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DNA polymerase eta (Pol η) is a eukaryotic member of the
Y-family of DNA polymerase involved in translesion DNA
synthesis and genome mutagenesis. Recently, several trans-
lesion DNA synthesis polymerases have been found to function
in repair of DNA double-strand breaks (DSBs). However, the
role of Pol η in promoting DSB repair remains to be well
defined. Here, we demonstrated that Pol η could be targeted to
etoposide (ETO)-induced DSBs and that depletion of Pol η in
cells causes increased sensitivity to ETO. Intriguingly, deple-
tion of Pol η also led to a nonhomologous end joining repair
defect in a catalytic activity–independent manner. We further
identified the scaffold protein Kap1 as a novel interacting
partner of Pol η, the depletion of which resulted in impaired
formation of Pol η and Rad18 foci after ETO treatment.
Additionally, overexpression of Kap1 failed to restore Pol η
focus formation in Rad18-deficient cells after ETO treatment.
Interestingly, we also found that Kap1 bound to Rad18 in a Pol
η-dependent manner, and moreover, depletion of Kap1 led to a
significant reduction in Rad18–Pol η association, indicating
that Kap1 forms a ternary complex with Rad18 and Pol η to
stabilize Rad18–Pol η association. Our findings demonstrate
that Kap1 could regulate the role of Pol η in ETO-induced DSB
repair via facilitating Rad18 recruitment and stabilizing
Rad18–Pol η association.

DNA polymerase eta (Pol η) is a well-known member of
Y-family DNA polymerases that are involved in translesion
DNA synthesis (TLS) to maintain genome integrity. Specif-
ically, Pol η accumulates at stalled replication forks and pro-
ceed accurately with cyclobutane pyrimidine dimers generated
by ultraviolet (UV) radiation. Pol η can also efficiently replicate
across cisplatin GpG adducts, which is closely related to
cisplatin resistance of tumor cells (1–4). Inherited truncating
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mutations in Pol η are primarily associated with photosensi-
tivity and skin cancer (5, 6). Compelling evidence reveals that
DNA damage–induced Pol η focus formation during TLS is
stringently regulated by protein post-translational modifica-
tion and protein–protein interaction, especially its binding to
the mono-ubiquitinated proliferating cell nuclear antigen
(PCNA) (mUb-PCNA) that is catalyzed by ubiquitin E3 ligase
Rad18 (7, 8). Beyond its canonical role in TLS, Pol η has been
reported to participate in DNA synthesis in several situations
such as replication of common fragile sites, nucleotide excision
repair, and re-replication (9–11). Particularly, Pol η has been
implicated to function in homologous recombination (HR), a
high-fidelity repair pathway mainly occurring in the S and G2
phases of the cell cycle for DNA double-strand breaks (DSBs)
that are the most toxic type of DNA lesions, based on both
biochemical analyses and genetic studies performed in chicken
DT40 cells (12, 13). However, it remains a mystery as for the
role of Pol η in DSB repair.

Acute DSB formation is the central mechanism of radio-
therapy and chemotherapeutic agents for many cancer treat-
ments. Etoposide (ETO), a type II topoisomerase (Top2)
inhibitor, is a broad-spectrum anticancer drug and a potent
inducer of DSBs by interfering with the normal enzymatic
cleavage and religation reaction with Top2 covalently bound to
the 50 end of the DNA (14, 15). In addition to HR, nonho-
mologous end joining (NHEJ), another major DSB repair
pathway, also plays an important role upon ETO exposure (16,
17). Actually, NHEJ, which is active throughout the cell cycle,
is more preferentially employed in mammalian cells to quickly
repair DSBs in the genome (18). In NHEJ pathway, DSBs are
first recognized by the Ku70–Ku80 heterodimer followed by
recruiting other NHEJ proteins such as DNA-dependent pro-
tein kinase catalytic subunit (DNA-PKcs), DNA polymerase μ,
and X-ray repair cross-complementing protein 4 to promote
the joining of DSB ends (19). Emerging data show the
importance of Pol η in influencing the therapeutic outcome
and chemoresistance of platinum-based anticancer drugs
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Pol η promotes nonhomologous end joining
(20–22). It is still obscure whether Pol η participates in ETO-
induced damage repair and affects its killing effect.

In the current study, we found that Pol η could accumulate
at both laser- and ETO-induced DSB sites and promote NHEJ
repair. Depletion of Pol η delayed DSB repair process and
sensitized cells to ETO treatment. Through mass spectrometry
(MS), we identified Krüppel-associated box–associated protein
1 (Kap1) to be a new partner of Pol η. Knockdown of Kap1
reduced Pol η accumulation at DSBs induced by ETO, which
could be rescued by ectopically expressed Kap1. However,
Kap1 supplementing failed to rescue ETO-induced Pol η
accumulation in Rad18-knockout (KO) cells. Interestingly, we
found that Kap1 is required for optimal Rad18 accumulation at
ETO-induced damage sites, whose deficiency led to a signifi-
cant reduction in Rad18 focus formation. Moreover, Kap1 also
associates with Rad18 in a Pol η–dependent fashion. And the
association between Pol η and Rad18 was enhanced by ETO
treatment, while dramatically decreased upon Kap1 depletion,
indicating that Kap1 binds to Rad18 and Pol η, forming a
ternary complex to stabilize Rad18–Pol η association. Notably,
the stimulatory role of Kap1 in Rad18–Pol η association is
independent of Rad18 phosphorylation on S409/S434 sites.
Collectively, we revealed a novel role of Pol η in ETO-induced
DSB repair, which is regulated by Kap1 in a Rad18-dependent
manner.
Results

