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Telomeres are terminal repetitive DNA sequences whose sta-
bility requires the coordinated actions of telomere-binding pro-
teins and the DNA replication and repair machinery. Recently,
we demonstrated that the DNA replication and repair protein
Flap endonuclease 1 (FEN1) is required for replicationof lagging
strand telomeres. Here, we demonstrate for the first time that
FEN1 is required for efficient re-initiation of stalled replication
forks. At the telomere, we find that FEN1 depletion results
in replicative stress as evidenced by fragile telomere expression
and sister telomere loss. We show that FEN1 participation in
Okazaki fragment processing is not required for efficient
telomere replication. Instead we find that FEN1 gap endonucle-
ase activity, which processes DNA structures resembling stalled
replication forks, and the FEN1 interaction with the RecQ heli-
cases are vital for telomere stability. Finally, we find that FEN1
depletion neither impacts cell cycle progression nor in vitro
DNAreplication throughnon-telomeric sequences.Our finding
that FEN1 is required for efficient replication fork re-initiation
strongly suggests that the fragile telomere expression and sister
telomere losses observed upon FEN1 depletion are the direct
result of replication fork collapse. Together, these findings sug-
gest that other nucleases compensate for FEN1 loss throughout
the genome during DNA replication but fail to do so at the
telomere. We propose that FEN1maintains stable telomeres by
facilitating replication through the G-rich lagging strand
telomere, thereby ensuring high fidelity telomere replication.

High fidelity DNA replication is critical for genome stability
and continued cellular proliferation. Given the importance of
high fidelity DNA replication to genomic stability, it is not sur-
prising that numerous redundantmechanisms of DNA replica-
tion exist. Inherited syndromes in which DNA replication/re-
pair proteins are mutated or lost but overall DNA replication
continues relatively unabated (1–3) best illustrate the compen-
satory nature of thesemechanisms.However, in some cases this
compensation is incomplete, and thus, patients with these
mutations manifest replication defects and genomic instability
(2).

Deficiencies in various DNA replication/repair mechanisms
become particularly detrimental in highly repetitive DNA
sequences that present unique challenges to the DNA replica-
tion machinery (4, 5). For example, triplet repeats can lead to
replication fork slippage, resulting in deleterious expansions
and deletions (6). Similarly, replication fork pausing and stall-
ing occur within telomeric repeats (7–10), and telomeres were
recently identified as fragile sites (11, 12). Because fragile sites
are thought to arise in response to replication stress, these data
support the hypothesis that telomeric DNA presents a chal-
lenging template for the DNA replication machinery that
requires the actions of specialized replication complexes,
including a replication fork re-initiation complex (4, 13, 14).
Recent work has shown that telomeres are highly sensitive to
the loss of DNA replication/repair proteins shown to localize to
stalled replication forks, including the Werner (WRN)2 and
Flap endonuclease 1 (FEN1) proteins (15). Indeed, cells from
WRN patients display overt telomere dysfunction, whereas
only minor defects in genomic replication are observed (2, 16,
17), suggesting that other proteins compensate for WRN
throughout the genome but are insufficient at the telomere.
DNA replication mechanisms at the telomere are coordi-

nated by the six-protein Shelterin complex (including TRF1,
TRF2, TIN2, POT1, RAP1, and TPP1) (4, 5, 18). For example,
TRF2 interacts with and modulates the activities of numerous
DNA replication and repair proteins (18). These interactions
include TRF2 binding to the WRN and BLM helicases, which
stimulates their activity in vitro, suggesting that TRF2 recruits
them to replicate or repair telomeric DNA (19). In Schizosac-
charomyces pombe, the TRF1/2 homolog Taz1 is essential for
DNA replication through the telomeres (20). Upon Taz1 dele-
tion, replication forks stall within telomeric repeats, and
telomeres are rapidly lost (20). TRF1 plays a similar role in
mammalian cells (11, 12). After deletion of TRF1, stalled repli-
cation forks accumulate within the telomeric repeats, resulting
in a replication stress response characterized by an ATR (ataxia
telangiectasia mutated (ATM)- and Rad3-related)-dependent
DNA damage response and expression of fragile sites within
telomeric DNA (11, 12). Together, these data underscore the
importance of the coordinated actions of the Shelterin compo-
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nents and the DNA replication and repair machinery to effi-
ciently complete telomere replication.
FEN1 is a structure-specific endonuclease that plays an

important role in DNAmetabolism. FEN1 participates in Oka-
zaki fragment processing during lagging strand DNA replica-
tion (21) and is important for several DNA repair processes (22,
23). FEN1 co-localizes to stalled replication forkswhere it inter-
acts with the RecQ helicase, WRN, and is postulated to re-ini-
tiate stalled DNA replication forks (15, 24). Recently, we dem-
onstrated that FEN1 is vital for telomere stability (25). Indeed,
FEN1 depletion in telomerase-deficient cells leads to a DNA
damage response at telomeres and telomere dysfunction char-
acterized by loss of lagging strand-replicated sister telomeres
(STLs) (25, 26). Furthermore, genetic rescue experiments dem-
onstrate that the nuclease activity and the C-terminal WRN-
interacting domain of FEN1 are important for telomere stabil-
ity (25).
The above findings prompted us to investigate how FEN1

contributes to telomere stability. Here, for the first time we
demonstrate that FEN1 promotes efficient re-initiation of
stalled replication forks. The C-terminal domain of FEN1 and
its gap endonuclease (GEN) activity are critical for its ability to
re-initiate stalled replication forks. However, FEN1 depletion
does not affect progression through S phase or SV40 large T
antigen-dependent in vitro DNA replication of non-repetitive
sequences. Instead, FEN1 depletion leads to replicative stress
within telomeric sequences as evidenced by expression of frag-
ile sites. Finally, we demonstrate that the PCNA-interacting
domain of FEN1 is dispensable for its telomere function and
that the GEN activity is critical for its ability to prevent STLs.
Wepropose that FEN1maintains stable telomeres through effi-
cient re-initiation of stalled replication forks that occur in the
G-rich telomere, ensuring high fidelity telomere replication.

