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Background: RECQL4 is a RecQ helicase mutated in Rothmund-Thomson Syndrome (RTS) and has a functional role in
DNA replication and repair.
Results:RECQL4-depleted and RTS patient cells show telomere abnormalities and that RECQL4 interacts with telomeric DNA
and related proteins.
Conclusion: RECQL4 is involved in telomere maintenance.
Significance: The RecQ helicase RECQL4 is involved in telomere replication and maintenance. This establishes a connection
between telomere function and a disease with premature aging phenotype.

Telomeres are structures at the ends of chromosomes and
are composed of long tracks of short tandem repeat DNA
sequences bound by a unique set of proteins (shelterin). Telo-
meric DNA is believed to formG-quadruplex and D-loop struc-
tures, which presents a challenge to the DNA replication and
repair machinery. Although the RecQ helicasesWRN and BLM
are implicated in the resolution of telomeric secondary struc-
tures, very little is known about RECQL4, the RecQ helicase
mutated in Rothmund-Thomson syndrome (RTS). Here, we
report that RTS patient cells have elevated levels of fragile telo-
meric ends and that RECQL4-depleted human cells accumulate
fragile sites, sister chromosome exchanges, and double strand
breaks at telomeric sites. Further, RECQL4 localizes to telom-
eres and associates with shelterin proteins TRF1 and TRF2.
Using recombinant proteins we showed that RECQL4 resolves
telomeric D-loop structures with the help of shelterin proteins
TRF1, TRF2, and POT1. We also found a novel functional syn-
ergistic interaction of this protein with WRN during D-loop
unwinding. These data implicate RECQL4 in telomere
maintenance.

Telomeres are structures at the ends of linear eukaryotic
chromosomes that prevent DNA end-initiated recombination,
exonucleolytic DNA degradation, and replication-associated
terminal recession. In the absence of an active mechanism to
maintain telomere length, the telomere repeat number
decreases with each replicative cell cycle. Telomere attrition is
associated with genome instability, cell cycle arrest, and senes-
cence or apoptosis. Telomeric DNA is composed of double-
stranded tandem repeat sequences (5�-TTAGGG-3� in human

and mouse) followed by a short ssDNA2 3�-overhang (1). In
mammals, telomeric DNA is believed to exist as a D-loop,
formed by invasion of the 3�-overhang into telomeric dsDNA
(2). Telomere-binding proteins, known as shelterin, and asso-
ciated proteins stabilize the D-loop structure (3). Among the
shelterin proteins, POT1 (protection of telomeres 1) binds to
single-stranded telomeric DNA (4), and TRF1 and TRF2
(telomere repeat-binding factors 1 and 2) bind to duplex telo-
meric sequences (5).
The DNA replication machinery is unable to replicate DNA

ends, and as cells proliferate telomeric DNA can be lost. This
terminal DNA loss is compensated for by telomerase, a reverse
transcriptase that adds TTAGGG repeats at the 3�-ends of
chromosomal DNA (6). The bulk of telomeric DNA is repli-
cated by the semiconservativeDNAreplicationmachinery. The
highly repetitive G-rich sequences at the ends of telomeres can
adopt unusual DNA secondary structures, such as G-quadru-
plexes (7) and D-loops (8), which must be resolved prior to
replication. Further, telomeres were identified as fragile sites,
which are known to form in response to replication stress (9,
10). Additionally, these secondary structures may also prevent
the access of repair enzymes to damaged telomeric DNA. Thus,
telomeric DNA presents a challenge to DNA replication and
repair, and an appropriate coordination between specialized
DNA replication/repair proteins and the shelterin proteins is
essential for telomere integrity. The RecQ helicases WRN and
BLM are known to be involved in telomere maintenance (7,
11–13). The shelterin protein TRF1 interacts with WRN in
vitro and modulates its activity at the telomere (11). It has also
been suggested that TRF1 may recruit BLM, which can resolve
G-quadruplex structures efficiently (10). Likewise, another
shelterin protein, TRF2, interacts with both WRN and BLM
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and stimulates their helicase activities on telomeric D-loops in
vitro, suggesting that TRF2may play a role in the recruitment of
these proteins at telomeres (11).
RecQ helicases are a highly conserved family of proteins that

play significant roles in DNA metabolic processes including
DNA replication, DNA repair, and DNA recombination. Sac-
charomyces cerevisiae and Schizosaccharomyces pombe each
express only a single RecQ helicase (Sgs1 and Rqh1, respec-
tively), whereas five RecQ homologs are expressed in mamma-
lian cells: RECQ1, BLM, WRN, RECQL4, and RECQ5 (14, 15).
BLM, WRN, and RECQL4 are linked to autosomal recessive
disorders characterized by genomic instability and cancer pre-
disposition. Bloom syndrome and Werner syndrome are asso-
ciated with defects in BLM and WRN, respectively (16, 17),
whereas RECQL4 deficiency is associated with three rare auto-
somal recessive diseases: Rothmund-Thomson syndrome
(RTS), Baller-Gerold syndrome, and RAPADILINO syndrome
(18, 19). BLM and WRN play important roles in DNA repair
and replication (14, 20–22) and have also been implicated in
telomere maintenance.
Although the biological function of RECQL4 is not well

established, it has been proposed that it participates in base
excision repair, nucleotide excision repair, and homologous
recombination (23–26). In addition, some studies suggest that
Xenopus laevis RECQL4 is active in the initiation of DNA rep-
lication (27, 28). Consistent with this, human RECQL4 inter-
acts with the minichromosomemaintenance complex (29) and
the origin of replication (30) during replication initiation.
RTS patients who do not die from cancer have a normal life

span. However, they show features of “segmental premature
aging” such as growth retardation, poikiloderma, hair loss, cat-
aracts, and bony malformations, and thus RTS is considered a
premature aging syndrome (31, 32). Interestingly, some RTS
patients have phenotypes similar to dyskeratosis congenita,
which is causedmainly by telomere abnormalities (33). Further,
RTS and Werner syndrome share many clinical features,
including developmental abnormalities, premature aging, and a
high degree of susceptibility to osteosarcomas (34, 35). WRN
interacts with telomeric structures and plays a significant role
in telomere replication and repair (11, 36). Recent studies show
that RECQL4 has a previously undetected helicase activity with
selectiveDNA substrate specificity (19, 37). RECQL4 also inter-
acts with FEN1 (26), which may also play a role in telomere
maintenance (38). Together, these observations suggest that
RECQL4, like WRN, may play a role in telomere maintenance.
We set out to look for telomeric abnormalities in RTS patient

cells and RECQL4-depleted human cells and characterized
interactions between RECQL4, shelterin proteins, telomeric
D-loops, andWRN. The results showed that RECQL4 localizes
at telomeres in replicative human cells and that the frequency
of fragile telomeres is higher in RECQL4-depleted cells than in
control cells, especially after DNA replication stress induced by
aphidicolin exposure. Although RECQL4 can barely resolve
telomeric D-loops, this activity is considerably enhanced in the
presence of TRF1 or TRF2. RECQL4 also associates withWRN
and stimulates WRN unwinding of telomeric D-loops in vitro.
Collectively, our data support the view that RECQL4 partici-

pates in telomere maintenance by assisting in D-loop
resolution.

