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Ionizing radiation (IR) and cisplatin are frequently used cancer treatments, although the mechanisms of error-prone DNA

repair-mediated genomic instability after anticancer treatment are not fully clarified yet. RECQL4 mutations mainly in the

C-terminal region of the RECQL4 gene lead to the cancer-predisposing Rothmund–Thomson syndrome, but the function of

RECQL4ΔC (C-terminus deleted) in error-prone DNA repair remains unclear. We established several RECQL4ΔC cell lines

and found that RECQL4ΔC cancer cells, but not RECQL4ΔC nontumorigenic cells, exhibited IR/cisplatin hypersensitivity.

Notably, RECQL4ΔC cancer cells presented increased RPA2/RAD52 foci after cancer treatments. RECQL4ΔC HCT116 cells

exhibited increased error-prone single-strand annealing (SSA) activity and decreased alternative end-joining activities,

suggesting that RECQL4 regulates the DNA repair pathway choice at double-strand breaks. RAD52 depletion by siRNA or

RAD52 inhibitors (5-aminoimidazole-4-carboxamide-1-β-D-ribofuranoside [AICAR], (−)-epigallocatechin [EGC]) or a

RAD52-phenylalanine 79 aptamer significantly restrained the growth of RAD52-upregulated RECQL4ΔC HCT116 cells

in vitro and in mouse xenografts. Remarkably, compared to single-agent cisplatin or EGC treatment, cisplatin followed by

low-concentration EGC had a significant suppressive effect on RECQL4ΔC HCT116 cell growth in vivo. Together, the

regimens targeting the RAD52-mediated SSA pathway after anticancer treatment may be applicable for cancer patients

with RECQL4 gene mutations.
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What’s new?
Ionizing radiation (IR) and cisplatin are frequently used cancer treatments. The mechanisms of error-prone DNA repair-

mediated genomic instability following anticancer treatment are not fully clarified yet, however. Meanwhile, RECQL4 mutations

lead to a cancer-predisposing syndrome, but their function in error-prone DNA repair remains unclear. Here, the authors found

that IR/cisplatin-hypersensitive RECQL4-deficient cancer cells that are defective for alternative end-joining stimulate

RAD52-mediated single-strand annealing (SSA). A timed RAD52 inhibition after cisplatin treatment enhanced the tumor

suppression of RECQL4-deficient cancer cells in vitro and in vivo. The findings provide potential clinical benefits for cancer

patients with RECQL4 gene mutations or upregulated RAD52.

Introduction
Ionizing radiation (IR) and cisplatin play important roles in
cancer treatment. IR induces single- and double-strand DNA
breaks (SSBs and DSBs, respectively), which are mainly repaired
by nonhomologous end joining (NHEJ), base excision repair
(BER) or homologous recombination (HR), a representative
error-free DNA repair pathway.1 DNA interstrand crosslinks
(ICLs) formed by cis-diamminedichloroplatinum(II) (cisplatin)
induces DSBs during DNA replication.2 These highly cytotoxic
lesions are mainly repaired through HR, the ERCC1-XPF
nuclease and the Fanconi anemia pathways or are tolerated
by translesion synthesis.1–3 Therefore, IR/cisplatin treatments
kill rapidly growing tumors and induce DNA damage and
genomic instability. NHEJ, break-induced replication, alterna-
tive end joining (Alt-EJ)/microhomology-mediated end joining
and single-strand annealing (SSA) are error-prone DNA repair
pathways. The functions of these error-prone DNA repair path-
ways in humans are not yet fully understood.4 Deficiencies in a
DNA repair pathway can lead to the utilization of an alternative
compensatory DNA repair pathway in human cancer. For
example, HR-deficient BRCA1/BRCA2 cancer cells exhibit
extreme sensitivity to poly(ADP-ribose) polymerase (PARP)
inhibitors that induce SSBs, which convert them to irreparable
DSBs during replication in BRCA1/BRCA2-deficient cells.5

RAD51 and RAD52 are essential for HR in yeast. While
RAD51 is essential for HR, RAD52 is less essential for the
main HR in vertebrates; RAD52-deficient mice and chicken
DT40 cells exhibit a slight reduction in HR.6 RAD52 has a
backup role in HR when the primary HR pathways are com-
promised in BRCA1/BRCA2-, PALB2- and RAD51 paralog-
deficient vertebrate cells.7 By contrast, RAD52 is required for
efficient SSA in yeast and vertebrates.6,8 RAD52 also has vari-
ous other functions such as RNA-dependent DNA repair.9

RAD52 forms oligomeric rings that bind hRPA-coated ssDNA
to establish a hRAD52-hRPA-ssDNA ternary complex for effi-
cient SSA.6,10 The SSA pathway searches for homology at
repeat regions, followed by cleavage by the ERCC1-XPF
endonuclease,2 but inevitably, large deletions between repeats
near DSBs may occur. Several RAD52 inhibitors and a small
peptide aptamer for RAD52 inhibition have recently been
identified,11–15 although the biological effects of RAD52 inhi-
bition after cancer treatment remain unexplored in vivo.

The RecQ helicase family is conserved from RECQ in bacte-
ria to RECQL1 (RECQL), BLM (RECQL2), WRN (RECQL3),
RECQL4 (RECQ4) and RECQL5 (RECQ5) in humans and is
required to maintain genomic stability. Germline mutations in
the BLM, WRN and RECQL4 genes cause the hereditary cancer
predisposition syndromes Bloom syndrome, Werner syndrome
and Rothmund–Thomson syndrome (RTS) type II, respec-
tively.16 RECQL4 mutations are also associated with Baller–
Gerold syndrome (BGS) and RAPADILINO syndrome.17 RTS
patients have higher risk of osteosarcoma (~30%) than lym-
phoma (~7%), while RAPADILINO syndrome patients have
higher risk of lymphoma (~27%) than osteosarcoma (~13%)
for unknown reason.18 Unfortunately, there are currently no
effective therapies for these cancers developed by patients pre-
senting with RECQL4-associated diseases.19,20 Dysregulation of
human RECQL4 is also associated with several cancers.17

RECQL4 has unique characteristics among the RECQ helicase
family members.16 The putative yeast Sld2 domain, which is
indispensable for replication initiation and viability, is located
at the N-terminal region of RECQL4.21 A RECQL4/
Hrq1-conserved domain (RHCD), which is involved in ICL
repair in yeast,22 is located at the most C-terminal region
(Supporting Information Fig. S2c). The RECQL4 mutations
that cause RTS are mainly located around the helicase domain
at exons 8–14.16,17 Hence, the RECQL4 C-terminal region,
including the helicase domain, is dispensable for viability in
vertebrates.21,23 By contrast, the essential N-terminal region of
RECQL4 was expressed in viable cell lines and
RECQL4-deficient RTS patients.19,21,23 The different sensitivi-
ties to DNA-damaging agents among RECQL4-depleted or
-deficient cells derived from patients,16 presumably due to
lesion-dependent functions of RECQL4, lead to heterogeneity
between different cell lines and/or individual variations. This
problem could be overcome by comparing the sensitivity
between parental WT and RECQL4-deficient cells in the same
genetic background.21,23 RECQL4 is involved in several DNA
repair pathways, interacts with PARP-1 and regulates BER
capacity to repair SSBs.24,25 RECQL4 siRNA knockdown stud-
ies revealed that RECQL4 promotes two major pathways to
repair DSBs: HR and NHEJ.26,27 However, the role of RECQL4
in other error-prone DNA repair pathways has not been
determined.
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Materials and Methods
Cell culture
HCT116 colon cancer (HCT 116: RRID:CVCL_0291; RCB2979,
RIKEN, Tsukuba, Japan), MCF-7 breast cancer (RRID:
CVCL_0031; RCB1904, RIKEN), A549 lung cancer (RRID:
CVCL_0023) and mouse embryonic fibroblast (MEF) cells were
grown in DMEM supplemented with 10% FBS, 100 U/ml pen-
icillin and 0.1 mg/ml streptomycin. B cell leukemia NALM-6
(RRID:CVCL_0092) cells were cultured in RPMI-1640
medium supplemented with 10% FBS, 100 U/ml penicillin,
0.1 mg/ml streptomycin and 10 μM 2-mercaptoethanol. Breast
epithelial MCF10A (MCF 10A: RRID:CVCL_0598) cells were
grown as previously specified.28 All cells were incubated at
37�C with 5% CO2. All cells tested negative for mycoplasma,
and the cells were routinely supplied with Plasmocin (ant-
mpt, InvivoGen, San Diego, CA) to prevent mycoplasma con-
tamination. All human cell lines have been authenticated using
short tandem repeat profiling (RIKEN, Tsukuba, Japan or
BEX Co., Ltd., Tokyo, Japan) followed by comparison with the
ICRB cell database.

