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ABSTRACT

A variety of human tumors employ alternative
and recombination-mediated lengthening for telom-
ere maintenance (ALT). Human RecQ helicases,
such as BLM and WRN, can efficiently un-
wind alternate/secondary structures during telom-
ere replication and/or recombination. Here, we re-
port a novel role for RECQL1, the most abun-
dant human RecQ helicase but functionally least
studied, in telomere maintenance. RECQL1 asso-
ciates with telomeres in ALT cells and actively re-
solves telomeric D-loops and Holliday junction sub-
strates. RECQL1 physically and functionally inter-
acts with telomere repeat-binding factor 2 that in
turn regulates its helicase activity on telomeric
substrates. The telomeric single-stranded binding
protein, protection of telomeres 1 efficiently stim-
ulates RECQL1 on telomeric substrates contain-
ing thymine glycol, a replicative blocking lesion.
Loss of RECQL1 results in dysfunctional telomeres,
telomere loss and telomere shortening, elevation of
telomere sister-chromatid exchanges and increased
aphidicolin-induced telomere fragility, indicating a
role for RECQL1 in telomere maintenance. Further,
our results indicate that RECQL1 may participate
in the same pathway as WRN, probably in telomere
replication.

INTRODUCTION

Telomeres are protein-DNA complexes at the ends of lin-
ear chromosomes that provide chromosomal stability and
ensure faithful segregation of genetic material. These struc-
tures not only protect the terminal chromosomal DNA
from end degradation, but are also involved in its repli-
cation (1). Mammalian telomeres are composed of several
kilobases of TTAGGG repeats and a complex of shelterin
proteins that assist in both chromosome end protection and
telomere replication (2). The telomeric repeat-binding fac-
tors TRF1, TRF2 and telomeric single-stranded (ss) bind-

ing protein, protection of telomeres 1 (POT1) directly rec-
ognize TTAGGG repeats and are further interconnected by
three additional proteins TIN2, TPP1 and RAPI to form
the shelterin complex that safeguards the human telom-
eres (2). The ends of linear chromosomes shorten with each
round of DNA replication unless actively maintained (3),
and telomere attrition is associated with genomic instabil-
ity, cell cycle arrest and eventually senescence or apoptosis.

Most human stem cells and reproductive cells utilize
telomerase for maintaining telomere length (4), while some
immortalized mammalian cell lines and a variety of hu-
man tumor cells maintain telomere length in the absence
of telomerase activity by one or more mechanisms referred
to as alternative lengthening of telomeres (ALT) (5). While
the exact mechanism is still unclear, ALT cells exhibit both
intra- and inter-telomeric homologous recombination (HR)
mediated replication to maintain telomere length and in-
volve several recombination intermediates, such as telom-
eric D-loops and Holliday junctions (HJs) (5,6).

Telomeres need to avoid being recognized as DNA
double-strand breaks (DSBs) in order to prevent fusion
with each other during normal DNA repair mechanisms.
Mammalian telomeres form a higher order structure by
sequestering the ss-terminus into the double-stranded (ds)
telomere DNA—thus forming a T-loop and protecting the
chromosome terminus (7). Further, the highly repetitive G-
rich sequences on the lagging strand can adopt unusual sec-
ondary structures, such as G-quadruplexes (G4-DNA) (8).
Such alternate or secondary structures must be resolved
prior to DNA replication. Emerging evidence in the past
decade has established roles for the human RecQ helicases
in dissociating such alternate structures or intermediates
during DNA replication and recombination at the telom-
eres (9). In particular, BLM, WRN and RECQL4 all local-
ize to telomeres in ALT cells during S-phase and interact
with the major shelterin proteins, such as TRF1, TRF2 and
POTI, which all regulate the activity of these RecQ heli-
cases and enable resolution of several secondary structures
(10-17). It is not known if RECQL1 or RECQLS are also
involved in telomere maintenance; however, it has been re-
ported that RECQLS does not efficiently unwind telomeric
D-loops (18). Recent proteomics analysis of human telom-
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ere chromatin indicates a possible association of RECQLI1
with the telomeres in ALT cells (19), but no functional in-
volvement has been reported. Here, we investigate a novel
role for human RECQL1 in telomere maintenance.
RECQLI was the first discovered and is the smallest of
the five human RecQ helicases. It is the most abundant
member and is expressed throughout the cell cycle (20).
The crystal structure and oligomeric nature of RECQLI1
has been solved recently (21,22), but its functional roles are
still poorly understood. RECQL1 is not yet associated with
any human disease. It binds to the origins of replication
sites at the onset of S-phase and depletion of RECQLI re-
sults in shorter replication fiber tracts, suggesting a possi-
ble role for RECQLI in replication fork progression (23).
We have recently shown that RECQLI1 promotes strand ex-
change between homologous sequences on synthetic stalled
replication forks in vitro and that loss of RECQLI leads
to activation of CHK 1 and hyper-phosphorylation of repli-
cation protein A (RPA), indicating signs of replicative
stress (24). RECQL1 was also proposed to play a criti-
cal role in the restart of stalled replication forks following
replicative stress with camptothecin, a topoisomerase I in-
hibitor (25). RECQLI may also be involved in controlling
hyper-recombination events, perhaps at stalled replication
forks, because loss of RECQLI1 leads to elevation of sister-
chromatid exchanges (SCEs) and ultimately genomic insta-
bility (26). Here, we propose a novel role for RECQLI in
telomere maintenance. RECQL1 associates with telomeres
in ALT cells and can efficiently unwind telomeric D-loops.
RECQLI physically and functionally interacts with the ma-
jor shelterin proteins that also regulate its helicase activity
on telomeric substrates. Loss of RECQLI1 induces telom-
ere dysfunction-induced foci, leads to telomere loss and
aphidicolin-induced telomere fragility, indicating a possible
role for RECQLI in telomere replication. RECQL1 also ef-
ficiently resolves telomeric HJs and loss of RECQLI1 ele-
vates telomeric sister-chromatid exchanges (T-SCEs). Fur-
ther, our results indicate that RECQL1 may act in the same
pathway as WRN and that loss of RECQL1 or WRN re-
sults in telomere loss specifically during S-phase, further
strengthening their involvement in telomere replication.

MATERIALS AND METHODS
Recombinant proteins

Recombinant His-tagged RECQL1 protein was over-
expressed and purified using a baculovirus/Sf9 insect sys-
tem as previously described (26). Dual-tagged WRN pro-
tein with N-terminal 6xHis and C-terminal InteinCBD
tags was expressed and purified from High Five™ insect
cells as previously described (27). Recombinant glutathione
s-transferase (GST)-tagged human POT1 and histidine-
tagged human TRF1 and TRF2 proteins were purified
using a baculovirus expression as described previously
(14,15,28). TPP1-POT1 heterodimer was a kind gift from
Dr Lei Ming, University of Michigan.