Pol η accumulates at DSB sites and promotes ETO-induced
DSB repair

Given that Pol η not only accumulates at DNA lesions upon
UV or cisplatin exposure but also extends D-loop in vitro (13),
we hypothesized that Pol η might also be recruited to DSBs
in vivo. We first expressed GFP-fused Pol η into U2OS cells
and treated the cells with laser microirradiation to examine the
accumulation of Pol η to laser-induced damage sites. As ex-
pected, a rapid accumulation of Pol η at laser tracks marked by
53BP1 (p53-binding protein 1) or γH2AX, two representative
biomarkers of DSBs, was found (Fig. S1A). Considering that
Ataxia telangiectasia mutated (ATM) kinase is a vital and early
transducer of DSB signals, we then treated cells with ATM
inhibitor Ku55933 prior to microirradiation and found that
ATM inhibition resulted in an obvious decrease of Pol η
recruitment (Fig. S1B), suggesting that Pol η accumulates at
laser-induced damage sites partially depending on ATM.
Given that ETO is commonly used to cure cancer by inducing
DSBs in vivo, we wonder whether Pol η could localize to ETO-
induced DSB sites in cells and further affect the efficacy of
ETO treatment. To investigate the role of Pol η upon ETO
treatment, we transfected GFP-Pol η into U2OS cells and
detected its focus formation after ETO exposure. An obvious
assembly of GFP-Pol η was found after ETO treatment (Fig. 1,
A and B), suggesting that Pol η might participate in ETO-
induced damage repair. 53BP1 focus formation is an early
event in the cellular response to DSBs, whose disappearance
can reflect DSB repair progression. To understand the func-
tional importance of Pol η in repairing ETO-induced DSBs, we
2 J. Biol. Chem. (2022) 298(5) 101861
investigated the time course of 53BP1 focus dispersion in Pol
η–proficient (MRC5) and Pol η–deficient (XPV) cells post
ETO treatment. The percentages of cells with 53BP1 foci were
similar between MRC5 and XPV cells immediately after ETO
treatment (55% and 54.9%, respectively). However, compared
to MRC5 cells, XPV cells displayed a much slower rate in
53BP1 focus dispersion after ETO treatment (Fig. S1C), with
the proportions of 53BP1 foci–positive cells in XPV being
significantly higher than those in MRC5 cells (43.3% versus
30.5% at 2 h, 37.1% versus 20.7% at 10 h, and 22.8% versus 5.1%
at 30 h). To exclude the possibility that the delayed 53BP1
focus dispersion in XPV cells was caused by nonisogenic effect,
we repeated the experiment in MRC5 cells with Pol η–stable
knockdown. Consistently, depletion of Pol η also caused a
significant delay in removal of 53BP1 foci, resulting in a higher
proportion of 53BP1 foci–positive cells and a higher 53BP1
foci number per cell after ETO treatment (Fig. 1, C–E). These
data indicate that Pol η deficiency impairs ETO-induced DSB
repair. We then examined the dynamics of Rad51 focus for-
mation and dispersion in XPV cells to assess its HR activity
after ETO treatment. Supporting the role of Pol η in a late step
in HR, we observed a significantly higher extent of Rad51 foci
at 10 h and 30 h post ETO in XPV cells than that in MRC5
cells (Fig. S1D). Interestingly, no significant difference in
Rad51 focus formation between MRC5 and XPV cells could be
detected at 0 h and 2 h post ETO (Fig. S1D).
Pol η deficiency causes impaired NHEJ efficiency and
increased sensitivity to ETO

To determine whether NHEJ pathway also contributes to
the DSB repair defect caused by Pol η deficiency, we treated
shPol η-MRC5 cells with ETO and costained 53BP1 with S/G2
cell cycle marker cyclin A. As is shown in Figure 1F, although
there were scanty 53BP1 foci existing in cyclin A–positive
cells, most unrepaired DSBs persisted in cyclin A–negative
cells, supporting that Pol η knockdown resulted in a DSB
repair defect in G1, when NHEJ but not HR is operative. We
next examined whether Pol η affects NHEJ repair through an
integrated DR-GFP reporter system established in HeLa cells
(23) (Fig. S2A). We observed a significant increase in GFP
signal when Flag-Pol η was overexpressed compared to Flag-
vector (Fig. S2B). Consistently, knockdown of Pol η resulted
in an obvious reduction in NHEJ efficiency (Fig. S2C), which
could be restored when Pol η knockdown cells were com-
plemented with Flag-Pol η (Fig. 2A). These data support that
Pol η could accumulate at ETO-induced damage sites to
facilitate NEHJ repair. To further test whether the DNA po-
lymerase activity of Pol η is required for its role in NHEJ, we
generated a catalytically inactive Pol η mutant (D13A/E22A/
D115A/E116A, Pol η-CI) (24). We found that, similar to Pol η
wildtype (Pol η-WT), Pol η-CI still accumulated at ETO-
induced DSB sites (Fig. 2B), and overexpression of Pol η-CI
could cause a comparable increase in NHEJ efficiency as Pol η-
WT (Fig. 2C). Thus, the role of Pol η in promoting ETO-
induced NHEJ repair can be independent of its catalytic
activity.
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Figure 1. Pol η accumulates at ETO-induced damage sites and promotes NHEJ repair. A, localization of GFP-Pol η after ETO treatment. GFP-Pol
η–transfected U2OS cells were treated with ETO (2.5 μM) and further incubated for 24 h. The cells were then fixed and DAPI-stained. Scale bars:
3 μm. B, the proportions of GFP-Pol η–expressing cells with more than 30 foci were determined. Data represent means ± SEM from three independent
experiments. C, representative images of cells stained with DAPI and 53BP1 after ETO treatment. ShNC-treated and shPol η–treated MRC5 cells were
treated with 50 μM ETO for 30 min and further cultured. At the indicated time points, cells were treated with 0.5% Triton-X100 for 10 min followed by
immunofluorescence. Scale bars: 10 μm. D, quantification of the number of 53BP1 foci in (C). For each cell line at each time point, at least 100 cells were
measured. E, quantification of the percentage of cells with more than 10 53BP1 foci. The upper panels show immunoblots indicating the Pol η levels.
Tubulin: loading control. For each cell line at each time point, at least 200 cells were counted. Data represent means ± SEM from three independent
experiments. F, representative images of cells costained with 53BP1 and cyclin A after ETO treatment. ShNC- and shPol η-MRC5 cells were treated with
50 μM ETO for 30 min and further cultured for 30 h, followed by immunofluorescence. G1 represents cyclin A–negative cells. Scale bars: 5 μm. DAPI, 4,
6-diamidino-2-phenylindole; ETO, etoposide; NHEJ, nonhomologous end joining.

