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Glioblastoma (GBM) is the most common aggressive primary malignant brain tumor,
and patients with GBM have a median survival of 20 months. Clinical therapy resistance
is a challenging barrier to overcome. Tumor genome stability maintenance during DNA
replication, especially the ability to respond to replication stress, is highly correlated with
drug resistance. Recently, we identified a protective role for RECQ1 under replication
stress conditions. RECQ1 acts at replication forks, binds PCNA, inhibits single-strand
DNA formation and nascent strand degradation in GBM cells. It is associated with
the function of the PARP1 protein, promoting PARP1 recruitment to replication sites.
RECQ1 is essential for DNA replication fork protection and tumor cell proliferation under
replication stress conditions, and as a target of RECQ1, PARP1 effectively protects
and restarts stalled replication forks, providing new insights into genomic stability
maintenance and replication stress resistance. These findings indicate that tumor
genome stability targeting RECQ1-PARP1 signaling may be a promising therapeutic
intervention to overcome therapy resistance in GBM.
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INTRODUCTION

Glioblastoma (GBM) is the most common, aggressive adult primary brain tumor and is associated
with profound genomic heterogeneity and limited cure development to date (Stupp et al., 2017).
The capacity for DNA replication damage repair and genome stability maintenance during tumor
proliferation is thought to contribute to therapy resistance. The DNA replication machinery must
duplicate genomic information, overcome numerous obstacles established by endogenous and
exogenous replication stress that impair replication fork progression and DNA synthesis during
DNA replication (Zeman and Cimprich, 2014). Under replication stress, protection of DNA
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replication is critical for the maintenance of genomic integrity,
driving functional “protection” for the survival of rapidly
dividing tumor cells, which also leads to resistance to cancer
drug therapy. In addition, cells suffer uncontrolled degradation
and replication fork collapse, promoting DNA damage and
genomic instability.

Human RecQ helicases (WRN, BLM, RECQ4, RECQ5,
and RECQ1) play critical roles in protecting and stabilizing
the genome (Hickson, 2003; Opresko et al., 2004). Depending
on their ability to unwind various DNA structures, multiple
cellular functions have been associated with RecQ proteins,
including those with roles in stabilizing damaged DNA
replication forks, telomere maintenance, and homologous
recombination (Sharma et al., 2006; Bohr, 2008; Ouyang
et al., 2008). Of the five human RecQ families, three are
genetically linked to cancer syndromes and premature
diseases, such as Bloom’s syndrome (BLM gene mutations),
Werner’s syndrome (WRN gene mutations), Rothmund-
Thomson syndrome (RTS), RAPADILINO, and Baller-Gerold
syndrome (caused by mutation of RECQ4) (Ellis et al., 1995;
Yu et al., 1996; Kitao et al., 1999; Siitonen et al., 2003). As the
most abundant of the five human RecQ proteins, although
the clinical importance of RECQ1 has only been partially
revealed, the currently mysterious, unknown, unique, and
important roles of RECQ1 in cellular DNA metabolism need
to be discovered.

RECQ1 is overexpressed in rapidly dividing cells and
multiple cancer cells, including human GBM, ovarian cancer,
and hypopharyngeal cancer (Mendoza-Maldonado et al., 2011;
Viziteu et al., 2017; Debnath and Sharma, 2020). However,
the function and mechanism of RECQ1 activity in cancer
proliferation remain unknown. We hypothesized that RECQ1
plays a particularly important role in facilitating DNA replication
stress in cancer cells that undergo rapid proliferation. RECQ1
has recently been reported to confer specific oncogene effects,
including cell cycle progression in the S-phase, to tumors,
and systemic depletion of RECQ1 has been shown to prevent
tumor growth in murine models (Futami et al., 2008; Arai
et al., 2011; Mendoza-Maldonado et al., 2011), but a direct role
for RECQ1 in DNA replication and cellular processes has not
been identified.

In this study, we demonstrate that RECQ1 plays an essential
role in DNA replication fork protection and thus maintains
genome stability in response to replication stress. RECQ1 is
located at replication sites and associates with proliferating cell
nuclear antigen (PCNA) and physically interacts with poly[ADP-
ribose] polymerase 1 (PARP1), which binds to unresected stalled
DNA replication forks and recruit XRCC1 to mediate repair
and promote replication restart, thereby protecting replication
fork stability (Ying et al., 2016; Thakar et al., 2020). We
show that RECQ1 depletion results in increased nascent strand
degradation and fork stalling, DNA double-strand breaks (DSBs)
and a decreased cell proliferation rate under replication stress,
supporting the notion that RECQ1 plays a specific role in
the maintenance of genomic stability. In addition, RECQ1-
depleted cells are hypersensitive to methyl methanesulfonate
(MMS) and temozolomide (TMZ) treatment. Glioblastoma

is the most common and aggressive malignant histotype of
brain tumor, and patients with glioblastoma have a poor
prognosis (Lefranc et al., 2005; Stupp et al., 2009). Although
considerable advancements in glioblastoma treatment have
been investigated in recent years, new therapeutic strategies
are still urgently needed. Considering these data, we propose
that RECQ1 regulates PARP1 protein function and protects
DNA replication fork stability to maintain genomic stability
under replication stress conditions and contributes to the
drug resistance of GBM cells. This study provides a novel
approach to GBM suppression whereby mediating the DNA
repair RECQ1-PARP1 signaling pathway function inhibits
DNA replication.

