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Telomeric G-overhangs are required for the formation of the
protective telomere structure and telomerase action.
However, the mechanism controlling G-overhang genera-
tion at human telomeres is poorly understood. Here, we
show that G-overhangs can undergo cell cycle-regulated
changes independent of telomerase activity. G-overhangs at
lagging telomeres are lengthened in S phase and then
shortened in late S/G2 because of C-strand fill-in, whereas
the sizes of G-overhangs at leading telomeres remain stable
throughout S phase and are lengthened in G2/M. The final
nucleotides at measurable C-strands are precisely defined
throughout the cell cycle, indicating that C-strand resection
is strictly regulated. We demonstrate that C-strand fill-in is
mediated by DNA polymerase a (pola) and controlled by
cyclin-dependent kinase 1 (CDK1). Inhibition of CDK1
leads to accumulation of lengthened G-overhangs and
induces telomeric DNA damage response. Furthermore,
depletion of hStnl results in elongation of G-overhangs
and an increase in telomeric DNA damage. Our results
suggest that G-overhang generation at human telomeres
is regulated by multiple tightly controlled processes and
C-strand fill-in is under the control of pola and CDK1.
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Introduction

Maintaining functional telomeres is essential for preserving
genome stability. Human telomere DNA is composed of many
kilobases of double-stranded (TTAGGG), repetitive sequence
and terminates with a single-stranded G-rich overhang
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(G-overhang) at the 3’ end. To protect telomere ends from
being recognized as damaged DNA, telomeres form special
nucleoprotein structures termed t-loops by inserting the ss
G-overhangs into the ds telomere DNA repeats (Griffith et al,
1999; Stansel et al, 2001). Disruption of this protective
structure activates DNA damage response pathways that
initiate cell cycle arrest, senescence, or apoptosis (d’Adda di
Fagagna et al, 2004).

Formation of the t-loop requires ds telomere DNA,
ss G-overhang, and a number of proteins, which bind to
ds and ss telomere DNA and promote chromosome end protec-
tion. G-overhangs have been observed in most organisms
studied from yeast to humans (Wellinger et al, 1996; Makarov
et al, 1997; Riha et al, 2000; Jacob et al, 2001; Chai et al, 2005;
Raices et al, 2008). In addition to its essential function in
t-loop formation, G-overhang generation seems to regulate
telomerase activity in yeast, as inappropriate generation of
G-overhang affects telomerase elongation of telomeres
(Dionne and Wellinger, 1998; Bonetti et al, 2009). Moreover,
the G-overhang is the binding site for ss telomere DNA-
binding proteins that are central players in telomere end
protection (Baumann and Cech, 2001; Lei et al, 2003;
Loayza et al, 2004). Finally, in tumour cells using homo-
logous recombination to maintain telomeres, the ss G-overhang
DNA is presumed to initiate strand invasion (Lundblad, 2002;
Muntoni and Reddel, 2005). Thus, deciphering the mechanism
of G-overhang generation is critical for understanding
the mechanisms for maintaining functional telomeres and is
also essential for understanding telomere elongation through
telomerase-dependent or -independent pathways.

Most studies on G-overhang generation come from lower
eukaryotes that possess short overhangs. G-overhangs at
budding yeast telomeres are short (~10-14nt) for the
majority of the cell cycle, but their length increases transi-
ently in the late S phase at the time of telomere replication
(Wellinger et al, 1993). C-strands are then filled in, presum-
ably by replication or repair synthesis, yielding very short
G-overhangs (Wellinger et al, 1993; Larrivee et al, 2004). This
cell cycle-dependent control of G-overhang formation is
mediated by cyclin-dependent kinase 1 (CDK1) (Frank et al,
2006; Vodenicharov and Wellinger, 2006). Multiple nucleases
and helicases have been identified in yeast that contribute to
C-strand resection (Bonetti et al, 2009). The importance of
G-overhang generation is underscored by the observation
that telomerase extension of telomeres is regulated by
G-overhang generation and C-strand fill-in in yeast (Nugent
et al, 1996; Diede and Gottschling, 1999).

On the other hand, very little is known about the nature of
G-overhang generation in mammalian cells. G-overhangs
exist on most chromosome ends, with the sizes ranging
from 12nt to several hundred nt (Chai et al, 2006a; Zhao
et al, 2008). A number of telomere-binding proteins including
TRF2, the Mrell /Rad50/Nbs1 complex, Potl, Stnl, and Ctcl
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have been shown to influence G-overhang length (van
Steensel et al, 1998; Chai et al, 2006b; Miyake et al, 2009;
Surovtseva et al, 2009). However, the mechanism for
G-overhang generation is unclear and the nucleases/helicases
responsible for processing telomere ends remain unidenti-
fied. A recent report shows that G-overhang sizes transiently
increase during the late S/G2 phase in telomerase-positive
cells (Zhao et al, 2009), yet it is unknown whether this
transient increase of G-overhang is important for telomere
maintenance. As many proteins regulate telomerase in cis
(Smogorzewska and de Lange, 2004; de Lange, 2005;
Palm and de Lange, 2008), it is therefore imperative
to determine the molecular machinery responsible for
G-overhang generation and whether the activities of these
proteins are subjected to regulation by proper generation of
G-overhangs in human cells.