EXPERIMENTAL PROCEDURES

Proteins—Wild-type (WT) human RECQL4 and helicase-
dead RECQL4 with a C-terminal His9 tag in the pGEX6p1 vec-
tor (GE Healthcare) was expressed and purified from Esche-
richia coli Rosetta2 (DE3) (Novagen) as described previously
(19). Recombinant histidine-tagged BLMwas overexpressed in
S. cerevisiae and purified as described previously (39). Recom-
binant histidine-tagged wild-type WRN protein, recombinant
GST-tagged human POT1 protein, and recombinant histidine-
tagged human TRF2 and TRF1 protein were purified using a
baculovirus/insect cell expression as described previously (4,
11, 40). Protein concentration was determined by the Bradford
assay (Bio-Rad), and purity was determined by SDS-PAGE and
Coomassie staining.
Preparation and Characterization of D-loops—All of the

unmodified oligonucleotides were from Integrated DNATech-
nologies (Coralville, IA) and were PAGE-purified by the man-
ufacturer. Themodified (8-oxo-2-deoxyguanosine-containing)
oligonucleotideswere synthesized and purified byTheMidland
Certified Reagent Co. (Midland, TX). The D-loops were pre-
pared and characterized as described previously (36).
Helicase and Annealing Assays—All assays were performed

at least in triplicate. RECQL4 helicase assays were performed as
described earlier (19). POT1, TRF1, and TRF2 (amounts indi-
cated in the legends of Figs. 7–9) were added together with
RECQL4 when indicated. WRN and BLM helicase reactions
were performed and analyzed similarly, only in a different reac-
tion buffer (40 mM Tris, pH 8.0, 4 mMMgCl2, 5 mMDTT, 2 mM

ATP, and 100 �g/ml BSA). While investigating the effect of
RECQL4 on WRN and BLM helicase activities, the indicated
amounts of RECQL4 were added together with WRN or BLM.
DNA substrate and protein concentrations were as indicated
in the legends of Figs. 7–9.
EMSA—RECQL4 (7.5, 15, and 30 nM) was incubated with

either 0.5 nM non-telomeric D-loops (DLmx) or 0.5 nM telo-
meric D-loops (DL1) in a 10-�l reaction buffer containing 30
mM Tris-HCl, pH 7.4, 1 mM DTT, 100 �g/ml BSA, and 50 mM

KCl for 15 min on ice. Then 5 �l of stop dye (50% glycerol and
0.05% bromphenol blue) was added. Reactions were kept on ice
until loading onto a 1% agarose/20 mM Tris, 10 mM acetic acid,
and 0.5 mM EDTA (0.5 � TAE) gel and run in 0.5� TAE at 200
V for 1.5 h at 4 °C. Gel was dried in a gel dryer and exposed to a
PhosphorImager screen. The image was scanned and analyzed
using ImageQuant TL (GEHealthcare). Assays were performed
at least in triplicate, and a representative gel shown.
Cell Culture—U2OS and HeLa cells were maintained in high

glucose Dulbecco’s modified Eagle’s medium (Invitrogen) sup-
plemented with 10% fetal bovine serum (Sigma) and 1% peni-
cillin-streptomycin (Invitrogen) at 37 °C in 5% CO2. Normal
(GM00323 andGM01864) andRTS patient cell lines (AG05013
and AG18371) were obtained from Coriell Cell Repository
(Camden, NJ). The cells were grown in Amniomax II medium
(Invitrogen) and maintained at 37 °C in 5% CO2. Primary BJ
cellswere grown inEagle’sminimumessentialmedium (ATCC,
Manassas, VA) with 10% fetal bovine serum (Sigma).
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shRNA-mediated RECQL4 Knockdown—RECQL4 knock-
down (RECQL4 KD) and scrambled control cells (SCR) were
prepared in primary BJ, U2OS, and HeLa cells according to the
standard protocol using Mission shRNA lentiviral construct
TRCN0000051169 from Sigma-Aldrich. Briefly, the shRNA
vector was co-transfected with packing plasmid pCMV-dr8.2
DVPR (Addgene, Cambridge, MA) and envelope vector
pCMV-VSV-G (Addgene) into human embryonic kidney 293T
cells in DMEM with Hyclone FBS (Thermo Fisher Scientific)
using FuGENE� 6 transfection reagent (Roche Applied Sci-
ence) and Opti-MEM (Invitrogen). The medium was collected
48 h after transduction and filtered using a 0.45-�m PVDF
membrane filter (Millipore). Lentivirus was applied to the cells,
and infections were allowed to proceed for 48 h after which
time puromycin was applied to select for those cells that had
taken up the lentivirus. Quantitative PCR was performed to
confirm that the RECQL4was knocked down�90%, whichwas
later confirmed by Western blotting prior to the cells being
used in experiments.
siRNA-mediated RECQL4 Knockdown—100,000 U2OS cells

were grown overnight in 6-well plates in 2 ml of antibiotic-free
medium (DMEM plus 10% FBS). Then the cells were treated
with 100 pmol of either control (Silencer Negative Control #1,
Ambion) or RECQL4-targeted siRNA (target sequence CAAU-
ACAGCUUACCGUACA, Dharmacon) in Lipofectamine 2000
reagent (Invitrogen) for 6 h. Cells were then grown overnight
and again treated with same siRNAs for 6 h. Cells were then
grown in antibiotic (1%)-containing medium and harvested
after 72 h, and the RECQL4 level was checked by Western
blotting.
Co-immunoprecipitation (co-IP)—For in vitro co-IP, purified

WRN (7.5 pmol) and purifiedRECQL4 (15 pmol)weremixed in
a buffer containing 20 mM Tris-HCl, pH 7.4, 20 mM NaCl, 25
mMKCl, 1 mMDTT, 5% glycerol, 2.5 mMMgCl2 and 100 �g/ml
BSA and incubated for 90 min at 4 °C. For RECQL4-TRF2
co-IP, the proteins were mixed in a buffer containing 50 mM

Tris-HCl, pH 7.4, 150mMNaCl, 1mMEDTA, 1%Triton X-100,
and 1� protease inhibitors (Roche Applied Science). Then,
precoated antibody-agarose beads (anti-rabbit WRN and nor-
mal rabbit IgG, Santa Cruz Biotechnology) were added to the
protein mix, and the tubes were incubated for 2 h at 4 °C with
end-over-end rotation. After incubation the beadswerewashed
four times in washing buffer containing 50 mM Tris-HCl, pH
7.4, 150 mM NaCl, 1 mM EDTA, and 1% Triton X-100, resus-
pended in 30 �l of 2� SDS loading buffer, and resolved on a
4–12% gradient SDS-PAGE followed byWestern analysis. The
RECQL4 was detected by polyclonal anti rabbit-RECQL4 (19)
and rabbit TrueBlot HRP-conjugated anti-rabbit IgG second-
ary antibody (eBioscience) using an ECL kit following theman-
ufacturer’s protocol (GEHealthcare). For in vivo co-IP of TRF2
by RECQL4, U2OS cells were lysed in cell lysis buffer (50 mM

Tris-HCl, pH 7.4, 150mMNaCl, 1mMEDTA, 1%Triton X-100,
and 1� protease inhibitors (RocheApplied Science)), and co-IP
was performed as described elsewhere using anti-TRF2
(Imgenex, mouse) and anti-RECQL4 (19) (rabbit). For co-IP of
WRN with FLAG-RECQL4, U2OS cells were first transduced
with FLAG-RECQL4 and empty vector plasmids using Lipo-
fectamine LTX following the manufacturer’s protocol (Invitro-

gen). At 24 h post-transfection, the cells were lysed in 1 ml of
cell lysis buffer in the presence of 50 �g/ml ethidium bromide.
WRN was detected with polyclonal anti-rabbit WRN antibody
(Santa Cruz Biotechnology), and FLAG-RECQL4 was detected
with anti-rabbit FLAG antibody (Sigma) using ECL Plus (GE
Healthcare).
Immunofluorescence—U2OS or HeLa cells (untreated,