MATERIALS AND METHODS

Cell Culture
M059K, U251, U87MG, and RPE1 cells were purchased from
American Type Culture Collection (ATCC). Cells free of
mycoplasma contamination were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) or a 1:1 mixture of DMEM
and Ham’s F12 medium supplemented with 2.5 mM L-glutamine,
15 mM HEPES, 0.5 mM sodium pyruvate, 1.2 g/L sodium
bicarbonate, 0.05 mM non-essential amino acids and 10% fetal
bovine serum. Cells were cultured at 37◦C in a humidified
atmosphere containing 5% CO2.

siRNA and Transfection
Cells were seeded in six-well plates and transfected with indicated
siRNA. The siRNA-targeting sequences used were: siRECQ1:
(Dharmacon SMARTpool, GAGCUUAUGUUACCAGUUA,
CUACGGCUUUGGAGAUAUA, GAUUAUAAGGCACUUGG
UA, GGGCAAGCAAUGAAU AUGA). siPARP1: UUCUCCGA
ACGUGUCACGUTT, GAGGAAGGUAUCAACAAAUTT, GA
GCACUUCAUGAAAUUAUTT, GAGACCCAAUAGGUUAAU
TT. Negative Control siRNA and siPARP1 (GAGGAAGGUA
UCAACAAA UTT) (Qiagen). PARP1 expression ORF was
purchased from OriGene Technologies, transfection by using
Lipofectamine transfection reagent (L3000015, Thermo Fisher
Scientific) according to the manufacturer’s instructions. Cells
were harvested on day 4 after transfection for further analyses.

Antibodies and Reagents
The antibodies anti-RECQ1 (ab151501, 1:200 dilution), anti-
53BP1 (ab175933, 1:200 dilution), anti-RPA (ab2175, 1: 1000
dilution), anti-PARP1 (ab191217, 1:1000 dilution) and anti-
BrdU (ab6326, 1:200), anti-RPA2-pS4/S8 (ab87277, 1:200
dilution) were purchased from Abcam. Antibodies anti-γH2AX
(2577, 1:800 dilution), α-Tubulin (2144, 1:1000 dilution)
and PCNA antibody (2586, 1:200 dilution) were purchased
from Cell Signaling. Mouse anti-BrdU (347580, 1:40) was
purchased from BD Biosciences. AF647 (A-21247, 1:1000) and
AF488 (A-11001, 1:1000) were purchased from Thermo Fisher
Scientific. BMN673 (S7048, Talazoparib) was purchased from
Selleck Chemicals.
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Immunofluorescence Staining
M059K cells were cultured in 35 mm plates and transfected
with siRECQ1, siPARP1 or PARP1 OE, followed indicated
treatment. Then cells were washed with PBS and fixed with
4% formaldehyde. Cells were permeabilized with Triton X-100
(0.05%) for 10 min, blocked with 3% BSA in PBS and then
incubated overnight at 4◦C with primary antibodies. Next, cells
were washed and incubated with AF488 or AF647-conjugated
secondary antibody. Finally, cells were washed with PBST for
three times and stained with DAPI for 10 min at RT. Images
of the mounted slides were acquired with a Zeiss Axiovert
200 M microscope.

DNA Fiber Spreading Analysis
DNA fiber spreading assays were performed as followed. Briefly,
cells were transfected with siRECQ1, siPARP1 or PARP1 OE,
followed by incubation with 10 µM CldU for 30 min and then
with 100 µM IdU for another 30 min. For treatment, cells
were exposed to 2 mM HU or 50 µM MMS before or after
IdU incubation. Cells were then suspended in PBS, and ∼200
cells placed on a glass microscope slide (Newcomer Glass) and
10 µl of lysis buffer (0.5% SDS in 200 mM Tris–HCl pH 7.5,
50 mM EDTA) added. DNA fibers were spread and fixed in
methanol: acetic acid (3:1), denatured with 2.5 M HCl for 1 h,
neutralized in 0.4 M Tris–HCl pH 7.5 for 5 min, washed in PBS,
and immunostained using anti-BrdU primary and corresponding
secondary antibodies. The slides were mounted in ProLong Gold
Anti-fade Mounting medium. Images were acquired using a Zeiss
Axiovert 200 M microscope at ×63 magnification with the Axio
Vision software packages (Zeiss).