The ss G-overhang DNA is protected by telomeric ssSDNA-
binding proteins. These proteins are essential for protecting
chromosome ends and have been identified in a wide range of
organisms including vertebrates, plants, worms, ciliates, and
yeasts. Their DNA-binding domains consist of structurally
conserved oligonucleotide/oligosaccharide-binding folds.
In yeast, the Cdc13/Stn1/Tenl complex protects telomere ends
in multiple ways by repressing telomerase activity, restricting
extensive nuclease degradation of C-strand, and mediating
C-strand fill-in (Nugent et al, 1996; Grandin et al, 1997, 2001;
Chandra et al, 2001; Lustig, 2001; Pennock et al, 2001; Puglisi
et al, 2008). Dysfunction of Cdc13 leads to extensive C-strand
degradation and G-overhang elongation (Garvik et al, 1995;
Nugent et al, 1996), and partial loss of functional alleles of all
three proteins cause telomere elongation (Chandra et al,
2001). The Stnl homologs in Schizosaccharomyces pombe
and Arabidopsis thaliana are essential for chromosome end
protection (Martin et al, 2007; Song et al, 2008). A mamma-
lian complex similar to yeast Cdc13/Stn1/Tenl is formed by
three RPA-like proteins Ctcl/Stnl/Tenl (Miyake et al, 2009;
Surovtseva et al, 2009). This complex binds to the ssDNA
in a sequence-independent manner (Miyake et al, 2009).
Although one report shows that hStnl associates with
another telomere capping protein TPP1 and that C-terminal
deletion of hStn1 results in telomere elongation (Wan et al,
2009), another group shows that the CST complex is involved
in telomere protection in a way redundant to the Potl
pathway (Miyake et al, 2009).

To gain insights into the G-overhang generation and telo-
merase regulation in human cells, we analysed the cell cycle-
regulated G-overhang dynamics. We found that the global
G-overhang length gradually increased during S phase in both
telomerase-positive and -negative cells. Further analysis of
separated leading and lagging telomeres from synchronized
HeLa cells revealed that G-overhangs at lagging telomeres
were lengthened in S phase and then were shortened at late
S/G2 because of delayed C-strand fill-in, whereas the sizes of
G-overhangs at leading telomeres remained stable throughout
S phase and were later lengthened in G2/M. No further
shortening was detected at leading overhangs, suggesting
that C-strand fill-in might be absent at leading telomeres.
The final nucleotides at measurable C-strands remained pre-
cisely defined throughout the cell cycle, indicating that
C-strand resection was tightly regulated. We further demon-
strated that the delayed C-strand fill-in required lagging
strand polymerases and was controlled by CDK1. Inhibition
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of CDK1 activity at late S/G2 phase led to accumulation of ss
G-overhangs and triggered an ATM/ATR-dependent DNA
damage response at telomeres, revealing a previously uni-
dentified function of CDK1 in protecting chromosome ends.
Furthermore, depletion of hStnl resulted in elongation of
G-overhangs and an increase in DNA damage at telomeres.
Collectively, our results provided insights into the detailed
molecular steps of G-overhang formation at leading
and lagging telomeres, as well as the regulation of C-strand
fill-in at human telomeres.

Results

The cell cycle-regulated G-overhang dynamics at human
telomeres is independent of telomerase activity

To determine whether G-overhangs at human telomeres
undergo cell cycle-regulated changes, we synchronized
HeLa cells at the G1/S phase boundary using the double-
thymidine block. Cells were then released from the block and
collected at 1.5h intervals (Figure 1A). Genomic DNA was
extracted from synchronized cells and the telomere overhang
protection assay was carried out to measure the mean over-
hang length as previously described (Chai et al, 2005). We
observed that the global G-overhang lengths gradually
increased during S phase, peaked at late S and early G2
phase (6-7.5 h after release), then gradually decreased during
the G2 phase (9-10.5h), reaching normal size in the next
cycle (12 and 21 h) (Figure 1B and C). Our results suggest that
long G-overhangs are generated during the S phase, and
C-strands are then filled in during late S/G2 phase, consistent
with recently reported data (Zhao et al, 2009).

To determine whether telomerase is essential for the
S phase-specific G-overhang lengthening, we examined the
G-overhang dynamics in telomerase-negative cells. Human fetal
lung fibroblasts IMR90 were subjected to synchronization
using serum starvation followed by aphidicolin treatment to
block the cells at the G1/S boundary (Figure 1D). Aphidicolin
was then removed and cells were released into S phase and
collected at 3 h intervals. Surprisingly, G-overhang length in
IMR90 cells increased during S phase, peaked by late S/G2
phase, then decreased as cells proceeded to the subsequent
stages of the cell cycle (Figure 1E and F). These cell cycle-
regulated G-overhang dynamics were then confirmed by non-
denaturing in-gel hybridization (Supplementary Figure S1).
Thus, it appears that G-overhangs of human telomeres under-
go dynamic changes during the cell cycle regardless of
telomerase activity. However, our observation of G-overhang
dynamics in telomerase-negative cells does not exclude
the contribution of telomerase activity in G-overhang
increase in telomerase-positive cells.

We next determined whether the observed increase of
G-overhang sizes during S phase was caused by the collapse
of replication forks before reaching chromosome ends. If so,
long 3’ G-overhangs would be generated at lagging daughter
telomeres whereas 5’ C-rich overhangs would be generated at
leading daughter telomeres (Verdun and Karlseder, 2006). The
5’ C-rich overhangs could be detected by hybridizing DNA to
oligonucleotides complementary to the C-strand, that is, the
G-rich probe. To test this possibility, we hybridized genomic
DNA isolated from synchronized cells collected at different time
points during the cell cycle to G-rich probe under native
conditions. No signal was detected when G-rich probe was
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Figure 1 Global telomeric G-overhangs undergo cell cycle-regulated dynamics regardless of telomerase expression. (A-C) HeLa cells.
(D-F) IMR90 cells. (A, D) FACS analysis of DNA content in cells synchronized at the G1/S boundary and then released to S phase. Cells
were collected at indicated time points for FACS analysis to determine the DNA content. A portion of IMR90 cells were permanently arrested at
GO and exited the cell cycle. (B, E) Measurement of G-overhang sizes using the overhang protection assay. The smears represent the
heterogeneity of overhang sizes. Exol digests 3’ overhangs and the Exol plus (+) lanes show the background. The ~54nt band has been
shown to be non-specific (Chai et al, 2005) and is not eliminated in the quantitations because its contribution to the overhang size is minimal.
(C, F) Quantitation of the weighted mean lengths of G-overhangs at indicated time points during the cell cycle from (B, E). Results are
representative of at least three independent experiments. Error bars represent s.d.