Cas9/CRISPR-mediated RECQL4 knock in in human cells
Cas9/CRISPR sgRNAs were constructed as previously described.29

The primer sequences for the pX330 vector (Addgene_42230,
Addgene, Watertown, MA) for RECQL4 knock-in human cells
were hRECQL4_sgRNA1 forward, CACCGTGAACGAG
CAGTTCGATCAC and reverse, AAACGTGATCGAACTGCT
CGTTCAC; hRECQL4_sgRNA2 forward, CACCGGGGGA
GAGACGACCAACGTG and reverse, AAACCACGTTGGTCGT
CTCTCCCCC. We introduced two sgRNAs (0.5 μg each) with
blasticidin (Bsr)-resistance knock-in construct (1 μg) into 1 × 106

cells using Amaxa Nucleofector 2b (Fig. S1).23 The programs D-
032 with Kit V (VCA-1003, Lonza, Basel, Switzerland), T-030 with
Kit V, P-020 with Kit V and X-001 with Kit T (VCA-1002, Lonza)
were used for transfection into HCT116, MCF10A, MCF-7 and
A549 cells, respectively. Alternatively, 0.4 μg of DNA containing
sgRNAs (0.1 μg each) and 0.2 μg of RECQL4 knock-in construct
were transfected into 2 × 105 cells in 24-well culture plates with
300 μl of medium using Lipofectamine LTX Reagent with PLUS
Reagent (LLRPR; 15338100, ThermoFisher Scientific, Waltham,
MA) according to the manufacturer’s protocol. Twenty-four hours
after transfection, the cells were subcloned into 96-well plates in
medium with 6–10, 5–10, 8–10 and 2–10 μg/ml Bsr for HCT116,
MCF10A, MCF-7 and A549 cells, respectively. After 2–3 weeks of
incubation, drug-resistant colonies were isolated and screened.
Areas near the sgRNA sites for RECQL4 knock-in were amplified
with primers (Exon6_F3: GAAGCAGAAACACTACGTGCGG
and either Exon9_R2: GTCACAAGTGCTGGTTCTTGGC or
Bsr_R1: CATTATACGAACGGTAGGGG), purified, cloned and
sequenced. All primers and sequencing data were obtained from
FASMAC (Kanagawa, Japan). Note that the RECQL4-knock-in
NALM-6 cells were established using the same RECQL4 knock-in
construct by the conventional HR method.23

Establishment of MEFs from mouse embryos
C57BL/6J mice were purchased from SLC (Shizuoka, Japan).
RECQL4 mice were crossed with C57BL/6J mice for at least
six backcrossing events in total.30,31 Mice were mated, and
detection of a vaginal plug was considered Day 0 of gestation.
Mouse fetuses were harvested between 12.5 and 14.5 days of
gestation. The fetuses were dissected from the uterus. Embryo
heads, innards and blood clots were removed carefully, and
the remaining tissues were washed with PBS in a 60-mm dish.
The tissues were minced well in 1 ml of 0.25% trypsin with a
sterile razor blade and incubated for 10–20 min at 37�C with
shaking several times during incubation. Then, 5 ml of MEF
medium was added, and the fetal tissues were mixed well with
a pipette to form single-cell suspensions. The cell suspensions
were then passed into a culture dish or flask. After expanding
the established cell lines, the cells were frozen as stocks.

Clonogenic assay
The proliferation rate was determined as previously described.23

A total of 50 or 100 cells were seeded in 24- or 12-well plates
(353043, 353047, Corning, NY), respectively, as a control. Simul-
taneously, 1,000 or 2,000 cells were seeded in 24- or 12-well
plates, respectively, for cisplatin treatment. The next day, the
attached cells were treated with 10–20 μg/ml cisplatin
(033-20091, Wako, Osaka, Japan) for 2 hr in a 37�C incubator,
washed with PBS and incubated with complete medium. Camp-
tothecin (CPT) (CPT; 038-18191, Wako), 5-aminoimidazole-
4-carboxamide-1-β-D-ribofuranoside (AICAR; 011-22533,
Wako), (−)-epigallocatechin (EGC; E1084, TCI Chemicals,
Tokyo, Japan), 6-hydroxy-DL-DOPA (6-OH-DOPA; H2380,
Sigma-Aldrich, St. Louis, MO) and olaparib (AZD2281, Ku-
0059436; S1060, Selleckchem, Houston, TX) were used continu-
ously until cell fixation, unless stated otherwise. The F79 aptamer
(Ac-VINLANEMFGYNG-GGG-YARAAARQARA-C(O)NH2)
and F79A (Ac-VINLANEMAGYNG-GGG-YARAAARQARA-C
(O)NH2) with greater than 95% purity were purchased from
GenScript (Piscataway, NJ).11 Stratalinker 2400 (254 nm;
Stratagene, San Diego, CA) and Cs-137 Gammacell 40 Exactor
(MDS Nordion, Ottawa, Canada) were used to determine sensi-
tivity to UV and IR, respectively. The colonies were fixed with
100% methanol for 5 min and then stained with 5% Giemsa
solution for 15 min. Then, the plates were washed and dried, and
the visible colonies were counted manually.

Cell cycle progression assay
Cells were pulse labeled with 10 μM BrdU for 1 hr before fixa-
tion and then harvested, fixed in 90% methanol overnight and
treated with 2 N HCl for 30 min. Denatured cells were washed
with PBS, blocked with 1% bovine serum albumin (BSA)
(10735086001, Roche, Basel, Switzerland) in PBS for 20 min
and incubated with an anti-BrdU antibody (1:50; 347580, BD
Biosciences, San Jose, CA) for 1 hr, followed by incubation
with anti-mouse Alexa Fluor 488 antibody (1:1000; A-11001,
ThermoFisher Scientific) for 30 min. Genomic DNA was
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stained with 20 μg/ml propidium iodide after treatment with
10 μg/ml RNase for 1 hr. Then, we analyzed the cell cycle pro-
files using an EC800 cell analyzer (Sony, Tokyo, Japan).

Quantification of mRNA expression levels by real-time qPCR
RNA was extracted using QIAzol Lysis Reagent (79306, Qiagen,
Hilden, Germany) followed by chloroform treatment. RNA was
converted to cDNA using SuperScript IV VILO Master Mix with
ezDNase Enzyme (11766050, ThermoFisher Scientific). Expres-
sion levels were analyzed by a StepOnePlus qPCR system with
THUNDERBIRD SYBR qPCR Mix (QPS-201, TOYOBO, Osaka,
Japan). Primers hRECQL4_N_sp: ACTCTGAAGCGTAC
CACGGG, hRECQL4_N_asp: CAGGGTGCCTTTCAGATTGG
and mRECQL4_N_sp: GCTTTTGCACGGCTGCACGG,
mRECQL4_N_asp: AAGCTGGAGTTTTCTGCTCTGG were
used for quantifying the RECQL4 N-terminal Sld2-like domain
expression (Fig. S2c). Primers hRECQL4_H_sp: TGCTGGT
GCTGCCTACAGGT, hRECQL4_H_asp: CAGACGCGCAGG
TAGCAGGG and mRECQL4_H_sp: AGAGCTACAGGTGCC
TCATTG, mRECQL4_H_asp: GGGCAACACTAACAGAGT
AGAG were used for quantifying RECQL4 helicase domain
expression. Primers hGAPDH_forward: AATCCCATCACCAT
CTTCCA, hGAPDH_reverse: TGGACTCCACGACGTACTCA
and mGAPDH_forward: GGTGCTGAGTATGTCGTGGA,
mGAPDH_reverse: CGGAGATGATGACCCTTTTG were used
for normalization. All reactions were run at least three times.

