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RECQ1 is required for cellular resistance
to replication stress and catalyzes strand
exchange on stalled replication fork structures
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RECQ1 is the most abundant of the five human RecQ helicases, but little is known about its biological significance.
Recent studies indicate that RECQ1 is associated with origins of replication, suggesting a possible role in DNA replication.
However, the functional role of RECQ1 at damaged or stalled replication forks is still unknown. Here, for the first time, we
show that RECQ1 promotes strand exchange on synthetic stalled replication fork-mimicking structures and comparatively
analyze RECQ1 with the other human RecQ helicases. RECQ1 actively unwinds the leading strand of the fork, similar to
WRN, while RECQ4 and RECQ5 can only unwind the lagging strand of the replication fork. Human replication protein A
modulates the strand exchange activity of RECQ1 and shifts the equilibrium more to the unwinding mode, an effect also
observed for WRN. Stable depletion of RECQ1 affects cell proliferation and renders human cells sensitive to various DNA
damaging agents that directly or indirectly block DNA replication fork progression. Consequently, loss of RECQ1 activates
DNA damage response signaling, leads to hyper-phosphorylation of RPA32 and activation of CHK1, indicating replication
stress. Furthermore, depletion of RECQ1 leads to chromosomal condensation defects and accumulation of under-
condensed chromosomes. Collectively, our observations provide a new insight into the role of RECQ1 in replication fork
stabilization and its role in the DNA damage response to maintain genomic stability.

Introduction

RecQ helicases are highly conserved from bacteria to humans.
Germ line mutations in three of the five human RecQ helicases,
BLM, WRN and RECQ4 are associated with genetic syndromes
that are characterized by premature aging and carcinogenesis.!
RECQI and RECQ5P are not yet associated with any disease
but are abundantly expressed throughout the cell cycle. RecQ
helicases are considered caretakers of the human genome and are
proposed to have multiple roles in DNA metabolism, including
DNA replication, repair and recombination in addition to their
emerging roles in telomeric maintenance.’

WRN plays a significant role in DNA replication and S-phase
progression and is also implicated in telomeric G-rich strand rep-
lication.** BLM forms an evolutionarily conserved complex with
topoisomerase III a-RMI1 and plays an important role in dis-
solution of double Holliday junctions (DHJs) and suppression of
sister chromatid exchanges (SCEs).> RECQ5f was proposed to
have both non-redundant and overlapping roles with that of BLM
in the regulation of homologous recombination and suppression
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of SCEs by disruption of Rad51 presynaptic filaments.®” While
RECQI was the first identified human RecQ helicase® and the
most abundant one,’ little is known about its biological signifi-
cance. Both RECQI and RECQ4 were proposed to be associated
with DNA replication origins in a cell cycle-dependent manner.'
More specifically, RECQ4 associates with the origins in the late
G, phase and is involved in the initiation of DNA replication
and loading of replication factors such as RPA, PCNA and poly-
1112 RECQLI associates with the origins specifically in
S-phase and is speculated to play an important role in replication

merase «.

fork elongation,' but its functional role in the stabilization and
progression of stalled replication forks has not been described.
Replication fork progression is very important for cell viabil-
ity, and any stalled or collapsed replication forks should there-
fore be handled with high priority. The progression of replication
forks can be impaired by DNA damage, particularly if the block-
ing lesion is located on the leading-strand template.”® While the
synthesis of the leading strand gets halted at the lesion, the lag-
ging-strand synthesis continues beyond the lesion site and results

in an extensive widening of the gap on the leading strand."
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Replication fork stalling can result in genomic instability and
can trigger unscheduled DNA recombination events or SCEs
that might lead to gross chromosomal re-arrangements and, ulti-
mately, tumorigenesis. To avoid these detrimental consequences,
cells often switch to different DNA damage bypass modes that
can permit replication across the lesion.'* One such mechanism
is template switching to the undamaged sister chromatid, thereby
allowing a replicative polymerase to synthesize the complemen-
tary or the lesion strand in an error-free manner. It is believed
that such template switching is achieved by strand exchange at
the stalled forks, involving a movement of the fork backward so as
to re-anneal the original template strands and displace the newly
synthesized strands, which then anneal to generate a Holliday
1617 Tndeed, such struc-

tures have been observed to accumulate upon replication stalling
18,19

junction (HJ) structure with a short arm.

both in prokaryotic and in eukaryotic cells.

RecQ helicases are implicated in the processing of aberrant
DNA structures that arise during DNA replication, and previ-
ous studies indicate that BLM, WRN and RECQ5 can all pro-
mote strand exchange on synthetic stalled replication forks.?
Previous biochemical studies indicate that RECQLI preferentially
unwinds forked DNA duplexes and homologous recombination
(HR) intermediates such as the HJs and D-loops.** Conversely,
RECQI, but not BLM, is able to resolve immobile H]Js.?? Recent
biochemical analyses indicate that RECQLI also possesses DNA
branch migration activity.?** In addition to its helicase activity,
RECQI efficiently catalyzes strand annealing of complementary
single-stranded DNA (ssDNA) in a reaction that is modulated
by ATP-binding.” On the other hand, the crystal structure of
human RECQI has recently been solved,?® and it was shown that
RECQI assumes different oligomeric forms to perform its heli-
case and strand-annealing activities.?