EXPERIMENTAL PROCEDURES

Cell Culture—All cells were grown as reported (25–28).
Briefly, cells were grown at 37 °C in 5% CO2. HeLa and 293T
cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% heat-inactivated fetal calf serum
(FCS) and 1% penicillin/streptomycin. BJ fibroblasts were cul-
tured in Dulbecco’s modified Eagle’s medium with 15%
medium 199 (Sigma), 15% heat-inactivated FCS, and 1%
penicillin/streptomycin.
Virus Production and Infection—Lentiviral production and

cell infections were carried out as described (25, 26, 29). Briefly,
293T cells were transfected with TransIT-LT1 (Mirius, Madi-
son,WI). Viruswas harvested 48 h post-transfection, and infec-
tions were carried out overnight in the presence of 10 �g/ml of
protamine sulfate. After infection, transduced cells were
selected with 1 �g/ml puromycin.
For adenovirus production, FEN1 cDNAs were cloned into

the pShuttle vector (Stratagene, La Jolla, CA) at the EcoRV site.
The human WT (hWT), D181A (DA), and �C cDNAs were
previously described (25); the �P cDNA was previously
described (30); the �P�C cDNA was constructed using a for-
ward primer complementary to the FLAGepitope, 5�-GGTAC-
CATGGACTACAAAGACCATGACGG-3�, and the reverse
primer 5�-CTCGAGTTATTAGGTGCTGCCTTGGCGGC-

TCTTAC-3� and was cloned into the pShuttle plasmid; the
murine WT (mWT) and mutant E160D (mED) cDNAs were
previously described (24). After subcloning, the FEN1 cDNAs
were recombined into the pAdEasy-1 plasmid (Stratagene), and
the resultant DNA was transfected into HEK293 cells to pro-
duce infectious adenovirus. Adenovirus production and con-
centration were carried out according to the manufacturer’s
protocol using the AdEasy XL Adenoviral Vector System
(Stratagene). Adenovirus was titered before use with the
AdEasy Viral Titer kit (Stratagene, La Jolla, CA) according to
the manufacturer’s protocol.
Western Blot Analyses—AllWestern blots were conducted as

described (25). Antibodies used: rabbit polyclonal anti-FEN1
(#586, Bethyl Laboratories, Montgomery, TX), mouse mono-
clonal anti-Actin (ABCAM,Cambridge,MA), rabbit polyclonal
anti-TRF2 (H-300; Santa Cruz Biotechnology, Santa Cruz, CA),
mouse monoclonal anti-FLAG M2 (Sigma), rabbit polyclonal
anti-cyclophilin A (Cell Signaling Technology, Danvers, MA).
S Phase Progression Assay—HeLa cells were cultured for 1 h

in the presence of 50 �M 5-bromo-2-deoxyuridine (BrdU) in
the dark. The cells were then washed in phosphate-buffered
saline (PBS), placed in culture medium, and harvested at the
indicated times. The harvested cells were washed with PBS and
fixed in 4%paraformaldehyde and 0.1%TritonX-100 in PBS for
20 min at room temperature. Cells were further permeabilized
with 0.1% Triton X-100 for 10 min on ice and fixed for an addi-
tional 5 min in 4% paraformaldehyde and 0.1% Triton X-100 in
PBS. The DNAwas denatured with 30 �g of DNase I (Sigma) at
37 °C for 1 h. BrdU was detected with an Alexa Fluor 488-con-
jugated anti-BrdUantibody (A21303, Invitrogen), and theDNA
content of the cells was determined by 7-amino-actinomycin D
(BD Biosciences) staining. The stained cells were analyzed on a
FACSCalibur machine (BD Biosciences).
SV-40 Large-T Antigen-dependent in Vitro DNA Replication

Assay—The crude cell extracts for this assay were prepared
using HeLa cells as described (31). Briefly, HeLa cells were har-
vested and washed in cold isotonic buffer (20 mM HEPES, pH
7.8, 1.5 mM MgCl2, 5 mM KCl, 250 mM sucrose, 1 mM dithio-
threitol (DTT), 0.1 mM phenylmethylsulfonyl fluoride) and
then with cold hypotonic buffer (isotonic buffer without
sucrose). The cells were then swollen on ice for 15min in hypo-
tonic buffer and lysed with 10 strokes of the Dounce homoge-
nizer (pestle B). The cell lysate suspension was incubated on ice
for another 60 min. After this incubation, the lysate was centri-
fuged at 1700 � g at 4 °C for 10 min to remove the nuclei and
then centrifuged again at 12,000� g for 10min at 4 °C to clarify
the lysate. The resulting lysate was flash-frozen in liquid nitro-
gen and stored at �80 °C. Linear plasmid DNA (pSVO.11–2K
(7)) used in the replication reactions was prepared by equilib-
rium centrifugation in cesium chloride-ethidium bromide gra-
dients and then digested with BbsI (New England Biolabs,
Ipswich, MA). The in vitro replication reactions were carried
out as described (31). Briefly, each 25-�l reaction contained 30
mMHEPES-HCl, pH 7.8, 7 mMMgCl2, 4 mMATP, 200 �M each
of CTP, UTP, and GTP, 100 �M each of dATP, dGTP, and
dTTP, 0.5 mM DTT, 40 mM creatine phosphate, 0.625 units of
creatine phosphokinase, 50 �M (2.5 �Ci) [�-32P]dCTP
(PerkinElmer Life Sciences), 50 ng of linearized plasmidDNA, 1
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�g of Large-T antigen (Chimerx, Madison, WI), and 100 �g of
cytoplasmic extract. The reaction was incubated for 10 min on
ice and then at 37 °C for the indicated time. To stop the reac-
tion, an equal volume of stop solution (2% SDS, 50mMEDTA, 1
mg/ml Proteinase K) was added, and the reaction was incu-
bated for an additional 30 min at 37 °C. The reactions were
subject to a phenol/chloroform/isoamyl alcohol extraction, and
the DNA was precipitated with isopropanol followed by a 70%
ethanol wash. To verify that the products were generated
by semi-conservative replication, additional samples were
digested after precipitationwith 10 units ofDpnI (NewEngland
Biolabs) for 5 min at 37 °C, which completely degraded the
methylated plasmid template. The isolated DNAwas separated
on an agarose electrophoresis gel to determine replication
products that were quantified using a PhosphorImager (Amer-
sham Biosciences).
Replication Re-initiation Assay—The protocol was adapted