hybridized to DNA collected throughout the cell cycle, whereas
C-rich probe produced strong Exol-sensitive signals (Figure 2A
and B). These results indicate that C-rich overhangs were not
generated during replication and that the increase of G-over-
hang was not due to the collapse of replication fork. The
absence of hybridization signal with G-rich probe was not due
to the failure of hybridization, as the same G-rich probe
hybridized to a single-stranded C-rich oligo (Figure 2C). To
conclude, the extended G-overhangs detected in S phase were
not due to the collapse of replication fork, but rather caused by
telomerase elongation and/or C-strand resection.

Distinct G-overhang dynamics exist at leading and
lagging daughter telomeres during the cell cycle
Replication of telomeric DNA by leading and lagging synthesis
machinery generates two distinct termini at daughter telomeres.

VOL 29 | NO 16 | 2010

Although lagging telomeres possess G-overhangs because of the
inability of lagging strand synthesis machinery to fill in the gap
caused by the removal of the final RNA primer, the leading
telomeres are initially blunt ended. A previous report suggested
that leading telomeres are rapidly processed during S phase to
allow telomerase elongation of most telomeres (Zhao et al,
2009). As telomerase elongation only requires a very short
overhang (<6nt), and such short overhangs are undetectable
by the overhang protection assay, there is a possibility that the
observed G-overhang dynamics (Figure 1) might have resulted
from lagging telomeres only. To test this possibility, we purified
leading and lagging telomeres during the cell cycle using CsCl
ultracentrifugation (Chai et al, 2006a) (Figure 3A) and then
applied non-denaturing in-gel hybridization (Wellinger et al,
1993) to measure the abundance of leading and lagging
G-overhangs including short and long ones.

©2010 European Molecular Biology Organization
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Figure 2 The extended G-overhang is not due to the collapse of replication fork. (A) No 5’ C-rich overhang was detected during the cell cycle.
Genomic DNA isolated from synchronized HeLa cells were hybridized to an 18-mer G-rich probe for detecting C-rich overhangs and hybridized
to an 18-mer C-rich probe for detecting G-overhangs under native conditions. To determine the hybridization signals contributed by G- or C-rich
overhangs, DNA was digested with 3’ — 5’ exonuclease Exol, which specifically removes 3’ G-overhangs, or the 5’ — 3’ exonuclease RecJ;, which
specifically removes 5’ C-rich overhangs (Lovett and Kolodner, 1989) before hybridization. The same gels were then denatured to determine the
total telomere signal. Asyn, asynchronized HeLa cells. (B) Quantitation of relative amount of G-overhangs from (A). (C) Hybridization of G-rich
probe to (C5TA;), oligo. The ss (C3TA,;), oligo was hybridized to G-rich probe under the native condition identical to (A) and separated in 20 %

native 0.5 x TBE polyacrylamide gel.

Synchronized HeLa cells were released into media contain-
ing 5’-bromo-2'-deoxyuridine (BrdU) and cells were collected
at different time points during the cell cycle (Figure 3B).
Leading daughter telomeres incorporate twice as much BrdU
as lagging daughter telomeres, and thus are heavier than
lagging telomeres, allowing separation of the two telomeres
with CsCl density gradient ultracentrifugation (Figure 3C).
Separated leading and lagging telomeres were then purified
and analysed using the non-denaturing in-gel hybridization
assay. Figure 3D shows that overhangs at lagging telomeres
exhibited elongation during S phase and then shortened
during late S/G2. Interestingly, much shorter overhangs
(1/6-1/5 of lagging at 4.5h) were present at leading telo-
meres during S phase, which remained constant throughout
the S phase and then increased in G2/M (Figure 3D). No
subsequent shortening of leading strand G-overhangs was
observed (Figure 3D). These results suggest that different
molecular mechanisms control the generation of mature
G-overhangs at the ends of leading and lagging telomeres.
Lagging telomeres possess long G-overhangs during S phase,
which are then shortened during late S/G2. Meanwhile, a
rapid initial processing followed by telomerase extension
shortly after replication creates overhangs at leading telo-
meres. These overhangs are further elongated in G2/M. At
present, the mechanism of the G2-specific lengthening of
leading overhangs is unknown, necessitating further investi-
gation into the detailed molecular steps for G-overhang
generation at the two chromosome ends.

©2010 European Molecular Biology Organization

The terminal nucleotides at C-strands from measurable
telomeres remain tightly regulated throughout the cell
cycle
Analysis of asynchronous cells has shown that the last
nucleotide at the 5 end of C-strand is tightly regulated,
with about 70-80% of telomeres preferentially ending with
5'-CTA (Sfeir et al, 2005). To determine whether this prefer-
ence is regulated by the cell cycle, we used single telomere
length analysis (STELA) (Baird et al, 2003; Sfeir et al, 2005)
to determine the terminal nucleotide of the telomeric
C-strand throughout the cell cycle. Six different C-telorettes
comprising a unique sequence followed by telomeric repeat
homology were individually annealed to the ss G-overhang of
XpYp telomeres and then ligated to the 5’ end of the C-rich
strands of the duplex telomeric DNA. The ligation products
were amplified by PCR with primers specific for XpYp sub-
telomeres (Figure 4A). Using DNA from synchronized HeLa
cells released into S phase, we found that most ligation
products ended with 5'-CTA (Figure 4B), same as the terminal
nucleotide detected in asynchronous cells (Sfeir et al, 2005).
These results indicate that the terminal nucleotide at C-strand
remains tightly controlled throughout the cell cycle. As a
control, we performed STELA using DNA isolated from Pot1-
depleted cells and showed that partial depletion of Potl
randomized the last C (Figure 4C), consistent with previous
report (Hockemeyer et al, 2005).