In situ Proximity Ligation Assay (PLA)
Cells were grown on 35 mm MatTek glass bottomed plates
followed by transfection with siRECQ1 in the presence or absence
of MMS, then cells were incubated with 0.1% formaldehyde
for 5 min and treated twice total 10 min with CSK-R buffer
(10 mM PIPES, pH 7.0, 100 mM NaCl, 300 mM sucrose,
3 mM MgCl2, 0.5% Triton X-100, 300 µg/ml RNAse), and
fixed in 4% formaldehyde in PBS (W/V) for 10 min at RT,
followed by incubation in pre-cold methanol for 20 min at
−20◦C. After washing with PBS for three times, cells were
treated with 100 µg/ml RNAse in 5 mM EDTA buffer for
30 min at 37◦C. In situ PLA was performed using the Duolink
PLA kit (Sigma-Aldrich) according to the manufacturer’s
instructions. Briefly, the cells were blocked for 30 min at 37◦C
and incubated with primary antibodies for 30 min at 37◦C.
Following three times washing with PBST (phosphate buffered
saline, 0.1% Tween), anti-mouse PLUS and anti-rabbit MINUS
PLA probes were coupled to the primary antibodies for 1 h
at 37◦C. After three times washing with buffer A (0.01 M
Tris, 0.15 M NaCl, and 0.05% Tween-20) for 5 min, PLA
probes were ligated for 30 min at 37◦C. After three times
washing with buffer A, amplification using Duolink In Situ
Detection Reagents (Sigma) was performed at 37◦C for 100 min.
After amplification, the plates were washed for 5 min three
times with wash buffer B (0.2 M Tris 0.1 M NaCl). Finally,

they were coated with mounting medium containing DAPI
(Prolong Gold, Invitrogen) and imaged using a Zeiss Axiovert
200 M microscope.

Cell Survival Assay and Cell Viability
Assay
Cell survival fraction was assessed by evaluating the
colony-forming ability. In brief, M059K and U251 cells
were seeded in six-well plates (500 cells per well) after
transfection with siRECQ1, siNC, in the presence of
different concentration of TMZ and were subsequently
incubated for 10 days to allow colonies to develop. Cells
were finally fixed with cold methanol, and the colonies were
stained with crystal violet (in a 100% methanol solution) for
manual counting.

The viability of M059K and U251 cells was assessed with a Cell
Counting Kit-8 (CCK8) kit (DOJINDO Laboratories) according
to the manufacturer’s instructions. Cells were seeded in 96-well
plates and cultured in a 37◦C incubator for up to 4 days after
treatment, and the OD at 450 nm was measured. All cell-based
assays were performed in at least triplicate.

Nuclear Morphology Assay
The chromosome breakage assay was performed as described
previously (van der Crabben et al., 2016). In brief, M059K
cells were treated with siRECQ1. After 4 days of culture, cells
were incubated with hypotonic solution (0.56% KCl) at room
temperature for 30 min and then in a 37◦C water bath for
5 min. Fixation with pre-cooled fixation buffer (methanol: acetic
acid = 3:1) was repeated three times, and a dropper was used to
place cells onto a clean slide. Spread cells were incubated at 55◦C
overnight and stained with Giemsa solution (GS-500, Sigma) for
image acquisition of aberrant chromosomes with a Zeiss Axiovert
200 M microscope.

Western Blot Analysis
Cells transfected with siRECQ1, siPARP1, or PARP1 OE were
harvested and lysed in lysis buffer (50 mM Tris–HCl (pH 7.4),
0.15 M NaCl, and 1% Triton X-100 in PBS, supplemented
with protease and phosphatase inhibitors) on ice for 30 min.
Proteins were separated by SDS-PAGE on an 8–16% gel
(Invitrogen) and transferred to a PVDF membrane. The
membranes were blocked in 5% dry milk in 0.1% Tween-
20 in PBS and detected with indicated antibodies. After
incubation with horseradish peroxidase (HRP)-conjugated
secondary antibodies (Bio-Rad), then immunoreactions
were visualized using ECL western blot detection reagents
(Pierce Biotechnology) and Image Lab 5.1 gel densitometry
analysis system. ImageJ software (version 1.8.0.) was used to
analyze protein bands.

