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The DNA repair helicase RECQ1 has a checkpoint-dependent
role in mediating DNA damage responses induced by

gemcitabine
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The response of cancer cells to therapeutic drugs that cause
DNA damage depends on genes playing a role in DNA repair.
RecQ-like helicase 1 (RECQ1), a DNA repair helicase, is critical
for genome stability, and loss-of-function mutations in the
RECQI gene are associated with increased susceptibility to
breast cancer. In this study, using a CRISPR/Cas9-edited cell-
based model, we show that the genetic or functional loss of
RECQ1 sensitizes MDA-MB-231 breast cancer cells to gemcit-
abine, a nucleoside analog used in chemotherapy for triple-neg-
ative breast cancer. RECQI1 loss led to defective ATR Ser/Thr
kinase (ATR)/checkpointkinase 1 (ChK1) activation and greater
DNA damage accumulation in response to gemcitabine treat-
ment. Dual deficiency of MUS81 structure-specific endonu-
clease subunit (MUS81) and RECQ1 increased gemcitabine-in-
duced, replication-associated DNA double-stranded breaks.
Consistent with defective checkpoint activation, a ChK1 inhib-
itor further sensitized RECQ1-deficient cells to gemcitabine
and increased cell death. Our results reveal an important role for
RECQ1 in controlling cell cycle checkpoint activation in
response to gemcitabine-induced replication stress.

RecQ helicases are a highly conserved class of proteins with
important roles in genome maintenance and DNA repair (1).
The loss of DNA repair functions and SNP in the RECQ1I gene is
linked to cancer predisposition and increased resistance to che-
motherapeutic drugs (2—4). Recent whole-genome sequencing
efforts revealed that rare, recurrent RECQI (also known as
RECQL or RECQLI) mutations increased the risk of breast can-
cer in French Canadian and Polish populations (5). The associ-
ation of RECQI mutations with breast cancer was also con-
firmed in a Chinese population, suggesting that RECQI
mutations are not limited to specific populations (6). In a sub-
sequent report, further studies were recommended to establish

This work was supported by NIGMS, National Institutes of Health Grant
SC1GM093999 and National Science Foundation Grant NSF1832163. This
work was also supported by NIA, National Institutes of Health Grant 1R25
AG047843. The authors declare that they have no conflicts of interest with
the contents of this article. The content is solely the responsibility of the
authors and does not necessarily represent the official views of the
National Institutes of Health.

This article contains Figs. S1-S3.

" To whom correspondence should be addressed: Dept. of Biochemistry and
Molecular Biology, Howard University College of Medicine, Washington,
D. C.20059. Tel.: 202-806-3833; Fax: 202-806-5784; E-mail: sudha.sharma@
howard.edu.

15330 J Biol. Chem. (2019) 294(42) 15330-15345

a better association of increased breast cancer risk in individu-
als carrying RECQ1 loss-of-function variants (7).

RECQL1 is the most abundant member of the five human
RecQ helicases (1). It consists of a helicase and RecQ C-termi-
nal (RQC)? domain similar to that of Escherichia coli RecQ (8).
RECQ1 is a DNA-stimulated ATPase and a helicase capable of
binding and unwinding structural intermediates of DNA repli-
cation and repair (9). RECQ1 unwinds duplex DNA and cata-
lyzes ATP-dependent branch migration on Holliday junctions
and mobile D-loop substrates (9, 10). In addition to unwinding
DNA, RECQ1 promotes annealing of complementary single-
stranded DNA in an ATP-independent manner (9). Consistent
with these biochemical activities, RECQ1 interacts with pro-
teins known to function in DNA replication and repair, such as
FEN1 (11), RPA (12, 13), Ku70/80 (14), and PARP1 (4, 13, 15), as
well as with mismatch repair proteins (MLH1 and MSH2/6)
that regulate genetic recombination (16). RECQI /™ null mice
obtained by targeting the helicase domain IV and part of
domain V in the RECQI gene displayed spontaneously in-
creased chromosomal instability in primary embryonic fibro-
blasts (17). RECQ1 deletion in human cells has not yet been
reported, and the cellular functions of RECQ1 have been inves-
tigated by using siRNAs or stable short hairpin RNA—mediated
knockdown (4, 15, 18-21). The depletion of RECQ1 causes
decreased cell proliferation, increased sensitivity to replication
blocking agents, and increased DNA damage accumulation (18,
19). The increase in chromosomal rearrangements in RECQ1-
depleted cells upon replication stress suggests that RECQ1 is
involved in the resolution of stalled replication forks (17, 18).
RECQ1 governs RPA availability during replication stress (20),
and the catalytic activity of RECQL is required for the restora-
tion of stalled forks induced by camptothecin (4), clearing the
way for replication to resume after the block is removed.
RECQ1 catalyzes strand exchange on stalled replication struc-
tures in vitro, and the ATPase function of RECQLI is critical in
facilitating branch migration of the intermediates formed upon
fork stalling (19, 22). Collectively, these studies suggest that
RECQI functions to restore productive DNA replication fol-
lowing stress and prevents subsequent genomic instability.

2 The abbreviations used are: RQC, RecQ C-terminal; ssDNA, single-stranded
DNA; ChK1i, checkpoint kinase 1 inhibitor; KO, knockout; gRNA, guide RNA;
PARP1, poly(ADP)ribosyl polymerase 1; PAR, poly(ADP)ribosyl polymer;
BrdU, bromodeoxyuridine; DAPI, 4',6’-diamino-2-phenylindole; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase.
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Cells respond to blocked DNA synthesis by activating the
DNA damage checkpoint (23, 24). This response is necessary
for replication fork stabilization and DNA repair, which is nec-
essary for the subsequent restart of replication (25). When a
replication fork stalls, the uncoupling of replicative helicase
from the polymerase complexes leads to the generation of sin-
gle-stranded DNA (ssDNA) that is coated by RPA (replication
protein A) (26, 27). The RPA-coated ssDNA acts as a scaffold
and recruits the key kinases ATR (ataxia-telangiectasia and
RAD3-related) that activate the downstream effectors ChK1
(Checkpoint kinase 1) to facilitate DNA repair and cell survival
(28). Failure in this protective cascade results in the irreversible
collapse of the replication fork, which can result in a DNA dou-
ble-stranded break, which is the most potent form of DNA
lesions (25). Furthermore, these protective systems are severely
challenged by exogenous sources of DNA damage, such as can-
cer therapeutics that block replication (29).

In this study, we investigated how the genetic or functional
loss of RECQ1 in breast cancer MDA-MB-231 cells impacts the
cellular response to chemotherapeutic drugs, such as camp-
tothecin and gemcitabine, which are known to interfere with
DNA replication. Gemcitabine is a nucleoside analog that dis-
rupts replication by incorporating into DNA and inhibiting
ribonucleotide reductase, resulting in the depletion of the
dNTP pool (30). SNP in RECQI has been associated with the
overall survival of patients who received gemcitabine-based
therapy (2). To understand the molecular functions of RECQ1
in DNA repair and how the mutations in this gene promote
tumorigenesis, we utilized CRISPR-Cas9 gene editing to gener-
ate an isogenic pair of RECQ1 WT and RECQ1 knockout (KO)
MDA-MB-231 cell lines. Furthermore, we investigated the rep-
lication stress response of MDA-MB-231 cells that expressed
RECQ1 variants with individual missense mutations (A195S,
R215Q, R455C, M458K, and T562I) that were associated with
breast cancer susceptibility (5, 6) and demonstrated to be defi-
cient in helicase activity (6).

Results

Establishing breast cancer cell-line models of the genetic and
functional loss of RECQ1

We used the CRISPR-Cas9 technique to generate an isogenic
pair of MDA-MB-231 breast cancer cell lines that either
expressed (RECQ1-WT) or lacked (RECQ1-KO) RECQ1
expression. We designed single guide RNA (gRNA) targeting
the RECQI gene on exon 3, cloned the gRNA into the
pENTR221 gRNA cloning vector, and confirmed the correct
insertion of the target sites by DNA sequencing. The efficiency
of the gRNA to generate indels was validated by SURVEYOR
assay. After co-transfection of the MDA-MB-231 cells by
RECQ1-gRNA and the corresponding vectors, followed by
puromycin selection, the isolated clones were screened for
RECQ1 expression at the protein level by Western blotting
analysis, using a specific antibody against RECQ1. The results
confirmed the complete loss of RECQ1 protein in the
RECQ1-KO cell line (Fig. 1A). The results of the Sanger
sequencing revealed that in the WT clones, the RECQ1
genomic sequence at the target site was intact and the same as
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that of the unedited parental MDA-MB-231 control. In the KO
clones, RECQ1 genomic sequences at the target site showed
insertions and deletions compared with the unedited control
(Fig. S1A). In the KO clones obtained, each clone had distinct
genome sequences at the target site. All the genomic sequences
in the KO clones contained indels that resulted in the nonfunc-
tional gene products, which eventually led to the loss of the
protein.