As the XpYp telomere replicates between 2 and 4h after
release into S phase (Zhao et al, 2009), the last Cs at 1.5h
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Figure 3 G-overhangs at leading and lagging telomeres exhibit different dynamics during the cell cycle. (A) Scheme of separating leading and
lagging telomeres. (B) FACS analysis of DNA content in synchronized HeLa released to S phase. (C) Separated leading and lagging telomeres
from G1/S synchronized HeLa cells released into S phase for indicated time. (D) The abundance of G-overhangs was measured by in-gel
hybridization assay. Results are from three experiments. Error bars represent s.d.

after release mainly arose from unreplicated XpYp telomere
and should end precisely with 5'-CTA. The last Cs measured
at 3h resulted from a mixture of newly replicated and
unreplicated XpYp, and the last Cs measured at 4.5h and
afterward represented fully replicated telomeres. As C-telor-
ettes only anneal to G-overhangs of >6nt length, STELA
excludes unprocessed blunt-ended leading telomeres,

The EMBO Journal VOL 29 | NO 16 ] 2010

processed leading telomeres with <6nt overhangs, and
unprocessed RNA primer-containing lagging telomeres. At
present, the population of these unmeasurable XpYp telo-
meres is unknown. Nonetheless, the specificity of last Cs
observed here represent chromosome ends from processed
leading telomeres containing overhangs > 6 nt plus processed
lagging telomeres in which RNA primers were removed.
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Lagging strand synthesis machinery is required for the
late S/G2-specific C-strand fill-in

ChIP analysis has revealed that the lagging strand synthesis
proteins reassociate with telomeres during the G2 phase after
telomere DNA has completed replication (Verdun and
Karlseder, 2006). We therefore reasoned that the lagging
strand synthesis machinery may mediate the delayed
C-strand fill-in at late S/G2 for generating proper G-over-
hangs. To test this hypothesis, we determined the effects of
inhibiting lagging strand synthesis machinery on G-overhang
dynamics. Aphidicolin, a specific inhibitor of DNA poly-
merases pola and , was used to block DNA synthesis at
late S/G2 phase after the majority of telomere DNA had
completed replication. FACS analysis showed that the major-
ity of cells were in late S/G2 at 6 h after release from the G1/S

©2010 European Molecular Biology Organization

arrest (Figure 5B; DMSO, 6h). Aphidicolin was then added
at this time point, and cells were cultured for an additional
3, 6, and 19h in the presence of aphidicolin (Figure 5A).
Remarkably, G-overhangs in aphidicolin-treated cells
remained lengthened even 25h after release, whereas
G-overhangs in control cells already shortened by 12h
(Figure 5C and D). These results suggest that inhibition of
pola/d blocked the delayed telomeric C-strand fill-in. Therefore,
we conclude that pola/d is required for C-strand fill-in.

To determine the time window during which C-strand fill-in
occurs, aphidicolin was added at 9 and 12h after release
(Figure 5A). FACS analysis showed that cells were at late
G2/M and at the next G1 phase, respectively (Figure 5B;
DMSO panel). Cells were cultured for additional 3 and 13 h in
the presence of aphidicolin. We found that G-overhangs were

The EMBO Journal VOL 29 | NO 16 ] 2010 2793
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Figure 5 The lagging strand synthesis machinery is required for C-strand fill-in. (A) Diagram of aphidicolin inhibition. (B) FACS analysis
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The EMBO Journal VOL 29 | NO 16 | 2010 ©2010 European Molecular Biology Organization



reduced to normal sizes during the next G1 phase in both
circumstances (Figure 5C and D), in contrast to the retention
of lengthened G-overhangs when aphidicolin was added at
late S/G2 (6h). More thorough analysis revealed that
G-overhangs remained lengthened when aphidicolin was
added at 7h (early G2) and 8 h (mid to late G2) after release
(Figure SE). Thus, C-strand fill-in at the majority of telomeres
takes place in late S/G2 phase.

As a G2 arrest was induced by aphidicolin, it is possible
that failure of C-strand fill-in was caused by the inability of
cells to progress through the G2/M transition and not directly
because of inhibition of pola/B. To address this, we deter-
mined G-overhang lengths in cells arrested at G2/M with
either nocodazole or etoposide (Clifford et al, 2003)
(Supplementary Figure S2A). Synchronized HeLa cells were
released into media containing nocodazole or etoposide for
12h, and G-overhang measurement showed no persistence
of lengthened overhangs (Supplementary Figure S2B). In
addition, we attempted to inhibit pola during late S/G2
while still allowing cells to progress through the cell cycle.
When caffeine was added simultaneously with aphidicolin to
HeLa cells 6.5h after release to prevent the ATM/ATR-
mediated DNA damage response, a significant portion of
the cells (~50%) bypassed G2/M arrest (Supplementary
Figure S2A). Overhang determination revealed that length-
ened G-overhangs still persisted (Supplementary Figure S2B).
Taken together, we conclude that the aphidicolin-induced
retention of lengthened G-overhangs was not due to cell
cycle arrest.