Immunofluorescence to monitor the repair kinetics of DNA
damage
Cells were seeded onto 12-well culture plates with a coverslip
(C015001, Matsunami Glass, Osaka, Japan). After 2–3 days, the
cells were either irradiated or exposed to 10 μg/ml cisplatin for
2 hr and cultured for the indicated time periods. To assess the
effect of RAD52 inhibitors on RAD52 foci formation, cells were
pretreated with either 10 μM AICAR or EGC for 6 hr and then
cultured with 3 μg/ml cisplatin for 16 hr. The cells were fixed
with a PBS solution containing 2% sucrose and 3% paraformal-
dehyde for 15 min at room temperature (RT) and then perme-
abilized at RT for 2 min in PBS with 0.2% Triton X-100,
followed by 30 min of blocking in PBS with 1% BSA. The
samples were incubated for 1 hr with primary antibodies
against mouse RAD52 (1:200; sc-365341, Santa Cruz, Dallas,
TX), rabbit RAD52 (1:500; sc-8350, Santa Cruz), rabbit RPA2
(1:1,000; GTX70258, GeneTex, Irvine, CA), mouse γH2AX
(1:1,000; 16-202A, Merck, Millipore, Burlington, MA), mouse
RAD51 (1:1,000; GTX70230, GeneTex) and rabbit RAD51
(1:500; BAM-70-002, BioAcademia, Osaka, Japan). After three
5-min washes with PBST (PBS with 0.05% Tween 20), the sam-
ples were incubated for 45 min with secondary goat anti-rabbit
Alexa Fluor 488 (1:2,000; A-11008, ThermoFisher Scientific),
goat anti-mouse Alexa Fluor 488 (1:2,000; A-11001), goat anti-
mouse Alexa Fluor 594 (1:2,000; A-11005, ThermoFisher Scien-
tific) and goat anti-rabbit Alexa Fluor 594 (1:2,000; A-11012,
ThermoFisher Scientific) antibodies. The samples were stained

with 1 μg/ml DAPI, mounted using Fluoromount-G (0100-20,
SouthernBiotech, Birmingham, AL) and analyzed with either
an Axio Observer (Zeiss, Oberkochen, Germany) or BZ-X700
(Keyence, Osaka, Japan) microscope. Tiny RPA2/RAD52 foci
that were visible under direct observation using an Axio
Observer with 100X DIC oil-immersion objectives were manu-
ally counted.

DNA DSB repair assays
pDRGFP (Addgene_26475, Addgene) and hprtSAGFP
(Addgene_41594, Addgene) were a gift from Maria Jasin, and
EJ2GFP-puro (Addgene_44025, Addgene) was a gift from
Jeremy Stark.4,8 Linearized GFP reporter-based vectors were
transfected into HCT116 cells with either Amaxa Nucleofector
2b or LLRPR. Puromycin (2–4 μg/ml)-resistant clones were
selected to establish stably transfected clones. Stably integrated
cells were transfected with 0.4 μg of pCBASceI
(Addgene_26477, Addgene) for DSB induction, pCAGGS for
non-DSB induction or pmaxGFP (VDC-1040, Lonza) into
2 × 105 cells in 24-well culture plates with 300 μl of medium
using LLRPR. Occasionally, cells were cotransfected with 0.2 μg
of hRECQL4 expression vector and cultured for 36–48 hr. GFP
expression was measured with an EC800 cell analyzer. All
reporter assays were normalized for transfection efficiency.

For DNA DSB repair assays with siRAD52, SA-GFP-, DR-
GFP- or EJ2-GFP-harboring RECQL4ΔC HCT116 cells (1 × 105)
were plated in 24-well culture plates and treated with a 5-nM final
concentration of AllStars Negative Control siRNA (SI03650318,
QIAGEN) or RAD52 siRNA (SI02629865, SI0SI03020794,
QIAGEN; 1:1 mixture of 50-GGCCCAGAAUACAUAAGUATT-
30 and 50-GGAGUGACUCAAGAAUUAATT-30) via HiPerFect
Transfection Reagent (301704, QIAGEN). After 36–44 hr, the
cells were transfected with 0.4 μg of pmaxGFP or CBASceI or
pCAGGS vectors using LLRPR. After 30–38 hr, the transfected
cells were processed for the DNA repair assay.

Western blotting (WB)
Cells (1 × 106) were resuspended in 50 μl of lysing buffer
[50 mM Tris at pH 8.0, 120 mM NaCl, 100 mM DTT, 0.5%
Tween 20 and protease inhibitors (11873580001, Roche)]. After
a 45-min incubation on ice, samples were centrifuged at 20,000g
for 15 min at 4�C. The supernatant was transferred to new tubes
and quantified using the DC protein assay (5000116JA, Bio-Rad,
Hercules, CA). Then, 40 μg of protein was used for further analy-
sis. Samples were boiled with 2× loading buffer (100 mM Tris-
HCl (pH 6.8), 100 mM DTT, 4% SDS, 20% glycerol and 0.2%
bromophenol blue) for 10 min at 90�C and used. The primary
antibodies anti-RECQL4 (1:1,000; 2547.00.02, SDIX, Newark,
DE), anti-RAD52 (1:500; sc-8350, 1:200; sc-365341, Santa Cruz),
anti-α-Actinin (1:2,000; 05-384, Merck Millipore) and anti-
β-Tubulin (1:2,000; 014-25041, Wako) and secondary antibodies
goat-anti-mouse IgG-AP (1:1,000; A3688, Sigma-Aldrich) or
goat-anti-rabbit IgG-AP (1:1,000; A3812, Sigma-Aldrich) were
used. BCIP/NBT (S3771, Promega, Madison, WI) was used to
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develop the blots. For the RECLQ4 knockdown experiment,
HCT116 cells (5 × 105) were plated in 6-well culture plates and
treated with a 5-nM final concentration of siRECQL4 (50-
CAAUACAGCUUACCGUACATT-30)26,27 via HiPerFect
Transfection Reagent. After 48–72 hr, the cells were collected,
and RECQL4 protein expression was determined. For the
hRECQL4 overexpression experiment, HCT116 cells (5 × 105)
were plated in 6-well culture plates and treated with 0.8 μg of
hRECQL4 expression vector using LLRPR. After 24–72 hr, the
cells were collected and monitored for RECQL4 protein
expression.

Chromatin-binding fraction isolation
Chromatin-binding fractions were obtained as previously
described.32 Briefly, cells were washed with PBS, trypsinized
and collected. Cell pellets were resuspended in hypotonic
buffer (10 mM HEPES [pH 7], 50 mM NaCl, 0.3 M sucrose,
0.5% Triton X-100 and protease inhibitors). After a 15-min
incubation on ice, the samples were centrifuged at 1,500g for
7 min. The supernatant was discarded, and the pellets were
washed with nuclear buffer (10 mM HEPES [pH 7], 200 mM
NaCl, 1 mM EDTA, 0.5% NP-40 and protease inhibitors) for
10 min on ice and centrifuged at 15,000g for 2 min. The
supernatant was discarded, and the pellets were resuspended
in lysis buffer (10 mM HEPES [pH 7], 500 mM NaCl, 1%
NP-40, 1 mM EDTA and protease inhibitors), followed by
sonication (level 3, TAITEC, VP-15S, Saitama, Japan) for
10 sec × 3 on ice and centrifugation for 30 sec at 15,000g. The
supernatant was transferred to new tubes and quantified using
the standard Lowry method. A 40 μg of protein was used for
further analysis. The primary antibodies anti-RECQL4
(1:1,000; 2547.00.02), anti-RAD52 (1:500; sc-8350, 1:200; sc-
365341), anti-RPA2 (1:1,000; GTX70258), anti-phospho S4/S8
RPA2 (1:1,000; A300-245A, Bethyl, Montgomery, TX), anti-
γH2AX (1:1,000; 16-202A), anti-RAD51 (1:1,000; GTX70230,
1:500; BAM-70-002) and anti-H3 (1:5,000, 9715, Cell Signal-
ing, Danvers, MA) were used.

Mouse xenografts
All procedures were approved by the Laboratory Animal
Research Center and the Use Committee of the University of
Occupational and Environmental Health, Japan. Female BAL-
B/cAJcl-nu/nu mice were purchased from Charles River Inc.
(Yokohama, Japan) or CLEA Inc. (Tokyo, Japan) at 4–5 weeks of
age and underwent at least 1 week of environmental adaptation
prior to tumor transplantation.33 Harvested 3 × 106 HCT116
cells were washed with PBS and resuspended in 100 μl of PBS.
Then, 100 μl of Matrigel (356234, Corning) was added (total
200 μl) on ice before subcutaneous (s.c.) injection into both flanks
of 5- to 7-week-old nude mice. The mice were divided randomly,
and the treatment regimens for specific reagents are described in
the figures and figure legends. Tumor volume (mm3) was calcu-
lated using the following formula: V = pi/6 × A × B2 (A: larger
diameter; B: smaller diameter). The caliper measurement

operator was blinded to the experimental treatment group assign-
ments, and the same operator measured the tumor volumes
throughout the course of the experiment.

Comparative genomic hybridization (CGH) array analysis
Single clones were isolated using 96-well plates and stocked
for use as the control reference genomic DNA in a CGH
array.28 Next, exponentially growing parental WT and REC-
QL4ΔC HCT116 clones were treated either with or without
10 μg/ml cisplatin for 2 hr and trypsinized to establish single
clones using 96-well plates. After 2 weeks of treatment with or
without 1 μM EGC, several clones that grew normally were
selected and expanded for 3 weeks. Genomic DNA was
extracted (69506, QIAGEN), and the genomic changes were
analyzed using a CytoScan HD Array (Affymetrix, Santa
Clara, CA). CytoScan HD Chromosome Analysis Suite
(ChAS) software was used for the data analysis.

