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ABSTRACT

The response of cancer cells to therapeutic drugs
that cause DNA damage is dependent on genes
playing a role in DNA repair. RecQ-like helicase 1
(RECQI1), 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 RECQI1
sensitizes MDA-MB-231 breast cancer cells to
gemcitabine, a nucleoside analog wused in
chemotherapy for triple-negative breast cancer.
RECQI1 loss led to defective ATR Ser/Thr kinase
(ATR)/checkpoint kinase 1 (ChK1) activation and
greater DNA damage accumulation in response to
gemcitabine treatment. Dual deficiency of MUSS81
structure-specific endonuclease subunit (MUS81)
and RECQ1 increased gemcitabine-induced,
replication-associated DNA double-strand breaks.
Consistent with defective checkpoint activation, a
ChK1 inhibitor further sensitized RECQI-
deficient cells to gemcitabine and increased cell
death. Our results reveal an important role of
RECQ1 in controlling cell-cycle checkpoint
activation in response to gemcitabine-induced
replication stress.

INTRODUCTION

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 single nucleotide
polymorphism in RECQI gene is linked to cancer
predisposition and increased resistance to
chemotherapeutic 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
cancer in French-Canadian and Polish populations
[5]. The association of RECQI mutations with
breast cancer was also confirmed in a Chinese
population, suggesting that RECQI mutations are
not limited to specific populations [6]. In a
subsequent  report, further studies were
recommended to establish a better association of
increased breast cancer risk in individuals carrying
RECQI1 loss-of-function variants [7].

RECQI1 is the most abundant member of the
five human RecQ helicases [1]. It consists of a
helicase and RQC domain similar to that of E. coli
RecQ [8]. RECQI1 is a DNA-stimulated ATPase
and a helicase capable of binding and unwinding
structural intermediates of DNA replication and
repair [9]. RECQI unwinds duplex DNA and
catalyzes ATP-dependent branch migration on
Holliday junctions and mobile D-loop substrates
[9, 10]. In addition to unwinding DNA, RECQI
promotes annealing of complementary single-
strand DNA in an ATP-independent manner [9].
Consistent with these biochemical activities,
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RECQI interacts with proteins known to function
in DNA replication and repair, such as FEN1 [11],
RPA [12, 13], Ku70/80 [14], PARP1 [4, 13, 15] as
well as with mismatch repair proteins (MSHI,
MSH?2) 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 increased
chromosomal instability in primary embryonic
fibroblasts [17]. RECQl-deletion in human cells
has not yet been reported and the cellular
functions of RECQ1 have been investigated by
using siRNAs or stable shRNA-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 RECQI-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
RECQI1 is required for the restoration of stalled
forks induced by camptothecin [4], clearing the
way for replication to resume after the block is
removed. RECQI catalyzes strand exchange on
stalled replication structures in vitro and the
ATPase function of RECQ1 is critical in
facilitating branch migration of the intermediates
formed upon fork stalling [19, 22]. Collectively,
these studies suggest that RECQ1 functions to
restore productive DNA replication following
stress and prevents subsequent genomic instability.

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 necessary
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 single-
stranded (ss) DNA 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 double-strand 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
cancer therapeutics that block replication [29].

In this study, we investigated how the genetic
or functional loss of RECQI in breast cancer
MDA-MB-231 cells impacts the cellular response
to chemotherapeutic drugs, such as camptothecin
and gemcitabine, which are known to interfere
with DNA replication. Gemcitabine is a
nucleoside analog that disrupts replication by
incorporating into DNA and inhibiting
ribonucleotide reductase, resulting in the depletion
of the dANTP pool [30]. Single nucleotide
polymorphism in RECQ1 has been associated with
the overall survival of patients who received
gemcitabine-based therapy [2]. To understand the
molecular functions of RECQI1 in DNA repair and
how the mutations in this gene promote
tumorigenesis, we utilized CRISPR-Cas9 gene
editing to generate an isogenic pair of RECQI1
wildtype (WT) and RECQ1 knockout (KO) MDA-
MB-231 cell lines. Furthermore, we investigated
the replication stress response of MDA-MB-231
cells that expressed RECQI variants with
individual missense mutation (A195S, R215Q,
R455C, M458K, and T5621) that were associated
with breast cancer susceptibility [5, 6] and
demonstrated to be deficient 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 (RECQI1-KO) RECQI1 expression. We
designed single gRNA targeting the RECQ! 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
RECQI1-gRNA and the corresponding vectors,
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followed by puromycin selection, the isolated
clones were screened for RECQ1 expression at the
protein level by Western blot analysis, using a
specific antibody against RECQ1. The results
confirmed the complete loss of RECQI protein in
the RECQ1-KO cell line (Figure 1A). The results
of the Sanger sequencing revealed that in the
wildtype clones (WT), the RECQI genomic
sequence at the target site was intact and the same
as that of the unedited parental MDA-MB-231
control. In the knockout (KO) clones, RECQI
genomic sequences at the target site showed
insertions and deletions compared to the unedited
control (Figure 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
nonfunctional gene products, which eventually led
to the loss of the protein.

To compare the functions of the wildtype
RECQI1 protein with those of the RECQI 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 wildtype RECQI or
RECQ1 variants with individual missense
mutations (A195S, R215Q, R455C, M458K, and
T5621), which were reported to increase breast
cancer susceptibility. Based on the crystal
structure and conserved functions of RecQ
helicases [1], A195 is involved in dimer
interaction [31], R215 is located near the ADP-
binding pocket and is expected to weaken ATP
hydrolysis [32, 33], the conserved residues R455
and M458 are located in the zinc-binding
subdomain, which is important in maintaining
protein stability [34], and T562 is located in a f-
hairpin, which is required for DNA unwinding
[31, 35]. Compared with the ability of wildtype
RECQ1 helicase to unwind forked DNA
substrates, the RECQ1 variants R215Q, R455C,
M458K, and T5621 show complete loss of helicase
activity, and A195S variant shows very weak
helicase activity in vitro [6]. Therefore, we also
included a K119R variant that has not yet been
associated with cancer risk but has been
biochemically 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 KOPCBS, KOWT,
KOAI%S, KoRzlsQ’ KOR455C, K0M458K’ K0T56ZI, and
KOX!®R (Figure 1B). The results of a Western blot
analysis using protein lysates prepared from
individual cell lines indicated that each mutant
RECQI protein was expressed at a level
comparable with its wildtype counterpart;
however, the K119R mutant is expressed at a
lower level (Figure 1B).

