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ABSTRACT

Humans have five RecQ helicases, whereas simpler
organisms have only one. Little is known about
whether and how these RecQ helicases co-operate
and/or complement each other in response to
cellular stress. Here we show that RECQL5 associ-
ates longer at laser-induced DNA double-strand
breaks in the absence of Werner syndrome (WRN)
protein, and that it interacts physically and function-
ally with WRN both in vivo and in vitro. RECQL5
co-operates with WRN on synthetic stalled replica-
tion fork-like structures and stimulates its helicase
activity on DNA fork duplexes. Both RECQL5 and
WRN re-localize from the nucleolus into the
nucleus after replicative stress and significantly as-
sociate with each other during S-phase. Further, we
show that RECQLS5 is essential for cell survival in the
absence of WRN. Loss of both RECQL5 and WRN
severely compromises DNA replication, accumu-
lates genomic instability and ultimately leads to
cell death. Collectively, our results indicate that
RECAQL5 plays both co-operative and complemen-
tary roles with WRN. This is an early demonstration
of a significant functional interplay and a novel
synthetic lethal interaction among the human
RecQ helicases.

INTRODUCTION

RecQ helicases are a highly conserved group of enzymes
involved in the maintenance of genomic stability (1,2).
Whereas lower organisms such as bacteria and yeast
have one RecQ member per species, there are five RecQ
helicases in humans. Mutations in three of the five human
RecQ helicases are associated with autosomal recessive
diseases such as Bloom (BLM), Werner (WRN) and

Rothmund-Thomson (RECQL4) syndromes, characterized
by premature aging and carcinogenesis (3,4). RECQLI1 and
RECQLS5 are not yet associated with any disease, but are
highly abundant and important. RecQ helicases are multi-
functional genome caretakers and play significant roles in
various metabolic processes such as DNA replication, re-
combination, transcription, DNA base excision repair and
telomere maintenance (5).

BLM plays an important role in suppression of sister
chromatid exchanges (SCEs) and is involved in dissolution
of double Holliday junctions together with the topoisomer-
ase [1la. /RMI1 (BLAP75) complex (6,7). WRN encodes a
multifunctional protein with both DNA helicase and
exonuclease activities (8), and coordinated action of both
catalytic activities could be involved in processing of repli-
cation and recombination intermediates as well as telomere
maintenance (9,10). WRN plays an important role in rep-
lication fork stabilization and prevents aberrant recombin-
ation events at stalled forks. Further, Werner syndrome
(WS) cells are highly sensitive to replicative stress (11).
Loss of WRN affects cell cycle progression and results in
enhanced accumulation of DNA double-strand breaks
(DSBs) and instability at common fragile sites in cells
experiencing oncogene-induced replication stress (12).

Although much insight has been gained into the func-
tions of BLM and WRN, the role of RECQLS is still
relatively unknown. RECQLS5 is abundantly expressed
throughout the cell cycle and has been attributed with
some important roles. RECQLS has been implicated in
DNA replication (13-15), recombination (16) and tran-
scription (17-19). RECQLS5-deficient cells accumulate
spontaneous Rad51 and y-H2AX foci and are prone to
gross chromosomal rearrangements in response to replica-
tion stress (16). Although there is no human disease yet to
be associated with lack of RECQLS, RECQLS deficiency
in mice results in cancer predisposition (16), indicating
that RECQLYS functions as a tumor suppressor.

RECQLS plays a potential role in homologous recom-
bination (HR) by displacing Rad51 nucleoprotein
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filaments (16) and is proposed to have overlapping func-
tions with that of BLM in suppression of SCEs (20,21).
Our present study focuses on understanding the role of
RECQLS and its functional interplay with BLM and
WRN. There are only limited studies addressing whether
the human RecQ helicases play co-operative or comple-
mentary roles with each other in the maintenance of
genomic stability. We have previously reported potential
physical and functional interactions between BLM and
WRN (22) and between RECQL4 and BLM (23). Here,
we report a novel co-operation between RECQLS5 and
WRN in response to replicative stress and demonstrate
that RECQLYS is essential for cell survival in the absence
of WRN. Our study implies for the first time, a synthetic
lethal interaction between RECQLS5 and WRN and that
RECQLS could have important backup functions.

MATERIALS AND METHODS
Cell lines and transfection

SV40-transformed normal GM637, AG11395
(WRN-deficient) and GMO08505 (BLM-deficient) fibro-
blasts were obtained from Coriell cell repositories
(Camden, NJ, USA) and cultured in complete MEM
medium supplemented with 10% FBS, 1% Pen—Strep
along with 1X non-essential and essential amino acids,
vitamins and 2mM glutamine. For live-cell micro-
irradiation experiments, cells were plated 24 hrs before
transfection (with GFP-RECQLYS) in 2-cm glass-bottom
plates (MatTek Corporation, Ashland, MA, USA) at
60-70% confluency. Lipofectamine LTX was used for
transfection, following the manufacturer’s instructions
(Invitrogen, Life Technologies, Grand Island, NY, USA).

Laser micro-irradiation and confocal microscopy

Micro-irradiation has been used to induce DNA DSBs.
A Nikon Eclipse 2000E spinning disk confocal microscope
was used with five laser imaging modules attached with a
CCD camera (Hamamatsu, Tokyo, Japan), as previously
described (24,25). Localized DNA DSBs were induced
using 435-nm SRS NLI100 nitrogen laser (Photonics
Instruments, St. Charles, IL, USA) with optimization of
the laser intensity to 7% (24). Positions internal to the
nuclei of live cells transfected with GFP-RECQLS were
targeted using a 40x oil objective lens. Images were
captured at various time points and analysed using
Volocity 5.0 build 6 (Improvision/PerkinElmer, Coventry,
UK). Retention experiments were performed using a
specially designed environmental chamber to maintain
physiological conditions (37°C, 5% CO,). The recruitment
kinetics was calculated by plotting an increase in fluores-
cence intensity with time. The data points represent the
mean of three independent experiments with error bars.