To compare the functions of the WT RECQ1 protein with
those of the RECQI1 variant in an isogenic background, we
reconstituted the RECQ1-KO cell line using engineered pCB6
vectors that stably expressed either the empty vector or the
full-length WT RECQ1 or RECQ1 variants with individual mis-
sense mutations (A195S, R215Q, R455C, M458K, and T562I),
which were reported to increase breast cancer susceptibility.
Based on the crystal structure and conserved functions of RecQ
helicases (1), Ala-195 is involved in dimer interaction (31); Arg-
215 is located near the ADP-binding pocket and is expected to
weaken ATP hydrolysis (32, 33); the conserved residues Arg-
455 and Met-458 are located in the zinc-binding subdomain,
which is important in maintaining protein stability (34); and
Thr-562 is located in a B-hairpin, which is required for DNA
unwinding (31, 35). Compared with the ability of WT RECQ1
helicase to unwind forked DNA substrates, the RECQ1 variants
R215Q, R455C, M458K, and T5621 show complete loss of heli-
case activity, and A195S variant shows very weak helicase activ-
ity in vitro (6). Therefore, we also included a K119R variant that
has not yet been associated with cancer risk but has been bio-
chemically characterized as helicase-dead (9, 32).

To facilitate their representation in the figures and in the
text, the RECQ1-KO cells reconstituted by these plasmids are
labeled KOPCPe, KOYT, KOA?, KOR'Q, KOR***C,
KOM*%8K KO™%%%!, and KO*''°® (Fig. 1B). The results of a
Western blotting analysis using protein lysates prepared from
individual cell lines indicated that each mutant RECQ1 pro-
tein was expressed at a level comparable with its WT coun-
terpart; however, the K119R mutant is expressed at a lower
level (Fig. 1B).

In the subsequent experiments in this study, we utilized this
panel of MDA-MB-231 cell lines to assess the roles of WT
RECQI1 and breast cancer risk—associated RECQ1 variants in
DNA damage response to replication blocking agents.

Loss of RECQ1 protein expression or catalytic function
sensitizes MDA-MB-231 cells to camptothecin

Camptothecin is a DNA topoisomerase inhibitor that blocks
DNA replication, leading to replication stress in cancer cells
(36). Prior studies established that the knockdown of RECQ1
expression by siRNA or short hairpin RNA increases cellular
sensitivity to camptothecin (4, 18—20), but the consequences of
the complete loss of RECQ1 protein in human cells are
unknown. The CCK-8 assay to measure the cell viability dem-
onstrated the increased sensitivity of RECQ1-KO cells to camp-
tothecin (0 —400 nyM; 24 h). Camptothecin treatment induced a
dose-dependent decrease in cell viability up to 100 nm; how-
ever, further increase in camptothecin dose to 200 and 400 nm
did not result in corresponding decrease in cell viability. When
they were exposed to 100 nm camptothecin, ~91% viable cells
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Figure 1. Functional or genetic loss of RECQ1 sensitizes MDA-MB-231 cells to camptothecin. A, immunoblot detection of RECQ1 in cell lysates from
MDA-MB-231 CRISPR-Cas9 - derived RECQ1-WT and RECQ1-KO clones. GAPDH is used as a loading control. B, stable expression of RECQ1 WT and missense
mutants in the RECQ1-KO cell line was validated by Western blotting analysis using specific antibodies against FLAG tag and RECQ1. GAPDH is used as a loading
control. The schematic diagram represents the location of missense mutations in helicase and RQC domains of RECQ1. Cand D, drug sensitivity to camptothecin
in RECQ1-WT, RECQ1-KO, and complemented cell lines. Cell viability data are presented as means (+ S.D.) from three independent experiments. An asterisk
denotes the statistical significance of cell viability changes in RECQ1-WT versus other groups (p < 0.05). Differences are not statistically significant unless
denoted by an asterisk. E, co-immunoprecipitation analysis of RECQ1 interaction with PARP1 using whole cell extracts from RECQ1-WT, RECQ1-KO, KO"T,
KOR455C¢, KOM*58K and KO'>%2' cells. IP with antibodies specific for RECQ1 and IgG are indicated. Eluted proteins inimmunoprecipitate were analyzed by Western
blotting using antibodies against RECQ1, PARP1, and RPA32. Input represents 10% of cell lysates used for co-immunoprecipitation assays. GAPDH is used as a
loading control. F, RECQ1-IP from RECQ1-WT and KO™%? cells following camptothecin (CPT) (100 nm for 2 h) treatment and = PARP inhibitor (10 um olaparib
for 2 h). G, Western blotting analysis of camptothecin (100 nm for 2 h) induced yH2AX = PARP inhibitor (olaparib, 10 um for 2 h) in RECQ1-WT, RECQ1-KO, and
KO"T cells. PAR levels were tested to confirm PARP inhibition by olaparib. GAPDH is used as a loading control. Molecular mass (in kDa) is shown to the left of the

Western blots. IP, immunoprecipitation.

were observed in RECQ1-WT compared with only 41% viable stituted with WT RECQI (KOYT), increased camptothecin

cells in RECQ1-KO, indicating that their ability to respond to
replication stress was compromised (Fig. 1C). Compared with
the RECQI1-WT group, statistically significant sensitivity to
camptothecin was observed in the RECQ1-KO and KOP<B®
groups (p < 0.05). We next tested whether camptothecin sen-
sitivity of RECQ1-KO could be corrected by the re-expression
of WT and/or mutant RECQ1 protein. Genetic complementa-
tion with WT RECQ1 (KOY™ cells) rescued the camptothe-
cin sensitivity of RECQ1-KO to a level comparable with
RECQ1-WT cells, whereas the expression of an empty vector
(pCB6) did not rescue the viability of cells lacking RECQ1
(KOP<®®) (Fig. 1C). In contrast to the RECQ1-KO cells recon-
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sensitivity was displayed by the RECQ1-KO cells that had been
complemented with cancer risk-associated RECQ1 variants
(I(OAIQSS, I<OR215Q, I<OR455C, I(OM45SI<, and I<OT5621), as Well
as helicase-dead KO™''*® (Fig. 1D), which was statistically sig-
nificant (p < 0.05). Among the different mutants tested for
camptothecin sensitivity, compared with the KOYT cells, the
KO™®%*!and KO*''*R cells displayed greater sensitivity at 100 —
400 nm camptothecin (p < 0.001). Overall, our results showed
that the loss of RECQI protein expression or catalytic function
sensitized cancer cells to camptothecin and suggested that the
helicase function of RECQ1 is important for cell survival fol-
lowing camptothecin-induced DNA damage.
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Breast cancer risk-associated RECQ1 variants retain
interaction with PARP1

The physical and functional interaction of RECQI protein
with poly(ADP)ribosyl polymerase 1 (PARP1) is important for
the restoration of stalled replication forks caused by camptoth-
ecin treatment and general genome maintenance (4, 13, 15).
The direct interaction between RECQ1 and PARP1 is mediated
by the zinc-binding and winged helix region, which constitutes
the RQC domain in RECQ1 (13). Because three of the RECQ1
mutations (R455C, M458K, and T562I) map to the RQC region,
we next tested whether the RECQI variants interacted with
PARP1 in co-immunoprecipitation experiments (Fig. 1E). The
RECQ1 antibody specifically co-precipitated PARP1 from
whole cell lysates prepared from RECQI1-WT cells, as previ-
ously reported (4, 13). RECQI also immunoprecipitated RPA,
which is known to interact with RECQ1 (12, 13) and was used in
these experiments as positive control. PARP1 and RPA were
also pulled down in RECQ1l immunoprecipitates from the
lysates obtained from KOR***¢, KOM**8X and KO™*** cells
expressing RECQ1 variants, which suggests that the mutations
identified in breast cancer patients do not disrupt the RECQ1-
PARP1 interaction (Fig. 1E). Similar immunoprecipitation
using cellular extracts prepared from RECQ1-KO cells failed to
pull down PARP1, indicating the specificity of RECQI1
antibody.

We next examined whether mutant RECQ1 protein inter-
acted with PARP1 upon camptothecin treatment and whether
this interaction required PARP1 activity (Fig. 1F). We com-
pared the RECQ1-PARP1 pulldowns from lysates prepared
from RECQ1-WT and KO™*°* cells treated with camptothecin
in the absence or presence of the PARP inhibitor olaparib (10
M) (4). The results of the co-immunoprecipitation experiment
demonstrated that RECQ1 and PARP1 remain associated fol-
lowing camptothecin treatment in the RECQ1-WT and
KO™>%*! cells (Fig. 1F). In the camptothecin-treated cells, the
inhibition of PARP1 activity by olaparib reduced the interac-
tion of RECQ1-PARP1 by ~50% in the RECQ1-WT cells and by
almost 80% in the KO™>%*! cells compared with their interac-
tion in the absence of PARP inhibition (Fig. 1F). These results
suggest that T562] mutation in the RQC domain of RECQ1
does not interfere with PARP1 interaction, but their interaction
depends on PARP1 activity in cells treated with camptothecin.

