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ABSTRACT

DNA polymerase 6 (POLQ) is a unique DNA poly-
merase that is able to perform microhomology-
mediated end-joining as well as translesion synthe-
sis (TLS) across an abasic (AP) site and thymine gly-
col (Tg). However, the biological significance of the
TLS activity is currently unknown. Herein we provide
evidence that the TLS activity of POLQ plays a critical
role in repairing complex DNA double-strand breaks
(DSBs) induced by high linear energy transfer (LET)
radiation. Radiotherapy with high LET radiation such
as carbon ions leads to more deleterious biological
effects than corresponding doses of low LET radia-
tion such as X-rays. High LET-induced DSBs are con-
sidered to be complex, carrying additional DNA dam-
age such as AP site and Tg in close proximity to the
DSB sites. However, it is not clearly understood how
complex DSBs are processed in mammalian cells.
We demonstrated that genetic disruption of POLQ
results in an increase of chromatid breaks and en-
hanced cellular sensitivity following treatment with
high LET radiation. At the biochemical level, POLQ
was able to bypass an AP site and Tg during end-
joining and was able to anneal two single-stranded
DNA tails when DNA lesions were located outside
the microhomology. This study offers evidence that
POLQ is directly involved in the repair of complex
DSBs.

INTRODUCTION

Ionizing radiation (IR) therapy is frequently used in the
treatment of cancer and is believed to exert its effects by

DNA breaks in cells. Radiation from heavy charged par-
ticles such as carbon ions produced by particle accelera-
tors has a high linear energy transfer (LET) and releases
most of its energy within a short range, called the Bragg
peak. If the Bragg peak is focused on the tumor, damage
to surrounding normal tissues can be minimized compared
to the more commonly used low LET radiation such as
gamma- or X-rays (1,2). A spread-out Bragg peak (SOBP)
beam, which consists of various monoenergetic Bragg peak
beams to extend the Bragg peak region to precisely cover
the tumor area, has been demonstrated to be effective in
radiation therapy (3). DNA double-strand breaks (DSBs)
generated by high LET heavy ion radiation (hiLET-DSBs)
are more complex than low LET-induced DSBs (loLET-
DSBs), as they carry additional DNA damage such as
apurinic/apyrimidinic (AP) site and thymine glycol (Tg) in
close proximity to the DSB sites, making it more cytotoxic
per unit dose than low LET radiation (4,5). X-rays and car-
bon ions can generate both clean and complex DSBs. How-
ever, carbon ions produce more complex DSBs, and X-rays
produce relatively ‘clean’ DSBs (6).

There are three major pathways for the repair of DSBs.
Broken DNA ends are joined via non-homologous end join-
ing (NHEJ) and DNA polymerase theta-mediated end join-
ing (TME]J) (7) or repaired by homologous recombination
(HR) if a homologous sister chromatid is available as a
template for accurate repair (8). It has been reported that
NHEJ is ineffective at joining complex DSBs, but HR can
contribute to the repair of complex DSBs after removing
DSB-proximal DNA damage by DNA end resection (9-11).
However, whether TMEJ is involved in the process is cur-
rently unknown.

Complex DSBs are more mutagenic and cytotoxic than
‘clean’ breaks (6,12,13). The inefficient repair of complex
DSBs likely reflects the inhibition of NHEJ by additional
damage, resulting in an obstruction of the ligation step by
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base damage and AP sites (14,15). KU binding on com-
plex DSB ends may also be prevented by base damage as
well as base excision repair (BER) or single-strand break
(SSB) repair proteins bound to complex DSBs (16). BER
enzymes binding damaged bases may cleave the joined
DNA products resulting in secondary DNA break forma-
tion (17). Since base damage inhibits end-joining, the ma-
jority of complex DSBs are likely to be repaired after re-
moving DSB-proximal DNA damage. DNA end resection
can clean up DSB-proximal DNA damage to promote the
repair of complex DSBs (18-21). The dRP/AP lyase of KU
can also excise AP sites near broken ends (14). However,
it has not been fully investigated how these resected com-
plex DSB ends are processed in mammalian cells. We hy-
pothesized that DNA polymerase 6 (POLQ) is an impor-
tant factor to repair complex DSBs because POLQ is able
to perform end-joining of resected DSB ends (22-25) and
to bypass AP sites and Tg lesions during DNA synthesis
(26,27).

POLQ is a major factor in controlling radiosensitiv-
ity (24,28). It participates in DSB end-joining through
microhomology-mediated end-joining (MMEJ), specifi-
cally by a process designated as TMEJ (29). MMEJ oc-
curs in yeast, which does not encode a POLQ gene (30).
MMEJ can be performed by POLQ and also by factors
involved in NHEJ, although the mechanisms are differ-
ent. NHEJ can ligate blunt ends or compatible ends with
1-4 ssDNA residues, while POLQ can process longer re-
sected DNA ends utilizing a microhomology of 2-6 bp
(7). TME]J is a preferred term to refer to the POLQ ac-
tivity (31). TMEJ introduces short DNA deletions with
overlapping microhomology while protecting against catas-
trophic large deletions (32,33). The requirement of POLQ
for the viability of HR-deficient cells underscores the im-
portance of POLQ-dependent genome protection function
including TMEJ and post-replicative ssDNA gap sealing
(34-37). POLQ is a unique enzyme composed of an N-
terminal helicase-like domain (HLD), a central domain,
and a C-terminal A-family DNA polymerase domain (38).
The HLD and polymerase domains both contribute to
TMEJ (33,39,40). The HLD retains ATPase activity but
no DNA unwinding activity (38,41). It can disassemble
RPA from ssDNA and can bridge two DNA molecules
mimicking resection intermediates (42). POLQ is an error-
prone polymerase with the ability to perform translesion
synthesis (TLS) across lesions such as AP site and Tg
(26,27). The C-terminal POLQ polymerase domain known
as POLQ (QM1) retains the activity to perform TLS
(23), to anneal broken ends utilizing microhomology (25),
and to extend DNA from highly mismatched primer ends
(22,23,43).