Generation of stable RECQLS5 knockdown cells and
depletion of other RecQ helicases

Stable RECQLS lentiviral knockdown cells were
generated as previously described (15). The pLKO.l
vector harboring a mission short hairpin RNA

(shRNA)-RECQL5 (TRCNO0000051415) targeting the
coding region of human RECQLS was obtained from
Sigma Aldrich (St. Louis, MO, USA). Plasmid #1864
shRNA construct expressing scrambled sequence (de-
posited by Sabatini lab) was purchased from Addgene
(Cambridge, MA, USA). For lentiviral transduction,
2 x 10° cells were seeded in 10-cm culture plates and trans-
fected the following day with the lentivirus. Cells were
split 48 h after transfection and selected in the presence
of 2 pg/ml puromycin.

Stable RECQL4, BLM and WRN-depleted cells were
also generated by a similar approach using mission
shRNA lentiviral constructs, TRCNO000000051169
(RECQL4), TRCN00000004906 (BLM) and TRCNO0000
0004902 (WRN) from Sigma Aldrich. Transient depletion
of WRN in GM637 fibroblasts was achieved by using
small interference RNA (siRNA)-WRN (Dharmacon,
Lafayette, CO, USA), as described previously (26).
Briefly, cells were plated to 50-60% confluence in 10-cm
dishes 24h before transfection and transfected with
siRNA WRN and control siRNA using Lipofectamine
2000 (Invitrogen). A second transfection was performed
similarly after 24h. Seventy-two hours after the initial
transfection, cells were harvested for subsequent analysis
of growth assays and DNA fiber experiments. The
sequence of WRN siRNA was 5-GTGTATAGTTACG
ATGCTAGTGATT-3, and that of the control siRNA
was 5-UUCUCCGACGUGUCACGUUU-3".

DNA fiber assays

The cells were exposed to 50 uM BrdU for 15 minutes and
immediately washed with cold phosphate buffered saline
(PBS). Chromosome spreads were prepared as described
previously (27,28). DNA spreads were air-dried and fixed
in 3:1 methanol/acetic acid. The slides were acid treated
with 2.5 M HCI at room temperature for 1h, neutralized
in Tris buffer, pH 7.5 for 10 min and subsequently blocked
for 1 h with 5% bovine serum albumin (BSA), 10% goat
serum in PBS. Antibodies were diluted in blocking buffer:
mouse monoclonal antibody for BrdU (BD Biosciences,
San Jose, CA, USA) 1:50; anti-mouse Dylight 488
(Jackson ImmunoResearch, West Grove, PA, USA)
1:1000. Incubations with antibodies were carried out at
37°C for 1h (for primary antibodies) and 45 min (for sec-
ondary antibodies). DNA was stained with SYTOX
orange (Invitrogen) for Smin and washed with PBS.
Slides were finally mounted in anti-fade prolong
mounting medium (Invitrogen). Microscopy was carried
out using a Zeiss Axiovert 200M microscope and analysed
using the Axio Vision software packages. The number of
fibers were counted and plotted against their length (um).

Helicase assays

A forked DNA duplex (D50/49, 26 bp, Table 1) was
prepared by labeling the D50 oligonucleotide (IDT,
Coralville, Towa, USA) with the T4 polynucleotide
kinase (New England Biolabs, Ipswich, MA, USA) and
annealed to the complementary oligonucleotide D49.
A Holliday junction (HJ) substrate was prepared from
X12 oligonucleotides, as described previously (29).



Table 1. List of oligonucleotides used in the study
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Oligo name Sequence 5'-3

D50 GGGACGCGTCGGCCTGGCACGTCGGCCGCTGCGGCCAGGCACCCGATGGC

D49 TTTGTTTGTTTGTTTGTTTGTTTGCCGACGTGCCAGGCCGACGCGTCCC

X12-1 GACGCTGCCGAATTCTGGCTTGCTAGGACATCTTTGCCCACGTTGACCCG

X12-2 CGGGTCAACGTGGGCAAAGATGTCCTAGCAATGTAATCGTCTATGACGTC

X12-3 GACGTCATAGACGATTACATTGCTAGGACATGCTGTCTAGAGACTATCGC

X12-4 GCGATAGTCTCTAGACAGCATGTCCTAGCAAGCCAGAATTCGGCAGCGTC

Exo 43 AGTGCAGACTGCTGCTGAACGTACCCTGATCGTCGTCACGTCA

Exo 15 TGACGTGACGACGAT

RS1 ACTATCATTCAGTCATGTAACCTAGTCAATCTGCGAGCTCGAATTCACTGGAGTGACCTC
RS2 ATTGACTAGGTTACATGACTGAATGATAGT

RS3 GAGGTCACTCCAGTGAATTCGAGCTCGCAGCCCCTCTAGGTTACATGACTGAATGATAGT

Helicase assays were carried out in the buffer containing
20mM Tris HCI (pH 7.4), 20mM NaCl, 25mM KCl,
ImM DTT, 5% glycerol, 2.5mM MgCl,, 100 pg/ml
BSA and 2.5mM ATP. Indicated amounts of RECQLS5
and WRN were pre-mixed in the helicase buffer, and the
reactions were initiated by addition of 0.5nM substrate,
and incubated at 37°C for 20 min. Reactions were then
stopped by the addition of stop buffer (35mM EDTA,
0.9% SDS, 25% glycerol, 0.04% bromophenol blue,
0.04% xylene cyanol), separated on 10% native polyacryl-
amide gels and analysed by autoradiography.