Statistical Analysis
Statistical significance of PLA experiments was analyzed using the
Mann–Whitney rank-sum test and expressed as mean ± SEM
values. Fiber patterns and immunoblotting were analyzed using
a two-sided unpaired t-test, and the exact P-values are given
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FIGURE 1 | RECQ1 is critical for replication fork restoration in response to replication stress. (A) Whole-cell lysates from different cell lines were analyzed by western
blotting using indicated antibodies against RECQ1 and α-Tubulin, indicating RECQ1 is overexpressed in GBM cell lines. (B) Detection of RECQ1-PCNA interaction
was carried out by PLA labeling in M059K cells treated with or without 50 µM MMS. Representative images are shown. Scale bars, 5 µm. The scatterplot displays
quantification of the PLA signals per nucleus from three independent experiments. Data are mean ± SEM. (C) M059K cells were transfected with siNC or siRECQ1
for 48 h and then treated with the MMS or not. Immunofluorescence labeling was performed to detect level of pRPA2 for ssDNA accumulation analysis. Quantitation
of pRPA2 was presented from three independent replicates. Data are mean ± SD. (D,E) Whole-cell lysates from different cell lines with MMS treatment or not were
analyzed by western blotting using the indicated antibodies. (F,G) Schematic of the CldU/IdU pulse-labeling analysis used to investigate nascent Strand degradation
upon MMS or HU treatment in M059K and U251 cells transfected with siRECQ1 targeting RECQ1 for 48 h. Representative images of CldU and IdU replication
tracks (top) and scatterplot of IdU/CldU-tract length ratios (bottom) for replication forks are shown. Fiber evaluated from at least 100 events from three independent
experiments. Data are mean ± SEM. A two-sided Mann–Whitney rank-sum test was used to determine if differences were significant (B,F,G). A two-sided unpaired
t-test was used to calculate P-values (C). Significant: p < 0.05; NS, not significant: P > 0.05.

in each case. These data are expressed as the mean and
standard deviation (mean ± SD) values. Statistical analysis was
performed using Student’s independent t-test, and two-sided
p-values. All experiments data were calculated via GraphPad

Prism 8.4.2 software to assess the significance of differences
between experimental groups. For all tests: significant: P < 0.05,
NS (not significant): P > 0.05. All experiments were performed at
least three times.
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FIGURE 2 | RECQ1 depletion impaired GBM cells cellular progression. (A) Colony formation assay of M059K cells treated with different concentration of MMS after
transfection with siNC or siRECQ1. Representative images are shown. (B) Quantification are represented as means ± SD from at least three independent
experiments. (C) The viability of siRECQ1 transfected M059K cells was measured with a CCK8 kit. Data are represented as means ± SD from at least three
independent experiments. (D) Cell proliferation was measured by an EdU labeling of immunofluorescence. (E) Quantification are represented as means ± SD from at
least three independent experiments. A two-sided unpaired t-test was used to calculate P-values. Significant: p < 0.05; NS, not significant: P > 0.05.

RESULTS

RECQ1 Depletion Causes Nascent
Strand Degradation Under Replication
Stress
Given the characteristic RECQ1 overexpression in glioblastoma
patient tumor tissue, RECQ1 has been suggested to play a
probable role in GBM tumorigenesis and progression. To
determine whether the glioblastoma cell lines used in this study
express high levels of RECQ1, the RECQ1 protein levels in the

M059K, and U251MG glioblastoma cell lines were compared to
those in the RPE1 non-cancerous retina pigmented epithelium
cell line by western blot assay (Figure 1A). A quantitative analysis
confirmed that M059K, U251 and U87MG glioblastoma cells
express a higher level of RECQ1 than RPE1 cells, which is in line
with previous studies.

To investigate the function of RECQ1 in GBM cell
proliferation, we first carried out proximity ligation assays
(in situ PLA) using antibodies against RECQ1 and PCNA,
which bind and indicate DNA replication intermediates during
DNA replication. We detected PLA signals in untreated M059K
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FIGURE 3 | RECQ1 deficiency leads to GBM cells DSB repair defects. (A,B) Treatment of M059K cells with siRECQ1 exposed to MMS resulted in DSBs
accumulation, as indicated by nuclear γ-H2AX and 53BP1 staining. Quantification are represented as means ± SD from at least three independent experiments.
A two-sided unpaired t-test was used to calculate P-values. Significant: p < 0.05; NS, not significant: P > 0.05.

cells but significantly increased PLA signals in cells treated
with methyl methanesulfonate (MMS), an alkylating agent
that transiently arrests fork progression by causing replication
fork stalling. The increased nuclear PLA signals suggested
an enhanced interaction of RECQ1 and replication sites in
response to replication stress (Figure 1B). RPA-coated ssDNA
is a universal feature of stalled replication forks that presents
a recruiting platform for downstream repair factors and
checkpoint kinases, such as ATR and CHK1 (Marechal and
Zou, 2013). Therefore, phosphorylation of RPA2 at serine 4
and serine 8 (S4/S8) is a commonly used marker of DNA
replication stress (Lossaint et al., 2013; Fugger et al., 2015).
We compared the impact of RECQ1 deficiency on RPA2
phosphorylation levels upon MMS treatment. As shown in
Figure 1C, RECQ1 depletion resulted in a dramatic increase
in RPA2 phosphorylation in cells exposed to MMS, indicating
that RECQ1 inhibited ssDNA accumulation and RPA binding
to chromatin in response to replication stress. The increased
expression of RPA2 phosphorylation was confirmed by western
blot analysis with RECQ1-depleted M059K cells, showing that

RECQ1 stabilizes stalled replication forks by limiting ssDNA
formation (Figure 1D).