Pol η promotes nonhomologous end joining
To address the functional significance of Pol η recruit-
ment to ETO-induced DSBs, we next tested the effect of Pol
η deficiency on cellular survival after ETO treatment. We
found that Pol η–depleted U2OS or MRC5 cells displayed
an increased sensitivity to ETO treatment (Figs. S2D and 2,
D and E). Consistently, compared to MRC5, XPV (Pol η–
deficient) cells exhibited an increased sensitivity to ETO,
which could be rescued by complementary GFP-Pol η
(Fig. 2, D and E). These data suggest that Pol η plays an
essential role in promoting cell survival after ETO. It is
known that DNA damage caused by ICRF-193 (another
Top2 inhibitor) is predominantly repaired by the NHEJ
pathway (25). To further support the role of Pol η in NHEJ,
we examined the viability of XPV cells to ICRF-193. Indeed,
XPV cells displayed a significant decrease in viability
following exposure to ICRF-193 compared to MRC5 and
J. Biol. Chem. (2022) 298(5) 101861 3
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Figure 2. Pol η deficiency leads to NHEJ repair defect and cellular hypersensitivity to ETO. A, Pol η shRNA–treated cells complemented with Flag-Pol η
or not were transfected with NHEJ reporter (I-SceI endonuclease encoding plasmid and pDsRed2-N1). NHEJ repair efficiency (GFP+/DsRed+) were analyzed
by FACS after 96 h. The lower panels show the Pol η levels through immunoblotting. Tubulin: loading control. B, the recruitment of Pol η to ETO-induced
DSBs is independent of its catalytic activity. The proportions of GFP-Pol η WT- or CI (catalytic inactive) mutant-expressing cells with more than 30 foci were
determined. Data represent means ± SEM from three independent experiments. C, the role of Pol η in NHEJ is independent of its catalytic activity. EJ5 cells
overexpressing Flag-vector, or Flag-Pol ηWT, or CI were transfected with I-SceI endonuclease. NHEJ repair efficiency (GFP+) was analyzed by FACS after 48 h.
The lower panels show immunoblots indicating the Pol η levels in different conditions. D, MRC5 (NC, siPol η, and siKu80), XPV, and GFP-Pol η–com-
plemented XPV (XPV-GFP-Pol η) cells were treated with indicated ETO and further incubated for 7 to 10 days. The number of clones was determined.
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curve is shown. Error bar: s.d., n = 3. E, immunoblots indicating the Pol η and Ku80 levels in (D). Tubulin: loading control. DSB, double-strand break; ETO,
etoposide; FACS, fluorescence activated cell sorting; NHEJ, nonhomologous end joining.

Pol η promotes nonhomologous end joining
GFP-Pol η–complemented XPV (XPV-GFP-Pol η) cells
(Fig. S2E). As Pol η functions in the TLS pathway, we
wonder whether the role of Pol η in DSB repair is related to
its classical TLS bypass activity. Given that mUb-PCNA
catalyzed by the principal E3 ubiquitin ligase Rad18 on
lysine 164 (K164) provides a landing platform for the
recruitment of TLS polymerases to DNA lesions allowing
bypass of replication-blocking lesions (26, 27), we treated
cells with UV irradiation and several DSB-inducing agents
including ETO, ICRF-193, and bleomycin to examine
cellular mUb-PCNA levels. As is shown, although UV
4 J. Biol. Chem. (2022) 298(5) 101861
irradiation induced a significant increase of mUb-PCNA in
Rad18 WT but not KO cells, no obvious mUb-PCNA could
be detected after ETO, ICRF-193, and bleomycin treatments
(Fig. S2F). Collectively, these results suggest that Pol η plays
a distinct role in promoting NHEJ, which could be disso-
ciable from its TLS function.

Kap1 is a novel Pol η–interacting protein

To explore the potential proteins that engage Pol η to ETO-
induced damage sites, we overexpressed Flag-Pol η in HEK293T
cells and performed chromatin immunoprecipitation
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experiments followed by MS. We identified a subset of Pol η–
associating proteins that are involved in DNA damage repair in
the immunoprecipitates (Table S1). Besides the well-known Pol
η partners, such as Rad18 and PCNA, several other proteins
involved in DSB repair including DNA-dependent protein ki-
nase catalytic subunit (DNA-PKcs), Ku autoantigen, 70 kDa
(Ku70), Kap1, and poly(ADP-ribose) polymerase 1 (PARP1)
were identified (Fig. 3A). We then performed coimmunopre-
cipitation (Co-IP) assay to validate the associations between Pol
η and DNA-PKcs, Ku70, Kap1, or PARP1. Endogenous DNA-
PKcs and Kap1 were found to bind to Flag-Pol η specifically,
whereas Ku70 and PARP1 failed to be immunoprecipitated
efficiently by Flag-Pol η (Fig. 3B). In turn, Flag-Pol η could also
be immunoprecipitated by endogenous Kap1 (Fig. S3A).
Considering that DNA-PKcs forms the active DNA-PK holo-
enzyme with Ku70–Ku80 heterodimer to play crucial roles in
NHEJ repair, we then checked whether the DNA-PKcs kinase
activity is required for Pol η accumulation at DSB sites. As is
shown in Fig. S3B, treatment with DNA-PKcs kinase inhibitor
NU7026 did not cause an obvious reduction in Pol η focus
formation upon ETO exposure, suggesting that DNA-PKcs ki-
nase activity is not required for Pol η recruitment at ETO-
induced DSBs.