Recombinant proteins

Recombinant RECQLS protein and the ATPase dead
K58R RECQLS5 were purified from Escherichia coli by
overexpression as fusion proteins with a self-cleaving
intein—chitin-binding domain in BL21(DE3) CodonPlus
RIPL strain (Stratagene, Agilent Technologies, Santa
Clara, CA, USA), as previously described (30).
Recombinant histidine-tagged WRN  protein  was
purified using a baculovirus/insect cell expression system,
as previously described (31). BLM was a kind gift from
Ian Hickson, University of Copenhagen, Denmark.

Strand exchange

All the oligonucleotides used were listed in Table 1. Stalled
replication fork-like duplex lacking the leading strand
(3’-flap duplex) was generated as previously described
(14). Homologous arms were designed with a 5-nt region
of heterology adjacent to the three-way junction to
prevent spontaneous branch migration. Briefly, the oligo
RS1 was 5-end labeled with T4 polynucleotide kinase and
annealed with RS2. A three-way flap-like structure was
generated by annealing RS1/2 partial duplex with RS3,
which is complementary with RS1, except for the five
underlined bases (Table 1). This results in the formation
of a bubble-like structure as a result of strand exchange.
Strand exchange was performed in the buffer containing
20mM Tris-HCI (pH 7.5), 8 mM DTT, SmM MgCl,,
10mM KCI, 10% glycerol, 80 pg/ml BSA and 5mM
ATP; 2nM of WRN was incubated with 0.5nM
three-way flap-like duplex and increasing concentrations
of RECQLS5 at 37°C for 30 min. The reactions were then
stopped and analysed on a 10% native PAGE.

Co-immunoprecipiation

Cells were grown in 15-cm glass plates, harvested as
indicated and lysed in 1ml of lysis buffer (50 mM Tris
HCI, pH 7.4, 150 mM NaCl, 2mM EDTA, 1 mM PMSF
and 1% Triton X-100), supplemented with protease
inhibitor (Roche Applied Sciences, Indianapolis, IN,
USA). Lysis was performed in the presence of ethidium
bromide (50 pg/ml) by rotating end-over-end for 30 min at
4°C and centrifuged at 14000g for 20 min. The super-
natants or whole cell extracts were collected and subjected
for pre-clearing with Protein A/G beads (Thermo Fisher
Scientific, Waltham, MA, USA). The cell extracts were
incubated overnight at 4°C with affinity purified anti
RECQLS5 antibody or with rabbit IgG (Santa Cruz Inc,
Santa Cruz, CA, USA). Immune complexes were subse-
quently incubated with Protein A/G agarose beads for 5h
at 4°C. The beads were then washed 4-5 times with 50 mM
Tris pH 7.4, 150 mM NacCl and 0.2% Triton X-100, and
finally re-suspended in 20 pl of 2x SDS loading buffer and
denatured at 95°C for Smin to release bound proteins.
The immunoprecipitates were analysed by western
blotting and probed with custom-made mouse monoclo-
nal antibody for WRN (clone 1B6 (32)).

In vitro immunoprecipitation

Both RECQLS5 (1.2ug) and WRN (1.2ug) were pre-
incubated with either rabbit IgG (Santa Cruz), or anti
RECQLS antibody in 200 pl of helicase buffer with 5 pg/
ml BSA and incubated at 4°C for 90 min. Protein A/G
beads were subsequently added to the protein mix and
incubated at 4°C for 2h. The beads were then isolated,
washed 5 times in 500 pl of helicase buffer containing
150 mM NaCl and 0.1% BSA and processed as described
above.

Growth assays

Scrambled and RECQLS5-depleted control and WS fibro-
blasts were counted and plated 96 h after transduction and
48h post selection into 18 dishes, 10* cells/dish. Three
dishes were harvested every 24h 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 independent experi-
ments, with error bars.
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Flow cytometry

To analyse the cell cycle distribution, cells were harvested
(96 h after transduction and 48 h after selection in puro-
mycin) by trypsinization using the pre-used media to
count 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 10 pg/ml
propidium iodide (PI) solution with 1mg/ml RNAseA.
FACS analysis was performed by Accuri C6 flow
cytometer (BD Biosciences, San Jose, CA, USA) and
analysed using FlowJO software.

FITC Annexin assays

To analyse cell death/apoptosis, fluorescein isothiocyanate
(FITC) Annexin assays were performed, 96 h after transduc-
tion and 48h after selection in puromycin, using BD
Pharminogen FITC Annexin V kit, per the manufacturer’s
instructions. Flow cytometric analysis was performed using
Accuri C6 flow cytometer (BD Biosciences) and analysed by
FlowJo software.

Analysis of metaphase chromosomes

Metaphase spreads were prepared from RECQLS5-depleted
control and WRN-deficient fibroblasts. Cells were then
harvested and incubated in 75mM KCI 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 Cytovision software (Applied
Imaging Corp, Grand Rapids, MI, USA).

List of antibodies used

Polyclonal rabbit anti-RECQLS5 antibody was generated
against the C-terminal portion of RECQLS (amino acids
813-963) and affinity purified as described previously (15).
Mouse monoclonal antibody against WRN (clone 1B6)
was generated previously (32). Other antibodies used in
this study were: rabbit anti-BLM, rabbit anti-53BP1 and
mouse monoclonal anti-actin antibodies purchased from
Abcam (Cambridge, MA, USA); rabbit anti-Rad51 and
rabbit anti-WRN (H-300) from Santa Cruz Biotechnology
and rabbit polyclonal antibody for cleaved caspase-3 (Asp
175) was obtained from Cell Signaling (Danvers, MA,
USA).