RECQL4-specific, or scrambled shRNA-treated, as indicated)
were plated on Lab-Tek II chambered glass slides (Thermo-
Fisher Scientific) at a density of 20,000 cells/chamber, grown
overnight, and then treated with 2 gray IR where indicated. For
cell cycle-dependent studies, cells were treated with 2 mM

hydroxyurea (Sigma) or 2 mM nocodazole (Sigma) for 16 h as
indicated. Hydroxyurea- and nocodazole-containing medium
was then replaced by DMEM, and the cells were fixed immedi-
ately. Cells were fixed with 4% paraformaldehyde in PBS for 10
min at 37 °C, washed with PBS, and permeabilized with 0.2%
Triton X-100 in PBS for 5 min at room temperature. Following
a final washwith PBS, cells were blocked overnight with 5% FBS
in PBS. Then the cells were treated with primary antibodies for
1 h at 37 °C and secondary antibodies for 30 min at 37 °C after
washing in PBS (five times for 3 min). Then the cells were
washed again with PBS (five times for 3 min) and treated with
Vectashield mounting medium containing DAPI (Vector Lab-
oratories). The following antibodies were used as described
under “Results.” Primary antibodieswere: 53BP1 (Novus, 1:100,
rabbit), TRF1 (Abcam TRF-78, 1:50, mouse), TRF2 (Imgenex,
1:50, mouse), RECQL4 (in-house) (19) (1:100, rabbit or Santa
Cruz K-16, 1:100, goat), and WRN (Santa Cruz, 1:100, rabbit).
Secondary antibodies were: donkey anti-rabbit Alexa Fluor 488
(1:1000) and donkey anti-mouse Alexa Fluor 647 (1:200 for
TRF-78 and 1:1000 for others) (all from Invitrogen). All of the
dilutions were prepared in blocking solution (5% FBS). Images
were captured on aNikon Eclipse TE2000 confocal microscope
(�40 magnification) with a Hamamatsu C9100-13 camera at
�65 °C. Data acquisition and analysis were performed using
Volocity 5.5 software (PerkinElmer Life Sciences). Images of
individual representative cells were cropped from the original
images and are shown in Figs. 2, 3, and 5. To further clarify the
coexistence of two signals, images of partially colocalized foci
were cropped and visualized as three-dimensional images as
shown in Figs. 2, 3, and 5. The Pearson coefficients of these
individual foci were calculated using Volocity software. For a
better representation (supplemental Fig. 3), colocalization
channels (positive products of the differences of the means for
the two channels) were generated to highlight the colocalized
foci. For quantification purpose, the foci at which two signals
are intersected (colocalized foci) are marked and calculated
using the same software.
Fluorescence in Situ Hybridization (FISH)—RECQL4-spe-

cific or scrambled shRNA-treated U2OS or HeLa cells were
treated with 200 �l of 0.5% colcemid for 3 h. For RTS AG05013
and AG18371 and control GM00323 and GM01864 cells the
treatment was for 4 h. Cells were then harvested and immedi-
ately incubated in 0.075 M KCl for 20 min in 37 °C followed by
fixation in ice-cold (3:1)methanol and glacial acetic acid.Meta-
phase spreads were then treated with pepsin (1 mg/ml, Sigma)
and fixed with 4% formaldehyde. The slides containing the
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spreads were then dehydrated by ethanol wash (70, 90, and
100%, respectively) and hybridizedwith aCy3-labeled p-nitroa-
nilide (CCCTAA)3 C-telomere probe (0.3 mg/ml, Panagene) in
hybridization buffer ( 70% formamide, 2.5% blocking protein,
10 mM Tris, pH 7.4, and 2.5 mM MgCl2). Then the slides were
washed with washing solution I (70% formamide, 1% BSA, and
10 mM Tris, pH 7.4) and washing solution II (1� TBS and 0.7%
Tween 20). After dehydration the spreads were counterstained
with DAPI and mounted with ProLong Gold anti-fade reagent
(Invitrogen). Images were captured using CytoVisionTM soft-
ware (Applied Imaging Corp.) on a fluorescence microscope
(Axio2,Carl Zeiss,Germany) at�100magnification.At least 30
metaphases from three different sets of RECQL4 knockdown
and scrambled U2OS and Hela cells or from three different
experiments with RTS and control cells were scored manually
for telomeric abnormalities (i.e. frequencies of telomere fusion,
breaks, and fragile telomeres).
Chromosome Orientation FISH—RECQL4-specific or

scrambled shRNA-treated U2OS cells (about 50% confluent)
were subcultured in DMEM containing a 3:1 ratio of BrdU/
BrdC (Sigma) at a final concentration of 1 � 10�5 M and col-
lected around 16 h for detection of telomere sister chromatid
exchange (T-SCE). At 3 h prior to harvest, colcemid (0.1
mg/ml) was added. Metaphase spreads were then prepared as
described under “Fluorescence in Situ Hybridization (FISH)”
above. Chromosome orientation FISH (CO-FISH) was used to
measure the frequency of T-SCE as described previously (41,
42). In brief, the metaphase spreads were treated with RNase A
andHoechst stain followed byUVexposure and exonuclease III
(New England Biolabs, 10 units/�l) digestion. Then the spreads
were hybridized with Cy3-labeled p-nitroanilide (CCCTAA)3
C-telomere probe as described above. Following washes with
wash solution I (70% formamide, 0.1%BSA, 10mMTris, pH 7.2)
and II (0.1 M Tris, 0.15 M NaCl, 0.08% Tween-20), the spreads
were counterstained with DAPI and mounted with ProLong
Gold anti-fade reagent. The images were taken as described
above under “Fluorescence in Situ Hybridization (FISH).” A
chromosome with more than two telomeric DNA signals by
Cy3-labeled C-telomere probe was scored as T-SCE-positive.
The frequencies of T-SCEs were obtained from at least 50
metaphases from three different RecQ knockdown and scram-
bled U2OS cells.
Immunofluorescence-FISH—U2OS cells were plated, fixed,

and treated with primary and secondary antibodies as men-
tioned above under “Immunofluorescence.” Then, the cells
were fixed by 2% paraformaldehyde, hybridized with a Cy3-
conjugated (CCCTAA)3 probe, and stained with DAPI.
Images were taken and analyzed as described under
“Immunofluorescence.”
Cell Cycle Analysis—Cells were harvested at different time

points after hydroxyurea or nocodazole release, washed, and
mixed with staining solution containing propidium iodide. The
cell cycle progression was detected by flow cytometry using a
FACS instrument and analyzed by FlowJo software.
Statistical Analysis—For the frequency distribution of telo-

meric 53BP1 foci (Figs. 2 and 3), colocalized foci were calcu-
lated fromat least 70 cells from three independent experiments.
For FISH and chromatid orientation FISH experiments, a t test

was performed on at least 30 metaphase spreads from three
independent experiments using sigma-plot; the p value was
obtained. p values between 0.05 and 0.01 are marked with an
asterisk and below 0.01 with a double asterisk in Figs. 1 and 4.