In this study, we characterize the potential involvement of
RECQI in the processing of synthetic stalled replication forks
and analyze it mechanistically with that of the other human
RecQ helicases. Our study is the first demonstration of the
role of RECQL at stalled replication forks. It also provides new
insights into the mechanistic similarities and differences between
the human RecQ helicases, elucidating their differential roles in
replication fork maintenance. We observe that stable depletion
of RECQI leads to induction of replication stress and activation
of DNA damage response signaling. Further, loss of RECQI
leads to chromosomal condensation defects and accumulation of
under-condensed chromosomes.

Results

RECQI promotes strand exchange on synthetic DNA struc-
tures mimicking a stalled replication fork. To investigate the
role of RECQL in replication fork progression, we first tested its
ability to promote strand exchange on synthetic stalled replica-
tion fork-like structures. Oligonucleotide-based stalled replica-
tion fork-like structures were generated as described previously.?’
Homologous arms were designed with a 5 nt region of heterol-
ogy adjacent to the three-way junction to prevent spontaneous
branch migration. Kanagraj et al. previously characterized the
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strand exchange of RECQ5P using these synthetic oligonucle-
otide-based model substrates.?” In this study, we characterize the
previously unknown strand exchange activity of RECQI and
compared it with that of the other human RecQ helicases.

Strand exchange is a combination of both strand-annealing
and unwinding activities. Initially, we prepared a partial forked
duplex lacking the leading strand that represents a 3'-flap duplex.
A 60 mer oligonucleotide, representing the leading strand tem-
plate (RS3) was annealed to a 3™-tailed duplex [composed of a 30
mer oligonucleotide (RS2) and the complementary 3?P-labeled
60mer oligonucleotide (RS1) that represents the lagging strand
and the corresponding template strand, respectively] in the pres-
ence of RECQI (but in the absence of ATP) (Fig. 1A). Figure
1B and C shows the representative images of kinetic experiments
performed in the presence and absence of RECQI1 (20 nM),
respectively. Strand annealing in the presence of RECQI resulted
in the rapid formation of the 3'-flap duplex (within 2 min) (Fig.
1B, lanes 2-5). Remarkably, upon the addition of ATP to this
mixture, a robust strand exchange activity was observed over
time (lanes 6-11), resulting in the formation of the **P-labeled
60 mer duplex. This duplex contains a small bubble due to the
short region of heterology at the junction. Almost 75-80% of
the substrate was converted into 60 mer bubble duplex in about
30 min (Fig. 1D), indicating efficient strand exchange in the
presence of RECQI. A small amount of the 60 mer duplex was
also detected without the addition of ATP, which had presum-
ably arisen from spontaneous branch migration. Similar kinetic
experiments were performed in the absence of RECQ! but did
not show any traces of 60 mer bubble duplex formation, indicat-
ing that the activity observed is due to the presence of RECQI
(Fig. 1D).

Next, we wanted to investigate whether RECQI can promote
strand exchange if the forked structure contains both the lead-
ing and lagging strands. A synthetic stalled replication fork-like
structure (RS1/2:RS3/4) was generated with a 10 nt gap, repre-
senting a lesion on the leading-strand. The length of the leading
strand (RS4) was designed 10 nt shorter than that of the lag-
ging strand (RS2). The DNA substrate was prepared as described
above by RECQI-mediated annealing of #P-labeled partial
duplex (RS3/RS4) with the unlabeled RS1/RS2 partial duplex
(Fig. 2A). Kinetics of strand annealing in the presence of RECQ1
indicated efficient formation of the stalled replication fork within
5 min (Fig. 2B, lanes 3—6). Upon the addition of ATP, similar
robust strand exchange activity was observed, as evidenced by
the formation of the 20/30 mer duplex, formed by the annealing
of the displaced **P-labeled leading strand (RS4) to the lagging
strand (RS2) (Fig. 2B, lanes 7-14). About 75% strand exchange
was observed in 30 min (Fig. 2D), indicating that RECQI could
efficiently bypass the leading strand gap. Collectively, our obser-
vations indicate that RECQI has the ability to promote the dis-
placement of both arms of the fork and subsequent re-annealing
of the displaced leading and lagging strands.

RPA modulates strand exchange of RECQI in a manner
similar to WRN. Human replication protein A (RPA) binds
ssDNA, and RPA-coated ssDNA acts as a common intermedi-
ate for signaling-stalled replication forks and/or initiating DNA

4253

©2012 Landes Bioscience. Do not distribute.



A

123 456 78 910111213

RS3  gont 30 nt RS 1/3
+ RECQ1 30 bp RECQ1 +ATP *
—_— > +
30 nt 30 bp
RS 1/2 222274 \
30bp = RS 2
B 20 nM RECQ1 C No RECQ1
Annealing Unwinding -ATP + ATP
-ATP +ATP
c £ Ec £ cssfcscE EE
S EEcEcsEEEEE EEEEEEE
CEEESEEEESSMSS C-nw2-aw223MSS

12 3 456 78 910111213

80
D o ——20 nM RECQ1

%. 60 | —m—No Enzyme
©
(O]
? 40
o
(le]
° 20

0

0 1 2 5 10 15 30
Time (min)

