunoprecipitat-
ed using anti-HA antibody–coated magnetic beads. Intriguingly,
H2BK120ub1 E3 ligase RNF20 and RNF40 were coimmunoprecipi-
tated with WDR70 (Fig. 1A). In addition to RNF20/40, DNA
damage-binding protein 1 (DDB1) and Exportin 1 (XPO1) also ap-
peared in the target list of themass spectrometry data. In addition to
RNF20/40, DDB1, which has been identified as a critical player in
DDR, and XPO1, an important carrier for TP53 and BRCA1 (both
are critical for DDR), were validated in WDR70 coimmunoprecipi-
tated fraction as well (Fig. 1B). In addition, the interaction between
WDR70 and RNF20/40 was further confirmed using specific anti-
body against N terminus of WDR70 in HCT116 and HT29 colorec-
tal cancer cells (Fig. 1, C and D). Moreover, WDR70-RNF20/40
interaction was validated in HEK293T cells cotransfected with
HA-WDR70 with either MYC-RNF20 or MYC-RNF40 plasmids
(Fig. 1, E and F). Collectively, these experiments provide evidence
that WDR70 interacts with RNF20/40. To test the effect of WDR70
on H2K120ub1 expression, we knocked down WDR70 and investi-
gated H2K120ub1 level in cells. H2K120ub1 was notably reduced in
cells lackingWDR70, consistent with the result of RNF20/40 silenc-
ing (Fig. 1G). In line with a previous discovery (12), we also ob-
served the dependence of the stability of RNF20 and RNF40 on
their interaction with each other but little onWDR70 (Fig. 1G). To-
gether, these results support the idea that WDR70-RNF20/40 appa-
ratus is critical for de novo H2K120 monoubiquitylation.

WD40 domains of WDR70 are required for association with
RNF20/40 and H2BK120 ubiquitylation
To further understand the importance of our findings in a cellular
context, we elected to focus on mapping the regions of WDR70 in-
volved in the interaction with RNF20/40. A series of WDR70 trun-
cation mutants were constructed, and HEK293T cells were
transiently cotransfected cells with a series of HA-tagged WDR70
mutants and MYC-tagged RNF20 or RNF40 plasmids (Fig. 2A).
The cell lysates from these cells were subjected to immunoprecipi-
tation using specific antibody against MYC tag, and the levels of
WDR70, RNF20, and RNF40 therein were analyzed by Western
blotting. Gratifyingly, we observed a remarkable reduction of
WDR70 in mutants that lack two coiled-coil domains at the N ter-
minus of WDR70 (Fig. 2B), suggesting that these two coiled-coil
domains substantially contribute toWDR70-RNF20/40 interaction.
In addition, deleting either of single WD40 domain in WDR70
slightly weakened the interactions between WDR70 and RNF20,
whereas loss of entire WD40 domains (D10 mutant) completely
abolished the interaction (Fig. 2B). Similar results were also ob-
tained in RNF40 immunoprecipitation assay, although loss of

either one single WD40 domain had a little alteration in the inter-
action between WDR70 and RNF40 (Fig. 2C). These results imply
that the majority of interaction is attributed to entire WD40
domains of WDR70, albeit the coiled-coil domains at N terminus
help the stability of WDR70-RNF20/40 interaction.

The interaction observed between WDR70 and RNF20/40
prompted us to ask whetherWDR70 plays a role as molecular chap-
erones likeWWdomain containing adapter with coiled-cell (WAC)
protein, which interacts with the RNA polymerase II transcriptional
machinery via its WW domain and with RNF20/40 via its coiled-
coil region, thereby linking and regulating H2BK120ub1 (24). We
knocked down WDR70 in HEK293T cells coexpressing RNF20
and RNF40 to investigate the stability of RNF20-RNF40 complex
and observed no obvious alteration in cells lacking WDR70 or re-
supplyingWDR70 (Fig. 2D). It is worth stressing that WDR70 con-
tains six WD40 domains and WD40 domain could serve as a
previously unidentified ubiquitin-interaction domain (25). Thus,
we speculated that WDR70 may serve as the ubiquitin reservoir
for H2BK120ub1 by RNF20/40. To test this possibility, we cotrans-
fected HEK293T cells with Flag-ubiquitin and wild-type or entire
WD40 domains deletion of WDR70 and detected WDR70 ubiqui-
tylation by immunoblot. In contrast to loss of WD40 domains,
strong signal of WDR70 ubiquitylation was detected, suggesting
that WD40 domains of WDR70 are involved in ubiquitylation
(Fig. 2, E and F). However, it is unclear whether WD40 domains
of WDR70 contribute to the steady levels of H2BK120ub1. In con-
trast to ectopic expression of wild-type WDR70, WD40 domains
deletion mutant failed to restore H2BK120ub1 modification in
cells lacking endogenous WDR70 (Fig. 2, G and H). Intriguingly,
ectopically expressing either RNF20 or RNF40 was not able to
recover H2BK120ub1 modification in cells lacking WDR70
(Fig. 2, G and H). Collectively, these experiments indicate that
WDR70 and in particular WD40 domains contributes substantially
to the interaction with RNF20/40 and de novo H2BK120ub1.

WDR70 knockdown induces genomic instability by
suppressing DDR
H2BK120ub1 predominantly catalyzed by RNF20/40 inhibits
53BP1-mediated DNA damage signaling and is required for
timely DNA strand break repair (26), and loss of H2BK120ub1
was frequently detected in tumors (27, 28). During double-strand
DNA break repair, RNF20 is phosphorylated by ATM, and loss of
RNF20 impairs HR repair and NHEJ (12, 29), and ssDNA binding
factor RPA complex functions as a master regulator by coupling
H2BK120ub1 to DNA repair for the spatial-temporal control re-
combination (30). Thus, we next moved to validation of the most
interesting event about WDR70 involvement in the maintenance
of genomic stability. To this end, we treated HCT116 or HT29
cells with camptothecin (CPT) to induce DNA damage and ob-
served remarkable reduction of γH2AX and phosphorylated
RPA2 (p-RPA2/p-RPA32) foci in cells lacking WDR70 (Fig. 3, A
and B, and fig. S1, A and B). Moreover, WDR70 knockdown also
remarkably attenuated the phosphorylation of ATR, CHK1, H2A
(herein, γH2AX), and RPA2, which is known as an important
event to initiate DDR, detected by Western blotting (Fig. 3C). To-
gether, these results imply an impaired DDR in cells lacking
WDR70 expression and suggest the significance of WDR70 in the
maintenance of genomic stability, and this notion was further sup-
ported by the result of comet assay, which showed longer tails
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(Fig. 3D and fig. S1, C and D), and by increased micronuclei fre-
quency (fig. S1, E and F) and by the result of cytogenetic analysis,
which showed a notable increase of aberrant chromosomes, includ-
ing broken, fusion, and fragmentation when WDR70 was knocked
down (Fig. 3E and fig. S1, G and H). HR and NHEJ are two major
pathways to repair the DSBs in DNA. Loss-of-function or