Preparation and characterization of telomeric D-loops and
HJ substrates

All of the unmodified oligonucleotides were from In-
tegrated DNA Technologies (Coralville, IA) and were
PAGE-purified by the manufacturer. The modified oligonu-
cleotides (containing either 8-oxo-2-deoxyguanosine or
thymine glycol) were synthesized and purified by The Mid-
land Certified Reagent Co. (Midland, TX). All the oligonu-
cleotides used in the study were listed in Supplementary Ta-
ble S1. The telomeric repeat sequences are underlined. Both
the telomeric and non-telomeric D-loops were prepared and
characterized as described previously (18,29). Telomeric D-
loop DL1 was constructed using the SS1 as the invading
strand, and BB and BT to form the parental duplex. Simi-
larly damaged telomeric D-loops (DL2-DL6) were gener-
ated using SS2-SS6 as the invading strands, respectively,
along with BB and BT. Non-telomeric D-loop was con-
structed using SSmix, BBmix and BT. Static telomeric HJ
substrate is prepared by using the four oligonucleotides Tel
HJ B1-B4. Telomeric fork duplex consisting of 33 bp du-
plex and 15 nt overhang was generated using Tel G and Tel
C. Thymine glycol containing fork duplex is generated by
using Tel G Tg and Tel C Tg oligonucleotides.

Helicase assays

All the helicase assays were carried out (in a 10 pl reac-
tion volume) in the buffer containing 20 mM Tris-HCI, pH
7.5, 8 mM DTT, 5 mM MgCl,, 10 mM KCI, 10% glyc-
erol and 80 pg/ml BSA as described previously (30). Indi-
cated amounts of POT1, TRF1, TRF2 or WRN were incu-
bated with RECQLI in the helicase buffer followed by the
addition of the *?P-labeled substrate and incubated for 30
min at 37°C. The reactions were then stopped by the addi-
tion of equal volumes of stop buffer (35 mM EDTA, 0.9%
SDS, 25% glycerol, 0.04% bromophenol blue, 0.04% xy-
lene cyanol) and reaction products were separated by non-
denaturing PAGE.

Telomeric ChIP

To investigate the presence of RECQL1 at telomeres, telom-
eric chromatin immunoprecipitation (ChIP) analysis was
carried out as described previously (31). In brief, either the
U20S or Hela cells were digested with trypsin, washed
with phosphate buffered saline (PBS), fixed in 1% formalde-
hyde in PBS for 60 min at room temperature and lysed in 1%
SDS, 50 mM Tris-HCI, pH 8.0, 10 mM EDTA at a density
of 107 cells/ml. Lysates were sonicated to obtain chromatin
fragments and further diluted in the dilution buffer. Indi-
cated antibodies (either RECQL1 or TRFI1 at 5 ng) were
added to the reaction mixture, incubated at 4°C overnight
on a rotator followed by the addition of protein G agarose
beads. After extensive washes, bound chromatin was sep-
arated from the protein G beads with 200 wl of elution
buffer (1% SDS, 0.1 M Na,CO3) twice. After addition of
16 pl of 5 M NaCl, cross-links were reversed by incuba-
tion of the reaction mixture at 65°C for 4 h followed by
treatment with 20 pg DNase-free RNase A. Samples were
then digested with 40 g proteinase K at 37°C for 60 min
and phenol extracted. The precipitated DNA was denatured



at 95°C for 5 min, and dot blotted onto Hybond mem-
branes. Membranes were treated with 1.5 M NaCl-0.5 N
NaOH for 15 min and with 1 M NaCl-0.5 M Tris-HCl
(pH 7.0) for 15 min. Hybridization was performed with ra-
diolabeled (TTAGGG)s or Alu probes. Membranes were
washed four times in 2x saline-sodium citrate buffer (SSC)
with 0.1% SDS, and signals were visualized by Phosphor
Imager. The percentage of precipitated DNA was quan-
titated by Image Quant software (Molecular Dynamics).
For experiments with TRF2-depletion, two independent
siRNA against TRF2 from Qiagen (cat no. SI00742637 and
S104261159, respectively) were employed. Negative control
siRNA was also purchased from Qiagen (cat no. 1027310).

Cell culture and stable RECQL1 knockdown cells

U208, HeLa and HeLa 1.2.11 cells were maintained in high
glucose Dulbecco’s modified Eagle’s medium (Invitrogen)
supplemented with 10% fetal bovine serum (FBS; Sigma)
and 1% penicillin-streptomycin at 37°C in 5% CO,. Stable
RECQLI1 knockdown (KD) cells were generated using the
lentiviral shRNA against RECQL1 (TRCN0000289591)
from Sigma Aldrich as described previously (24). Simi-
larly, stable WRN KD cells were also generated by using
the shRNA against WRN (TRCN0000004899) from Sigma
Aldrich. Transient depletion of RECQL1 was performed
by using the target-specific siRNA against RECQLI1(5'-
GCAAGGAGAUUUACUCGAA-3) from Dharmacon as
described previously (26). RECQL1 KD cells were cul-
tured for at least 8-10 passages before subjected to quan-
titative fluorescence in situ hybridization (Q-FISH) or flow
cytometry-cell sorting fluorescence in situ hybridization
(flow-FISH) analysis. For the double depletion experi-
ments, siRNA-RECQL1 was used to transiently knock-
down RECQLI in lentiviral stable WRN KD cells.

Fluorescence in situ hybridization (Q-FISH)

Telomeric Q-FISH was performed using peptide nucleic
acid probes as described previously (32). Both the scram-
bled and RECQL1 KD cells (U20S or HeLa 1.2.11cells)
were treated with 200 pl of 0.5% colcemid for 3 h. Cells
were then harvested and immediately incubated in 75 mM
KCl for 20 min at 37°C followed by fixation in ice-cold (3:1)
methanol and glacial acetic acid. Metaphase spreads were
then treated with pepsin (1 mg/ml, Sigma) and fixed with
4% formaldehyde. The slides containing the spreads were
then dehydrated by ethanol wash (70, 90 and 100%, re-
spectively) and hybridized with a Cy3-labeled p-nitroanilide
(CCCTAA); C-telomere probe (0.3 mg/ml, Panagene) in
hybridization buffer (70% formamide, 2.5% blocking pro-
tein, 10 mm Tris, pH 7.4 and 2.5 mm MgCly). Then
the slides were washed with washing solution I (70% for-
mamide, 1% BSA and 10 mm Tris, pH 7.4) and washing
solution II (1x TBS and 0.7% Tween 20). After dehydra-
tion, the spreads were counterstained with 4’,6-diamidino-
2-phenylindole (DAPI) and mounted with ProLong Gold
anti-fade reagent (Invitrogen). Images were captured using
CytoVision™ software (Applied Imaging Corp.) on a fluo-
rescence microscope (Axio2, Carl Zeiss, Germany) at x 100
magnification. Q-FISH was analyzed for telomere length
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analysis by measuring the average fluorescence of telom-
ere spots and analyzed by TFL-TELO software (32). At
least 20 metaphases were analyzed from three different sets
of RECQL1 KD and scrambled U20S and HeLa 1.2.11
cells. The metaphase spreads were also scored manually for
any telomeric abnormalities (i.e. presence of signal free ends
(SFEs) and telomere doublets).