PARP1 activity is required for the slowing of replication
forks, and combined with RECQI, it influences the formation
of double-stranded breaks upon camptothecin treatment (4).
To determine whether RECQ1 loss and PARP1 activity affected
the accumulation of double-stranded breaks in response to
camptothecin treatment, we examined yH2AX induction by
Western blotting analysis (Fig. 1G). The camptothecin treat-
ment in the RECQ1-WT and KOY™ cells did not yield a detect-
able signal of YH2AX. The further inhibition of PARP1 upon
DNA damage induced by camptothecin led to an increase in
YH2AX by 5.8- and 5.2-fold in the RECQ1-WT and KOY™
cells, respectively. These results are consistent with previous
studies (4) demonstrating that PARP inhibition caused the
accumulation of reversed forks, leading to the increased accu-
mulation of double-stranded breaks upon camptothecin treat-
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ment (4, 37, 38). However, in the RECQ1-KO cells, the camp-
tothecin treatment induced yH2AX by 2.8-fold, and inhibition
of PARP1 decreased yH2AX to a level comparable with that of
untreated conditions (Fig. 1G). This result indicated that
RECQ1 loss prevents double-stranded break formation follow-
ing PARP inhibition. The DNA damage induced by camptoth-
ecin activated PARP1, which was evidenced by the increased
signal of poly(ADP)ribosyl polymer (PAR). In addition, the
inhibition of PARP1 by olaparib abolished the PAR signal, indi-
cating that the concentration of olaparib used in the experi-
ment indeed inhibited PARP1 activity (Fig. 1G).

Overall, these results showed that RECQ1-KO cells exhibit
similar response to camptothecin-induced replication stress as
reported previously in RECQ1 knockdown cells (4, 18, 19).
Therefore, these cells could be used to investigate cellular func-
tions of RECQI.

RECQ1 modulates cell survival following gemcitabine
treatment

Because of the association of RECQ1 expression with chemo-
therapeutic response (3,4, 19) and its relevance to breast cancer
(21), we decided to test whether RECQ1 modulated the cellular
response to gemcitabine, a nucleoside analog that induces rep-
lication-associated DNA damage and is used in the treatment of
triple negative breast cancer (30, 39). Clonogenic assays with
increasing concentrations of gemcitabine (0—5 um for 2 h)
showed a significantly reduced number of colonies in the
RECQ1-KO cells compared with the RECQ1-WT cells (Fig. 2, A
and B), indicating decreased survival in the RECQ1-KO cells.
Compared with the RECQ1-WT group, the RECQ1-KO cells
exhibited greater sensitivity to gemcitabine (p < 0.05) (Fig. 2B).
The results of the CCK-8 assay to determine cell viability dem-
onstrated that the RECQ1-KO cells were sensitive to gemcit-
abine and that the expression of WT RECQ1 in RECQ1-KO
cells (KOYT) could reduce gemcitabine sensitivity and increase
cell viability, whereas the expression of an empty vector (pCB6)
did not rescue the viability of cells lacking RECQ1 (KOP<B¢)
(Fig. 2C). Furthermore, the cells expressing cancer risk-associ-
ated RECQ1 variants (KOA19%5, KOR?15Q, KQR#55C, KOM*58K
and KO™%%?) or the helicase-dead KO*!'® mutant were more
sensitive to gemcitabine than those expressing WT RECQ1
(KOYT) (Fig. 2D), indicating that the catalytic activity of
RECQ1 may be essential in resolving the DNA damage induced
by gemcitabine and improving cell survival. Statistical signifi-
cance measured using RECQ1-WT cells as a control indicated
that the different cell lines (except the KOYT) were sensitive to
gemcitabine with p value <0.05. Moreover, RECQ1-KO,
KOP<B¢, KO™>%?, and KO*''°® displayed greater differences in
sensitivity at 2 um and 2.5 pum gemcitabine with a p value
<0.001 (Fig. 2D).

Because our data suggested a RECQ1-specific role, we next
questioned whether the observed gemcitabine sensitivity is due
to increased DNA damage accumulation. To test this, we
treated different cell lines used in the study with gemcitabine
(0.1 um for 24 h), prepared total cell lysates, and performed
Western blotting analysis for yH2AX as a marker of DNA dam-
age (Fig. 2E). Under untreated conditions, RECQ1-WT and
RECQ1-KO cells exhibit comparable basal DNA damage, as
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RECQ1-KO cells untreated or treated with gemcitabine (2 um for 2 h). DAPI is used as a nuclear stain. The scale bar is 5 um and represents all images in Fig. 2F.

Molecular mass (in kDa) is shown to the /eft of the Western blots.

indicated by the low yH2AX signal (Fig. 2E, lanes 1 and lane
3). The intensity of yH2AX signal in gemcitabine-treated
RECQI1-WT cells was similar to the untreated condition, indi-
cating that these cells efficiently resolve the damage (Fig. 2E,
lane 1 versus lane 2). In contrast, gemcitabine treatment
induced a 3.8- and 2.5-fold increase in YH2AX in RECQ1-KO
and KOP®® cells compared with untreated (Fig. 2, lanes 3 and
S versus lanes 4 and 6). Reintroduction of WT RECQI in
RECQ1-KO cells (KOYT) suppressed DNA damage by gemcit-
abine treatment and displayed yH2AX levels similar to that of
RECQ1-WT cells (Fig. 2E, lanes 7 and 8 compared with lanes 1
and 2). Immunostaining of yH2AX in untreated and gemcit-
abine-treated (2 um for 2 h) RECQ1-WT and RECQ1-KO cells
further demonstrated that the RECQ1-KO cells accumulate
gemcitabine-induced DNA damage (Fig. 2F).
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Remarkably, cells expressing various RECQI variants
responded distinctly with respect to the level of gemcitabine-
induced DNA damage. RECQ1 variants KO*'9>%, KO®*'*Q and
KOR*%°C displayed up to 2-fold more yH2AX following gemcit-
abine treatment as compared with RECQ1-WT or KO (Fig.
2E, lanes 10, 12, 14, and 16 versus lanes 2 and 8). Although
KOM*8K cells were sensitive to gemcitabine (Fig. 2D) and
exhibit constitutively elevated yH2AX signal, the yH2AX sig-
nal intensity in response to gemcitabine was similar to that of
RECQ1-WT (Fig. 2E, lane 16 versus lane 2). Consistent with
increased sensitivity, the greatest accumulation of gemcit-
abine-induced yH2AX was seen in KO'***! and KO*'** cells
(Fig. 2E, lanes 17 and 20) expressing a RECQ1 mutation in the
tyrosine residue in B-hairpin and ATPase-deficient mutation
known to be critical for DNA substrate specificity, respectively
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(9, 31, 35) (Fig. 2D). Collectively, our results suggest that
RECQ1 deficiency sensitizes MDA-MB-231 cells to gemcit-
abine, and the helicase function of RECQ1 may contribute to
resolving gemcitabine-induced replication stress and prevent-
ing DNA damage.

RECQT1 contributes to effective ATR-ChK1 activation upon
gemcitabine treatment

We next sought to examine gemcitabine-induced DNA dam-
age response in RECQ1-WT and RECQ1-KO cells. Previous
studies have demonstrated that stable knockdown of RECQ1
increases phosphorylation of RPA32 subunit of RPA and ChK1

SASBMB

in response to camptothecin treatment (19, 20). ATR is acti-
vated by phosphorylation of Ser-428, and upon activation, it
mediates ChK1 activation by phosphorylating at Ser-317 and
Ser-345 residues (28). The inability of RECQ1-KO cells to
recover from replication stress indicated by reduced cell sur-
vival to gemcitabine raised the possibility that RECQ1 may play
role in DNA repair of stalled forks and activation of the ATR-
ChK1 pathway. Therefore, we looked at phosphorylation of
RPA32, ATR, and ChK1 proteins (Fig. 3).

The cells were treated with gemcitabine (2 um for 2 h) and
allowed to recover in drug-free medium for the indicated time
points (0, 2, 24, 48, 72, and 96 h) (Fig. 3A). This treatment is
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known to cause replication fork arrest in U20S cells (40). The
gemcitabine treatment (i.e. 0 h recovery) induced the phosphor-
ylation of RPA32 (at Ser-4/Ser-8, pRPA32), ATR (at Ser-428,
PATR), and ChK1 (at Ser-317, pChK1) in the RECQ1-WT cells.
During the recovery of the RECQL-WT cells in the drug-free
medium, pRPA32 increased at 2 h, persisted until 48 h, and
gradually decreased at 72 and 96 h. The level of pATR did not
change appreciably during the recovery, whereas the pChK1
signal decreased gradually during the recovery. In contrast, the
gemcitabine treatment induced significantly less (2-fold less
than the RECQ1-WT) pRPA32 in the RECQ1-KO cells and
failed to activate ATR, which was evidenced by a weak signal of
pATR compared with the RECQ1-WT cells (Fig. 34). Consist-
ent with impaired ATR activation, the RECQ1-KO cells also
failed to activate ChK1 robustly, which was seen in their WT
counterparts. The level and kinetics of the phosphorylation of
RPA32 and ChK1 in response to the gemcitabine treatment in
the RECQ1-KO cells were distinct from the RECQ1-WT cells
(Fig. 3, Band C). The levels of the total proteins (ATR, ChK1,
and RPA32) were comparable in the RECQI1-WT and
RECQ1-KO cells (Fig. 34).