Figure 1. Strand-exchange by RECQ1 on synthetic forked duplexes lacking the leading strand. (A) Scheme of the assay. Strand exchange is a com-
bination of both strand annealing and unwinding activities. Strand annealing of the homologous oligonucleotides by RECQ1 forming the stalled
replication fork, which was eventually unwound after the addition of ATP. The lengths of individual arms are indicated in nucleotides (nt) or base pairs
(bp). The homologous leading and lagging arms have a 5 nt heterology at the fork junction to prevent spontaneous strand exchange. The 3' end of the
lagging oligonucleotide is indicated by an arrow, and the position of the 5'-P*? label is marked by an asterisk. (B) As indicated above, 1 nM P3.-labeled
30/60 mer duplex (RS1/2) was incubated with 1 nM 60 mer complementary oligonucleotide (RS3) in the presence of 20 nM RECQ1 to form the forked
DNA structure. After 10 min, ATP was added to a final concentration of 5 mM. Ten .l aliquots were taken out at indicated time points and analyzed

by non-denaturing PAGE. “C" represents the control substrate P32-labeled RS1/2; “M" represents the marker for strand exchange product, the 60mer
bubble duplex; and “SS” represents the ssDNA unwound. (C) Similar strand exchange reactions were performed in the absence of RECQ1. (D) Quantifi-
cation of the kinetics performed in the presence and absence of RECQ1. Relative concentration of the 60 mer duplex product was plotted vs. reaction
time. The data points represent the average values from three independent experiments.

damage response and subsequent recruitment of repair pro-
teins.?®? Therefore, we investigated the effect of RPA on the
strand-exchange activity of RECQI using the synthetic forked
structures described above and further compare with that of the
other human RecQ helicases. DNA substrates were prepared
by spontaneous annealing of the constituent oligonucleotides,
with the lagging oligonucleotide being present in a 4-fold molar
excess over the parental strands. Previous studies indicated that
RPA stimulated the strand exchange activity of RECQ53 on
these substrates.”” Similarly, the kinetics of strand exchange
for RECQI is dramatically stimulated in the presence of RPA.
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About 80% activity was observed in about 2 min on both the
model substrates irrespective of the leading-strand gap (Fig. 3A
and B), while a similar level of activity was observed in 30 min
in the absence of RPA (Figs. 1B and 2B). Consistent with the
previous observations,”® RPA alone did not show any significant
strand displacement activity using these oligonucleotide-based
substrates (Fig. S1A). Although, the strand exchange kinetics of
RECQI on a 3'-flap duplex were dramatically stimulated, RPA
rather shifted the activity more to the unwinding mode with accu-
mulation of single-stranded DNA (compare Figs. 1B and 3A),
similar to that of WRN (Fig. 3C, compare lanes 3—6 and 7-10)
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Figure 2. Strand-exchange by RECQ1 on synthetic stalled replication fork duplexes with a leading-strand gap. (A) Scheme of the assay. The oligonucle-
otides used are the same as in Figure 1, except for an additional 20 mer representing the leading strand (RS4). (B) As indicated above, 1 nM P32-la-
beled 20/60 mer duplex (RS3/4) was incubated with 1 nM 30/60 mer duplex (RS1/2) in the presence of 20 nM RECQ1 to form the forked DNA structure.
After 10 min, ATP was added to a final concentration of 5 mM. Ten .l aliquots were taken out at indicated time points and analyzed by non-denaturing
PAGE. “C" represents the control substrate P32-labeled RS3/4; “M"” represents the marker for strand exchange product and “SS” represents the ssDNA
unwound. (C) Quantification of the kinetics performed in the presence of 20 nM RECQ1. Relative concentration of the subsequent leading/lagging
strand duplex (RS2/4) was plotted vs. reaction time. The data points represent the average values from three independent experiments.

during the course of the reaction. Further, similar results were
obtained in the presence of RPA using the stalled replication fork
with a 10 nt gap on the leading strand (RS1/2:RS3/4; compare
Figs. 2B and 3B). Greater unwinding efficiency with relatively
higher accumulation of ssDNA was observed using the stalled
fork with a 10 nt gap on leading strand (compare Fig. 3A and B,
% ssDNA). Similar effect of RPA was previously reported on the
strand exchange activity of both BLM and WRN.?° On the other
hand, no such shifting to the unwinding mode was observed
with RECQ5; only an increase in the accumulation of strand
exchange product (60 mer bubble duplex, Fig. 3D, lanes 3-7
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and 9-13) was observed as previously described.?” RECQ4, on
the other hand, has weaker unwinding capacity,’ and this likely
limited its capacity to function in this assay. Nonetheless, we did
observe very weak strand exchange activity for RECQ4 (Fig. 3E,
lanes 3-8) that was significantly stimulated in the presence of
RPA (Fig. 3E, lanes 9-13). Collectively, these observations
indicate that although these RecQ helicases could efficiently
catalyze the conversion of these stalled replication fork-like and
3'-flap DNA structures into the 60 mer duplex, in the presence
of RPA, the action of both RECQ1 and WRN, unlike RECQ4
or RECQ5p was strongly biased toward unwinding the parental
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Figure 3. Effect of RPA on the strand exchange activity of human RecQ helicases. (A) Effect of RPA on RECQ1-mediated strand exchange on forked
DNA duplex lacking the leading strand (B) and forked DNA duplex with 10 nt leading-strand gap. Effect of RPA on (C) 5 nM WRN, (D) 20 nM RECQ53
and (E) 50 nM RECQ4-mediated strand exchange on forked duplexes lacking the leading strand. Kinetic experiments were performed with 5 nM WRN,
20 nM RECQ5P and 50 nM RECQ4 in the presence or absence of 20 nM RPA. “DS” represents the control duplex substrate P32 labeled RS1/2; “C” repre-
sents the control stalled replication fork-like structure; “M” represents the marker for strand exchange product; “SS” represents the ssDNA unwound.
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Figure 4. Both RECQ1 and WRN, but not RECQ4 or RECQ58, can unwind the leading strand of the replication fork duplexes. Replication fork duplex
lacking the lagging strand was generated by annealing the oligo nucleotides RS1 and RS5/6. Unwinding kinetics of the replication fork duplexes lack-
ing the lagging strand using 20 nM RECQ1 in the absence (A) or in the presence of 20 nM RPA (B). Unwinding kinetics of the replication fork duplexes
lacking the lagging strand using 5 nM WRN (C), 20 nM RECQ5 (D) in the presence and absence of 20 nM RPA. “DS" represents the control duplex
substrate P*? labeled RS5/6; “C” represents the control stalled replication fork-like structure; “M” represents the marker for strand exchange product;