Statistical analysis
All statistical tests were two-sided. The results were consid-
ered significant at a p-value of <0.05. For two-group compari-
sons, the data were examined by a Kolmogorov–Smirnov test
to check the normal distribution. We rejected the null hypoth-
esis if p < 0.05. Statistical tests for normally distributed sam-
ples were performed using a Welch’s t-test for unpaired
samples or the Student’s t-test for paired samples. Statistical
tests for samples with a non-normal distribution were per-
formed using the Mann–Whitney U test for unpaired samples
or a Wilcoxon matched-pairs signed rank test for paired sam-
ples. We estimated risks of genome deletions in the CGH
array analysis using a Fisher’s exact test. One-way ANOVA
with Tukey’s post hoc test was used for multiple comparisons.
Alternatively, we executed an F-test for tumor growth curve
experiments for Figure 4 and repeated measures one-way
ANOVA with the Greenhouse–Geisser correction for viola-
tions of the sphericity assumption for Figure 5. All analyses
were performed using GraphPad Prism (version 6.0g). We
conducted statistical comparisons of the median growth ratio
of multiple time points when the tumor growth curves became
monophasic.34

Data availability
The supporting data sets of this article are available through Gene
Expression Omnibus (GEO) accession number GSE113384.

Results
RECQL4ΔC cancer cells but not nonmalignant cells are
hypersensitive to IR/cisplatin
NALM-6 cells with C-terminus-deleted RECQL4 were hyper-
sensitive to IR/cisplatin relative to parental WT cells.23 We
examined whether RECQL4-deficient human cancer cells in
general showed hypersensitivity to IR/cisplatin. We established
RECQL4ΔC knock-in HCT116 cells (hereafter called REC-
QL4ΔC HCT116 cells) that proliferate to a similar extent as
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parental WT cells (Figs. S1 and 2a). Independent RECQL4ΔC
clones were hypersensitive to IR/cisplatin but not to UV or
CPT (Fig. 1a and Fig. S2b).23 Intriguingly, RECQL4 knock-in,
nontumorigenic breast epithelial MCF10A cells did not show
IR/cisplatin hypersensitivities (Fig. 1b and Fig. S1). We next
sought to compare MCF10A cells with cancer cells from the
same tissue origin and established breast cancer RECQL4ΔC
MCF-7 cells (Fig. S1). Again, RECQL4ΔC MCF-7 cells were
hypersensitive to IR/cisplatin (Fig. 1c). Furthermore, we
established lung cancer RECQL4ΔC A549 cells (Fig. S1), and
these cells exhibited significantly higher sensitivity to
IR/cisplatin than parental WT A549 cells (Fig. 1d). Finally, we
established helicase-domain-deleted (Recql4HD) MEFs from
viable Recql4HD mice as a representative normal cell type30

and found that Recql4HD MEFs did not show sensitivity to IR

or cisplatin (Fig. 1e). To confirm whether RECQL4-deficient
phenotypes were caused by deficiency of RECQL4-helicase
domain, but not the essential Sld2-like domain, we quantified
mRNA levels of cell lines used in our study, in parallel with
siRNA treatment for RECQL4 knockdown (siQL4) for com-
parison (Figs. S2c and S2d).26,27 RECQL4ΔC cell lines, siQL4
HCT116 cells and Recql4HD MEF cells exhibited significant
reduction of helicase domain expression, while RECQL4ΔC cell
lines and Recql4HD MEF retained Sld2-like domain expression
(Fig. 1f ). Noteworthy, siQL4 HCT116 cells also had significant
reduction of essential Sld2-like domain expression relative to
RECQL4ΔC HCT116 cells (Fig. 1f ). These data indicate that
human RECQL4ΔC cancer cells but not nontumorigenic REC-
QL4ΔC cells are hypersensitive to IR/cisplatin due to RECQL4
helicase domain deficiency.

Figure 1. RECQL4ΔC cancer cells show IR/cisplatin sensitivity and establishment of relative quantification assay on RECQL4 distinct domain
expression. (a–e) Sensitivity of parental wild-type (WT) and RECQL4ΔC cells to IR/cisplatin. Each reagent dose is shown at the bottom of the
graph. All graphs show the mean (SD) of at least three independent experiments. (a) Ionizing radiation (IR; left panel) and cisplatin (right
panel) sensitivity in HCT116 cells. p-Values (**p = 0.0043, 0.0079) were determined by the Mann–Whitney U test for comparison between
parental WT and RECQL4ΔC clone 10–7 cells. (b) IR/cisplatin sensitivity in MCF10A cells. (c) IR/cisplatin sensitivity in MCF-7 cells. p-Values
(**p = 0.0043, 0.0097) were determined by Student’s t-test. (d) IR/cisplatin sensitivity in A549 cells. p-Values (*p = 0.016, 0.02) were
determined by the Wilcoxon matched-pairs signed rank test or Student’s t-test. (e) IR/cisplatin sensitivity in MEF cells from WT C57BL/6 and
helicase-domain-deleted (Recql4HD) mice. (f ) Relative mRNA expression levels of RECQL4 in established human RECQL4ΔC cell lines,
siRECQL4-treated (siQL4) HCT116 cells and MEFs from helicase-domain-deleted (Recql4HD) mice compared to MEFs from C57BL/6 mice. All
graphs show the mean (SD) of at least three independent experiments. GAPDH was used as a reference gene. Gray bars, white bars and dark
gray bars indicate cancer cell lines, nontumorigenic cell lines and HCT116 cells, respectively. The relative expression levels of parental WT
cells were set as 1 with the dashed line. p-Values (*p < 0.05, **p < 0.01) were determined by the Mann–Whitney U test.
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RAD52/RPA2 activation occurs in RECQL4ΔC cancer cells
Because RECQL4ΔC cancer cells are sensitive to IR/cisplatin,
which induce DSBs through different mechanisms,1,2 we sought
to determine how RECQL4 is involved in the DNA repair of
the DSBs induced by IR/cisplatin. To this end, we compared
the kinetics of DSB repair and repair-processing steps by moni-
toring the numbers of γH2AX and RAD51/RPA2 foci in paren-
tal WT and RECQL4ΔC cells after IR/cisplatin.35 The number
of γH2AX foci increased rapidly after IR followed by RAD51

foci in all cell lines with time after treatment (Figs. 2a and 2b).
IR and cisplatin treatments induced different cell cycle distribu-
tions (Fig. S3) and different kinetics of γH2AX/RAD51 foci
(Figs. 2a and 2b and Fig. S4). By contrast, the number of RPA2
foci significantly increased in RECQL4ΔC HCT116 and REC-
QL4ΔC NALM-6 cells but not in RECQL4ΔC MCF10A cells at
times longer than 8 hr after IR treatment (Fig. 2c and Fig. S5a).
RPA2 is involved in multiple processes in DNA metabolism as
a component of the trimeric RPA complex.36 Given that the