The function of CDK1 in G-overhang generation
In budding yeast, G-overhang generation is regulated by
CDK1, which is required for generating the S phase-specific
long G-overhangs (Frank et al, 2006). To test whether the cell
cycle-regulated G-overhang dynamics in human cells is regu-
lated by CDKI1, we treated synchronized HeLa cells with a
highly selective CDK1 inhibitor, purvalanol A (PA) at 7.5 uM
(Gray et al, 1998). The concentration of PA was carefully
determined as lower concentration of PA (5uM) did not
completely block CDK1 activity in HeLa, whereas higher
concentration (10 uM) induced apoptosis (data not shown).
HeLa cells were first arrested at the G1/S boundary,
released into media containing PA, and collected at 3h
intervals. In the presence of PA, the length of G-overhangs
continued to increase throughout the S phase and peaked at
late S/G2 phase, identical to DMSO-treated cells (Figure 6A
and B). However, G-overhangs remained markedly length-
ened 12 h after release in the presence of PA (Figure 6A and
B), whereas G-overhangs had shortened at this time in
DMSO-treated cells, suggesting that CDK1 inhibition pre-
vented C-strand fill-in. The failure of C-strand fill-in was
unlikely to be caused by the delay of cell cycle progression,
as the movement from G1/S to late S/G2 was only slightly
delayed by PA treatment (Figure 6C), and it has been shown
that PA does not block the completion of DNA synthesis in S-
phase cells (Gray et al, 1998; Goga et al, 2007). Consistent
with the previous finding that CDK1 inhibition causes a G2
arrest (Gray et al, 1998; Goga et al, 2007), cells were arrested
at G2/M upon PA treatment (Figure 6C; 12 h). Furthermore,
when PA was added after the majority of DNA synthesis
was completed (6 and 9h after release from G1/S arrest),
G-overhangs remained lengthened at 12h after release
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(Figure 6D), strongly arguing against the notion that inhibi-
tion of C-strand fill-in by PA arose from the delay of DNA
synthesis. Thus, we conclude that the kinase activity of CDK1
is essential for completing C-strand fill-in.

CDKT1 inhibition leads to DNA damage response

at telomeres

We next determined the importance of CDK1 in telomere
stability. Synchronized HeLa cells were released into S phase
in the presence of PA and then collected 11 h after release,
which corresponded to the G2/M phase (Figure 6C).
As shown in Figure 7A, PA treatment resulted in a large
increase in cells containing y-H2AX foci, which were com-
pletely abolished upon caffeine treatment. The increase was
not caused by PA per se, as asynchronized cells treated with
PA for 9h did not significantly increase y-H2AX-stained cells
(Figure 7A). We also observed that a marked number of
v-H2AX foci colocalized with TRF2 (Figure 7B and C),
suggesting that at least a portion of telomeres became dys-
functional and contributed to the induction of DNA damage
response.

The elevated telomeric DNA damage upon CDK1 inhibition
might have resulted from the accumulation of ss G-rich DNA.
However, a significant portion of normal human telomeres
contain long overhangs that are protected from activating
DNA damage response. Given that the observed G-overhang
increase is <50% when CDKI1 is inhibited, there still might
be an adequate amount of ssDNA-binding protein such as
Potl or CST to protect most elongated overhangs. The
residual elongated overhangs may be insufficient to trigger
massive telomeric DNA damage response. Indeed, the num-
ber of telomeric y-H2AX foci is fairly modest compared with
that induced by deficiencies in shelterin proteins (Takai et al,
2003; Denchi and de Lange, 2007; Konishi and de Lange,
2008; Sfeir et al, 2009), indicating that only a portion of
telomeres become dysfunctional. Alternatively, CDK1 activity
may be needed for resolving other replication defects such as
replication fork stalling at telomeres by an unidentified
mechanism, which might, for example, involve post-
translational modification of the shelterin complex.

The human homolog of Stn1 is involved in regulating
G-overhang length
It has been proposed that the Cdc13/Stn1/Tenl complex in
budding yeast binds to telomeres and recruits pola for
C-strand fill-in after replication (Lustig, 2001; Grossi et al,
2004). The human homolog of Stn1 stimulates the activity of
pola (Casteel et al, 2009), localizes at telomeres, and forms a
complex with Ctcl and Tenl that contains a high affinity for
ssDNA (Miyake et al, 2009). We reasoned that the hStnl
might be involved in regulating G-overhang length, probably
by recruiting pola to telomeres to complete C-strand fill-in. If
so, dysfunction of hStnl would abolish C-strand fill-in and
G-overhangs would become elongated. Indeed, when hStnl
was depleted by RNAi (Figure 8A), G-overhang length
increased by ~45-55% (Figure 8B), consistent with the
recent report by Miyake et al (2009). Therefore, hStnl1, like
its counterparts in yeasts and plants, regulates telomeric
G-overhang length.

In addition, we found that depletion of hStn1 dramatically
increased the number of cells containing y-H2AX foci
(Figure 8C). Elevated colocalization of y-H2AX and TRF2
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Figure 6 The function of CDK1 in proper generation of G-overhangs. (A) Measurement of G-overhang lengths from cells treated with PA during
the cell cycle. HeLa cells were synchronized at G1/S boundary and then released into media containing 7.5uM PA or DMSO. Cells were
collected at 3h intervals to measure G-overhang lengths. Exol digests 3’ overhangs and the Exol plus (+) lanes show the background.
(B) Quantitation of the weighted mean length of G-overhangs calculated from (A). Results are representative of three independent experiments.
Error bars represent s.d. (C) FACS analysis showing that cells were arrested at G2 phase when CDK1 was inhibited with PA, whereas
progression through S phase was largely unaffected. (D) Inhibition of CDK1 at late S/G2 blocked C-strand fill-in. HeLa was synchronized at
G1/S boundary and released into S phase. Purvalanol (PA) was added at 6 or 9h after release and cells were collected at 12 h for measuring
mean overhang length. Results are from three experiments. Error bars represent s.d.

was also observed (Figure 8D; Supplementary Figure S3),
indicating that disruption of hStnl induced telomeric DNA
damage response. Apoptosis was noticeable 3 days after
transfection (Figure 8E), indicating that hStnl is essential
for cell viability. The above results are reminiscent of the
effects of Ctcl depletion (Surovtseva et al, 2009). We were
unable to determine telomere abnormalities in hStnl knock-
down cells using metaphase FISH, as the frequency of
metaphase cells was too low. No chromatin bridges were
observed in interphase cells when hStn1 was depleted (data
not shown).