RESULTS

Retention time of GFP-RECQLS5 at the laser-induced
DSB sites is increased in the absence of BLM and WRN

Micro-irradiation is a direct strategy to induce localized
DNA DSBs (33-35). We and others have used this
approach to study the recruitment of RecQ helicases to
the DSB sites (25,36,37). We have recently studied the re-
cruitment dynamics of RECQLS5 and shown that the
N-terminal helicase and C-terminal KIX domains are
essential for the efficient recruitment and stable retention
of RECQLS at DSB sites (24). To study the effect of other
human RecQ helicases on RECQLS5 function in vivo,

similar recruitment and retention studies were performed
in WRN-(AG11395) and BLM-(GMO08505) deficient
fibroblasts. SV40-transformed GM637 were used as
control fibroblasts. GFP-RECQLS5 associates at the
laser-induced DSB sites for 7-8h in normal (GM637)
fibroblasts (24) (Figure 1A). Similar recruitment experi-
ments in GMO08505 and AG11395 fibroblasts indicate
that the recruitment of RECQLS is independent of BLM
and WRN, but that the dissociation of GFP-RECQLS5
from the DSB sites is significantly slower in the absence
of BLM and WRN (>20h, Figure 1A). The plot illustrates
the longer retention of GFP-RECQLS at the damage sites
in BLM- and WRN-deficient fibroblasts compared with
that of control fibroblasts (Figure 1B).

This extended retention of GFP-RECQLS was further
confirmed by performing similar experiments in an
isogenic background of HeL a cells, targeted with lentiviral
shRNA to stably knockdown BLM, WRN or RECQL4
(Figure 2). Efficient depletion was obtained and the
knockdown (KD) efficiency was ~95% for BLM and
RECQL4, ~85-90% for WRN on average (Figure 2A).
Our retention experiments indicate that GFP-RECQLS
dissociated from laser-induced DSBs with similar
kinetics in both scrambled and RECQL4-depleted HelLa
cells (~2-3h) (Figure 2B). However, GFP-RECQLS5
dissociated more slowly and was retained longer (>8h
after micro-irradiation) in BLM- or WRN-depleted cells
(Figure 2B). The plot compares the retention of
GFP-RECQLS5 at laser-induced DSB sites in BLM,
WRN and RECQL4 stably depleted cells (Figure 2C).
Together, these results show that RECQLS associates
longer at the DSB sites in the absence of BLM and
WRN, but not in the absence of RECQLA4.

Previous studies have shown accumulation of acute DNA
damage in the absence of BLM and WRN (38,39). Further,
we confirmed that both BLM- and WRN-deficient fibro-
blasts have slower DNA repair kinetics and accumulate per-
sistent 53BP1 foci followed by y-irradiation. In normal
GM637 fibroblasts, the 53BP1 foci had almost disappeared
within 8 h, but both BLM and WRN fibroblasts accumulate
over 5-fold more 53BP1 foci even after 16 h (Supplementary
Figure S1IA and B). We have previously shown similar
accumulation of 53BP1 foci in the absence of RECQL4
(25). Collectively, longer retention of RECQLS in the
absence of BLM or WRN, but not RECQL4, would impli-
cate that RECQLS could be required to remain bound at
these unrepaired lesions in the absence of BLM or WRN,
but not in the absence of RECQLA4.

RECQLS physically interacts with WRN both
in vivo and in vitro

We further investigated whether there were any potential
interactions among these RecQ helicases. Co-immun
oprecipitation experiments in HeLa cells indicate a
physical interaction between RECQLS5 and WRN
(Figure 3A, lane 3). In contrast, we could not detect any
potential interaction of RECQLS and BLM under similar
conditions (Figure 3A). The RECQLS5 and WRN associ-
ation was not affected after y-irradiation (Figure 3A, lane
5) but increased during S-phase after treatment with
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Figure 1. Retention of GFP-RECQLS at laser-induced DSBs is longer in BLM- and WRN-deficient fibroblasts. (A) Retention of GFP-RECQLS in
GM637 (normal), GM08505 (BLM-deficient) and AG11395 (WRN-deficient) fibroblasts. (B) Plot showing longer retention of GFP-RECQLS in
BLM- and WRN-deficient fibroblasts compared with the normal fibroblasts. The increase in the fluorescent intensity was plotted with the time points
(in hours).The plot represents mean of three independent experiments (each analysing ~8-10 cells).

hydroxyurea (HU) (Figure 3A, compare lanes 3 and 4).
FACS analysis indicates that the HeLa cells were blocked
at Gy/S after treatment with HU and were in S-phase 4h
after removal of HU (Figure 3B). The higher levels of
WRN in the immunoprecipitation indicate that the associ-
ation could be maximal during S-phase after replicative
stress. However, co-immunoprecipitation immediately
after HU treatment did not significantly affect their
physical association (Supplementary Figure S2A).
Previous results indicate that neither RECQLS nor WRN
is cell-cycle regulated, but both are constitutively expressed
throughout the cell cycle (22,40,41), suggesting that the
higher levels of RECQLS and WRN immunoprecipitation
are not simply owing to the higher protein levels in S-phase.
We next explored whether the purified recombinant pro-
teins RECQLS and WRN interact directly. In vitro
immunoprecipitation experiments indicate a physical and
direct association of RECQLS5 and WRN (Figure 3C).
WRN relocates from the nucleoli and repositions at
stalled replication sites during S-phase after replicative
stress (42). We observed that RECQLS similarly

re-localizes outside the nucleolus to the nucleus during
S-phase after treatment with HU and that it co-localizes
with WRN. A similar re-distribution of both RECQLS5
and WRN outside the nucleolus was also observed after
treatment with camptothecin. Enlarged images of single
representative cells with positive co-localization channels
are shown in Supplementary Figure S2B. As we could not
observe typical foci formation, this re-distribution and
co-localization was validated by calculating the Pearson
correlation coefficient using Volocity software 6.0. A
Pearson coefficient value between 0.5 and 1 indicates
co-localization between the two channels (43). Threshold
Pearson coefficient was shown for ~30 cells and >85-90%
of the selected cells had a Pearson coefficient of ~0.7-0.8,
indicating a significant co-localization between RECQLS
and WRN after replicative stress (Supplementary Figure
S20).