Figure 2. Kinetics of DNA repair proteins after IR/cisplatin treatment and phenotype evaluation of RECQL4ΔC cancer cells ectopically
expressing hRECQL4, and WB of chromatin fraction with or without IR. (a–d) Representative images of foci are shown at the left of the
kinetics graphs. An open diamond with a solid line indicates the number of foci in parental WT cells, and a closed square with a dashed line
indicates the number of foci in RECQL4ΔC cells. All graphs show the mean (SD) of at least three independent experiments. More than 30 cells
per time point were counted in each experiment. p-Values were determined by Student’s t-test or Mann–Whitney U test. The numbers of (a)
γH2AX foci, (b) RAD51 foci, (c) RPA2 foci and (d) RAD52 foci per cell after a single irradiation with 4 Gy (left panel) and 10 μg/ml cisplatin
(right panel) in HCT116 cells are shown. (e) The numbers of RPA2 (left panel) and RAD52 (right panel) foci per cell in parental WT, RECQL4ΔC
(Q4) and RECQL4ΔC+hRECQL4 (Q4+hQ4) HCT116 cells at 20 hr after a single irradiation with 4 Gy. The graphs show the mean (SD) of at least
three independent experiments. More than 30 cells per time point were counted in each experiment. All p-values (*p = 0.012, 0.018,
***p = 0.0002) were determined by the Mann–Whitney U test. (f ) The numbers of RAD52 foci per cell in control, cisplatin-, EGC plus
cisplatin- and AICAR plus cisplatin-treated RECQL4ΔC HCT116 cells are depicted in the box-and-whisker plot showing the medians of n > 4
samples, the first and third quartiles (boxes) and the overall ranges (whiskers). More than 30 cells were counted in each experiment. Two-
sided one-way ANOVA with Tukey’s post hoc test was used to generate p-values (**p < 0.01, ****p < 0.0001). Note that the median in the
cisplatin plus AICAR data is located close to the upper side of the box. (g) Protein expression of HCT116 cells in the chromatin fraction with
or without a single irradiation with 4 Gy. 2h and 20h under 4 Gy indicate hours after IR. Histone H3 at 2% (~1 μg) served as a loading control.
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RPA complex is replaced by RAD51 in the HR pathway,35 REC-
QL4ΔC cancer cells may activate a DNA repair pathway that is
slower than the HR pathway after IR/cisplatin treatments. To
test this hypothesis, we examined the number of RAD52 foci
because RPA2 interacts with RAD52 for efficient SSA.6,10 Simi-
lar to RPA2 foci, the number of RAD52 foci was higher at 20 hr
than at 8 hr after IR/cisplatin treatments, particularly in REC-
QL4ΔC cancer cell lines (Fig. 2d and Fig. S5b). No significant
difference in cell cycle profiles was observed between parental
WT and RECQL4ΔC cancer cells after IR/cisplatin treatment
until 48 hr (Fig. S3), suggesting that the cell cycle phase affected
neither IR/cisplatin sensitivity nor RPA2/RAD52 foci formation
after cancer treatments in RECQL4ΔC cancer cells (Figs. 1a, 2c
and 2d). We ectopically expressed hRECQL4 and found that
hRECQL4 expression restrained RAD52 upregulation in REC-
QL4ΔC HCT116 and RECQL4ΔC MCF-7 cells (Fig. 2e and
Fig. S6), confirming the upregulation of cancer treatment-
induced RAD52 foci in RECQL4ΔC cancer cells. Next, we
examined whether the upregulated RAD52 foci induced by cis-
platin in RECQL4ΔC HCT116 cells could be suppressed by the
RAD52 inhibitors EGC and AICAR.13,15 Indeed, both RAD52
inhibitors significantly suppressed cisplatin-induced RAD52
foci in RECQL4ΔC HCT116 cells (Fig. 2f ). Several DNA repair
proteins are recruited to chromatin-associated DNA damage
sites. We analyzed the kinetics of DNA repair proteins in
chromatin-binding fractions after IR. RECQL4 and γH2AX
transiently accumulated in the chromatin fraction after IR and
declined over time, whereas RAD52 and RPA2, a subunit of a
trimeric RPA complex that accumulated in the chromatin frac-
tion, increased over time after IR, particularly in RECQL4ΔC
HCT116 cells (Fig. 2g). Our results are consistent with a study
that demonstrated that the IR dose ranges we used did not
induce RPA2 phosphorylation.37 These biochemical data sug-
gest that SSA proteins are enriched in the chromatin fraction of
RECQL4ΔC HCT116 cells without affecting RPA2 phosphory-
lation, which is required for S phase checkpoint function.38

Again, these data are consistent with the results that there is no
cell cycle distribution difference after IR between WT and REC-
QL4ΔC cancer cells (Fig. S3b). Taken together, these results
establish that RECQL4ΔC cancer cells promote RPA2/RAD52
after cancer treatments.

Relationship of SSA, HR and Alt-EJ in RECQL4ΔC cancer cells
Next, we used an SA-GFP-reporter assay for the quantitative
measurement of SSA activity after I-SceI-induced DSBs.8 SSA
activity was higher in RECQL4ΔC HCT116 cells than in
parental WT HCT116 cells, and the increased SSA activity
was significantly rescued by hRECQL4 expression (Figs. 3a
and 3b). Because the end resection induced by DSBs provides
a common intermediate of SSA, HR and Alt-EJ (Fig. 3c),4 we
investigated the influence of RECQL4 on these DNA repair
pathways. As previously reported,27 HR activity in RECQL4ΔC
HCT116 cells was enhanced by hRECQL4 expression,
although there was no difference in HR activity between

parental WT and RECQL4ΔC HCT116 cells (Fig. 3d). To
understand the contribution of RECQL4 to HR, we examined
olaparib sensitivity in RECQL4ΔC cells because PARP inhibi-
tors, including olaparib, kill HR-deficient BRCA1/2-mutated
cancer cells by inhibiting Alt-EJ.5 RECQL4ΔC HCT116 cells
were hypersensitive to olaparib, but this olaparib sensitivity
of RECQL4ΔC HCT116 cells was much lower than that of
BRCA1/2-deficient cells (Fig. 3e).5 Interestingly, olaparib-
sensitive RECQL4ΔC HCT116 cells had significantly decreased
Alt-EJ activity, which was rescued by hRECQL4 expression
(Fig. 3f ). To address whether RAD52 depletion suppressed
SSA in RECQL4ΔC cells rather than acting via other DSB
repair pathways, we measured SSA, HR and Alt-EJ activities
in the presence or absence of RAD52 in RECQL4ΔC HCT116
cells (Fig. 3g). RAD52 depletion significantly suppressed SSA
activity and slightly increased Alt-EJ and HR activity (Fig. 3h),
indicating that RAD52 depletion suppressed SSA activity in
RECQL4ΔC cells without significantly affecting other DSB
repair pathways. Taken together, these data demonstrate that
RECQL4ΔC cancer cells stimulate error-prone SSA activity
while decreasing Alt-EJ DNA repair activity (Fig. 3c).

RAD52 suppression effectively kills RAD52-upregulated
RECQL4ΔC cancer cells in vitro
We hypothesized that RAD52-upregulated RECQL4ΔC cells are
restrained in response to RAD52 suppression. Indeed, we observed
suppression in RECQL4ΔC cells when RAD52 was suppressed by
siRNA (Fig. S7a). Alternatively, RECQL4ΔC HCT116 cells were
sensitive to low concentrations of RAD52 inhibitors, AICAR and
EGC (Figs. 4a and 4b).13,15 Moreover, 6-OH-DOPA, which dis-
rupts RAD52 oligomerization,12 whereas AICAR and EGC disrupt
the RAD52-ssDNA interaction, 13,15 efficiently sensitized REC-
QL4ΔC cancer cells (Fig. S7b). Finally, we addressed the targeted
suppression of DNA binding by RAD52 by applying an F79
aptamer or a negative control F79A aptamer that cannot inhibit
DNA binding by RAD52.11 The F79 aptamer but not the F79A
aptamer efficiently sensitized RECQL4ΔC HCT116 cell growth
(Fig. 4c and Fig. S7c). Collectively, the results of the different
targeted RAD52-suppression experiments suggest that specific
RAD52 suppression efficiently kills RAD52-upregulated REC-
QL4ΔC cancer cells.