deleterious mutations in HR or NHEJ genes contribute to repair de-
ficiency. We also found that loss of WDR70 trimmed the frequency
of HR and NHEJ by approximately 50% in cells (Fig. 3, F and G).
Rapid and efficient repair of DNA damage helps to maintain
genomic integrity, which is critical for cell survival and viability.
In contrast, dysfunctional DDR leads to unrepaired DNA damage

Fig. 1. WDR70 interacts with RNF20/40 complex in vivo. (A) Silver staining showing affinity capture of proteins from HEK293T cells stably expressing HA-WDR70 by
immunoprecipitation (IP) with anti-HA magnetic beads. Putative RNF20 and RNF40 were indicated and confirmed by mass spectrometry analysis. (B) Coimmunopreci-
pitation with HA-WDR70 by capturing of proteins from HEK293T cells stably expressing HA-WDR70 and Western blot analysis for indicated proteins. (C and D) Coimmu-
noprecipitation of endogenous RNF20 and RNF40 with WDR70 in HCT116 (C) or HT29 cells (D). After immunoprecipitation with anti-WDR70 antibody, immunoblots were
performed with the indicated antibodies. IgG, immunoglobulin G. (E) Coimmunoprecipitation of RNF20 with WDR70. Whole-cell extracts of HEK293T cells cotransfected
with HA-WDR70 and MYC-RNF20 were applied to anti-HA or anti-MYC magnetic beads. After extensive washing the bead, captured proteins were detected by Western
blotting using specific antibodies as indicated. (F) Coimmunoprecipitation of WDR70 with RNF40. Whole-cell extracts of HEK293T cells cotransfected with HA-WDR70 and
MYC-RNF40 applied to anti-HA or anti-MYC magnetic beads. After extensive washing beads, captured proteins were detected by Western blotting using specific anti-
bodies as indicated. (G) Detection of H2BK120ub1modification levels in shWDR70, shRNF20, or shRNF40 HCT116 cells byWestern blotting. Quantification of protein band
intensity by ImageJ software. The indicated H2BK120ub1 level was normalized to the total H2B expression, while other proteins were normalized to its expression in the
scramble group.
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Fig. 2. Mapping the regions of WDR70 associating with RNF20/40. (A) Schematic diagram of wild-type and truncated WDR70 used in the study. (B and C) Coimmu-
noprecipitation of wild-type and truncated WDR70 with RNF20 or RNF40. Whole-cell extracts of HEK293T cells cotransfected with HA-WDR70 andMYC-RNF20 (B) orMYC-
RNF40 (C) applied to anti-MYCmagnetic beads. Captured proteins were detected by Western blotting using specific antibodies as indicated. (D) The stability of RNF20/40
complex. Detection of RNF20 and RNF40 expression in HEK293T cells knocking down WDR70 by shRNA with or without ectopic expression of HA-WDR70 (left). RNF20-
RNF40 complexwas detected by coimmunoprecipitated using anti-FLAG antibody inWDR70 knockdown cells with or without ectopic expression of HA-WDR70 (right). (E
and F) Loss of WD40 domains (D10) reducedWDR70 ubiquitylation in vivo. Immunoprecipitation of FLAG (E) or HA (F) in HEK293T cells cotransfected with FLAG-ubiquitin
and wild-type or WD40 domain deletion HA-WDR70 (D10). The resulted proteins were detected by Western blotting using specific antibodies as indicated. (G and H)
Detection of H2BK120ub1 modification levels by Western blotting in shWDR70 cells with or without ectopic expression of RNF20 or RNF40. Whole-cell extracts from
WDR70 knockdown cells cotransfected with HA-WDR70 and MYC-RNF20 or MYC-RNF40 were subjected to SDS–polyacrylamide gel electrophoresis (PAGE) followed by
Western blotting (G). Quantification of H2BK120ub1 band intensity by ImageJ software (H). The indicated H2BK120ub1 level was normalized to the total H2B expression.
Error bars represent mean ± SD from at least three independent experiments. *P < 0.05 and **P < 0.01. ns, not significant.
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disrupting genomic integrity, which induces various aberrant cellu-
lar behaviors. We observed obvious reduction of cell viability in re-
sponse to the treatment of CPT or methyl methanesulfonate
(MMS), one of classical DNA-damaging agents, when WDR70
was knocked down (Fig. 3, H and I, and fig. S1, I and J). These
results further strengthen the notion about the critical role of
WDR70 in maintaining genomic stability.

POLE3 is a potential target of WDR70
To further screen genes regulated by WDR70, the total RNA was
extracted for RNA sequencing in cells with suppression of
WDR70 using short hairpin RNA (shRNA). Inspection of the tran-
scriptome data revealed that total 418 genes is predominantly affect-
ed by WDR70 knockdown, including up-regulated 206 genes and
down-regulated 212 genes (Fig. 4A). Specifically, down-regulated

