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Abstract

RecQ helicases are a family of highly conserved proteins that maintain genomic stability through
their important roles in replication restart mechanisms. Cellular phenotypes of RECQ1 deficiency
are indicative of aberrant repair of stalled replication forks, but the molecular functions of
RECQ1, the most abundant of the five known human RecQ homologs, have remained poorly
understood. We show that RECQ1 associates with FEN-1 in nuclear extracts and exhibits direct
protein interaction in vitro. Recombinant RECQL1 significantly stimulated FEN-1 endonucleolytic
cleavage of 5’-flap DNA substrates containing nontelomeric or telomeric repeat sequence. RECQ1
and FEN-1 were constitutively present at telomeres and their binding to the telomeric chromatin
was enhanced following DNA damage. Telomere residence of FEN-1 was dependent on RECQ1
since depletion of RECQ1 reduced FEN-1 binding to telomeres in unperturbed cycling cells. Our
results confirm a conserved collaboration of human RecQ helicases with FEN-1, and suggest both
overlapping and specialized roles of RECQ1 in the processing of DNA structure intermediates
proposed to arise during replication, repair and recombination.
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INTRODUCTION

The RecQ helicase family is a group of highly conserved DNA unwinding enzymes critical
in guarding genome stability in all kingdoms of life [1-2]. The known human RecQ
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homologs include RECQ1, BLM, WRN, RECQL4, and RECQ5p. Mutations in BLM, WRN
and RECQLA4 are associated with distinct genetic disorders of Bloom, Werner, and
Rothmund-Thomson syndromes, respectively. Distinct clinical phenotypes argue against
substantial redundancy, however, a common feature of these syndromes is genomic
instability. Though the five human RecQ proteins are similar in their catalytic core and share
several biochemical properties in vitro [3], they are likely to participate in distinct aspects of
DNA metabolism in human cells under basal and genotoxic stress conditions [4]. A
systematic analysis of the molecular interactions and cellular functions of each RecQ
homolog is likely to reveal aspects of RecQ functions that are important for genome
maintenance. Identification of the specialized functions of individual RecQ proteins will
help explain phenotypic differences whereas identifying fundamental similarities should
provide a unifying theme elucidating conserved functions of RecQ proteins.

We are investigating RECQ1, also known as RECQL or RECQL1, the most abundant but
yet poorly characterized human RecQ homolog. RECQL is essential for chromosomal
stability [5-6]. Studies so far have suggested an important role of RECQ1 in the repair of
DNA damage during cellular replication [7]. RECQL1 is an integral component of the
replication complex in unperturbed dividing cells [8]. Association of RECQ1 with
replication origins during normal replication is significantly enhanced when cells encounter
replication stress [8-9]. RECQ1 deficiency is characterized by spontaneously elevated sister
chromatid exchanges [10-11] reminiscent of aberrant repair of stalled replication forks.
Indeed, RECQ1-deficient cells accumulate DNA damage and display increased sensitivity to
DNA damaging agents that induce stalled and collapsed replication forks [9-10, 12-13].
Consistent with this, RECQ1 interacts physically and functionally with proteins involved in
replication and repair. The single strand DNA binding protein RPA interacts with RECQ1
and stimulates its helicase activity [14] while inhibiting strand annealing [15]. Importantly,
physical and functional interaction with RPA is a conserved feature of human RecQ proteins
[1]. RECQZ1 also associates with topoisomerase Illa, an interaction that is conserved with
yeast sgs1 [16] and human BLM [17]. Physical and functional interactions of RECQ1 with
mismatch repair proteins and human exonuclease-1 (EXO-1) have been proposed to be
relevant for suppressing promiscuous recombination [18] and may also be important in
dealing with stalled replication forks [19].

Flap endonuclease-1 (FEN-1) and EXO-1 belong to the Rad2 family of structure-specific
nucleases and share a core nuclease domain that is conserved from yeast to mammals [20].
Genetic studies have identified overlapping and distinct roles for EXO-1 and FEN-1 in
replication, recombination, repair and maintenance of telomeres [21-22]. FEN-1 cleaves 5
flaps of the branched DNA structures and possesses double-strand-specific 5’-3’ exonuclease
activity [23-25]. The endonuclease activity of FEN-1 is required for processing the 5’ ends
of Okazaki fragments in lagging strand DNA synthesis and also participates in base excision
repair (BER) by removing 5’ flap structures formed during gap-filling DNA synthesis [23,
26]. FEN-1 is involved in maintenance of simple repeats and prevention of strand slippage
[23, 27]. Moreover, FEN-1 is critical for telomeric lagging strand DNA synthesis [28] and
contributes to telomere stability [29]. FEN-1 and EXO-1 interact both physically and
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functionally with WRN and BLM [30-34]. Interactions of FEN-1 with RECQLA4 [35] and
RECQ5p [36] have been implicated in the processing of oxidative DNA damage.

Faithful and efficient replication of DNA is critical for genome maintenance. We postulate
that RecQ helicases assume the shared responsibility of cooperating with Rad2 family
structure-specific nucleases for accurate processing of intermediate DNA structures and
ensure efficient progression of replication. Emerging evidence implies that similar to the
prominent RecQ proteins such as WRN and BLM, RECQ1 also plays a role in the
processing of DNA replication and repair intermediates. Here, we identify that RECQ1
interacts with FEN-1 and stimulates its 5’-flap endonucleolytic activity in vitro. We show
that RECQ1-depletion reduces FEN-1 binding to telomeres in replicating cells. Interaction
with FEN-1 expands the potential repertoire of RECQ1 functions and extends the pattern of
conserved collaboration between FEN-1 and RecQ family helicases that contributes to
genome maintenance in human cells.

EXPERIMENTAL

Recombinant proteins

E. coli BL21DES cells (Agilent Technologies) were transformed with pET-RECQ1, pET-
FEN-1, pGSTag-RECQ1 constructs (full length (residues 1-649), the N-terminal domain
(residues 1-63), the helicase domain (residues 63-418), the RQC domain (residues 418-592),
and the C-terminal domain (residues 592-649) or pGEX-4T-1-FEN-1 expression vectors and
grown overnight at 37°C in 10 ml of TB medium (1% tryptone, 0.5% yeast extract,0.5 %
NaCl) and 50 pg/ml kanamycin (for pET vectors) or ampicillin (for pGSTag and pGEX
vectors)). 1% overnight culture was used to seed TB medium, including 50 pg/ml
kanamycin or ampicillin and 20 ml of ethanol. The culture was grown at 37°C to OD600 =
2.5. The temperature was reduced to 18°C, and IPTG was added to 1 mM, followed by
overnight incubation at 18°C. The bacteria were collected by centrifugation at 8,000g for 10
min, and the cell pellet was washed by suspension in ice-cold PBS, centrifuged at 8,000g for
10 min, and frozen at —80°C. Recombinant FEN-1 was purified as described [31].
Recombinant human RECQ1 protein was purified as previously described with minor
modification [37]. Frozen cell pellets were extracted by sonication (8 x 10 sec) in lysis
buffer (50 mM HEPES (pH 7.5), 0.5 M NacCl, 5% glycerol, 10 mM imidazole, 1 mM TCEP
supplemented with protease inhibitor (Roche) and benzonase (Novagen)). 0.15%
polyethyleneimine solution was added to remove nucleic acids and cell debris by
centrifugation at 16,0009 for 30 min. The clarified supernatant was then loaded on a 5 mL
HisTrap Crude FF column (GE Healthcare) at 1 ml/min by using AKTA purifier system.
The column was washed 10 times with lysis buffer (50 mM HEPES (pH 7.5), 0.5 M NaCl,
5% glycerol, 30 mM imidazole) and eluted with elution buffer (50 mM HEPES (pH 7.5), 0.5
M NaCl, 5% glycerol, 250 mM imidazole, 1mM TCEP). Fractions containing RECQ1
protein were identified by SDS-PAGE, combined, and concentrated using centrifugal
ultrafiltration (Centricon). Aliquots of recombinant proteins were frozen in liquid nitrogen
and stored at —80°C. The purified recombinant proteins were judged to be 98% pure from
analysis on Coomassie-stained SDS polyacrylamide gels. Protein concentrations were
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determined by the Bio-Rad DC Protein Assay using BSA as a standard. Recombinant PCNA
was purchased from ProSpec (PRO-615).

Cell culture, and knockdown (KD) of RECQ1 or FEN-1

Human HelLa (ATCC) were grown in Dulbecco's modified Eagle's medium (DMEM)
(Invitrogen) supplemented with 10% fetal bovine serum (Hyclone Laboratories), 100 U/ml
penicillin and 100 pg/ml streptomycin (Invitrogen). Cells were grown in a humidified 5%
CO3, incubator at 37°C. Stable downregulation of RECQ1 was achieved by transducing
HelLa cells with lentiviral ShRNA as described [13]. Control HeLa cells were similarly
transduced with a ShRNA targeting the gene encoding Luciferase. FEN-1 was transiently
knocked down in HelLa cells using a synthetic siRNA against FEN-1 (Qiagen, S102663451),
or a non-silencing control siRNA (Qiagen, SI03650325). Cells were reverse transfected with
SiRNA (20 nM) using Lipofectamine RNAIMAX (Invitrogen) as instructed by the
manufacturer.