Chromosome Orientation FISH (CO-FISH)

Chromosome orientation FISH (CO-FISH) was used to
measure the frequency of T-SCE as described previ-
ously (33). Cells were treated with 5-bromo-2-deoxyuridine
(BrdU) and 5-bromo-2-deoxycytidine (BrdC) (Sigma) (3:1)
at a final concentration of 1 x 10> m for 16 h, followed
by incubation with 0.1 mg/ml colcemid (Invitrogen) for 4
h. The cells were then suspended in prewarmed 75 mM
KCI hypotonic solution for 20 min at 37°C followed by
3:1 methanol/acetic acid fixation. Metaphase spreads were
prepared by dropping the fixed suspension cells onto glass
slides and then air-drying the slides. The slides were rehy-
drated in PBS for 15 min followed by 0.5 mg/ml RNAase
treatment at 37°C for 10 min and subsequent 0.5 pg/ml
Hoechst 33258 (Sigma) staining in 2x SSC for 15 min at
room temperature (RT). Slides were then rinsed with 2x
SSC and exposed to 365 nm UV light (Stratalinker 1800 UV
irradiator) for 30 min, and then digested the DNA with 10
U/l exonuclease III (Promega) for 10 min at RT. Slides
were then washed with PBS and series of ethanol dehy-
dration processes, 70%, 90% and 100%, 5 min each. TelC-
cyc3 (Panagene) hybridization mixture A (70% formamide
(Sigma), 0.25% blocking reagent (Roche), 5% MgCl, in 10
mM Tris (pH 7.2)) was added to the slides and incubated
2 h in the dark, humid chamber. Slides were washed twice
(each 15 min) in wash buffer 1 (70% formamide, 0.1% BSB,
10 mM Tris (pH 7.2)) and then three times in wash buffer 2
(0.1M Tris, 0.15M NacCl and 0.08% Tween-20) 5 min each.
Slides were mounted with vectashield (Vector) containing
DAPI and stored protected from light. The images were
taken as described above under ‘fluorescence in situ hy-
bridization (Q-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 dif-
ferent RecQ KD and scrambled U20S cells.

Flow-FISH

Cells (1X10°) were trypsinized and suspended in PBS for
each sample. All samples were spun down at max speed
for 30 s and then resuspended in TelG-FITC probe (Pana-
gene) containing hybridization solution (70% formamide,
1% BSA, 20 mM Tris (pH 7.4)). Cells were denatured at
86°C for 10 min and then hybridized for 2 h in the dark
at RT. Cells were washed twice with wash solution 1 (70%
formamide, 1% BSA, 20 mM Tris (pH 7.4), 0.1% Tween
20)) followed by a one time wash with solution 2 (1x PBS,
0.1% BSA, 0.1% Tween 20). Cells were resuspended in stain-
ing solution (1x PBS, 0.1% BSA, 10 U/ml RNAse A, 0.6
pg/ml 7AAD (Sigma)) for 2 h at RT. Samples were stored
at 4°C and protected from light. Samples were analyzed by
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BD FACSCantoll. For flow-FISH experiments, a z-test was
performed on triplicates for each cell type from three inde-
pendent experiments using sigma-plot and the p-value was
obtained as indicated.

Co-immunoprecipitation (co-I1P)

For in vivo co-1P, U20S cells were lysed in cell lysis buffer
(50 mM Tris HCL, pH 7.4, 150 mM NacCl, 2 mM EDTA,
1 mM PMSF and 1% Triton X-100 and 1x protease
inhibitors (Roche Applied Science)) and co-IP was per-
formed as described elsewhere (34) using an anti-RECQLI
antibody (anti-rabbit, Santa Cruz Inc.) and probing for
anti-TRF2 antibody (anti-mouse, Imgenex). Lysis was per-
formed in the presence of ethidium bromide (50 pg/ml)
by rotating end over end for 30 min at 4°C and cen-
trifuged at 14 000 g for 20 min. The supernatants or
whole cell extracts were collected and subjected for pre-
clearing with Protein A/G beads (Thermo Fisher Scien-
tific, Waltham, MA, USA). The cell extracts were incu-
bated overnight at 4°C with anti-RECQL1 antibody or with
rabbit IgG (Santa Cruz Inc., Santa Cruz, CA, USA). Im-
mune complexes were subsequently incubated with Pro-
tein A/G agarose beads for 5 h 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 resuspended in
20 pl of 2x SDS loading buffer and denatured at 95°C
for 5 min to release bound proteins. The immunoprecipi-
tates were analyzed by western blotting and probed with
custom-made mouse monoclonal antibody for TRF2. Tran-
sient depletion of TRF2 was performed in U20S cells us-
ing the target-specific siRNA (purchased from Dharmacon)
against TRF2: - AGGCUGGAGUGCAGAAAUAJTAT-
3’. Myc-POT1 was transiently over-expressed in U20S cells
by using pLPC myc hPOT1 plasmid from Addgene (Plas-
mid 12387) and myc pull down was performed using the
mouse monoclonal ¢c-Myc antibody (9E10) from Santa
Cruz (sc-40) as described above. Rabbit anti-Myc tag an-
tibody from Abcam (ab9106) was used for the western blot-
ting.

In vitro immunoprecipitation

Both RECQLI1 (10 pmol) and TRF2 (20 pmol) were prein-
cubated with either rabbit IgG or anti-RECQL1 antibody
in 200 pl of helicase buffer with 5 wg/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 2 h. The
beads were then isolated, washed five times in 500 w1 of he-
licase buffer containing 150 mM NaCl and 0.1% BSA, and
processed as described above.

Immunofluorescence

U20S or HeLa cells (both scrambled and RECQL1 KD
cells, as indicated) were plated on Lab-Tek II chambered
glass slides (Thermo-Fisher Scientific) at a density of 20
000 cells/chamber grown overnight. Cells were treated with
2 mM hydroxyurea (HU; Sigma) for 16 h, as indicated.
Cells were fixed with 4% paraformaldehyde in PBS for
10 min at room temperature, washed with PBS, and per-
meabilized with 0.2% Triton X-100 in PBS for 5 min at

room temperature. Following a final wash with PBS, cells
were blocked for 1 h at room temperature with 5% FBS in
PBS. Then the cells were treated with primary antibodies
overnight at 4°C, followed by washes in PBS (three times,
5 min each) and finally incubated with secondary antibod-
ies for 1 h at room temperature. Then the cells were washed
again with PBS (five times for 3 min) and treated with Vec-
tashield mounting medium containing DAPI (Vector Lab-
oratories). The following primary antibodies were used:
anti-rabbit 53BP1 (Novus Biologicals, 1:100), anti-mouse
TRF1 (Abcam TRF-78, 1:50), anti-mouse TRF2 (Imgenex,
1:50), anti-phospho-RPA32 (S4/S8) antibody (Bethyl Lab-
oratories, 1:200), anti-rabbit RPA32 (Genetex, 1:100) and
anti-rabbit RECQL1 antibody (Santa Cruz Inc., 1:200).
Secondary antibodies used were: donkey anti-rabbit Alexa
Fluor 488 (1:1000) and donkey anti-mouse Alexa Fluor
647 (1:1000) (Invitrogen), diluted in blocking solution (5%
FBS). Images were captured on a Nikon Eclipse TE2000
confocal microscope (x40 magnification) with a Hama-
matsu C9100-13 camera. 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 Figures
5 and 9 and Supplementary Figure S1. The Pearson coeffi-
cients of these individual foci were calculated using Volocity
software. For a better representation, co-localization chan-
nels (positive products of the differences of the means for
the two channels) were generated.