Fig. 3. WDR70 is required for genome
integrity. (A and B) Representative images
of γH2AX foci (A), phosphorylated RPA2 (p-
RPA32) foci (B), and 40,6-diamidino-2-phe-
nylindole (DAPI)–stained nuclei in control
or shWDR70 HCT116 cells treated with CPT
for 4 hours. Scale bars, 5 μm. Quantification
of γH2AX foci per cell and p-RPA32 foci per
cell (right). The number from three inde-
pendent experiments is shown. (C)
Western blotting analysis showing the in-
dicated proteins associated with DDR in
HCT116 cells under the same conditions as
(A). (D) Direct observation of DNA damage
by using the comet assay in HCT116 cells
after CPT treatment for 12 hours. Repre-
sentative images are shown. Scale bar, 50
μm. Quantitation of the comet data (right).
The length and intensity of DNA tails rela-
tive to heads is shown as % of the relative
comet tail moment. DMSO, dimethyl sulf-
oxide. (E) Representative images of aber-
rant chromosomes. HCT116 cells with or
without WDR70 knockdown was treated
with CPT followed by karyotype assay.
Scale bars, 5 μm. Quantitation of aberrant
chromosomes per cell (right). Total 30 cells
were counted in each group. (F and G) HR
(F) and NHEJ (G) efficiency assay for chro-
mosomal DSB induced by endonuclease I-
Sce I. GFP-positive cell fraction in DR-GFP
U2OS cells (F) and in EJ5-GFP U2OS cells
(G). The efficiency of HR and NHEJ was
determined in WDR70-deficient cells by
fluorescence-activated cell sorting (FACS)–
based fluorescence readout. The results
are shown as mean ± SD (n = 3). (H and I)
Representative images of colony formation
(left) and survival curves (right). Cell via-
bility based on clonogenic growth of
HCT116 cells transfected with scramble
shRNA or shWDR70 plasmid in the pres-
ence of CPT (L) or Methyl methanesulfo-
nate (MMS) (M) for 24 hours. Error bars
represent SD. *P < 0.05, **P < 0.01, and ***P
< 0.001.
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genes are enriched in protein stabilization, DNA replication, and
cell division (Fig. 4, B and C). By gene ontology (GO) analysis,
the alteration of DNA replication, chromosome segregation, and
sister chromatid segregation were found (Fig. 4D). It is known
that H2BK120ub1 promotes gene transcription and elongation by
altering the chromatin structure (11, 31, 32). Thus, transcription
down-regulation by WDR70 knockdown may attribute to loss of

H2BK120ub1. Among the down-regulated genes, genes associated
with DNA replication including POLE3, a subunit of DNA poly-
merase epsilon, attracted our attention since CPT could induce
DNA replication stress (Fig. 4, B and E). Consistent with our
library data, the inhibitory effect on expression and transcription
of POLE3 was validated in WDR70 knockdown cells using immu-
noblot and quantitative real-time polymerase chain reaction (PCR;

Fig. 4. WDR70 suppresses POLE3 ex-
pression. (A and B) The volcano plots (A)
and heatmap (B) of differentially ex-
pressed genes including POLE3 in WDR70
knockdown HCT116 cells. The relative
expression of genes with log2 (fold
change) beyond 1 or below 1 with ad-
justed P value lower than 0.05 were con-
sidered as significantly differential
expression. (C) The enriched GO biologi-
cal process was shown in bubble plot. x
axis represents GeneRatio whereas y axis
is biological process. (D) The analysis of
five enriched GO annotations from the
DAVID GO terms, including GO CC, GO BP,
and GO MF were displayed using circus
plots. Colored ribbons represented
different GO terms. The line with different
color connects genes involvement in the
GO terms. (E) The enriched genes in DNA
replication were shown in lollipop plot. x
axis stands for the adjusted P value,
whereas y axis indicates the gene. (F and
G) Validation of the indicated gene ex-
pression using Western blotting (F) and
qRT-PCR (G) in HCT116 cells knocking
down WDR70. The indicated protein level
was normalized to the tubulin expression
and the quantification number was
labeled below the protein bands (F). * in
(F) indicates nonspecific protein bands.
(H) Detection of POLE3 expression in
HCT116 cells ectopically expressing
WDR70 using qRT-PCR. The results are
shown as mean ± SD normalized to actin
(n = 3) (G and H). *P < 0.05, **P < 0.01, and
***P < 0.001.
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Fig. 4, F and G). Conversely, ectopic expression of WDR70 notably
increased POLE3 transcription (Fig. 4H). It has been reported that
POLE3 promotes checkpoint activation, and loss of POLE3 enhanc-
es cells’ sensitivity to ATR inhibitor, poly(adenosine 50-diphos-
phate–ribose) polymerase (PARP) inhibitor, and CPT (33–35).
Together, these results indicate that POLE3 is a potential target of
WDR70, implying that POLE3 is probably involved in genomic in-
tegrity maintenance by WDR70.

Involvement of POLE3 in WDR70-mediated genomic
integrity maintenance
POLE3, together with POLE4, forms a previously unidentified
histone H3-H4 chaperone complex, which participates in the main-
tenance of chromatin integrity during DNA replication (36). Our
results indicate that POLE3 is one of WDR70 targets and may be
implicated in WDR70-mediated maintenance of genomic integrity.
To validate this possibility further functionally, we knocked down
POLE3 in HCT116, HT29, and HEK293T cells and found that loss
of POLE3 also substantially decreased the foci formation of γH2AX
and p-RPA2 after CPT treatment, which is consistent with the
finding in cells lacking WDR70 (Fig. 5, A and B, and fig. S2, A
and B). In addition, we observed obvious reduction in the expres-
sion of γH2AX, p-RPA2, and phosphorylated CHK1 in POLE3-de-
ficient cells (Fig. 5C), longer comet tails, increased micronuclei and
aberrant chromosomes, and enhanced sensitivity to CPT as well
(Fig. 5, D to F, and fig. S2, C to J). Moreover, the frequency of
HR and NHEJ was remarkably attenuated in cells lacking POLE3
(Fig. 5G). Together, these results indicate that POLE3 participate
in the maintenance of chromatin integrity under the replication
stress caused by CPT. Ectopic expression of POLE3 shortened
comet tails and partially rescued HR and NHEJ from the defect
caused by WDR70 deficiency (Fig. 5, H to J), implying the involve-
ment of POLE3 in WDR70-mediated genomic integrity
maintenance.