Here, we provide evidence for the specific role of POLQ
in promoting the end-joining of complex DSBs. Genetic
disruption of POLQ in human cells led to an increase
in the hallmarks of genomic instability and cellular hy-
persensitivity following SOBP carbon ion irradiation. Us-
ing biochemical and single-molecule FRET experiments,
we found that POLQ efficiently anneals and extends sub-
strates mimicking complex DSBs. Our findings provide new
insights into the mechanisms of how hiLET-DSB is re-
paired in mammalian cells and suggest that the inhibition

of POLQ may augment the efficacy of heavy ion radiation
therapy.

MATERIALS AND METHODS
shRNA vectors

shRNA vectors were purchased from Horizon: shPRKDC
(DNA-PKcs) (V2LHS_94774) and shControl (RHS4346).

siRNA transfection

The FANCD2-specific Stealth RNAs (designated ‘siFD2’,
5’-AAUGAACGCUCUUUAGCAGACAUGG-3’) and
ON-TARGETplus Non-Targeting siRNAs as a negative
control designated ‘siC’ (Thermo scientific) were purchased
from Invitrogen and Thermo Scientific, respectively. The
siRNAs were introduced into wild type or POLQ knockout
U20S cells. Twenty-four hours prior to transfection,
cells were plated in a 6-well plate at 2.0 x 10> cells/well.
For each well, 5 pmol of siRNAs was diluted into 250
pl of Opti-MEM (Invitrogen). In a separate tube, 5 pl
of Lipofectamine RNAIMAX reagent (Invitrogen) was
diluted into 250 wl of Opti-MEM and incubated at room
temperature for 10 min. The Lipofectamine RNAIMAX
dilution was added into the diluted siRNA duplex and
incubated at room temperature for 20 min. Before the
transfection, medium was replaced with fresh 2.5 ml of
DMEM supplemented with 10% fetal bovine serum for
each well. The Lipofectamine RNAiMAX-siRNA complex
was added dropwise to the cells and incubated at 37°C.
After 24 h the cells were washed, trypsinized, and plated
with fresh DMEM medium supplemented with 10% fetal
bovine serum and 1% penicillin-streptomycin (Invitrogen).
To measure the levels of proteins, whole cell crude ex-
tracts were prepared 48 h after the RNA transfection and
analyzed by immunoblotting.

Irradiation

Particle-based irradiation experiments were carried out at
the National Institutes for Quantum Science and Technol-
ogy (QST) in Chiba, Japan. Carbon ions were accelerated
to 290 MeV/nucleon using the Heavy Ion Medical Accel-
erator in Chiba (HIMAC) and spread out with a ridge fil-
ter for 60 mm width of spread-out Bragg peak (SOBP) at
108.51 mmH,O. The monolayer cell culture was irradiated
at the center (50 keV/wm of average LET) within the SOBP
at a distance of 119 mm from the entrance. X-ray irradi-
ation was performed using RS-2000 Biological Irradiator
(Rad Source Technologies) or Pantac HF-320S (Shimadzu).

ATPlite survival experiments

For the ATPlite assay (PerkinElmer), 1250 cells per well
were plated into white 96-well plates and incubated 24 h
prior to inducing DNA damage. The cells were then incu-
bated with DNA damage-inducing agents for the indicated
time. After incubation, the cells were immediately lysed and
assayed for ATPlite luminescence as described in the man-
ufacturer’s instructions.
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Clonogenic survival assay

Cells were plated at a density of 1.0 x 10° cells/T-75 flask
or 1.0 x 10° cells/ 60 mm plate incubated for 24 h prior
to DNA damage induction. Groups of plates were exposed
to indicated doses of DNA damage-inducing agents for
1 h, X-rays, or carbon ions. They were harvested with
trypsin/EDTA and plated again at a density of 50-50 000
cells/100 mm dish depending on the dose of agents or irra-
diation. After 11-14 days of incubation at 37°C, plates were
fixed and stained with absolute methanol and 1% methy-
lene blue in 70% ethanol. Colonies which consist of >30
cells were counted and scored.

Antibodies

We used the following antibodies: A300-516A (Thermo
Fisher), polyclonal anti-DNA-PKcs 1:5000; EPR2302
(GeneTex, Inc), monoclonal anti-FANCD2 1:2000; T5168
(Merck), monoclonal anti-a Tubulin 1:8000; sc73614 (Santa
Cruz Biotechnology), monoclonal anti-Vinculin 1:1000;
A0545 (Merk), HRP (horseradish peroxidase)-conjugated
anti-rabbit IgG 1:10 000; A0168 (Merk), HRP-conjugated
anti-mouse IgG 1:10 000.