RESULTS

RTS Patient Cells Have Telomere Abnormalities—To inves-
tigate the possible telomere abnormalities in RTS patient cells,
we performed a telomeric FISH assay on two different RTS
patient cell lines (AG05013 and AG18371) and compared the
results with those from age- and sex-matched human skin
fibroblasts (GM00323 and GM01864). The RTS cell line
AG05013 possesses compound heterozygous mutations in the
RECQL4 gene; one allele contains a 2-base deletion and the
other allele has a G3T substitution at the junction of intron 12
and exon 13 that destroys the splicing acceptor sequence. Both
mutations are associated with a translational frameshift,
whereas the second mutation is predicted to cause deletion in
the helicase region of the protein (43). On the other hand,
AG18371 is homozygous for a truncating mutation in the
RECQL4 gene, an 11-bp deletion at nucleotide g.2746
(g.2746del11) in intron 8, which results in an intron that is too
short to be efficiently spliced (44). Both of theseRECQL4muta-
tions co-segregate with RTS (45).
Although the frequency of telomere fusion and breakage was

low and comparable in RTS cells and the corresponding control
cells, the frequency of fragile telomeres, detected as multiple or
diffuse sites of hybridization at a single telomere (Fig. 1, A–C)
(10), was almost 3-fold higher (� 8%) in AG05013 cells than in
control cells GM00323 (� 3%) (Fig. 1D). Similarly, the level of
this type of aberration was also elevated in RTS cell line
AG18371 (6%) compared with the control line GM01864 (�
3%) (Fig. 1E). Although the patient cell lines and the corre-
sponding control lines are not isogenic, the similarity of the
phenotypes observed in both of the RTS cell lines suggests a
potential role of RECQL4 in telomeremaintenance. The abnor-
malities in telomere maintenance could also be an extended
effect of general replication abnormalities in the absence of full-
length RECQL4.
RECQL4 Depletion Causes Accumulation of Telomeric

53BP1 Foci—To further clarify the role of RECQL4 in protect-
ing telomeric ends, human primary fibroblast (BJ cells) were
treated with lentivirus-containing shRNA specific to RECQL4.
These RECQL4 shRNA-infected BJ cells ceased to grow almost
immediately, and enough cells could not be obtained for anal-
ysis. However, U2OS osteoblasts and HeLa cells continued
growing after lentiviral infection and shRNA-mediated deple-
tion of RECQL4, and these were used in the following studies.
U2OS is a cell type that has beenwidely used in studies onRecQ
helicases, including WRN (11, 46). U2OS cells were infected
with lentivirus expressing either scrambled or RECQL4
shRNA, and Western blot analysis showed �95% depletion of
RECQL4 in RECQL4 shRNA-treated U2OS cells (Fig. 2A). We
first looked into the formation of DNA damage response foci at
telomeres in these cells.
We used immunofluorescence-based methods to quantify

53BP1 as a marker of DNA damage and TRF1 as a telomeric
marker in RECQL4 KD and control U2OS cells. The level of
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telomeric TRF1 was comparable in RECQL4 KD and control
U2OS cells (Fig. 2, B and C). 53BP1 foci were detected in both
RECQL4 KD and control cells; however, the average number of
53BP1 foci was significantly higher in RECQL4KD cells than in
control cells. To quantify the 53BP1 foci, the number of foci was
determined in at least 50 nuclei using Volocity software. For
RECQL4 KD U2OS cells, the average number of 53BP1 foci/
nucleus was 12, and about 44% nuclei hadmore than 10 foci. In
control cells, the average number of foci/nucleus was 4, and no
nuclei had more than 10 foci (supplemental Fig. 1, A and B).

Interestingly, some of the 53BP1 foci were colocalized with
the TRF1 foci (Fig. 2D, panels 1–6). These foci, also known as
telomere dysfunction-induced foci (TIFs), are thought to
reflect a DNA damage response targeted to telomeric DNA
(47). However, some of these TIFs were much larger than the
corresponding TRF1-bound region, suggesting that TIFs in
RECQL4 KD cells may include a large subtelomeric domain
associated with 53BP1. In RECQL4 KD U2OS cells, among the

75 cells studied, � 40% cells had more than five TIFs, whereas
only 10%of the scrambled shRNA-treatedU2OS cells hadmore
than five TIFs (Fig. 2E). It is well established that RECQL4 plays
an important role in replication, and thus the telomeric DNA
damage observed in the RECQL4-depleted cells could reflect a
general genome replication block rather than a telomere-spe-
cific phenomenon. To test this hypothesis, the control U2OS
cells were treated with a low dose of aphidicolin (0.1 �M for
24 h), causing replication stress throughout the genome, and
the TIFs were quantified. As expected, the number of 53BP1
foci was elevated after aphidicolin treatment. Although there
was an increase in the telomeric 53BP1 foci after this replication
stress, the effect was much less relative to RECQL4 depletion
(Fig. 2, D, panels 7–9, and E). However, the replication stress
generated by aphidicolin treatment was dose-dependent, and
the level of stress could well be different than the stress pro-
duced by RECQL4 depletion. Thus, we compared the amount
of 53BP1 foci produced by treatment with alphidicolin with

FIGURE 1. Fragile telomeric ends in RTS patient cells. A and B, microscopic images showing representative metaphase spreads from control cell GM00323
(panel 1) and RTS cell AG05013 (panel 2) (A) and control cell GM01864 (panel 1) and RTS cell AG18371 (panel 2) (B). DAPI (blue) was used for nuclear staining, and
the red dots represent the telomeric ends. Some of the fragile telomeres are shown by white arrows. Scale bar represents 95 �m for A and 75 �m for B.
C, representative images of chromosomes containing fragile telomeres. Fragile telomeric ends are shown by white arrows. D and E, percent fragile telomeres/
chromosome in sex- and age-matched M00323 and AG05013 cells (D) and GM01864 and AG18371 cells (E). The differences in occurrence of fragile telomeres
between control and RTS cells are statistically significant (p � 0.006 (D) and p � 0.004 (E); n � 50). The error bars represent mean � S.D.
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that produced by shRNA-mediated RECQL4 depletion. The
frequency distribution shows (supplemental Fig. 1C) that they
generate comparable amounts of 53BP1 foci and thus could
produce comparable replication stress. Thus, these results indi-
cate that the depletion of RECQ4 induces specific crisis at
telomeres, although the role of general replication stress cannot
be dismissed.
Additionally, TIFs were analyzed in RECQL4 shRNA- or

scrambled shRNA-treated HeLa cells (Fig. 3, A and B), with
similar results obtained (Fig. 3C). Further, to exclude any off-
target effect caused by the shRNA, U2OS cells were transfected
with a control or RECQL4-targeted siRNA (targeting a differ-
ent sequence than the shRNA approach), and the distribution
of telomeric 53BP1 foci was assessed 48 h after the treatment.
The RECQL4-targeted siRNA was able to suppress RECQL4
expression considerably (�90% (Fig. 3D)), and RECQL4-de-
pleted cells generated large numbers of telomeric 53BP1 foci
(Fig. 3E). Although almost 80% of the control cells had less than

five TIFs, more than 60% of the RECQL4-depleted cells crossed
this limit (Fig. 3F). Taken together, these results imply the acti-
vation of DNA damage response protein 53BP1 at telomeres as
a result of RECQL4 depletion in human cells, signifying a role
for RECQL4 in telomere maintenance.
Depletion of RECQL4 Increases Frequency of Fragile Telom-

eres in Human Cells—The accumulation of 53BP1 foci at
telomeres may be caused by replication stress (48) or by ineffi-
cient DNA repair machinery. Defective DNA replication and
repair machineries at telomeres may also lead to the accumu-
lation of telomere abnormalities such as telomere loss, telomere
fusion, telomere breaks, and fragile telomeres (10). As
described earlier, we have detected fragile telomeric ends in
RTS patient cell lines. Consistent with this observation, the
frequency of fragile telomeres was �3-fold higher (�11%) in
RECQL4-targeted shRNA-treated U2OS cells than in the
control cells (�4%) (Fig. 4A). The effect of aphidicolin was
additive to RECQL4 depletion, resulting in �18% fragile