It is known that ATM-induced Kap1 phosphorylation at
Ser824 (S824p) in response to DNA damage facilitates local
chromatin relaxation (28). Given that the recruitment of Pol η
to laser-induced damage sites is partially impaired by ATM
inhibitor, we assume that Kap1 might regulate the role of Pol η
in NHEJ repair. To prove this, we first determined whether the
Kap1–Pol η interaction is direct by checking the binding be-
tween purified glutathione S-transferase (GST)–tagged Kap1
and His-tagged Pol η in vitro. Indeed, His-Pol η was pulled
down by GST-Kap1 (Fig. 3C), confirming that Pol η directly
binds to Kap1. Then, we mapped the regions within Pol η
responsible for its interaction with Kap1 by using Flag-Pol η
and a series of Pol η truncated mutants (1–495, 350–590, and
594–713). As is shown, Pol η-1-495 and Pol η-350–590 mu-
tants displayed relatively strong and weak binding to Kap1,
respectively, whereas the association between Kap1 and Pol η-
594–713 mutant was absent (Fig. S3C), suggesting that the
Kap1-binding region of Pol η does not reside within its C-
terminal. Furthermore, we constructed a series of Flag-Pol η
deletion mutants (K1 (△1–100), K2 (△101–200), K3
(△201–300), K4 (△301–400), K5 (△401–500), K6
(△501–600), and K7 (△601–713) (Fig. S3D). Co-IP experi-
ments revealed that the N-terminal 1 to 100 amino acids of Pol
η is required for its binding to Kap1 (Fig. 3D). As Kap1 can
function as an E3 sumo ligase (through PHD domain) and
sumoylation of Pol η was reported to regulate its role in
response to DNA damage (29, 30), we wondered whether Kap1
sumoylates Pol η in vivo. Exogenously expressed Flag-Pol η in
Kap1-depleted HEK293T cells was immunoprecipitated to
assess its sumoylation through immunoblotting using anti-
Sumo antibody. No significant difference in the level of Pol η
sumoylation could be detected between siNC- and siKap1-
treated cells (Fig. S3E). Taken together, these data indicate
that Kap1 binds to the N-terminus of Pol η but does not
regulate its sumoylation.

Kap1 is required for the recruitment of Pol η to ETO-induced
DSB sites

Interestingly, we found that Pol η could colocalize with
Kap1 S824p, an early event in DSB repair catalyzed by ATM
kinase, at laser-induced tracks (Fig. S4A). To examined
whether Kap1 regulates Pol η assembly at DSB sites, we
transfected siKap1-treated U2OS cells with GFP-Pol η and
analyzed its accumulation at laser-induced tracks. As is shown,
knockdown of Kap1 led to an obvious reduction of Pol η
accumulation at laser-damaged sites compared to negative
control (siNC) cells (Fig. 4, A and B), suggesting that Kap1
regulates the recruitment of Pol η to laser-induced damage
sites. In support of it, Kap1 knockdown also resulted in a
significant reduction in Pol η focus formation (9.87%) upon
ETO treatment, which could be rescued by complementing
Myc-Kap1 (36.39%) (Fig. 4, C and D).

Although the Kap1–Pol η association remains unchanged
after ETO exposure (Fig. S4B), the proportion of Pol η foci–
positive cells post ETO treatment was decreased (41.35% for
GFP-Pol η-1-713, 29.80% for GFP-Pol η-301–713, 9.01% for
GFP-Pol η-556–713) when its N-terminal domain which is
important for Kap1–Pol η association was deleted (Fig. 4, E and
F), suggesting that Kap1–Pol η interaction plays an important
role in mediating the recruitment of Pol η to ETO-induced
DSB sites. Notably, we also found that the Pol η mutant lack-
ing the C-terminal (GFP-Pol η-1-512), which still interacted
with Kap1, failed to be recruited to ETO-induced damage sites
(Fig. 4, E and F), hinting that, besides the Kap1–Pol η associ-
ation, there exists other mechanism(s) regulating ETO-induced
Pol η focus formation. Taken together, these data indicate that
Kap1 functions upstream of Pol η to modulate its recruitment
to ETO-induced DSB sites.

Kap1 drives Rad18-dependent Pol η focus formation by
regulating Rad18 accumulation and enhancing Rad18–Pol
η association

Rad18 is known to directly associate with the C-terminal of
Pol η and promote UV-induced Pol η focus formation (7).
Interestingly, we found that ETO-induced Rad18 foci colo-
calized with GFP-Pol η at different repair times (2 h and 8 h)
(Fig. S5A) and Rad18–Pol η association was getting enhanced
with increased concentration of ETO exposure (Fig. 5A),
hinting the role of Pol η in ETO-induced NHEJ repair might
also be regulated by Rad18. Such is the case, compared to WT
U2OS cells (34.07%) that had a relative higher percentage of
Pol η foci–positive cells post ETO treatment, Rad18 KO U2OS
cells manifested poor Pol η focus formation (1.25%), which
could be largely rescued by complementing with Myc-Rad18
(22.70%) but not Myc-Kap1 (0.63%) (Fig. 5, B and C). These
data hint that Kap1 might modulate Pol η accumulation at
DSBs in a Rad18-dependent fashion. In support, we found that
Kap1 knockdown caused a dramatic decrease in the
J. Biol. Chem. (2022) 298(5) 101861 5
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recruitment of Rad18 post ETO treatment (Fig. 5D), indicating
that Kap1 modulates Pol η recruitment by facilitating Rad18
focus formation after ETO exposure.