from Kennedy et al. (32) and Sengupta et al. (33). Briefly, cells
were cultured with 1.5mM hydroxyurea for 16 h. The cells were
then released from hydroxyurea inhibition into medium con-
taining 150�MBrdU for 10min in the dark. The cells were fixed
immediately, permeabilized with 0.5% Triton X-100, and
treated with 10 units of DNase I at 37 °C for 1 h to denature the
DNA. The antibodies used for staining were mouse anti-BrdU
(BD Biosciences), rabbit anti-FLAG M2 (Sigma), Alexa Fluor
488 goat anti-mouse, and Alexa Fluor 546 goat anti-rabbit
(Invitrogen).
Chromatin Immunoprecipitation (ChIP)—ChIP was con-

ducted as described (25).
Metaphase Preparation, FISH, and ChromosomeOrientation

in Situ Hybridization (CO-FISH)—Metaphase preparation,
FISH, and CO-FISHwere conducted as described (25). Aphidi-
colin treatments were conducted as described (11).
Statistical Analysis—Student’s t test (two-tailed distribution

with equal variance) was used for BrdU foci, CO-FISH, and
fragile telomere analyses.

RESULTS

FEN1 Depletion Does Not impact S Phase Progression—Pre-
viously, we demonstrated that FEN1 depletion in telomerase-
negative cells resulted in telomere dysfunction (25). However,
in telomerase-positive cells neither telomere dysfunction nor
cytogenetic abnormalities were observed upon FEN1 depletion
(25). Although this observation suggested that FEN1 is dispen-
sable for genomic replication at large, we wished to more
directly assess the impact of FEN1 depletion on genomic repli-
cation by measuring S phase progression. Because telomere
dysfunctionmight impact S phase progression and this defect is
rescued in telomerase-positive cells (26), telomerase-positive
HeLa cells were transducedwith a lentiviral construct encoding
a short hairpin RNA (shRNA) targeting the FEN1 3�-UTR
(shFEN3) or a control hairpin (shSCR). Expression of shFEN3
led to a significant reduction in FEN1 protein compared with
control cells expressing shSCR. To follow cells through the cell
cycle, cells were pulsed with BrdU for 1 h to label the S phase
population, and cells were followed as they continued through
the cell cycle. As expected from our previous work, in the
absence of telomere dysfunction, there was no difference in S

phase progression when cells were transduced with shFEN3 or
shSCR. As shown in Fig. 1A, regardless of the status of FEN1,
�35% of the cells were in S phase after a 1-hour BrdU pulse.
Both control and FEN1-depleted cells exited S phase and pro-
gressed through the cell cycle with similar kinetics (Fig. 1B).
These data indicate that FEN1 depletion does not significantly
impact cell cycle progression and suggests that it is not essential
for DNA replication in vivo.
FEN1 Depletion Does Not Impact DNA Replication Kinetics

in Vitro—Above, we showed that FEN1 depletion does not
impact S phase progression, suggesting that other nucleases
compensate for FEN1 loss during Okazaki fragment process-
ing. However, becauseminor effects on DNA replicationmight
be missed by the S phase progression assay, we next examined
the impact of FEN1 depletion on DNA replication kinetics
through non-telomeric DNA sequences. To measure replica-
tion kinetics in the presence or absence of FEN1, we conducted
an SV40 Large T antigen-dependent in vitro DNA replication
assay (31) using cell lysates isolated from control or FEN1-de-
pleted HeLa cells (Fig. 1C). The DNA replication reaction was
reconstituted with lysates from control or FEN1-depleted cells
and carried out for 0, 15, 30, 60, and 120 min using a linearized
plasmid containing and SV40 origin of replication. We com-
pared the kinetics of replication by measuring the formation of
newly synthesized full-length linear DNA. As shown in Figs. 1,
D and E, there was no difference in DNA replication efficiency
when lysates from control versus FEN1-depleted cells were
used. In addition, we found that the product was insensitive to
DpnI treatment (data not shown), indicating that DNA replica-
tion was semi-conservative and proceeded with the same effi-
ciency in control and FEN1-depleted cells. Previous work (31)
utilizing a defined, reconstituted system indicated that FEN1 is
required for SV40-dependent DNA replication. However, our
data clearly show that replication continues unabated upon
FEN1 depletion. These results are in agreement with our S
phase progression data and suggest that other nucleases (e.g.
Dna2 and/or ExoI) present in the cell lysate compensate for
FEN1 function during DNA replication in non-telomeric
sequences.
FEN1 Depletion Leads to Inefficient Replication Fork Restart—