FIGURE 2. Telomeric 53BP1 foci in RECQL4 knockdown U2OS cells. A, Western blot showing the level of RECQL4 in scrambled shRNA-treated (Scramble) and
RECQL4-targeted shRNA-treated (RECQL4 KD) U2OS cells. Bands corresponding to RECQL4 and actin are shown by arrows. B, confocal microscopic images of
representative cells showing TRF1 (red) and telomere (green) signals in scrambled shRNA-treated (panels 1 and 2, Scramble) and RECQL4 shRNA-treated (panels
4 and 5, RECQL4 KD) U2OS cells. Colocalized foci are visible as yellow dots in panels 3 and 6. Nuclear staining (with DAPI) is shown in the merged images. Scale
bar � 10 �m. C, average numbers of TRF1 signals/cell in scrambled and RECQL4 KD U2OS cells. The error bars represent mean � S.D., n � 50. D, confocal
microscopic images showing colocalization of 53BP1 foci (green) and TRF1 (red) signals in scrambled (panels 1–3) and RECQL4 KD U2OS cells (panels 4 – 6) and
in aphidicolin-treated scrambled U2OS cells (panels 7–9). Nuclear staining with DAPI is shown in the merged image. Some of the colocalized foci are marked with
white arrows. Close-up images of some of the colocalized foci are shown next to panel 6. Scale bar � 5 �m. E, histograms showing the frequency distribution of
telomeric 53BP1 foci (TIF) in scrambled, RECQL4 KD, and aphidicolin-treated scrambled U2OS cells (n � 70).
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telomeres in aphidicolin-treated RECQL4 knockdownU2OS
cells. This change was much larger than the �1.5-fold
increase in fragile telomeres in aphidicolin-treated control
cells, Further, RECQL4-depleted HeLa cells and RECQL4-
specific siRNA-treated U2OS cells had �2- and 4-fold
increases in fragile telomeres, respectively, compared with
the corresponding control cells (Fig. 4B). Collectively, these
results indicate that RECQL4 depletion leads to defects in
telomere replication. The increased frequency of fragile
telomeres generated in cells lacking RECQL4 may reflect a
general role for the protein in DNA replication.
Common fragile sites are prone to undergo sister chromatid

exchange (49), and fragile telomere sites caused by conditional
deletion of TRF1 also lead to an increase in telomere sister
chromatid exchange (10). We tested the frequency of T-SCE in
RECQL4-depleted and control U2OS cells using the chromatid
orientation FISH technique. The control cells had about 7%
T-SCE/chromosome, and the incidence of this event increased
more than 2.5-fold (18%) after depletion of RECQL4 (Fig. 4C

and supplemental Fig. 2). We also tested the frequency of
T-SCE in RECQL4-depleted HeLa cells and could not find any
significant increase in this event compared with the control cell
(data not shown). It is possible that the presence of a high level
of telomerase in HeLa cells suppresses the occurrence of
T-SCE.
RECQL4 Associates with Telomeres in Replicating U2OS and

HeLa Cells—If RECQL4 plays an important role in telomere
maintenance, this protein might associate with the telomere.
To test this hypothesis, we investigated the association of
RECQL4 with TRF1 by immunofluorescence during different
cell cycle phases. Cell cycle progression in U2OS cells was
blocked at G1 phase by double thymidine block, and 4 h after
thymidine release most of the cells were in S phase. M phase
cells were obtained by nocodazole treatment (Fig. 5A). Consis-
tent with the role of RECQL4 in general replication, the level of
RECQL4 was considerably higher in S phase than in the G1 and
M phases. During S phase on average 75% of TRF1 foci/
cell colocalized with the RECQL4 signal (Fig. 5B and

FIGURE 3. Telomeric 53BP1 foci in RECQL4 knockdown HeLa and U2OS cells. A, Western blot showing the level of RECQL4 in scrambled shRNA-treated
(Scramble) and RECQL4-targeted shRNA-treated (RECQL4 KD) HeLa cells. Bands corresponding to RECQL4 and actin are shown by arrows. B, confocal micro-
scopic images showing colocalization of 53BP1 foci (green) and TRF1 (red) signals in scrambled (panels 1–3) and RECQL4 KD HeLa cells (panels 4 – 6). Nuclear
staining with DAPI is shown in the merged image. Some of the colocalized foci are marked with white arrows. Close-up images of some of the colocalized foci
are shown next to panel 6. Scale bar � 5 �m. C, histograms showing the frequency distribution of telomeric 53BP1 foci (TIF) in scrambled and RECQL4 KD HeLa
cells (n � 70). D, Western blot showing the level of RECQL4 in control siRNA-treated (Control) and RECQL4-targeted siRNA-treated (RECQL4 KD) U2OS cells.
Bands corresponding to RECQL4 and actin are shown by arrows. E, confocal microscopic images showing colocalization of 53BP1 foci (green) and TRF1 (red)
signals in control (panels 1–3) and RECQL4 KD U2OS cells (panels 4 – 6). Nuclear staining with DAPI is shown in the merged image. Some of the colocalized foci
are marked with white arrows. Close-up images of some of the colocalized foci are shown next to panel 6. Scale bar � 5 �m. F, histograms showing the frequency
distribution of telomeric 53BP1 foci in control and RECQL4 KD U2OS cells (n � 70).
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supplemental Fig. 3). During G1 and M phases, however, very
fewTRF1 foci were associatedwith RECQL4 (Fig. 5B). During S
phase, the RECQL4 signal was distributed over the nucleus
rather than forming clear foci and thus could possibly be posi-
tioned over the TRF1 signal causing false colocalization. To
exclude this possibility, we examined the three-dimensional
image of each colocalized foci and affirmed that signals from
RECQL4 and TRF1 actually coexist (Fig. 5C). Additionally, we
analyzed the Pearson’s correlation coefficient between the GFP
channel (RECQL4) and theCy5 channel (TRF1) of 50 randomly
selected S phase U2OS cells. A Pearson’s coefficient value
between 0.5 and 1 indicates colocalization between the two
channels (50). 80%of the selected cells had Pearson’s coefficient

FIGURE 4. Telomeric abnormalities in RECQL4-depleted U2OS and HeLa
cells. A, percent fragile telomeres/chromosome in scrambled, aphidicolin-
treated scrambled, RECQL4 KD, and aphidicolin-treated RECQL4 KD U2OS
cells. The differences in occurrence of the event between scrambled and
RECQL4 KD U2OS cells (**, p � 0.002, n � 50), between aphidicolin-treated
scrambled and RECQL4 KD U2OS cells (*, p � 0.01, n � 30), and between
RECQL4 KD and aphidicolin-treated RECQL4 KD U2OS cells (*, p � 0.03, n �
50) are statistically significant. Error bars show the standard deviation from
the average of three independent experiments. B, percent fragile telomeres/
chromosome in scrambled and RECQL4-targeted shRNA HeLa cells and con-
trol and RECQL4-targeted siRNA U2OS cells. The differences in occurrence of
the event between scrambled and RECQL4 KD HeLa cells (*, p � 0.02, n � 30)
and control and RECQL4 KD U2OS cells (**, p � 0.001, n � 30) are statistically
significant. Error bars represent the standard deviation from an average of
three independent experiments. C, percent T-SCE/chromosome in scrambled
and RECQL4-targeted shRNA (RECQL4 KD) U2OS cells. The differences in
occurrence of the event between scrambled and RECQL4 KD cells are statis-
tically significant (**, p � 0.002, n � 30). The error bars represent mean � S.D.
of three independent experiments.