To eliminate the possibility of clonal variation, we utilized
another set of RECQ1-WT and RECQ1-KO clones that were
obtained by CRISPR-Cas9 for treatment with gemcitabine and
followed the recovery to 96 h (Fig. S1, B—D). The RECQ1-KO4
cells displayed a decreased signal of pRPA32 and pChK1, indi-
cating decreased checkpoint activation and further accumu-
lated DNA damage. Because the reduced ChK1 phosphoryla-
tion in response to gemcitabine in the RECQ1-KO cells was
demonstrated in two different clones, it is unlikely that the
genetic background of cells influenced this specific phenotype.
Although the ATR-ChK1 pathway plays a primary role in pro-
tection against gemcitabine-induced replication stress, gemcit-
abine treatment is also known to activate the ATM-ChK2
signaling pathways (41). Although the difference between
RECQI1-WT and RECQ1-KO cells was not as striking, reduced
phosphorylation of ATM (at Ser-1981, pATM) and ChK2 (at
Thr-68, pChK2) was observed in RECQ1-KO cells upon gem-
citabine treatment and recovery (Fig. S1E).

Consistent with defective ATR-ChK1 activation, the
RECQ1-KO cells accumulated progressively increased yH2AX,
indicating that the repair of gemcitabine-induced DNA damage
was compromised during the recovery period and that they
underwent increased apoptosis, which was evidenced by
cleaved PARP, a widely used apoptotic marker (42) (Fig. 3A4).
The RECQ1-WT cells did not exhibit a significant increase in
DNA damage, which was indicated by the YH2AX signal during
recovery. Moreover, in the RECQ1-WT cells, the cleaved PARP
was observed only at 72 and 96 h after the gemcitabine treat-
ment (Fig. 34).

We next examined ATR—ChK1 activation in cells expressing
RECQ1 variant that was defective in helicase activity using
T562I (cancer risk-associated) and K119R (biochemically char-
acterized) mutants as representatives (Fig. 3D). RECQ1-KO
cells that stably expressed empty vector pCB6 (KOP<®°), WT
RECQ1 (KO¥T), T5621 (KO™®%?"), or K119R (KO*'**®) were
subjected to gemcitabine treatment (2 uM for 2 h) and allowed
to recover for 48 h in a drug-free medium. The total ChK1
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protein level in the cells expressing mutant RECQ1 (i.e. KO™>¢*!
and KO®''*®) was lower than those expressing WT RECQI (i.e.
KOYT) or lacking RECQ1 (i.e. KOP<®®) (Fig. 3D). Although the
ChK1 activation in the KO™®%*' cells was comparable with
KOYT, which was shown by the pChK1 signal (Fig. 3E), they
accumulated DNA damage similar to the KOP<®® cells, which
was evidenced by a YH2AX signal following the gemcitabine
treatment and recovery (Fig. 3F). This result suggests that the
presence of RECQI protein (WT or mutant) is enough to acti-
vate the ATR—ChK1 pathway in response to replication stress;
however, RECQI helicase activity is indispensable in resolving
gemcitabine-induced DNA damage in MDA-MB-231 cells.

RPA binding to ssDNA stretches triggers the activation of the
ATR-ChK1 axis (24, 27); therefore, we examined RPA levels in
the chromatin fractions from RECQI1-WT and RECQI1-KO
cells treated with gemcitabine, followed by recovery at indi-
cated time points (Fig. 3G). In the RECQI1-WT cells, the treat-
ment with gemcitabine resulted in increased RPA on chromatin
(Fig. 3G). In contrast, ~50% reduced RPA was detected in the
chromatin-enriched fractions of the RECQI1-KO cells com-
pared with the RECQ1-WT cells (Fig. 3G). Greater RPA levels
were also seen in the chromatin fractions of RECQ1-KO cells
expressing WT RECQ1 (KOY¥T) as compared with those
expressing empty vector (KOP“®®) during gemcitabine-in-
duced replication stress (Fig. S2). This suggests that the
impaired RPA recruitment on chromatin contributed to defec-
tive checkpoint activation in RECQ1-KO cells. RECQ1 mRNA
levels are induced 2—-3-fold in response to gemcitabine as we
have previously reported (43). Gemcitabine treatment also
enriched RECQ1 on chromatin during recovery from the gem-
citabine treatment (Fig. 3G).

RECQ1 and MUS81 resolve gemcitabine-induced DNA damage
in MDA-MB-231 breast cancer cells

RECQ1 helicase functions in the restarting of stalled replica-
tion forks, defective processing of which may lead to double-
stranded breaks (1, 4). Therefore, we next carried out a DNA
comet assay under neutral conditions to measure gemci-
tabine-induced double-stranded breaks in RECQI1-WT and
RECQ1-KO cells and their repair during recovery (Fig. 4, A
and B). We observed a negligible difference in the comet tail
moments in the RECQ1-WT and RECQ1-KO cells under
untreated conditions. The results of the comet assay showed
that double-stranded breaks occurred within 2 h following
the treatment with gemcitabine, and the pattern of distribu-
tion of the comet tail length differed in both cell lines. Sig-
nificantly greater DNA damage was seen in RECQ1-KO cells
upon the gemcitabine treatment and up to 96 h of recovery in
a drug-free medium compared with the RECQ1-WT cells
(p <0.05) (Fig. 4A). The analysis of the percentage of DNA in
the tail under each condition revealed that up to 60% of the
double-stranded breaks were repaired in the RECQ1-WT
cells by 96 h compared with only 10% in the RECQ1-KO cells
(Fig. 4B).

MUSB8L is a structure-specific endonuclease that plays a crit-
ical role in replication fork rescue by converting stalled replica-
tion forks into double-stranded breaks that can be processed by
homologous recombination repair (44, 45). Therefore, we next
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Figure 4. Loss of RECQ1 and depletion of MUS81 accumulates gemcit-
abine-induced DNA damage in MDA-MB-231 cells. A, RECQ1-WT and
RECQ1-KO cells were treated with gemcitabine (Gem, 2 um for 2 h) followed
by recovery in drug-free medium as indicated. Double-stranded breaks, and
repair were analyzed using a neutral comet assay. The scale bar is 200 um and
represents all images in Fig. 4A. B, DNA damage in RECQ1-WT and RECQ1-KO
cells was quantified as % tail DNA using the Open Comet plugin in ImageJ. In
the box-whisker plot, the median divides the box and error bars are shown as
whiskers. At least 50 comets were scored in each condition. C, MUS81 knock-
down in control (siCTL) or MUS81 (siMUS81) siRNA transfected RECQ1-WT
and RECQ1-KO cells was verified by Western blotting analysis. GAPDH is used
as a loading control. D, representative images of yH2AX and BrdU staining in
siCTL or siMUS81 transfected RECQ1-WT and RECQ1-KO cells upon * gemcit-
abine treatment (2 um for 2 h). DAPI is used as a nuclear stain. Shown are
Pearson’s correlation co-efficients concerning the co-localization of yH2AX
and BrdU expressed as percentages under the indicated test conditions in
RECQ1-WT and RECQ1-KO cells. The scale bar is 5 um and represents all
images in Fig. 4D. Molecular mass (in kDa) is shown to the left of the Western
blots.

tested whether MUS81 mediates the formation of replication
associated double-stranded breaks in RECQ1-KO cells (Fig. 4,
C and D). Under our experimental conditions, MUS81 siRNA
reduced MUS81 protein expression by >90% in the
RECQ1-WT and RECQ1-KO cells (Fig. 4C). 48 h after control
or MUSS81 siRNA transfection, replication fork arrest was
induced by gemcitabine (2 uM for 2 h), and the replication-
associated double-stranded breaks were measured by co-local-
ization of yH2AX and BrdU foci using immunostaining (Fig.
4D). In both cell lines, the treatment with gemcitabine induced
BrdU foci that represented replicating cells (Fig. 4D). MUS81
knockdown led to a higher frequency of yH2AX-BrdU co-lo-
calizing foci in both RECQ1-WT and RECQ1-KO cells. MUS81
knockdown and gemcitabine treatment in RECQ1-WT cells
resulted in ~2-fold increase in yH2AX-BrdU co-localizing foci
when compared with the gemcitabine-treated RECQ1-WT
cells transfected with control siRNA. As compared with gem-
citabine-treated RECQI1-KO cells transfected with control
siRNA, ~3-fold increase in yH2AX-BrdU co-localizing foci
were observed in gemcitabine-treated RECQ1-KO cells trans-
fected with MUS81 siRNA, indicating greater accumulation of
replication-associated double-stranded breaks (Fig. 4D). This
suggests that RECQ1 helicase and MUS81 nuclease resolve
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arrested replication forks and promote replication restart, thus
preventing the generation of double-stranded breaks from
aberrant processing of stalled forks. In the dual absence of
RECQI1 and MUS81, other structure specific endonucleases
like MRE11, CtIP, EXO1, and DNA2 may promote processing
of regressed replication forks leading to the formation of dou-
ble-stranded breaks (37, 46, 47).