Yeast studies suggest that Stnl may modulate telomere
length by restricting extensive nuclease processing of the
C-strand. To determine whether hStnl controls end resection
of the C-strand, we performed STELA on DNA isolated from
hStnl-depleted cells. Surprisingly, upon hStnl depletion, the
C-strand still preferred to end with 5-CTA (Figure 8F),
indicating that hStn1 is not required for the tight regulation
of nuclease processing of the C-strand. Together with our
results that the last nucleotide at C-strand remained precisely
defined during the cell cycle, we conclude that hStnl is
unlikely to be involved in regulating nuclease resection of
the C-strand.
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Discussion

Despite the critical function of G-overhangs in telomere
maintenance, the molecular mechanism for G-overhang gen-
eration in human cells is poorly understood. Results
presented here provide evidence that G-overhang generation
at human telomeres is a dynamic process consisting of
multiple tightly regulated steps. We propose that different
mechanisms are used at leading and lagging daughter telo-
meres for generating mature overhangs in telomerase-posi-
tive cells (Figure 8G). At leading telomeres, an initial C-strand
resection and telomerase extension of G-strand take place
shortly after replication. During the G2/M phase, leading
overhangs are further lengthened, most likely by a second
C-strand resection. No subsequent C-strand fill-in seems to
occur at leading telomeres. In contrast, replication of lagging
telomeres produces excessively long G-overhangs in S phase.
This may be caused by the inability of lagging strand synth-
esis machinery to place the final RNA primers at the very end
of chromosomes, C-strand resection, and/or telomerase
extension of G-strand. The resection of C-strand is tightly
controlled, ending with a defined nucleotide at C-strand
terminus. Then, at late S/G2 phase, C-strands at lagging
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Figure 7 Inhibition of CDKI1 at late S/G2 leads to DNA damage response at telomeres. (A) Increased ATM/ATR-dependent DNA damage
response upon CDKI1 inhibition at G2 phase. PA was added at 2 h after the G1/S arrested HeLa was released into S phase. Cells were fixed at 9h
(G2 phase) for anti-y-H2AX immunostaining (PA G2). Caffeine was added at 6 h after release (PA + caff G2). A total of over 100 cells in random
fields were counted for each sample and cells containing >4 y-H2AX foci were considered as positive. Treatment of asynchronized HeLa PA for
9h (PA asyn) did not significantly increase y-H2AX staining. Results are from two experiments. (B) Representative images showing
colocalization of y-H2AX with TRF2. Cells were stained with antibodies specific for TRF2 (green) and y-H2AX (red), and nuclei were
counterstained with DAPI (blue). Cells were optically sectioned at 0.275 uM intervals, and colocalizations (yellow) were observed in multiple
sections. Here, sections from the same nucleus containing colocalization (indicated by white arrow) are shown, and inserts show enlarged
images of colocalization. (C) Percent of cells containing TRF2/y-H2AX colocalization. A total of over 50 nuclei were analysed for each sample.
Results are average from three experiments. Error bars represent s.d. A full-colour version of this figure is available at The EMBO Journal
Online.

telomeres are filled in by pola, which is probably recruited to in budding yeast (Wellinger et al, 1993, 1996). The telomer-
telomere ends by the CST complex (or individual components ase-independent G-overhang lengthening may be caused by
of the CST complex), yielding mature G-overhangs. CDK1 two mechanisms. If the replication machinery is unable to
may control C-strand fill-in by phosphorylating a yet un- position the final RNA primer at the very end of chromosome
identified target. Following C-strand fill-in, a subsequent DNA, a long G-overhang may be generated at lagging
tightly controlled processing step rapidly removes the term- telomeres. Alternatively, extensive resection at C-strand
inal RNA primer, producing a 5-CTA end on C-strand. of lagging telomeres following replication may also create
We have observed that the telomerase-negative IMR90 excessive ss G-overhangs. However, our observation of
cells exhibit transient G-overhang lengthening in S phase G-overhang dynamics in telomerase-negative cells does not
similar to telomerase-positive cells (Figure 1), suggesting exclude the contribution of telomerase in G-overhang
that telomerase action is not essential for generating elon- increase in telomerase-positive cells. In telomerase-positive
gated overhangs. This observation is reminiscent of the cells, the elongated G-overhangs may result from telomerase
telomerase-independent G-overhang increase at late S phase extension of G-strand in addition to C-strand resection.
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Figure 8 hStnl is involved in regulating G-overhang length. (A) Western blot analysis of HeLa cells treated with hStn1 RNAi. Cells were
collected 72h after siRNA transfection. Numbers below the image indicate percent knockdown of hStnl protein. (B) Measurement of
G-overhang sizes using overhang protection assay from cells collected 72h after siRNA transfection. Results are representative of three
independent experiments. Error bars represent s.d. (C) Depletion of hStnl increased overall y-H2AX staining. A total of over 125 cells in
random fields from each RNAi sample were counted for each sample and cells containing >4 y-H2AX foci were considered positive.
(D) Percent of cells containing y-H2AX/TRF2 colocalization among total number of cells was plotted. Results are representative of two
independent experiments. Error bars represent s.d. (E) Apoptosis induced by hStn1 depletion. Cells were collected 72 h after siRNA transfection
for Annexin V-FITC staining. Results are representative of two independent experiments. (F) STELA analysis for determination of the specificity
of the last nucleotide at C-strand upon hStnl depletion. (G) Model of G-overhang generation in telomerase-positive cells. See text for
explanation. A full-colour version of this figure is available at The EMBO Journal Online.