Immunoprecipitation (IP)

HelLa nuclear extract was prepared as previously described [13]. Extracts were incubated
with Protein A-Dynal beads coupled with polyclonal antibody against human RECQ1
(A300-450A, Bethyl Lab), FEN-1 (A300-255A, Bethyl Lab) or normal rabbit 1gG (Vector
Labs) at 4°C for 90 min, and the immunecomplexes were eluted with 2x SDS-sample buffer
following three washes with lysis buffer. Where indicated, nuclear extract was pre-incubated
with benzonase (Sigma, 50 U/ml, 2 h at 4°C), a general endonuclease for DNA and RNA.
Proteins were resolved by 8-16% SDS-PAGE, transferred onto PVVDF membrane and
subjected to Western detection of RECQ1 (1:750, sc-25547, Santa Cruz Biotech), FEN-1
(1:1000, Bethyl Lab).

Immunofluorescence assay

HelLa cells grown on glass coverslips to about 70% confluence were untreated or treated
with 2 mM hydroxyurea (HU) or 15 pg/ml methyl methanesulfonate (MMS) for 16 h, fixed
with 3.7% paraformaldehyde for 10 min, and permeabilized in 0.5% Triton X-100 solution
for 10 min at room temperature. Cells were blocked with 3% BSA in PBS and incubated
with rabbit polyclonal anti-RECQ1 antibody (1:500, Santa Cruz Biotech) and/or mouse
monoclonal FEN-1 antibody (1:500, GTX70185 (4E7), GeneTex) for 1 h at 37°C. After
washes in PBS with 0.1% Tween-20, cells were incubated with Alexa Fluor 488 goat anti-
rabbit 1gG (1:400; Invitrogen) and Alexa Fluor 568 goat anti-mouse 1gG (1:400, Invitrogen)
secondary antibodies for 1 h at 37°C. Cells were washed four times with PBS containing
0.1% Tween-20, mounted with Prolong Gold containing DAPI (Invitrogen), and analyzed
by confocal microscopy (Olympus).

GST pull-down assays

GST-RECQ1 pull-down experiments were performed as described [38]. GST-FEN-1-
Sepharose affinity pull-down experiments were performed with minor modification as
described previously [39]. The frozen bacterial cell pellet was thawed on ice-cold water and
sonicated in lysis buffer (PBS containing 10% glycerol and 0.4% Triton X-100) and the
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lysate was clarified by centrifugation at 15,0009 for 1 h at 4°C. Approximately 1 ml of the
resulting supernatant was incubated with 100 pl of glutathione Stransferase beads (50% v/v)
for 1 h at 4°C. The beads were washed three times with 1 ml lysis buffer, and split into two
aliquots, one for binding experiments and one for determination of expression by Coomassie
Blue staining. For binding experiments, protein-bound beads were incubated for 2 h at 4°C
with 200 ng of recombinant FEN-1 or RECQL. The beads were subsequently washed five
times with 1 ml of lysis buffer and eluted by boiling with 2x SDS-sample buffer. Eluted
proteins were electrophoresed on 8-16% polyacrylamide SDS gels and either stained with
Coomassie Blue to demonstrate protein loading or transferred onto PVDF membranes for
Western detection. FEN-1 bound to GST-RECQ1 proteins or RECQ1 bound to GST-FEN-1
proteins was detected using anti-FEN-1 or anti-RECQ1 antibody, respectively.

ELISA for RECQ1-FEN-1 interaction

ELISA was performed as described previously [39]. Appropriate wells of a 96-well
microtiter plate were coated with purified recombinant wild-type RECQL1 protein or BSA
(1pg/ml) in carbonate buffer and incubated at 4°C overnight. Following blocking with 3%
BSA in PBS containing 0.5% Tween 20; wells were incubated with indicated concentration
of FEN-1 was diluted in binding buffer (50 mM Tris-HCI (pH 7.4), 5 mM MgCl,, 5 mM
ATP, 100 pg/ml BSA, and 50 mM NaCl), and incubated for 1 h at 30°C. In parallel
reactions, benzonase (5 U/ml) was included in the incubation with FEN-1 during the binding
step. Wells were washed five times before incubation with anti-FEN-1 antibody (1:1000,
Bethyl) for 1 h at 30°C followed by HRP-conjugated anti-rabbit secondary antibody
(1:5000) for 30 min at 30°C. After washing five times, any FEN-1 bound to the immobilized
RECQ1 was detected using OPD (o-Phenylenediamine dihydrochloride) (SIGMAFAST ™,
Sigma-Aldrich) and absorbance readings were taken at 490 nm. The absorbance was
corrected for the background signal in the presence of BSA.

DNA substrates for various assays

PAGE-purified oligonucleotides (Midland Certified Reagent Co.) used for preparation of
DNA substrates were as described [15, 40-41]. Briefly, oligonucleotides were 5’ end-labeled
with y32P-dATP using T4 polynucleotide kinase (NEB) and free nucleotides were removed
using G25 spin column (GE Healthcare). Fork duplex substrate consisting of flap26 and
TSTEM25 was generated as published [15]. For the preparation of 5’-flap substrates, the
radiolabeled downstream oligonucleotide was annealed to the appropriate template
oligonucleotide (1:4 ratio) by heating in a boiling water bath for 10 min followed by slow
cooling to room temperature overnight. An upstream oligonucleotide was then added to the
duplex substrate (1:4:20 ratio) by incubation at 37°C for 1 h followed by slow cooling to
room temperature over 3-5 h. The oligonucleotide sequences used for preparing various
substrates in this study are specified in Table 1; the telomeric repeat sequences are
underlined.

RECQ1 unwinding assay

Reaction mixtures (20 pl) contained 20 mM Tris-HCI (pH 7.5), 10 mM KCI, 8 mM DTT, 5
mM MgCl,, 5 mM ATP, 10% glycerol, 80 ug/ml BSA, 0.5 nM DNA substrate, and the

Biochem J. Author manuscript; available in PMC 2016 June 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sami et al.

Page 6

indicated concentrations of RECQ1 and/or FEN-1. Reactions were incubated for 15 min at
37°C, followed by addition of 20 pl of stop buffer (35 mM EDTA, 0.6% SDS, 25% glycerol,
0.04% bromophenol blue, and 0.04% xylene cyanol) with a 10-fold molar excess of
unlabeled competitor oligonucleotide, and samples were loaded onto native 12%
polyacrylamide gels (19:1 cross-linking ratio) and electrophoresed at 180 V for 2 h at 4°C
using 1x TBE as the running buffer. The resolved radiolabeled species were visualized with
a Phosphorlmager and analyzed using ImageQuant software.

FEN-1 incision assays

Reactions (20 ul) contained 10 fmol of the indicated DNA substrate and the specified
amounts of FEN-1, RECQ1 or RECQ1 deletion mutants in 30 mM HEPES (pH 7.6), 5%
glycerol, 40 mM KCI, 0.1 mg/ml BSA, and 8 mM MgCl,. RECQ1 or RECQ1 variants were
mixed with the substrate in assay buffer on ice prior to the addition of FEN-1 to start the
incision reaction. Reactions were incubated at 37°C for 15 min, followed by proteinase K (2
mg/ml) treatment in the presence of 0.6% SDS at 37°C for 10 min. Reactions were
terminated by the addition of 10 pl of formamide stop solution (80% formamide (v/v), 0.1%
bromophenol blue and 0.1% xylene cyanol), and heated to 95°C for 5 min. Products were
resolved on 16% polyacrylamide, 7 M urea denaturing gels. Detection and quantification of
the reaction products were performed using a Phosphorlmager and the ImageQuant
software. Percent incision was calculated as described previously from the equation %
incision = (P/ (S + P)) x 100, where P is the sum of the intensity of the bands representing
incision products and S is the intensity of band representing the intact substrate [31].
Incision reactions for kinetic analysis, performed in triplicate, contained 0.3 nM FEN-1, 1
nM RECQ1, and the increasing amounts (0, 10, 20, 40, 80, 160 nM) of 15 nt 5’-flap DNA
substrate. Kinetic parameters were obtained using Michaelis-Menten equation, v =
Vmax[S]/ (Km + [S]), where v is the reaction rate and [S] is the concentration of substrate.
The initial velocity was plotted against [S], and the values of Km and Vmax were calculated
by nonlinear regression using PRISM3 (GraphPAD Software for Science). Data represent
the mean of at least three independent experiments with SD shown by error bars.