ChK1 inhibition synergizes with gemcitabine and leads to
death in RECQ1 knockout cells

Targeting ChK1 can augment the effect of gemcitabine-
based chemotherapy on breast cancer cells (48). We treated
RECQI1-WT, RECQ1-KO, and complemented cell lines with
gemcitabine (2 uM or 3 uM for 2 h), followed by the addition of
increasing concentrations of ChK1 inhibitor (LY2603618) or
ChK1 inhibitor alone. We then measured cell viability after 24 h
by CCK-8 assay. When cultured for 24 h in the presence of the
ChK1 inhibitor, the viability of the RECQ1-KO cells was com-
parable with the RECQ1-WT cells at lower doses (p > 0.05). A
statistically significant difference in viability of RECQ1-WT
and RECQ1-KO cells was observed at higher doses of the ChK1
inhibitor (400-800 nm) (p < 0.05) (Fig. 5A4). In the combined
treatments using 2 um gemcitabine, RECQ1-KO displayed sig-
nificant sensitivity (p < 0.05) at all concentrations of the ChK1
inhibitor compared with the similarly treated RECQ1-WT
cells. Further reduction in proliferation of RECQ1-KO cells
were observed when a higher concentration of gemcitabine (3
uM) was used in combination with ChK1 inhibitor, indicating
potential synergism between gemcitabine and ChK1 inhibitor
(Fig. 5A). The KOP<P cells displayed increased sensitivity to
combination treatment (ChK1 inhibitor plus gemcitabine)
when compared with ChK1 inhibitor alone, and this was par-
tially rescued by WT RECQ1 (KOY"), indicating a RECQI spe-
cific function in resolving stress induced by gemcitabine via the
ATR-ChKI axis. Cells expressing RECQ1 variants did not dis-
play sensitivity to ChK1 inhibitor alone or combination treat-
ment to gemcitabine and ChK1 inhibitor (Fig. S3). We next
tested the effect of combined treatment of gemcitabine (2 um)
and ChK1 inhibitor on cell survival by colony formation assay
(Fig. 5, B and C). As compared with the RECQ1-WT cells, the
RECQ1-KO cells displayed significantly reduced survival over
the range of ChKI1 inhibitor tested in combination with gem-
citabine (p < 0.05) (Fig. 5, B and C).

The intra—S-phase checkpoint is regulated by the checkpoint
kinases ATR and ChK1 (49). Our results showed that the loss of
RECQ1 resulted in decreased ATR-ChKI1 activation in
response to replication stress (Fig. 34). Moreover, the combi-
nation of gemcitabine and the ChK1 inhibitor increased the
sensitivity of the RECQ1-KO cells (Fig. 5, A—C), which suggest
the combined role of RECQ1 and ChK1 in mediating the
response to gemcitabine-induced DNA damage. To further
investigate the mechanism by which the ChK1 inhibitor
increased the effect of gemcitabine on cell viability, we analyzed
cell cycle distribution and apoptosis induction in response to
drug treatments. RECQ1-WT and RECQI1-KO cells were
treated with gemcitabine alone, the ChK1 inhibitor alone, or a
combination of gemcitabine and the ChK1 inhibitor, followed
by recovery in a drug-free medium as indicated (Fig. 5D). The

J. Biol. Chem. (2019) 294(42) 15330-15345 15337


http://www.jbc.org/cgi/content/full/RA119.008420/DC1

RECQ1 in cellular response to gemcitabine

A 120 120
2100 4 =100 —e— RECQ1-WT ChK1i
g 80 5 80 - @ —RECQ1-WT Gem + ChK1i
2 & 2 60 —e— RECQ1-KO ChK1i
3 40 3 40 ) :
= 20 2 20 - # -~RECQ1-KO Gem + ChK1i
0 0
0 200 400 600 800 0 200 400 600 800
inhibi ChK1 inhibitor (nM
ChK1 inhibitor (nM) (nM) c 120 RECQ1-WT Gem + ChKIi
B Gem (2 pM)
S _100 ¢ —+—RECQ1-KO Gem + ChK1i
ChK1i (nM) 0 50 100 200 400 800 £
RECQ1-WT 4 =
(&}
s R
Y’ a0\ A\ {,/ 7 \ / \ 0
RECQ1KO ([ & Y[/ ) ' —T— 1
TRy - I\ /f.\ £, ¥ 0 200 400 600 800
-\ W & ChK1 inhibitor (M)
Gem (2pM, 2h)
D Gem (2pM, 2h) + ChKi (24 h) Gem (2pM, 2h) Gem (2pM, 2 h)
Untreated __*ChK1i(24h) +ChKi (24h) ~ +drug free (24h) +drug free (24 h) ~ +drug free (48h)
g i f
S
ST T T A E TR e e
$:291
G2M: 13.18 G2M: 184

sub-G1: 0.2 sub-G1: 0.2

) R | sl
4 O 0
2 S SE— S, U S
w
G2M: 115 ' G2M: 16.7
o oo is 6195 oo 03 o147
-Gt 0.1 Z“m 27 $-G2:9.1 $-G2:0.8 $:G2:3.1
>4N: 0.74 >4N: 37 >4N 08
E F G Recove Iéh)- 020 2 -
CrK - - - + + +
RECQ1-WT RECQ1-KO Untreated ChK1i Gem(@2uM) - + + + + -
Recovery (o o F PO o o PP g 504 p(S296)
ChK1i - + + - -+ + -+ + - - + + =
Gem (@2 pM) - - -+ + + + - - -+ + + 4+ _— g ChK1| 50 - e p(S317)
o R [ J—p— eave! w
b ik [ R 50 |l et | 1 1
[ R ) RECQ1 f.. 68 —Nﬂrﬂh RECQ1
[«
50— o 50
374 GAPDH I 75 |\t | GAPDH

Figure 5

Figure 5. Loss of RECQ1 combined with ChK1 inhibitor markedly potentiates cytotoxicity of gemcitabine in MDA-MB-231 cells. A, sensitivity of
RECQ1-WT and RECQ1-KO cells treated with increasing concentrations of ChK1 inhibitor (ChK1i) alone or a combination of gemcitabine (Gem, 2 um or
3 um for 2 h) and ChK1i was measured by CCK-8 reagent. The data represent means (£ S.D.) from three independent experiments. The statistical
significance of cell viability changes between RECQ1-WT versus RECQ1-KO was determined for each treatment and is indicated as an asterisk (p < 0.05).
B, representative images of colony formation assay in RECQ1-WT and RECQ1-KO cells treated with gemcitabine (2 um for 2 h) followed by increasing
concentrations of ChK1i (24 h). C, quantification of clonogenic survival after gemcitabine plus ChK1i treatment in RECQ1-WT and RECQ1-KO cells.
Statistical significance is indicated as an asterisk (p < 0.05). D, flow cytometry analysis of the cell cycle profiles of RECQ1-WT and RECQ1-KO cells treated
with ChK1ialone, gemcitabine + ChKTi, or gemcitabine alone followed by recovery as indicated. The cells were pulse-labeled with EAU for 90 min before
harvesting, and the cell cycle was tested with a Click-iT EdU kit by FACS. Scatter plots represent EdU labeling (y axis) and DAPI (x axis). The percentage
of cellsin each cell cycle phase was gated based on the intensity of EdU staining and DNA content, as represented here for the untreated RECQ1-WT cells
and is indicated below each histogram. E, Western blotting analysis of cleaved PARP in RECQ1-WT and RECQ1-KO cells treated as in D to indicate
apoptosis. F, representative images of DAPI-stained nuclei of RECQ1-WT and RECQ1-KO cells treated with ChK1i (100 nm for 24 h). The scale bar is
200 wm and represents all images in F. G, Western blotting analysis of phosphorylated ChK1 (pSer-296 and pSer-317) in RECQ1-WT cells treated with
gemcitabine (2 um for 2 h) = ChK1i (100 nm for 2 h) confirm ChK1 inhibition by LYS2603618 under stated experimental conditions. GAPDH is used as a
loading control. Molecular mass (in kDa) is shown to the left of the Western blots.

resumption of DNA replication in the drug-treated cells was the absence of DNA damage (Fig. 5D). The single treatment
determined by monitoring the cell cycle progression of the with the ChK1 inhibitor (100 nMm for 24 h) caused the transition
EdU-labeled cells, which is a widely used marker of cell division  of S-phase cells into G,M phases in both the RECQ1-WT and
(50). RECQI1-KO cells compared with their respective untreated

The unperturbed RECQ1-WT and RECQ1-KO cells exhib-  controls. This result was evidenced by a 1.75-fold increase in
ited comparable cell cycle distribution, indicating that RECQ1 the G,M population and a reduction in the S-phase population
loss does not alter the cell cycle profile of MDA-MB-231 cellsin ~ of ~10% in both cell lines. Compared with the RECQ1-WT
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cells, the ChK1 inhibitor treatment resulted in a distinct
increase in the S-G, population (2.7%) and in the >4N popula-
tion (0.74%) in the RECQ1-KO cells (Fig. 5D).

The gemcitabine treatment (2 um for 2 h) followed by the
ChK1 inhibitor resulted in an increase in the G,M population
from 13.18% (untreated) to 21.4% in the RECQ1-WTT cells. This
result is consistent with earlier reports that in the context of
DNA damage by replication inhibitors, ATR is involved in the
S-phase checkpoint, and ChK1 inhibition results in the abroga-
tion of the S-phase checkpoint, which forces the cells to enter
the G,M phase (49, 51). In the RECQ1-WTT cells, recovery in the
drug-free medium for an additional 24 h caused an increase in
the sub-G; population (5%); however, the surviving cells were
able to resume the cell cycle, and their profiles resembled a
normal untreated condition, which indicated an efficient
response to DNA damage in the event of gemcitabine treatment
and ChK1 inhibition (Fig. 5D). In contrast, when the
RECQ1-KO cells were treated with gemcitabine followed by
continuous incubation with the ChK1 inhibitor, these cells
incorporated less EAU into their DNA (28.4% compared with
34.1% in the untreated cells). However, they showed the
increased accumulation of cells in S-G, (6.1%), >4N phases
(1.6%), and sub-G, (2.3%) populations. This increase suggests
that RECQ1-KO cells fail to resume normal DNA replication
and are forced to enter mitosis with under replicated DNA (pre-
mature mitotic entry). Further recovery in the drug-free
medium clearly increased the S-G, (9.5%), >4N (3.7%), and
sub-G; (9.1%) populations. The increase in the sub-G, suggests
that the population of RECQ1-KO cells that underwent prema-
ture mitotic entry failed to complete cell division and suc-
cumbed to cell death.