Mature G-overhangs are generated differently

at leading and lagging daughter telomeres

Figure 3D shows that leading telomeres possess overhangs
throughout S phase, in agreement with the previous report
that the blunt-ended leading telomeres are processed imme-
diately following replication to yield overhangs in order for
telomerase to extend leading telomeres (Zhao et al, 2009).
Interestingly, we found that whereas lagging overhangs were
elongated during S phase and then shortened in late S/G2 by
C-strand fill-in, leading overhangs remained stable during
S phase and were further extended in G2/M phase
(Figure 3D), indicating that the late S/G2-specific C-strand
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fill-in may be absent at leading telomeres. Although it seems
surprising, Zhao et al (2009) also reports that the lengths of
leading overhangs remain largely unchanged from 30min
after replication to late S/G2 phase. The authors’ measure-
ment of leading overhangs 30min after replication was
~70nt, whereas in the late S/G2 phase, the length of leading
overhangs was barely diminished to ~ 63 nt. During the same
time period, lagging overhangs shortened from 100 to 60 nt
(Zhao et al, 2009), indicating that C-strand fill-in had oc-
curred at lagging telomeres. If similar C-strand fill-in also
occurred at leading telomeres, the leading overhangs should
have been decreased to ~33nt (=73-40). Taken together,
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these observations support the notion that following telo-
merase elongation of leading telomeres, the sizes of leading
overhangs remain largely constant during S phase and
C-strand fill-in is likely to be absent at leading telomeres.
Although there is a great discrepancy in the amount of
G-overhangs measured from the two studies, this is probably
caused by differences in methods used for measuring
G-overhangs. This study uses non-denaturing in-gel hybridi-
zation assay, which measures the relative abundance of ss
overhangs from all of the leading telomeres including the
ones with blunt ends and with extremely short overhangs.
The drawback of this assay is that it does not measure the
absolute length of overhangs. In contrast, the DSN assay used
in the previous study is able to measure the length of over-
hangs but excludes telomeres with blunt ends and those with
extremely short overhangs. Therefore, it is likely that the
length of leading overhangs measured by Zhao et al was an
overestimation.

Analysis of the dynamics of leading overhangs in the
previous study was limited to 8h after release (Zhao et al,
2009), leaving the question of what happens to leading
telomeres at later time points after cells enter G2 phase.
In this study, we observed an unexpected increase of leading
overhangs in G2/M (Figure 3D), suggesting that additional
enzymatic events might have acted on leading telomeres after
replication. The G2/M-specific elongation of leading over-
hangs could be due to a second processing event. In agree-
ment with this view, it has been shown that nucleases
involved in DSB processing are recruited to telomeres during
the G2 phase of the cell cycle (Verdun et al, 2005). Our
findings further stress the need to identify nucleases and
helicases responsible for the two processing steps at leading
telomeres. Multiple nucleases and helicases have been iden-
tified in budding yeast, including Exol, Dna2, Sgs1, Sae2, and
the Mrell/Rad50/Xrs2 complex, that contribute to C-strand
resection (Bonetti et al, 2009). It remains to be determined
whether similar nucleases/helicases are involved in proces-
sing telomere ends in human cells. An alternative explanation
for the G2/M-specific lengthening of leading overhangs is
that telomerase might extend leading G-strands at G2. This is
considered less likely, as telomerase is recruited to telomeres
during S phase (Tomlinson et al, 2006) and extends the
majority of telomeres during S phase (Zhao et al, 2009).

Protection of elongated ss G-rich DNA

The S/G2 phase-specific excessive ss G-overhangs ought to
be protected by proteins other than RPA, as RPA binding may
trigger ATR-dependent DNA damage response. It would be
interesting to know what proteins protect excessive ssDNA
during the cell cycle. The ss telomeric DNA-binding protein
Potl may fulfill this protective function during S phase, as it
associates with telomeres throughout S phase (Verdun et al,
2005) and represses the ATR signalling pathway (Denchi and
de Lange, 2007). Interestingly, the association of Potl to
telomeres decreases at G2, whereas the association of DNA
repair proteins, including ATM and ATR, to telomeres
increases at G2 (Verdun et al, 2005), coinciding with the
appearance of the longest G-overhangs. The reason for the
plunge of Potl association with telomeres during G2 remains
to be elucidated. One possibility could be that the continuing
telomeric association of Potl at G2 may block C-strand fill-in.
As discussed below, if the CST complex recruits pola to
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telomere ends for C-strand fill-in during late S/G2, the CST
complex may bind to ss G-overhang DNA specifically at late
S/G2. Binding of the CST complex may temporarily displace
Potl from telomeres, allowing pola to finish C-strand synth-
esis. It will be interesting to know whether the CST complex
can repress DNA damage signalling at late S/G2.

The molecular machinery involved in completing
C-strand fill-in

G-overhangs at budding yeast telomeres also experience
transient lengthening in late S phase (Wellinger et al, 1993;
Larrivee et al, 2004; Takata et al, 2005). The delayed C-strand
fill-in is mediated by DNA pola and regulates telomerase
extension of telomeres. The yeast CST complex interacts with
the two subunits of DNA pola: Poll and Poll12 (Qi and
Zakian, 2000; Grossi et al, 2004; Puglisi et al, 2008). It has
been proposed that the yeast CST complex binds to the
telomere and recruits pola for completion of C-strand fill-in
after replication (Chandra et al, 2001; Lustig, 2001; Grossi
et al, 2004). The mammalian CST complex binds to ssDNA
(Miyake et al, 2009) and Ctcl/Stnl stimulates pola activity
in vitro (Casteel et al, 2009). Depletion of hStnl leads to
elongated G-overhangs (Figure 8) (Miyake et al, 2009).
Therefore, the human CST complex may be the telomere-
specific polymerase recruiting factor for completing C-strand
fill-in (Figure 8G) (Surovtseva et al, 2009). Alternatively, the
CST complex may restrict nuclease processing of C-strand.
However, as hStn1 depletion has no effect on the specificity of
the last nucleotide at C-strand (Figure 8F), we favour the
explanation that hStn1 is involved in C-strand fill-in. It will be
important to determine the function of human CST complex
in telomere maintenance.