duplex, as evidenced by the accumulation of the single-stranded
32P-labeled 60 mer. Collectively, our results indicate that RECQI
can perform strand exchange at a stalled replication fork struc-
ture, and that this activity is modulated by the presence of RPA.
Moreover, RECQI behaves in a manner similar to WRN but
distinct from that of RECQ4 and RECQ5.

RECQI can unwind the leading arm of the fork. Next,
we wanted to assess whether RECQI can actively unwind the
leading arm of the fork. This we accomplished by examining its
activity on a partial forked duplex DNA substrate lacking the
lagging strand (resembling a 5'-flap duplex). We observe that
RECQI could catalyze the concomitant unwinding of the paren-
tal arm on this structure, as evidenced by the accumulation of
5'-tailed duplex and ssDNA during the course of the reaction
(Fig. 4A). This unwinding was further stimulated in the pres-
ence of RPA (Fig. 4B). RPA alone did not display significant
strand exchange activity (Fig. S1B). WRN, but not RECQ58,
was also able to unwind these replication fork duplexes lacking
the leading strand and was further stimulated in the presence of
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RPA (Fig. 4C, compare lanes 3—7 and 8-13). Consistent with
the previous observations,” RECQ5B could resolve the 5'-flap
duplex only in the presence of RPA (Fig. 4D, compare lanes 37
and 8-12). On the other hand, RECQ4 did not display any sig-
nificant unwinding of the 5'-flap DNA structures either in the
presence or absence of RPA (Fig. S1C). Our observations are in
agreement with previous reports indicating that RECQI and
WRN,#3! but not Drosophila RECQ4 or RECQ53,%*% can
unwind simpler 5'-flap-containing duplex substrates and fur-
ther highlight mechanistic similarities and differences between
RECQI and other human RecQ helicases in the processing of
forked DNA structures. Collectively, our results indicate that the
processing of these synthetic replication forks by RECQLI differs
from that of RECQ4 and RECQS5, but is more similar to that
of WRN.

Depletion of RECQI renders cells sensitive to replication
blocking agents. To further investigate the in vivo importance of
processing such synthetic stalled replication fork-like structures,
we wanted to test the potential role of RECQI in preventing
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Figure 5. Generation and characterization of stable knockdown cells of RECQ1. (A) Stable depletion of RECQ1 was performed in HeLa cells by using the
two independent and dose-dependent lentiviral sShRNA, shRECQ1-1 and shRECQ1-2. (B) Growth assays were performed to assess the cell prolifera-
tion and cell growth for RECQ1 stable knockdown cells over a period for 5 d. MTT cell proliferation experiments were performed to evaluate the cell
proliferation in the increasing concentrations of hydroxyurea (C), camptothecin (D) and 8-methoxypsoralen (E).

replication stress. To accomplish this, we set out to generate
human cells that were stably depleted of RECQI using a len-
tivirus approach. Stable depletion of RECQI was performed
and analysis of RECQI-depleted cells was undertaken. Stable
RECQI lentiviral-knockdown cells were generated by using two
independent shRNA from Sigma Aldrich. The two shRNA tar-
geting the coding region of RECQI are described in Materials
and Methods. A dose-dependent depletion was observed with
the two shRNA employed: shRECQI-1 resulted in a partial
depletion (of about ~40%), while transfection with shRECQ1-2
resulted in about 95% depletion on average by western blot anal-
ysis (Fig. 5A).