Recently, we demonstrated that in human cells, FEN1depletion
results in telomere dysfunction while having little impact on
total genome stability (25). Above, we showed that FEN1 deple-
tion has no impact on S phase progression or DNA replication
kinetics in vitro. These results were intriguing as they suggested
that other proteins compensate for FEN1 depletion during
genomic replication and/or repair, but these same proteins are
ineffective within telomeric sequences. Interestingly, the
FEN1�Cmutant that does not interact with theWRN is unable
to rescue telomere dysfunction upon depletion of endogenous
FEN1 (25, 35). Given the data implicating FEN1 and WRN in
replication fork re-initiation (15, 24) and the perceived need for
this complex for efficient telomere replication, we hypothe-
sized that FEN1 is required for the re-initiation of stalled repli-
cation forks in telomeric sequences. Therefore, we first
addressed how FEN1 depletion impacts DNA replication fork
re-initiation after hydroxyurea treatment.
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We have hypothesized that failure to rescue stalled replica-
tion forks results in STLs. Therefore, we created an experimen-
tal paradigm that allowed us to examine the impact of FEN1
depletion on the efficiency of re-initiation of stalled replication
forks. Because telomerase rescues the STL phenotype (25) and
we wished to first examine the impact of FEN1 loss on re-initi-
ation of stalled replication forks in the absence of telomere dys-
function, we carried out our analysis in telomerase-positive
HeLa cells.
Hydroxyurea treatment causes nucleotide depletion, result-

ing in DNA replication fork stalling. Upon removal of
hydroxyurea, nucleotide pools recover and stalled DNA repli-
cation forks re-initiate, allowing S phase to proceed. To inves-

tigate whether FEN1 contributes to
DNA replication fork re-initiation,
we induced stalled DNA replication
forks in HeLa cells by treating them
with hydroxyurea for 16 h and then
releasing them in the presence of
BrdU for 10 min. Because BrdU is
only incorporated where DNA rep-
lication forks re-initiate, the effi-
ciency of fork re-initiation can be
determined by quantifying BrdU
foci (Fig. 2A) (32). We hypothesized
that if FEN1 participates in the sta-
bilization or restart of stalled DNA
replication forks, its depletion
would result in fewer re-initiation
events, and thus, fewer BrdU foci
would be observed.
HeLa cells were transduced with

a lentiviral construct encoding
shFEN3 or shSCR. Expression of
shFEN3 led to a significant reduc-
tion in FEN1protein comparedwith
cells expressing a control hairpin
(shSCR) (Fig. 2B). Control cells and
FEN1-depleted cells were cultured
for 16 h in the presence of hy-
droxyurea and then released from
hydroxyurea inhibition in the pres-
ence of BrdU for 10 min (Fig. 2A).
BrdU foci were observed by immu-
nofluorescence. As expected, FEN1
depletion resulted in a striking
decrease in the number of BrdU
foci, indicating that FEN1 is impor-
tant for efficient re-initiation of
stalledDNAreplication forks in vivo
(Fig. 2C). In cells expressing the
control hairpin, there was an aver-
age of 15 BrdU foci per cell. In con-
trast, FEN1 depletion led to an aver-
age of 6.5 BrdU foci per cell, a
greater than 50% decrease (p �
0.0001; Fig. 2D). Importantly, upon
FEN1 depletion, cells retained the

ability to re-initiate stalled DNA replication forks, albeit less
efficiently. Together these results demonstrate that FEN1 is
important for efficient restart and/or stabilization of stalled
DNA replication forks.
To date, the biochemical properties of FEN1 critical to the

restart of stalled DNA replication forks have not been deter-
mined. Therefore, we carried out the re-initiation assay
described above in cells depleted of endogenous FEN1 and
expressing various FEN1 mutants as outlined in Fig. 3A. The
different FEN1 alleles used in this study included 1) human
wild-type (hWT), which is competent for both replication and
repair functions, 2) DA, which lacks nuclease activity (36), thus
representing a loss-of-function allele, 3) delta C (�C; a 20-

FIGURE 1. FEN1 depletion does not affect S phase progression or in vitro DNA replication. A, cell cycle
progression of HeLa cells expressing shSCR or shFEN3 is shown. HeLa cells were labeled with BrdU for 1 h and
analyzed at the indicated times using an anti-BrdU antibody (FITC-conjugated) and 7-amino-actinomysin D
(7-AAD) to label DNA content. BrdU-positive cells are displayed on the y axis and represent cells that transit
through S phase during BrdU labeling. The x axis displays the DNA content of the cells as indicated by incor-
poration of 7-amino-actinomycin D (G1 and G2/M cells have a 2 n and 4 n content of DNA, respectively).
B, quantification of the percent of BrdU-positive cells in S phase after BrdU pulse (representative experiment is
shown) is shown. The cells present in the inset boxes in A are BrdU-positive and consist of cells in G1, S, and G2/M
phases of the cell cycle. Only the S phase cells (those that are present between G1 and G2 (2n and 4n DNA
content, respectively) within the BrdU-positive population are plotted on the graph. Error bars represent S.E.
C, shown are Western blots of S100 lysates from control and FEN1-depleted HeLa cells. Cyclophilin A (CycA,
lower panel) is shown as a loading control. D, an SV40 Large T antigen-dependent in vitro DNA replication assay
was conducted using lysates from control (shSCR) and FEN1-depleted (shFEN3) HeLa cells as described under
“Experimental Procedures.” The assay was stopped at the indicated times, and the replication products were
separated via gel electrophoresis. The replication products were detected via autoradiography (Autorad), and
the input DNA was observed via ethidium bromide (EtBr) staining. E, shown is quantification of the replication
products at the indicated times in D. Two independent experiments were conducted in duplicate, and the
average of the four experiments is shown. The error bars represent S.E.
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amino acid deletion of theC terminus), which retains nearwild-
type ability to process flap structures together with the replica-
tion clamp (30, 37), PCNA, and is, therefore, competent for
Okazaki fragment processing but is unable to bind the BLMand
WRN helicases and participate in FEN1 DNA repair functions
(30, 35), 4) delta P (�P; an eight-amino acid deletion), which