FIGURE 5. RECQL4 localizes at telomere. A, FACS analysis showing cell cycle
progression states of U2OS cells immediately after double thymidine block
(panel 1, G1), 4 h after double thymidine block (panel 2, S), and immediately
after nocodazole treatment (panel 3, M). B, histograms showing the percent-
age of telomeric foci colocalized with RECQL4 at G1, S, and M phases. The error
bars represent mean � S.D., n � 50. C, three-dimensional images of four
representative colocalized RECQL4 (green) and TRF1 (red) foci. Scale bar �
0.74 �m. D, histogram showing Pearson’s correlation coefficients of 50 ran-
domly selected S phase cells.
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value within this range (Fig. 5D) indicating a significant associ-
ation betweenRECQL4 and the telomere.We further tested the
localization of RECQL4 in HeLa cells during S phase. The con-
focal microscopic analysis showed that on average 68% of the
TRF1 signals/cell were associated with RECQL4 (supplemental
Fig. 3B).
To further confirm the association of endogenous TRF1 and

TRF2 with RECQL4 in vivo, we performed co-immunoprecipi-
tation experiments using the nuclear extracts from S phase
U2OS cells. This experiment was performed in the presence of
ethidium bromide, thus eliminating any DNA-mediated asso-
ciation. A rabbit antibody raised against human RECQL4 pre-
cipitated endogenous RECQL4 protein, alongwith endogenous
TRF1 and TRF2 (supplemental Fig. 3C, lanes 3 and 6, respec-
tively). Anti-rabbit IgG antibody was not able to precipitate
either of these two shelterin proteins, confirming the specificity
of this experiment (supplemental Fig. 3C, lanes 3 and 6, respec-
tively). Although, the quantification of this experiment suggests
that a very small fraction of TRF2 or TRF1 is associated with
REQL4, another RecQ helicase, RECQL5, was not able to
immunoprecipitate TRF2 under similar conditions (data not
shown). Taken together, these results demonstrate the associ-
ation of RECQL4 with the telomere and with shelterin proteins
TRF1 and TRF2, especially during S phase, further substantiat-
ing the involvement of this RecQ helicase in telomere
maintenance.

RECQL4 Interacts with Telomeric D-loop Substrates—Telo-
meric DNA can form different complex structures including
G-quadruplex and D-loops in vitro. Although not yet shown in
vivo, the resolution of D-loops is thought to be important for
telomere maintenance (8). It has been shown that WRN inter-
acts with telomeres in vivo and partially unwinds model telo-
meric D-loop substrates in vitro (11, 36). Our results suggest
that RECQL4 is involved in the preservation of the telomeres
and that it localizes to telomeres during S phase when resolu-
tion of D-loops is required. Thus, we investigated whether
RECQL4 could bind to and unwind DL1 or DLmx in vitro. The
oligos used to prepare these substrates and a schematic of these
substrates are shown in Fig. 6. The invading strand (boxed in
Fig. 6) has four telomere repeats (TTAGGG) in DL1, whereas
DLmx has a non-telomeric (but the same G-C content)
sequence in the invading strand. RECQL4 bound both sub-
strates efficiently (Fig. 7A). However, with 30 nMRECQL4, all of
the DL1 was bound to the protein (Fig. 7A, lane 4), whereas
�40% DLmx remained unbound (lane 8). Additionally, DL1
was able to bind to multiple RECQL4 proteins and to form
more than one slow moving structure (see Fig. 7A, a, b, and c).
Although DLmx was able to form structures a and b, the for-
mation of cwas not detected (Fig. 7A). This result suggests that
RECQL4 may have greater binding affinity toward the telo-
mericD-loop than toward the non-telomericD-loop.However,
the slightly higher apparent affinity suggested by this experi-

FIGURE 6. Telomeric D-loop substrates. A, complete list of oligos used to prepare the D-loop structures. B, structures of the D-loop substrates used in this
study. The full structure of DL1, composed of three oligos, SS1, BT, and BB, is shown, and the telomeric region is marked. The telomeric regions of DL4 and DLmx
are also shown. The rest of the structure remains the same in these three substrates.
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ment could also reflect the binding of multiple copies of
RECQL4 to the telomeric D-loop.
Previous studies show that RECQL4 unwinds short DNA

duplexes (�24 bp) (19) and can also unwind longer dsDNA
substrates in the presence of excess ssDNA, which counteracts
the strong ssDNA annealing activity of RECQL4 (19, 37).
RECQL4 (40 nM) was not able to unwind these D-loop sub-
strates in the absence of unlabeled competitor ssDNA (data not
shown), likely because of the length of the duplex region.
RECQL4 did unwindDL1with low efficiency in the presence of
a 25-fold molar excess of unlabeled competitor ssDNA (Fig. 7,
B, lanes 1–4, and D). Interestingly, RECQL4 was not able to
unwind the non-telomeric D-loop, DLmx (only 1% resolved
strand with 25 nM RECQL4), even in the presence of a 25-fold
molar excess of ssDNA (Fig. 7, B, lanes 5–8, and D). To appro-
priately trap the released unlabeled strand of the D-loops and
unmask the helicase activity, ssDNAs SS1 and SSmx were used
as competitors for the experiments involving DL1 and DLmx,
respectively. Thus, RECQL4, which has very limited substrate
specificity (19), is capable of unwinding telomeric DNA sub-
strates with low efficiency. Further, a helicase-dead mutant of
RECQL4 (RECQL4M) was not able to unwind DL1 (Fig. 7C)
even in the presence of 25� single-stranded DNA SS1, indicat-
ing that the unwinding of this D-loop is a result of RECQL4
helicase activity and not of a strand exchange activity.
Telomeric GGG repeats are hot spots for oxidative damage,

and bothWRN and BLMunwind oxidatively damaged D-loops
(37). Here, we demonstrate that RECQL4 unwinds 8-oxogua-
nine-containing D-loops (Fig. 6B, DL4) with moderate effi-
ciency (Fig. 7, B, lanes 10–13, and D). RECQL4M was not able
to unwind this substrate (Fig. 7C). This result shows that
RECQL4 resemblesWRNandBLM in that it resolves telomeric
D-loop substrates more efficiently when they are oxidatively
damaged than when they are undamaged (36). Interestingly,
bacterial helicaseUvrDunwinds undamaged anddamaged sub-
strates with equal efficiency (36). Thus, the selectivity toward
the oxidatively damaged substrate shown by these RecQ heli-
cases is specific to these proteins and does not signify any dif-
ferences in stability between these two substrates.
RECQL4 Interacts Physically with Shelterin Protein TRF2—

Shelterin proteins POT1, TRF1, and TRF2 stimulate the heli-
case activity of WRN on telomeric D-loop substrates (11, 36).
Because these proteins all are integral to telomeremaintenance,
we sought to determine whether, individually, they could mod-
ulate the helicase activity of RECQL4. The effect of TRF2 and
TRF1 on the unwinding ability of RECQL4 on the telomeric
D-loopDL1 is shown in Fig. 8,A andB. In the presence of excess
ssDNA, 10 nM RECQL4 was able to unwind �8% of the 0.5 nM
substrate, and this increased to 14% (1.75-fold increase) or 16%
(2-fold increase) after the addition of 10 or 20 nMTRF2, respec-
tively. TRF2 (20 nM) alone did not unwind DL1 under these
reaction conditions (Fig. 8A, lane 11). Similar results were
obtained when RECQL4 helicase assays were carried out in the
presence of TRF1. Both TRF1 and TRF2 are double strand-
binding proteins and did not interact with the excess single-
stranded DNA. To assess whether TRF1 and/or TRF2 directly
stimulated the helicase activity of RECQL4 or simply inhibited
the strong annealing activity of the protein, we tested the effect