In the subsequent experiments in this study,
we utilized this panel of MDA-MB-231 cell lines
to assess the roles of wildtype RECQ1 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 RECQI1 expression by
siRNA or shRNA 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 demonstrated the increased
sensitivity of RECQI-KO cells to camptothecin
(0-400 nM; 24 h). Camptothecin treatment
induced a dose dependent decrease in cell viability
upto 100 nM, however, 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,
about 91% viable cells were observed in RECQI-
WT compared to only 41% viable cells in RECQ1-
KO, indicating that their ability to respond to
replication stress was compromised (Figure 1C).
Compared with the RECQI-WT  group,
statistically significant sensitivity to camptothecin
was observed in the RECQI-KO and KOP“B®
groups (p <0.05). We next tested whether
camptothecin sensitivity of RECQ1-KO could be
corrected by the re-expression of wildtype and/or
mutant RECQI1 protein. Genetic complementation
with wildtype RECQ1 (KOW“T cells) rescued the
camptothecin sensitivity of RECQ1-KO to a level
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comparable to RECQI1-WT cells, whereas the
expression of an empty vector (pCB6) did not
rescue the viability of cells lacking RECQI1
(KOPCB®) (Figure 1C). In contrast to the RECQI-
KO cells reconstituted with wildtype RECQI1
(KOYT), increased camptothecin sensitivity was
displayed by the RECQI1-KO cells that had been
complemented with cancer risk-associated RECQ1
Variants (KOA19SS, KORZISQ, KOR455C, KOM458K, and
KO™) as well as helicase-dead KOX!'R (Figure
1D), which was statistically significant (p <0.05).
Among the different mutants tested for
camptothecin sensitivity, compared with the KOWT
cells, the KO™®!' and KOX!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 RECQI is
important  for  cell  survival  following
camptothecin-induced DNA damage.

Breast cancer risk-associated RECQ1 variants
retain interaction with PARP1

The physical and functional interaction of RECQ1
protein with poly(ADP)ribosyl polymerase 1
(PARP1) is important for the restoration of stalled
replication forks caused by camptothecin
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 constitute the RQC
domain in RECQI1 [13]. Because three of the
RECQI1 mutations (R455C, M458K, and T562I)
map to the RQC region, we next tested whether
the RECQ1 variants interacted with PARP1 in co-
immunoprecipitation experiments (Figure 1E).
The RECQI1 antibody specifically co-precipitated
PARP1 from whole cell lysates prepared from
RECQI1-WT cells, as previously reported [4, 13].
RECQ1 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
RECQIl-immunoprecipitates from the lysates
obtained from KOR*C, KOM#8K and KO cells
expressing RECQ1 variants, which suggests that
the mutations identified in breast cancer patients
do not disrupt the RECQI-PARPI interaction
(Figure 1E). Similar immunoprecipitation using

cellular extracts prepared from RECQ1-KO cells
failed to pull down PARPI1 indicating the
specificity of RECQ1 antibody.

We next examined whether mutant RECQ1
protein interacted with PARP1 upon camptothecin
treatment and whether this interaction required
PARP1 activity (Figure 1F). We compared the
RECQI-PARP1 pulldowns from lysates prepared
from RECQI1-WT and KO™! cells treated with
camptothecin in the absence or presence of the
PARP inhibitor olaparib (10 pM) [4]. The results
of the co-immunoprecipitation experiment
demonstrated that RECQ1 and PARPI1 remain
associated following camptothecin treatment in the
RECQI1-WT and KO™% cells (Figure 1F). In the
camptothecin-treated cells, the inhibition of
PARPI activity by olaparib reduced the interaction
of RECQI1-PARP1 by about 50% in the RECQ1-
WT cells and by almost 80% in the KO™%! cells
compared with their interaction in the absence of
PARP inhibition (Figure 1F). These results
suggest that T562] mutation in the RQC domain of
RECQ1 does not interfere with PARPI1
interaction, but their interaction depends on
PARPI activity in cells treated with camptothecin.

PARPI activity is required for the slowing of
replication forks, and combined with RECQI, it
influences the formation of double-strand breaks
upon camptothecin treatment [4]. To determine
whether RECQ1 loss and PARP1 activity affected
the accumulation of double-strand breaks in
response to camptothecin treatment, we examined
vH2AX induction by Western blot analysis (Figure
1G). The camptothecin treatment in the RECQI-
WT and KOY?' cells did not yield a detectable
signal of yYH2AX. The further inhibition of PARP1
upon DNA damage induced by camptothecin led
to an increase in YH2AX by 5.8-fold and 5.2-fold
in the RECQ1-WT and KOW" cells, respectively.
These results are consistent with previous studies
[4] that demonstrated that PARP inhibition caused
the accumulation of reversed forks, leading to the
increased accumulation of double-strand breaks
upon camptothecin treatment [4, 37, 38].
However, in the RECQI-KO cells, the
camptothecin treatment induced YH2AX by 2.8-
fold and inhibition of PARP1 decreased YH2AX
level comparable to untreated condition (Figure
1G). This result indicated that RECQI loss
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prevents double-strand break formation following
PARP inhibition. The DNA damage induced by
camptothecin 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, indicating that the concentration of
olaparib used in the experiment indeed inhibited
PARP1 activity (Figure 1G).

Overall, these results showed that RECQ1-KO
cells exhibit similar response to camptothecin-
induced replication stress as reported previously in
RECQI1-knockdown cells [4, 18, 19]. Therefore,
these cells could be used to investigate cellular
functions of RECQI.

RECQ1 modulates cell survival following
gemcitabine treatment

Because of the association of RECQ1 expression
with chemotherapeutic 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
replication-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 RECQI1-KO cells compared with the
RECQI1-WT cells (Figure 2A and 2B), indicating
decreased survival in the RECQI1-KO cells.
Compared to the RECQ1-WT group, the RECQ1-
KO cells exhibited greater sensitivity to
gemcitabine (p <0.05) (Figure 2B). The results of
the CCK-8 assay to determine cell viability
demonstrated that the RECQI1-KO cells were
sensitive to gemcitabine and that the expression of
wildtype RECQI in RECQI-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 RECQI  (KOP®B%)  (Figure 2C).
Furthermore, the cells expressing cancer risk-
associated RECQ1 variants (KOA!%S, KOR15Q,
KORSC KOMBK - and KO™%?) or the helicase-
dead KOX'™R mutant were more sensitive to
gemcitabine than those expressing wildtype
RECQI (KOY") (Figure 2D), indicating that the
catalytic activity of RECQ1 may be essential in

resolving the DNA damage induced by
gemcitabine and improving cell survival.
Statistical significance measured using RECQI1-
WT cells as control indicated that the different cell
lines (except the KOYT) were sensitive to
gemcitabine with p-value <0.05. Moreover,
RECQI1-KO, KOPBS KO and KOX!R
displayed greater differences in sensitivity at 2 pM
and 2.5 uM gemcitabine with a p-value <0.001
(Figure 2D).