retains the ability to interact with the RecQ helicases, BLM and
WRN, but is unable to interact with PCNA (30, 37), thus ren-
dering it replication-incompetent yet repair-competent, and 5)
deltaP-deltaC (�P�C; 44-amino acid deletion of the C termi-
nus), which deletes the FEN1 nuclear localization signal and
abrogates its ability to interact with PCNA, BLM, and WRN,
thus creating a second loss-of-function allele that retains the
nuclease domain. Finally, we expressed an mEDmutant FEN1,
which retains near wild-type levels of FEN activity and the abil-
ity to participate in DNA replication but is devoid of a GEN
activity (38). TheGEN activity has been shown to process DNA
bubble structures reminiscent of stalled replication forks and is
hypothesized to participate in re-initiation of stalled replication
forks (24, 39).
To facilitate our analysis, we depleted cells of endogenous

FEN1. After depletion of FEN1, cells were infected with adeno-
viral constructs expressing a wild-type or mutant FEN1 allele.
Transduced cells were allowed to grow for 4 days and then
treated with hydroxyurea for 16 h followed by a 10-min BrdU
pulse to label re-initiated DNA replication forks (Fig. 3B). To
facilitate identification of successfully transduced cells, each of
the FEN1 constructs was tagged with a FLAG epitope. There-
fore, after the BrdU pulse, cells were fixed and stained with
anti-BrdU and anti-FLAG antibodies, and BrdU foci were only
quantified in FLAG-positive cells that expressed the trans-
duced cDNAs. As expected, expression of hWT FEN1 recov-
ered the number of BrdU foci lost in FEN1-depleted cells to
numbers slightly higher than that observed in control cells.
Indeed, expression of wild-type FEN1 led to an average of 18
BrdU foci per nucleus comparedwith 6.5 foci in FEN1-depleted
cells, demonstrating that the phenotype observed was specific
to FEN1 loss (Figs. 3, C and D). The significance of this slight
increase in re-initiated replication forks is unclear but may be
related to the level of FEN1 expression. In contrast, expression
of the nuclease-deficient FEN1 mutant (also devoid of GEN
activity), DA, did not rescue FEN1 depletion and resulted in an
average of 5.5 foci per nucleus, indicating that the nuclease
activity of FEN1 is critical for its function in the re-initiation of
stalled DNA replication forks (Figs. 3, C and D). Similarly,
expression of the �P�C mutant, a functionally null allele, was
unable to rescue the reduction in BrdU foci observed upon
FEN1 depletion (Figs. 3, C and D). Expression of FEN1�C also
failed to rescue the decreased number of BrdU foci observed in
FEN1-depleted cells. Because this mutant is able to interact
with PCNA and is competent for Okazaki fragment processing,
this result suggests that the interactions between FEN1 and the
RecQ helicases, BLM and WRN, are important for the role of
FEN1 in the re-initiation of stalled DNA replication forks (Figs.
3, C andD). Finally, we found that expression of the �Pmutant
resulted in an average of 15.6 BrdU foci (Figs. 3, C and D),
demonstrating that the FEN1 interaction with PCNA is not
critical for its role in the re-initiation of stalledDNA replication
forks.
Analysis of our FEN1 mutants indicates that FEN1 activity

distinct from its ability to participate inOkazaki fragment proc-
essing is critical for the restart of stalled DNA replication forks.
This result and the existence of the FEN1GENactivity, which is
stimulated by WRN (39) to cleave DNA bubble structures that

FIGURE 2. FEN1 depletion decreases re-initiation of stalled replication
forks. A, shown is a schematic of the stalled replication fork re-initiation assay
and the expected results. HU, hydroxyurea. B, a Western blot analysis shows
FEN1 depletion. Short hairpins against FEN1 (shFEN3) or a scrambled
sequence (shSCR) were expressed in HeLa cells. FEN1 (upper panel) and �-ac-
tin (lower panel) protein levels were assessed by Western blot analysis. C, rep-
resentative images show that FEN1 depletion decreases BrdU incorporation
in hydroxyurea-treated cells. Immunofluorescence was conducted using an
anti-BrdU antibody (green) and 4�,6-diamidino-2-phenylindole (DAPI, blue).
D, quantification of the number of BrdU foci per cell in HeLa cells transduced
with the indicated shRNA is shown. BrdU foci in no fewer than 100 cells were
counted for each condition, and the experiment was conducted twice (a rep-
resentative experiment is presented). Error bars represent S.E. (*, p � 0.0001).
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resemble stalled replication forks, suggests that this activity is
functionally important at stalled replication forks. To establish
whether theGEN function is important for the restart of stalled
replication forks, we next tested the impact of expression of a
GEN-deficient FEN1 mED allele. Expression of the mED
mutant failed to rescue the phenotype observed in FEN1-de-

pleted cells, which displayed an
average of 5.1 BrdU foci per nucleus
(Figs. 3, C and D). As expected, the
mouse wild-type protein, mWT,
completely recovered the number of
BrdU foci observed upon FEN1
depletion with an average of 17 foci
per nucleus (Figs. 3, C and D).
Because the mED mutant processes
Okazaki fragments near wild type
levels, these data indicate that FEN1
GEN activity is required to restart
stalled DNA replication forks.
FEN1 Localizes to the Telomere—