RESULTS
Human RECQLI1 associates with telomeres in ALT cells

Recent proteomics analysis of telomeric binding proteins in-
dicates possible association of human RECQLI at telom-
eres in ALT cells (19). To test this association, telomeric
ChIP analysis was performed in U20S (ALT) cells, in which
RECQLI1-associated telomeric DNA was detected by hy-
bridization using a->>P-labeled telomere-specific probe and
visualized by dot blot. A small but significant fraction of
telomeric DNA was detected in RECQL1 immunoprecip-
itations (IPs) from U2OS cells, and a control IP carried
out using the same quantity of non-immune IgG yielded no
telomeric DNA (Figure 1A). Quantification of these results
indicates that the signal for RECQLI1 is about 8% of the in-
put DNA. An increase (to about 14% of the input DNA)
in the signal was obtained after treatment with HU (Figure
1C). A control IP with TRF1 antibody was used as a posi-
tive control for the presence of telomeric DNA and as much
as 20-25% of the input signal was detected (Figure 1C).
These ChIP samples were also confirmed by western blot-
ting for the presence of RECQL1 and TRF1 (Figure 1B).
To control for the co-precipitation of nonspecific DNA, a
probe for the Alu repeat sequence was used as a negative
control. The signal/input ratio for the RECQLI IP using
the Alu probe was less than 0.1% of that using the telomere
probe (Figure 1A), indicating that RECQLI1’s association
with telomeric DNA is not a nonspecific finding. These ob-
servations indicate that RECQL1 associates with telomeres
in ALT cells.
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Figure 9. Association of RECQLI to telomeres in telomerase-positive (HeLa) cells. Telomeric ChIP was performed in HeLa cells using anti-RECQLI1
antibody with the anti-TRF1 antibody used as a positive control. (A) Dot blot showing the precipitated DNA and hybridized with the telomeric probe.
(B) The graph showing the signal/input ratio from the RECQLI IPs as a function of the quantity of chromatin (input) used in the assay. The results were
visualized by Phosphor Imager and quantitated with Image Quant software (Molecular Dynamics) and are expressed in % binding to the telomeres. (C)
Q-FISH analysis was performed in RECQLI1-depleted HeLa 1.2.11 cells and showing the median telomere length in both scrambled and RECQL1 KD
cells. (D) Immunofluorescence showing dysfunctional telomeres or accumulation of 53BP1 foci at TRF1 sites in RECQL1-depleted HeLa 1.2.11 cells.

RECQLI1 actively unwinds both damaged and undamaged
telomeric D-loops in vitro

Telomeres are protected in the form of T-loops and these
structures must be unwound in order to resolve topologi-
cal stress and to allow for efficient and complete replica-
tion of telomeric DNA. To investigate if RECQLI1 can un-
wind telomeric D-loops, both telomeric and non-telomeric
D-loops were generated. RECQLI1 efficiently disrupted a
telomeric D-loop (DL1) and the activity was significantly

higher than for a non-telomeric D-loop (DLmix) (Figure
2A). The unwinding activity of RECQLI was less than
10% at a concentration of 20 nM and only about 30% at
50 nM on DLmix compared to about ~50% of unwinding
activity observed at 20 nM of RECQLI and almost com-
plete unwinding (> 90%) at 50 nM on DLI1 (Figure 2B).
To explore the possibility that the observed preference of
RECQLI for unwinding telomeric substrates stems from
enhanced binding of RECQLI1 to telomeric DNA, elec-
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Figure 1. RECQLI associates to telomeres in ALT cells. (A) Telomeric
ChIP was performed in U20S cells using anti-RECQLI antibody in the
presence and absence of HU (treated with 5 mM for 18 h). The precipi-
tated DNA was hybridized with the sty-11 telomeric probe (top) or an Alu
probe (bottom). Dot blots were performed using anti-RECQLI1 antibody,
normal IgG and anti-TRF1 antibody that is used as a positive control. (B)
Telomeric ChIP samples were confirmed by western blotting for the pres-
ence of RECQLI1 and TRF1. (C) The graph showing the signal/input ratio
from the RECQLI1 IPs as a function of the quantity of chromatin (input).
The results were visualized by Phosphor Imager and quantitated with Im-
age Quant software (Molecular Dynamics) and are expressed in % binding
to the telomeres. The error bars represent the mean and standard deviation
from three independent ChIP assays.

trophoretic mobility shift assays (EMSA) were performed.
Our results indicate that RECQLI1 has a higher binding
affinity toward telomeric D-loops than non-telomeric D-
loops (Supplementary Figure SIA). The binding dissocia-
tion constant (K4) was ~10 nM for DL1 and a K4 > 50 nM
for DLmix (Supplementary Figure S1A).

Telomere integrity is affected by either oxidative DNA
damage or a replication block. Therefore, we wanted to fur-
ther investigate if RECQLI1 could disrupt damaged telom-
eric D-loops containing an oxidized base, 8-oxogunanine,
or by a thymine glycol lesion that blocks DNA replication
(35). Our previous observations indicate that both BLM
and WRN can efficiently disrupt telomeric D-loops con-
taining either of these lesions (18,29), while RECQL4 shows
a slight preference for thymine glycol containing D-loops
(29). Our present results show that RECQLI1 more effi-
ciently disrupts 8-oxoguanine than thymine glycol contain-
ing telomeric D-loops (Figure 2C). RecQ helicases have 3/
5’ polarity and we found that RECQLI efficiently unwound
8-oxoguanine containing D-loops (~60-70% of activity at
a concentration of 20 nM) irrespective of whether the le-
sion was placed toward 5'-end (DL2), or 3’-end (DL3) or

located at both the positions (DL4) of the invading strand
(Figure 2D). A schematic representation of these structures
is shown in Figure 2E. On the other hand, RECQL1 showed
poor unwinding activity of < 25% at 20 nM with thymine
glycol placed either toward 5'-end (DL5) or 3’-end (DL6)
of the invading strand (Figure 2D). Nevertheless, RECQLI1
can unwind thymine glycol containing D-loops (both DL5
and DL6) and shows efficient unwinding activity at higher
concentrations of about 100-200 nM (Supplementary Fig-
ure S1B). Collectively, these observations indicate novel
substrate specificity for RECQL1 and that RECQLI1 can
efficiently unwind telomeric D-loops.

RECQLI1 physically and functionally interacts with TRF2

Both BLM and WRN localize to the telomeres in ALT cells
and interact with TRF1 and TRF2 (15,17). In particular,
BLM co-localizes with TRF2 during late S- and G2-phases
of the cell cycle and overlaps with BrdU incorporation sug-
gesting a role for BLM in telomeric DNA synthesis. To test
the telomeric localization of RECQL1 in ALT cells, we ex-
amined its possible interaction with shelterin proteins. We
initially tested if RECQLI is enriched at TRF2 sites in re-
sponse to replicative stress. However, our immunofluores-
cence experiments performed in U20S cells indicate that
RECQLI1 does not form clear foci but rather shows a pan
nuclear staining (Supplementary Figure S1C), probably due
to its abundant expression. To our knowledge, RECQLI1
has not been shown to form punctate foci even in response
to DNA damage, unlike BLM or WRN. This presents some
difficulty in assessing its localization in ALT cells. Neverthe-
less, our co-IP experiments indicate that RECQLI1 specifi-
cally complexes with TRF2 (Figure 3A), but not with TRF1
(data not shown). The interaction was unchanged following
replicative stress with HU (Figure 3A). The reverse co-I1P
was also performed using the TRF2 antibody and a consis-
tent signal for RECQL1 was found in the TRF2 IP (Figure
3B). To further confirm this interaction, transient depletion
of TRF2 was performed using siRNA against TRF2 and
the interaction was lost in TRF2-depleted cells (Figure 3C),
confirming the physical interaction between RECQLI1 and
TRF2. Our in vitro immunoprecipitation experiments also
indicate a direct physical interaction between the two puri-
fied proteins (Figure 3D). Collectively, these observations
indicate a physical and a direct interaction of RECQLI1
with TRF2. Further, to investigate if TRF2 is required for
the recruitment of RECQLI to the telomeres, a telomeric
ChIP analysis was performed in TRF2-deleted cells using
two independent siRNAs (Supplementary Figure S1D and
E). The results indicate that there was no significant change
in the association of RECQLI to the telomeres, suggesting
that the telomeric binding of RECQL1 may be independent
of TRF2.