Functional co-operation of RECQLS and WRN

We next analysed the functional consequence of the inter-
action between RECQLS and WRN. Our results show
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Figure 2. Retention kinetics of GFP-RECQLS at laser-induced DSBs in the absence of BLM, WRN and RECQLA4. (A) Western blots showing stable
knockdown of RECQL4, BLM and WRN by lentiviral shRNA in HeLa cells. (B) Retention of GFP-RECQLS in the absence of BLM, WRN and
RECQLA4. Stable knockdown cells of RECQL4, BLM and WRN were transiently transfected with GFP-RECQLS and micro-irradiated at 7% laser
intensity, and retention was performed over several hours using the specially designed environmental chamber. (C) Plot comparing the retention
kinetics of GFP-RECQLS. The retention was shown up to 8 h (while it retains even longer). The data points represent the mean of three independent

experiments (8—10 cells analysed per experiment).

that RECQLS specifically stimulated WRN, but not
BLM, on a forked duplex with a 26-bp duplex region
(Figure 4A and B). WRN (2nM) unwound ~5-10% of
the forked DNA duplex (Figure 4A, lane 2); on increasing
concentrations of RECQLS5 (2-10nM), there was an
increase in WRN helicase activity from ~10% to almost
70-80% (Figure 4A, compare lanes 3-5). At a molar ratio
of 1:1, there was a 2—3-fold increase in the helicase activity
of WRN; at 2.5- and 5-fold molar excess of RECQLS, the
helicase activity of WRN was increased up to 4- and
6-7-fold, respectively (Figure 4D). However, 10-fold
molar excess of RECQLS (20 nM) resulted in inhibition,

possibly owing to competition in binding to the fork sub-
strate (Figure 4A, lane 6). The stimulation observed is
more than an additive effect, as RECQLS is a poorly
processive helicase and 20nM of RECQLS could only
unwind a maximum of 20-25% of the substrate
(Figure 4A, lanes 9, 10). GST fragments of WRN
protein were previously cloned and purified in our labora-
tory (44). Interestingly, RECQLS could also stimulate
a WRN fragment containing the helicase and RQC
domains (WRN y_r) (Figure 4C), although the stimula-
tion was not as strong as for the full-length WRN
(Figure 4D), possibly suggesting the requirement of
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Figure 3. RECQLS physically interacts with WRN both in vivo and in vitro. (A) Co-immunoprecipitation of WRN and RECQLS5 from whole-cell
extracts of HeLa cells, performed in the presence of ethidium bromide. Lane 1: input; lane 2: immunoprecipitation (IP) using rabbit IgG; lanes 3-5:
IP with anti-RECQLS5 antibody. Cells were harvested without any treatment (lane 3); 4 h after release from HU treatment (5mM for 18 h) (lane 4);
after y-irradiation with 10 Gy (lane 5). RECQLS was confirmed in the pull down using rabbit true blot antibody (central panel); negative IP for
BLM was shown in the lower panel. (B) FACS analysis validating the synchronization of HeLa cells in S-phase 4 hrs after removal of HU.
(C) In vitro 1P was performed using purified recombinant proteins RECQLS5 and WRN (1.2 pug each). WRN was pulled down with RECQLS5

antibody (lane 3), but not by IgG (lane 2).

other domains for a complete functional interaction. This
functional interaction between RECQL5 and WRN
appears to be more specific, as heat-denatured RECQLS5
does not stimulate WRN (Figure 4A, lane 7), nor was the
stimulation observed in experiments with an ATPase-dead
WRN K577M (45) (Figure 4E). Further, interestingly,
ATPase/helicase dead mutant of RECQLS (K58R
RECQLY)Y) did not stimulate WRN under similar condi-
tions (Figure 4F), indicating that the co-operation requires
functional RECQLS. Instead, inhibition was observed at
higher concentrations, which might be owing to the com-
petition in binding the substrate. Similar co-operation or
coupling between two active DNA helicases was previ-
ously described by Atkinson et al. (46,47).

Both RECQLS and WRN were previously shown to
perform strand exchange on synthetic stalled replication
fork-like structures (14). Our results indicate that
RECQLS5 can functionally co-operate with WRN by
promoting strand exchange on similar stalled replication
forks, lacking a leading strand (3’-flap duplex, Figure 4G).
Strand exchange is a consequence of both DNA unwind-
ing and strand annealing activities of these RecQ helicases
(14) (Supplementary Figure S3A); 2nM of WRN has
~20-25% activity (Figure 4G, lane 3); increasing

concentrations of RECQLS5 (2-20nM) facilitated strand
exchange synergistically to almost 90-95% activity
(Figure 4G, lanes 4-7). RECQLYS is poorly processive, as
described previously, and 20nM of RECQLS yielded
~35% of activity (lane 10). Heat-denatured RECQLS5
did not affect the strand exchange of WRN (lanes
12-16). Collectively, our results indicate that the
physical and functional interaction of RECQLS and
WRN could be more significant on replicative stress.

On the other hand, RECQLS5 did not affect the exo-
nuclease activity of WRN (Supplementary Figure S3B),
nor did it stimulate either BLM or WRN helicase
activity on a HJ substrate, an HR intermediate
(Supplementary Figure S3C). Instead, inhibition was
observed on increasing concentrations of RECQLS,
which might be possibly owing to the competition for
binding the substrate.