POLE3 promotes the recruitment of KU80 at DSBs sites in
combination with CHRAC1
The CHRAC, which is composed of ATP-dependent chromatin as-
sembly factor 1 (ACF1), SWI/SNF-related matrix-associated actin-
dependent regulator of chromatin subfamily A member 5
(SMARCA5), POLE3, and CHRAC1, is assembled at DNA
damage sites (37, 38). Among the components of CHRAC, ACF1
can interact directly with the NHEJ protein KU70 and is required
for the accumulation of KU70/80 complex at DNA DSBs (38). A
recent study has found that budding yeast Dpb4 (POLE3 in
mammals) plays two functions in sensing and processing DSBs.
One of functions is that promoting histone removal and DSB resec-
tion by interacting with histone fold protein Dls1. The other is to
promote checkpoint activation by interacting with Dpb3 (35). To
assess the possible role of POLE3 in CHRAC complex during
DSBs repair, we first used coimmunoprecipitation and fluorescence
resonance energy transfer (FRET) assay to investigate the interac-
tion with the subunits of CHRAC complex. CHRAC1, but not
ACF1 and SMARCA5, was coimmunoprecipitated with POLE3 in
HCT116 or HT29 Cells treated with CPT (Fig. 6, A and B, and fig.
S3, A and B). In agreement with our coimmunoprecipitation results,
the interaction between POLE3 and CHRAC1 was validated by
FRET assay (Fig. 6C). To further characterize this interaction, we
mapped the domains of POLE3 and CHRAC1 involved in the

interaction and found that 85 to 124 amino acid residues in
POLE3 are required for binding to CHRAC1 (Fig. 6D). In addition,
we observed that CHRAC1 could coimmunoprecipitate with
POLE3 using specific antibody against green fluorescent protein
(GFP) tagged with CHRAC1, and 1 to 90 amino acid residues in
CHRAC1 are essential for POLE3 association (Fig. 6E).

We next moved to investigate how POLE3-CHRAC1 complex
functions in DSBs repair. Inspection of protein-protein interaction
(PPI) database (BioGRID) revealed that 20 proteins concurrently
appeared in both PPI network of POLE3 and CHRAC1 (Fig. 6F).
Among these 20 proteins, we focused on KU80 protein encoded
by XRCC5 gene, which plays a critical role in NHEJ by forming
KU70/80 complex (Fig. 6G). By coimmunoprecipitation assay, we
validated the interaction between POLE3-CHRAC1 and KU80 in
vivo and found that CPT treatment enhanced the interaction of
POLE3 with KU80 (Fig. 6, H to I). Meanwhile, POLE3 knockdown
obviously attenuated KU80 recruitment at DSBs sites produced by
laser microirradiation (Fig. 6, J and K). Together, besides two
known functions of POLE3 in DSBs repair, these results suggest
that POLE3 also facilitate DSBs repair by recruiting or constraining
KU70/80 complex at damage sites.

WDR70 regulates POLE3 expression in H2BK120ub1- and
H3K79me2-dependent manner
Several histone marks including H2BK120ub1, H3K4me3, and
H3K79me2 have been linked to active transcription (39, 40). The
positive cross-talk between H2BK120ub1 and H3K79me2 has
been reported previously; in particular, H2BK120ub1 is a prerequi-
site for histone H3K4 and H3K79methylation (8, 17). In an attempt
to define the underlying mechanism for regulation of POLE3 ex-
pression by WDR70, we conducted chromatin immunoprecipita-
tion (ChIP) using specific antibodies against H2BK120ub1,
H3K4me3, and H3K79me2 in HCT116 cells lacking WDR70.
Notably, the significant reduction of H2BK120ub1 and
H3K79me2 enrichment in POLE3 promoter and coding region
was found in WDR70-deficient cells, whereas it had little impact
on H3K4me3 enrichment (Fig. 7A). By Western blot, we also con-
firmed the obvious reduction of POLE3 expression in cells with
WDR70 knockdown (Fig. 7B). Considering WDR70 contribution
to H2BK120ub1, these results imply that WDR70 promotes
POLE3 expression by enhancing the enrichment of H2BK120ub1
and H3K79me2 in POLE3 loci. To further validate this possibility,
we transfected HCT116 cells either with the plasmids of FLAG-H2B
or FLAG-H2B2KR (K120R K125R and H2B2KR), which canmimic
H2B deubiquitylation (41), and found that H2B2KR failed to
promote the expression of POLE3 and H3K79me2 (Fig. 7, C and
D). Furthermore, both knocking down H3K79me2 DOT1 like
histone lysine methyltransferase (DOT1L) and inhibiting DOT1L
activity with EPZ004777 notably decreased POLE3 expression
(Fig. 7, E to H). Given the role of H2BK120ub1 in regulating
DNA repair, we also evaluated DOT1L contribution to DNA
repair. As shown in fig. S4A, the phosphorylation of H2A and
RPA2 was remarkably reduced in DOT1L-deficient cells. In addi-
tion, longer comet tails were also observed in cells lacking DOT1L
(fig. S4, B and C). These data reveal that DOT1L is involved in DDR.
Together, the above data indicate that WDR70 directly regulates
POLE3 expression in H2BK120ub1 and H3K79me2-depen-
dent manner.
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CHRAC1D121Y identified in patient with CRC attenuates the
interaction with POLE3
Our data have shown that WDR70 is required for genome integrity.
Another study also supports this notion by showing that WDR70
loss elicits hallmarks of gnomic instability by reducing the expres-
sion of DDR factors, including BRCA1, BRCA2, RAD51, and other
HDR factors (20). Thus, we speculate that the aberrant expression of

WDR70 and POLE3 is possibly involved in tumorigenesis or tumor
development. By analyzing The Cancer Genome Atlas (TCGA)
data, we observed the notable positive correlation between POLE3
and WDR70 expression in cancer (Fig. 8A). Consistent with the
results of TCGA, the elevated expression of POLE3 and WDR70
was also observed in CRC tissues (Fig. 8B). Intriguingly, by
whole-exome sequencing 24 paired-CRC tissues, we characterized