Micronuclei assay

U20S cells were plated at a density of 1 x 10° cells/ well in
4-well chamber slides and irradiated on the following day
with 2 Gy of X-rays or carbon ions. The cells were then in-
cubated in the presence of 2 pg/ml cytochalasin-B (Cyt-B)
for 48 h at 37 °C, fixed with absolute methanol for 10 s,
washed three times by PBS, and dried. The fixed samples
were stained with DAPI and mounted using Vectashield
Antifade Mounting Medium (Vector Laboratories). Three
independent experiments were carried out. In one experi-
ment at least 50 binucleated cells were scored to calculate
the number of micronuclei per cell and the percentage of
micronuclei-containing cells for each sample. At least 200
binucleated cells were analyzed for each sample.

Chromosome assay

U20S cells were plated at a density of 1.5 x 10° cells/100
mm dish a day before irradiation. The cells irradiated by
X-rays or carbon ions were cultured with 100 ng/ml of
Colcemid (Gibco) for 3 h at 37 °C to arrest at metaphase.
They were harvested with trypsin/EDTA and suspended in
600 wl of pre-warmed 75 mM of potassium chloride at 37
°C for 15 min. After fixation with a Carnoy’s solution (3:1
methanol to acetic acid), the cells were dropped onto glass
slides, allowed to dry, and stained with 5% Giemsa in Gurr’s
buffer. Chromosomal aberration analysis was carried out
under Olympus BX53 microscope. At least 33 metaphase
spread images were analyzed for each sample in one exper-
iment.

Microhomology-mediated end-joining assay

POLQ (QM1), a truncated version of human POLQ en-
zyme consisting of residues 1792-2590 was purified as de-
scribed (44). Klenow Fragment (KF) (exo™) was purchased
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from Promega. POLQ (QM1) was diluted in buffer contain-
ing 37.5 mM Tris—HCI pH 8.0, 40 mM NaCl, 2.5 mM DTT,
0.125% BSA, 0.0125% Triton X-100 and 6.25% glycerol.
KF (exo™) was diluted in buffer containing 50 mM Tris—
HCIpH 7.5, 1 mM DTT, 0.1 mM EDTA and 50% glycerol.
POLQ (QM1) reaction mixtures (10 pl) contained 30 mM
Tris-HCI pH 8.0, 6.4 mM NaCl, 0.4 mM DTT, 0.02% BSA,
0.01% Triton X-100, 0.5% glycerol, 5 uM of each ANTP and
100 nM of the primer-template (Supplementary Table S1).
KF (exo™) reaction mixtures (10 wl) contained 50 mM Tris—
HCI pH 7.2, 10 mM MgSOy, 0.1 mM DTT, 5 pM of each
dNTP and 100 nM of the primer-template (Supplementary
Table S1). After incubation at 37°C for 20 min, reactions
were terminated by adding 10 wl of formamide stop buffer
(98% deionized formamide, 10 mM EDTA pH 8.0, 0.025%
Xylene cyanol FF, 0.025% Bromophenol blue) and boiling
at 95 °C for 3 min. Products were electrophoresed on a de-
naturing 20% polyacrylamide—7 M urea gel and analyzed
with an Amersham Typoon Biomolecular Imager. For anal-
ysis, N; refers to the product with only one nucleotide in-
corporated and Ny refers the primer. The total product was
defined as the band density >N, divided by the intensity
of >Njy. The > Full product was defined as the band den-
sity > fully extended product divided by the intensity of Nj.
The bypass product at position N was defined as the band
density >N + 1 divided by the intensity of >Nj. The bypass
efficiency was defined as [bypass product]/[total product].

Preparation of DNA substrates

Tetrahydrofuran (THF)-containing oligonucleotides were
synthesized with biotin and amino modifications, and pu-
rified by HPLC (Integrated DNA Technologies, USA). A
thymine glycol (Tg) containing oligonucleotides were syn-
thesized with biotin and amino modifications (Bioneer,
South Korea), and subsequently purified with PAGE. The
oligonucleotides were fluorescently labeled at the amine
groups by standard assays using Cy3 or Cy5 NHS esters
(Lumiprobe, USA) for smFRET measurements (Supple-
mentary Table S1).

Single-molecule FRET measurements

Single-molecule fluorescence signals were detected using a
custom-built total internal reflection fluorescence micro-
scope. The surface was coated with NeutrAvidin (Ther-
moFisher Scientific, USA) and DNA substrates were im-
mobilized via the biotin—NeutrAvidin interaction. Excess
unbound DNA was washed away, and imaging buffer
containing 30 mM Tris—-HCI pH 8.0, 6.4 mM NacCl, 0.4
mM DTT, 0.02% BSA, 0.01% Triton X-100, 0.5% glyc-
erol, 1 mg/ml glucose oxidase (from Aspergillus niger VII;
Sigma, USA), 0.04 mg/ml catalase (from bovine liver;
Sigma, USA), and 3mM Trolox was added, followed by
40 nM POLQ (QM1) or 1 nM KF (exo~) and 40 nM
CyS5 labeled oligos to anneal two oligos with microhomol-
ogy. 5 uM dATP (ThermoFisher Scientific, USA; R0181)
was added to polymerize on the annealed substrate. Fluo-
rescence movies were recorded using an EMCCD camera
(iXon Ultra 897; Oxford Instruments, UK) at the rate of
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100 ms per frame. All measurements were repeated more
than three times.