Since our data suggested a RECQI1-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 blot analysis for
YH2AX as a marker of DNA damage (Figure 2E).
Under untreated conditions, RECQI-WT and
RECQ1-KO cells exhibit comparable basal DNA
damage, as indicated by the low yH2AX signal
(Figure 2E, lane 1 and 3). The intensity of YH2AX
signal in gemcitabine-treated RECQI1-WT cells
was similar to the untreated condition, indicating
that these cells efficiently resolve the damage
(Figure 2E, lane 1 vs 2). In contrast, gemcitabine
treatment induced a 3.8-fold and 2.5-fold increase
in yH2AX in RECQI-KO and KOPE¢ cells
compared to untreated (Figure 2E, lane 3, 5 vs 4,
6). Reintroduction of wildtype RECQ1 in RECQ1-
KO cells (KOYT) suppressed DNA damage by
gemcitabine treatment and displayed yH2AX
levels similar to that of RECQ1-WT cells (Figure
2E, lane 7, 8 compared to 1, 2). Immunostaining
of YH2AX in untreated and gemcitabine treated (2
uM for 2 h) RECQI1-WT and RECQ1-KO cells
further demonstrated that the RECQI1-KO cells
accumulate gemcitabine-induced DNA damage
(Figure 2F).

Remarkably, cells expressing various RECQ1
variants responded distinctly with respect to the
level of gemcitabine-induced DNA damage.
RECQI variants KOA!3 KOR?5Q and KOR#SC
displayed up to 2-fold more yH2AX following
gemcitabine treatment as compared to RECQI-
WT or KOV (Figure 2E, lanes 10, 12, 14, 16 vs 2,
8). Although KOM*#K cells were sensitive to
gemcitabine (Figure 2D) and exhibit constitutively
elevated yYH2AX signal, the yH2AX signal
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intensity in response to gemcitabine was similar to
that of RECQI1-WT (Figure 2E, lane 16 vs 2).
Consistent with increased sensitivity, greatest
accumulation of gemcitabine-induced YH2AX was
seen in KO™%! and KOX!''*R cells (Figure 2E, lane
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 [9, 31, 35] (Figure 2D).

Collectively, our results suggest that RECQ1
deficiency sensitizes MDA-MB-231 cells to
gemcitabine, and the helicase function of RECQ1
may contribute to resolving gemcitabine-induced
replication stress and preventing DNA damage.

RECQ1 contributes to effective ATR-ChK1
activation upon gemcitabine treatment

We next sought to examine gemcitabine-induced
DNA damage response in RECQI-WT and
RECQ1-KO cells. Previous studies have
demonstrated that stable knockdown of RECQI1
increases phosphorylation of RPA32 subunit of
RPA and ChKl1 in response to camptothecin
treatment [19, 20]. ATR is activated by
phosphorylation of S428 and upon activation, it
mediates ChK1 activation by phosphorylating at
S317 and S345 residues [28]. The inability of
RECQI1-KO cells to recover from replication
stress indicated by reduced cell survival 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 (Figure 3).

The cells were treated with gemcitabine (2 pM
for 2 h) and allowed to recover in drug-free
medium for the indicated time points (0, 2, 24, 48,
72, and 96 h) (Figure 3A). This treatment is
known to cause replication fork arrest in U20S
cells [40]. The gemcitabine treatment (i.e., 0 h
recovery) induced the phosphorylation of RPA32
(at S4/S8, pRPA32), ATR (at S428, pATR) and
ChK1 (at S317, pChK1) in the RECQI1-WT cells.
During the recovery of the RECQI1-WT cells in
the drug-free medium, pRPA32 increased at 2 h,
persisted until 48 h, and gradually decreased at 72
h 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
RECQI-WT) pRPA32 in the RECQI1-KO cells
and failed to activate ATR, which was evidenced
by a weak signal of pATR compared with the
RECQI1-WT cells (Figure 3A). Consistent with
impaired ATR activation, the RECQ1-KO cells
also failed to activate ChK1 robustly, which was
seen in their wildtype counterparts. The level and
kinetics of the phosphorylation of RPA32 and
ChK1 in response to the gemcitabine treatment in
the RECQI1-KO cells were distinct from the
RECQI1-WT cells (Figure 3B and 3C). The levels
of the total proteins (ATR, ChKI1, and RPA32)
were comparable in the RECQ1-WT and RECQ1-
KO cells (Figure 3A).

To eliminate the possibility of clonal variation,
we utilized another set of RECQI-WT and
RECQ1-KO clones that were obtained by
CRISPR-Cas9 for treatment with gemcitabine and
followed the recovery to 96 h (Figure S1B, S1C,
and S1D). The RECQI-KO4 cells displayed a
decreased signal of pRPA32 and pChKl,
indicating decreased checkpoint activation and
further accumulated DNA damage. Because the
reduced ChK1 phosphorylation in response to
gemcitabine in the RECQI-KO cells was
demonstrated in two different clones, it is unlikely
that the genetic background of cells influenced this
specific phenotype. Although the ATR-ChKI
pathway plays a primary role in protection against
gemcitabine-induced replication stress,
gemcitabine treatment is also known to activate
the ATM-ChK2 signaling pathways [41].
Although the difference between RECQ1-WT and
RECQI1-KO cells was not as striking, reduced
phosphorylation of ATM (at S1981, pATM) and
ChK2 (at T68, pChK?2) were observed in RECQI-
KO cells upon gemcitabine treatment and recovery
(Figure S1E).

Consistent ~ with  defective = ATR-ChK1
activation, the RECQI-KO cells accumulated
progressively increased yYH2AX, 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] (Figure 3A). The RECQ1-
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WT cells did not exhibit a significant increase in
DNA damage, which was indicated by the yYH2AX
signal during recovery. Moreover, in the RECQI-
WT cells, the cleaved PARP was observed only at
72 h and 96 h after the gemcitabine treatment
(Figure 3A).