To test if there is any functional interaction between the
two proteins, unwinding activity of RECQL1 was analyzed
in the presence of increasing concentrations of TRF2. Our
results indicate that TRF2 inhibits the helicase activity of
RECQLI1 on both telomeric D-loops (Figure 3E) and fork
duplexes (Supplementary Figure S2A). At a molar ratio
of 1:0.5 (RECQL1:TRF2), more than 50% inhibition of
the activity of RECQL1 was observed on undamaged D-
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loop, DL1, and molar ratios of equal to or greater than
1:1 (RECQLI1:TRF2) resulted in complete inhibition of
RECQLI1 (Figure 3E). Heat denatured TRF2 did not in-
hibit RECQL1 under similar buffer conditions (Figure 3F).
To determine if the inhibition was due to the competition
in DNA binding, we studied the DNA binding efficiency
of both the proteins and analyzed the binding coefficients
(Kq values) toward the telomeric D-loops. We have previ-
ously reported EMSA or binding patterns of both TRF1
and TRF2 with these telomeric D-loops (29). As observed
by us and others, the DNA binding ability of TRF2 is tech-

nically challenging to study because of lack of detectable
products at lower concentrations (12,14). Our present re-
sults similarly indicate that TRF2 binds the telomeric D-
loops weakly, with a K4 ~ 100 nM, while RECQLI binds
very efficiently with Ky ~ 10 nM under similar buffer condi-
tions (Supplementary Table S2). On the other hand, TRF1,
which showed higher binding affinity than TRF2 with a K4
~ 50 nM (Supplementary Table S2), did not affect the he-
licase activity of RECQLI1, indicating that the inhibition is
specific to TRF2 (Figure 3E). Hence, we speculate that the
inhibition is due to a functional interaction with TRF2 and



5678 Nucleic Acids Research, 2014, Vol. 42, No. 9

A Inputs P B
o
IgG RECQL1 IgG RECQL1 5 o
— —— =3 E %
HU D + — — - -
- RECQL1
- |
- o
o
C D -
Inputs  IP:IgG IP: RECQLA1 3
— — = 5 o ©
S ~ B 2 w g > ¢
- L = = L =
sRNA 8 £ § 8 E
° _° Q . we | TRF2
! ! RECQL1
N
| | v
E 8 e g o E N
4 O o Lo~
2 =g 5 -
= +TRF1(WM) = S +TRF2(M) = o+
= o o o = o © o as =
c3R8B8S88 B8RBSR R, 8838
b [ T ——— o
- re—
DL1 -
DL4

100
80
60
40
20

——TRF1 (DL1)
—e—TRF1 (DL4)
—e~TRF2 (DL1)
—e—TRF2 (DL4)

% Unwinding

0 25 50 100 200
[TRF1/TRF2] (M)

Figure 3. RECQLI physically and functionally interacts with TRF2. (A) Co-immunoprecipitation (co-IP) of RECQL1 and TRF2 from whole cell extracts
of U20S cells, performed in the presence of ethidium bromide, both in the presence and absence of HU (treated with 5 mM for 18 h). (B) Reverse co-IP was
performed with the antibody against TRF2 and blotted for RECQLI. (C) Co-IP of RECQLI1 and TRF2 from whole cell extracts of U20S cells transiently
depleted with siRNA against TRF2. All the co-IP assays were performed in the presence of ethidium bromide to ensure that the interaction is not DNA
mediated. (D) In vitro co-IP performed using both the purified proteins TRF2 and RECQLI. (E) Helicase activity of RECQL1 (50 nM) performed in the
presence of increasing concentrations of either TRF1 (25-200 nM) or TRF2 (25-200 nM) using an undamaged telomeric D-loop (DL1) or a damaged
telomeric D-loop containing 8-oxoguanine (DL4). (F) Effect of heat denatured (HD) TRF2 on the helicase activity of RECQLI using the telomeric D-loop.
(G) Plot showing the effect of increasing concentrations of both TRF1 and TRF2 on the helicase activity of RECQLI.



Nucleic Acids Research, 2014, Vol. 42, No. 9 5679

A B g - S, -
Inputs  Myc-Empty  Myc-POT1 2 5 Q 5
X +POT1(nM) & X +POT1(nM) &
> - s S s __ s
2 K o S co o S S
E 8 % &9 ¢ c2©28884c2weRBBa
£ 5 & a4 oa T ——
- - 'l ‘-
1‘ » [ RECaL1
“ | Antiv
3 nti-Myc y
- ‘_' _____ R L T . R L] )
3 3 - 12 345 6 7 8 9101112 13141516
C S 2 5
 +POT1(nM) o +POT1(nM) < DL1 DL4
= = Z D
ceeg88acleg888 a
& 100
L | o
T S 80  —@—DL1
- [ £
s —e—DL4
§ 60 r  _pL5
."11:\ E') 40 F —e—DL6
W, - O
- TeRes .uewe ¥ W 20 L
1 2345 678 9101112131415 E i . . |
DL5 DL6 1.0 1.05 11 1.2 1.5
E hr i F RECQL1:POT1
<] - e} -
3 5 S 5
g +poT1 (M) @ @ +POT1(nM) & 100
s s s s -
[= [ [= [ c
C2 w2883 3c2wW288838 a S 80
'S
S 60
=Y . aNee. 8 E
= 40
8 —e—Telo fork
. - '5.':-‘ 20 —&-Tg Telo fork
TEEE  savem ¥
0! T T T
1:0 1:.0.5 1:1 1:2 1:5
1 2 3 4 56 7 8 9 10 1112 13 14 15
RECQL1:POT1
Undamaged telo fork Telo fork with thymine glycol
=
G - Q H _ 80
_ - c
3 . 5
i = £ 60 4
&+ [TPP1-POT1] ("M) s
z == 5
c 8 8838RK 8 4 5 40 1
g
®/\ e O
_____ w J
A ‘.‘“ : w20
: < b
a 0 T T T
3 . 0 1.05 11 1:2 1:4
N —— - ‘A
RECQL1:[TPP1-POT1]

1 2 3 4 5 6 7

8

Figure 4. Functional interaction of RECQLI and POT1 to unwind D-Loops containing a thymine glycol lesion. (A) Myc-POT1 was over-expressed in
U20S cells and a myc pull down was performed and blotted for endogenous RECQLI1. (B) Helicase activity of RECQLI1 performed in the presence of
indicated and increasing concentrations of POT1 using an undamaged telomeric D-loop (DL1) and damaged telomeric D-loop containing 8-oxo guanine
(DLA4). (C) Helicase activity of RECQLI performed in the presence of indicated and increasing concentrations of POT1 using telomeric D-loop containing
thymine glycol toward either 3’-end (DL5) or 5'-end (DL6) of the invading strand. (D) Plot showing the % increase in RECQL1 unwinding of telomeric
D-loops with increasing concentrations of POT1. (E) Helicase activity of RECQLI1 (10 nM) on a telomeric fork duplex with and without thymine glycol

lesion in the presence of increasing concentrations of POT1 (5-50 nM).

(F) Plot showing % increase in RECQL1 unwinding of telomeric fork substrates.