Our results suggest that in the RECQ1-KO cells, the com-
bined gemcitabine and ChK1 inhibitor caused the abrogation of
the S-phase checkpoint and induced the premature entry of the
S-phase cells to mitosis, which may lead to the phenomenon of
the mitotic catastrophe, which is considered a lethal event that
progresses to apoptosis (52, 53). Consistent with the results of
the experiments on cell survival, the loss of RECQ1 notably
increased the percentage of the sub-G; cells produced by the
combined gemcitabine and ChK1 inhibitor treatment com-
pared with gemcitabine alone. However, during the single
treatment with gemcitabine, the RECQ1-WTT cells enriched in
the S phase at 24 h recovery and resumed regular cell cycle
distribution at 48 h recovery following treatment. In contrast,
the RECQ1-KO cells failed to return to their untreated cell
cycle distribution at 48 h of recovery from gemcitabine treat-
ment. We did not observe a >4N population (premature mito-
sis) in the RECQ1-WT cells treated with gemcitabine alone, the
ChK1 inhibitor alone, or the combination of gemcitabine and
the ChK1 inhibitor. Additionally, the combination of gemcit-
abine and ChK1 inhibition in RECQ1-KO cells increased apo-
ptosis, which was evidenced by the increased signal of cleaved
PARP (Fig. 5E). These findings suggest that in the absence of
RECAQ], cells accumulate DNA damage and undergo cell death
upon ChK1 inhibition subsequent to gemcitabine treatment.
We then assessed the percentage of apoptotic cells after ChK1
inhibition by conducting quantitative microscopy of the DAPI-
stained cells. We observed an increased number of RECQ1-KO
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cells with multinucleus upon ChK1 inhibition, which suggested
failed mitosis or cell death by mitotic catastrophe (52) (Fig. 5F).
To confirm the inactivation of ChK1, we treated RECQ1-WT
cells with gemcitabine followed by the ChK1 inhibitor, and the
cell lysates were analyzed by Western blotting (Fig. 5G). The
gemcitabine treatment induced phosphorylation of ChK1 (at
Ser-296, pSer-296) and (at Ser-317, pSer-317) levels in MDA-
MB-231 cells, and the addition of the ChK1 inhibitor abolished
the pChK1(5296) levels in response to gemcitabine-induced
DNA damage, thus confirming the activity of the ChK1 inhib-
itor under our experimental conditions (Fig. 5G).

Overall, our results suggest that RECQ1-KO MDA-MB-231
cells have defective ATR-ChK1 activation in response to gem-
citabine-induced replication stress and that the combined
treatment with the ChK1 inhibitor and gemcitabine induces
significant apoptosis and polyploidy in RECQ1-KO cells. Based
on these results, we speculate that RECQ1’s cellular functions
are critical for the optimal resolution of stalled forks and the
activation of kinases that respond to damage, thus maintaining
genome integrity.

Discussion

The discovery that germ-line mutations compromise RECQ1
helicase activity, thus increasing breast cancer susceptibility,
suggests that the catalytic activities of RECQ1 are important in
DNA repair and genome maintenance (5, 6). In this study, we
hypothesized that the expression and molecular functions of
RECQ1 are important for the repair of gemcitabine-induced
DNA damage. To test this hypothesis, we established a novel
panel of MDA-MB-231 cell lines that either express or lack
RECQ1 expression or express RECQI variants that are known
to increase breast cancer risk. The results of using this model
system suggest that RECQ1 is required for efficient checkpoint
activation in response to gemcitabine treatment. We showed
that RECQ1 loss sensitized MDA-MB-231 cells to gemcitabine
treatment and that subsequent treatment with the ChK1 inhib-
itor forced these cells to undergo cell death. RECQ1 appears to
modulate ATR activation by facilitating the phosphorylation of
ATR on Ser-428 and the subsequent phosphorylation of its
downstream target ChK1 on Ser-317. Furthermore, RECQ1-
deficient cells exhibit more yH2AX and increased signals for
cleaved PARP, suggesting that defective ATR activation
upon RECQ1 loss leads to increased genomic instability and
apoptosis.

Overall, our results suggest the significant role of RECQ1 in
signaling the response to DNA damage in cancer cells (Fig. 6).
ATR activation is a multistep process in which the RPA-coated
ssDNA recruits ATR-ATRIP (ATR-interacting protein) and
localizes ATR to the sites of DNA damage (54). The ATR-
ATRIP complex then interacts with the Rad9—Rad51-Husl
(9-1-1) complex, and a series of phosphorylation events in the
involved proteins eventually leads to ATR activation (24, 26).
Activated ATR (i.e. ATR phosphorylated at Ser-428) activates
ChK1 by phosphorylation on serine residues 317 and 345 in
response to replication arrest and mediates the down-regula-
tion of replication origin firing, cell cycle arrest, and DNA
repair (28). The defective activation of ATR in RECQ1-KO cells
raises the possibility that RECQ1 may cooperate with ATR,
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Figure 6. Model/summary of RECQ1 as a mediator of replication stress
response induced by gemcitabine in MDA-MB-231 cells. RECQ1 is
involved in RPA recruitment to DNA damaged sites and facilitates activation
of ATR-ChK1 pathway to resolve the DNA damage induced by gemcitabine.
In the absence of RECQ1, RPA recruitment to damage sites is decreased, lead-
ing to defective checkpoint activation accompanied by DNA damage accu-
mulation that eventually leads to cell death by apoptosis. RECQ1 loss in com-
bination with gemcitabine and ChK1 inhibitor facilitates cell death by mitotic
catastrophe.

which is the main responder in the DNA damage response dur-
ing replication stress (29), to elicit a rapid cellular response to
resolve stalled replication forks. The observation that the loss of
RECQ1 decreased RPA phosphorylation suggests that RECQ1
either functions upstream of RPA or in the same step as RPA
activation or recruitment to chromatin. In contrast to earlier
reports that the stable knockdown of RECQ1 results in the
hyperactivation of ChK1 in response to replication stress (19,
20), we found that the complete loss of RECQ1 expression in
MDA-MB-231 cells resulted in the reduced activation of ChK1,
which was indicated by the phosphorylation of Ser-317.
Multiple mechanisms have been proposed to show how
DNA checkpoint inhibitors function (55, 56). Emphasizing the
importance of how the time and dosage of gemcitabine treat-
ment and ChK1 inhibition modulates the mechanism by which
a cancer cell undergoes apoptosis, the Eastman lab recently
reported that gemcitabine treatment followed by the late
administration of ChK1 inhibition resulted in cell death by rep-
lication catastrophe caused by the exhaustion of RPA instead of
premature mitotic entry in MDA-MB-231 cells (51). Because
our results suggest that RECQ1 loss decreases RPA recruitment
at damage sites that are expected to expose ssDNA, we cannot
eliminate the possibility that replication catastrophe is a mech-
anism of gemcitabine-induced cytotoxicity in RECQ1-KO cells.
The Brosh lab reported the role of RECQI in maintaining free
RPA availability to coat nascent ssDNA during replication
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stress and therefore in the repair of replication-associated dou-
ble-stranded breaks (20). Because RECQ1 efficiently binds and
unwinds synthetic fork duplexes in vitro (9, 19) and a physical
and functional interaction exists between RECQ1 and RPA (10,
12, 13), it is plausible that RECQ1 stabilizes stalled forks and
promotes RPA accumulation at exposed ssDNA, thereby acti-
vating the ATR—ChK1 pathway to promote DNA repair. More-
over, our results indicate that RECQI loss induces cell death by
premature mitotic entry when MDA-MB-231 cells are treated
with a combination of gemcitabine and the ChK1 inhibitor,
which further confirms the potential benefits of strategies that
induce forced mitotic entry (57).

DNA repair pathways that may alter the cytotoxicity of gem-
citabine have not been well-elucidated. Brief gemcitabine treat-
ment inhibits ribonucleotide reductase, thereby depleting the
dNTP pool (30), which may lead to nucleotide misincorpora-
tion, potentially causing errors in DNA replication, such as sin-
gle-base substitution, insertion, or deletion (30). Previous stud-
ies demonstrated that at earlier time points, the repair of
gemcitabine-induced DNA damage depends on the mismatch
repair pathway, whereas recovery in a drug-free medium at
later time points requires a homologous recombination (58).
RECQ1 is known to interact with the mismatch repair proteins
MSHI1 and MSH6 (16). Therefore, we cannot rule out the
potentially altered mismatch repair of RECQ1-KO cells treated
with gemcitabine. The catalytic functions of RECQ1 are impli-
cated in the homologous recombination pathway, which con-
tributes to the repair of damaged replication forks by resolving
aberrant DNA structure intermediates (19, 22). RECQI has a
striking preference for promoting fork restoration (reversal),
which may serve to prevent chromosome breakage upon exog-
enous replication stress and DNA damage (4). Our results sug-
gest that RECQ1 and MUS81 function in alternate pathways to
resolve gemcitabine-induced DNA damage. Nucleases that medi-
ate gemcitabine-induced double-stranded breaks in RECQ1-KO
cells remain to be examined.