Single-molecule data analysis

Traces containing only a single pair of Cy3 and Cy5 were se-
lected by examining signal intensities and photobleaching
steps. Apparent FRET efficiency was calculated as Ergrgr
= (Ian— BIp)/(Ip + Ia), where Ip and I5 are the inten-
sities of the donor and acceptor dyes, respectively, after
correcting for the direct excitation of the acceptor by the
green laser by subtracting the average acceptor intensity af-
ter donor photobleaching. 8 = 0.09 is the correction factor
for the donor fluorescence bleeding to the acceptor chan-
nel, found by setting the FRET peak of donor-only popu-
lation at zero. Each FRET histogram was built from more
than 30 movies that contained more than 5000 traces. Each
FRET value in a histogram was represented by Epgrgr aver-
aged over 25 frames. For dwell time analysis, sHaR Per (se-
rialized Handshaking Repeated Permutation with end re-
moval) method was used to obtain dwell times longer than
the duration of a single trace. In each condition, more than
5000 traces were binarized with a cut-off FRET value of
0.4. A concatenated trace was created by repeated permu-
tation of the binarized traces for 10 000 without making
discontinuity at the junctions. The means and standard er-
rors of the high FRET or low FRET dwell time were ob-
tained from the average dwell times from three concatenated
traces.

RESULTS

Deletion of POLQ sensitizes human cells to high LET radi-
ation

To study the role of POLQ in the repair of complex DSBs
induced by high LET radiation (hiLET-DSBs), we used
POLQ~/~ U20S cell lines that we previously generated
(45). The three independent POLQ~/~ U20S clones were
similarly hypersensitive to DSB-inducing agents bleomycin,
Zeocin, and X-ray irradiation, but not to mitomycin C,
temozolomide or hydroxyurea (Supplementary Figure S1).
We also confirmed that TMEJ and NHEJ independently
contributed to the repair of DSBs; the knockdown of DNA-
PKcs in POLQ~/~ cells led to an increase in sensitivity to
bleomycin (Supplementary Figure S2). Lastly, the knock-
down of FANCD?2 but not POLQ led to an increase in sensi-
tivity to treatment with the ICL-forming agent MMC (Sup-
plementary Figure S3). These results are consistent with
previously reported characteristics of POLQ-deficient cells
(24,28,46).

If POLQ is involved in joining complex DSBs, POLQ
deletion should sensitize human cells to high LET radia-
tion. And high LET radiation may sensitize POLQ~/~ cells
more than low LET radiation. We addressed these ques-
tions by irradiating human cell lines proficient and defi-
cient for TMEJ with X-rays (low LET) or SOBP carbon
ions (high LET). POLQ~/~ cells were more sensitive to X-
rays and carbon ions compared to wild type cells. All tested
POLQ~/~ clones showed a lower level of survival with car-
bon ions than with X-rays (Figure 1A). In other words, the
carbon ion beam required less physical dose than the X-rays

to have the same biological effect. This effect was quantified
by determining the relative biological effectiveness (RBE)
values from Figure 1A as described previously (47). The
RBEp was defined as the ratio of dose for the standard X-
rays, divided by the dose for carbon ion radiation required
to achieve 10% cell survival (D10x-ray/ D10carbon ion)- The
RBEpo for U20S was calculated as 2.97/2.26 = 1.31. The
RBEp; for POLQO~/~ cell lines F10 and G6 were calcu-
lated as 1.92/1.55 = 1.24 and 2.15/1.65 = 1.30, respectively
(Figure 1B). All RBEp; values were >1.0, indicating that
carbon ions were more toxic than X-rays for all character-
ized cell lines. It has been reported that RBEpy values of
carbon ions to y-rays (low LET) are significantly >1.00 in
the wild type and HR-deficient mammalian cells but not in
the NHEJ-deficient cells (48) indicating hiLET-DSBs are
hardly processed by NHEJ but repaired by HR following
DNA end resection. In our study the RBEp;y values were
greater than 1.00 in POLQ~/~ cells, indicating that the re-
sponse of TMEJ to hiLET-DSBs is different from NHEJ
and that TMEJ is one of the DNA end resection-mediated
pathways to repair hiLET-DSBs.

POLQ deletion enhances chromosomal instability more after
high LET radiation than after low LET radiation

Since POLQO~/~ human cells were hypersensitive to car-
bon ion radiation, we examined whether POLQ deletion
increases radiation-induced micronuclei, the byproduct of
unrepaired DSBs (49) (Supplementary Table S2). The in-
crease in micronuclei formation between POLQ-proficient
and deficient cells was higher after carbon ion irradiation
than X-ray irradiation in terms of both frequency (2.1-fold
versus 1.3-fold increase) and number (2.1-fold versus 1.4-
fold increase) (Figure 1C,D,E). Increased micronuclei for-
mation after X-ray irradiation in POLQ~/~ cells is consis-
tent with previously published results (24,28,50). In our ex-
perimental condition, X-ray radiation resulted in a higher
frequency of micronuclei formation compared to the same
dose of carbon ion radiation, which may be because treat-
ment with carbon ions resulted in increased cell death due to
more severe damage. Indeed, the morphological hallmarks
of apoptosis and mitotic catastrophe (51) were more promi-
nent in cells treated with carbon ions (Supplementary Fig-
ure S4).