Prolonged fork stalling upon MMS treatment has been
previously shown to result in fork collapse by uncontrolled
nucleolytic degradation and ultimately results in replication-
coupled DSB formation (Toledo et al., 2013). In the present
study, western blot analysis showed decreased expression of
RECQ1 in cells with RECQ1 siRNA transfection (Figure 1E). To
gain further insights into the mechanism of RECQ1 depletion-
induced ssDNA accumulation during DNA synthesis under
replication stress conditions, we performed a DNA spreading
assay. Nascent replication strands were sequentially labeled with
chlorodeoxyuridine (CldU) and iododeoxyuridine (IdU) for
30 min, and then, they were subjected to 50 µM MMS treatment.
RECQ1 deficiency resulted in a dramatic shortening of nascent
replication strands in two distinct GBM cell lines, M059K, U251,
and U87MG cells (Figure 1F), indicating that the forks damaged
upon MMS exposure underwent excessive nuclease degradation
upon RECQ1 depletion. A similar phenotype was observed in
GBM cells treated with hydroxyurea (HU), a drug that causes
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FIGURE 4 | RECQ1 function on GBM cells growth by mediating PARP1 pathway. (A) Detection of PARP1-PCNA interaction was carried out by PLA labeling in
M059K cells treated with or without 50 µM MMS after transfection with siNC or siRECQ1. Representative images are shown. Scale bars, 5 µm. (B) The scatterplot
displays quantification of the PLA signals per nucleus from three independent experiments. Data are mean ± SEM. (C) Quantification of colony formation assay of
cells transfected with siNC, siRECQ1 or siPARP1 exposed to different concentration of MMS. (D) The viability of siRECQ1 transfected M059K cells was measured
with a CCK8 kit. (E) Schematic of the CldU/IdU pulse-labeling analysis used to investigate replication fork degradation upon HU treatment in M059K cells
transfected with siRECQ1 or siPARP1 for 48 h. Representative images of CldU and IdU replication tracks (top) and scatterplot of IdU/CldU-tract length ratios
(bottom) for replication forks are shown. Fiber evaluated from at least 100 events from three independent experiments. Data are mean ± SEM. (F–H) Schematic of
an alternative CldU/IdU pulse-labeling protocol to investigate fork degradation and fork stalling upon HU treatment in M059K cells of CldU tracking length and stalled
forks are assayed. Fiber evaluated from at least 120 events from three independent experiments. Data are mean ± SEM. A two-sided Mann–Whitney rank-sum test
was used to determine if differences were significant (B,E,F). A two-sided unpaired t-test was used to calculate P-values (C,D). Significant: p < 0.05; NS, not
significant: P > 0.05.

fork stalling by depleting the pool of nucleotides available
for DNA synthesis (Figure 1G). In light of these findings,
we proposed that the helicase RECQ1 can prevent ssDNA
formation and nascent strand degradation upon replication
stress in GBM cells.

RECQ1 Depletion Inhibit GBM Cells
Growth Upon Replication Stress
To investigate the role of RECQ1 in promoting glioblastoma
cell growth and proliferation, we assayed the colony formation
properties of M059K cells treated with different concentrations

of MMS. Compared with cells transfected with control siRNA
(causing an approximate 20% reduction in colony formation), the
cells transfected with RECQ1 siRNA exhibited an approximate
80% reduction in colony formation (Figures 2A,B). Similar
results were also found with a viability CCK-8 cell viability
assay (Figure 2C). The cell survival curves with increasing
MMS concentrations indicated that RECQ1-deficient cells were
hypersensitive to MMS treatment and further confirmed the
impairment of the repair function of RECQ1 in DNA replication
fork progression with accumulated DNA damage caused by
increased replication stress. To provide further evidence for
suppressed cell proliferation due to RECQ1 deficiency, we
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FIGURE 5 | PARP1 compensated RECQ1 dysfunction on GBM cells growth upon replication stress. (A) Whole-cell lysates from M059K cells transfected with siNC,
siRECQ1, or siRECQ1 and PARP1 OE (overexpression plasmid) were analyzed by western blotting using the indicated antibodies. (B) Immunofluorescence indicates
PARylation in cells transfected with siNC, siRECQ1, or siRECQ1 and PARP1 OE. (C) Representative images of colonies. (D) Quantification of colony formation assay
of cells transfected with siNC, siRECQ1 or siRECQ1 and PARP1 OE exposed to MMS. (E) The viability of transfected M059K cells was measured with a CCK8 kit.
(F,G) Cell proliferation was measured by an EdU labeling of immunofluorescence. Quantification of EdU positive cells were calculated. (H,I) γ-H2AX and 53BP1
staining indicated DSB accumulation. Quantification are represented as means ± SD from at least three independent experiments. A two-sided unpaired t-test was
used to calculate P-values. Significant: p < 0.05; NS, not significant: P > 0.05.
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FIGURE 6 | RECQ1 deficient glioblastoma cells are hypersensitive to TMZ treatment. (A) Cellular surviving fractions and (B) cell viability was measured at different
concentration of TMZ in M059K cells transfected with siNC, siRECQ1 or combined with PARP1 OE. Surviving fraction and viability values are indicated as
mean ± SD from three independent experiments. (C,D) TMZ sensitivity analysis carried out in additional U251 cells. (E) Representative clone images were shown.
A two-sided unpaired t-test was used to calculate P-values. Significant: p < 0.05; NS, not significant: P > 0.05.
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FIGURE 7 | RECQ1 deficient glioblastoma cells raised genomic instability. (A) Chromosomal abnormalities were showed by micronucleus formation in M059K cells
treated with siRECQ1. (B) Quantification are represented as means ± SD from at least three independent experiments. (C) Model of RECQ1-PARP1 function.
A two-sided unpaired t-test was used to calculate P-values. Significant: p < 0.05; NS, not significant: P > 0.05.