A large gap in the understanding of RECQ1-associated breast
cancer susceptibility is the extent to which disease pathogenesis
is governed by a defective DNA metabolism in the functional
absence of RECQ1 helicase versus other poorly characterized
noncatalytic roles of RECQI1 protein. In this context, by
employing the RECQ1 missense mutants (i.e. identified patient
mutations), our results suggest that the catalytic activities of
RECQ1 may not be involved in ATR-ChK1 activation.
Although the breast cancer risk—associated RECQ1 T5621 var-
iant was able to induce robust ChK1 phosphorylation, cells
expressing this variant failed to resolve the accumulated DNA
damage as evidenced by increased yH2AX accumulation, indi-
cating that the RECQ1 T5621 mutation uncouples RECQ1’s
role in ChK1 activation from DNA damage in response to gem-
citabine treatment under our experimental conditions. Our
results demonstrated that missense mutations in the catalytic
domain of RECQ1 sensitize cancer cells to camptothecin and
gemcitabine and compromise DNA repair. However, our
results showing that RECQ1 variants associate with PARP1 and
RPA, two well-characterized partners of RECQ1 (4, 12, 13, 20),
demand a more comprehensive investigation of the effects of
RECQI1 variants on the cross-talk between the proteins
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Table 1
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Primers used to generate site-directed mutants by site-directed mutagenesis

Desired mutation

Sequence 5" — 3’

Melting
temperature (7,

A195S
RECQI_583_FW
RECQ1_583_RV

R215Q
RECQI_644_FW
RECQI_644_RV

R455C
RECQI_1363_FW
RECQI1_1363_RV

M458K
RECQI_1373_FW
RECQI1_1373_RV

T5621
RECQI_1685_FW
RECQ1_1685_RV

ACTCCAGAGAAAATTTCAAAAAGCAAAATGT
ACATTTTGCTTTTTGAAATTTTCTCTGGAGT

CAAGGAGATTTACTCAAATTGCTGTGGATGA
TCATCCACAGCAATTTGAGTAAATCTCCTTG

ATAAGCAAATGTCGTTGTGTGTTGATGGCTC
GAGCCATCAACACACAACGACATTTGCTTAT

GTCGTCGTGTGTTGAAGGCTCAACATTTTGA
TCAAAATGTTGAGCCTTCAACACACGACGAC

AAGACTACAGTTTTATAGCTTATGCTACCAT
ATGGTAGCATAAGCTATAAAACTGTAGTCTT

62.7
62.7

65.1
65.1

67.4
67.4

69.1
69.1

60.8
60.8

involved in the response to DNA damage. The poly(ADP)ribo-
sylation activity of PARP1 inhibits fork reversal by RECQL1 in
vivo to prevent the premature restarting of regressed forks, and
the RECQ1-PARP1 complex stabilizes regressed forks until the
repair is complete (4). Although the tested mutations in RECQ1
did not disrupt its association with PARP1 in unperturbed cells,
the association of the RECQ1-T562I variant with PARP1 under
replication stress was found to be dependent on PARP1 activity.

Opverall, our results indicate that RECQI functions to facili-
tate cell survival upon gemcitabine-induced replication stress.
When replication forks stall under gemcitabine treatment,
RECQI helicase aids in RPA accumulation by revealing/gener-
ating tracts of ssDNA at stalled forks, resulting in checkpoint
activation, DNA damage repair, and cell survival. In the absence
of RECQ1, RPA recruitment at ssDNA and checkpoint activa-
tion is reduced, leading to an increased number of DNA breaks
and cell death (Fig. 6). Although ATR and ChK1 inhibitors are
included in clinical trials (59), there is a need for biomarkers
that can be used to identify patients who would most likely
benefit from anti-ATR/anti-ChK1 therapy. The results of our
study suggest that RECQ1 expression may have the potential to
stratify patients and to be used as a biomarker in breast cancer
to predict their survival outcomes based on ChK1 inhibition or
gemcitabine treatment. Our results also suggest that targeting
RECQ1 with a small molecule inhibitor in combination with
ChK1 inhibition could be beneficial. The effects of many che-
motherapeutics are modulated by DNA damage responses;
therefore, it may be relevant to target RECQ1 to improve ther-
apeutic strategies to treat cancer and transfer this knowledge to
clinical practice.

Experimental procedures

Generation of RECQ1-KO MDA-MB-231 breast cancer cell-line
by CRISPR-Cas9 technique

Human breast cancer MDA-MB-231 cells (ER—, PR—, and
HER2-) in a 6-well plate at 80-90% confluency were trans-
fected with vectors encoding RECQ1 gRNA corresponding to
the target site in Exon 3 (2 ug), Cas9 nuclease (WT, 2 ug),
transposon (puromycin selection marker, 500 ng), and trans-
posase (500 ng) at a ratio of 4:4:1:1 using Lipofectamine 2000 as
described by the manufacturer. 48 h post-transfection, the
transformants were selected by puromycin (2 pg/ml) for an
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additional 48 h. Following puromycin selection, the cells were
harvested using trypsin and then diluted using the serial dilu-
tion method. The diluted cells were plated for 3 weeks in a
96-well plate at a cell density of 1 cell/well in puromycin (2
pg/ml) containing medium. Single clones were marked and
then expanded in 24 wells for further screening. Protein
extracts from the isolated clones were prepared by resuspend-
ing the cell pellets in radioimmune precipitation assay buffer
(50 mm Tris-HCI, pH 7.5, 150 mMm NaCl, 2 mm EDTA, 1% Non-
idet P-40, 0.5% sodium deoxycholate) supplemented by prote-
ase inhibitors and incubated on ice for 30 min. After incubation,
the cells were centrifuged at 15,000 rpm for 20 min at 4 °C, and
the supernatant was collected as the protein lysate. Equal
amounts of protein from each sample were separated by 10%
SDS-PAGE (135V for 2 h), transferred to polyvinylidene difluo-
ride membrane (135 V for 2 h at 4 °C), blocked with 5% milk
(room temperature, 1 h), and probed by Western blotting with
antibodies specific to RECQ1 (1:1000, Santa Cruz Biotechnol-
ogy) and GAPDH (1:1000, Cell Signaling Technologies). The
genomic DNA was isolated from different clones, and the indels
in the knockout clones were identified by comparing them with
the parental WT sequence analyzed by Sanger sequencing.

Cloning and site-directed mutagenesis

c¢DNA encoding full-length human RECQ1 was cloned into
pCB6 plasmid to be expressed as the HA-FLAG dual-tagged
fusion protein using BamH1 and EcoRV as restriction enzymes.
Individual point mutations (A195S, R215Q, R455C, M458K,
and T562I) were introduced by site-directed mutagenesis using
a QuikChange II XL site-directed mutagenesis kit (Agilent
Technologies) according to the manufacturer’s instructions.
The mutagenic oligonucleotide primers for each desired muta-
tion were designed using the primer design tool produced by
Agilent Technologies, as indicated in Table 1. Using pCB6-
RECQI1-WT as a template, the PCR was set up as follows: 5 ul of
10X reaction buffer, 1 ul (10 ng) of pCB6 RECQ1-WT tem-
plate, 1.25 ul (125 ng) of oligonucleotide primer 1, 1.25 ul (125
ng) of oligonucleotide primer 2, 1 ul of ANTP mix, 3 ul of
QuikSolution, 1 ul of Pfu Ultra HF DNA polymerase (2.5 units/
wl), and double-distilled H,O to a final volume of 50 ul. The
PCR cycling parameters were as follows: step 1, 95 °C for 1 min;
step 2, 95 °C for 50 s, 60 °C for 50 s, 68 °C for 5 min; step 2
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repeated for 18 cycles; and step 3, 68 °C for 7 min. After the PCR
was complete, 1 ul of Dpnl was added to the PCR product and
incubated at 37 °C for 1 h. After digestion with Dpnl, the trans-
formation was set up using XL10-Gold Ultracompetent cells.
To increase the transfection efficiency, 2 ul of B-mercaptoeth-
anol was added to 40 ul of XL.10-Gold Ultracompetent cells and
incubated on ice for 10 min. Subsequently, 2 ul of DpnlI-di-
gested mix was added to the competent cells and incubated on
ice for 30 min. The tubes were heat-pulsed at 42 °C for 30 s
followed by incubation on ice for 2 min. Then 0.5 ml of SOC
medium was added to the transformation mix, and the tubes
were incubated at 37 °C for 1 h on a rotor. The transformation
mix was plated on LB ampicillin agar plates followed by incu-
bation at 37 °C for 16 h. Individual colonies were propagated in
LB broth containing ampicillin. Plasmid DNA was isolated
using a Qiagen mini prep kit, and the isolated plasmid DNA was
sequenced by Sanger sequencing using the appropriate
primers.