These radiation-induced micronuclei originated from
chromatid breaks. The majority of metaphase spreads dis-
played chromatid breaks after X-ray or carbon ion irra-
diation more frequently in POLQ~/~ cells. The numbers
of chromatid breaks detected in metaphase spreads were
significantly higher after carbon ion irradiation than after
X-ray irradiation (Figure 1F, G). This result is consistent
with the significantly higher number of apoptotic cells de-
tected after carbon ion irradiation (Supplementary Figure
S4). Carbon ion radiation-induced chromatid breaks were
significantly increased in POLQ~/~ cells than in POLQ*/*
cells, averaging 12.8, 21.7 and 22.3 in POLQO"/*, F10
(POLQO/~)and G6 (POLQ~/7) cells, respectively (Supple-
mentary Table S3). These results indicate that POLQ ac-
tivity is important to reduce DNA breaks after high LET
irradiation. The number of chromatid breaks similarly in-
creased 1.8- and 1.7-fold in POLQ~/~ cells compared to
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Figure 1. POLQ deletion increases cellular sensitivity and aberrant chromosomes after high LET irradiation. (A) Effect of POLQ deletion on cell survival
fraction after X-ray or carbon ion irradiation. POLQ-proficient and deficient U20S cells were irradiated with X-rays or carbon ions. Cells were immediately
trypsinized and plated on 100 mm dishes followed by 7-14 days of incubation. After fixation, colonies were stained with methylene blue and counted. All
experiments were repeated at least three times and subjected to statistical analysis for each cell line. Error bars, standard deviation (S.D). (B) Relative
biological effectiveness (RBE) values were determined from (A). U20S cell lines were irradiated with 2 Gy of carbon ions or X-rays and percentages of
binucleated cells carrying micronuclei (C) and numbers of micronuclei per each binucleated cell (D) were measured. At least 200 binucleated cells were
analyzed for each sample with three technical replicates. At least 50 binucleated cells were scored for each sample in one experiment. The mean values from
three technical replicates were calculated and plotted with error bars. (E) Representative images of micronuclei are shown. Arrows point to micronuclei.
The unpaired z-test for two samples was used to determine the significance. Columns, mean; error bars, S.D.; *P < 0.1; **P < 0.01; ***P < 0.001. (F) The
number of chromatid breaks per metaphase in U20S cell lines irradiated with or without 2 Gy of carbon ions or X-rays was counted. At least 33 metaphase
spread images were analyzed for each sample in one experiment. Two POLQ~/~ cell lines served as biological replicates. The mean values shown as red
lines were calculated from independent metaphase images analyzed blindly for each sample. (G) Representative images of chromosome spread are shown.
Arrows point to chromatid breakages. The unpaired z-test for two samples was used to determine the significance. ****P < 0.0001.
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POLQ** cells after low and high LET radiation, respec-
tively, indicating that POLQ can process both loLET-DSBs
and hiLET-DSBs.

POLAQ is able to perform TLS across an AP site and Tg in
TMEJ

POLQ (QM1), a truncated version of the human POLQ
enzyme consisting of residues 1792-2590 (44) retains poly-
merase, TMEJ, and TLS activities (22-24,44). Consistent
with previously reported results, POLQ (QM1) was able to
extend the 3’ primer end of a TMEJ substrate (P/T) (Sup-
plementary Table S1). In contrast, another A-family DNA
polymerase Klenow Fragment (KF) (exo-) was able to ex-
tend the primer of the fully annealed substrate (P/T_full),
but not of the TMEJ substrate (P/T) (Supplementary Fig-
ure S5). The TMEJ substrate was designed to undergo
synapsis via 6 bps of central microhomology (5’-AGACTC
in P and 5> GAGTCT in T), with the remaining oligos as
5’ overhangs in the presence of POLQ (QM1). Polymerase
activity by POLQ (QM1) on this substrate was monitored
by extension of the radioactively labeled P or T strand with
dATP. POLQ (QM1) similarly extended DNA from the
primer (P) and the template (T) (Figure 2A). The P or T
strands alone were not extended by POLQ (QMT1) (Sup-
plementary Figure S8). This was important to test because
some types of oligos can be self-annealed and extended by
POLQ (QM1) (23,24), making it difficult to analyze the
data. The activity of POLQ to bypass AP sites was previ-
ously reported (26,27). POLQ (QM1) was able to bypass
the AP lesion on primer-template fully annealed substrates
while KF (exo-) was not (Figure 2B, C), although both en-
zymes showed similar activity on a non-damaged fully an-
nealed substrate (Figure 2A).

To test the activity of POLQ (QM1) in bypassing an AP
site on TMEJ substrates, the P/T substrate was used as a
control and an AP site was introduced at different loca-
tions. We found that POLQ (QM1) is able to bypass an AP
site efficiently when it is located outside the microhomology
(Figure 2B, C). Intriguingly, POLQ (QM1) more efficiently
bypassed an AP site on the TMEJ substrates compared to
primer-template fully annealed substrates (Figure 2B, C).
Interestingly, an AP site located within the microhomology
region inhibited POLQ (QM1) activity. POLQ (QM1) was
not able to extend DNA at all from an AP site located at
the 3’ end of the primer but was able to extend the undam-
aged opposite strand (Figure 2D), indicating that POLQ
(QM1) promoted annealing the substrate (P_AP1/T). An
AP site located within the microhomology strongly inhib-
ited POLQ (QM1) DNA extension on both strands, in-
dicating POLQ (QM1) hardly processed these substrates
(P_AP3/T and P_AP5/T) (Figure 2E, F).