We first wanted to analyze the proliferative capacity of the
stable RECQI-knockdown cells. Stable depletion of RECQI
was initially performed in HeLa cells, and growth assays were
performed 48 h after selection of the knockdown cells in puro-
mycin following lentiviral transduction. Upon reduction of
the endogenous RECQI protein levels, the knockdown cells
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failed to proliferate at the same rate as their scrambled shRNA
counterparts, as evidenced by the growth assay, and displayed a
significant decrease in the cell number (Fig. 5B). A correlated
dose-dependent effect was observed, which is consistent with
the depletion efficiency using the two independent lentiviral
shRNA (Fig. 5B). Our results are consistent with the previous
observations that transient depletion of RECQI affected cell
proliferation.?#7

Next, we wanted to analyze the sensitivity patterns of RECQ1
depletion. Using the two independent lentiviral shRNA con-
structs, depletion of RECQI was performed in both HeLa
(Fig. 5A) and U20S cells (Fig. S2A). Our results indicate that
RECQI depletion in Hela cells renders them sensitive to rep-
lication blocking agents (Fig. 5C-E). MTT cell proliferation
experiments indicate that these RECQI stable knockdown cells
are sensitive to hydroxyurea (HU, Fig. 5C), camptothecin (CPT,
Fig. 5D) and psoralen-induced interstrand cross-links (Fig. 5E),
all of which directly or indirectly block DNA replication fork
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Figure 6. Characterization of stable knockdown cells of RECQ1. (A) FACS analysis or cell cycle distribution of shScrambled and shRECQ1-2-depleted
Hela cells. (B) Stable depletion of RECQ1 accumulates spontaneous replication-associated double-strand breaks (DSBs). Immunostaining of RECQ1-
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progression. Similar results were also obtained with U20S
cells (Fig. S2). Consistent with the observations in HeLa cells,
RECQI-depleted U20S cells displayed a defect in cell prolif-
eration (Fig. S2B) and sensitivity toward replication-blocking
agents (Fig. 2C-E). Psoralen produces covalent adducts with
DNA bases on both strands of DNA and leads to the forma-
tion of DNA interstrand cross-links upon exposure with near-
UV light. Interstrand cross-links prevent DNA strand separation
and can thus act as absolute blocks to DNA replication and tran-
scription.”® While the partial knockdown of RECQI by using
shRECQI-1 did not show any significant differences in the sen-
sitivity, the shRECQ1-2-transfected HelLa and U20S cells are
sensitive to these replication-blocking agents, further supporting
a possible role of RECQI in DNA replication fork processing.
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For further experiments, shRECQ1-2 was employed for achiev-
ing complete depletion.

Loss of RECQL1 alters cell cycle distribution and activates
DNA damage response signaling. To further investigate the cel-
lular proliferation defect after RECQI depletion, cell cycle analy-
sis of asynchronous cultures was performed (Fig. 6A). Consistent
with the growth assays, our FACS analysis indicated that deple-
tion of RECQ1 in HeLa cells increased accumulation of cells in
subG, phase, indicating cell death with a decrease in G, phase
and an additional mild decrease in S-phase cells (Fig. 6A). A
slight increase in the number of G,/M cells was also observed.
Similarly, transient depletion of RECQI in T98G cells (glioblas-
toma cell lines) was previously shown to alter cell cycle distri-
bution, with an accumulation of G /G, cells and a decrease in
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Figure 7. Stable depletion of RECQ1 leads to accumulation of under-condensed chromosomes. (A) Representative images of the metaphase spreads
analyzed from RECQ1-depleted cells. The arrows indicate under-condensed chromosomes. (B) Quantification of metaphase spreads from shScrambled
and shRECQ1-2-depleted Hela cells. Results are an average of two independent experiments with a minimum of 50 metaphase spreads analyzed.

S-phase population, with an effect on the rate of DNA synthesis
with lower BrdU incorporation.® Consistently, BrdU staining in
the RECQI-depleted cells is relatively lower than in the scram-
bled cells (Fig. S3A).

Depletion of RECQI leads to spontaneous accumulation of
DNA double-strand breaks (DSBs), as evidenced by the accu-
mulation of 53BP1 foci (Fig. S3B). About 5-fold more 53BP1
foci were observed upon stable depletion of RECQI com-
pared with the control RNA-treated cells (Fig. S3C). More
than 50% of the 53BP1 foci were positive and co-localized
with the BrdU sites, indicating accumulation of replication-
associated DSBs (Fig. 6B). Further, we wanted to directly ana-
lyze whether a replication stress response was activated in the
absence of RECQI. It is well-known that RPA phosphorylation
and CHKI activation occurs in response to DNA replication
fork stalling.? Interestingly, our immunofluorescence and west-
ern analysis indicated that stable depletion of RECQI leads
to hyper-phosphorylation of RPA32 and activation of CHKI,
respectively, possibly indicating accumulation of stalled replica-
tion forks in the absence of RECQI. Phosphorylation of CHK1
(at ser 345) was shown to be increased by RPA binding to the
ssDNA.* CHKI1 suppresses origin firing during S-phase in
response to replication blocks* and is required for continuous
replication fork elongation.” Consistently, a defect in the fre-
quency of origin firing was reported after transient depletion
of RECQI along with a decrease in replication fork progres-
sion rate.' Phosphorylation of RPA and activation of CHK1 are
also considered important consequences for the cellular signal-
ing in response to DNA damage. More interestingly, RECQ1
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depletion also led to activation of phospho-ATM (ser 1981), a
primary DNA damage-response protein, and is consistent with
the previous observations.** Collectively, our observations indi-
cate possible accumulation of stalled or collapsed replication
forks in RECQI-depleted cells, which would eventually trigger
DNA damage signaling.