As ETO-induced focus formation of Pol η mutants (GFP-
Pol η-301–713 and GFP-Pol η-556–713), which contains
Rad18-binding domain but failed to bind Kap1, were decreased
compared to that of Pol η full length (GFP-Pol η-1-713) (Fig. 4,
E and F), it is likely that Kap1 can drive Pol η focus formation
by regulating Rad18 accumulation and enhancing Rad18–Pol η
association after ETO treatment. We then determined the
interplay between Kap1–Pol η and Rad18–Pol η associations.
Surprisingly, we also detected a clear association between
Myc-Rad18 and endogenous Kap1 in HEK293T cells (Fig. 5E).
To examine whether the Kap1–Rad18 association is Pol η–
dependent, we transfected Myc-Kap1 with GFP-Rad18 WT or
the mutant (GFP-Rad18-△PID) lacking Pol η–binding
domain into HEK293T cells followed by the Co-IP assay. We
found that the Kap1-binding capability of GFP-Rad18-△PID
was significantly reduced compared to that of GFP-Rad18 WT
(Fig. 5F), suggesting that Pol η might form a complex with
Kap1 and Rad18, to promote the binding of Kap1 and Rad18.
To further confirm that, we transfected GFP-Rad18 and Myc-
Kap1 into XPV cells (Pol η-deficient) and found that Myc-
Kap1 failed to be immunoprecipitated by GFP-Rad18
6 J. Biol. Chem. (2022) 298(5) 101861
(Fig. S5B). Moreover, we examined the association between
Myc-Rad18 and GFP-Pol η full-length or mutant lacking the
binding domain for Kap1 (301–713). We found that the as-
sociation between Myc-Rad18 and GFP-Pol η-301–713 was
significantly impaired in comparison to GFP-Pol η full length
(1–713) (Fig. 6A), indicating that Kap1–Pol η binding pro-
motes Rad18–Pol η association. Similarly, knockdown of Kap1
also reduced the association between Rad18 and Pol η (Fig. S5,
C and D), which could be restored by supplementing with
Kap1 (Fig. 6, B and C). Meanwhile, Pol η still associated with
endogenous Kap1 in Rad18 KO cells, accompanied by a slight
decrease compared to that in Rad18 WT cells (Fig. 6, D and E),
suggesting that Rad18 is also required for optimal Kap1–Pol η
interaction in vivo. Taken together, these results reveal that
Kap1 forms a ternary complex with Pol η and Rad18, which
promotes Rad18-directed Pol η recruitment at ETO-induced
DSBs.
Rad18 promotes ETO-induced DSB repair independent of its
phosphorylation on S409/S434

We further determined the role of Rad18 and Kap1 in ETO-
induced DSB repair. Analogous to Pol η–deficient cells, Rad18
KO cells also displayed a much slower rate in 53BP1 focus
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Pol η promotes nonhomologous end joining
dispersion after ETO treatment, with the proportions of 53BP1
foci–positive cells being significantly higher than those in WT
cells (47.62% versus 32.63% at 2 h, 43.68% versus 21.41% at
10 h, and 30.84% versus 17.89% at 30 h) (Fig. 7A). However,
Kap1 knockdown cells displayed an attenuated 53BP1 focus
formation at 0 h after ETO exposure (Fig. S6A), echoing the
previous report that Kap1 promotes 53BP1 loading at DSB
sites (31). In addition, Rad18 or Kap1 knockdown cells dis-
played an impaired NHEJ repair efficiency (Fig. 7B) and
increased sensitivity to ETO treatment (Fig. S6, B and C),
indicating that, similar to Pol η, Rad18 and Kap1 facilitate
NHEJ repair progression following ETO treatment.

It has been reported that phosphorylation of Rad18 on S409
and S434 by Dbf4/Drf1-dependent Cdc7 kinase (DDK) and
J. Biol. Chem. (2022) 298(5) 101861 7
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Pol η promotes nonhomologous end joining
ATR/Chk1-dependent c-Jun N-terminal kinase promotes
Rad18–Pol η association and facilitates Pol η recruitment to
UV-induced damage sites for carrying out its TLS function
(32). We wonder whether the phosphorylation of Rad18 was
also required for optimal Pol η accumulation at ETO-induced
8 J. Biol. Chem. (2022) 298(5) 101861
DSBs. To test it, we transfected GFP-Pol η with WT or
phosphorylation mutant (S409A/S434A) Rad18 into Rad18-
deficient U2OS cells followed by ETO exposure. Notably,
WT and S409A/S434A Rad18 manifested a comparable ca-
pacity in promoting Pol η focus formation (Fig. 7C) and in
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Pol η promotes nonhomologous end joining
binding with Pol η or Kap1 post ETO (Fig. S6, D and E),
suggesting that ETO-induced Pol η focus formation and
Kap1–Rad18–Pol η ternary complex formation are indepen-
dent of Rad18 phosphorylation on S409/S434.

In addition to protein–protein interaction, protein post-
translational modifications also fine-tune Pol η recruitment
to stalled replication fork. In particular, ATR/PKC catalyzed
phosphorylations on S587 and T617 have been reported to be
required for Pol η recruitment after UV exposure (33). Given
that Pol η accumulation at laser-induced damage sites was
partially dependent on ATM (Fig. S1B), we asked whether Pol
η phosphorylations on S587 and T617 also affected its focus
J. Biol. Chem. (2022) 298(5) 101861 9
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Pol η promotes nonhomologous end joining
formation to ETO-induced DSBs. As is shown in Fig. S6F, Pol
η-S587A and Pol η-T617A mutations significantly impaired
Pol η focus formation post ETO compared WT control,
providing direct evidence that Pol η phosphorylations on S587
and T617 are critical for its recruitment to DSBs following
ETO treatment.
Discussion

Pol η plays an important role in genome maintenance
through preventing replication fork stalling by allowing
temporary bypass of DNA lesions. The well-known function of
Pol η is to efficiently bypass cyclobutane pyrimidine dimer or
Pt-GG adducts induced by UV or cisplatin. Defective Pol η is
10 J. Biol. Chem. (2022) 298(5) 101861
closely associated with the skin cancer–prone syndrome,
xeroderma pigmentosum (34, 35). The findings that Pol η can
also be utilized to act at intrinsically complicated tracks
including D-loop extension to ensure chromosome stability
(13, 36) modify the way of apprehending Pol η transactions on
DNA damages, hinting the function of Pol η in DSB repair via
distinct mechanisms. Although overexpression of Pol η has
been reported to cause an increase in HR frequency, little ef-
fect on the HR frequency is observed when cells were depleted
of Pol η (36, 37). What is more, it remains enigma whether Pol
η function in NHEJ repair. Here, we found that Pol η colo-
calized with 53BP1 and γH2AX at microirradiated tracks and
accumulated at ETO-induced DSB sites. By monitoring the
time course of 53BP1 focus disappearance after ETO
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treatment, we showed that Pol η depletion impaired ETO-
induced DSB repair. Notably, Pol η knockdown resulted in a
delayed 53BP1 focus dispersion in G1 phase, when NHEJ but
not HR is operative. We also provided further evidence to
support that Pol η could promote NHEJ repair in a non-
catalytic fashion.