We next examined ATR-ChK1 activation in
cells expressing RECQ1 variant that was defective
in helicase activity using T562I (cancer risk-
associated) and KI119R (biochemically
characterized) mutants as representatives (Figure
3D). RECQI-KO cells that stably expressed empty
vector pCB6 (KOPCBS), wildtype RECQ1 (KOWT),
T5621 (KO™), or KII9R (KOX!'™R) were
subjected to gemcitabine treatment (2 pM for 2 h)
and allowed to recover for 48 h in a drug-free
medium. The total ChK1 protein level in the cells
expressing mutant RECQI (i.e., KO™%' and
KOXIR)  was lower than those expressing
wildtype RECQ1 (i.e., KO“T) or lacking RECQI
(i.e. KOPB®) (Figure 3D). Although the ChKl
activation in the KO™®! cells was comparable
with KOWVT, which was shown by the pChK1
signal (Figure 3E), they accumulated DNA
damage similar to the KOPBS cells, which was
evidenced by a yH2AX signal following the
gemcitabine treatment and recovery (Figure 3F).
This result suggests that the presence of RECQI
protein (wildtype or mutant) is enough to activate
the ATR-ChK1 pathway in response to replication
stress; however, RECQI1 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 RECQI-WT and
RECQI1-KO cells treated with gemcitabine,
followed by recovery at indicated time points
(Figure 3G). In the RECQI-WT cells, the
treatment with gemcitabine resulted in increased
RPA on chromatin (Figure 3G). In contrast, about
50% reduced RPA was detected in the chromatin-
enriched fractions of the RECQI-KO cells
compared with the RECQI1-WT cells (Figure 3G).
Greater RPA levels were also seen in the
chromatin  fractions of RECQI1-KO cells
expressing wildtype RECQ1 (KOYT) as compared
to those expressing empty vector (KOP“B6) during

gemcitabine-induced replication-stress  (Figure
S2). This suggests that the impaired RPA
recruitment on chromatin contributed to defective
checkpoint activation in RECQI1-KO cells.
RECQI 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
gemcitabine treatment (Figure 3G).

RECQ1 and MUSS81 resolve gemcitabine-
induced DNA damage in MDA-MB-231 breast
cancer cells

RECQI1 helicase functions in the restarting of
stalled replication forks, defective processing of
which may lead to double-strand breaks [1, 4].
Therefore, we next carried out a DNA comet assay
under neutral conditions to measure gemcitabine-
induced double-strand breaks in RECQ1-WT and
RECQ1-KO cells and their repair during recovery
(Figure 4A and 4B). We observed a negligible
difference in the comet tail moments in the
RECQI-WT and RECQI1-KO cells under
untreated conditions. The results of the comet
assay showed that double-strand breaks occurred
within two hours following the treatment with
gemcitabine, and the pattern of distribution of the
comet tail length differed in both cell lines.
Significantly 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 RECQI-WT cells (p <0.05)
(Figure 4A). The analysis of the percentage of
DNA in the tail under each condition revealed that
up to 60% of the double-strand breaks were
repaired in the RECQI-WT cells by 96 h
compared with only 10% in the RECQ1-KO cells
(Figure 4B).

MUSS81 is a structure-specific endonuclease
that plays a critical role in replication fork rescue
by converting stalled replication forks into double-
strand breaks that can be processed by
homologous recombination repair [44, 45]. So, we
next tested if MUS81 mediates the formation of
replication associated double-strand breaks in
RECQ1-KO cells (Figure 4C and 4D). Under our
experimental conditions, MUS81 siRNA reduced
MUSS81 protein expression by >90% in the
RECQ1-WT and RECQI-KO cells (Figure 4C).
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Forty-eight hours after control (CTL) or MUSS81
siRNA transfection, replication fork arrest was
induced by gemcitabine (2 uM for 2 h), and the
replication-associated double-strand breaks were
measured by co-localization of YH2AX and BrdU
foci using immunostaining (Figure 4D). In both
cell lines, the treatment with gemcitabine induced
BrdU foci that represented replicating cells (Figure
4D). MUSS81 knockdown led to a higher frequency
of yYH2AX-BrdU co-localizing foci in both
RECQI-WT and RECQI-KO cells. MUSS81
knockdown and gemcitabine treatment in RECQI-
WT cells resulted in about 2-fold increase in
YH2AX-BrdU co-localizing foci when compared
to the gemcitabine treated RECQI-WT cells
transfected with control siRNA. As compared to
gemcitabine treated RECQ1-KO cells transfected
with control siRNA, about 3-fold increase in
YH2AX-BrdU co-localizing foci were observed in
gemcitabine treated RECQ1-KO cells transfected
with  MUS81 siRNA indicating  greater
accumulation of replication-associated double-
strand breaks (Figure 4D). This suggests that
RECQI1 helicase and MUS81 nuclease resolve
arrested replication forks and promote replication
restart, thus, preventing the generation of double-
strand breaks from aberrant processing of stalled
forks. In the dual absence of RECQ1 and MUSSI,
other structure specific endonucleases like
MREI11, CtIP, EXO1 and DNA2 may promote
processing of regressed replication forks leading to
the formation of double-strand 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 RECQ1-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 comparable to the RECQ1-WT cells at
lower doses (p >0.05). A statistically significant
difference in viability of RECQI-WT and
RECQ1-KO cells was observed at higher doses of
the ChK1 inhibitor (400-800 nM) (p <0.05)

(Figure 5A). In the combined treatments using 2
uM  gemcitabine,  RECQI-KO  displayed
significant  sensitivity (p <0.05) at all
concentrations of the ChK1 inhibitor compared
with the similarly treated RECQI1-WT cells.
Further reduction in proliferation of RECQ1-KO
cells were observed when a higher concentration
of gemcitabine (3 pM) was used in combination
with  ChK1 inhibitor indicating potential
synergism between gemcitabine and ChKl1
inhibitor (Figure 5A). The KOP®B¢ cells displayed
increased sensitivity to combination treatment
(ChK1 inhibitor plus gemcitabine) when compared
to ChK1 inhibitor alone and this was partially
rescued by wild-type RECQ1 (KOW") indicating a
RECQ1 specific function in resolving stress
induced by gemcitabine via the ATR-ChK1 axis.
Cells expressing RECQ1 variants did not display
sensitivity to ChK1 inhibitor alone or combination
treatment to gemcitabine and ChKI1 inhibitor
(Figure S3). We next tested the effect of combined
treatment of gemcitabine (2 puM) and ChKl1
inhibitor on cell survival by colony formation
assay (Figure 5B and 5C). As compared to the
RECQI1-WT cells, the RECQI1-KO cells displayed
significantly reduced survival over the range of
ChK1 inhibitor tested in combination with
gemcitabine (p <0.05) (Figure 5B and 5C).

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-ChK1 activation in response to
replication stress (Figure 3A). Moreover, the
combination of gemcitabine and the ChK1
inhibitor increased the sensitivity of the RECQI-
KO cells (Figure 5A-C), which suggest the
combined role of RECQI1 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. RECQI-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
(Figure 5D). The resumption of DNA replication
in the drug-treated cells was determined by
monitoring the cell cycle progression of the EdU-
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labeled cells, which is a widely used marker of cell
division [50].

The unperturbed RECQI-WT and RECQI1-
KO cells exhibited comparable cell cycle
distribution, indicating that RECQ1 loss does not
alter the cell cycle profile of MDA-MB-231 cells
in the absence of DNA damage (Figure 5D). The
single treatment with the ChK1 inhibitor (100 nM
for 24 h) caused the transition of S-phase cells into
G2M phases in both the RECQ1-WT and RECQ1-
KO cells compared with their respective untreated
controls. This result was evidenced by a 1.75-fold
increase in the G2M population and a reduction in
the S-phase population of approximately 10% in
both cell lines. Compared with the RECQ1-WT
cells, the ChK1 inhibitor treatment resulted in a
distinct increase in the S-G2 population (2.7%)
and in the >4N population (0.74%) in the RECQI-
KO cells (Figure 5D).