(G) Helicase activity of RECQLI (50 nM) performed in the presence of increasing concentrations of TPP1-POT1 heterodimer (25-200 nM) using an
undamaged telomeric D-loop (DL1). (H) Plot showing the effect of TPP1-POT1 on RECQLI unwinding of an undamaged telomeric D-loop.
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not merely a competition for DNA binding. The inhibition
by TRF2 is partially overcome on damaged D-loops con-
taining an 8-oxogunanine, DL4 (Figure 3E). Even at a mo-
lar ratio of 1:4 (RECQL1:TRF2), RECQL1 showed an ac-
tivity of ~40% on DL4 compared to the complete inhibition
observed on DL1 (Figure 3G). Similar results were obtained
using thymine glycol containing D-loops (data not shown).
On the other hand, neither TRF2 nor TRF1 affected the he-

licase activity of RECQL1 on non-telomeric D-loops (Sup-
plementary Figure S2B). Collectively, these observations in-
dicate that RECQLI1 physically interacts with TRF2 and
that TRF2 in turn actively modulates the helicase activity
of RECQLI on telomeric substrates.



RECQLI1 physically interacts with POT1 and POT1 effi-
ciently stimulates RECQL1 on telomeric substrates contain-
ing thymine glycol

Another major interaction partner for the human RecQ he-
licases (apart from TRF2) is POT1, the telomeric ss-binding
protein, and it was shown that POT1 stimulates both BLM
and WRN on telomeric substrates (16,18). To investigate if
RECQLI also interacts with POT1, Myc-POT1 was over-
expressed in U20S cells and a myc pull down was per-
formed. Our results indicate a possible interaction between
RECQLI1 and POT1 (Figure 4A). To investigate any func-
tional interaction, the effect of POT1 on RECQLI helicase
activity was analyzed. The results indicate that POT1 stim-
ulates RECQLI1 on telomeric D-loops and that the stimula-
tion is higher on thymine glycol containing D-loops (com-
pare Figure 4B and C) on which RECQL1 alone shows the
least preference. At a molar ratio of 1:2 (RECQL1:POT1),
we observed that the helicase activity of RECQLI was in-
creased ~3-fold (Figure 4B, lane 5) and at a molar ratio
of 1:5 (RECQLI1:POT1) the helicase activity of RECQL1
was increased 4-fold (lane 6) on an undamaged telomeric
D-loop (DL1) (Figure 4B and D). Similar modest stimula-
tion of RECQLI1 (about 2-3-fold at a molar ratio of 1:5,
RECQLI:POT1) was observed using the telomeric D-loop
containing 8-oxoguanine, DL4 (Figure 4B, lanes 10-14).
Whereas using thymine glycol containing D-loops (DL5
and DL6), we observed significantly higher stimulation
(Figure 4C). A 2.5-fold increase in the helicase activity of
RECQLI (Figure 4C, lanes 4 and 11) was observed at a mo-
lar ratio of 1:1 (RECQL1:POT1) and at molar ratios of 1:2.5
and 1:5, the activity was further increased to 5-fold (lanes 5
and 12) and almost 7-fold (lanes 6 and 13), respectively (also
refer Figure 4D). Similar results were obtained on telomeric
fork substrates and the stimulation is higher on thymine gly-
col containing fork duplex (Figure 4E and F). For example,
at a molar ratio of 1:1 (RECQL1:POT1) the unwinding ac-
tivity of RECQL1 was increased by 3-fold using an undam-
aged fork substrate when compared to a more than 5-fold
increase on a thymine glycol containing fork duplex (Figure
4E, compare lanes 4 and 11). Thymine glycol is a potential
blocker for DNA replication (35) and collectively our obser-
vations indicate that POT1 might help RECQL1 overcome
thymine glycol lesions and enable replication fork unwind-
ing at telomeres.

Studies indicate that POT1 can independently bind to
telomeric substrates in vitro (18), and DNA binding by hu-
man POTI is enhanced by the N-terminus of TPP1, de-
spite the fact that TPP1 has no discernible DNA-binding
activity by itself (36). POT1 plays an important role in the
protection of telomeres and is essential for repression of
replication stress-induced ATR signaling (37), but this func-
tion requires the TPP1-POT1 heterodimer complex (38).
The TPP1-POTI heterodimer complex functions as a unit
to protect human telomeres by regulating telomerase access
to telomere DNA and also by inhibiting DNA damage re-
sponse at telomeres (36,38). Hence, we wanted to investi-
gate the effect of TPP1-POT1 heterodimer on the unwind-
ing activity of RECQLI. In contrast to the POT1 findings,
the TPP1-POT1 heterodimer inhibits RECQL1 on telom-
eric D-loops (Figure 4G and H).
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Stable depletion of RECQLI1 induces accumulation of telom-
ere dysfunction-induced foci

Next, we determined if there were any telomere defects in
the absence of RECQL1. We have extensively character-
ized stable RECQL1 KD cells (24) and shown that loss of
RECQLI leads to a replication-stress-like phenotype. Here,
we tested if loss of RECQL1 would lead to further accumu-
lation of DNA damage at telomeres. RECQL1 KD cells ac-
cumulated over 2-3-fold more 53BP1 foci per cell at TRF1
sites than the scrambled cells (Figure 5A), indicating that
stable depletion of RECQL1 induces accumulation of DNA
DSB foci (53BP1) at telomeres in U20S cells. Further, we
also observed accumulation of RPA (Figure 5B) and hyper-
phosphorylation of RPA (Figure 5C) at telomeric sites in
RECQLI KD cells. A positive co-localization channel gen-
erated using the Volocity 5.0 was also shown. The telom-
eric RPA foci represent accumulation of recombinogenic
ssDNA that leads to replicative stress and activation of
DNA damage signaling at telomeres (39,40). Greater than
4-fold accumulation of telomeric RPA foci were observed in
RECQLI1 KD cells compared to the scrambled cells (Figure
5B and C). The knockdown efficiency of RECQL1 is shown
in Figure 5D and is near complete.

Loss of RECQLI1 leads to telomere loss and aphidicolin-
induced telomere fragility

Defects in telomere replication, improper resolution of T-
loops and hyper-recombination events all affect telomere
length maintenance in ALT cells (41). Consistently, loss of
BLM leads to telomere shortening in ALT cells (42). Loss
of WRN and TERC, the RNA component of telomerase, in
mTerc™'~ Win=/~ cell lines also show telomere shortening
and engagement of the ALT pathway (43). We observed a
similar phenotype of telomere shortening in RECQLI1 de-
pleted ALT cells by telomere Q-FISH (Figure 6A) and by
flow-FISH (Figure 6B). The median telomere length was
significantly shorter in RECQL1 KD cells compared to the
scrambled cells using both methods of analysis (Figure 6A
and B). The metaphase spreads from the Q-FISH analy-
sis were shown in Supplementary Figure S3A and the near
complete knockdown efficiency of RECQL1 was shown in
Supplementary Figure S3B. Short telomeres may eventually
fail to give rise to an observable signal at the ends, resulting
in an increased frequency of signal-free ends or telomere
loss. Our Telomere-FISH analysis revealed an increase in
telomere loss (i.e. loss of detectable telomere signal at one
or more ends) and also in telomere doublets (i.e. the pres-
ence of an extra telomeric signal at one chromatid end) in
RECQLI KD cells (Figure 6C). A higher number of telom-
ere loss was observed when compared to telomere doublets
(Figure 6E). Both telomere loss and telomere doublet for-
mation may be due to incomplete replication or may result
from accumulation of T-loops (44,45). Telomere doublets
are often described as fragile telomeres and observed in cells
treated with low doses of aphidicolin (a specific inhibitor
of DNA polymerases) or after the loss of TRF1 (46). In-
deed, a higher frequency of telomere doublets was observed
in RECQLI-depleted cells than in control cells after treat-
ment with aphidicolin (Figure 6D). In particular, RECQLI1
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KD cells showed over 3-4-fold higher accumulation of frag-
ile telomeres than the scrambled cells after treatment with
aphidicolin (Figure 6F). These observations collectively in-
dicate a potential role for RECQLI in telomere replication.