FIGURE 7. Interaction of RECQL4 with telomeric and non-telomeric
D-loops. A, autoradiogram showing binding of 0, 7.5, 15, and 30 nM RECQL4
with 0.5 nM DL1 (lanes 1– 4) and 0.5 nM DLmx (lanes 5– 8). Bound products are
marked as a, b, and c. B, autoradiogram showing the unwinding activity of 0,
5, 10, and 25 nM RECQL4 on telomeric (lanes 1– 4, 0.5 nM DL1) and non-telo-
meric D-loops (lanes 5– 8, 0.5 nM DLmx) and oxidatively damaged telomeric
D-loops (lanes 10 –13, 0.5 nM DL4) in the presence of excess (25�) single-
stranded DNA. � (lane 9), represents heat-denatured DLmx. C, autoradiogram
showing the helicase activity of 5, 10, and 25 nM helicase-dead mutant
RECQL4 (RECQL4M) on 0.5 nM DL1 and 0.5 nM DL4 in the presence of excess
(25�) single-stranded DNA. D, histogram showing the unwinding activity of
0, 5, 10, and 25 nM RECQL4 on DL1, DLmx, and DL4 in the presence of excess
(25�) single-stranded DNA. The error bars represent mean � S.D., n � 3.
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of TRF1 and TRF2 on the ability of RECQL4 to anneal oligos
SS1 and BB. Our results (Fig. 8C) show that neither TRF1 nor
TRF2 has any effect on the annealing activity of RECQL4, sug-
gesting that these two shelterin proteins directly stimulate the
helicase activity of RECQL4. Additionally, GST-POT1 (at 5, 10,
or 20 nM) stimulated the RECQL4unwinding ofDL1�2-fold in
the absence of ssDNA and stimulated the unwinding of DL4
about 6-fold (1.5–10% using 0–20 nM POT1) (supplemental
Fig. 4).We understand that the quantitative analysis of catalytic
activities of enzymes may have limitedmeaning when the reac-
tion is assembled with a large excess of proteins. However,
RecQ helicases are not very processive in vitro, and it is a com-
mon practice in this field to use a large excess of proteins to
attain a reasonable activity.
A physical association between WRN and TRF2 has also

been reported (51). Here, we have reported that in human cells
TRF2 and TRF1 associate with RECQL4. To confirm the direct
interaction between full-length RECQL4 and TRF2, we per-
formed co-immunoprecipitation experiments in vitro using
purified recombinant proteins. RECQL4 antibody was able to
detect TRF2 from amixture of these two proteins (Fig. 8C, lane
3). However, we were not able to find any physical interaction
between RECQL4 and TRF1 in immunoprecipitation experi-
ments, indicating that the association between these proteins
may be transient or bridged by TRF2. Collectively, RECQL4
associates physically with TRF2 and shows a functional inter-
action with TRF1, TRF2, and POT1 because they all stimulate
RECQL4 helicase activity on telomeric D-loop substrate.
RECQL4 andWRNSynergistically Resolve Telomeric D-loops—

WRN has been implicated in telomere replication in vivo, and
both WRN and BLM can resolve telomeric D-loops in vitro.
However, their processivity on these structures are poor. In our
hands, 5–10 nM WRN or BLM was required to achieve 5–15%
unwinding of 0.5 nM undamaged D-loop substrate (DL1),
depending on the reaction conditions and activity of the protein
preparation (11, 36). The results shown here suggest that
RECQL4 also plays an important part in telomere replication.
Yet it could only resolve telomeric D-loop substrates in the
presence of excess ssDNA or when stimulated by POT1, TRF1,
or TRF2. Thus, we investigated whether RECQL4 could work
together with WRN or BLM in proficient unwinding of these
secondary structures. These experiments were done in the
absence of any excess single-stranded DNA, and thus RECQL4
by itself does not have helicase activity on undamaged (DL1) or
oxidatively damaged (DL4) telomeric D-loops (Fig. 9A, lanes 6
and 12). Under these reaction conditions, 10 nMWRNand 5 nM
BLM, individually, were able to unwind only 5–7% of DL1. Dif-
ferent concentrations ofWRNandBLMwere used here to get a
similar helicase activity at the outset for a better comparison.
However, when WRN was preincubated with RECQL4 (1:1
molar ratio) and then added to the substrate, the helicase activ-
ity of the former increased almost 6-fold (Fig. 9,A, lanes 2 and 3,
andB). RECQL4was also able to stimulateWRN activity on the
8-oxoguanine-containing D-loop, DL4 (Fig. 9, A, lanes 8 and 9,
and B). In contrast, RECQL4 (5 nM) only weakly stimulated
BLM helicase (5 nM) on DL1 (Fig. 9, A, lanes 4 and 5, and B)
(�1.5-fold) and had very little effect on the unwinding of DL4
by BLM (Fig. 9A, lanes 10 and 11, and B). 10 nM RECQL4 did

FIGURE 8. RECQL4 physically and functionally interacts with TRF2. A, auto-
radiogram showing the unwinding activity of RECQL4 (10 nM) on 0.5 nM DL1 in
the presence of 0, 5, 10, and 20 nM TRF1 (lanes 1–5) and TRF2 (lanes 6 –9) in the
presence of 25� excess single-stranded DNA. � (lane 12), represents heat-
denatured DL1. 20 nM TRF1 (lane 10) or TRF2 (lane 11) alone does not have any
unwinding activity on DL1. B, histogram showing the unwinding activity of
RECQL4 (10 nM) on 0.5 nM DL1 in the presence of 0, 5, 10, and 20 nM TRF1 and
TRF2 in the presence of 25� excess single-stranded DNA. The error bars rep-
resent mean � S.D., n � 3. C, autoradiogram showing the effect of 5, 10, and
20 nM TRF1 (lanes 1–5) or TRF2 (lanes 6 –10) on annealing activity of RECQL4.
0.5 nM radiolabeled oligo SS1 and 2.5� excess oligo BB were used as anneal-
ing substrates. D, in vitro pulldown of TRF2 by RECQL4. Lane 1, represents
input, showing the bands corresponding to RECQL4 and TRF2. Lane 2, repre-
sents co-IP with IgG controls. Lane 3, represents co-IP with antibodies specific
to RECQL4. Bands corresponding to anti-RECQL4 and anti-TRF2 antibodies
are marked with arrows.

RECQL4 Is Involved in Telomere Maintenance

206 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 1 • JANUARY 2, 2012

http://www.jbc.org/cgi/content/full/M111.295063/DC1
http://www.jbc.org/cgi/content/full/M111.295063/DC1


not significantly stimulate BLM activity on these substrates
either (supplemental Fig. 5). These results suggest that
RECQL4 specifically stimulates WRN helicase activity on telo-
meric D-loops in vitro. The association between WRN and
RECQL4 was further examined by in vivo co-immunoprecipi-
tation studies. In this experiment, U2OS cells were transduced
with FLAG-tagged RECQL4 or empty vector. Cells were then
precipitated with rabbit anti-FLAG antibody, which was able to
detect WRN (Fig. 9C, lane 3) from FLAG-RECQL4-expressed
cells in the presence of ethidiumbromide. These results suggest
that RECQL4 and WRN are present in the same complex and,
although RECQL4 by itself has very little activity on telomeric
D-loops, it canwork synergistically withWRNand resolve telo-
meric D-loops very efficiently.