The gemcitabine treatment (2 uM for 2 h)
followed by the ChKI inhibitor resulted in an
increase in the G2M population from 13.18%
(untreated) to 21.4% in the RECQ1-WT 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 abrogation of the S-
phase checkpoint, which forces the cells to enter
the G2M phase [49, 51]. In the RECQ1-WT cells,
recovery in the drug-free medium for an additional
24 h caused an increase in the sub-G1 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
(Figure 5D). In contrast, when the RECQI-KO
cells were treated with gemcitabine followed by
continuous incubation with the ChK1 inhibitor,
these cells incorporated less EdU into their DNA
(28.4% compared to 34.1% in the untreated cells).
However, they showed the increased accumulation
of cells in S-G2 (6.1%), >4N phases (1.6%), and
sub-G1 (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 (premature mitotic entry).
Further recovery in the drug-free medium clearly
increased the S-G2 (9.5%), >4N (3.7%), and sub-

G1 (9.1%) populations. The increase in the sub-G1
suggests that the population of RECQ1-KO cells
that underwent premature mitotic entry failed to
complete cell division and succumbed to cell
death.

Our results suggest that in the RECQI1-KO
cells, the combined gemcitabine and ChKl1
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
RECQI1 notably increased the percentage of the
sub-G1 cells produced by the combined
gemcitabine and ChKI1 inhibitor treatment
compared with gemcitabine alone. However,
during the single treatment with gemcitabine, the
RECQI1-WT 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 treatment. We did not
observe a >4N population (premature mitosis) in
the RECQI1-WT cells treated with gemcitabine
alone, the ChK1 inhibitor alone, or the
combination of gemcitabine and the ChKl1
inhibitor. Additionally, the combination of
gemcitabine and ChK1 inhibition in RECQI-KO
cells increased apoptosis, which was evidenced by
the increased signal of cleaved PARP (Figure 5E).
These findings suggest that in the absence of
RECQI1, cells accumulate DNA damage and
undergo cell death upon ChKI1 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 RECQI-KO
cells with multi-nucleus upon ChK1 inhibition,
which suggested failed mitosis or cell death by
mitotic catastrophe [52] (Figure 5F). To confirm
the inactivation of ChK1, we treated RECQ1-WT
cells with gemcitabine followed by the ChKI1
inhibitor, and the cell lysates were analyzed by
Western blotting (Figure 5G). The gemcitabine
treatment induced phosphorylation of ChK1 (at
S296, pS296) and (at S317, pS317) levels in
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MDA-MB-231 cells and the addition of the ChK1
inhibitor abolished the pChK1(S296) levels in
response to gemcitabine-induced DNA damage,
thus confirming the activity of the ChK1 inhibitor
under our experimental conditions (Figure 5G).

Overall, our results suggest that RECQ1-KO
MDA-MB-231 cells have defective ATR-ChK1
activation in response to gemcitabine-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
RECQI1’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 germline  mutations
compromise RECQI1 helicase activity, thus

increasing breast cancer susceptibility, suggests
that the catalytic activities of RECQI1 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 RECQ1 variants that are known to
increase breast cancer risk. The results of using
this model system suggest that RECQ!1 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 inhibitor forced these cells to undergo cell
death. RECQ1 appears to modulate ATR
activation by facilitating the phosphorylation of
ATR on S428 and the subsequent phosphorylation
of its downstream target ChK1 on S317.
Furthermore, RECQ1-deficient cells exhibit more
YH2AX and increased signals for cleaved PARP,
suggesting that defective ATR activation upon
RECQI1 loss leads to increased genomic instability
and apoptosis.

Overall, our results suggest the significant role
of RECQI1 in signaling the response to DNA
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damage in cancer cells (Figure 6). ATR activation
is a multi-step 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 S428) activates ChK1 by
phosphorylation on serine residues 317 and 345 in
response to replication arrest and mediates the
downregulation 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,
which is the main responder in the DNA damage
response during 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 RECQI 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 RECQI1 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 S317.

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 treatment 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
replication catastrophe due to the exhaustion of
RPA instead of premature mitotic entry in MDA-
MB-231 cells [51]. Because our results suggest
that RECQI1 loss decreases RPA recruitment at
damage sites that are expected to expose ssDNA,
we cannot eliminate the possibility that replication
catastrophe is a mechanism of gemcitabine-
induced cytotoxicity in RECQI1-KO cells. The
Brosh lab reported the role of RECQI1 in
maintaining free RPA availability to coat nascent
ssDNA during replication stress and therefore in
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the repair of replication-associated double-strand
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 activating the ATR-ChKI1 pathway to
promote DNA repair. Moreover, our results
indicate that RECQ1 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 gemcitabine have not been well
elucidated. Brief gemcitabine treatment inhibits
ribonucleotide reductase, thereby depleting the
dNTP pool [30], which may lead to nucleotide
misincorporation, potentially causing errors in
DNA replication, such as single-base substitution,
insertion, or deletion [30]. Previous studies
demonstrated that at earlier time points, the repair
of gemcitabine-induced DNA damage is
dependent 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 MSH1 and MSH6 [16].
Therefore, we cannot rule out the potentially
altered mismatch repair of RECQI-KO cells
treated with gemcitabine. The catalytic functions
of RECQIl are implicated in the homologous
recombination pathway, which contributes to the
repair of damaged replication forks by resolving
aberrant DNA structure intermediates [19, 22].
RECQ!1 has a striking preference for promoting
fork restoration (reversal), which may serve to
prevent chromosome breakage upon exogenous
replication stress and DNA damage [4]. Our
results suggest that RECQ1 and MUSS81 function
in alternate pathways to resolve gemcitabine-
induced DNA damage. Nucleases that mediate
gemcitabine-induced double-strand breaks in
RECQ1-KO cells remains to be examined.