Loss of RECQLI1 results in accumulation of T-SCEs

It has been previously shown that RECQLI can resolve
HIJ substrates (30). HJs are important intermediates of
the recombination events that take place at stalled repli-
cation forks and are also reported to form preferentially
at telomeres during telomere replication (47). Conversely,
telomere shortening may also lead to defective resolution
of crossovers and promote hyper-recombination events in
ALT cells (48). Hence, we evaluated if RECQLI1 could un-
wind telomeric HJs and if loss of RECQL1 elevated recom-
bination events at telomeres. RECQLI can disrupt a static
telomeric HJ substrate (Figure 7A). 20 nM of RECQLI1
caused about 25% HJ disruption and formation of a duplex
intermediate, while increasing concentrations to 50 and 100
nM of RECQLI resulted in further efficient disruption of
the substrate and unwinding to ssDNA (Figure 7A). Fur-
ther, CO-FISH indicated an accumulation over 3-fold more
T-SCEs in RECQL1 KD cells compared to the scrambled
cells (Figure 7B and C). Collectively, these observations in-
dicate elevated hyper-recombination events at telomeres in
the absence of RECQL1 and that RECQL1 may be involved
in disrupting telomeric recombination intermediates.

Both RECQL1 and WRN may be involved in telomere repli-
cation

WRN can also efficiently unwind telomeric HJs (49) and
loss of WRN has also been reported to elevate T-SCEs
in ALT cells (43). WRN plays a role in telomere replica-
tion and loss of WRN also leads to telomere loss, eventu-
ally eliciting formation of dysfunctional telomeres, telomere
shortening and telomere loss (44,50). Hence, we evaluated if
RECQL1 and WRN participate in the same pathway or act
in different pathways. Double depletion of RECQLI1 and
WRN was performed in U20S cells and subsequently cells
were quantified for telomere lengths by flow-FISH. Cells
with double knockdowns of RECQL1 and WRN exhib-
ited similar levels of telomere shortening compared to the
singly depleted cells (Figure 8A), suggesting that RECQL1
and WRN may act in the same pathway, probably in telom-
ere replication. It is important to note that transient deple-
tion of RECQLI1 using siRNA (Figure 8A) also resulted
in telomere shortening similar to that observed in stable
RECQLI1 KD cells, further strengthening our observations.
The knockdown efficiency of both proteins was high and
is shown in Figure 8B. Further, flow-FISH coupled with
cell cycle analysis showed that loss of either RECQLI or
WRN led to telomere shortening especially during S-phase,
further indicating their involvement in telomere replication
(Figure 8C). Although WRN has previously been impli-
cated in telomere replication, this is the first report, to our
knowledge, indicating telomere shortening specifically dur-
ing S-phase in the absence of WRN.
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Telomeric association of RECQLI in telomerase-positive
cells

Our above results indicate a potential involvement of
RECQLI in telomere maintenance in ALT cells. Next,
we evaluated the involvement of RECQLI in telomerase-
positive cells. Telomeric ChIP experiment was performed
in HeLa cells (Figure 9A). The quantification of these re-
sults indicates that only about 3% of the input signal for
RECQLI was present at the telomere, while more than
15% of the signal was obtained for TRF1 (Figure 9B).
However, this quantification may not be directly com-
parable with the one in U20S cells as both cell types
may have different telomere lengths. Conversely, RECQLI1
may be less abundant at the telomeres in the HeLa cells
than the U20S cells. Recent studies also indicate a pos-
sible involvement of both BLM and WRN in telomere
maintenance in normal telomerase-positive human fibrob-
lasts (52) but their involvement is well characterized in
ALT cells (15,17,42). To characterize the role of RECQLI
at telomeres in telomerase-positive cells, stable depletion
of RECQLI1 was performed in telomerase-positive HelLa
1.2.11 cells and subsequently analyzed for telomere defects.
Similar to U20S cells, RECQLI1 depletion caused telomere
shortening (Figure 9C) and an accumulation of DNA DSB
foci (53BP1) at TRF1 sites (Figure 9D). These results in-
dicate that RECQL1 may bind to telomeres in telomerase-
positive cells, thereby regulating telomere integrity.

DISCUSSION

Maintenance of telomeres is essential for the conservation
of genomic integrity. Telomerase is involved in synthesis of
telomeres, however, some human cancers activate the ALT
pathway (5). Dissociation of telomeric D-loop structures is
not only required for progression of the ALT-based DNA
elongation events but is also essential for complete repair
of any DNA damage (5). T-loops may also contribute to
telomere length maintenance in ALT cells, by copy tem-
plate, involving a mechanism of rolling circle replication,
in which the lagging strand synthesis may be templated us-
ing the invading 3’-ss overhang by branch migration (5).
Within the last decade, much research has implicated po-
tential roles for human RecQ helicases in telomere mainte-
nance, particularly in ALT cells (10,15,17,44,52). Here, we
identify a novel role for RECQLI in telomere maintenance
in ALT cells. RECQL1 can efficiently unwind telomeric D-
loops and HJs and this resolution would not only benefit
telomere replication but might also help regulating telom-
ere length in ALT cells. Telomeric ss-binding protein, POT1
stimulates RECQL1 and this functional interaction may
enable RECQL1 to overcome a replicative blocking lesion
such as a thymine glycol. Consequently, loss of RECQLI1
induces accumulation of TIFs, S-phase-associated telom-
ere shortening, and increased telomere fragility, indicating a
potential role for RECQLI in telomere replication. Collec-
tively, RECQL1 may be involved in disrupting alternative
or secondary structures at stalled replication forks, com-
bating hyper-recombination and ensuring efficient fork pro-
gression at telomeres. Consistently, loss of RECQLI1 leads
to hyper-recombination events and elevation of T-SCEs.
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and scrambled cells showing the T-SCE events shown in white asterisks. (C) Plot showing % T-SCEs in scrambled and RECQL1 KD cells. Representative

images of a single chromosome showing T-SCEs were shown in the inset.