DISCUSSION

We observed that the depletion of RECQL4 in human cells
resulted in increased telomeric fragile telomeres. As for nor-
mally fragile sites, replication stress enhanced this phenotype in
RECQL4-depleted cells. The accumulation of theDNAdamage
response factor 53BP1, globally and at the telomere, was also a

result of loss of RECQL4. Also, expression of RECQL4 was
greatly enhanced in replicative cells, and the amount of
RECQL4 at telomeres increased during S phase. These results
implicate a malfunction of the telomere replication machinery
and of telomere maintenance in the absence of RECQL4.
The predicted sequence loss at telomeres because of the “end

replication problem” is about five bases/population doubling
(52, 53). Primary human cells lose about 100–200 telomeric
sequences/cell division (7, 54). Apart from the end replication
problem, some other factors are also involved in the telomere
shortening process. One of them is telomeric DNA itself, which
is a challenging substrate for the replication machinery. The
telomeric single-stranded overhang can invade the double-
stranded telomeric region to form a protective loop, known as a
telomeric displacement loop or “D-loop” (2, 55). Dissociation
of this structure is essential for the proper progression of repli-
cation at telomeres, and RecQ helicases WRN and BLM are
thought to partially resolve this configuration (56). Here we
have shown that RECQL4 can resolve telomeric D-loops in
vitro, and likeWRN and BLM this activity can be stimulated by
shelterin proteins POT1, TRF1, andTRF2. The recently discov-

FIGURE 9. RECQL4 and WRN synergistically unwind telomeric D-loops. A, gel showing the effect of 10 and 5 nM RECQL4 on the unwinding activities of 10 nM

WRN and 5 nM BLM, respectively. 0.5 nM DL1 (lanes 1–5) and DL4 (lanes 7–11) were used as substrates. Lanes 6 and 12, represent the unwinding activity of
RECQL4 alone on DL1 and DL4, respectively. � (lane 13), indicates heat-denatured DL4. B, quantitative analysis of the gel showing the effect of RECQL4 on WRN
and BLM unwinding activities on DL1 and DL4 at a 1:1 molar ratio of the corresponding proteins. The error bars represent mean � S.D., n � 3. C, in vivo co-IP of
WRN by FLAG-tagged RECQL4 in U2OS cells. The bands corresponding to anti-WRN and anti-FLAG antibodies are shown. Lanes 1 and 2, the bands in
RECQL4-FLAG and empty vector-transduced cells, respectively. The corresponding IPs with FLAG, in the presence of EtBr, are shown in lanes 3 and 4, respec-
tively. D, schematic summarizing the proposed synergistic role of RECQL4 and WRN in telomere maintenance. The DNA replication and repair machinery fails
to proceed through the telomeric D-loop, and WRN and RECQL4 are recruited by the shelterin complex (most probably by TRF2, as both of these RecQ helicases
interact with it directly) to resolve this structure and thus maintain telomere integrity.
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ered intrinsic helicase activity of RECQL4 (19, 37) is essential
for the resolution of complex D-loop structures. Furthermore,
the integrity of the SFII helicase domain of RECQL4 is known to
be crucial for preventing RTS, Baller-Gerold Syndrome, and
RAPADILINO syndromes (25, 57). A RECQL4 mouse model
with a defective helicase domain showed most of the pheno-
types of the RTS and RAPADILINO human syndromes includ-
ing defective sister chromatid cohesion, aneuploidy, and cancer
predisposition (58). The significance of the SFII domain in cell
proliferation and genomic stability was further proven by stud-
ies with mouse embryonic fibroblasts derived from the
RECQL4 SFII helicase-deficient mice (31, 58). Supporting the
importance of the RECQL4 helicase region in telomeric repli-
cation, we showed that the frequency of fragile telomeres is
elevated in RTS patient cells containing RECQL4 mutated in
the helicase region.We have also demonstrated the association
betweenRECQL4 and the shelterin proteinTRF2 in vitro and in
vivo by immunoprecipitation studies. A shared docking motif,
theTRFhomology domain, betweenTRF1 andTRF2 is used for
recruitment of different proteins to the telomere, and many of
the telomere-associated proteins contain this (F/Y)XLXPmotif
(59). Interestingly, RECQL4 also contains a putative TRF
homology motif, YSLGP, which is encoded by a region of the
RECQL4 gene that is deleted in the majority of RAPADILINO
patients (57). Additionally, we have demonstrated that
RECQL4 interacts with WRN and strongly stimulates its heli-
case activity on telomeric D-loops. We speculate that RECQL4
is required to unwind a small part of the D-loop, creating a
3�-overhang on which WRN can bind and execute its helicase
activity. Thus, we propose that RECQL4 is recruited to telom-
eres during replication and either resolves D-loops directly,
with the help of shelterin proteins, or works synergistically with
WRN to dissociate these structures (Fig. 9D). On the other
hand, Sfeir et al. (10) have shown recently that BLM knock-
down, but notWRN, elevates the fragile telomere phenotype in
mice. BLM has been shown to play an important role in G-qua-
druplex resolution, whereas WRN is important for lagging
strand synthesis. As RECQL4 does not interact with G-quadru-
plexes, it is likely that it interacts with WRN, but not BLM, to
resolve the D-loops at telomeres. Additionally, Werner syn-
drome and RTS individuals have similar phenotypes, and it has
been widely speculated that amajor cause ofWerner syndrome
is telomere dysfunction. Our results, implicating a role for
RECQL4 in telomeremaintenance, further supports the impor-
tance of telomere dysfunction in human disease.
Telomeric DNA, being G-rich, is very susceptible to oxida-

tion (60). Although there are several important oxidatively
damagedmodifications, 8-oxoguanine is themost studied and a
biologically significant base lesion. We have previously shown
that WRN and BLM are more active on D-loops containing
8-oxoguanine and that POT1 stimulates their activities on
damaged D-loops (36). Although, RECQL4 has very poor heli-
case activity, it is also more proficient in unwinding 8-oxogua-
nine-containing telomeric D-loops than undamaged D-loops.
Therefore, RECQL4 could assist WRN and BLM in promoting
DNA repair and replication of telomeres containing oxidatively
damaged DNA.

Mammalian cells contain five RecQ helicases, but at present
the interactions between these enzymes are poorly understood.
Previous studies show that WRN and BLM interact physically
and that BLM inhibits the exonuclease activity of WRN (61).
This present study demonstrates that RECQL4 stimulates the
unwinding of telomeric D-loops by WRN in vitro but does not
stimulate BLM helicase activity on the same DNA substrates.
These results suggest subtle differences in the enzymatic prop-
erties, aswell as the selectivity and specialized biological roles of
these helicases. BLM may be important in the progression of
the replication fork globally, whereas WRN may play a more
specific role in telomere replication. Supporting this concept,
Bailey and colleagues (62) recently demonstrated that depletion
of WRN induces T-SCE, whereas depletion of BLM induces
SCE at non-telomeric chromosome regions (i.e. global SCE). In
conclusion, we now implicate another RecQ helicase, in addi-
tion to WRN, in telomere processing. This presents a new
direction for work toward understanding the defects and defi-
ciencies in patients with inactivation of RECQL4.
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