Based on MS analysis and Co-IP experiments, both DNA-
PKcs and Kap1 were found to associate with Pol η. We
noticed that Kap1 but not DNA-PKcs kinase activity is
required for Pol η recruitment at ETO-induced DSBs. In
addition to repressing transcription, Kap1 has been reported to
be rapidly phosphorylated on S824 upon DNA damage to
allow chromatin remodeling for efficient DNA repair in het-
erochromatin. Knockdown of Kap1 can decrease NHEJ repair
efficiency as well as 53BP1 focus formation in cells (31). We
found that Pol η could directly bind with Kap1 and colocalize
with Kap1 S824p at microirradiated tracks. Notably, although
the Kap1–Pol η interaction plays an important role in
recruiting Pol η to ETO-induced DSB sites, ETO-induced Pol
η focus formation was still regulated by Rad18, which seems to
function downstream of Kap1 to modulate this process. In
support of it, depletion of Kap1 significantly reduced the
recruitment of Rad18 post ETO treatment. In addition, Kap1
supplementing could rescue the decreased Pol η focus for-
mation in Kap1-depleted cells but not in Rad18-deficient cells
after ETO treatment.

In this study, we also revealed that Rad18 accumulates at
ETO-induced DSB sites along with Pol η. Moreover, ETO
could promote Rad18–Pol η but not Kap1–Pol η association.
Considering that the N-terminal and C-terminal of Pol η
interact with Kap1 and Rad18, respectively, we speculated that
Pol η, Kap1, and Rad18 might form a ternary complex. In
support of this, we found that Kap1 associated with Rad18 in a
Pol η–dependent manner and Rad18 depletion impaired the
Kap1–Pol η association. Meanwhile, deletion of Kap1-binding
domain in Pol η decreased its binding with Rad18. Therefore,
Kap1 can promote Rad18-dependent Pol η focus formation at
ETO-induced damage sites by facilitating Rad18 recruitment
and enhancing Rad18–Pol η association. Notably, although the
Rad18 phosphorylations on S409 and S434 by DDK/ATR/
Chk1-dependent c-Jun N-terminal kinase can promote
Rad18–Pol η association as well as UV-induced Pol η focus
formation, it is not required for the Kap1–Rad18–Pol η ternary
complex formation as well as efficient Pol η accumulation at
ETO-induced DSBs. Moreover, depletion of Rad18 and Kap1
also caused a reduction in NHEJ efficiency as well as increased
sensitivity to ETO, similar to those seen with Pol η
knockdown.

In conclusion, we revealed that, beyond its TLS function,
Pol η can also be involved in NHEJ and promote ETO-induced
DSB repair under the modulation of Kap1 and Rad18. Briefly,
upon ETO treatment, Kap1 gets phosphorylated to relax the
chromatin and facilitate Rad18 recruitment, which then forms
a ternary complex with Pol η and Kap1 to promote Pol η
accumulation at DSBs and thereby NHEJ (Fig. 6F). Notably,
ETO-induced Pol η focus formation is also regulated by its
phosphorylations on S587 and T617, which was previously
reported to be required for its recruitment to UV-induced
stalled forks (33). Biophysical and structural data have shown
that Kap1 forms antiparallel dimers via its tripartite motif
(TRIM), which has key functional implications for the Kap1
network of interactions (38, 39). It is yet to be determined the
specific domains of Kap1 that are responsible for its binding
with Rad18 or Pol η. It will be of great value to illustrate the
molecular mechanism in detail by which Kap1 enhances
Rad18-Pol η accessibility after ETO exposure. Given that Pol η
is upregulated in several types of cancer, such as glioblastoma
multiforme, stomach adenocarcinoma, and chol-
angiocarcinoma, deeper understanding of Pol η functions in
DSB repair holds a promise for improving the therapeutic
efficacy.

Experimental procedures

Plasmids and reagents

Human full-length or truncations of Pol η cDNA were
cloned in pGEX-4T-2, pEGFP-C3 (Clontech), or pCMV-
2 × Flag-SBP (modified from pCMV-3 × Flag-myc) to generate
GST, GFP, or Flag fusion proteins. Internal deletion mutants
of pCMV-2 × Flag-SBP-Pol η were constructed as described
(8). Human Kap1 cDNA was cloned into pGEX-4T-2 to
generate GST-tagged Kap1. pET-28a-Pol η was a gift from Dr
Wei Yang (NIDDK, National Institutes of Health). Myc-tagged
RAD18 was a gift from Dr Jun Huang (Zhejiang University).
Anti-Flag M2 (A2220) and anti-Myc (E6654) agarose affinity
gel were purchased from Sigma (St Louis, MO). DNA-PKcs
inhibitor Nu7026 (S2893) was from Selleckchem. Antibodies
sources were as follows: mouse anti-Flag (F1804, 1:1000) from
Sigma; anti-Pol η (ab17725, 1:1000), anti-γH2AX (ab11174,
1:1000), anti-Rad18 (ab57447, 1:1000), anti-DNA-PKcs
(ab18356, 1:1000), and anti-Rad51 (ab133534, 1:200) from
Abcam; anti-53BP1 (4937S, 1:1000) from Cell Signaling
Technology; anti-Myc (MMS-150R-500, 1:1000) from Cova-
nce; anti-His (HT501–02, 1:1000) from Beijing TransGen
Biotech Co, Ltd; anti-β-actin (M20010, 1:2000) from Abmart;
anti-β-Tubulin (AbM59005–37-PU, 1:4000), anti-Ku80
(AbM51083-6-PU, 1:1000), and anti-Ku70 (AbM51079-4-PU,
1:1000) from Beijing Protein Innovation; anti-GFP (sc-8334,
1:500), anti-Kap1 (sc-515790, 1:1000), anti-PCNA (sc-56,
1:1000), and anti-PARP1 (sc-8007, 1:1000) from Santa Cruz
Biotechnology. Alexa Fluor–conjugated secondary antibodies
were from Invitrogen.