POLQ has been shown to efficiently incorporate A op-
posite an AP site on a primer-template fully annealed sub-
strates, but the efficiency of T incorporation was about 100-
fold lower (26,52). We showed that POLQ (QM1) promoted
end-joining even when only T was provided for AP site by-
pass on the A-tailed TMEJ substrates (Supplementary Fig-
ure S6). As we expected, the AP site bypass efficiencies with
T incorporation (Supplementary Figure S6B, C) were lower
than the bypass efficiencies with A incorporation (Figure

2B,C). Similar to the T-tailed TMEJ substrates, an AP site
located within the microhomology on the A-tailed TMEJ
substrates strongly inhibited POLQ (QM1) activity (Sup-
plementary Figure S6D-F); POLQ (QM1) more efficiently
bypassed an AP site on the A-tailed TMEJ substrates com-
pared to primer-template fully annealed substrates (Supple-
mentary Figure S6B, C). For the A-tailed TMEJ substrates,
DNA synthesis from the template strand (TA) was not an-
alyzed because it was self-annealed and extended by POLQ
(QM1) (Supplementary Figure S8, lane 8)

Tg is one of the major DNA lesions formed by ioniz-
ing radiation and is a strong block to DNA polymerases
(53). POLQ is known to bypass a Tg on fully annealed sub-
strates (26,27) but whether it can bypass a Tg on TMEJ sub-
strates is currently not known. Consistent with previous re-
ports, POLQ (QM1) efficiently bypassed a Tg on fully an-
nealed primer-template substrates, while KF (exo-) was not
able to bypass Tg (Figure 3A, B). Similar to TMEJ sub-
strates carrying an AP site, POLQ (QM]1) bypassed a Tg
efficiently when it was located outside the microhomology
(Figure 3A, B). Although POLQ (QM1) was not able to ex-
tend DNA from an AP site at the end of primer (Figure
2D), it was able to extend DNA from a 3’ terminus with
a Tg residue (Figure 3C). A Tg located within the micro-
homology inhibited POLQ (QM1) DNA extension on both
strands (P/T_Tg3 and P_Tg2/T) (Figure 3D, E). Products
larger than the fully extended products (>Ng) were detected
in Figures 2 and 3. However, these were not the products of
terminal deoxynucleotidyl transferase (TdT) activity. Fully
extended products were detached from the template, self-
annealed between consecutive T and A sequences, and fur-
ther extended by POLQ (QM1) (Supplementary Figure S8,
lanes 9-12).

We then analyzed the nucleotide preference for the by-
pass of an AP site or Tg on TMEJ substrates (Figure 4). On
fully annealed substrates, POLQ (QM1) efficiently incorpo-
rated A opposite an AP site, G and T were also inserted to
a lesser degree, and C incorporation was too rare to be de-
tected (Figure 4A, C, lanes 5-8). The results were consistent
with previously published results (26,52). The tendency of
nucleotide incorporation against an AP site on TMEJ sub-
strates was similar, with A being most efficiently incorpo-
rated opposite an AP site (Figure 4B, D, lanes 5-8). POLQ
(QM1) also efficiently incorporated A opposite a Tg lesion
on both fully annealed (Figure 4A, lanes 9-12) and TMEJ
substrates (Figure 4B, lanes 9—12).

An AP site or Tg located within the microhomology inhibits
the synapsis formation activity of POLQ

To investigate the mechanism of how an AP site or a Tg
lesion located within or near the microhomology region in-
hibits POLQ (QM1) activity (Figures 2 and 3), we devel-
oped a single molecule Forster resonance energy transfer
(smFRET) assay. One oligonucleotide strand was biotiny-
lated and labeled with the donor dye, Cy3, and attached to
the PEG-coated surface via neutravidin (Figure 5A). The
other strand was labeled with the acceptor dye, CyS5, and
added to the solution to observe the annealing to the Cy3-
labeled strand by POLQ (QM1). An AP site or a Tg le-
sion was introduced at varying positions of either strand
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Figure 2. POLQ (QM1) efficiently bypasses an AP site on TMEJ substrates. Increasing concentrations of POLQ (QM1) (0, 0.3125, 0.625, 1.25, 2.5, 5, 10,
20, 40 nM) or KF (exo-) (0, 3.9, 7.8, 15.6, 31.2, 62.5, 125, 250, 500 fM) were incubated with primer-template fully annealed substrates or T-tailed TMEJ
substrates carrying no DNA damage (A) or an AP site at different positions denoted as * (B-F). Expected substrates after synapsis formation and the
strands labeled with 32P are shown above each gel image (A—F). All reaction mixtures had 100 nM substrate and 5 uM dATP, and were incubated at
37°C for 20 min. Locations of unreacted end-labeled primer (Ny), template base position (N, N2, N3), full-length product (Ng), and positions of THF
on template (AP) are shown in each gel. The percentage (%) of total product was calculated as [>N]/[>Ny]. The percentage of fully and further extended
product (> Full) was calculated as [>Ng]/[>Np]. The percentage of bypass product for DNA damage at position N was defined as [>N + 1]/[>Ny]. The
bypass efficiency was calculated as [the percentage of bypass product]/[the percentage of total product]. These percentages are shown below each lane.

Original gels are presented in Supplementary Figure S10.

(Figure 5B). When the Cy5-labeled strand was added to
the immobilized Cy3-labeled strand at 40 nM, two undam-
aged strands did not undergo synapsis formation sponta-
neously, as indicated by the absence of fluorescent spots
in the Cy5 channel and negligible high FRET population
(Figure 5B,C). Upon addition of POLQ (QM1), the two
strands formed a bound pair, as indicated by emerging Cy5
spots and a corresponding population at FRET efficiency,
Eprer = 0.78 (Figure 5B, C). The synapse formation was
reversible as the FRET traces showed frequent transitions