A large gap in the understanding of RECQI-
associated breast cancer susceptibility is the extent
to which disease pathogenesis is governed by a
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defective DNA metabolism in the functional
absence of RECQI1 helicase versus other poorly
characterized non-catalytic roles of RECQI
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-
associate RECQ1 T562I variant was able to induce
robust ChK1 phosphorylation, cells expressing this
variant failed to resolve the accumulated DNA
damage as evidenced by increased YH2AX
accumulation indicating that the RECQI1 T5621
mutation uncouples RECQ1’s role in ChKl1
activation from DNA damage in response to
gemcitabine treatment under our experimental
conditions. Our results demonstrated that missense
mutations in the catalytic domain of RECQI
sensitize cancer cells to camptothecin and
gemcitabine and compromise DNA repair.
However, our results showing that RECQI1
variants associate with PARP1 and RPA, two
well-characterized partners of RECQI [4, 12, 13,
20], demand a more comprehensive investigation
of the effects of RECQ1 variants on the cross-talk
between the proteins involved in the response to
DNA damage. The poly((ADP)ribosylation
activity of PARP1 inhibits fork reversal by
RECQI1 in vivo to prevent the premature restarting
of regressed forks, and the RECQI-PARPI1
complex stabilizes regressed forks until the repair
is complete [4]. Although the tested mutations in
RECQI1 did not disrupt its association with PARP1
in unperturbed cells, the association of the
RECQI1-T5621 variant with PARP1 under
replication stress was found to be dependent on
PARP1 activity.

Overall, our results indicate that RECQI1
functions to facilitate cell survival upon
gemcitabine-induced replication stress. When
replication forks stall under gemcitabine treatment,
RECQ1 helicase aids in RPA accumulation by
revealing/generating 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 activation is reduced, leading to an
increased number of DNA breaks and cell death
(Figure 6). Although ATR and ChK1 inhibitors are
included in clinical trials [59], there is a need for
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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 ChKl1 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
chemotherapeutics are modulated by DNA
damage responses; therefore, it may be relevant to
target RECQI to improve therapeutic 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 transfected with vectors
encoding RECQ1 guide RNA (gRNA)
corresponding to the target site in Exon 3 (2 pg),
Cas9 nuclease (wildtype, 2 pg), transposon
(puromycin selection marker, 500 ng) and
transposase (500 ng) at a ratio of 4:4:1:1 using
Lipofectamine 2000 as described by the
manufacturer. Forty-eight hours post-transfection,
the transformants were selected by puromycin (2
pg/ml) for an additional 48 h. Following
puromycin selection, the cells were harvested
using trypsin and then diluted using the serial
dilution method. The diluted cells were plated for
three 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
re-suspending the cell pellets in RIPA buffer (50
mM Tris HCI (7.5), 150 mM NaCl, 2 mM EDTA,
1 % NP40, 0.5 % sodium deoxycholate)
supplemented by protease 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 PVDF membrane (135V for 2 h at
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4°C), blocked with 5% milk (RT (room
temperature), 1 h), and probed by Western blotting
with antibodies specific to RECQ1 (1:1000, Santa
Cruz Biotechnology) 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 wildtype sequence analyzed
by Sanger sequencing.

Cloning and site-directed mutagenesis. cDNA
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 mutation were designed using the primer
design tool produced by Agilent Technologies
(http://www.genomics.agilent.com/primerDesignP
rogram.jsp), as indicated in Table 1. Using pCB6-
RECQI1-WT as template, the PCR was set up as
follows: 5 pl of 10X reaction buffer, 1 pl (10 ng)
of pCB6 RECQ1-WT template, 1.25 pl (125 ng)
of oligonucleotide primer #1, 1.25 ul (125 ng) of
oligonucleotide primer #2, 1 pl of ANTP mix, 3 pl
of QuikSolution, 1 pl PfuUltra HF DNA
polymerase (2.5 U/ul) and ddH.O to a final
volume of 50 pl. The PCR cycling parameters
were as follows: Step 1, 95°C for 1 min; Step 2,
95°C for 50 sec, 60°C for 50 sec, 68°C for 5 min;
Step 2 repeated for 18 cycles; Step 3, 68°C for 7
min. After the PCR was complete, 1 pl of Dpnl
was added to the PCR product and incubated at
37°C for 1 h. After digestion with Dpnl, the
transformation was set up using XL10-Gold
Ultracompetent cells. To increase the transfection
efficiency, 2 pl of B-mercaptoethanol was added to
40 pl of XL10-Gold Ultracompetent cells and
incubated on ice for 10 min. Subsequently, 2 ul of
Dpnl digested mix was added to the competent
cells and incubated on ice for 30 min. The tubes
were heat pulsed at 42°C for 30 sec 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

020T ‘02 Amr uo 1sang £q /310°0q[ mmm//:dny woiy papeoumo


http://www.genomics.agilent.com/primerDesignProgram.jsp
http://www.genomics.agilent.com/primerDesignProgram.jsp
http://www.genomics.agilent.com/primerDesignProgram.jsp
http://www.genomics.agilent.com/primerDesignProgram.jsp
http://www.jbc.org/

ampicillin agar plates followed by incubation 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,
RECQI1-KO cells, and stable lines expressing
either an empty vector or wildtype RECQI or
RECQI variants were plated in triplicates in 96-
well plates (3,000 cells/well). Twenty-four hours
after plating, the cells were treated with increasing
concentrations of camptothecin (Calbiochem, 0-
400 nM 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 uM or 3 uM
for 2 h), followed by the addition of increasing
concentrations of ChK1 inhibitor for subsequent
24 h. After the indicated treatment, the cell
viability was assayed by adding 10 pl 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. Percent
cell viability was calculated by normalizing the
absorbance values to untreated condition in each
cell type.

Clonogenic assays. RECQI1-WT and RECQ1-KO
cells were plated in a 12-well plate at 70%
confluency. Twenty-four hours 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 triplicates 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 RT, washed in 1X PBS, and stained in 0.5%
methylene blue for 60 min, followed by de-
staining using distilled water. The plates were
allowed to dry, and the number of colonies were
counted. For the ChK1 inhibitor and gemcitabine
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combined treatments, the RECQI1-WT and
RECQ1-KO cells were treated with gemcitabine (2
uM for 2h) 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 previously
described. Percent cell survival was calculated by
counting the number of colonies and normalizing
to untreated in each cell type.

Western blot analysis. Cells were plated in a 6-
well plate at 70% confluency. Twenty-four hours
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 RIPA buffer. The protein
concentration was estimated using a Bio-Rad DC
protein assay reagent: 50 pg of protein was loaded
on 4-20% SDS-PAGE and subjected to Western
blot detection using specific antibodies against
pRPA32 (S4/S8) (1:1000, Bethyl Laboratories),
RPA32 (1:1000, Bethyl Laboratories)), RECQI1
(1:1000, Santa Cruz Biotechnology), cleaved
PARP (1:1000, BD Pharmingen), pNBS1 (S95)
(1:1000, Novus Biologicals), pATR (S428)
(1:1000), pChK1 (S317) (1:1000), ChK1 (1:1000),
ATR (1:1000), YH2AX (1:1000), pATM (S1981)
(1:1000), pChK2 (T68, 1:1000), and GAPDH
(1:1000) (all from Cell Signaling Technologies).
The band intensities were quantified using Image J
software.