Chromatin Immunoprecipitation (ChlP) and quantitative PCR (qPCR)

ChIP experiments were performed as described previously [9] and enrichment of telomeric
chromatin was detected by a qPCR based method described by Cawthon [42] that has been
used in other studies [43-46]. HeLa cells were cultured overnight at a density of 1 x 107 per
15 cm diameter dish and subjected to either no treatment or treatment with 2 mM HU or 15
ug/ml MMS for 16 h. ChIP experiments utilizing transient KD of FEN-1 were performed 48
h post siRNA transfection. Approximately 5 x 107 HeLa cells were washed with PBS and
incubated with 1% formaldehyde for 10 min. After the reaction was quenched with 0.1 M
glycine, the cells were sonicated into chromatin fragments with an average length of
400-1000 bp as determined by agarose gel. The chromatin solution was pre-cleared by
incubation with protein-G-Sepharose/salmon sperm DNA beads (Millipore) at 4°C for 1 h,
divided into aliquots, and incubated overnight at 4°C with 3 pg of rabbit antibodies specific
for either RECQ1, FEN-1, Telomere repeat factor2 (TRF2) (all from Bethyl Lab) or
phospho-histone H2AX (yH2AX) (Millipore); antibodies were confirmed for their IP
specificity using Western blot. Antibody-chromatin complexes were pulled down by adding
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protein-G-sepharose/salmon sperm DNA beads and incubated for 2 h at 4°C. A reaction
containing an equivalent amount of rabbit IgG was included as the background control.
Immunoprecipitated pellets were washed, and DNA fragments were then recovered by
phenol/chloroform extraction and ethanol precipitation and subjected to qPCR analysis
using primers as below: 5’-
CGGTTTGTTTGGGTTTGGGTTTGGGTTTGGGTTTGGGTT-3" and 5°-
GGCTTGCCTTACCCTTACCCTTACCCTTACCCTTACCCT-3’ for telomere repeats; 5’-
TGTGCTGGCCCATCACTTTG-3’ and 5’-ACCAGCCACCACTTTCTGATAGG-3’ for
HBG (a single copy gene as control is located on chromosome 11) [42, 44]. The enzyme
was activated at 95°C for 3 min, followed by 40 cycles of 95°C for 15s, 54°C for 2 min, and
72°C for 30s. qPCR were performed using Taq Universal SYBR Green Supermix (Bio-Rad)
with technical triplicates, and threshold cycle numbers (Ct) were determined with an iQ5
thermal cycler (BioRad). Fold enrichment of the telomeric sequences were calculated over
1gG as: fold enrichment =27(CtiP~ CligG), where Ctjp and Ctqg are mean threshold cycles of
PCR done in triplicates on DNA samples immunoprecipitated with specified antibody and
control IgG, respectively. All gPCR reactions were also checked by melt curve analyses and
agarose gel electrophoresis to confirm the presence of smear ranging from 50-500 bp for
telomeric sequence and a single band for HBG.

Measurement of Telomere Length

RESULTS

Genomic DNA was isolated from HelLa cells that have been stably transduced with control
or RECQ1 shRNA by phenol-chloroform extraction and ethanol precipitation. Telomere
length analysis was performed by gPCR [42]. 36B4 which encodes the acidic ribosomal
phosphoprotein PO was used as a single-copy gene control and similar cycling conditions as
described above were used for amplification of 36B4 and telomere products. The absolute
telomeric sequence in kilobases (kb) was calculated according to the method described by
O’Callaghan et al. [47]. A one-tailed unpaired t-test was employed to determine whether the
average telomere length in RECQ1-depleted cells is significantly shorter than the length in
control cells.

RECQL1 interacts with FEN-1 in vivo and in vitro

Given their overlapping roles in DNA repair processes, we characterized the putative
physical interaction of RECQ1 with FEN-1 (Figure 1). To determine if RECQL interacts
with FEN-1, we performed reciprocal IP from HeLa cell nuclear extracts using specific
antibodies (Figure 1A). Western blot analyses showed RECQ1 antibody specifically co-
precipitated FEN-1 and IP of FEN-1 resulted in co-precipitation of RECQ1 (Figure 1A).
Similar IP using normal 1gG failed to pull down RECQ1 or FEN-1 (Figure 1A). We note
that the FEN-1 antibody also detected Ig heavy and light chains (indicated by asterisks) in
IP-Western and interfered with FEN-1 signal (~ 42 kD). The presence of EtBr (data not
shown) or the use of benzonase-treated extract in IP reaction did not abolish co-precipitation
of FEN-1 and RECQ1, suggesting that the interaction is not mediated by DNA (Figure 1B).
We next performed co-IP of RECQ1 and FEN-1 from HeLa cells depleted of RECQ1 by
lentiviral-expressed RNA interference (RNAI) hairpins targeting RECQ1 (ShRECQ1) or
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luciferase (negative control, shCTL) (Figure 1C). FEN-1 was specifically pulled down in
RECQL1 IP from control cell extract. Similarly, FEN-1 IP from control cells contained
RECQ1 and a relatively reduced RECQ1 was detected in FEN-1 IP from RECQ1-depleted
cells. To determine whether RECQ1 and FEN-1 remain in a complex following DNA
damage, we examined co-IP of RECQ1 and FEN-1 extracts prepared from HeLa cells that
were untreated or treated with hydrogen peroxide, MMS, or mitomycin C. FEN-1 antibody
co-immunoprecipitated a comparable amount of RECQ1 from the extracts of untreated or
damage treated cells (Supplementary Figure 1A). These results suggest that endogenous
RECQ1 coexists in a complex with FEN-1, and this interaction is unaffected following
genotoxic exposure. Notably, these experiments were performed in the benzonase treated
extracts to abolish DNA-mediated protein interactions. We examined localization of RECQ1
and FEN-1 in HeLa cells before and after treatment with MMS or HU. RECQ1 and FEN-1
proteins were detected in the nucleus of HeLa cells as reported previously, and this
localization pattern was not significantly affected by DNA damage (Supplementary Figure
1B). To investigate if the interaction between RECQ1 and FEN-1 is direct, we performed
ELISA using purified recombinant proteins (Figure 1D). FEN-1 bound to RECQ1 in a
protein concentration-dependent manner, and a very low OD g signal was detected in
control experiments where BSA was substituted for RECQX. Incubation with either
benzonase or EtBr (not shown) during the binding did not affect the interaction appreciably,
indicating that the interaction between FEN-1 and RECQ1 is not DNA-dependent (Figure
1D). Collectively, these data show a direct physical interaction between RECQ1 and FEN-1.

FEN-1 binding activity of RECQ1 is contained within RQC and extreme C-terminal end

Having identified a direct interaction between the two proteins, we sought to map the FEN-1
interaction domain(s) within RECQL1 utilizing GST fusion proteins that encompass truncated
versions of human RECQ1. These fusion proteins were expressed in bacterial cells and GST
pull-down experiments were performed using purified recombinant FEN-1 followed by
Western blot analysis (Figure 2). Recombinant FEN-1 efficiently bound full-length RECQ1
in a DNA-independent manner. A polypeptide fragment carryng the RQC domain (amino
acid residues 418-592) of RECQL1 efficiently bound FEN-1. Moreover, C-terminus of
RECQ1 (amino acid residues 592-649) displayed binding to FEN-1. In contrast, N-terminus
of RECQL1 (amino acid residues 1-63) or the helicase domain (amino acid residues 63-418)
failed to bind FEN-1. Altogether, these results demonstrate that RECQ1 forms a stable
complex with FEN-1 and the DNA-independent direct protein-protein interaction between
RECQ1-FEN-1 is mediated via the RQC domain with contribution from the C-terminus of
RECQL1. The FEN-1 interacting domain of RECQ1 shares limited sequence homology with
the WRN amino acid residues 949-1092 that was shown to mediate physical and functional
interaction with FEN-1 (Supplementary Figure 2A).

RECQL1 binding activity resides within amino acids 328-380 of FEN-1 encompassing the
PCNA interacting domain

To map the RECQL1 interaction sites on FEN-1, we tested a series of GST fusion proteins
that contain various regions of human FEN-1 for RECQ1 binding activity using our pull-
down assay (Figure 3). PCNA, one of the best characterized FEN-1 interacting proteins,
interacts with FEN-1 by a conserved PCNA binding box motif residing within residues
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328-355 of FEN-1 [48]. Earlier study has shown that WRN or BLM binding activity is
contained entirely within amino acids 363-380 of FEN-1 [39]. The presence of this 18 amino
acid sequence was found to be critical, but not sufficient, for FEN-1 binding to RECQ1
(Figure 3). The recombinant FEN-1 protein fragments that contained the complete amino
acid residues 328-380 displayed efficient RECQ1 binding activity; in contrast, deletion
fragments of FEN-1 containing amino acid residues 328-363 or 363-380 failed to bind
RECQL1 (Figure 3). These results suggest that the FEN-1 amino acids 328-380, spanning the
WRN and BLM binding sequence and the PCNA binding matif, is essential for binding to
RECQ1 (Supplementary Figure 2B).