RAD52 suppression effectively restrains RAD52-upregulated
RECQL4ΔC cancer cells in vivo
Next, we evaluated the tumor-suppression effects of RAD52
inhibitors in nude mice harboring HCT116 xenografts. We
referred to a study in which AICAR was applied to HCT116
cells in a mouse xenograft,33 although tumor growth was
somewhat stimulated after AICAR treatment. Therefore, the
frequency of AICAR injections was reduced from daily to
three times per week (Fig. 4d). Nonetheless, the growth of
parental WT HCT116 cells was significantly stimulated in
AICAR-treated mice. By contrast, the cancer-stimulating
effect of AICAR was diminished in RECQL4ΔC HCT116 cells
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Figure 3. SSA activity is elevated in RECQL4ΔC HCT116 cells at the expense of the Alt-EJ pathways. (a) Representative dot-plot images
of the GFP reporter system (hprtSAGFP) in parental WT and RECQL4ΔC SA-GFP HCT116 cells. The percentages of GFP-positive cells are
shown within the gated areas. (b) SSA upregulation was observed in RECQL4ΔC cells compared to parental WT cells. The percentages
of GFP-positive cells determined by flow cytometric analyses of parental WT, RECQL4ΔC and RECQL4ΔC+hRECQL4 HCT116 cells are
depicted in the box-and-whisker plot showing the medians of n > 9 samples, the first and third quartiles (boxes) and the overall ranges
(whiskers). p-Values (*p = 0.041, ****p < 0.0001) were determined by the Mann–Whitney U test or a Welch’s t-test. (c) Modulation of
activity in DNA repair pathways after DSB induction in RECQL4-deficient cell lines. NHEJ can initiate when DNA end resection is
inhibited. By contrast, HR, Alt-EJ and SSA can compete for the repair of the resected DNA DSBs when DNA end resection occurs. SSA
can initiate particularly when excessive DNA end resection occurs. Downward, rightward and upward arrows indicate a decrease, no
change and an increase in activity, respectively. siRECQL4 may hinder the role of the essential N-terminal domain of RECQL4, indicated
as “ΔN?” and with open arrows. Filled arrows indicate the phenotypes of RECQL4ΔC HCT116 cells. Alt-EJ, alternative end-joining; HR,
homologous recombination; NHEJ, nonhomologous end joining; SSA, single-strand annealing. (d) HR activity in RECQL4ΔC cells was
enhanced by hRECQL4 expression. The percentages of GFP-positive cells determined by flow cytometric analyses of RECQL4ΔC and
RECQL4ΔC+hRECQL4 HCT116 cells are depicted by the box-and-whisker plot showing the medians of n > 9 samples, the first and third
quartiles (boxes) and the overall ranges (whiskers). The p-value (p = 0.133, ***p = 0.001) was determined the Mann–Whitney U test.
(e) Sensitivity of parental WT and RECQL4ΔC HCT116 cells to the PARP inhibitor olaparib. The doses are shown at the bottom of the
figure. The graph shows the mean (SD) of at least seven independent experiments. p-Values (**p = 0.002) were determined by the
Mann–Whitney U test. (f ) Alt-EJ downregulation was observed in RECQL4ΔC cells compared to parental WT cells. The percentages of
GFP-positive cells determined by flow cytometric analyses of parental WT, RECQL4ΔC and RECQL4ΔC+hRECQL4 HCT116 cells are
depicted in the box-and-whisker plot showing the medians of n > 7 samples, the first and third quartiles (boxes) and the overall ranges
(whiskers). p-Values (*p = 0.015, **p = 0.0045) were determined by the Mann–Whitney U test. (g) Representative Western blots
results of RAD52 knockdown induced by siRNA in HCT116 cells. Relative RAD52 expression quantified by ImageJ software is shown at
the bottom of the images. α-Actinin served as the loading control. (h) I-SceI endonuclease was expressed to induce DSBs in GFP
reporters of RECQL4ΔC HCT116 cells for SSA (left), Alt-EJ (middle) and HR (right) repair assays. The percentages of
GFP-positive RECQL4ΔC HCT116 cells with or without RAD52 siRNA treatments analyzed by flow cytometric analyses are depicted.
The graph shows the mean (SD) of at least three independent experiments. p-Values (*p = 0.029) were determined by the
Mann–Whitney U test.
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without significantly affecting mouse weight (Fig. 4e and
Fig. S7d). Ample evidences from numerous in vitro, in vivo
and epidemiological studies have revealed that green tea can
play a role in cancer prevention.39 However, there are cur-
rently no in vivo mouse studies of tumor growth restraint
induced by a low concentration of orally administered EGC.
Therefore, we calculated the EGC concentrations for mouse
xenograft experiments (see legend of Fig. 4f ).39–41 Interestingly,
we found that RECQL4ΔC HCT116 cell growth was effectively
restrained by a low dose of EGC in vivo (Figs. 4f and 4g). Addi-
tionally, oral administration of a low dose of EGC did not
affect weight (Fig. S7e). Finally, we verified the tumor growth
of parental WT and RECQL4ΔC HCT116 cells in F79- or
F79A-injected mice. In accord with the in vitro results
(Fig. 4c), F79 did not suppress parental WT HCT116 growth.

By contrast, F79 but not F79A significantly suppressed REC-
QL4ΔC HCT116 cells (Figs. 4h and 4i), although no differences
in body weight were observed between F79- and F79A-injected
mice (Fig. S7f). Collectively, these data suggest that RAD52
inhibitors likely selectively restrained RECQL4ΔC cancer cells
in vivo.

Combined cisplatin and RAD52 inhibitor treatments
efficiently restrain RECQL4ΔC cancer cell growth
Next, we sought to examine the combined effect of cisplatin
but not IR with RAD52 inhibitors because RECQL4ΔC
HCT116 cells were more sensitive to cisplatin than IR
(Fig. 1a). The cells were treated with cisplatin followed by the
RAD52 inhibitor AICAR in vitro, and a sensitized effect of
combined cisplatin and AICAR treatment was observed

Figure 4. Legend on next page.
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(Fig. S7g). Significant increases in RAD52/RPA2 foci forma-
tion kinetics occurred approximately 1 day after cancer treat-
ment (Figs. 2c and 2d). Hence, we treated with AICAR at
different times after cisplatin treatments and found that
AICAR treatment for 16–40 hr effectively killed RECQL4ΔC
cells (Fig. 5a).

We next used cisplatin and RAD52 inhibitors in mouse
xenograft experiments. We reduced the frequency of AICAR
injections from three times to once per week to minimize
AICAR-mediated adverse effects (Fig. 4d). The tumor growth
stimulation observed in AICAR-treated mice harboring paren-
tal WT HCT116 cells was no longer observed (Fig. 5b). Unex-
pectedly, compared to a single cisplatin treatment, AICAR
injection 24 hr after cisplatin slightly enhanced parental WT
but not RECQL4ΔC HCT116 cell growth (Fig. 5c and Fig. S8a).
We also verified the timing of AICAR injections after cisplatin
treatment for RECQL4ΔC cells in vivo. Consistent with
in vitro observations (Fig. 5a), delayed treatment at 24–36 hr
efficiently restrained RECQL4ΔC cell growth compared to
treatment at 0–12 hr or later than 48 hr (Fig. 5d and Fig. S8b).
Next, we examined the effect of the combination of cisplatin

and EGC in vivo by focusing on the time point 24 hr after cis-
platin treatment (Fig. 5e). EGC treatment, again, selectively
suppressed RECQL4ΔC cells in mouse xenografts. Strikingly,
EGC infusion 24 hr after cisplatin treatment additively
suppressed RECQL4ΔC HCT116 cells (Fig. 5f ). We constantly
observed the significant difference between single cisplatin
treatment and cisplatin followed by EGC treatment, even
when we executed conservative statistical analysis (Fig. S8c).
In summary, these results suggest that cisplatin treatment
followed by RAD52 inhibition at approximately 24 hr may be
a potential combination treatment in vivo.

Cisplatin treatment might induce large genomic deletions in
RECQL4ΔC HCT116 cells
Whether RAD52-mediated SSA upregulation enhances large
deletions at the repeat sequences around DSBs induced by cis-
platin in human cells is currently unknown. To gain insight
into the relationship between cisplatin treatment and subse-
quent genomic instability, we validated the copy number vari-
ations in subcloned cells at the whole-genome level using a
CGH array (Fig. S9a). Interestingly, RECQL4ΔC cells but not

Figure 4. RAD52 suppression effectively kills RECQL4ΔC cancer cells in vitro and in vivo. (a, b) Survival ratios of parental WT and RECQL4ΔC
HCT116 cells after (a) AICAR and (b) EGC treatments are depicted by the box-and-whisker plot showing the medians of n > 13 samples, the
first and third quartiles (boxes) and the overall ranges (whiskers). p-Values (*p = 0.034, ***p = 0.0006, ****p < 0.0001) were determined by
Student’s t-test or the Wilcoxon matched-pairs signed rank test. AICAR and EGC were dissolved in PBS and used to treat HCT116 cells. (c) The
survival ratios of parental WT and RECQL4ΔC HCT116 cells after F79 treatments are depicted by the box-and-whisker plot showing the
medians of n > 5 samples, the first and third quartiles (boxes) and the overall ranges (whiskers). p-Values (*p = 0.034) were determined by
Student’s t-test. F79 was dissolved in water and used to treat HCT116 cells. (d–i) RAD52 suppression effectively kills RECQL4ΔC cancer cells
in a xenograft mouse model in vivo. Tumor-bearing nude mice were randomly allocated to treatment groups and treated with the regimens
indicated at the top of the graphs in (d, f, h). (d) Tumor growth of parental WT (left) and RECQL4ΔC (right) HCT116 cells in mice injected
intraperitoneally (i.p.) with control PBS (closed circle) or AICAR (open square) with the regimens indicated at the top of the graphs. Tumor
sizes were measured and plotted as the average tumor size � SEM. The numbers of mice in two independent experiments are shown in
parentheses. We obtained p = 0.46 between nontreated and AICAR-treated tumor growth of parental WT HCT116 cells when we executed the
F-test. (e) The mean tumor growth ratios of parental WT and RECQL4ΔC HCT116 cells in AICAR-treated mice compared to mice treated with
PBS control at six time points (Days 17, 20, 24, 27, 31 and 35) are depicted by the box-and-whisker plot showing the medians, the first and
third quartiles (boxes) and the overall ranges (whiskers). The surviving fraction of the control was set as 1 with the dashed line. p-Values
(*p = 0.031, **p = 0.008) were determined by the Wilcoxon matched-pairs signed rank test or Student’s t-test. (f ) Tumor growth of parental
WT (left) and RECQL4ΔC (right) HCT116 cells in mice infused per os (p.o.) with control PBS (closed circle) or EGC (open square) with the
regimens indicated at the top of the graphs. Tumor sizes were measured and plotted as the average tumor size � SEM. The numbers of mice
in two independent experiments are shown in parentheses. We obtained p = 0.44 between nontreated and EGC-treated tumor growth of
RECQL4ΔC cells when we executed the F-test. One cup of green tea (250 ml) contains approximately 2.5 g of tea leaves with a water-soluble
fraction of 620–880 mg.40 One-third of the water-soluble fraction (207–293 mg) is catechins, including EGC (~19%; 39.3–55.7 mg).39,40