Fig. 5. Effect of POLE3 depletion
on DDR. (A and B) Representative
images of γH2AX foci (A), phos-
phorylated RPA2 (p-RPA32) foci (B),
and DAPI-stained nuclei in control
or shPOLE3 HCT116 cells treated
with CPT for 4 hours (left). Scale
bars, 5 μm. Quantification of γH2AX
foci per cell and p-RPA32 foci per
cell (right). The number from three
independent experiments is
shown. (C) Western blotting analy-
sis showing the indicated proteins
in HCT116 cells under the same
conditions as (A). (D) Direct obser-
vation of DNA damage in HCT116
cells treated with CPT for 12 hours.
Representative images are shown.
Scale bar, 50 μm. Quantitation of
the comet data (right). (E) Repre-
sentative images of aberrant chro-
mosomes. HCT116 cells with or
without POLE3 knockdown was
treated with CPT followed by kar-
yotype assay. Scale bars, 5 μm.
Quantitation of aberrant chromo-
somes per cells (right). Total 30 cells
were counted in each group. (F)
Representative images of colony
formation (left) and survival curves
(right). Cell viability based on clo-
nogenic growth of HCT116 cells in
the presence of CPT for 24 hours.
(G) The efficiency assay of HR (left)
and NHEJ (right) for chromosomal
DSB induced by endonuclease I-
Sce I. HR and NHEJ efficiency were
determined in POLE3-deficient
cells by FACS-based fluorescence
readout. (H) Direct observation of
DNA damage in WDR70-deficient
cells with ectopic expression of
MYC-POLE3 after CPT treatment for
48 hours (left). Scale bar, 50 μm.
Quantitation of the comet data
(right). HR efficiency (I) and NHEJ
efficiency (J) in WDR70-deficient
cells with or without ectopic ex-
pression of MYC-POLE3. The results
are shown as mean ± SD (n = 3).
Error bars represent SD. *P < 0.05,
**P < 0.01, and ***P < 0.001.
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the mutation spectrum of well-known genes involved in CRC such
as APC, KRAS, NRAS, TP53, and PIK3CA (Fig. 8C). Intriguingly,
D121Y mutation in CHRAC1 was identified and further confirmed
this mutation in patient with CRC using PCR followed by sequenc-
ing (Fig. 8, C and D). In addition, loss of CHRAC1 showed the
starched comet tails in cells, which was abolished by ectopically ex-
pressing wild-type but not by D121Y mutant of CHRAC1 (Fig. 8, E

and F). Consistent with the result of comet assay, the D121Ymutant
failed to rescue the cell viability in response to CPT (fig. S5), con-
firming the significance of CHRAC1 in DDR. The direct interaction
between POLE3 and CHRAC1 prompted us to ask whether the
D121Y mutation affect the interaction. In contrast to wild-type
CHRAC1, D121Y mutation attenuated the association with
POLE3 detected by coimmunoprecipitation (Fig. 8G). Together,

Fig. 6. POLE3 interacts with CHRAC1
to recruit KU80 to DNA damage
sites. (A and B) Coimmunoprecipita-
tion of endogenous POLE3 (A) or ec-
topically expressed POLE3 (B) with
CHRAC1. The lysates of HCT116 cells
(A) and HEK293T cells cotransfected
with MYC-POLE3 and GFP-CHRAC1 (B)
were subjected to immunoprecipita-
tion using anti-POLE3 antibody or
anti-MYC magnetic beads, respec-
tively. After immunoprecipitation, im-
munoblots were performed with the
indicated antibodies. (C) Visualization
of POLE3-CHRAC1 interaction using
FRET assay. Representative images of
FRET acceptor photobleaching assay
of HEK293T cells cotransfected with
POLE3-CFP and CHRAC1-YFP. Scale
bars, 20 μm. (D) Coimmunoprecipita-
tion of wild-type and truncated POLE3
with CHRAC1. Whole-cell extracts of
HEK293T cells cotransfected with GFP-
POLE3 and FLAG-CHRAC1 were sub-
jected to immunoprecipitation using
M2 magnetic beads. Captured pro-
teins were detected by Western blot-
ting using specific antibodies as
indicated. (E) Coimmunoprecipitation
of wild-type or truncated CHRAC1
with POLE3. Whole-cell extracts of
HEK293T cells cotransfected with GFP-
CHRAC1 and MYC-POLE3 were sub-
jected to immunoprecipitation using
anti-MYC antibody. Captured proteins
were detected by Western blotting
using specific antibodies as indicated.
(F) Venn diagram displays the proteins
associated with POLE3 and CHRAC1.
(G) Proteins interacting with both
POLE3 and CHRAC1. (H and I) Coim-
munoprecipitation of POLE3 (H) and
CHRAC1 (I) with KU80. Whole-cell ex-
tracts of HEK293T cells cotransfected
with MYC-POLE3 or FLAG-CHRAC1 and
HA-KU80 were subjected to immuno-
precipitation using anti-MYC or M2
magnetic beads. Captured proteins
were detected by Western blotting
using specific antibodies as indicated.
(J) Representative images of KU80 re-
cruitment at DNA damage sites gen-
erated by laser microirradiation in control, shPOLE3, or shCHRAC1 U2OS cells treated with Hoechst (1 μg/ml) for 15 min. Scale bars, 5 μm. (K) Quantification of EGFP-KU80
relative fluorescence intensity at laser-microirradiated regions. Eachmeasurement is representative of at least 10 cells and the experiment was independently repeated at
least three times.
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Fig. 7. The influence ofWDR70, H2BK120UB1, andH3K79me2 on POLE3 expression in cells. (A) The enrichment of H2BK120ub1, H3K79me2, and H3K4me3 at POLE3
loci detected by ChIP. Lysates fromWDR70 knockdown cells were subjected to ChIP assay using specific antibodies against H2BK120ub1, H3K4me3, and H3K79me2. Each
ChIP experiment was performed independently at least three times, with results from on representative experiment shown. *P < 0.05, **P < 0.01, and ***P < 0.001. (B)
Representative Western blot analysis in HCT116 and HT29 cells with WDR70 knockdown. Quantification of indicated protein band intensity plotted relative to tubulin. (C
andD) Representative Western blot analysis (C) and quantitative RT-PCR analysis for POLE3 expression (D) in cells with the ectopic expression of wild-type and H2BK120R
K125R and quantification of indicated protein band intensity plotted relative to tubulin. (E and F) RepresentativeWestern blot analysis (E) and quantitative RT-PCR analysis
(F) for POLE3 expression in HCT116 and HT29 cells with DOT1L knockdown. Number represents the quantification of indicated protein band intensity plotted relative to
tubulin. qRT-PCR experiment was performed independently at least three times, with results from on representative experiment shown. *P < 0.05, **P < 0.01, and ***P <
0.001. (G and H) Representative Western blot analysis in HCT116 (G) and HT29 (H) cells treated with DOT1L inhibitor EPZ004777.
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these results suggest that the aberrant POLE3-CHRAC1 interaction
is probably implicated in CRC development through hinder-
ing DDR.