Depletion of RECQLS in WRN-deficient fibroblasts
induces acute DNA damage and severely affects
cell viability

To further explore the functional interaction, depletion of
RECQLS was performed in WRN-deficient fibroblasts
(AG11395). We have recently generated stable RECQLS
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knockdown cells using lentiviral shRNA (15). Stable de-
pletion of RECQLS5 was performed in WRN-deficient
fibroblasts using the aforementioned lentiviral shRNA
that targets the coding region of RECQLS. GM637 were
used as control fibroblasts. AG11395 fibroblasts were con-
firmed for WRN deficiency (Figure 5A, upper panel), and
the level of depletion for RECQLS5 was assayed and was
~90-95% on an average (Figure S5A, lower panel).
Growth assays indicated that depletion of RECQLS in
WRN-deficient fibroblasts significantly affected cell
survival (Figure 5B). Depletion of RECQLS5 in control
fibroblasts had a moderate effect on cell proliferation,
consistent  with our recent observations (15).
Interestingly, PI cell-cycle FACS analysis indicated that
depletion of RECQLS5 in AG11395 fibroblasts resulted
in significant cell death (>30% of sub G; or apoptotic
cells), and that most of the remaining cells displayed
acute G»>/M arrest (Figure 5C). Further, the number of
cells in G; and S-phase were significantly lower than
that of the scrambled AG11395 fibroblasts. Surprisingly,
an additional peak representing polyploidy (>2n DNA
content) was also observed. Depletion of RECQLS in
control fibroblasts did not show any such major defects.
AG11395 fibroblasts show a greater fraction of cells in
S-phase, compared with that of the control fibroblasts,
and this is consistent with previous observations of
delayed S-phase progression in WS fibroblasts (48.,49).

Analysis of 53BP1 foci was performed to assess direct
induction of DNA DSBs. Depletion of RECQLS in
WRN-deficient fibroblasts induced over 5-6-fold more
53BP1 foci than in control fibroblasts, indicating the
accumulation of acute DNA damage in the absence of
both WRN and RECQLS5 (Figure 6A and B). Further,
MTT cell proliferation assays (Roche Applied Sciences)
indicated that depletion of RECQLS in AG11395 fibro-
blasts renders them highly sensitive to HU
(Supplementary Figure S4). Although the cells die
without any treatment, the rate of cell death is signifi-
cantly higher with very low concentrations of HU such
as 0.25 or 0.5 mM.

Depletion of RECQLS in WS fibroblasts accumulates
genomic instability and leads to cell death

To further verify our growth assays and FACS analysis,
the extent of cell death or apoptosis was analysed.
Annexin V is a marker of apoptotic cell death; therefore,
we measured Annexin V staining in our cells. Annexin
V assays indicated that depletion of RECQLS5 in control
fibroblasts showed a mild apoptotic cell death phenotype
(Supplementary Figure S5A), and this was consistent with
our recent observations (15). However, depletion of
RECQLS in WRN-deficient fibroblasts resulted in signifi-
cant apoptotic cell death. We observed a 10-fold increase
in Annexin V-positive cells, indicating early apoptosis. An
~14-fold increase in the total number of cells that were
positive for both Annexin V and PI indicated late apop-
tosis or cell death (Supplementary Figure S5A).
Consistently, activation of caspase-3 cleavage was
observed, further indicating the onset of apoptosis
(Supplementary Figure S5B).
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We next analysed the cells for accumulation of any
genomic instability. Two independent experiments each
of ~25 metaphase spreads (for each cell type) were
analysed, and, interestingly, ~15-18 metaphase spreads
of 25 displayed an abnormal phenotype with precocious
separation of the two sister chromatids in
RECQLS5-depleted AG11395 fibroblasts (Supplementary
Figure S6A). However, metaphase chromosomes of
either RECQL5-depleted control fibroblasts or of
scrambled treated AG11395 fibroblasts did not show
such an irregular phenotype. The process of sister chro-
matid pairing (or efficient cohesion of the two sister chro-
matids) is coupled to DNA replication and is fundamental
to proper chromosome segregation and cell viability
(50-52). Therefore, we wanted to analyse any replication
defects associated with the loss of both RECQLS5 and
WRN.

Depletion of RECQLS in WRN-deficient fibroblasts
severely impairs DNA replication

Interestingly, we observed that bromodeoxyuridine
(BrdU) intake was severely impaired by depletion of
RECQLS in WRN-deficient fibroblasts compared with
RECQLS5 depletion in normal fibroblasts (Figure 7A).
Replication fork progression was analysed by DNA fiber
assays. AG11395 fibroblasts exhibit relatively shorter rep-
lication fibers on average (~3—6 pm, Figure 7B) compared
with that of control fibroblasts (~6—9 um), and is consist-
ent with defects in replication fork progression reported in
WS fibroblasts (49). Depletion of RECQLS5 in control
fibroblasts did not significantly alter the length of the
fibers. However, depletion of RECQLS in WRN-deficient
fibroblasts significantly impaired DNA fiber synthesis
(Supplementary Figure S6B). Few fibers were seen, with
a very short average length of ~1-3um (Figure 7B),
indicating severe defects in DNA replication and accumu-
lation of irreversible stalled or collapsed replication forks.
This could be partly due to the fact that relatively low
numbers of cells were observed in S-phase; however, the
fibers are representative of replication in cells that have
lost both RECQLS5 and WRN.

We also wanted to analyse possible effects on HR, as
defective replication repair can lead to increased recom-
bination at stalled replication forks. Depletion of
RECQLS5 was previously shown to accumulate spontan-
eous Rad51 foci (16). WS fibroblasts have relatively few
Rad51 foci, consistent with previous observations of
attenuated Rad51 foci in the absence of WRN (53,54).
Depletion of RECQLS increased recombination events
more in WS fibroblasts than in the control fibroblasts,
as indicated by the increase in Rad51 foci (Supple
mentary Figure S6C).

WS cells are characterized by reduced replicative poten-
tial, S-phase defects and hypersensitivity to replication-
perturbing agents, all of which are directly related to
defects in replication fork progression (55,56). Depletion
of RECQLS5 induces severe and irreversible replicative
blocks, to which WS cells are highly sensitive and this
might lead to cell death.
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Figure 5. Depletion of RECQLS5 in WRN-deficient fibroblasts induces an acute G,/M arrest and severely affects cell survival. (A) Western blot
analysis confirming AG11395 fibroblasts are WRN-deficient (upper panel). Depletion of RECQLS in control (GM637) and WRN-deficient
(AG11395) fibroblasts (lower panel). (B) Growth assays of RECQLS5-depleted control and WRN-deficient fibroblasts. The number of cells were
counted and plotted against number of days. The plot represents the mean of three independent experiments. (C) Depletion of RECQLS in AG11395
fibroblasts shows prominent cell death and an acute G,/M arrest by FACS analyses.