performed EdU staining of RECQ1-depleted M059K cells and
showed that the number of EdU positive cells reduced by
50% (Figures 2D,E) indicating a slowed cellular progression
upon RECQ1 depletion under replication stress conditions.
These data confirmed that the downregulation of RECQ1
significantly suppressed the proliferation capacity of GBM cells
by interfering with DNA synthesis and DNA replication fork
progression under DNA replication stress. Thus, underlining the
potential implications of these findings for GBM tumor growth,
depletion of RECQ1 resulted in a progressive proliferative
defect in GBM cells.

RECQ1 Deficiency in Glioblastoma Cells
Results in Accumulated DNA Damage
RecQ helicases have been previously reported to associate
with the stabilization and restarting of damaged DNA
replication forks in response to multiple replication stresses

(Brosh and Bohr, 2007). Long-term fork stalling and failure to
restart damaged forks can lead to DNA breaks (Andreassen
et al., 2006). Given the previous studies that RECQ1-deficient
cells showed a mildly increased level of DNA damage with
homologous recombination (HR) repair impairment under
the untreated condition (Mendoza-Maldonado et al., 2011),
we sought to evaluate whether RECQ1 depletion can trigger
DNA damage upon MMS treatment. We analyzed the extent
of spontaneous γ-H2AX and 53BP1 foci formation in M059K
cells transfected with RECQ1 siRNA or siNC in the presence
or absence of MMS; H2AX and 53BP1 are well-known
markers of DNA double-strand breaks in damaged cells.
Immunofluorescence analysis indicated that RECQ1 depletion
resulted in a dramatic increase in γ-H2AX and 53BP1 foci
formation in M059K cells exposed to MMS compared to
unchallenged cells, confirming that the depletion of RECQ1
was associated with defects in DSB repair (Figures 3A,B).
Approximately 80% of the RECQ1-deficient cells harbored more

Frontiers in Cell and Developmental Biology | www.frontiersin.org 10 July 2021 | Volume 9 | Article 714868

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-714868 July 23, 2021 Time: 12:55 # 11

Zhang et al. RECQ1-PARP1 Regulation in Glioblastoma Progression

than five γ-H2AX and 53BP1 foci per nucleus, compared to
approximately 20% in the RECQ1-proficient cells, implying
that the DNA repair capacity of RECQ1-deficiency cells was
diminished upon MMS treatment. There was a much lower
detectable percentage of cells with DSB damage among the
untreated cells, indicating that specific DNA damage repair is
mediated under different conditions. Increased DNA damage
is often associated with growth inhibition, which is specific to
cancer cells, as they rapidly proliferate and exhibit more DNA
damage (Gangopadhyay et al., 2014; Qu et al., 2014). Therefore,
the results of DNA damage accumulation demonstrated the
suppressed growth of GBM cells with RECQ1 deficiency in
response to MMS-induced replication stress.

RECQ1 Depletion Inhibit the Growth of
GBM Cells by Impairing PARP1 Function
Earlier studies demonstrated that RECQ1 is directly associated
with PAPR1 and contributes to fork restoration (Berti et al.,
2013). To investigate the mechanism of RECQ1 in protecting
replication forks upon DNA replication stress in GBM cells,
we evaluated the response of PARP1 to replication stress. In
stark contrast to the finding that RECQ1-deficient cells activated
PARP1 in a specific response to H2O2 treatment, PARP1 was
shown to be significantly recruited to the replication site,
as indicated by PLA assay performed to test the interaction
between PAPR1 and PCNA upon specific MMS treatment
(Figures 4A,B). These results suggested the possibility that
RECQ1 protects damaged forks by regulating PARP1 function
and performs different mechanisms in response to various
types of DNA damage. Survival and viability analyses validated
the finding showing that cells deficient in RECQ1 and
PARP1 were sensitive to replication stress induced by MMS
(Figures 4C,D).