Loss of RECQ1 leads to accumulation of under-condensed
chromosomes. DNA replication is essential for proper condensa-
tion of chromosomes during mitosis, and aberrant DNA replica-
tion timing can result in defective chromosomal condensation.*
We wanted to analyze if depletion of RECQ! induces any defects
in chromosomal condensation. Interestingly, we observed that
stable depletion of RECQI accumulates under-condensed chro-
mosomes (Fig. 7A). Depletion of RECQI was performed in Hela
cells using shRECQI1-2 and resulted in nearly 5-fold greater
accumulation of such under-condensed chromosomes (Fig. 7B).
Such abnormally condensed chromosomes with larger loops and
reduced lateral condensation are typically observed in DNA rep-
lication mutants like ORC mutants and PCNA-depleted cells.*
Reduced chromatin loading of PCNA was recently reported
upon transient depletion of RECQ1."

Discussion

Extensive studies within the last decade indicate significant roles
for human RecQ helicases in various DNA repair processes
induced by DNA replication defects. Targeting DNA replication
fork progression has been one of the recent developments in cancer

therapy.” Interestingly, both RECQI and WRN are identified as
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4 Hence, it is

potential therapeutic targets for various carcinomas.
important to study the differential or mechanistic involvement of
the human RecQ helicases in replication fork progression. Here,
we show that the human RECQI possesses the ability to pro-
mote strand exchange on synthetic forked DNA structures that
mimic a stalled replication fork. This is an early demonstration
of a potential role of RECQLI in the processing of stalled replica-
tion forks. Previous studies indicate that BLM and WRN can
unwind both the leading and lagging strands, indicating their
significant roles in the reversal of stalled replication forks.20474¢
We observe that RECQI (but not RECQ4 or RECQ5pB) can
unwind both the leading and lagging arms of the stalled repli-
cation forks, similar to that of WRN, indicating that RECQI
might have a similar role to that of WRN in helping cells deal
with stalled replication forks. We also observed that RPA modu-
lates the strand exchange activity of RECQI in a manner simi-
lar to that of WRN. Although the kinetics of strand exchange
activity of RECQI are dramatically stimulated in the presence of
RPA, the activity is more shifted to the unwinding mode (unlike
RECQ4 or RECQ5, but similar to that of WRN) irrespective
of the leading-strand gap, which would trigger an efficient bypass
and eventual removal of the lesion on the leading strand. These
observations provide insight into understanding the compara-
tive and differential involvement of the human RecQ helicases
in DNA replication fork progression. Such studies would help
us understand the underlying molecular basis of the clinical fea-
tures of these syndromes in relation to their mechanistic roles in
DNA replication and the maintenance of genomic stability. For
example, it is interesting to note that, in vivo, lower rates for repli-
cation fork progression were observed in the absence of RECQ1"
or WRN,® but not in the absence of RECQ4' or RECQ5.°
We observed that stable depletion of RECQLI affects cell pro-
liferation and renders the cells sensitive to replication-blocking
agents like HU and CPT. Psoralen forms covalent monoadducts
and interstrand cross-links in DNA upon exposure to near-UV
(UVA) light. Interstrand cross-links (ICL) inhibit DNA replica-
tion by terminating chain elongation at the cross-link sites and
thereby induce generation of replication-mediated double-strand
breaks.’! It was proposed that DNA replication is inhibited near
the cross-link sites for two reasons: one is due to the inability
of the two strands to unwind and another a physical blockage
to polymerase progression.” In addition, the stalled DNA poly-
merase generates a unique DNA structure, where a structure-
specific endonuclease can incise one of the template strands and
results in a DNA double-strand break at one side of the growing
fork and a gap on the other side. A major role of DNA replication
in cross-link repair is formation of a “Y-shape” DNA structure
at a stalled site.! These partially unwound structures exposing
the single-strand/duplex junction near a cross-link can result
in formation of stalled replication forks. Both HeLa and U20S
cells stably depleted of RECQI are sensitive to psoralen-induced
interstrand cross-links. We speculate that RECQI might have
a potential functional role at stalled replication forks created by
ICL, but further studies are required to gain more insight into
this interesting avenue. Further, our hypothesis of possible roles
of RECQI in the repair of damaged replication forks and thereby
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accumulation of stalled/collapsed replication forks in the absence
of RECQI would eventually trigger recombination repair and an
increase in HR events (Fig. 8). Consistently, downregulation of
RECQI was shown to trigger spontaneous Rad51 foci formation
and an increase in SCEs,*>® and this is also consistent with the
finding that RECQI mouse embryonic fibroblasts (MEFs) are
associated with chromosomal instability and an increase in the
frequency of SCEs.”! HR-mediated repair of broken replication
forks can particularly result in the blockage of leading-strand
extensions in the presence of bulky lesions.

Further, stable depletion of RECQI accumulates spontane-
ous DSBs and activates the DNA damage signaling cascade.
Accumulation of phospho-ATM (ser 1981) was observed, indi-
cating activation of DNA damage response signaling. More
than 50% of the 53BP1 foci co-localized with the BrdU sites
indicating accumulation of replication-associated DSBs. Hyper-
phosphorylation of RPA32 and activation of CHK1 were typi-
cally observed indicating a possible defect in the replication fork
progression. It would be interesting to investigate the role of
RECQI in S-phase checkpoint and to further analyze the pro-
gression of RECQI-depleted cells through S-phase in response
to replicative stress.