DISCUSSION
The monoubiquitylation of H2B mediated by RNF20/40 has an es-
tablished role in the regulation of transcription and in DDR (9, 12,
13, 15). WDR70 functions as a subunit of CRL4 complex in HDR by
regulating the transcription of BRCA1, BRCA2, RAD51, and sub-
stantial additional transcriptomic changes (20). In addition,
CRL4WDR70 could promote the monoubiquitylation of H2B to

Fig. 8. CHRAC1D121Y mutation
identified in patients with CRC
weakens the interaction between
POLE3 and CHRAC1. (A) Positive
correlation between WDR70 and
POLE3 in CRC patients. (B) Repre-
sentative images of IHC staining for
WDR70 and POLE3 in patients with
CRC. (C) Spectrum and frequency of
susceptibility gene mutation in pa-
tients with CRC analyzed by whole-
exome sequencing. Twenty-four
paired-CRC tissues were subjected to
whole-exome sequencing. Each row
represents a gene, and each column
represents a patient. Different mu-
tation types are indicated by
different colors. The bar chart on the
left shows the given gene’s mutation
observed in the sample. (D) Identifi-
cation and validation of
CHRAC1D121Y mutation in CRC by
sequencing. (E) Direct observation of
DNA damage by using the comet
assay in CHRAC1-deficient cells with
ectopic expression of wild-type and
D121Y mutant of CHRAC1 after CPT
treatment for 12 hours. Representa-
tive images are shown. Scale bars, 50
μm. (F) Quantitation of the comet
data. Error bars represent SEM. *P <
0.05, **P < 0.01, and ***P < 0.001. (G)
Coimmunoprecipitation of CHRAC1
D121Y mutant with POLE3. Whole-
cell extracts of HEK293T cells co-
transfected with MYC-POLE3 and
GFP-CHRAC1 were subjected to im-
munoprecipitation using anti-MYC
magnetic beads. Captured proteins
were detected by Western blotting
using specific antibodies as indicat-
ed. (H) Model for WDR70-RNA20/40
function at DSBs. After DSB forma-
tion, WDR70 functions with RNF20/
40 synergistically to catalyze histone
H2BK120ub1, which in turn pro-
motes H3K79me2 at POLE3 loci and
eventually facilitates POLE3 tran-
scription. POLE3 in complex with
CHRAC1 enhances the expression of
HDR proteins and the recruitment of
KU80 at DNA damage sites, allowing
DNA repair via NHEJ and
HR pathway.
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affect DNA resection and thus HDR (21). Despite all these, our
current understanding of the factors that regulate H2BK120ub1 in
DDR needs to be further polished. By using the affinity purification
mass spectrometry, we identified a broad profile of proteins associ-
ated with WDR70, including H2B monoubiquitylation E3 ligase
RNF20/40, and also revealed that WD40 repeats in WDR70 are re-
quired for the interaction with RNF20/40. H2BK120ub1 level was
reduced after WDR70 knockdown, and the reduction was not re-
covered by overexpression of WDR70 lacking entire WD40
repeats or by overexpression of RNF20/40, implying that WD40
repeats in WDR70 contributes substantially to the interaction
with RNF20/40 and therefore de novo H2BK120ub1. Although
the interaction between WDR70 and RNF20/40 is validated in
vivo, it is worth to further investigate the interaction by protein
crystallization to identify structural basis to clarify whether the in-
teraction is direct.

What notable phenotypes could be led byWDR70 loss in cells? It
is expected that one obvious phenomenon is genomic instability
(20, 21), as WDR70 deficiency leads to the reduction of
H2BK120ub1 and DDR-related proteins, which eventually crashes
the DNA repair pathway like HR and NHEJ. We showed that
WDR70 loss has a pronounced effect on not only HDR proteins
but also POLE3, a histone-fold protein that interacts with POLE4
to bind DNA in a sequence-independent manner and to function
as a histone H3-H4 chaperone (36). WDR70 loss had a predomi-
nant effect on cellular mRNA levels, including the reduction of
POLE3 transcripts, which corresponded to the loss at the protein
level. It has been reported that POLE3 promotes checkpoint activa-
tion, and loss of POLE3 enhances cells’ sensitivity to ATR inhibitor,
PARP inhibitor, and CPT (33–35). Therefore, the regulation on
POLE3 by WDR70 hints at a connection between H2BK120ub1
and POLE3 transcription in DDR. The enrichment of
H2BK120ub1 and H3K79me2 at POLE3 loci and the failure of ele-
vation in POLE3 expression by ectopic H2B2KR that the incorpo-
ration into the chromatin of mutant H2B strictly block H2B
monoubiquitylation and consequently H2BK120ub1-driven pro-
cesses in cells point out the significance of WDR70 and
H2BK120ub1 in POLE3 transcription.

Although our works established WDR70-H2BK120ub1 axis as a
key factor in regulation of POLE3 expression, how this network is
coordinated in the context of DDR and whether POLE3 cooperates
with other proteins at DNA damage sites remains to be determined.
POLE3, together with ACF1, SMARCA5, and CHRAC1, could form
CHRAC at DNA damage sites (38, 42). Thus, it would be tempting
to speculate that CHRAC complex containing POLE3 might
promote DNA repair. Our data support this possibility since coim-
munoprecipitation assay showed that POLE3 directly interacts with
CHRAC1 in cells treated with CPT. We observed the interaction
between POLE3 and KU80 and the enhanced interaction after
induced DNA break by CPT. A noteworthy finding was that a pref-
erence for KU80 recruitment at DNA damage sites in vivo, suggest-
ing that POLE3-CHRAC1 complex plays a critical role in recruiting
or constraining KU70/80 complex at DNA damage sites to fulfill the
repair function. RNF20 depletion also causes the defect of YFP-
KU80 recruitment at laser-induced damage sites (12), supporting
our discovery that H2BK120ub1 drives POLE3 transcription,
which in turn enhances the KU80 recruitment. In future studies,
it will be important to understand whether ACF1, which has been
previously shown to function as a KU70-binding protein (38), is

coordinated with POLE3 in recruiting or constraining KU70/80
complex at DNA damage sites.