Drug sensitivity assays

RECQ-WT cells, RECQ1-KO cells, and stable lines express-
ing either an empty vector or WT RECQ1 or RECQI1 variants
were plated in triplicate in 96-well plates (3,000 cells/well). 24 h
after plating, the cells were treated with increasing concentra-
tions of camptothecin (Calbiochem, 0—400 nMm for 24 h) or
gemcitabine (Selleck Chemicals, 0-3 um for 48 h). For the
treatment of ChK1 inhibitor (Selleck Chemicals, LY2603618)
alone, the cells were treated with increasing concentrations of
with ChK1 inhibitor (0—800 nm for 24 h). In the combination
treatments, the cells were treated first with gemcitabine (2 or 3
uM for 2 h), followed by the addition of increasing concentra-
tions of ChK1 inhibitor for subsequent 24 h. After the indicated
treatment, the cell viability was assayed by adding 10 ul of
CCK-8 reagent (Dojindo Technologies) to each well containing
100 pl of growth medium. The plates were incubated at 37 °C,
and absorbance was measured at 450 nm every hour for 4 h. The
percentage of cell viability was calculated by normalizing the
absorbance values to untreated condition in each cell type.

Clonogenic assays

RECQI-WT and RECQI1-KO cells were plated in a 12-well
plate at 70% confluency. 24 h after plating, the cells were treated
with increasing concentrations of gemcitabine (0-5 um for
2 h). Following the treatment, the cells were harvested using
trypsin, and 100 cells for each condition were plated in 12-well
plates in triplicate and allowed to grow in drug-free medium for
10 days. On the day of the analysis, the growth medium was
aspirated, and the wells were washed with 1X PBS. The cells
were fixed in 3.75% paraformaldehyde for 30 min at room tem-
perature, washed in 1X PBS, and stained in 0.5% methylene
blue for 60 min, followed by destaining using distilled water.
The plates were allowed to dry, and the colonies were counted.
For the ChK1 inhibitor and gemcitabine combined treatments,
the RECQ1-WT and RECQ1-KO cells were treated with gem-
citabine (2 uM for 2 h) followed by the indicated doses of the
ChK1 inhibitor (0—800 nM for 24 h). Following the treatments,
the cells were allowed to recover in a drug-free medium for 10
days, and the protocol for staining colonies was followed as
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previously described. The percentage of cell survival was calcu-
lated by counting the number of colonies and normalizing to
untreated in each cell type.

Western blotting analysis

The cells were plated in a 6-well plate at 70% confluency. 24 h
after plating, the cells were treated with gemcitabine (2 um for
2 h) and allowed to recover in drug-free medium for indicated
time points. At the end of each recovery period, the cells were
harvested by trypsinization, and whole-cell protein lysates were
made using radioimmune precipitation assay buffer. The pro-
tein concentration was estimated using a Bio-Rad DC protein
assay reagent: 50 ug of protein was loaded on 4-20% SDS-
PAGE and subjected to Western blotting detection using spe-
cific antibodies against pRPA32 (Ser-4/Ser-8) (1:1000, Bethyl
Laboratories), RPA32 (1:1000, Bethyl Laboratories), RECQ1
(1:1000, Santa Cruz Biotechnology), cleaved PARP (1:1000, BD
Pharmingen), pNBS1 (Ser-95) (1:1000, Novus Biologicals),
pATR (Ser-428) (1:1000), pChK1 (Ser-317) (1:1000), ChK1
(1:1000), ATR (1:1000), YH2AX (1:1000), pATM (Ser-1981)
(1:1000), pChK2 (Thr-68, 1:1000), and GAPDH (1:1000) (all
from Cell Signaling Technologies). The band intensities were
quantified using Image] software.

Chromatin fractionation

To isolate the chromatin fractions, RECQ1-WT and
RECQ1-KO cells were plated in a 6-well plate at 70% confluency
and treated with gemcitabine (2 um for 2 h), followed by recov-
ery in drug-free medium at the indicated time points. At each
time point, the cells were harvested by scraping in ice-cold 1X
PBS and then were centrifuged at 1,200 rpm for 10 min. The cell
pellets were resuspended in buffer A (20 mm Tris-HCI, pH 7.4,
2.5 mm MgCl,, 0.5% Nonidet P-40, 1 mm phenylmethylsulfonyl
fluoride, and 1 mmM DTT and protease inhibitors) and then incu-
bated on ice for 30 min. The samples were centrifuged at 10,000
rpm for 5 min at 4 °C, and the supernatant was collected as the
soluble fraction. The pellets were washed twice in 1X PBS,
resuspended in 2X Laemmli sample loading buffer with S-mer-
captoethanol, sonicated, and centrifuged at 15,000 rpm for 15
min at room temperature, and the supernatant was collected as
the chromatin-enriched fraction.

siRNA depletion and immunostaining

RECQI-WT and RECQ1-KO cells were transfected with a
pool of siCTL and siMUS81 siRNA (20 nm) (Dharmacon) using
Lipofectamine RNAimax according to the manufacturer’s
instructions. 48 h after transfection, the cells were treated with
gemcitabine (2 uMm for 2 h) followed by the addition of 10 um
BrdU for 90 min prior to harvesting. Following treatment, the
cells were fixed in 3.75% paraformaldehyde for 15 min at room
temperature. The cells were permeabilized with 0.5% Triton
X-100 in 1X PBS for 5 min at room temperature, followed by
blocking in 1% BSA for 1 h at room temperature. The coverslips
were incubated overnight with BrdU (1:500, Life Technologies)
and yH2AX (1:500, Cell Signaling Technologies) antibodies at
4 °C. The coverslips were washed three times and then incu-
bated with the secondary antibodies Alexa 594 anti-mouse
(1:300, Invitrogen) and Alexa 488 anti-rabbit (1:300, Invitro-
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gen) for 45 min at room temperature. The coverslips were then
mounted using DAPI prolong gold anti-fade reagent, and the
images were captured using a Zeiss LSM 880 NLO Airyscan
confocal microscope. Fifty cells were counted for each condi-
tion, and cells with more than 10 foci for either BrdU or yH2AX
were scored positive. The Pearson’s correlation co-efficient of
YH2AX co-localized to BrdU was calculated using the Zen Blue
software.

Neutral comet assay

The cells were treated with gemcitabine (2 uM for 2 h) 24 h
after plating at 70% confluency and allowed to recover in drug-
free medium for the indicated time periods. Following treat-
ment, the cells were harvested by trypsinization, and comet
assay was performed following the manufacturer’s (Trevigen)
instructions. The cell pellets were resuspended carefully in 500
wl of low-melting agarose, and 50 ul of this mixture was spread
over a comet slide and placed at 4 °C for 30 min to solidify. The
slides were incubated in lysis buffer for 1 h at 4 °C. Subse-
quently, the slides were submerged in neutral electrophoresis
buffer for 30 min at 4 °C, and the samples were electrophoresed
in the same buffer for 45 min at 21 V. After electrophoresis, the
slides were incubated in a DNA precipitation solution for 30
min, followed by consecutive incubation in 70% ethanol for 30
min at room temperature and allowed to air-dry. The comets
were stained with SYBRGold for 30 min, and the slides were
rinsed twice with water and left to air-dry at room temperature.
The images were captured using Nikon Eclipse Ti fluorescent
microscope, and at least 50 comets were quantitated using the
Open Comet plugin in Image] software. The percentage of
DNA in the tail was the parameter selected to describe each
comet.

EdU labeling and FACS analysis

The cells were treated with the ChK1 inhibitor (100 nm for
24 h), gemcitabine (2 um for 2 h), or a combination of gemcit-
abine and the ChK1 inhibitor, followed by recovery in a drug-
free medium or in a medium containing the ChK1 inhibitor as
indicated. The cells were pulse-labeled with 10 um EdU for 90
min before harvesting. EQU staining using the Click-IT EdU kit
(Invitrogen) was performed according to the manufacturer’s
protocol. Briefly, the cells were harvested by trypsinization,
washed with 1X PBS, and fixed in Click-iT fixative buffer for 15
min. The cells were subsequently permeabilized in a saponin-
based permeabilization buffer and stained by the Click-iT stain-
ing solution for 30 min. The DAPI-stained DNA content was
measured using flow cytometry. At least 20,000 events in each
sample were recorded using the BD FACSCanto Il machine and
analyzed using FlowJo software.

DAPI staining

RECQ1-WT and RECQ1-KO cells grown on coverslips were
treated with ChK1 inhibitor (100 nMm for 24 h). Following the
treatment, the cells were fixed in 3.75% paraformaldehyde for
15 min at room temperature and permeabilized with 0.5% Tri-
ton X-100 in 1X PBS for 5 min at room temperature, followed
by blocking in 1% BSA for 1 h at room temperature. The cover-
slips were then mounted using DAPI prolong gold anti-fade
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reagent, and the images were captured using a Nikon Eclipse T1i
fluorescent microscope.

Statistical analysis

At least three independent experiments and three replicates
per experiment were performed. For the cell viability and cell
survival experiments, all statistical tests were conducted using
SPSS Biostatistics software (SPSS Inc., Chicago, IL). The results
are presented as the means * S.D. of three independent exper-
iments. Statistical significance between groups was assessed by
one-way analysis of variance followed by Bonferroni post hoc
analysis, and p < 0.05 was considered statistically significant.
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