RECQLS is essential for cell survival and its
depletion severely compromises DNA replication

in the absence of WRN

To reproduce the aforementioned results in an isogenic
cellular background and to eliminate off-target effects,
we generated isogenic double-depleted cells of RECQLS

and WRN in GM637 fibroblasts, by transiently depleting
WRN, using siRNA-WRN (26) in RECQLS5 stable
knockdown cells. The knockdown efficiency was verified
by western blot analysis (Figure 8A). Growth assays
indicate that RECQLS5-WRN double-depleted GM637
fibroblasts could not survive for >2 days (Figure 8B).
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Bright-field images of the single- and double-depleted cells
are shown in Figure 8C.

DNA fiber assays indicate severe replication defects on
double depletion of RECQLS and WRN, compared with
single-depleted cells (Figure 8D). WRN-siRNA GM637
fibroblasts show consistently short fibers (average length
of ~5.8 um, Figure 8E) when compared with the control-
siRNA fibroblasts (~8.2um), and is consistent with the
previous observations of shorter fiber tracts in
WRN-depleted cells (57). RECQLS depletion alone did
not show significant effect (~7.8 um), but double depletion

of RECQLS5 and WRN significantly affected DNA fiber
synthesis, as few fibers were seen, and with a very short
average length of ~1.2 um (Figure 8E).

Further, we wanted to validate the effects of double
depletion of RECQLS5 and WRN using another normal
fibroblast cell line WI38. We have previously
characterized stable depletion of RECQLS in WI38 fibro-
blasts (15). Double depletion of both RECQLS5 and WRN
was performed as described previously (Figure 9A).
Similar results were obtained that the double-depleted
(WI38) cells of RECQLS and WRN were not able to
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proliferate (Figure 9B), further indicating severe growth
deficiency and lethal consequences on the depletion of
both  RECQLS5 and WRN. Bright-field images were
shown for both the single- and double-depleted WI38
fibroblasts (Figure 9C). Further, DNA fiber assays were
also consistent and the RECQL5-WRN double-depleted
WI38 fibroblasts also showed few and significantly short
fibers (Figure 9D and E). Collectively, our observations
indicate a severe growth deficiency on loss of both
RECQLS5 and WRN.

DISCUSSION

Our study provides novel insight into the recruitment and
retention dynamics of RECQLS at DSB sites and its func-
tional interplay with BLM and WRN. We show that
RECQLS is retained longer at the DSB sites in the
absence of BLM and WRN, but not in the absence of
RECQL4. Previous studies demonstrate that cells
lacking BLM or WRN display defects in both HR and
DNA replication, leading to accumulation of stalled or
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collapsed replication forks (53,58-60). We speculate that
RECQLS could be involved in protecting acute stress or
damage in the absence of BLM and WRN. RECQLS5 may
have roles in vivo that are distinct from, partially
overlapping, and also complementary with that of BLM
and WRN in the DNA repair process.

RECQLS plays both non-redundant and overlapping
roles with that of BLM (20). Both BLM and RECQLS5
were proposed to disrupt Rad51 nucleoprotein/pre-synap-
tic filaments in HR (16,61). Previous studies by Wang
et al. show that deletion of RECQL5 in a BLM ™/~
background increased the frequency of SCEs, indicating
that RECQLS might suppress SCEs under BLM-deficient
conditions (21). Depletion of RECQLS5 in BLM ™/~ mouse
ES cells also increased the frequency of SCEs (20). It was
suggested that RECQLS, perhaps in conjunction with
BLM, provides an initial regulation to prevent the prema-
ture or unnecessary engagement of HR (62) and
suppresses SCEs. Collectively, these observations
indicate that RECQLS5 could be involved in protecting
the damage sites in the absence of BLM, and that lack
of RECQLS is likely to exacerbate the phenotype resulting
from the defects in BLM.

Importantly, our study indicates a previously undis-
closed co-operation between RECQLS5 and WRN. We
show that both RECQLS5 and WRN physically interact
with each other and that their association is likely
enhanced during S-phase under replicative stress. WRN
plays a critical role in response to replicative stress and
significantly contributes to the recovery of stalled replica-
tion forks (53,63,64). WRN re-localizes from the nucleolus
to the nucleus after replicative stress and co-localizes with
the MRN complex at proliferating cell nuclear antigen
(PCNA) sites during S-phase, and it was further shown
that this re-localization of WRN requires MREI11 (42,65).
Similar co-localization of RECQLS5 with the MRN
complex and requirement of MREI1 for recruitment of
RECQLS to arrested forks after HU treatment were also
reported (66). RECQLS plays a critical role in stabiliza-
tion of stalled or collapsed replication forks and associates
with PCNA (14); RECQLS5-deficient mouse ES cells and
primary embryonic fibroblasts are hypersensitive to
camptothecin (13). WRN also associates with PCNA
(67) and promotes regression of stalled replication forks
(68). Consistent with its in vitro substrate preference,
WRN has been proposed to reset reversed forks or other
replication intermediates and clear the way for replisome
progression. Our results indicate that RECQLS synergis-
tically co-operates with WRN in vitro on synthetic stalled
replication fork-like structures and specifically stimulates
its helicase activity on a forked duplex. However,
RECQLS5 does not stimulate WRN on a HJ substrate,
possibly suggesting that their co-operation might not be
HR mediated. We speculate that although RECQLS has
lower processivity, it co-operates with WRN to facilitate
proper replication fork progression in vivo and could be
more significant under replicative stress, and that this
functional co-operation could also be enhanced by their
interactions with other major players such as the MRN
complex or PCNA.
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Although the retention of RECQLS5 at DSBs is
extended in the absence of BLM, we did not detect
co-operation between RECQLS and BLM, as we did for
WRN. RECQLS5 does not interact with BLM, nor does it
stimulate BLM helicase activity on fork duplexes or HJ
substrates. This finding may have implications for the
divergent and complementary roles that these RecQ
helicases play in the cell. We speculate that RECQLS
responds to stress regardless of the source of the stress.
In BLM-deficient cells, the stress likely arises from
elevated SCEs and deposition of RADS51 nucleoprotein
filaments to which RECQLS gets associated. In WRN-
deficient cells and in normal cells after replication-
blocking DNA damage, RECQLS is probably responding
to stalled or collapsed replication forks; in the later case,
WRN’s catalytic activities may be insufficient to handle
the total cellular burden and therefore RECQLS5 may
provide assistance and stimulation. Although there is
little insight into why any of the RecQ helicases interact
or stimulate one another, we have observed some import-
ant scenarios of this interplay (22,23). As humans have
five RecQ helicases, it would suggest that the activity of
just one RecQ helicase might be insufficient to meet the
demands of normal cellular metabolism.