between the synaptic and dissociated states (Figure 5D). Af-
ter 10 min incubation of POLQ (QM1) with 5 uM dATP,
the FRET population at 0.78 disappeared and a new popu-
lation appeared at Erggr = 0.16, which we interpreted as
representing fully extended DNA pairs as the rigidity of
the duplex DNA leads to an increased distance between
the Cy3 and Cy5 dyes (Figure 5B, C). During the exten-
sion, DNA pairs exhibited a stepwise decrease in FRET ef-
ficiency and eventually transitioned to a stable low FRET
state (Figure 5D). In contrast, the high and low FRET
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Figure 3. POLQ (QM1) efficiently bypasses a Tg on TMEJ substrates. Increasing concentrations of POLQ (QM1) (0, 0.3125, 0.625, 1.25, 2.5, 5, 10, 20, 40
nM) or KF (exo-) (0, 3.9, 7.8, 15.6, 31.2, 62.5, 125, 250, 500 fM) were incubated with primer-template fully annealed substrates or T-tailed TMEJ substrates
carrying a Tg at different positions denoted as X (A-E). Expected substrates after synapsis formation and the strands labeled with 32P are shown above each
gel image (A-E). All reaction mixtures had 100 nM substrate and 5 uM dATP, and were incubated at 37°C for 20 min. Locations of unreacted end-labeled
primer (Ny), template base position (N, N, N3), full-length product (Ng) are labeled on each gel. The percentage (%) of total product was calculated as
[> Nj]/[> No]. The percentage of fully and further extended product (> Full) was calculated as [>Ng]/[>Ny]. The percentage of bypass product for DNA
damage at position N was defined as [>N + 1]/[>Ny]. The bypass efficiency was calculated as [the percentage of bypass product]/[the percentage of total
product]. These percentages are shown below each lane. Original gels are presented in Supplementary Figure S10.

states were not detected when the TMEJ substrate was incu-
bated with KF (exo-) (Supplementary Figure S7A), indicat-
ing that KF (exo-) was not able to induce synapsis formation
and extend the TMEJ substrate. On the other hand, when
the fully annealed standard substrate was incubated with
POLQ (QM1) or KF (exo-) in the presence of dATP, stable
low FRET states were detected in both cases (Supplemen-
tary Figure S7B), indicating that both POLQ (QM1) and
KF (exo-) were able to extend the fully annealed standard
substrate in this assay system.

The effect of a lesion on the synapsis formation and ex-
tension activities was quantified by comparing the relative
FRET populations at both stages for oligonucleotide pairs
with the lesions at varying positions (Figure SF-I and Sup-
plementary Figure S9). Consistent with the sequencing gel
analysis, the effect of a lesion strongly depended on its po-
sition; a lesion closer to the center of the microhomology
region inhibited synapsis formation and polymerization to
a greater extent for both AP sites and Tg lesions. A le-
sion located outside the microhomology region (AP7, APS,
Tg7 and Tg8) had only a minor effect on synapsis formation

and extension (Figure SF-I). After extension, the FRET ef-
ficiency of the damaged DNA pairs was higher than that
of the undamaged DNA pair, ranging from 0.15 to 0.38,
likely due to the less rigid helical structure of DNA with
a lesion. (Supplementary Figure S9B, D). Even though the
synapsis products with a lesion in the microhomology re-
gion were virtually not observed, we were able to measure
the lifetime of the synaptic and dissociated states from the
rare synapsis events. As the annealing event was extremely
rare for the critical lesions, we applied the sHaR Per method
to create ~4 x 10° s long concatenated traces (54). Dwell
times obtained from the concatenated traces revealed dra-
matic dependence on the lesion position, with the longest
dissociated lifetimes being 7.3 x 10* £ 3 x 10* s and
7.7 x 103 £ 1.6 x 10* s for AP3 and Tg3, respectively,
while the dissociated lifetime for the non-damaged DNA
was 77 £ 20 s (Figure 5J, K). At the same time, the life-
times of the synaptic state were much shorter for DNA with
a lesion in the microhomology region, showing a symmetri-
cal trend to that of the dissociated lifetime, which indicates
the thermal instability of the synapsis products with a le-
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Figure 4. Nucleotide selectivity of POLQ. 1.25 nM (A, C) or 10 nM (B, D) POLQ (QM 1) was incubated with 100 nM of a 5'-32P-labeled 14-mer primer
annealed to a 22-mer (A, C) or a 14-mer (B, D) oligo in the presence of one of the indicated dNTPs (5 wM) for 20 min at 37°C. The first template base
denoted by * was T, A, AP site (THF), or Tg. Original gels are presented in Supplementary Figure S10.

sion in the microhomology region. We found that overall,
an AP site is more inhibitory than a Tg lesion as the synap-
tic and dissociated lifetimes showed a larger spread for the
substrates with an AP site (Figure 5J, K).

One possible limitation of our study is that we used a
truncated version of POLQ (QM]1) that is missing the N-
terminus HLD domain. It has been shown that the HLD
is able to stably bridge noncomplementary single DNA
strands (42), and it is therefore possible that full-length
POLQ may anneal microhomologies carrying an AP site or
Tg more efficiently than POLQ (QM1).