Animals with larger body sizes, such as humans, have slower physiological processes and drug metabolism kinetics than smaller animals
such as mice.41 We calculated the EGC injection dose for mice that corresponded to that for humans by using the following equation: human
effective dose (HED) mg/kg = animal dose (mg/kg) × (animal Km/human Km). For instance, when we injected 15 mg/kg EGC into mice,
15 (mg/kg) × (3/37; human Km = 37, mice Km = 3) = 1.22 mg/kg; 1.22 mg/kg × 60 kg (human average weight) = 72.9 mg. This dose is within
the EGC concentration range of 1.5 cups of green tea (58.9–83.6 mg). (g) The mean tumor growth ratio of parental WT and RECQL4ΔC HCT116
cells in EGC-treated mice compared to those in PBS control-treated mice at five time points (Days 17, 20, 24, 27 and 31) are depicted by the
box-and-whisker plot showing the medians, the first and third quartiles (boxes) and the overall ranges (whiskers). The surviving fraction of
the control was set as 1 with the dashed line. p-Values (**p = 0.006) were determined by Student’s t-test. (h) Tumor growth of parental WT
(left) and RECQL4ΔC (right) HCT116 cells in mice injected i.p. with control F79A (closed circle) or F79 (open square) aptamers with the
regimens indicated at the top of the graphs. Tumor sizes were measured and plotted as the average tumor size � SEM. The numbers of mice
are shown in parentheses. We obtained p = 0.46 and p = 0.31 between F79-treated and F79A-treated tumor growth of parental WT and
RECQL4ΔC cells, respectively, when we executed the F-test. (i) The mean tumor growth ratios of parental WT and RECQL4ΔC HCT116 cells in
F79-treated mice compared to those in F79A control-treated mice at 10 time points (Days 16, 19, 21, 23, 26, 28, 30, 33, 35 and 37) are
depicted by the box-and-whisker plot showing the medians, first and third quartiles (boxes) and overall ranges (whiskers). The surviving
fraction of the control was set as 1 with the dashed line. p-Values (**p = 0.002) were determined by the Wilcoxon matched-pairs signed
rank test.
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Figure 5. Combined anticancer effects of cisplatin and RAD52 inhibitors in vitro and in a xenograft mouse model in vivo. (a) The surviving
ratio of the cisplatin-treated control for parental WT (W) and RECQL4ΔC (Q4) HCT116 cells was set as 1 with the dashed line. Cisplatin
treatments followed by different 24-hr 0.5 μM AICAR treatments are depicted by the box-and-whisker plot showing the medians of n > 7
samples, the first and third quartiles (boxes) and the overall ranges (whiskers). The p-value (**p = 0.003) was determined by Student’s t-
test. (b) Tumor-bearing nude mice were randomly allocated to treatment groups and treated with the regimens indicated at the top of the
graphs. Tumor growth of parental WT cells (left) or RECQL4ΔC HCT116 cells (right) in mice intraperitoneally (i.p.) injected with PBS or AICAR at
24 hr after control saline or cisplatin treatment. Different AICAR injection times at 0, 12, 36 and 48 hr after cisplatin treatment were applied
for RECQL4ΔC cells. Tumor sizes were measured and plotted as the average tumor size � SEM. The numbers of mice are shown in
parentheses. (c) The mean tumor growth ratios of parental WT and RECQL4ΔC HCT116 cells in AICAR-, cisplatin- and cisplatin-plus-AICAR-
treated mice compared to those of PBS control (growth ratio: 1.0 with dashed line)-treated mice at six time points (Days 17, 21, 24, 28,
32 and 35) are depicted by the box-and-whisker plot showing the medians, first and third quartiles (boxes and overall ranges (whiskers).
A: AICAR, C: cisplatin, A + C: AICAR plus cisplatin. Two-sided one-way ANOVA with Tukey’s post hoc test was used to generate p-values
(*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). A conservative statistical analysis was also performed (Fig. S8a). (d) The mean tumor
growth ratios of RECQL4ΔC HCT116 cells in mice with cisplatin treatment followed by different AICAR injection protocols compared to the PBS
control (growth ratio: 1.0 with dashed line) at six time points (Days 17, 21, 24, 28, 32 and 35) are depicted by box-and-whisker plot showing
the medians, first and third quartiles (boxes) and overall ranges (whiskers). The AICAR injection times after cisplatin treatment are indicated
as A0–A48. For example, A12 indicates AICAR treatment at 12 hr after cisplatin treatment. Two-sided one-way ANOVA with Tukey’s post hoc
test was used to generate p-values (**p < 0.01, ***p < 0.001, ****p < 0.0001). A conservative statistical analysis was also performed
(Fig. S8b). (e) Tumor-bearing nude mice were randomly allocated to treatment groups and treated with the regimens indicated at the top of
the graphs. Tumor growth of parental WT (left) or RECQL4ΔC (right) HCT116 cells with PBS or EGC per os (p.o.) infusion at 24 hr after
i.p. injection of control saline or cisplatin into mice. We administered one set of cisplatin and EGC treatments in five portions during the first
14 days, followed by a 1-week rest period to prevent cisplatin side effects, including nephrotoxicity. Tumor sizes were measured and plotted
as the average tumor size � SEM. The numbers of mice in two independent experiments are shown in parentheses. (f ) The mean tumor
growth ratios of parental WT and RECQL4ΔC HCT116 cells in EGC-, cisplatin- and cisplatin-plus-EGC-treated mice compared to those of PBS
control-treated mice at six time points (Days 17, 21, 24, 27, 31 and 35) are depicted by the box-and-whisker plot showing the medians, first
and third quartiles (boxes) and overall ranges (whiskers). E: EGC, C: cisplatin, C + E: cisplatin plus EGC. Two-sided one-way ANOVA with
Tukey’s post hoc test was used to generate p-values (*p < 0.05, **p < 0.01, ****p < 0.0001). A conservative statistical analysis was also
performed (Fig. S8c).
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parental WT cells had large deletions on chromosome 8 after
cisplatin treatment; moreover, these large deletions were also
not observed in the other treatment conditions, other chromo-
somes in RECQL4ΔC HCT116 cells or parental WT HCT116
cells (Fig. 6a and Fig. S9b). Cisplatin-treated RECQL4ΔC
HCT116 cells had relatively higher risks of gene deletions
compared to cisplatin-treated parental WT HCT116 cells with
no significant difference (p = 0.62; Fig. 6b). Interestingly, the
edges of large deletions were located at centromeric-repeat or
telomeric-repeat loci (Figs. 6a and 6c), while the other sides
contained SINEs (85.6–98.1% identity).42 Therefore, these
repeat sequences might participate in an SSA pathway that

can induce large gene deletions in cisplatin-treated REC-
QL4ΔC HCT116 cells (Fig. 6d).

Discussion
RECQL4ΔC cancer cells exhibited hypersensitivity to cisplatin
or IR (Fig. 1),23 which may reflect the role of RHCD22 and
RECQL4 helicase activity in HR-dependent DSB repair,
respectively,27 although HR activity did not significantly
decrease in RECQL4ΔC cells (Fig. 3d). Consistently, RAD51
foci kinetics after DNA damage remained unchanged in REC-
QL4ΔC cells (Fig. 2b), suggesting that the role of RECQL4 in
HR is much less indispensable for PARP inhibition than that