RECQL1 stimulates FEN-1 cleavage of 5’-flap DNA structures

The finding that the RECQ1 protein interacts with FEN-1 prompted us to test whether these
proteins exert any functional effect on their catalytic activities. To characterize the effect of
RECQ1 on FEN-1 cleavage, we utilized a 19 bp duplex substrate with a 15 nt 5'-flap and
analyzed FEN-1 cleavage as a function of RECQ1 concentration under standard reaction
condition for FEN-1 incision (Figure 4). As shown previously, the 15 nt flap was susceptible
to FEN-1 cleavage in a dose dependent manner [40]; and the presence of RECQ1 (0-2 nM)
in the incision reaction resulted in stimulation of the cleavage reaction at all concentrations
of FEN-1 tested (0.07, 0.15, and 0.3 nM) (Figure 4A, B). With 0.3 nM purified recombinant
FEN-1 alone, approximately 5% of the substrate was incised (Figure 4A, lane 2; 4B)
whereas FEN-1 (0.3 nM) incised 25% of the substrate in the presence of 0.25 nM RECQ1
(Figure 4A, lane 4; 4B) and 35% of the flap substrate was incised by FEN-1 (0.3 nM) in the
presence of 2 nM RECQ1 (Figure 4A, lane 7; 4B). Thus, at nearly equimolar concentration,
RECQZ1 stimulated FEN-1 incision by 5-fold. Importantly, 2.0 nM RECQ1 alone did not
catalyze cleavage of 5'-flap DNA substrate (Figure 4A, lane 20). Mechanistically, FEN-1 is
suggested to slide from the single strand 5'-flap to the duplex junction to make incision [24].
Thus, we next tested the effect of RECQL on stimulating FEN-1 incision as a function of 5'-
flap length. We examined the ability of RECQL1 to stimulate FEN-1 cleavage of a 1, 5, or 26
nt 5°-flap substrate (Figure 4C; Supplementary Figure 3). RECQ1 (0-2 nM) stimulated the
FEN-1 cleavage of 5'-flap substrate with increasing flap length in a dose dependent manner
at each concentration of FEN-1 tested (Supplementary Figure 3); and ~8-fold more 5 nt 5’-
flap substrate was incised by FEN-1 (0.3 nM) in the presence of RECQ1 (2 nM) as
compared to FEN-1 alone (Figure 4C).

Given our finding that RECQL1 interaction site on FEN-1 overlaps with the PCNA
interaction site, we examined the effect of RECQ1 on PCNA stimulation of FEN-1 incision
reaction (Figure 4D, E). We first determined the concentration of PCNA that stimulated
FEN-1 activity to a level comparable with RECQL1 (data not shown). Approximately 5-fold
greater 15 nt 5’-flap substrate was incised by FEN-1 (0.3 nM) in the presence of PCNA
(0.015 nM) or RECQL (0.5 nM) (Figure 4D, lanes 2 vs 3 and 7; 4E). Thus, on a molar basis,
PCNA was ~33-fold more effective than RECQL1 in stimulating FEN-1 cleavage of 15-nt
flap substrate in specified reaction condition. However, the amount of FEN-1 incision
product formed in the presence of PCNA or RECQ1 alone was not altered when both PCNA
and RECQ1 were added to the FEN-1 reaction (Figure 4D, lanes 3 vs 4 and 5; 4E). This
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suggests that the stimulation of FEN-1 by PCNA or RECQ1 is mutually exclusive. In
contrast, WRN doesn’t interfere with PCNA and coordinately act to stimulate FEN-1 [39].

We next performed kinetic analysis of the FEN-1 catalyzed reaction on a 15 nt 5’-flap
substrate in the presence or absence of RECQL1 (Figure 5A, B). These experiments utilized
the minimum concentration of RECQ1 (1 nM) that was found to be sufficient to achieve
maximum stimulation of FEN-1 in the incision experiments described above. In the absence
of RECQL1, FEN-1 (0.3 nM) resulted in incision of ~5% of the 10 fmol of 5’-flap DNA
substrate in a 15 min reaction, time point used for standard incision assays (Figure 5A, B).
Stimulation of FEN-1 incision by RECQ1 was observed at time points as short as 3 min.
FEN-1 cleavage in the absence of RECQ1 was less than 1%; however, in the presence of
RECQ1, FEN-1 cleaved 7% of the DNA substrate (Figure 5A, lane 3 vs lane 12; 5B). FEN-1
cleavage in the presence or absence of RECQ1 was linear with respect to time from 0-9 min
(Figure 5A, B). At 9-15 min, the FEN-1 cleavage reactions conducted in the absence of
RECQ1 achieved a plateau of ~ 4-5% substrate incised and no significant increase was
observed up to 25 min of reaction (Figure 5B). In contrast, FEN-1 reactions conducted in the
presence of RECQL resulted in a progressively increased 5’-flap incision product up to 15
min (~ 40% incision), and ~ 44% of the substrate was incised by 25 min of reaction (Figure
5B). Next, we determined the reaction kinetic parameters, Km and VVmayx, as described in
“Experimental” section. The Vmax of the FEN-1 incision reaction for a 15 nt 5’-flap
substrate was determined to be 1.4 + 0.2 x 1073 nM/s and 6.7 + 0.1 x 1073 nM/s in the
absence or presence of RECQ, respectively. In contrast to the observed increase (>4-fold) in
Vmax, the Km was determined to be 51.1 nM and 62.5 nM in the absence or presence of
RECQ1, respectively. These results indicate that RECQ1 stimulates the rate of FEN-1
incision of a 5’-flap DNA substrate.

Helicase activity of RECQL is not necessary for stimulation of FEN-1 incision

Forked DNA substrates with either one or both of the arms in the double-stranded state are
frequent intermediates of cellular processes such as DNA replication, repair, and
recombination. RECQ1 unwinds forked duplex with noncomplementary 3’- and 5°-single-
stranded DNA arms, as well as flap structures containing either a 3’- or 5’- single-stranded
DNA in an ATP-dependent manner [15]. Presence of FEN-1 in a standard helicase assay did
not modulate RECQ1 unwinding of a forked DNA duplex (Figure 6A). Thus we next tested
whether the ATP-dependent helicase activity of RECQ1 plays a role in stimulation of FEN-1
cleavage of a 5’-flap substrate. First, we tested the effects of a previously characterized
ATPase/helicase dead RECQ1 with a site-directed mutation, K119A, in the active site of its
catalytic domain [49]. In a standard incision reaction, presence of the purified recombinant
RECQ1-K119A mutant protein, devoid of ATPase or helicase activity [49], stimulated
FEN-1 cleavage reaction (Figure 6B, lane 9 vs lanes 10-14) comparable to the wild-type
RECQL1 in a dose dependent manner (Figure 6B; lane 2 vs lanes 3-7). No detectable incision
products were obtained in control reaction conducted in the presence of RECQ1-K119A
alone (Figure 6B, lane 14). DNA unwinding by RECQ1 is ATP-dependent, thus we next
tested the effect of RECQ1 on FEN-1 cleavage reaction in the presence or absence of ATP
(2 mM) (Figure 6C). RECQ1 (1 nM) similarly stimulated FEN-1 cleavage of 15 nt 5’-flap
substrate irrespective of the presence or absence of ATP in the reaction (Figure 6C, lanes
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2-7 vs. lanes 10-15). Altogether these results show that ATP hydrolysis and DNA unwinding
are dispensable for RECQ1 stimulation of FEN-1 cleavage of a 15 nt 5’-flap DNA substrate,
suggesting that the endonuclease activity enhancement produced by RECQL is not due to
substrate modification.

RQC and the C-terminus fragment of RECQ1 mediate functional stimulation of FEN-1

Having determined that the FEN-1 stimulation is independent of RECQL1 helicase activity,
we asked whether the protein fragments of RECQL1 that were found to mediate physical
interaction with FEN-1 could stimulate cleavage of 5’-flap substrate by FEN-1. Therefore,
in addition to the wild-type full length RECQ1, we performed FEN-1 incision assays in the
absence or presence of purified recombinant RECQ1 polypeptides GST-RECQ1415-592
(RQC domain), GST-RECQ1597-g49 (C-terminus), GST-RECQ1g3.418 (helicase domain), or
GST. No detectable incision of the 5’-flap substrate by RECQ1 polypeptides was observed
in the absence of FEN-1 (Figure 7A). Full length RECQ1 was found to be most efficient in
stimulating FEN-1 (0.3 nM) cleavage of 15 nt 5’-flap substrate (Figure 7A, lane 2 vs lanes
11-13; 7B). Stimulation in FEN-1 cleavage was observed in a dose dependent manner in the
presence of the RQC domain (Figure 7A, lane 2 vs lanes 15-17) although to a significantly
reduced extent than the wild-type full length RECQL1 (Figure 7B); and the C-terminal
RECQ1 was found to be only slightly effective compared to the full length RECQ1 to
stimulate FEN-1 cleavage (Figure 7A, lane 2 vs. lanes 19-21). In contrast, FEN-1 incision
was not significantly altered in the presence of GST (Figure 7A, lane 2 vs. lanes 3-5; 7B) or
helicase domain of RECQ1 that did not interact with FEN-1 in vitro (Figure 7A, lane 2 vs.
lanes 7-9; 7B). These results indicate that both the RQC and C-terminal are essential to
achieve optimal stimulation of FEN-1 activity by RECQ1 and the physical interaction
between RECQ1-FEN-1 may be necessary.