Consistent with the previous observations,”® depletion of
RECQI alters cell cycle distribution, with lower numbers of
S-phase cells being observed. Loss of RECQI would result in
accumulation of stalled or collapsed replication forks that would
eventually trigger DNA damage response signaling?*® (Fig. 8).
Chronic or persistent activation of DNA damage signaling (in
specific phospho-ATM) has an important role in elimination
of tumor cells that undergo excessive DNA replication stress.”*
Consistently, it was reported that RECQL silencing has antican-
cer effects, and that RECQLI is considered a new suitable target
for cancer therapy***>> (Fig. 8).

It is well-established that the density of functional replication
origins and completion of S-phase are requirements for proper
chromosomal condensation. Delay in the replication of an entire
chromosome produces delays in chromosome condensation and
results in under-condensed chromosomes at mitosis® (Fig. 8). A
certain level of condensation occurs during S-phase and is also
dependent on the distribution of origin firing.* Interestingly,
RECQI was shown to accumulate at DNA replication origin
sites, and transient depletion of RECQ1 was shown to reduce the
probability of origin firing and further reduce the origin-sequence
DNA." If the majority of replication origins are inactive, more
DNA is being pulled though fewer DNA polymerase complexes,
which results in much larger chromosomal loops.** Such under-
condensed chromosomes with larger loops and reduced lateral
condensation is a phenotype of DNA replication mutants like
MCM or ORC mutants, which undergo cell death by mitotic
arrest.* Interestingly, we observe a similar phenotype of accumu-
lation of under-condensed chromosomes upon stable depletion of
RECQ], indicating possible metaphase defects. Defects in DNA
replication can trigger mitotic arrest, and improper or incomplete
S-phase may influence the degree of chromosomal folding and
mitotic checkpoints.* On the other hand, it was shown that acti-
vation of CHK1 blocks premature mitotic entry.”” We speculate
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Figure 8. Model for the action of RECQ1 at stalled replication forks and its potential role in the maintenance of genomic stability. (A) The ability of
RECQ1 to perform strand exchange at stalled replication fork structures may promote fork reversal, leading to fork stabilization. Red triangle repre-
sents a lesion encountered on the leading strand. (B) In vivo implication with a proposed biological role of RECQ1 in the maintenance of genomic
stability. RECQ1 deficiency has biological consequences and induces defects in replication fork progression and activates DNA damage signaling.

that RECQI-deficient cells could be slower to traverse the mitotic
phase of the cell cycle post-replication. Consistently, depletion of
RECQI was recently proposed to kill the cancer cells (but not
normal cells) by mitotic catastrophe.*’ Future studies are required
to analyze spindle assembly and other possible metaphase defects
in the absence of RECQI. Collectively, our cellular studies impli-
cate a unique and important role of human RECQ] in replica-
tion fork progression and, consequently, a role in DNA damage
response signaling and genome homeostasis.

Materials and Methods

DNA substrates. All oligonucleotides used for the preparation
of DNA substrates were PAGE-purified and purchased from
Integrated DNA Technologies (IDT). The sequences of the oligo-
nucleotides (RS1-6) were shown in Table S1, and the schemes of
the DNA substrates are shown where required. Oligonucleotides
were labeled at the 5'-end using the yP32-ATP with T4 polynucle-
otide kinase (New England Biolabs), and the substrates were gen-
erated as described, by annealing the respective oligonucleotides.
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Strand exchange and helicase assays were carried (in a 10 pl reac-
tion volume) out at 37°C in the buffer containing 20 mM Tris-
HCI, pH 7.5, 8 mM DTT, 5 mM MgCl,, 10 mM KCI, 10%
glycerol and 80 pg/ml BSA. For the strand exchange assays,
1 nM RSK1/RS2 partial duplex was incubated with 20 nM
RECQI and either 1 nM RS3 oligonucleotide or 1 nM RS3/RS4
partial duplex to generate forked DNA structures, as depicted in
Figures 1A and 2A, respectively. After 10 min, ATP was added to
a final concentration of 5 mM, and 10 pl aliquots were removed
at indicated time points (both before and after the addition of
ATP) and analyzed. Control experiments were performed under
similar conditions in the absence of RECQI. Similar kinetic
strand exchange assays were performed with the 3'-flap duplex
using RECQ4 (50 nM), RECQ5PB (20 nM) and WRN (5 nM).
The substrate for these experiments was pre-formed by the spon-
taneous annealing of the constituent oligonucleotides RS1, RS2
and RS3, with the RS2 oligonucleotide being present in a 4-fold
molar excess over the others. Helicase reactions were performed
as described previously.?> Where indicated, RPA (20 nM) was
added to DNA before the addition of the RecQ proteins and
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ATP. The reactions were terminated by adding equal volumes
of stop buffer (35 mM EDTA, 0.9% SDS, 25% Glycerol, 0.04%
Bromophenol blue, 0.04% Xylene cyanol) and separated by non-
denaturing PAGE.

Recombinant proteins. Recombinant His-tagged RECQ!
protein was overexpressed using a baculovirus/Sf9 insect sys-
tem as previously described.”” Recombinant RECQ5B was
overexpressed in E. coli BL21(DE3) CodonPlus RIPL strain
(Stratagene, Agilent Technologies) as a fusion protein with a self-
cleaving intein-chitin-binding domain (CBD) and purified as
previously described.”® Recombinant RECQ4 with a C-terminal
9-histidine tag in the pGEX6pl vector (GE Healthcare) was
expressed and purified from E. coli Rosetta2 (DE3) (Novagen,
EMD Millipore) as described previously.?® Dual tagged WRN
protein with N-terminal 6 x His and C-terminal InteinCBD tags
was expressed and purified from High Five™ insect cells as previ-
ously described.”