Our previous work supports the
hypothesis that FEN1 activity at the
telomere is critical for high fidelity
DNA replication and that other
nucleases compensate for FEN1 loss
across the genome but fail to do so
at the telomere (25). Given these
results, we next wished to charac-
terize the impact of the FEN1
mutants described above at the
telomere. Because recent work de-
monstrates that FEN1 localizes to
themammalian telomere (9, 25, 40),
we first examined the ability of the
FEN1 mutants to localize to the
telomere.
To determine whether the vari-

ous FEN1 mutants retain the ability
to localize to the telomere, we car-
ried out ChIP experiments. As
expected, the hWT FEN1 and
FEN1�P mutant localized to the
telomere (Figs. 4, A and B). In con-
trast, the FEN1�P�C mutant was
unable to precipitate telomeric
DNA (Figs. 4, A and B). The latter
result was expected because the
�P�C mutant lacks the nuclear
localization domain and is unable to
localize to the nucleus (Fig. 3A).
Finally, both the mWT and mED
proteins localized to the telomere.
These data indicate that FEN1
mutants that retain the ability to
participate in replication fork
re-initiation also localize to the
telomere.
FEN1 Depletion Leads to the In-

duction of Fragile Telomeres—Telomeres are chromosome
fragile sites as evidenced by the appearance of multiple telo-
meric signals after aphidicolin treatment (11, 12). Interestingly,
the presence of thesemultiple telomere signals also arises upon
depletion of Apollo, ATM, ATR, BLM, and TRF1, suggesting
that several protein components repress telomere fragility (11,

FIGURE 3. The gap endonuclease activity and C terminus of FEN1 are essential to re-initiate stalled
replication forks. A, the schematic shows the different FEN1 alleles used in the study. Inferences on whether
the different FEN1 alleles are replication competent or repair competent are shown on the right of the schematic
with their associated references. These inferences were made based on nuclease activity and ability to interact
with the WRN and PCNA proteins. The mutant proteins are as follows: �C (amino acids 360 –380 deleted), �P
(amino acids 337–344 deleted), and �P�C (amino acids 337–380 deleted). B, the timeline of the experimental
procedure is given in days. C, representative images show BrdU incorporation after hydroxyurea treatment in
FEN1-depleted cells expressing wild-type or FEN1 mutants. Immunofluorescence was conducted using an
anti-BrdU (green) antibody, anti-FLAG (red) antibody, and DAPI (blue). D, quantification of the number of BrdU
foci per cell in FEN1-depleted HeLa cells with the indicated ectopic FEN1 expression (wild-type or mutant) is
shown. Only cells expressing FLAG-tagged FEN1 (marked by red in C) was quantified. No fewer than 75 cells
were counted for each condition, and the experiment was conducted twice (a representative experiment is
presented). The error bars represent S.E. (*, p � 0.0001 compared with shSCR; �, p � 0.0001 compared with
hWT; #, p � 0.0001 compared with mWT).
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12, 41, 42). Because fragile sites are thought to result from rep-
lication stress and an inability to resolve stalled replication
forks (43), this observation raised the possibility that the STL
observed upon FEN1 depletion (25) is the result of unresolved
stalled replication forks and expression of fragile sites within
telomeric sequences. Given our results above demonstrating
that FEN1 facilitates re-initiation of stalled replication forks, we
postulated that FEN1 depletion would lead to fragile telomere
expression. Analysis of metaphase spreads prepared from
aphidicolin-treated or FEN1-depleted BJ fibroblasts revealed
an increase in fragile telomeres (data not shown and Fig. 5A).
Indeed, 16% of the chromosomes from BJ fibroblasts
depleted of FEN1 demonstrated the fragile telomere pheno-
type, significantly up from the control cells (8.2%; p �
0.0001). Surprisingly, this increase in fragile telomere
expression was also observed upon FEN1 depletion in BJ
fibroblasts expressing SV40 Large T antigen and telomerase
(BJLT). FEN1 depletion in BJLT cells resulted in 15.1% of
chromosomes exhibiting multiple telomere signals, signifi-

cantly higher than the 9.3% observed in the control samples
(Fig. 5B). These results indicate that FEN1 plays a role in the
repression of fragile site expression at mammalian
telomeres. Furthermore, because telomerase expression res-
cues the STL phenotype (25) but not expression of telomeric
fragile sites, these results suggest that fragile telomere
expression is either upstream of STLs or represents a second
form of telomere dysfunction independent of STLs.
FEN1 DNA Replication Fork Re-initiation Activity Is Critical

to Telomere Stability—The telomere consists of G-rich repeti-
tive DNA that has the propensity to form secondary structures,
including G-quadruplexes that can impede the movement of
the DNA replication fork (4, 7, 9, 14, 20). Indeed, it has been
hypothesized that stalled DNA replication forks frequently
occur at the telomere (4, 9). Failure to resolve a stalled DNA
replication forkwithin the telomerewould lead to fork collapse,
formation of a double strand DNA break, and telomere loss
(44). In support of this, recent studies suggest that collapsed
replication forks at telomeres lead to the formation of very
short telomeres (10, 16, 45) and, as discussed above, the expres-
sion of fragile telomeres (11, 12). We recently demonstrated
that FEN1 depletion results in telomere dysfunction charac-
terized by STLs (25), indicating that FEN1 functions in
telomere maintenance through DNA replication or repair.
Given our observation that FEN1 contributes to efficient re-
initiation of stalled DNA replication forks, we next wished to
determine whether it was the role of FEN1 in Okazaki frag-
ment processing or the restart of stalled DNA replication
forks that contributes to telomere stability. Because telom-
erase expression compensates for FEN1 loss at the telomere,
thus masking the STL phenotype (25, 26), we utilized BJ
fibroblasts, which express insufficient telomerase to main-
tain telomere lengths (46) for these studies.
To determine the impact of FEN1 mutant expression

on telomere stability, endogenous FEN1 was depleted from BJ
fibroblasts (Fig. 6A). After shRNA-mediated FEN1 depletion,
cells were infectedwith an adenovirus expressing awild-type or
mutant FEN1 allele (Fig. 6B, greater than 85% of the cells were

infected; data not shown). Because
FEN1 depletion leads to lagging
strand-specific STL, we analyzed
the strand-specific loss of telomeres
in cells expressing different FEN1
alleles (25). To carry out this analy-
sis, we utilized a technique referred
to as chromosome CO-FISH, which
takes advantage of the fact that
the G- and C-rich strands of the
telomere are exclusively replicated
by lagging and leading strand DNA
synthesis, respectively (Fig. 6C). In
agreement with our previous results
(25), FEN1 depletion led to specific
loss of lagging strand-replicated
telomeres (9.8% in shFEN3 cells
compared with 3.1% in the control
shSCR cells; p � 0.0001) while hav-
ing no impact on telomeres repli-