RECQ1 associates with telomere chromatin and stimulates FEN-1 cleavage of 5’-flap
telomeric DNA substrates

In addition to its essential roles in Okazaki fragment processing, FEN-1 is critical in
telomeric lagging strand DNA synthesis [28-29]. Human telomeres consist of multiple
tandem TTAGGG repeats which are highly susceptible to oxidative base damage due to
their guanosine-rich nature [50]. Due to demonstrated roles of RECQ1 and FEN-1 in
oxidative DNA damage and replication fork progression [7, 12-13, 23, 51-52], we
investigated the intracellular association of RECQ1 with telomeric repeat DNA by ChIP
followed by gPCR analysis using a previously established method that has been used for
telomeric DNA detection in previous studies [42-46]

Cross-linked chromatin from asynchronously growing HelLa cells was immunoprecipitated
with a control 1gG or specific antibody against RECQL1. Following cross-link reversal, the
immunoprecipitated chromatin was used in gPCR to determine the telomere repeat-
containing DNA as well as HBG, a single copy gene located on chromosome 11 and used as
control [42]. Telomere sequence-specific DNA was enriched nearly 13-fold in RECQ1-
immunoprecipitate as compared to 1gG in untreated HeLa cells (Figure 8A). Agarose gel
electrophoresis of the PCR amplified products from the anti-RECQ1 ChIP DNA showed
bands ranging from 50 to ~500 bp signifying enrichment of telomeric fragments (Figure
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8B). As reported previously [29], FEN-1 associated with telomeres and ~11-fold enrichment
of telomere-specific DNA was found in FEN-1 immunoprecipitate as compared to 1gG
(Figure 8A). In contrast, FEN-1 or RECQ1-immunoprecipitates were not enriched in DNA
sequences corresponding to HBG or GAPDH, the negative control genomic loci (Figure
8A). Thus, our results indicate in vivo association of RECQ1 with telomeric DNA.

Consistent with our observation, Popuri et al [53] have recently reported that RECQ1
associates with telomeres in ALT cells and its interaction with TRF2 regulates its helicase
activity on telomeric DNA in vitro. We used a 15 nt 5’-flap substrate containing
(TTAGGG), sequence that has been previously reported to be bound by TRF2 [41] to ask
whether RECQL can stimulate FEN-1 activity on telomeric DNA (Figure 8C, D). The
addition of increasing concentrations of RECQ1 (0-2 nM) in FEN-1 (0.3 nM) reactions
resulted in comparable stimulation of cleavage of 15 nt 5’-flap substrate with or without
telomeric sequence in the duplex region 5°-to the flap (Figure 8D). We next tested whether
the presence of telomeric repeats within the 5’-flap would affect cleavage by FEN-1 and its
stimulation RECQ1. To address this, we compared the FEN-1 cleavage of 26 nt 5’-flap
(used in Figure 4C) and a 29 nt 5’-flap substrate containing (TTAGGG),4 sequence in the 5°-
flap region of the substrate in the presence or absence of RECQ1 (Figure 8E, F). Our results
show RECQ1 stimulates FEN-1 cleavage of a 5’-flap substrate containing telomeric repeat
sequence indicating a potential functional cooperation of RECQ1 and FEN-1 for DNA
replication-repair pathways at telomeres.

RECQL1 regulates constitutive binding of FEN-1 to telomeres in vivo

Precisely how FEN-1 nuclease acts at the chromosome ends is unknown, but FEN-1
deficiency affects telomere maintenance in both ALT and telomerase positive cell [29, 54].
Our finding that RECQ1 binds to the telomere DNA in telomerase-positive HelLa cells and
its functional interaction with FEN-1 raised the possibility that RECQ1 might regulate
FEN-1 at telomeres. To address this directly, effect of RECQ1 deficiency on the association
of FEN-1 to the telomeric chromatin was determined by ChIP-qPCR from stable RECQ1-
KD and control HeLa cells (Figure 9).

As expected, RECQ1-KD (shRECQL) cells expressing anti-RECQ1 RNAI had dramatically
decreased levels of RECQL1 protein and mRNA compared to control-KD (shCTL) cells
(Figure 9A, B). FEN-1 mRNA and protein was not targeted by this treatment, and so was
not decreased; on the contrary, FEN-1 levels were somewhat higher in the RECQ1-KD cells.
FEN-1 binds to telomeres during S-phase [29] and cell cycle analyses revealed that 13.8% of
control cells and 19.2% RECQ1-KD cells were in S-phase (Figure 9C; Supplementary
Figure 4). With the efficacy of the RECQ1 depletion procedure confirmed, these cells were
analyzed by ChIP-gPCR (Figure 9D). Telomere sequence-specific DNA was enriched 12-
fold in RECQ1-immunoprecipitate as compared to 1gG in untreated control-KD Hela cells,
showing the extent to which RECQL1 protein preferentially associates with telomeric
chromatin. In untreated RECQ1-KD cells, RECQ1-immunoprecipitate showed only 1.5-fold
enrichment of telomere sequence-specific DNA compared to 1gG. Diminished telomeric
signal upon shRNA-mediated depletion of RECQL1 further confirmed the specificity of
RECQ1 antibody, because its effect compared to nonspecific IgG was antigen-dependent.
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FEN-1 is known to preferentially associate with telomeres [29], and we found that this
association is, to a large degree, RECQ1-dependent. In FEN-1 immunoprecipitates, the yield
of telomeric sequence-specific DNA was markedly lower in RECQ1-KD cells compared to
control-KD cells (56% less than control, P< 0.05). FEN-1-immunoprecipitate from the
control cells displayed nearly 11-fold enrichment of telomere sequence-specific DNA
relative to non-telomeric DNA, whereas only ~5-fold enrichment of telomere sequence-
specific DNA was observed in RECQ1-KD cells (Figure 9D). In order to compare these
results to observations for a bona fide telomere-specific protein, an additional set of ChIP
experiments also included specific antibody against TRF2 as positive control and normal
IgG was used as negative control as usual. The immunoprecipitated DNAs were subjected to
real time PCR amplification of telomere sequence-specific DNA and a non-telomeric DNA
sequence (HBG). As expected, TRF2 specifically interacted with telomeres; an average of
10.6-fold and 13.6-fold enrichment of telomere-specific DNA was found in TRF2
immunoprecipitate in control-KD and RECQ1-KD cells, respectively (Figure 9F). The
modest increase in telomere binding of TRF2 in RECQ1-KD cells may partly be due to
increased S-phase population since telomeric association of TRF2 strongly increases in S-
phase [55] (Figure 9C). FEN-1 immunoprecipitates showed 12.7-fold enrichment of
telomere specific DNA in control-KD cells whereas only 5.5-fold enrichment of telomere
sequence-specific DNA was observed in FEN-1 immunoprecipitates from RECQ1-KD cells
(Figure 9F). This reduction in binding of FEN-1 to telomeric chromatin in RECQ1-KD cells
cannot be due to reduced FEN-1 expression in RECQ1-depleted cells because FEN-1
expression remains robust in RECQ1-KD cells (Figure 9A, B). Depletion of FEN-1 in HeLa
cells results in telomere shortening [54]. A gPCR based analysis of telomere length revealed
that RECQ1-KD cells have shorter telomeres than shCTL Hela cells (48.31 vs 52.82 kb, P=
0.038) (Figure 9E). This observation is qualitatively consistent with a recent report using Q-
FISH analysis in RECQ1-depleted HeLa cells, however the magnitude of difference in
telomere length in Popuri et al [53] is substantially greater and may be attributed to different
assay methods used. To further characterize this system, yH2AX immunoprecipitates were
analyzed. Even in untreated cells, telomeres are highly enriched in yYH2AX [56]. We
observed that yYH2AX immunoprecipitates were enriched in telomere sequence-specific
DNA in untreated control cells, and the extent of enrichment was somewhat reduced in
RECQ1-KD cells.