Cell culture and reagents

Human U2OS and HEK293T cells were obtained from the
American Type Culture Collection. SV40-transformed MRC5
and XPV (XP30RO) fibroblast cells were kindly provided by Dr
Alan Lehmann (40). GFP-Pol η–complemented XPV cell was
constructed by lentiviral particles as described (8). Rad18 KO
cells were established using transcription activator-like effector
nuclease as described previously (41). These cell lines were
grown in DMEMmedium supplemented with 10% fetal bovine
serum. All cells were grown at 37 �C in the presence of 5%
CO2 if not specified. All cells were tested for Mycoplasma
J. Biol. Chem. (2022) 298(5) 101861 11
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contamination using the Lonza Mycoplasma kit. For transient
transfection experiments, cells were transfected with indicated
constructs, using Vigofect (Vigorous Biotechnology) following
the manufacturer’s protocols.

For RNAi experiments, cells were transfected with siRNAs
purchased from GenePharma using RNAiMAX (Invitrogen)
according to the manufacturer’s instruction and analyzed 72 h
later. The gene-specific target sequences were as follows:
Kap1-CDS (GAGAAUUAUUUCAUGCGUGAU), Kap1-UTR
(CCUGGCUCUGUUCUCUGUCCU), Pol η-1 (CAGC-
CAAATGCCCATTCGCAA), Pol η-2 (CTGGTTGTGAG-
CATTCGTGTA), siRad18 (GAGCATGGATTATCT
ATTCAATT), si53BP1 (AGAACGAGGAGACGGTAAT
AGTGGG), siKu80 (GCGAGTAACCAGCTCATAA) and
siKu70 (TTAGTGATGTCCAATTCA). The negative control
(siNC) sequence (UUCUCCGAACGUGUCACGU) was also
obtained from GenePharma. For shRNA knockdown, oligo-
nucleotide encoding shRNA of Pol η were synthesized by
Sangon. The oligonucleotides were annealed and cloned into
pLKO.1 vector (Biovector) to generate shRNA-Pol η vectors.
The shRNA sequences are as follows:

shPol η-CDS: CAGAAAGGCAGAAAGTTAATTCAAGA
GATTAACTTTCTGCCTTTCTG, and shPol η-UTR: GA
GATGAGGTTTCACCATGTTTTCAAGAGAAACATGGT
GAAACCTCATCTC.

Laser microirradiation and imaging

The microirradiation was carried with a pulsed nitrogen
laser (365 nm, 10-Hz pulse) as previously described (42–44).
Briefly, U2OS cells were seeded on 35-mm glass bottom
dishes (MatTek) overnight before transfection with GFP-Pol
η. Cells were visualized with a Nikon Eclipse Ti-E inverted
microscope equipped with a computer-controlled MicroPoint
Laser Ablation System (Photonics Instruments). GFP-Pol
η–expressing cells were selected for laser microirradiation.
The frequency of cells that exhibit a visible accumulation of
Pol η along the line of irradiation at 10 min after micro-
irradiation was determined. Standard errors were derived
from at least three independent experiments.

Immunofluorescence

Immunofluorescence was performed as described (8).
Briefly, cells were cultured on glass coverslips and treated with
etoposide as indicated. The cells were permeabilized with 0.5%
Triton X-100 for 5 to 30 min before fixed in 4% para-
formaldehyde. Then the cells were incubated with 5% fetal
bovine serum for 45 min followed by incubation with indicated
antibodies for 45 min. After staining with secondary antibodies
(Alexa Fluor 568; Molecular Probes) for 1 h, coverslips were
mounted in Vectashield mounting medium (Vector Labora-
tories) containing the nuclear stain 4, 6-diamidino-2-
phenylindole. Images were acquired with a Leica DM5000
equipped with HCX PL S-APO 63 × 1.3 oil CS immersion
objective (Leica) and processed with Adobe Photoshop 7.041.
For quantitative analysis of ETO-induced Pol η focus forma-
tion, U2OS cells transfected with GFP-Pol η were treated with
12 J. Biol. Chem. (2022) 298(5) 101861
ETO (2.5 μM for 24 h) and fixed with 4% paraformaldehyde.
Images were acquired using a Leica DM5000 (Leica) equipped
with HCX PL S-APO 63 × 1.3 oil CS immersion objective
(Leica). A minimum of 200 nuclei were analyzed for each
treatment.