Gene expression is tightly regulated by dynamic chromatin states
controlled by multiple families of chromatin regulators including
the modifiers of DNA methylation, histone methylation and ubiq-
uitylation, and chromatin remodeling complexes. The mutation of
chromatin regulators is frequently observed in human cancer and
thus these regulators are attractive drug targets (43–48). Our
results also highlight the importance of chromatin regulators in
cancer by showing D121Y mutation of CHRAC1 in CRCs, which
has a great challenge in POLE3 interaction and the recruitment of
KU70/80 complex in DDR. Genomic instability and accumulation
of unrepaired DSBs are a common problem in many malignancies,
as cancer cell is bombarded with numerous DNA-damaging events
(49, 50). Therefore, our work implies that POLE3 or aberrant
CHRAC1 may be exploitable as cancer cell–specific therapeu-
tic targets.

Collectively, our data suggest a model that WDR70-RNF20/40-
H2Bub1 pathway is required for the DSB repair process. In partic-
ular, our studies reveal a link between WDR70-RNF20/40-H2Bub1
and POLE3, and this functional link leads to the increase in POLE3
transcription via chromatin relaxation at POLE3 loci. Increased
POLE3 could enhance the interaction with CHRAC1; elevate the
level of γH2AX, p-RPA2, and phosphorylated CHK1; and recruit
or constrain KU70/80 complex at DNA damage sites to ensure
DNA repair by HR and NHEJ pathway (Fig. 8H).

MATERIALS AND METHODS
Cell culture
HEK293T, HCT116, and HT29 were purchased from the cell bank
of the Chinese Academy of Science (Shanghai, China). All cell lines
were confirmed by short tandem repeat (STR) analysis before use.
Cells were cultured in Dulbecco’s modified Eagle’s medium (ExCell)
with 10% fetal bovine serum, 100 U of streptomycin, and penicillin
(100 μg/ml) at 37°C in atmosphere of 5% CO2.

Western blot
Total proteins were extracted from cells using SDS-containing lysis
buffer plus 1× protease inhibitor cocktail. The protein lysates were
separated on 6 to 15% SDS–polyacrylamide gel electrophoresis
(PAGE) gel according to the molecular weight of target proteins
and subsequently transferred onto polyvinylidene difluoride mem-
branes with a 0.2-μm pore size. Following transfer, membranes were
blocked in tris-buffered saline (TBS) buffer with 5% milk and 0.1%
Tween 20 for 1 hour at room temperature and then incubated with
indicated primary antibody overnight at 4°C. After being washed for
three times with TBS buffer containing 0.1% Tween 20, the mem-
brane was incubated with secondary antibody for 1 hour at room
temperature. The immunoblotting band was detected by an en-
hanced chemiluminescence detection kit, and the quantifications
ofWestern blot bands were conducted by ImageJ software [National
Institutes of Health (NIH)]. Antibodies used in this study were
listed in table S1.

RNA extraction, quantitative RT-PCR, and RNA sequencing
Total RNA was extracted from cells with TRIzol (Invitrogen, USA)
according to the manufacturer’s instructions and stored in diethyl
pyrocarbonate–treated water. The complementary DNA (cDNA)
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was reverse transcribed using PrimeScript II first Strand cDNA Syn-
thesis Kit (Takara, 6210A). Quantitative real-time PCR (qRT-PCR)
was performed using NovoStartSYBR qPCR SuperMix plus (Novo-
protein, E096). The fold change of target gene was calculated by
normalization with housekeeping gene ACTIN using the ddCt
methods. For RNA sequencing, briefly, the total RNAwas extracted
from cells for preparing library, and RNA sequencing was conduct-
ed on a HiSeqTM 200 platform (Illumina, USA). Primers and oligos
used in this study were listed in tables S1 and S2.

Immunoprecipitation assay
The cells were washed with phosphate-buffered saline (PBS) buffer
and collected by centrifugation with enzyme disaggregation. The
cell pellet was resuspended with immunoprecipitation lysis buffer
(20 mM tris, 137 mM NaCl, 5% glycerol, 1% NP-40, and 2 mM
MEDTA, pH 7.5) plus protease inhibitors for 30 min at 4°C. The
resulted supernatant was subjected to immunoprecipitation using
specific antibodies against target genes or anti-tag antibody
coated magnetic beads for 2 hours or overnight at 4°C with rotation.
The beads were washed three times for 5 min with washing buffer.
The protein bound to beads was eluted with loading buffer and an-
alyzed by Western blotting.

Cell colony formation assay
Cells were counted and subsequently were seeded in 48-well plates
at 500 cells per well and incubated at 37°C in humidified incubator.
Upon adherent to plate, cells were treated with indicated drugs for
24 hours. Subsequently, cells were supplemented with fresh
medium three times a week. Last, cells were fixed by 4% paraformal-
dehyde (PFA) for 30 min and stained with 0.1% crystal violet for 20
min at room temperature after 2 weeks. The total number of cell
colonies was counted at the end of experiments.

Comet assay
Comet assay was performed following the protocol published pre-
viously (51). Briefly, after washed for three times with PBS buffer,
cells were mixed in low-melting agarose. After lysis, samples were
pipetted onto the slides, which were previously coated with low-
melting agarose. Then slides were submerged in alkaline lysis
buffer at 4°C overnight in the dark. Slides were subjected to electro-
phoresis for 25 min at a voltage of 0.6 V/cm followed by staining
with EB for 10 min. Images of randomly selected cells per sample
were captured by using an LSM880 Zeiss laser confocal microscope.
The relative DNA tail length was measured using ImageJ software
(NIH). The relative length and intensity of DNA tails relative to
heads is proportional to the amount of DNA damage in individual
nuclei.

Micronuclei quantitation
Cells were fixed by using 4% PFA and subsequently treated with
0.3% Triton X-100 for 15 min. The slides were stained with
Hoechst 33342 for 15 min and washed three times with PBS
buffer. The image was captured by using a LSM880 Zeiss laser con-
focal microscope. Greater than 200 cells were imaged. The data
shown are the mean ± SE.