Multiple mechanisms likely conspire and lead to the
synthetic lethal interaction between RECQLS5 and
WRN. Specifically, replication dysfunction, altered check-
point signaling and dysregulation of topoisomerases could
all contribute to the observed phenotype. There could also
be a partial defect in replication origin firing, as it was
shown that both WRN and RECQLS associate at the
origin of replication in response to replicative stress (69).
Loss of WRN is known to induce replicative stress, and
we speculate that RECQLS could be important both at
origin firing and replication fork progression. WRN-
depleted cells accumulate DNA breaks if challenged with
replication-perturbing agents, an indication of incorrect
handling of stalled replication forks (53). However, WS
cells are able to recover from DNA synthesis perturbation,
suggesting that loss of WRN is compensated for by other
proteins. Here, we show that RECQLS can support
ongoing DNA replication and cell survival in the
absence of WRN. We confirm this by two independent
observations: depletion of RECQLS in WS fibroblasts
and generation of isogenic double-depleted cells for
both RECQLS5 and WRN using two independent fibro-
blast cell lines.

Interestingly, our results indicate that loss of both
RECQLS5 and WRN results in abnormal or defective sep-
aration of the two sister chromatids. Efficient sister chro-
matid pairing is established during DNA replication and is
fundamental for cell viability (50,52). Defects in DNA
replication can also trigger mitotic arrest, with onset of
apoptosis and polyploidy being hallmarks of mitotic cell
death (51,70). On the other hand, loss of checkpoint
(CHK1) activation and cells entering mitosis with defect-
ive DNA replication can also result in loss of cell viability
(70,71). Our previous studies indicate that WRN plays
upstream roles to both ATM and ATR. In
WRN-depleted cells, there is a defect in the activation of
pATM, pATR and pCHKI, specifically in response to
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replicative stress (32,72). WRN-depleted cells

also I (Topo I), stimulating its re-ligation step of the relaxation

progress through S-phase at a faster rate in response to process (73) and shown to have a potential role in com-
replicative stress, suggesting a defect in the intra S-phase bating Topo I lesions (74). Cell extracts from WS fibro-
checkpoint (32). On depletion of RECQLS in the absence blasts display a marked decrease in Topo I relaxation
of WRN, we consistently observed that most of the cells activity of  negatively supercoiled DNA  (73).
were arrested at G,/M, with relatively few cells in S-phase. Interestingly, RECQLS5-deficient mouse embryonic fibro-
We speculate that loss of both RECQLS5 and WRN could blasts were shown hypersensitive to camptothecin, a drug
result in a form of mitotic cell death, which is consistent that inhibits Topo I (13). Additionally, our recent studies
with the onset of apoptosis, observation of polyploidy and indicate that RECQLS facilitates DNA decatenation and
significant accumulation of cells at G,/M and their subse- that depletion of RECQLS, but not WRN, induces defects
quent cell death (indicated by accumulation of sub G cells in Topo II-mediated DNA decatenation (15). Therefore,

by FACS analysis).

loss of RECQLS5 and WRN could impact both Topo I and

We propose that RECQLS has both distinct and Topo o (Figure 10B), and this could induce severe
co-operative roles with that of WRN (Figure 10A). For defects in DNA decatenation and chromosomal segrega-
example, WRN was shown to interact with topoisomerase tion and may in turn lead to polyploidy.
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Figure 10. (A) Proposed roles of RECQLS: The dotted lines represent previously proposed and distinct roles of RECQLS. The major reported
interacting partners are shown in the parenthesis. The solid lines indicate our proposed co-operation of RECQLS5 and WRN. (B) A model reasoning
the cell death with the loss of both RECQLS and WRN. Both distinct and overlapping consequences were listed.



Our observation of massive cell death by depletion of
RECQLS and WRN is, to our knowledge, the first
reported synthetic lethal interaction among RecQ
helicases and appears to be specific, as we and others
have shown that co-depletions of other human RecQ
helicases like BLM and RECQL4 (23.75), WRN and
BLM (76) and BLM and RECQLS5 (20) resulted in
viable cells, exhibiting mostly additive phenotypes
compared with the single depletions. We propose that
RECQLS5 may also have a potential backup function (in
addition to its specialized roles) and that depletion of
RECQLS5 in a WRN-defective background results in a
severe replicative block that eventually leads to cell
death. Future studies are important to determine
whether loss of RECQLS function is selectively lethal
for WRN-deficient tumor cells and exhibits minimal
toxicity on normal cells. Additional studies on the
complex interactions and functional interplay between
the human RecQ helicases will provide insight into the
complicated mechanisms required to maintain genomic
stability.
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