Cell culture and generation of stable knockdown cells of
RECQI. Both Hela and U20S cells (from ATCC) were cul-
tured in complete DMEM medium supplemented with 10%
FBS, 1% Pen-Strep. We have previously used lentiviral shRNA
to stably knockdown RECQS5B.®° Here, we generate stable
knockdown cells of RECQI by using similar approach of len-
tiviral transduction. pLKO.1 vector harboring either of the two
lentiviral sShRNA targeting the coding region of human RECQI
were purchased from Sigma Aldrich and used for lentiviral trans-
duction. The sequences used were: shRECQI-1: CCG GGC
CAA TGA AAT TCA GGT AGT ACT CGA GTA CTA CCT
GAATTT CAT TGG CTT TTT G (TRCN0000051998) and
shRECQI1-2: CCG GGC ACA TGC TAT TAC TAT GCA
ACT CGA GTT GCA TAG TAA TAG CAT GTG CTT TTT
G (TRCN0000289591). shRNA construct expressing scrambled
sequence (Plasmid #1864, deposited by Sabatini lab) was pur-
chased from Addgene. For lentiviral transduction, 2 x 10> cells
were seeded in 10-cm culture plates and transfected the following
day with the lentivirus. Cells were split 48 h after transfection
and selected in the presence of 2 pg/ml puromycin.

Growth assays. Scrambled and RECQI-depleted HeLa cells
were counted and plated 96h after transduction and 48h post-
selection into 18 dishes, 10,000 cells/dish. Three dishes were har-
vested every 24 h and counted using a Coulter counter. The first
set of three harvested on day 1 were used to normalize as plating
controls. The data points represent the mean of three indepen-
dent experiments with standard deviations.

Flow cytometry. To analyze the cell cycle distribution, the
cells were harvested (96h after transduction and 48 h post-
selection in puromycin) by trypsinization using the pre-used
media to account for floating (mitotic) cells. The cells were then
washed twice with PBS, fixed by 70% ice-cold ethanol and stored
at -20°C. The cells were then washed twice with ice-cold PBS
and resuspended with 10pg/ml propidium iodide (PI) solution
with 1 mg/ml RNaseA. FACS was performed by Accuri C6
Flow cytometer (BD Biosciences) and analyzed using FlowJO
software.

Analysis of metaphase chromosomes. Metaphase spreads

were prepared from RECQI-depleted HeLa cells. Cells were
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harvested and then incubated in 75mM KClI for 20min at 37°C,
followed by fixation in ice-cold (3:1) methanol and glacial acetic
acid. Metaphase spreads were then made by dropping the cells
onto a glass slide and stained with DAPI. Images were captured
using CytovisionTM software (Applied Imaging Corp.).

Cell proliferation assays. RECQ! depletion was performed
in both HelLa and U20S cells as described above. RECQI-
depleted and scrambled cells were plated at 5,000 cells per well in
96-well plate along with the scrambled cells. Twenty-four hours
after plating, the cells were incubated with variable concentra-
tions of hydroxyurea (HU, 0-5 mM for 18 h), camptothecin
(CPT, 0-500 nM for 18 h) or 8-methoxypsoralen (0-0.6 uM
for 30 min) at 37°C. For psoralen treatment, cells were further
subjected to exposure to 1.8 J/cm? UVA in a Rayonet chamber,
as previously described.®" The cell proliferation was analyzed 48
h following the addition of DNA damaging agents using the Cell
Proliferation Kit I (MTT) (Roche Applied Sciences) following
manufacturer’s protocol. Briefly, 10 pl of MTT (lysis) reagent
was added to the wells and incubated for 4—5 h at 37°C and then
100 .l of detergent (solubilizing buffer) was added followed by
overnight incubation in dark at 37°C. The absorbance was read
at dual wavelengths (570/650). The plots represent the normal-
ized data and a mean of two independent experiments performed
in triplicates with standard deviations.

Immunofluorescence and list of antibodies used. For
immunofluorescence experiments, both shScrambled and
shRECQI1-2-depleted cells (25,000 cells each) were seeded on
four chambered slides (MatTek corporation) and grown over-
night. Cells were then incubated with 50 wM BrdU for a 30 min
pulse, where indicated, and immediately fixed with 3.7% form-
aldehyde in PBS for 10 min at room temperature. Primary anti-
bodies used in the immunofluorescence experiments were rabbit
anti-53BP1 antibody from Novus Biologicals (1:200), mouse
monoclonal anti-BrdU antibody from BD Biosciences (1:50)
and rabbit anti-phospho-RPA32 (S4/S8) antibody from Bethyl
Labaratories (1:200). Other antibodies used are rabbit anti-
RECQI antibody (H-110) from Santa Cruz, rabbit ant-phos-
pho-Chk1 (Ser 345) antibody from Abcam, rabbit anti-ATM
antibody from Epitomics, rabbit anti-Chk1 antibody from Santa
Cruz.
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