TRF2 binds to the duplex region of the telomeric DNA
and is directly involved in inhibition of DNA damage sig-
naling at telomeres and protection of T-loops (37,51,53).
RECQLI interacts with TRF2 as does other human RecQ
helicases, BLM, WRN and RECQL4 (10,11,14). TRF2 in-
hibits the helicase activity of RECQL1 on telomeric sub-
strates, while it has been previously shown that TRF2 pro-

motes the helicase activity of BLM, WRN and RECQLA4
(10,11,14). RECQLI1 is the most abundant human RecQ
helicase, expressed throughout the cell cycle, while BLM,
WRN and RECQL4 are less abundant than RECQLI1
and associate with telomeres specifically during S-phase
(10,11,15,17,44) and play an important role in the reso-
lution of telomeric D-loops (54,55). Although RECQLI1
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binds to the telomeres, independently of TRF2, TRF2 reg-
ulates the helicase activity of RECQLI1 through its physi-
cal interaction. TRF2 may be required to modulate the ac-
tivity of RECQLI1, but not other human RecQ helicases,
in order to maintain the T-loop structural confirmation,
and this inhibition by TRF2 might be overcome after DNA
damage or under conditions required for D-loop unwind-
ing (probably during S-phase). We find that the inhibi-
tion is partially overcome on damaged telomeric D-loops,
indicating that RECQL1 might be involved in resolution

of telomeric D-loops following DNA damage. The TPP1-
POT1 heterodimer complex, also involved in repression of
DNA damage signaling at telomeres and maintenance of T-
loop structures (38), inhibits RECQLI1, similarly to TRF2.
Interestingly, the inhibition of RECQLI1 by TRF2 is over-
come in the presence of WRN that localizes to the telomeres
specifically during S-phase (15,44) (Supplementary Figure
S4A). These observations support our notion that TRF2
might regulate RECQL1 unwinding of the T-loops in cell
cycle phases other than S-phase. TRF2 stimulates WRN
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(compare lanes 5 and 6) but the resultant activity is lower
than the reaction containing RECQL1 in addition to TRF2
and WRN (compare lane 4 with lane 6), indicating that the
additional activity may be due to RECQLI1. Similar mod-
ulation of RECQLI1 by Poly [ADP-ribose] polymerase 1
(PARP-1) was shown to be important in regulating its role
at stalled replication forks (25).

Incomplete replication or replication fork stalling and/or
collapse at telomeric ends can lead to telomere loss or
aberrations. Loss of RECQLI leads to telomere shorten-
ing, increased signal-free ends and accumulation of fragile
telomeres (or telomere doublet formation). Fragile telom-
eres may result from defective processing of stalled repli-
cation forks and may often represent accumulation of ss-
DNA at telomeres (46). Loss of RECQLI leads to accumu-
lation of RPA and phospho-RPA at telomeres, indicating
replication stress and accumulation of recombinogenic ss-
DNA at the telomeres. The accumulation of fragile telom-
eres is more significant after treatment with aphidicolin,
indicating that RECQL1 may be involved in protecting
telomere fragile sites upon replicative block. Consistently,
RECQLI has been shown to accumulate at common frag-
ile sites in response to replicative block with aphidicolin and
that RECQL1-depleted cells are hypersensitive to aphidi-
colin (56).

Telomere shortening activates DNA damage signaling
and triggers permanent cell cycle arrest or apoptosis. Re-
cent evidence indicates that telomere shortening induces
growth arrest at the G1 phase of the cell cycle and activates
ATM signaling (41). Incidentally, we and others have shown
that loss of RECQLI activates ATM signaling (24,57) and
leads to accumulation of cells in GO/G1 phase with lower
number of cells in S-phase (probably due to replication de-
fects) (23,24). Short telomeres may also initiate increased
level of telomere recombination events (48) and consis-
tently, we observe that loss of RECQLI1 leads to accumu-
lation of T-SCEs. SCEs may occur during DNA replica-
tion (S-phase of the cell cycle) when lesions that stall and/or
collapse the replication fork are encountered (58). T-SCEs
were specifically deemed a marker of ALT cells that may
reflect recombination-based telomere maintenance (33,59).
Additionally, oxidative stress may enhance telomere short-
ening (60). It has been shown that 8-oxoguanine in telom-
eric DNA can inhibit DNA binding of shelterin proteins
(61) and can stimulate HR at telomeres (62). Emerging stud-
ies also provide evidence for a unique role of RECQLI in re-
pair of oxidative DNA damage and that RECQL1-deficient
cells are sensitive to oxidative DNA damage (63). Here, we
show that RECQLI1 can efficiently unwind 8-oxoguanine
containing telomeric D-loops.

WRN plays an important role in telomere replication,
and loss of WRN leads to a similar phenotype of accu-
mulation of RPA, telomere loss and elevation of T-SCEs
(43,44,50). Our present results indicate that RECQL1 may
act in the same pathway as WRN, as double depletion of
both proteins did not significantly affect telomere length
when compared with the singly depleted cells. Loss of WRN
or loss of RECQLI results in telomere shortening specif-
ically during S-phase. We wanted to further investigate if
RECQL1 and WRN might cooperate during telomere repli-
cation. We have previously shown that WRN and RECQLA4

can cooperate with each other in the resolution of telomeric
D-loops (10). However, we did not observe such coopera-
tion between RECQL1 and WRN using damaged telomeric
D-loops, DL2 and DL5. They do not either compete with
each other even at a molar ratio of 1:5 (WRN:RECQLI)
and the observed effect was limited to the combined activ-
ity of the two proteins (Supplementary Figure S4B). The
human RecQ helicases have long been proposed to play
both cooperative and overlapping, but yet non-redundant
roles with each other. We have previously shown that WRN
cooperates with RECQLS during general genomic replica-
tion (34) and with RECQL4 during telomere replication
(10). Here, we speculate that RECQLI1 plays an overlap-
ping, yet non-redundant role with WRN in telomere repli-
cation. For instance, WRN can unwind G4-DNA to ensure
proper telomere replication (44,64). RECQLI1 cannot un-
wind G4-DNA (30), but may be involved in disruption of
other secondary structures and aid in the restart of stalled
replication forks at telomeres that would otherwise result in
telomere fragility and/or telomere loss. Incidentally, it has
been shown that RECQLI, but not BLM or WRN, plays
a unique role during replication origin firing and nascent
DNA synthesis (23) and is also critical for replication fork
restart (25). This division of labor among the RecQ heli-
cases may relate to their non-redundant functions and dis-
tinct substrate specificity.

CONCLUSION

In summary, telomere shortening in ALT cells may be
due to hyper-recombination events coupled with defects
in DNA replication. In general, telomeric DNA is diffi-
cult to replicate and replication forks within telomeres of-
ten stall (65). This may be more likely in ALT cells where
the telomeres are much longer and prone to replication
fork stalling. RECQL1 may function at the stalled replica-
tion forks in addition to regulating ALT-specific recombi-
nation events. Here, we propose a novel role for RECQLI1
in telomerase-negative ALT cells, and possibly to a lesser ex-
tent, in telomerase-positive cells (HeLa cells). Future stud-
ies would be required to investigate role of RECQLI1 in
telomere replication in telomerase-positive cells. Previous
studies indicate that RecQLI knockout mice did not show
any differences in telomere length abnormalities (66), but it
is important to note that mice have longer telomeres than
humans and similarly Wrn knockout mice were shown to
exhibit the characteristic aging symptoms only in the pres-
ence of shorter telomeres, with the loss of telomerase RNA
template Zerc (67).

Telomere shortening can be a result of incomplete repli-
cation and telomere attrition and telomere shortening has
been part of tumor-suppressor pathways (68). A large num-
ber of human tumors do not activate telomerase and may
rely on the ALT mechanisms to lengthen telomeres (5,6).
Both RECQL1 and WRN are highly expressed in various
tumors and are proposed to be ideal therapeutic targets for
tumor suppression (69,70). Additionally, current data in-
dicate that specific depletion of RECQL1 leads to mitotic
catastrophe in cancer cells but does not affect normal cells
(57). We speculate that telomere attrition might be an im-
portant consequence after loss of RECQLI in cancer cells,



as was previously proposed for WRN (71). It may be possi-
ble that loss of RECQLI leads to a rare human, yet undis-
covered disease characterized by aging symptoms and can-
cer predisposition.
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