Chromatin fractionation. To isolate the
chromatin fractions, RECQ1-WT and RECQI1-KO
cells were plated in a 6-well plate at 70%
confluency, treated with gemcitabine (2 uM for 2
h), followed by recovery in drug-free medium at
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 re-suspended 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 mM dithiothreitol and protease
inhibitors) and then incubated 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
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twice in 1X PBS, re-suspended in 2X Laemmli
sample loading buffer with B-mercaptoethanol and
then sonicated, centrifuged at 15,000 rpm for 15
min at RT, and the supernatant was collected as
the chromatin enriched fraction.

siRNA depletion and immunostaining. RECQ1-
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.
Forty-eight hours after transfection, the cells were
treated with gemcitabine (2 uM for 2 h) followed
by addition of 10 pM BrdU for 90 min prior to
harvesting. Following treatment, the cells were
fixed in 3.75% paraformaldehyde for 15 min at
RT. The cells were permeabilized with 0.5%
Triton X-100 in 1X PBS for 5 min at RT, followed
by blocking in 1% BSA for 1 h at RT. 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
incubated with the secondary antibodies Alexa 594
anti-mouse (1:300, Invitrogen) and Alexa 488
anti-rabbit (1:300, Invitrogen) for 45 min at RT.
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 condition, 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. Twenty-four hours after
plating at 70% confluency, the cells were treated
with gemcitabine (2 M for 2 h) and allowed to
recover in drug-free medium for the indicated time
periods. Following treatment, the cells were
harvested by trypsinization, and comet assay was
performed  following  the  manufacturer’s
(Trevigen) instructions. The cell pellets were re-
suspended carefully in 500 pl 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. Subsequently, the slides were
submerged in Neutral electrophoresis buffer for 30
min at 4°C, and the samples were electrophoresed
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in the same buffer for 45 min at 21V. 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 RT and allowed to air-dry. Comets were
stained with SYBRGold for 30 min, and the slides
were rinsed twice with water and left to air-dry at
RT. 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
gemcitabine 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
minutes before harvesting. EAU 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 staining
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 II machine and
analyzed using FlowJo software.

DAPI staining. RECQ1-WT and RECQI1-KO
cells grown on coverslips were treated with ChK1
inhibitor (100 nM for 24 h). Following the
treatment, the cells were fixed in 3.75%
paraformaldehyde for 15 min at RT, permeabilized
with 0.5% Triton-X 100 in 1X PBS for 5 min at
RT, followed by blocking in 1% BSA for 1 h at
RT. The coverslips were then mounted using
DAPI prolong gold anti-fade reagent, and the
images were captured using a Nikon Eclipse Ti
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
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conducted using the SPSS Biostatistics software  groups was assessed by a one-way ANOVA
(SPSS Inc; Chicago, IL). The results are presented  followed by Bonferroni post-hoc analysis, and p
as the means + SD of three independent <0.05 was considered statistically significant.
experiments. Statistical significance between
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Table 1: Primers used to generate site-directed mutants by site-directed mutagenesis

Desired Mutation

Sequence 5’ - 3’

Melting
Temperature (Tn)

A195S

RECQ1 583 FW ACTCCAGAGAAAATTTCAAAAAGCAAAATGT | 62.7
RECQ1 583 RV ACATTTTGCTTTTTGAAATTTTCTCTGGAGT 62.7
R215Q

RECQ1 644 FW CAAGGAGATTTACTCAAATTGCTGTGGATGA | 65.1
RECQ1 644 RV TCATCCACAGCAATTTGAGTAAATCTCCTTG 65.1
R455C

RECQ1 1363 FW ATAAGCAAATGTCGTTGTGTGTTGATGGCTC 67.4
RECQ1 1363 RV GAGCCATCAACACACAACGACATTTGCTTAT 67.4
M458K

RECQ1_1373 FW GTCGTCGTGTGTTGAAGGCTCAACATTTTGA 69.1
RECQ1 1373 RV TCAAAATGTTGAGCCTTCAACACACGACGAC | 69.1
T5621

RECQ1 1685 FW AAGACTACAGTTTTATAGCTTATGCTACCAT 60.8
RECQ1 1685 RV ATGGTAGCATAAGCTATAAAACTGTAGTCTT 60.8
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Figure 1: Functional or genetic loss of RECQ1 sensitizes MDA-MB-231 cells to camptothecin. (A)
Immunoblot detection of RECQI 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 wildtype
and missense mutants in RECQ1-KO cell line was validated by Western blot analysis using specific
antibodies against Flag tag and RECQIl. GAPDH is used as a loading control. Schematic diagram
represents the location of missense mutations in helicase and RQC domains of RECQ]1. (C) and (D) Drug
sensitivity to camptothecin in RECQ1-WT, RECQ1-KO, and complemented cell lines. Cell viability data
are presented as means (£ SD) from three independent experiments. 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 *. (E) Co-immunoprecipitation (Co-IP) analysis of RECQ1
interaction with PARP1 using whole cell extracts from RECQI1-WT, RECQI1-KO, KOWT, KOR43¢,
KOM#8K and KO cells. IP with antibodies specific for RECQ1 and IgG are indicated. Eluted proteins
in immunoprecipitate were analyzed by Western blotting using antibodies against RECQI, PARPI and
RPA32. Input represents 10% of cell lysates used for Co-IP assays. GAPDH is used as a loading control.
(F) RECQI1-IP from RECQI1-WT and KO™! cells following CPT (100 nM for 2 h) treatment and +
PARP inhibitor (10 pM olaparib for 2 h). (G) Western blot analysis of CPT (100 nM for 2 h) induced
YH2AX =+ PARP inhibitor (olaparib, 10 uM for 2 h) in RECQ1-WT, RECQI1-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.

Figure 2: Catalytic functions of RECQ1 are important in resolving DNA damage induced by
nucleoside analog, gemcitabine in MDA-MB-231 cells. (A) Representative images of colony formation
assay of RECQ1-WT and RECQ1-KO cells treated with gemcitabine. (B) Quantification of clonogenic
survival assay after gemcitabine treatment in RECQ1-WT and RECQ1-KO cells. The graph represents the
means (+ SD) from three independent experiments and the statistical significance (p <0.05) between the
two cell types is indicated by *. (C) and (D) Drug sensitivity to gemcitabine in RECQ1-WT, RECQ1-KO
and complemented lines. Cell viability data are presented as means (£ SD) from three independent
experiments. The statistical significance of cell viability changes among RECQ1-WT versus other groups
is indicated as * (p <0.05). Differences are not statistically significant unless denoted by *. (E) Western
blot analysis of YH2AX in the indicated cells treated with gemcitabine (0.1 uM for 24 h). GAPDH is used
as a loading control. The load order for untreated and gemcitabine treated samples from KO™% cells is
reversed. Fold change in gemcitabine-induced YH2AX compared to the respective untreated condition
was determined by quantification of signal intensities using image J. (F) Representative immunostaining
images of YH2AX in RECQ1-WT and 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 Figure 2F.
Molecular mass (in kDa) is shown to the left of the western blots.