DISCUSSION

SOBP carbon ions have been used for heavy ion radiation
therapy to efficiently kill tumor cells while minimizing bi-
ological effects on surrounding normal tissues by utilizing
the Bragg peak (55). Heavy ion radiation is known to induce
complex DSBs, which contain additional DNA damage
such as AP sites, oxidative base damage, or SSBs, near DSBs
(12). In this study, we provide the evidence that TMEJ has
an important role in processing hiLET-DSBs. POLQ~/~
clones showed a lower level of survival and higher frequency
of micronuclei and chromatid breaks with carbon ions than
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Figure 5. Single-molecule measurements of DNA synapsis formation and extension. (A) The experimental scheme of smFRET measurement shows synapse
formation between a surface-immobilized Cy3-labeled strand and a Cy5-labeled strand by POLQ (QM1), and subsequent DNA extension of it upon the
addition of dATP. Sizes of the glowing dyes reflect their expected fluorescence signals along the process. (B) Representative fluorescence images of the
donor and acceptor channels at the following steps: surface-bound Cy3-labeled strand with Cy5-labeled strand in solution (left), POLQ (QM1) added
(middle), and POLQ (QM1) washed away after extension (right). (C) FRET histograms measured at the steps in (B). Eprgr values of the non-zero FRET
peaks are noted. (D) Representative single-molecule traces of donor fluorescence (green), acceptor fluorescence (magenta), and Erprgt (navy) at the steps
in (B). For the extension step, the traces were shown from the moment of flowing in dATP (arrow). (E) Design of DNA substrates with an AP site or Tg
lesion modification. The locations of the lesion are cross-marked and the labeling sites for fluorescent dyes are highlighted in green (Cy3) and magenta
(Cy5). (F-I) Relative population of synapsis or extended DNA molecules for DNA substrates with a lesion compared to that of the intact DNA substrate
(N). Error bars represent the standard error of the mean (SEM) from triplicate measurements. (J, K) Synaptic (high FRET) and dissociated (zero FRET)
lifetimes for DNA substrates with an AP site (J) or Tg (K) compared to those of the intact DNA substrate, shown in log scale. Mean and SEM were
obtained from three concatenated traces by the sHaR Per method.
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Figure 6. A model of TMEJ-mediated repair following high LET radiation. (A) High LET radiation causes complex DSBs, which carry additional DNA
damage in close proximity to the DSB sites. Since base damage near DSB inhibits NHEJ, the majority of complex DSBs are repaired after DNA end
resection (12). (B) SSBs generated close to DSBs or nicks originating from oxidative base damage by BER may alleviate the need for the step of nick
introduction by the MRE11/CtIP endonuclease and directly trigger resection by the exonuclease activity of EXO1 or MRE11/CtIP (12). The endonuclease
activity of ARTEMIS, which is dependent on DNA-PKcs and/or 5’-3’ exonuclease activity of ARTEMIS, which is not dependent on DNA-PKcs (59), may
also resect complex DSB ends (21). (C) POLQ promotes synapsis formation of the two resected 3’-ssDNA tails and efficiently bypasses oxidative DNA
damage located on the tails. An AP site or Tg located within the microhomology inhibits the synapsis formation activity of POLQ. These lesions may be
removed by AP endonuclease, NEIL3, or NEIL1, which are active on ssDNA tails (60-62).

with X-rays, indicating that POLQ is important to process
hiLET-DSBs (Figure 1). We note that we were able to con-
duct the chromosome assay only once due to the limited ac-
cess to the synchrotron. Two independent POLQ~/~ clones
served as biological replicates and showed similar charac-
teristics in all the experiments we performed including the
chromosome assay.

In a previous study in CHO cells, the RBE values of
high LET to low LET were >1.00 in HR-deficient cells
(XRCC2~/~ or XRCC3~/~) but not in NHEJ-deficient cells
(XRCC47/7) (48). Furthermore, it has been shown that
complex DSBs are hardly processed by NHEJ (9-11). In our
study, the RBE values were greater than 1.00 in POLQ~/~
cells. Resection-mediated DSB repair, including TMEJ and
HR is therefore thought to be important to process hiLET-
DSB:s.

Our biochemical assays revealed that POLQ can perform
TLS across an AP site and a Tg during end-joining when
these lesions were located outside the microhomology (Fig-
ures 2 and 3). Interestingly, we observed higher bypass effi-
ciency of AP sites on TMEJ substrates compared to the cor-
responding fully annealed substrates (Figure 2 and Supple-
mentary Figure S6). The degree of DNA distortion caused
by AP sites may be different in TMEJ and fully annealed
substrates and this may influence the bypassing activity of
POLQ. We found that an AP site or a Tg located within the
microhomology strongly inhibits POLQ’s synapsis forma-

tion activity and the DNA in these substrates was therefore
hardly extended. When an AP site or Tg was located at the
end of the primer, the annealing step was moderately inhib-
ited while DNA extension was completely inhibited for an
AP site but not for Tg. On the other hand, when these le-
sions were located outside the microhomology, POLQ effi-
ciently annealed these substrates and extended DNA (Fig-
ures 2-5).

The majority of complex DSBs are repaired by resection-
mediated pathways (18-21). Following DNA end resection,
POLQ can promote end-joining when DNA lesions are
located outside the microhomology. Complex DSBs that
POLQ cannot process may be repaired by HR or TMEJ
again after DNA damage near break sites is removed by
nucleases. A model for POLQ-mediated repair of complex
DSBs is shown in Figure 6.

It has been proposed that after high LET radiation,
some relatively ‘clean’ DSBs are joined by NHEJ but the
other DSBs are processed by resection-mediated pathways
even in Gy phase cells (18-20). Resected DSBs in Gy cells
cannot be processed by either HR or NHEJ because of
the absence of homologous sister chromatid as a repair
template for HR and resected DSBs block KU loading
(56). POLQ functions in M phase cells (57), but it may
also function in the G; phase cells to process resected
complex DSBs. It has been reported that POLQ protein
loaded on chromatin is enriched in the G; phase (58).
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This assumption will be important to address in future
studies.
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