FIGURE 4. FEN1 mutants localize to the telomere. A, FEN1 alleles localize to
the telomere. Representative ChIP analysis of 293T cells (Ctrl) or 293T cells
transfected with wild-type FEN1 (hWT or mWT) or FEN1 mutants (�P, �P�C,
or mED), subjected to immunoprecipitation with the FLAG (M2) antibody.
Precipitated DNA was probed for the presence of telomeric sequences as
described under “Experimental Procedures.” The inputs indicate 0.1 and 0.2%
of total. B, quantification of the representative ChIP assay is shown. Percent of
telomeric DNA immunoprecipitated with the FLAG antibody was calculated
using input DNA, and the control pulldown percentage was set to 1.

FIGURE 5. FEN1 depletion results in fragile site expression at telomeres. A, representative FISH of met-
aphases obtained from BJ fibroblasts (BJ) or BJ fibroblasts expressing SV40 Large T antigen and telomerase
(BJLT). Cells expressing a control hairpin (shSCR) or depleted of FEN1 (shFEN3) are indicated. Chromosomes
were hybridized with the PNA telomere probe Cy3-(CCCTAA)3 (red) and stained with DAPI (blue). Magnified
images show representative fragile telomeres (arrowheads). B, quantification of telomere fragility, depicted as
the number of fragile telomeres observed per chromosome. No fewer than 60 metaphases from two indepen-
dent experiments were analyzed for each condition, and an average of the two experiments is shown (*, p �
0.0001; �, p � 0.001). Error bars represent S.E.
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cated by the leading strand machinery (Figs. 6, D and 6E).
Expression of wild-type FEN1 rescued the lagging strand STL
phenotype (3.2% lagging strand STLs were observed, similar to
that observed in shSCR control cells), indicating that the phe-
notype was specific to FEN1 depletion. Similarly, expression of

the FEN1�P mutant resulted in
3.6% lagging strand STLs (p �
0.0001 compared with shFEN3),
indicating that the FEN1 interaction
with PCNA and, hence, its ability to
participate in Okazaki fragment
processing is not important for its
function at the telomere. In con-
trast, expression of the �P�C null
allele led to 8% lagging strand STLs,
indicating that it failed to rescue
telomere dysfunction upon FEN1
depletion. Intriguingly, in contrast
to the mWT protein, which rescued
the lagging strand STL defect upon
FEN1 depletion, the mED mutant
failed to rescue FEN1 depletion at
the telomere. Indeed, expression of
mWT significantly decreased the
number of lagging strand STLs
upon FEN1 depletion to 2.8%,
whereas expression of the mED
mutant resulted in lagging strand
STLs (9.7%, p � 0.0001) similar to
those observed in �P�C-expressing
cells (Fig. 6) and in �C-expressing
cells (25). However, the FEN1�C
protein demonstrated reduced
telomere localization, raising the
possibility that the STL phenotype
observed upon FEN�C expression
was not because of reduced FEN1
re-initiation function but, rather, its
reduced telomere localization. Be-
cause the mED mutant retains the
ability to participate in Okazaki
fragment processing and localizes
to the telomere at the same effi-
ciency as the wild-type protein (Fig.
4), the failure of mED to rescue the
STL phenotype indicates that the
FEN1 gap endonuclease activity is
critical for its role at themammalian
telomere. Furthermore, these data
demonstrate that FEN1 interaction
with PCNA is dispensable for its
role at the telomere.

DISCUSSION

Telomeres perform a critical cel-
lular function by distinguishing the
chromosome end from a bona fide
double-stranded DNA break. As

such, mechanisms that modify the activities of DNA repair and
replication proteins, presumably through interaction with the
Shelterin complex, have evolved to protect the telomere and
ensure its faithful replication. The need for telomere-specific
replication mechanisms is likely due to the nature of the telo-

FIGURE 6. The gap endonuclease activity of FEN1 is essential for its function at the telomere. A, Western
blot analysis of FEN1 (upper panel) from BJ fibroblasts expressing a control hairpin (shSCR) or depleted of FEN1
(shFEN3) is shown. �-Actin (lower panel) is shown as a loading control. B, shown is a timeline of experimental
procedure given in days. C, a CO-FISH schematic is shown. Newly synthesized DNA strands incorporate BrdU
and BrdC. UV and ExoIII treatment resulted in degradation of newly synthesized DNA containing BrdU and
BrdC, and the template strands were hybridized with Cy3-(CCCTAA)3 (red, lagging strand) and fluorescein-
(TTAGGG)3 (green, leading strand) PNA probes (25). D, representative CO-FISH of chromosomes from BJ fibro-
blasts expressing shSCR or shFEN3 and the indicated FEN1 alleles is shown. Ctrl refers to cells that do not
express exogenous FEN1 protein. Color schemes are as described in C. DNA was stained with DAPI (blue). The
arrowheads indicate missing telomeres. E, shown is quantification of STLs on metaphase chromosomes after
depletion of endogenous FEN1 and expression of the indicated FEN1 allele, depicted as percentage of chro-
mosomes with missing leading (green) and lagging (red) strand telomeres. A minimum of 60 metaphases from
two independent experiments was analyzed per treatment in a blinded fashion, and an average of the two
experiments is shown (*, p � 0.0001). The error bars represent S.E.
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mericDNAsequence,which presents a number of challenges to
the DNA replication machinery (4, 5). G-rich, repetitive, telo-
meric sequences have a high propensity to form secondary
structures such as G-quadruplexes (G4) that impede the pro-
gressing replication fork, leading to the formation of stalled
forks (4, 13, 14). Indeed, telomeres were recently identified as
fragile sites (11), and several reports have indicated pausing or
stalling of replication forks within telomeres (8–10, 47). Addi-
tionally, telomere replication is primarily initiated by the most
centromere-distal origin of replication and continues unidirec-
tionally toward the end of the telomere (11). If a replication fork
stalls within the telomere and is not re-initiated, the absence of
a converging replication fork would result in telomere loss.
Therefore, mechanisms that facilitate replication fork move-
ment through the telomere are critical to high fidelity telomere
replication.
The importance of the Shelterin complex to telomere repli-