M059K cells were next transfected with PARP1 siRNA
and scramble siNC prior to a DNA replication progression
assay. PARP1-deficient cells contained shortened IdU strands,
representing unprotected damaged replication forks similar to
those captured in cells lacking RECQ1 in the presence of
HU (Figure 4E). To evaluate the importance of PARP1 in
the protection of stalled DNA replication forks, cells were
exposed to long-term HU exposure before IdU labeling was
performed a second time. The results from a DNA fiber
analysis showed that nascent CldU strands in PARP1-deficient
M059K cells were shortened during replication fork stalling,
compared with the strands in PARP1-proficient cells, which
was consistent with the observations of RECQ1-deficient cells
(Figure 4F). Consistent with the expectation that RECQ1
and PARP1 function in stalled fork restarting, increased fork
stalling was observed in both RECQ1- and PARP1-depleted
cells (Figure 4G). In addition, RECQ1 depletion increased fork
stalling to PARP inhibitor, suggesting a combined effect of
RECQ1 and PARP on fork stability under replication stress
(Figure 4H). Together, these observations raised the possibility
that RECQ1 and PARP1 collaboratively protect stalled DNA forks
and maintain cellular proliferation under specific replication
stress conditions.

PARP1 Restored Cell Growth With
RECQ1 Depletion Under Replication
Stress
To confirm the role of RECQ1-PARP1 signaling in mediating
GBM cell malignant growth, we transfected a PARP1
overexpression plasmid into RECQ1-depleted M059K cells
and evaluated the compensatory influence of PARP1 on cell
growth. A protein quantification analysis showed PARP1
downregulation in RECQ1-deficient cells, suggesting that PARP1
function was influenced by decreased RECQ1 abundance,
while PARP1 expression increased with PARP1 overexpression
plasmid transfection (Figure 5A). A decreased poly(ADP-
ribosyl)ation (PARylation) was observed with RECQ1 depletion,
while overexpression of PARP restored the modification,
which indicated a protective role of PARP1 overexpression
with RECQ1 deficiency (Figure 5B). We found that PARP1
overexpression dramatically increased the clonogenic formation
capacity of RECQ1-deficient M059K cells after MMS treatment
(Figures 5C,D). In agreement with the survival assay, similar
results were found through the viability analysis performed
by CCK-8 test (Figure 5E). Interestingly, in both EdU
labeling and cell cycle assays based on flow cytometry, we
consistently found that PARP1 overexpression abolished RECQ1
deficiency-mediated M059K growth inhibition, indicating that
the downregulation of PARP1 induced by RECQ1 depletion
was a key event in the PARP1 effect on cellular proliferation
(Figures 5F,G). Moreover, we also observed dramatically
decreased DSB accumulation with PARP1 overexpression, as
marked by γ-H2AX and 53BP1 labeling, suggesting that the
DNA damage accumulation was largely decreased through
PARP1 compensatory activity (Figures 5H,I). Together, our
results showed that proficient RECQ1 and PARP1 function in
M059K cells was essential for the DNA damage repair induced
by MMS. A greater DNA repair capacity can protect M059K
cells from overcoming DNA damage that occurred endogenously
or upon MMS replication stress, as well as prevent dramatic
cellular proliferation.

RECQ1 Depletion Increased
Micronucleus Formation With
Hypersensitive to Temozolomide
Because RECQ1 was found to be overexpressed in glioblastomas,
we next investigated the sensitivity of glioblastoma cells to
temozolomide (TMZ), which is an anticancer alkylating agent
commonly used for the treatment of human brain tumors.
Nevertheless, TMZ resistance is a major common challenge
to effective clinical therapy (Lefranc et al., 2005, 2007; Stupp
et al., 2009). We explored the possibility of RECQ1-PARP1 being
a promising signaling target for TMZ hypersensitivity, which
would suppress glioblastoma cell proliferation. The surviving cell
fraction and viability assays performed with a range of TMZ
concentrations showed that RECQ1-depleted M059K cells were
hypersensitive to TMZ treatment, while PARP1 overexpression
contributed to a robust recovery of cell cycle progression
(Figures 6A,B), confirming the role of RECQ1-PARP1 regulation
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in DNA repair pathways related to DNA replication and
chemoresistance. Similar to the effect in M059K cells, knocking
down RECQ1 expression sensitized U251 glioblastoma cells to
TMZ treatment, while PARP1 supplementation restored GBM
cell survival rates and viability (Figures 6C,D), confirming
that RECQ1-PARP1 regulation causes significant resistance of
glioblastoma cells to the influence of the methylating drug TMZ.
Representative clone formation images of U251 cells with the
indicated treatment are presented (Figure 6E).