We next examined the effect of DNA damage on the binding of RECQ1 and FEN-1 to
telomeres in control and RECQ1-KD Hela Cells (Figure 9D). ChIP experiments were
performed using control or RECQ1-KD cells that were treated with HU, which induces
replication stress, or MMS, an alkylating agent which generates lesions that are processed by
BER [57]. For control cells, RECQ1-immunoprecipitates from HU- and MMS-treated cells
showed even greater enrichment of telomere sequence-specific DNA (16-fold and 20-fold,
respectively) than untreated cells (12-fold). Treatment with HU or MMS also increased
FEN-1-bound telomere sequence-specific DNA, producing nearly 20-fold and 21-fold
enrichment versus the 11-fold enrichment that had been observed in the untreated control
cells. However, the fold enrichment values following treatment were only a little lower than
this in the RECQ1-KD cells. Thus, while constitutive binding of FEN-1 to telomeres was
RECQ1-dependent, this was not the case in the context of DNA damaging treatments. After
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HU or MMS treatment, FEN-1 was observed to be strongly associated with telomeres
almost regardless of RECQL1 protein abundance. In contrast, as compared to control cells,
telomeric association of RECQ1 was increased in FEN-1-depleted cells that were either
unperturbed or exposed to DNA damage treatment (Figure 9G, H). FEN-1 is critical for re-
initiation of stalled forks at telomeres [58], and increased telomere association of RECQ1
upon DNA damage, especially HU treatment, in FEN-1-depleted cells indicates that RECQ1
may be engaged in preventing replication fork collapse at telomeres (Figure 9G).

RECQ1-KD cells displayed a 1.7-fold increase in yH2AX-bound telomere sequence-specific
DNA in response to HU treatment as compared to 1.2-fold in control cells, suggesting that
RECQ1 depletion promotes DNA damage at telomeric sequences (Figure 9D). MMS
treatment in control cells did not result in significant enrichment of yH2AX at telomeres but
led to 1.4-fold greater yH2AX at telomeres in RECQ1-KD cells. Increased MMS-induced
yH2AX at telomeres in RECQ1-depleted cells may indicate that replication stress in the
absence of RECQL is a source of increased DNA damage at telomeres.

Collectively, our results indicate that RECQL contributes to the constitutive binding of
FEN-1 to telomeric chromatin in HeLa cells but the DNA damage-induced enrichment of
FEN-1 at telomeres is likely to be RECQ1-independent. Furthermore, results from yH2AX-
ChIP experiments suggest that the role of RECQL1 at telomeres may be more important in the
context of DNA damage.

DISCUSSION

Here, we report a direct protein interaction between RECQ1 and FEN-1, and demonstrate
that RECQ1 stimulates FEN-1 cleavage of a 5’-flap DNA substrate independent of its
helicase activity. Our study identifies a novel requirement of RECQL in facilitating
constitutive, but not DNA damage-induced, residence of FEN-1 at telomeres in telomerase
positive cycling cells. This study emphasizes role of RECQ1 in DNA replication and repair,
and illustrates interaction between the RecQ helicase family proteins and the structure-
specific nuclease FEN-1 as a conserved collaboration for genome maintenance in human
cells.

Functions of FEN-1 in DNA transactions are analogous to those of RecQ helicases that play
key roles by unwinding intermediate DNA structures in chromatin to regulate replication,
recombination and repair. Brosh et al. [30] identified WRN as the first among the human
RecQ homologs to be a FEN-1 interacting protein. FEN-1 can be specifically precipitated by
the BLM 966-1417 fragment that shares homology with amino acid residues 949-1092 in the
conserved RQC motif of WRN, essential for the physical and functional interaction with
FEN-1 [31, 39, 59]. FEN-1 interaction has not been mapped on RECQ5p [36], however,
RECQL4, which lacks RQC domain, also associates with FEN-1 in a common protein
complex [35]. Our data indicate that interaction with FEN-1 involves the conserved RQC-
domain and the C-terminus of RECQL. The poorly conserved C-terminus of RECQL1 is also
involved in interactions with PARP-1 [13, 51] and Ku70/80 [38] suggesting a critical role in
mediating protein-protein interactions.
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Stimulation of FEN-1 endonucleolytic cleavage of a 5’-flap substrate is independent of
RECQ1 helicase activity in vitro, but our functional data using RECQ1 fragments suggests
that full length protein, and consequently native conformation of RECQL1, is important to
effect optimal FEN-1 stimulation. It is yet unknown whether RECQ1 modulates the gap
endonuclease (GEN) activity of FEN-1 or process chicken foot structures [60-61], but the in
vitro ability of RECQL1 to unwind intermediates of replication, repair and recombination [12,
15, 62] suggests that the coordinated activity of RECQL1 helicase and FEN-1 nuclease is
important for replication restart similar to what has been proposed for WRN-FEN-1 [61].
Although the helicase activity of RECQ1 is unaffected by FEN-1, stimulation of FEN-1 may
be an important role of RECQL1 for the endonucleolytic cleavage of 5’-flap structures during
the processing of Okazaki fragments, rescue of stalled replication forks, and excision repair
[59]. Similar to WRN, but unlike RECQL4 and RECQ5, the 3’-5 helicase activity of
RECQ1 unwinds the leading strand of forked DNA duplex thereby unwinding the
replication fork structure in the direction of the fork movement [12, 15]. Furthermore,
RECQ1 preferentially catalyzes fork reversal and promotes resetting of replication forks in
vitro; and this function of RECQ1 helicase is critical in preventing fork collapse upon
replication stress in vivo [13].

Replication forks stall at fragile sites [63] and within telomeres containing G-rich hexameric
TTAGGG repeats [64] as fork progression is inherently difficult at repetitive DNA
sequences due to their propensity to form secondary structures [63]. Previously, we
demonstrated that RECQ1 accumulates at common fragile sites where replication forks have
stalled following stress [9]. We now show that RECQL1 is constitutively bound to telomeres
consistent with a recent report from Bohr lab implicating RECQ1 in telomere maintenance
[53]. Significantly reduced FEN-1 at telomeric chromatin observed in asynchronized
RECQ1-KD HeLa cells suggests that RECQ1 is important for association of FEN-1 with
telomeres in unperturbed, replicating cells. Stewart lab has established that FEN-1 nuclease
activity is essential for its functions in maintaining telomere stability [29, 58]. Telomere
dysfunction in RECQ1-depleted cells can, in part, be explained by reduced FEN-1 functions
at lagging daughter telomeres [54]. In the absence of optimal FEN-1 levels, inappropriate
Okazaki fragment processing might cause excessive dissociation or degradation of the last
primer, leading to an increase in single stranded DNA of the template strand [28, 54]
causing increased RPA phosphorylation foci at telomeric sites in RECQ1-KD cells [53].
Depletion of RECQ1- or FEN- 1 challenges replication fork progression genome-wide,
though FEN-1 is especially important for the re-initiation of stalled replication forks at
telomeres [29, 58]. It will be of interest, in the future, to determine whether RECQ1 and
FENL depletion is epistatic for telomere dysfunction phenotype, or there is a synthetic
telomere dysfunction phenotype attributable to interaction of RECQ1 and FEN1 when both
are partially disabled. RECQ1 depletion did not increase yYH2AX at telomeres in our analysis
in telomerase positive HelLa cells, potentially indicating that the loss of FEN-1 functions at
telomeres is compensated by telomerase in these cells [29]; however, insufficient FEN-1
may contribute to the accumulation of fragile telomeres reported in RECQ1-depleted cells
since telomerase can not compensate for the loss of FEN-1 to prevent fragile telomeres [29].
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Whether the RECQ1-FEN-1 interaction is essential for telomere maintenance remains to be
determined but our data indicates RECQ1-dependence of FEN-1 binding to telomeres in
unperturbed replicating cells. In contrast, damage-induced telomere-binding of FEN-1 in
HeLa cells is independent of RECQ1 indicating that additional factors regulate FEN-1
recruitment and functions at telomeres. Nevertheless, both RECQ1 and FEN-1 are enriched
at telomeres in HelL a cells treated with HU or MMS suggesting common functions in
replication fork restart and repair at telomeres.

Interaction with RECQL1 is mediated through the PCNA interaction motif and the C-
terminus of FEN-1. The interaction with PCNA that allows FEN-1 to associate with the
replication machinery is not important for its functions at the telomere [58]. The C-terminus
of FEN-1, and consequently interaction with WRN and TRF2, is essential for telomere
functions as its deletion partially disables localization of FEN-1 to telomeres and fails to
suppress telomere fragility and lagging strand sister telomere loss [29]. Given the interaction
of RECQL1 [53] and WRN [65] with TRF2, it is conceivable that TRF2 might recruit the
RecQ helicase-FEN-1 complex coordinately at the telomeres to resolve stalled replication
forks and enable their efficient restart. However, the recruitment of RECQ1 [53] and FEN-1
[29] to telomeres is independent of TRF2.