Figure 3: RECQL1 directs the replication stress response induced by gemcitabine in MDA-MB-231
cells via the ATR-ChK1 pathway. (A) Western blot analysis of pRPA32(S4/S8), RPA32, pATR(S428),
ATR, pChK1(S317), ChK1, yH2AX, RECQI and cleaved PARP in RECQ1-WT and RECQI1-KO cells
treated with gemcitabine (2 uM for 2 h) followed by recovery in drug-free medium as indicated. GAPDH
is used as a loading control. (B) and (C) Quantitation of Western blot signal intensities of pPRPA32(S4/S8)
and pChK1(S317) as represented in Fig 3A and presented as means (£ SD) from three independent
experiments. UT, untreated. (D) Western blot analysis of pChK1(S317), ChK1, yYH2AX and RECQ1 in
KOPeBe KOWYT, KO™4! and KOX!!®R cells treated with gemcitabine (2 uM for 2 h) followed by recovery
in drug-free medium as indicated. GAPDH is used as a loading control. (E) and (F) Quantitation of
Western blot signal intensities of pChK1(S317)/Total ChK1 and yH2AX as represented in Fig. 3D and
presented as means (= SD) from three independent experiments. (G) Western blot analysis of RPA32 and
RECQI1 in chromatin enriched fractions of RECQ1-WT and RECQ1-KO cells treated with gemcitabine (2
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uM for 2 h) followed by recovery in drug-free medium as indicated. Histone 3 is used as loading control.
Molecular mass (in kDa) is shown to the left of the western blots.

Figure 4: Loss of RECQ1 and depletion of MUS81 accumulates gemcitabine-induced DNA damage
in MDA-MB-231 cells. (A) RECQ1-WT and RECQ1-KO cells were treated with gemcitabine (2 pM for
2 h) followed by recovery in drug-free medium as indicated. Double-strand breaks, and repair were
analyzed using a neutral Comet assay. The scale bar is 200 um and represents all images in Figure 4A.
(B) DNA damage in RECQ1-WT and RECQ1-KO cells was quantified as % tail DNA using the Open
Comet plugin in Image J. 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 knockdown in control (siCTL)
or MUSS81 (siMUS81) siRNA transfected RECQ1-WT and RECQ1-KO cells was verified by Western
blot analysis. GAPDH is used as a loading control. (D) Representative images of YH2AX and BrdU
staining in siCTL or siMUSS81 transfected RECQI1-WT and RECQI-KO cells upon + gemcitabine
treatment (2 uM for 2 h). DAPI is used as a nuclear stain. Shown are Pearson’s correlation coefficients
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
Figure 4D. Molecular mass (in kDa) is shown to the left of the western blots.

Figure 5: Loss of RECQ1 combined with ChK1 inhibitor markedly potentiates cytotoxicity of
gemcitabine in MDA-MB-231cells. (A) Sensitivity of RECQI1-WT and RECQI1-KO cells treated with
increasing concentrations of ChK1 inhibitor (ChK1i) alone or a combination of gemcitabine (2 uM or 3
uM for 2 h) and ChK1i was measured by CCK-8 reagent. Data represents means (£ SD) 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 * (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 * (p < 0.05). (D) Flow cytometry analysis of the cell cycle profiles of RECQ1-WT and
RECQ1-KO cells treated with ChK1i alone, gemcitabine £ ChKl1i, or gemcitabine alone followed by
recovery as indicated. Cells were pulse-labeled with EAU for 90 min before harvesting and 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 cells in 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 blot analysis of cleaved PARP in RECQ1-WT and RECQ1-KO cells treated as in
panel D to indicate apoptosis. (F) Representative images of DAPI stained nuclei of RECQI1-WT and
RECQ1-KO cells treated with ChK1i (100 nM for 24 h). The scale bar is 200 um and represents all
images in Figure 5F. (G) Western blot analysis of phosphorylated ChK1 (pS296 and pS317) in RECQI-
WT cells treated with gemcitabine (2 pM for 2 h) + ChKl1i (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.

Figure 6: Model/summary of RECQ1 as a mediator of replication stress response induced by
gemcitabine in MDA-MB-231 cells: RECQI 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 RECQI1, RPA recruitment to damage sites is decreased leading to defective checkpoint
activation accompanied by DNA damage accumulation that eventually leads to cell death by apoptosis.
RECQI1-loss in combination with gemcitabine and ChKI1 inhibitor facilitates cell death by mitotic
catastrophe.
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Figure S1: (A) Sequence information from individual clones at CRISPR-Cas9 target loci obtained by Sanger
sequencing. The PAM sequence is shown in pink, target site is shown in blue and the change in sequences at
target site in RECQ1-KO clones is indicated in green. (B) Western blot analysis of pRPA32(S4/S8),
pChK1(S317), yH2AX and RECQ1 in RECQ1-WT3/RECQ1-KO4 cells treated with gemcitabine (2 uM for 2 h)
followed by recovery in drug-free medium for the indicated time points. GAPDH is used as a loading control.
(C) and (D) Quantitative representation of western blot signal intensities for pChK1(S317) and yH2AX proteins
(in panel B) using Image J. (E) Western blot analysis of pATM(S1981), pNBS1(S95) and pChK2(T68) in
RECQ1-WT/RECQ1-KO cells treated with gemcitabine (2 yM for 2 h) followed by recovery in drug-free
medium at the indicated time points. Same cell lysates were used in Figure 3A. RECQ1 panel from Figure 3A
is shown here to indicate RECQ1 protein status in RECQ1-WT and RECQ1-KO cell lysates. GAPDH is used
as a loading control. Molecular mass (in kDa) is shown to the left of the Western blots.
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Figure S2: Decreased RPA recruitment on chromatin in RECQ1-KO cells is rescued by
complementation of wildtype RECQ1 (KOWT) upon gemcitabine treatment. Western blot
analysis of RPA32 and RECQ1 in chromatin enriched fractions of KOPCB® and KOWT cells
treated with gemcitabine (2 uM for 2 h) followed by recovery in drug-free medium as indicated.
Histone 3 is used as loading control. Molecular mass (in kDa) is shown to the left of the
western blots.
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Figure S3: Sensitivity to ChK1i alone or a combination of Gemcitabine + ChK1i in RECQ1-KO
cells complemented with vectors encoding RECQ1 wildtype or missense mutants. For ChK1i

treatment the cells were treated with ChK1i (400 nM for 24 h), for combination treatments, the cells

were treated with gemcitabine (2 uM for 2 h) followed by subsequent treatment with ChK1i (400 nM
for 24 h). Cell viability was measured by CCK-8 reagent and percent cell viability was calculated by
normalizing to untreated.
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