Consistent with the micronucleus being a typical sign of
genotoxic events and chromosomal instability, RECQ1-deficient
cells have been reported to display spontaneous genomic
instability (Lucic et al., 2011; Zhang et al., 2015). Thus, we
next aimed to explore whether RECQ1 depletion results in an
increase in micronuclei changes in response to TMZ. As expected,
there was an approximately twenty-fold increase in micronucleus
formation in RECQ1-deficient M059K cells treated with TMZ
(Figures 7A,B). Collectively, these data indicated the crucial
role of RECQ1 in restoring DNA replication progression and
protecting GBM cell genomic integrity. Our study also suggested
that glioblastoma cells were reliant on this mechanism to escape
clinical treatment through drug resistance; therefore, RECQ1-
PARP1 signaling may be a suitable target for GBM tumor therapy.

DISCUSSION

DNA replication stress is considered a major driving force of
genome instability and tumorigenesis promotion (Gaillard et al.,
2015; Petropoulos et al., 2019). Rapidly proliferating tumor
cells also encounter multiple blockades, including altered DNA
secondary structures, oncogene activation, and DNA damage
drugs, during replication and are usually reliant on overexpressed
DNA damage repair factors to overcome these blockades to
maintain cancer cell genome integrity (Hurley, 2001; Prado, 2014;
Gupta et al., 2018); therefore, these cells are more susceptible
to DNA damage response (DDR) inhibition than normal cells,
which maintain full DNA repair capacity and provide potential
therapeutic alternative strategies for interfering with these repair
processes. Accumulating evidence has shown that RECQ1 is
involved in several cellular functions, including DNA repair, cell
cycle and growth, telomere maintenance, and transcription (Berti
et al., 2013; Lu et al., 2013). Earlier studies demonstrated the
unique role of RECQ1 in ensuring chromosomal stability and
cancer (Sharma et al., 2006). Selectively highly expressed RECQ1
was identified in multiple GBM cells and might be related to the
malignancy of tumors and drug resistance to clinical treatment
(Bochman, 2014). Therefore, our findings provide a mechanistic
rationale for RECQ1-PARP1 regulation of cellular progression,
indicating that it may be a promising therapeutic target for the
mitigation of glioblastoma progression.

In this study, we reported that the RECQ helicase family
member RECQ1 is crucial for restoring stalled replication forks
and maintaining GBM cell genomic stability by regulating PARP1
in response to various DNA replication stresses. Associated
with PCNA, RECQ1 accumulates at stalled replication forks and
recruits PARP1 to limit unprogrammed nucleolytic degradation

and assure effective replication fork restart (Figure 7C).
RECQ1 depletion increases ssDNA formation and nascent
strand degradation under replication stress conditions. PARP1
deletion led to the acquisition of a phenotype similar to that of
RECQ1-deficient cells, with increased replication fork stalling,
a significant reduction of cellular proliferation and accumulated
DNA damage in GBM cells. Consistent with a previous report
showing that RECQ1 is important for HeLa cell proliferation
and plays a unique role in the maintenance of genome integrity,
our results suggest that RECQ1 is essential for DNA replication
fork protection and GBM tumor cell malignant proliferation
under replication stress conditions. We also found that RECQ1
depletion results in spontaneous γ-H2AX and 53BP1 foci
formation in response to MMS exposure, suggesting that RECQ1
plays an essential role in preventing DNA damage accumulating
during DNA replication upon replication stress. In addition, the
resistance of GBM cells to chemotherapeutic agents is one of
the challenges hindering clinical treatment (Roos et al., 2004;
Happold et al., 2012). Our study shows that the hypersensitivity
of RECQ1-deficient GBM cells to TMZ supports the notion of
RECQ1-PARP1 regulation as a contributor to the resistance of
glioblastoma cells to the methylating drug temozolomide and
represents a promising target pathway for anticancer therapies
that inhibit DNA replication and proliferation of GBM cells.

Other human helicases, such as BLM and WRN, are also
upregulated in multiple tumors, driving cancer cells to rapidly
proliferate, supporting oncogenic activation and potentially
playing distinct functions in driving DNA replication stress.
Dysregulation of these genes has been associated with cell
genetic disorders related to cancer predisposition or promotion
(Sidorova et al., 2013; Orlovetskie et al., 2017). Therefore, to
determine whether these helicases play functions incompatible
to GBM cell growth or have synthetic effects, further study
is needed. Cancer cells might utilize these stress-resistant
mechanisms during the process of DNA replication to enhance
tumorigenesis and chemoresistance; thus, a better understanding
of these important mechanisms may benefit GBM clinical
therapy. Therefore, combining the newly identified RECQ1-
PARP1 signaling function in genome stability and clinical
resistance of GBM cells, further studies to discover how these
complexities can be resolved to promote fork restarting and
progression and the possible synthetic interactions with other
human helicases will provide new insights into the mechanism
of GBM progression.
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