Figure 6. RAD52 inhibition may have a potential to restrain the genomic instability induced by cisplatin treatment in RECQL4ΔC cancer cells.
(a) The comparative genomic hybridization (CGH) array analysis revealed genomic deletions (blue line) in chromosome 8 of parental WT (left
panel) or RECQL4ΔC (right panel) HCT116 cells. Notably, two large genomic deletions were observed only in the cisplatin-treated RECQL4ΔC
HCT116 cells. Genomic alterations in other chromosomes are presented in the Figure S9b. (b) Estimation of the relative risk of genomic
deletions in RECQL4ΔC HCT116 cells compared to WT HCT116 cells in control, cisplatin-treated, EGC-treated and cisplatin plus EGC-treated
samples. WT and RECQL4ΔC HCT116 cells were divided; those that had genomic deletions and no genomic deletions among all
46 chromosomes were used for statistical analysis. p-Values (p = 1, 0.62) were determined by Fisher’s exact test. The numbers indicated
above each bar represent the estimated relative risk of gene deletion (relative risk: 1.0 with dashed line). (c) Representative image of a large
genome loss around the centromere region of chromosome 8 (dashed red lines from panel a) induced by cisplatin treatment in RECQL4ΔC
HCT116 cells. A centromere region with repeat units called alpha-satellites is indicated by the dashed green box. Each dot in the array data
represents a specific oligonucleotide probe. (d) Proposed model of RAD52-mediated SSA activation induced by IR/cisplatin in RECQL4ΔC
cancer cells. RECQL4ΔC cancer cells with decreased activity of Alt-EJ may be forced to choose the RAD52-mediated error-prone SSA pathway
after IR/cisplatin treatments to promote survival, resulting in genomic instability including potential large deletions. Downward, rightward and
upward colored arrows indicate a decrease, no change and an increase in activity, respectively.
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observed in BRCA1/BRCA2-deficient cells.5 Recently, a syn-
thetic lethal relationship between HR-deficient BRCA1/BRCA2
mutated cells and the loss of Alt-EJ activity induced by PARP
inhibition was revealed.5 Given that the Alt-EJ activity was
innately decreased and HR activity was unchanged in REC-
QL4ΔC cells (Fig. 3f ), the PARP-inhibition sensitivity of REC-
QL4ΔC cancer cells may stem from BER deficiency.5,24,25

Indeed, RECQL4ΔC cells lacked the C-terminal PARP-1 inter-
action domain and showed reduced BER activity because
RECQL4-deficient human cells exhibit hydrogen peroxide
(H2O2) sensitivity (Fig. S2c).23–25 Unchanged RAD51 foci in
RECQL4ΔC cells may restrict the use of functional assays that
are developed for the prediction of responsiveness to PARP
inhibitors due to HR deficiency for cancer patients with
germline RECLQ4 mutations. In other words, some cancer
cells with unchanged RAD51 foci, like RECQL4ΔC cancer
cells, may be targeted by a low dose of RAD52 inhibitors. For
the purpose of predicting RECQL4ΔC cancer patients, an
ex vivo assay of RAD52 and RPA foci kinetics would be
appropriate.

Truncated RECQL4 was not detected by WB in mice.30

Consistently, we could barely detect truncated RECQL4 by
WB.23 Therefore, we established a RECQL4 quantification
assay in mice and humans, and we successfully detected the
truncated N-terminal RECQL4 in mice.30 Notably, siRNA
knockdown for RECQL4 significantly suppressed the essential
Sld2-like domain of RECQL4 (Fig. 1f ). Therefore, the pheno-
types obtained by siRECLQ4 should be carefully reevaluated
to determine whether they can be extrapolated to RTS patient
phenotypes because suppression of essential gene expression
may have dramatic phenotypic consequences.26,27

Unchanged γH2AX focus formation, a representative fea-
ture of DSBs, after cancer treatment in RECQL4ΔC cancer
cells may reflect the fact that the initial numbers of DSBs
induced by cancer treatments were similar between WT and
RECQL4ΔC HCT116 cells (Fig. 2a). As a consequence, the
concomitant deficiency of Alt-EJ could not be fully compen-
sated by upregulated SSA and might result in worse survival
outcomes under IR or cisplatin treatment conditions in REC-
QL4ΔC cancer cells (Figs. 1–3). Moreover, we observed com-
pensation of neither HR nor Alt-EJ activity in RECQL4ΔC
HCT116 cells, even when we suppressed the SSA pathway by
depleting RAD52 (Fig. 3h), suggesting that targeted
RAD52-mediated SSA suppression is effective for the abroga-
tion of RECQL4ΔC cancer cells (Fig. 6d).

There are nonexclusive explanations for RAD52-mediated
SSA activation in RECQL4ΔC cancer cells based on RECQL4
biochemical characteristics. First, among RECQ helicases,
RECQL4 has strong helicase domain-independent annealing
activity.43–45 Interestingly, the RECQL4 N-terminal fragments
have stronger annealing and strand exchange activities than
the full-length RECQL4.45 A biochemical study showed that
the annealing activity of full-length RECQL4 was inhibited by
RPA with less optimal buffer conditions.46 Hence, further

study will be required for understanding the biochemical
roles of full-length RECQL4, N-terminal RECQL4 and RPA
under optimal conditions. Next, all RECQ helicases have
annealing activity and may compensate one another due to
functional redundancies among RECQ helicase members.47,48

Indeed, WRN and RECQ5 can promote SSA activity
in vitro.49,50 Finally, the strand-annealing activity of RECQL4
is more active on longer ssDNA,44 which may favor SSA.4 In
summary, the biochemical characteristics of RECQL4 support
our findings.

Our study has some limitations. First, the HCT116 cells
used in our study are considered genetically unstable due to
an MLH1 gene deficiency. However, a recent study revealed
that most xenograft models maintain the original subtype.51

Consistently, the CGH results showed that HCT116 cells
exhibited minimal genomic changes upon multiple passages
(Fig. S9). Moreover, independent HCT116 xenograft experi-
ments showed similar results (Figs. 4 and 5), suggesting that
genetic drift in HCT116 cells appears unlikely. Second, we
did not perform all experiments with all established REC-
QL4ΔC cells, and there is room for improvement in general-
izing cancer-specific RECQL4ΔC phenotypes. Third, we
may detect deletions, duplications and more complex
rearrangements when we analyze larger samples in CGH
analysis (Fig. 6); thus, further large-scale investigations
might elucidate a causal relationship. Lastly, we observed an
adverse effect of AICAR, particularly after cisplatin treat-
ment (Figs. 4 and 5). One possible explanation is that in vivo
metabolic and/or microenvironmental changes are induced
by high doses (400 mg/kg) of AICAR treatment. Indeed, we
observed an advantageous effect for the RECQL4ΔC cancer
cells when we reduced the AICAR dose (16 mg/kg) for the
xenograft experiment (Figs. S10a and S10b). Therefore, low
concentrations of RAD52 inhibitors may be enough or even
better for targeting the suppression of RAD52 function
in vivo. However, F79 aptamer stimulated the growth of
parental WT HCT116 cells (Figs. 4h and 4i), and caution
should be required to optimize the dose and dosing sched-
ule for each RAD52 inhibitor for clinical use.

Remarkably, combined treatment with cisplatin and low
doses (15 mg/kg) of EGC exhibited additive tumor suppres-
sion activity on RAD52-upregulated RECQL4ΔC HCT116 cell
growth in vivo (Fig. 5f and Fig. S8c). Interestingly, some epi-
demiological studies have reported that the amount of green
tea consumed does not affect its suppressive effects,39 indicat-
ing that lower amounts of green tea may be sufficient to sup-
press certain types of cancer in humans. Additionally, oral
infusion of very low doses of EGC is unlikely to cause the
unwanted side effects that are commonly induced by antican-
cer drugs, although the tumor-suppression effect of EGC was
relatively mild compared to that of cisplatin (Fig. 5f ). Given
that cisplatin has been widely used for the treatment of several
types of cancers for decades, the significant additive effect of
cancer suppression when combined with very-low-dose EGC
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is impressive (Fig. 5f ). Therefore, we expect that long-term
treatment with low concentrations of EGC will be effective for
cancer patients with upregulated RAD52-mediated SSA.
Indeed, RAD52 gene knockout restrained T-cell lymphomas
in ATM-deficient mice and tumor growth in the small intes-
tine of ApcMin/+ mice.52,53 By contrast, a twofold increase of
intestinal adenomas was observed when RECQL4 exons 9–13
deleted mice were crossed with ApcMin/+ mice.30 However, the
aberrant expression of RAD52 is associated with poor overall
survival of certain cancer patients in clinical data analysis
from The Cancer Genome Atlas.54 Hence, further detailed
evaluation will be required for clinical RAD52 inhibition in
human cancer.

Importantly, clinical osteosarcoma (OS) outcomes with
standard chemotherapy are similar in RTS and non-RTS
patients.20 Therefore, chemotherapy combined with optimized
RAD52 suppression potentially contributes to better clinical
OS outcomes in RTS patients (Fig. 6d). An early genetic diag-
nosis to identify RECQL4-deficient RTS patients is indispens-
able to utilize this therapy. Besides RTS patients with
RECQL4 mutations, our proposed regimen maybe used for
cancer patients with germline RECLQ4 mutations. For
instance, recent studies reveal that a small fraction of cancer

patients also have RECQL4 mutations,55,56 and we expect that
our study may partially help with the genomic diagnosis for
cancer treatment in the future. RTS patients are at high risk
for OS at young ages without affecting prognosis
significantly.18–20 RECQL4ΔC NALM-6 cells, which were
established from a 19-year-old patient with acute lymphoblas-
tic leukemia, show upregulated RAD52-mediated SSA activity
(Fig. S5). Therefore, high survival benefits might be expected
if the proposed regimen is applied to those young cancer
patients.
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