TRF2, a component of Shelterin protein complex, binds to the double stranded telomeric
repeat DNA resulting in a highly stable protein-DNA complex and is directly involved in
inhibition of DNA damage signaling at telomeres and protection of telomeres [66-67].
Recent demonstration of RECQ1’s ability to dislodge TRF2 from telomeric substrate in an
RPA-dependent manner presents a possible role in coordinating telomere protection by
Shelterin proteins binding and DNA synthesis by the replication machinery [68]. While
TRF2 promotes the helicase activity of WRN [65], it inhibits RECQ1 helicase on telomeric
substrates [53]. Interestingly, TRF2 inhibition of RECQ1 helicase is overcome by the
presence of oxidative lesion in the substrate[53] which also inhibits DNA binding of TRF2
[69]. However, RECQ1 can unwind DNA substrates containing oxidative base damage
regardless of telomeric repeats [53, 70] and the sensitivity of RECQ1-deficient cells to
oxidative stress [51] indicates a global role in the repair of oxidative DNA damage. Our
observation that RECQ1 stimulates FEN-1 cleavage of a 5’-flap substrate containing
telomeric repeat sequence comparable to that containing non-telomeric sequence further
suggests that RECQ1 functions with FEN-1 to facilitate DNA replication and/or repair
processes at telomeres and other genomic regions.

Including the present study, all five known human RecQ proteins have been shown to
physically interact and stimulate FEN-1 catalytic activity. Conserved interaction of RecQ
helicases with FEN-1 may signify functional compensation, by redundant and alternative
mechanisms, essential for avoiding genomic instability since roles of FEN-1 are critically
important in DNA replication and repair. Differential requirement of the concerted action of
a specific RecQ homolog with FEN-1 is likely to be governed by distinct substrate
specificity of individual RecQ helicases relevant to a given cellular and genomic context.
For instance, unlike WRN and BLM, recombinant RECQ1 lacks the ability to resolve
replication-impeding G4 DNA structures present at telomeres [71]. Our results emphasize a
yet poorly addressed question that is what might be the specific physiological function of
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individual homolog of the five human RecQ helicases at specific genomic loci. Furthermore,
the activities of individual RecQ homolog-FEN-1 complex may be assigned to lesion-
specific pathways or sub-pathways of DNA repair. It has been suggested that FEN-1 forms
dynamic protein complexes as necessary for the specific steps of the pathways in which it is
participating [23]. Failure to detect a RECQ5p3-FEN-1 complex supports the dynamic nature
of RecQ-FEN-1 association in vivo [36]. Although FEN-1 C-terminus is commonly involved
in mediating interactions with WRN, BLM, and RECQ1, physical interaction with RECQ1
and RECQ5p [36] spans the PCNA-interaction motif of FEN-1. WRN additively enhances
FEN-1 endonuclease activity in the presence of PCNA [39] whereas RECQ1 stimulation of
FEN-1 is not influenced by PCNA. PCNA mediates Okazaki fragment maturation through
tight coordination of the activities of DNA polymerase §, FEN-1 and DNA ligase I, and
recent results support a mechanism of sequential switching of partners on the eukaryotic
PCNA trimer during DNA replication and repair [72]. Given the critical roles of PCNA at
the replication fork [73] and the unique association of RECQ1 (and RECQL4), but not other
RecQ proteins, with replication initiation complex [8], interaction of FEN-1 with multiple
RecQ proteins may ensure faithful replication and repair in cycling cells.

Collectively, our results provide several potential functional overlaps with FEN-1 [23] and
other RecQ helicases [74], and support the emerging evidence suggesting that RECQ1 is
involved in DNA replication, repair, and telomere maintenance. Genomic instability
observed in RecQ-deficiency has been largely attributed to the inappropriate processing of
DNA replication or repair intermediates that arise during conditions of replication stress
[75]. In humans, RECQL is the most abundant RecQ helicase homolog and therefore it can
be expected to play vital roles, either alone or in concert with protein partners such as
FEN-1, in maintaining cellular homeostasis and genomic stability under basal and genotoxic
stress conditions.
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Figure 1. RECQL interacts with FEN-1 in vivo and in vitro
A. Co-IP analysis of RECQL interaction with FEN-1 using HeLa nuclear extracts.

Immunoprecipitations (IP) with antibodies specific for RECQ1, FEN-1 and preimmune 1gG
are indicated. Eluted proteins in immunoprecipitate were analyzed by Western blotting and
are indicated. RECQ1 IP contained FEN-1. Reciprocal co-1Ps of FEN-1 also contained
RECQ1. FEN-1 antibody also detected Ig heavy and light chains (indicated by asterisks) in
IP-Western and interfered with FEN-1 signal (~ 42 kD). B. Association of RECQ1 and
FEN-1 is not mediated via DNA. RECQ1 antibody co-precipitated RECQ1 and FEN-1 using
benzonase-treated extract in IP reaction. Reciprocal co-IPs of FEN-1 also contained RECQ1.
C. Reciprocal co-IP of RECQ1 and FEN-1 from benzonase-treated extracts prepared from
HelLa cells transduced with lentiviral-expressed RNA interference (RNAI) hairpins (ShRNA)
targeting RECQL1 or luciferase (negative control, CTL). D. Recombinant RECQ1 and FEN-1
proteins directly interact in vitro as shown by ELISA. Either BSA or purified recombinant
RECQ1 was coated onto microtiter plates. Following blocking with 3% BSA, appropriate
wells were incubated with the indicated concentrations of recombinant FEN-1 (0-50 nM) for
1 h at 30°C. Following washing, RECQ1-bound FEN-1 was detected by ELISA using anti-
FEN-1 antibody. The values represent the mean of three independent experiments performed
in duplicate with SD indicated by error bars.
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Figure 2. FEN-1 binding activity of RECQ1 is contained within RQC and extreme C-terminal

end

A. Schematic representation of GST-RECQ1 recombinant fragments used for FEN-1 pull-
down experiments. B. Coomassie-stained 10% SDS-PAGE gel showing purified FEN-1
used for binding assays. C. Ponceau S-stained membrane showing protein complexes bound
to glutathione sepharose beads in pull-down assay. Beads were mixed with lysate from
bacteria expressing GST fusion proteins containing human RECQ1 fragments or GST alone
as indicated. D. Purified recombinant FEN-1 protein (200 ng) was added to the indicated
GST-RECQ1 bound glutathione sepharose beads. After washing, protein complexes were
eluted and resolved by SDS-PAGE. Bound FEN-1 was detected by Western blotting.
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Figure 3. RECQL binding activity of FEN-1 is contained within amino acids 328-380
A. Schematic representation of GST-FEN-1 recombinant fragments used for pull-down

experiments. B. Coomassie-stained 10% SDS-PAGE gel showing purified RECQ1. C.
Ponceau S-stained membrane showing protein complexes bound to glutathione sepharose
beads in pull-down assay. Beads were mixed with lysate from bacteria expressing GST
fusion proteins containing human FEN-1 fragments or GST alone as indicated. D. Purified
recombinant RECQ1 protein (200 ng) was added to the indicated GST-FEN-1 bound
glutathione sepharose beads. After washing, protein complexes were eluted and resolved by
SDS-PAGE. Bound RECQ1 was detected by Western blotting.
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Figure 4. RECQL stimulates FEN-1 cleavage of 5’-flap DNA substrate
Reactions (20 pl) containing 10 fmol DNA substrate, indicted amounts of FEN-1 and

increasing concentration of RECQ1 (0-2.0 nM) were incubated at 37°C for 15 min under
conditions described in Experimental methods. Star indicates position of 32P label. A.
Phosphorimage of a typical gel of FEN-1 incision activity on a 15 nt 5’-flap DNA substrate.
B. Percent incision from the data shown in ‘A’, data points are the mean of three
independent experiments with SDs indicated by error bars. C. RECQ1 stimulation of FEN-1
cleavage of 5’-flap substrates with increasing length of 5’-flap (1, 5, 15, and 26 nt). Percent
incision by FEN-1 is shown as the mean of three independent experiments with SD
indicated by error bars. D. FEN-1 stimulation by PCNA or RECQ1 is mutually exclusive.
Incision reactions, performed as above, contained either FEN-1 alone, or the indicated
amounts of PCNA or /and RECQ1. E. Percent incision from the representative experiment
shown in ‘D’, data points are the mean of three independent experiments with SDs indicated
by error bars.
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Figure 5. Kinetics of FEN-1 cleavage of the 15nt 5’-flap DNA substrate in the presence or
absence of RECQ1

Reactions (200 pl) containing 10 fmol of 15 nt 5’-flap DNA substrate and 0.3 nM of FEN-1
with or without RECQ1 (1 nM) were incubated at 37°C and 20 pl aliquots were removed at
indicated time points. A. Phosphorimage of a typical gel from a time course experiment.
Increasing times of incubation (0-24 min) for the FEN-1 cleavage reactions conducted in the
absence of RECQ1 (lanes 2-10) or in the presence of RECQ1 (lanes 11-19) are indicated.
No enzyme and RECQ1 alone reactions are indicated in lane 1 and 20, respectively. B.
Percent incision from the data shown in ‘A’, data points are the mean of three independent
experiments with SD indicated by error bars.