Karyotype assay
Cells were treated with colchicine (1 μg/ml) for 2 hours before
harvest and were resuspended with 75 mM KCl for 25 min in a

water bath (37°C). The cell suspensions were centrifugated at
1000 rpm for 10 min. The resulted pellets were fixed with 7 ml of
fresh Carnoy (methanol:acetic acid = 3:1) for 10 min, and the sus-
pension was centrifugated again. Pellets were resuspended with a
few drops of Carnoy. The suspensions were dropped onto a pre-
cleaned slide. After being dried at room temperature, the slides
were stained with 40,6-diamidino-2-phenylindole (DAPI) and
metaphase chromosomes were captured by using an LSM880
Zeiss laser confocal microscope.

Immunofluorescence staining and whole-exome
sequencing
Cells were seeded into 24-well plates with glass coverslips at 5000
per well for 2 days. After being washed with PBS buffer, cells were
fixed with 4% PFA, and permeabilized with 0.3% Triton X-100 in
PBS buffer for 15 min followed by incubation with 5% fatal bovine
serum for 30 min at room temperature. Cells were indicated with
primary antibody at 4°C overnight. After washing with PBS
buffer, cells were incubated with indicated secondary antibody for
1 hour at room temperature. Last, images were captured using
LSM880 laser confocal microscope.

For whole-exome sequencing of human colorectal tumors,
paired adjacent normal mucosa, the samples were obtained from
the West China Hospital (Chengdu, China). All patients signed in-
formed written consent with the approval of the Biological and
Medical Ethics Committee of West China Hospital. Whole-
exosome sequencing was conducted on a Hiseq X-Ten PE150 (Illu-
mina, USA) by OE Biotech Co, Ltd (Shanghai, China).

Laser microirradiation analysis
The LSM880 ZEISS laser confocal microscope was applied to irra-
diation by a 405-nm laser. Cells were incubated with Opti-MEM
plus 10% fetal bovine serum without phenol and administrated
with Hoechst (10 μg/ml) to increase sensitivity for laser before
laser microirradiation. Cells were scanned for 30 times with 405-
nm laser at 70%, one iteration, zoom of 3, and pixel dwell time of
12.61 μs. After treatment with laser irradiation, time-lapse images
were taken with an LSM880 ZEISS laser confocal microscope.

Chromatin immunoprecipitation
ChIP assay was performed according to the protocol published pre-
viously (52, 53). Briefly, cells were cross-linked with 1% PFA
(Sigma-Aldrich) followed by quenching the reaction with 125
mM glycine. After being washed twice with PBS buffer, cell
pellets were transferred to a microfuge tube. Cells were
administrated with lysis buffer plus protease inhibitors and
sonicated to about 500-bp fragments. The supernatant was collected
by centrifugation at 10,800 rpm for 15 min and diluted 10-fold with
ChIP dilution buffer plus protease inhibitors. The chromatin
supernatant was incubated with primary antibody at 4°C overnight.
The protein G agarose beads were washed with ChIP dilution buffer
for several times and incubated with the resulted supernatant
for 3 hours. The beads were sequentially washed for 5 min at 4°C
with low-salt buffer, high-salt buffer, LiCl buffer, and Tris-EDTA
(TE) buffer. DNA fragments were enriched with 10% chelex
(Bio-Rad). Immunoprecipitated DNA was analyzed by qRT-PCR
with specific primers for target genes.
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HR repair assay
Site-specific recombination after DSB induction by I-Sce I was de-
termined as described previously (54). Briefly, DR-U2OS cells were
transfected with I-Sce I–expressing vector or an empty vector for 72
hours. The cells were harvested with enzyme disaggregation and
then were resuspended in PBS buffer supplemented with 10%
fetal bovine serum. FACSort flow cytometer was used to sort the
GFP-positive cells at 10,000 events per sample. The results were an-
alyzed by FlowJo software.

NHEJ assay
NHEJ assay was conducted according to the protocol published pre-
viously (54). The EJ5-GFP cells were transfected with an I-Sce I–ex-
pressing vector or an empty vector for 72 hours. The cells were
harvested with enzyme disaggregation and were resuspended in
PBS buffer supplemented with 10% fetal bovine serum. FACSort
flow cytometer was used to sort the GFP-positive cells at 10,000
events per sample. The results were analyzed by FlowJo software.

Immunohistochemistry staining
The clinical colorectal tissue microarray was purchased fromOutdo
Biotech Company (Shanghai, China). All samples were embedded
in paraffin, deparaffinized, and rehydrated in advance. For immu-
nohistochemistry staining, the tissue was boiled in sodium citrate
buffer for 90 s to retrieval antigen followed by treatment with 3%
H2O2 for 10 min and blocking with 1% bovine serum albumin sol-
ution for 15 min. The specific antibodies against POLE3 (ABclonal,
A6469) andWDR70 (HUABIO) were incubated at 4°C overnight in
a humidified chamber. After 30-min incubation with the secondary
antibody at room temperature, the slides were stained with hema-
toxylin and 3,30diaminobenzidine.

Detection of protein ubiquitination in vivo
HEK293T cells were cotransfected with the plasmid of FLAG-
tagged ubiquitin and the indicated MYC-tagged gene for 48
hours. Cell lysates were prepared and subjected to immunoprecip-
itation using anti-FLAG or anti-MYC antibody–coupled magnetic
beads. After extensively washing out unbound proteins, captured
proteins were detected by Western blot using specific antibodies.

Gene expression analysis
The gene expression data were retrieved from TCGA (https://portal.
gdc.cancer.gov/) database, and the correlation between WDR70
mRNA expression and POLE3 mRNA expression was analyzed in
colorectal (n = 530) and normal tissues (n = 42) by R software
with ggplot2 package.

Ethics approval and consent to participate
Use of human tissues was reviewed and approved by the ethics com-
mittee of West China Hospital of Sichuan University.

Statistical analysis
All quantitative data were analyzed using GraphPad (v9.0) software,
and the values were shown as mean ± SD. Student’s t test was
applied to determine the comparison of difference where appropri-
ate. P < 0.05 was considered as statistical significance.

Supplementary Materials
This PDF file includes:
Figs. S1 to S5
Tables S1 to S3
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