cation is underscored by several studies. For example, Taz1 in
S. pombe and TRF1 in mice are required for efficient telomere
replication. Loss of Taz1 results in replication fork stalling
throughout telomeric sequences (20), whereas loss of TRF1
leads to expression of fragile telomeres (11). The ability of
telomere-binding proteins to facilitate replication fork progres-
sion through the telomere is postulated to require recruitment
of specialized proteins (4, 11). For example, TRF1 and TRF2
interact with and stimulate the RecQ helicases, BLM andWRN
(11, 48, 49), suggesting that they recruit these proteins to
enhance DNA replication and/or repair at the telomeres. Inter-
estingly, a recent study demonstrated that TRF2 increases
branch migration of Holliday Junction (HJ) intermediates, sug-
gesting that this promotes the formation of chicken foot struc-
tures in the context of a stalled replication fork at telomeres
(50). FEN1 also interacts with TRF2 (25, 40), and because FEN1
GEN activity is postulated to process chicken foot structures
(24, 39), this raises the possibility that TRF2 engages the RecQ
helicase-FEN1 complex coordinately at the telomere to resolve
stalled replication forks and enable their efficient restart.
WRN participates in the re-initiation of stalled replication

forks in vivo (51, 52). Interestingly, FEN1 was shown to localize
withWRN, raising the possibility that it contributes to replica-
tion fork restart (15). Furthermore, FEN1 and WRN process
branch migrating structures that resemble regressed replication
forks in vitro (15). The present study demonstrates for the first
time that FEN1 functionally participates in the re-initiation of
stalled replication forks in vivo. Together with previouswork (53),
this indicates that the FEN1 role in S phase is 2-fold; first, in Oka-
zaki fragment processing during DNA replication and, second, in
the re-initiation of stalled replication forks. FEN1 localizes to
mammalian telomeres during S phase (9, 25), so it could be
involved in one or both of the functions outlined above. However,
given that the PCNA-interacting domain of FEN1 is dispensable
for telomere stability, our data indicate that the role of FEN1 in
Okazaki fragment processing is non-essential for telomere stabil-
ity. This result indicates that either sufficient FEN1 remains in
FEN1-depletedcells to support continuedreplicationor thatother
nucleases suchasDNA2orEXO1,whichcanalsoprocessOkazaki
fragments (54–58), compensate for FEN1 loss during lagging
strandDNAreplication.However, these samenucleases are insuf-

ficient when replication forks stall within telomeric sequences.
Indeed, we find that in the absence of the ability of FEN1 to re-ini-
tiate stalled replication forks, sister telomeres are lost despite the
presence of other nucleases. Interestingly, other proteins involved
in the re-initiation of stalled replication forks such as PARP1 and
PARP2 have also been implicated in telomere maintenance (59–
61), further indicating the importance of the re-initiation process
for efficient telomere replication. An alternate hypothesis is that
FEN1 is important for fork stabilization after hydroxyurea treat-
ment. The assay we have conducted cannot differentiate between
FEN1-dependent fork stabilization and fork re-initiation.
Intriguingly, the C-terminal region of FEN1 is essential for its

function at the telomere and also mediates its interaction with
another RecQhelicase, BLM (35). Similar toWRN, BLM is able to
unwind G4 DNA, is critical for the re-initiation of stalled replica-
tion forks, and has recently been suggested to be important for
efficient telomere replication (11, 33, 62, 63). This suggests that
there is complicated interplay betweenWRN, BLM, and FEN1 at
mammalian telomeres. Although the function of BLM at
telomeres has not been well characterized, recent work suggests
that it is important for repression of fragile telomeres (11). Inter-
estingly, FEN1 depletion also leads to an increase fragile telomere
expression, raising the possibility that these proteins work as a
complex to repress telomere fragility. Together, these data are
consistent with the hypothesis that FEN1 and the RecQ helicases
play an important role in the maintenance of stable telomeres
through re-initiation of stalled replication forks.
Here we demonstrate that FEN1 is important for efficient re-

initiation of stalled replication forks in vivo. This function of FEN1
is dependent on itsC-terminal domain and itsGENactivity.How-
ever, despite the importance of FEN1 in re-initiation of stalled
replication forks, FEN1 depletion in telomerase-positive cells did
not affect SphaseprogressionorSV40LargeTantigen-dependent
in vitroDNAreplication, suggesting that othernucleases compen-
sate for FEN1-dependent replication function throughout the
genome. However, these same proteins fail to compensate for
FEN1 at the telomere. Indeed, FEN1 depletion leads to increased
telomere fragility and lagging strand STLs. As with the re-initia-
tion of stalled replication forks, both the FEN1 C terminus and
GENactivity are essential for its function at telomeres, whereas its
ability to interact with PCNA is dispensable. Collectively, these
datademonstrate thatFEN1 isnecessary for efficient replicationof
telomeres, and we propose that FEN1 promotes replication fork
re-initiation within telomeric sequences.
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