Mass spectrometry

HEK293T cells were transfected with 2 × Flag-Pol η and
harvested after 48 h. After treatment with 0.1% Triton X-100
in buffer (10 mM Tris–HCl [pH 8.0], 150 mM NaCl, 1 mM
MgCl2, 10 mM ZnCl2) for 20 min, the triton-insoluble frac-
tions were lysed and incubated with anti-Flag M2 agarose to
immunoprecipitate Flag-Pol η. The immunoprecipitated
proteins were resolved by SDS-PAGE and stained with Coo-
massie Blue G250. Then, the gel was sliced into multiple
pieces and digested in-gel in trypsin buffer (0.01 μg/μl trypsin
with 50 mM NH4HCO3) at 37 �C for 16 h. After extracting
from the gel, the peptide mixtures were dried and dissolved
with buffer A (0.1% formic acid) for liquid chromatography
coupled with tandem mass spectrometry (LC-MS/MS) anal-
ysis. The peptide mixtures were separated and analyzed by Q
Exactive HF mass spectrometer (Thermo Fisher Scientific)
equipped with an EASY-nLC 1200 system (Thermo Fisher
Scientific). The samples were loaded onto a C18 trap column
at a maximum pressure of 280 bar and eluted with a 28-min
gradient with 3 to 32% of buffer B (80% acetonitrile with
0.1% formic acid, flow rate, �600 nl/min). Survey scans were
performed with full scans (m/z 300–1500) in the Orbitrap
analyzer at a resolution of 60,000 at m/z 200. The top 20
precursor ions were selected for fragmentation in the high-
energy collision dissociation cell with a normalized collision
energy of 27, and MS/MS was acquired in the Orbitrap
analyzer at a resolution of 15,000 at m/z 200. The automatic
gain control was set to 3 × 106 for full MS and 1 × 105 for MS/
MS, with a maximum injection time of 80 ms and a dynamic
exclusion of 60 s. The raw data were searched by Maxquant
software (version 1.6.2.10) for protein identification and
quantitation using the Andromeda search engine against the
Uniprot human proteome (96,788 target sequences, release
01/19/2020). The following search parameters were used: (1)
trypsin as protease with a maximum of two missed and/or
nonspecific cleavages, (2) none of fixed modifications, and (3)
oxidation of Met (+15.9949 Da) and acetylation (protein N-
term) (+42.01056 Da) as variable modification. The mass
tolerance was set to 20 ppm for precursor ions and 20 ppm for
fragment ions. Search results were filtered at an false dis-
covery rate of 1% at both the PSM and protein group levels.
Chromatin-IP-MS raw data of Flag-Pol η have been deposited
to Zenodo (https://doi.org/10.5281/zenodo.5830989).

Co-IP and Western blotting

HEK293T cells transfected with full-length or a series of
truncated mutants of Flag-Pol η were harvested at 48 h post
transfection and lysed with Hepes buffer (50 mM Hepes pH
7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 10% glycerol,
1% Triton X-100, 25 mM NaF, 10 μM ZnCl2). The whole-cell

https://doi.org/10.5281/zenodo.5830989
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lysates were immunoprecipitated with anti-Flag M2 agarose
beads. Samples were separated by SDS-PAGE and detected by
immunoblotting with indicated antibodies.

GST pull-down assay

For interaction between His-Pol η and GST-Kap1, purified
His-Pol η diluted in Hepes buffer were incubated with GST or
GST-Kap1 for 2.5 h at 4 �C. After washing, the bound proteins
were separated by SDS-PAGE and analyzed by Western blot
with indicated antibodies.

Establishment of Kap1 and Pol η knockdown stable cell lines

Two pairs of oligonucleotide encoding shRNA of Kap1, one
pair of oligonucleotide encoding shRNA of Pol η and one pair
of a nontargeting control plasmid (shNC), were synthesized by
Sangon. The oligonucleotides were annealed and cloned into
pLKO.1 vector (Biovector) to generate shRNA-Kap1, shRNA-
Pol η, or shNC vectors. Stable Kap1 knockdown or negative
control clones were generated by infecting U2OS cells with
polybrene-supplemented medium obtained from HEK293T
packaging cells transfected with the shRNA-Kap1 or shNC.
Individual clones were isolated by limiting dilution in media
containing puromycin and screened for Kap1 expression levels
with antibodies against Kap1. Stable Pol η knockdown or
negative control cells were generated by infecting MRC5 cells
with lentivirus obtained from HEK293T packaging cells
transfected with the shPol η-CDS or shNC. The shRNA se-
quences of Kap1 are as follows:

shKap1-CDS: GACCACCAGTACCAGTTCTTATTCAA
GAGATAAGAACTGGTACTGGTGGTC,

shKap1-UTR: CTCTGTTCTCTGTCCTGTCACTTC
AAGAGAGTGACAGGACAGAGAACAGAG,

NHEJ reporter assay

The reporter cassette for detection of NHEJ established in
HeLa cells was performed as described (23). To examine the
effect of Pol η overexpression on NHEJ, the plasmid encoding
the I-SceI endonuclease was cotransfected with Flag-Pol η or
Flag vector and a DsRed-expressing plasmid (pDsRed2-N1)
into NHEJ reporter cell lines by using Amaxa Nucleofector
(Amaxa). For detecting Pol η knockdown on NHEJ, cells were
treated with Pol η shRNA and transfected with I-SceI endo-
nuclease encoding plasmid and pDsRed2-N1 after 48 h. NHEJ
of I-SceI–induced DSBs results in the appearance of GFP+

cells. To quantify NHEJ events, the cells were examined by
flow cytometry on day 4 after transfection. To normalize for
the efficiency of transfection, the ratio of GFP+ to DsRed+ cells
was used as a measure of NHEJ efficiency. For NHEJ reporter
established in EJ5 cells, cells treated with siRNA were trans-
fected with I-SceI endonuclease encoding plasmid. Forty-eight
hours later, the cells were harvested and examined by flow
cytometry.

Cell survival assay

Cells were seeded into 6-cm dishes (�200 cells/dish) in
triplicate and allowed to adhere for 5 h. The cells were then
treated with the indicated doses of ETO or ICRF-193 for 24 h
at 37 �C. After treatment, cells were further incubated in
complete medium for 7 to 10 days. Colonies were fixed and
counted. The survival of genotoxin-exposed cells was deter-
mined by relating the cloning efficiency to that of an untreated
control (8).

Statistical analysis

All statistical tests were determined with a two-sided Stu-
dent’s t test unless otherwise noted. p values were rounded to
four decimal places, and differences were considered as sta-
tistically significant when p < 0.05.

Data availability

All data supporting the findings of this study are available
from the corresponding authors on request.
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