Biochem J. Author manuscript; available in PMC 2016 June 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Sami et al. Page 28

\{5nt

& B RECQI"T RECQ1%"*
wn el
N N
- N 0O o o - N n o o o
RECQI(M) . - S oS- aa-Soa8<ad
RECQ1(10nM) -+ + + + + - FEN-1(0.3nM) - + + + + + + - + + + + + +
FEN-T(M)- 0 4 816 3232 A

% h’-mmw‘mw“

| -

% unwinding 0 81 77 79 80 78 0100‘ 15nt A B .
Lane 1 2 3 4 5 6 7 8 N O - «~ N m o< o
Windsion o 5SS Fn 0o B NBERH o
Lane 1 2 3 4 5 6 7 8 9 10 1112 13 14 15
\!5nt
c -ATP B +ATP

RECQ1 (1 nM) - *

0.15 +
0.07

0.07 *
03 +
0.07 +

&

el el
Q. -
o o o

0.15

s
© S
- o o

FEN-1 (M) - 2

o codtoee SCCCTOEY

15nt - - -
Y (=] ~N

wisno 33N Y 2o o3RI 23T 3o
Lane 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Figure 6. Stimulation of FEN-1 cleavage of 5’-flap is independent of RECQL1 helicase activity and
FEN-1 does not alter RECQ1 helicase activity

A. FEN-1 does not alter RECQL1 helicase activity on a fork duplex. Phosphorimage of a
typical helicase gel showing unwinding of a fork duplex by RECQL in the presence or
absence of FEN-1; heat denatured substrate is indicated by triangle (lane 8). B. Reactions
(20 pl) containing 10 fmol of 15nt 5°-flap DNA substrate and indicated concentrations of
FEN-1 and/or RECQ1, wild-type (WT) or helicase dead mutant (K119A), proteins were
incubated at 37°C for 15 min under standard conditions. Phosphorimage of a typical gel
shows helicase-dead mutant of RECQ1 stimulates FEN-1 cleavage of 15nt 5’-flap DNA
substrate. Lane 1, no enzyme; lane 2-7, FEN-1+ RECQ1 wild-type (0-2 nM); lane 8-13,
FEN-1 + RECQ1 K119A mutant (0-2 nM). C. RECQ1 stimulates FEN-1 activity on 15nt 5’-
flap DNA substrate in the absence of ATP. Phosphorimage of a typical gel shows FEN-1
incision products from reactions performed in the presence or absence of ATP.
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Figure 7. Mapping of the FEN-1 interaction domains that mediate the functional interaction
between RECQ1 and FEN-1

Reactions (20 pl) containing 10 fmol of 15nt 5’-flap DNA substrate, 0.3 nM of FEN-1 and
indicated concentrations of GST or GST-fused RECQ1, full-length (FL), helicase domain
(HD), RecQ-C-terminus domain (RQC), or C-terminal (Ct), were incubated at 37°C for 15
min under standard conditions. A. Phosphorimage of a typical gel. Lane 1, no enzyme; B.
Percent incision from the mean of three independent experiments is shown with SD
indicated by error bars.
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Figure 8. RECQL associates with telomere chromatin and stimulates FEN-1 cleavage of 5’-flap
containing telomeric repeat sequence

A. ChIP-gPCR of immunoprecipitated DNA with probes specific for telomeric region. HelLa
cells were processed for ChlP using a RECQ1-specific antibody. FEN-1 antibody was used
as a positive control for telomere enrichment and rabbit 1gG served as negative control in
ChIP experiments. Quantification of cross-linked telomere chromatin immunoprecipitated
using the indicated antibodies is shown. Fold enrichment over 1gG was determined and is
shown for each primer pair for the ChIP. Relative occupancy at telomere versus a non-
telomere negative control site (DNA containing HBG) and GAPDH shows preferential
association of RECQL1 to telomeres. Results are expressed as means = SEM for at least three
independent experiments. B.A representative gel of the amplified telomere DNA
immunoprecipitated with RECQ1 antibody. PCR amplified telomere fragments migrated as
a smear (50 to ~500 bp). C. Phosphorimage of a typical gel of RECQ1 stimulation of FEN-1
incision of a 15 nt 5’-flap substrate containing TTAGGG repeats in duplex region upstream
of 5°-flap. D. Percent incision of 15 nt 5’-flap substrate containing non-telomeric (solid line)
or telomeric (dashed line) sequence. Data indicates mean of at least three independent
experiments with SD shown as error bars. E. Phosphorimage of a typical gel of RECQ1 (0-2
nM) stimulation of FEN-1 incision of 5’-flap substrates containing non telomeric sequence
or TTAGGG repeats in the 5’-flap. F. Percent incision of 5’-flap substrate containing non-
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telomeric (solid line) or telomeric (dashed line) sequence in the 5°-flap. Data indicates mean
of at least three independent experiments with SD shown as error bars.
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Figure 9. RECQL facilitates constitutive binding of FEN-1 at telomeres
A. Total cell lysates were prepared from stable control-KD (shCTL) and RECQ1-KD

(shRECQ1) cells and protein levels of RECQ1 and FEN-1 were measured by Western
blotting. Histone H3 serves as loading control. B. RECQ1 silencing and mRNA expression
of FEN-1 in control and RECQ1 KD cells was assessed by RT-qPCR normalized to
GAPDH. SDHA was included as another housekeeping gene control. C. Cell cycle analysis
of control-KD and RECQ1-KD HelLa cells used for ChIP assays. D. Stable control-KD or
RECQ1-KD HeLa cells, untreated or treated with HU (2 mM, 16 h) or MMS (15 pg/ml, 16
h), were processed for ChIP using RECQ1, FEN-1, and yH2AX (gH2AX) antibodies.
Quantification of telomere chromatin by qPCR of immunoprecipitated DNA with probes
specific for telomeric region and a non-telomere negative control site is shown. Fold
enrichment over 1gG was determined and used to normalize the data to determine specific
enrichment of telomere sequence in each case. Results are expressed as means = SEM for at
least three independent experiments. E. Telomere length in control-KD and RECQ1-KD
HelLa cells. Results are expressed as means + SEM for three independent experiments. F.
Stable control-KD or RECQ1-KD HeLa cells (untreated) were processed for ChIP-gPCR
using indicated antibodies. TRF2 antibody was used as a positive control for telomere
enrichment and rabbit 1gG served as negative control in ChIP experiments. GAPDH-
normalized RT-qPCR quantification of cross-linked telomere chromatin immunoprecipitated
using the indicated antibodies is shown. Fold enrichment over 1gG was determined and is
shown for each primer pair for the ChIP. Relative occupancy at telomere versus a non-
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telomere negative control site (DNA containing HBG) shows preferential association of
RECQ1, FEN-1 and TRF2 to telomeres. As compared to control-KD cells, RECQ1-KD cells
show reduced telomere binding of FEN-1 whereas TRF2 binding is comparable. Results are
expressed as means = SEM for at least three independent experiments. G. HelLa cells
transfected with control (siCTL) or FEN-1-specific sSiRNA (siFEN-1), untreated or treated
with HU (2 mM, 16 h) or MMS (15 pg/ml, 16 h), were processed for ChIP using RECQ1
and IgG antibodies. Fold enrichment over 1gG was determined as described in “D”. Results
are expressed as means + SEM for at least three independent experiments. H. Protein levels
of FEN-1 and RECQL1 in total lysates prepared from control or FEN-1 siRNA transfected
cells were measured by Western blotting. GAPDH serves as loading control.
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Table 1

Oligonucleotide sequences for DNA substrates (5’ to 3”)

Name Length (nt) Sequence

Template
TstEM25 44 GCACTGGCCGTCGTTTTACGGTCGTGACTGGGAAAACCCTGGCG
TTPL 72 CTACACTCAAGCTCGGTCTCGAGTCAGGATGATTGTCCCTAACCCTAAC
CCTAACCCTAAGCTGCAGATTAG
Upstream Primer
TUS 36 CTAATCTGCAGCTTAGGGTTAGGGTTAGGGTTAGGG
FUS25 25 CGCCAGGGTTTTCCCAGTCACGACC

Downstream Primer

FLAP1 20
FLAP5 24
FLAP15 34
FLAP26 45
FLAP-Telo4 48
TFLP 51

AGTAAAACGACGGCCAGTGC

TCCAAGTAAAACGACGGCCAGTGC
TTTTTTTTTTTCCAAGTAAAACGACGGCCAGTGC
TTTTTTTTTTTTTTTTTTTTTTCCAAGTAAAACGACGGCCAGTGC
TTAGGGTTAGGGTTAGGGTTAGGGTCCAAGTAAAACGACGGCCAGTGC
TTTTTTTTTTTTTTTACAATCATCCTGACTCGAGACCGAGCTTGAGTGTAG
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