In summary, the results presented here have dissected the
molecular steps in G-overhang generation at human telo-
meres and suggested that C-strand fill-in may be critical for
cell cycle progression. Targeting C-strand fill-in may be an
effective approach to induce growth suppression in the
cancer cells. Furthermore, as many telomere-binding proteins
regulate telomerase in cis, it will be interesting to determine
their functions in regulating C-strand fill-in. Understanding
the mechanisms of G-overhang generation will be important
for our knowledge of telomere maintenance and may assist in
developing novel cancer therapy.

Materials and methods

Cell culture and synchronization

HeLa and IMR90 cells were purchased from American Type Culture
Collection. All cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% cosmic calf serum
(Hyclone). For synchronizing HeLa cells at G1/S boundary,
exponentially growing cells were arrested at G1/S boundary with
thymidine (2 mM) for 14 h, followed by a cell wash with prewarmed
DMEM (three times). Cells were then trypsinized and released into
fresh DMEM-10% FBS for 16h. Thymine (2mM) or aphidicolin
(1 pg/ml) was added to medium for 12-16h, followed by a cell
wash with prewarmed DMEM (three times) before cells were
released into fresh medium containing serum. For synchronizing
IMRI0 cells at G1/S boundary, cells were serum starved for 48 h and
then released into DMEM-20% serum supplemented with aphidi-
colin (1 pg/ml) for 24 h. Aphidicolin was then removed by washing
cells with prewarmed DMEM (three times) and cells were released
to DMEM-20% serum. Cells collected at different time points were
fixed in 70% ethanol, digested with RNase A (0.02 pg/ul), stained
with propidium iodide (50 pg/ml), and DNA contents were analysed
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using a Becton-Dickinson FACSCalibur or Beckman Coulter EPICS
XL™ flow cytometer.

Antibodies

The following primary antibodies were used: mouse anti-hStnl
(Santa Cruz), rabbit anti-y-H2AX (Active Motif), mouse anti-TRF2
(Imgenex), and mouse anti-actin (BD). Secondary antibodies were:
horseradish peroxidase-conjugated anti-mouse IgG (BD), Dylight
488-conjugated anti-mouse IgG (ThermoFisher), and Dylight 549-
conjugated anti-rabbit IgG (ThermoFisher).

Separation of leading and lagging daughter telomeres
Separation of leading and lagging telomeres was performed as
described (Chai et al, 2006a) with minor modifications. All
procedures were performed in dark. Briefly, HeLa cells synchro-
nized at G1/S boundary by thymidine-aphidicolin block were
released into media containing 100uM BrdU. Genomic DNA
isolated from BrdU-labelled cells was digested with three blunt-
end restriction enzymes Alul, Rsal, and Haelll, mixed with CsCl
solution, and subjected to ultracentrifugation at 44 000r.p.m. for
13 h. Fractions were then collected, followed by measurement of
CsCl density in each fraction with a refractometer. The amount of
telomere DNA in each fraction was determined by hybridization to
telomeric probe with slot blotting. Fractions containing leading or
lagging telomeres were pooled. DNA was then desalted, concen-
trated, and used in G-overhang analysing assays.

Telomeric G-overhang measurement
The length of the telomeric G-overhang was measured by telomere
overhang protection assay as described (Chai et al, 2005).

Non-denaturing in-gel hybridization assay
Non-denaturing in-gel hybridization was performed as described
(Chai et al, 2005).

Enzymatic treatments

To remove the 3’ G-rich overhang, total DNA was treated with the
3’ -5 exonuclease Escherichia coli Exol (0.3 U/pg DNA, NEB) in
15 pl buffer (10mM HEPES pH 7.5, 100mM LiCl, 2.5mM MgCl,,
SmM CaCl,, 20mM B-mercaptoethanol, 0.067 pg/ul DNase-free
RNaseA) at 37°C for 1 h to overnight. To remove 5’ C-rich overhang,
total DNA was treated with the 5’ — 3’ exonuclease RecJ; (15U/ug
DNA, NEB) in 10 ul buffer (10 mM Tris-HCl pH 7.9, 50 mM NacCl,
10 mM MgCl,, 1 mM dithiothreitol) at 25°C for 1h to overnight and
then heat inactivated at 65°C for 20 min.

STELA

The terminal nucleotide at C-rich strand was determined by STELA
as described (Sfeir et al, 2005) with minor modifications. Briefly,
20ng EcoRI digested genomic DNA was ligated to each telorette
(10~*uM) at 35°C for 16h in 10 ul ligation reaction containing 1 x
ligase buffer and 200 U T4 ligase (NEB). The ligated DNA was
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diluted to 250 pg/ul for subsequent PCRs. Multiple PCR reactions
(28 cycles of 95°C for 155, 62°C for 20 s, and 68°C for 10 min) were
carried out in 25 pl containing 250 pg ligated DNA, 0.2 uM primers
(XpYpE2 forward primer and C-Teltail reverse primer), and 2U
FailSafe enzyme mix (Epicentre). Each telorette was used for three
independent assays and PCR products were resolved on 0.7%
agarose gels in separate lanes. After electrophoresis, DNA was
denatured and transferred onto positively charged nylon mem-
branes (Hybond N+, GE healthcare), followed by UV cross-linking
and hybridization with a subtelomeric probe. Signals were detected
by Phosphorlmager screen (GE healthcare).

RNA interference

Small interfering RNAs (siRNAs) were purchased from Qiagen
for the target sequences of hStnl: TGGATCCTGTGTTTCTAGCCT
(siRNA-1) and CAGCTTAACCTCACAACTTAA (siRNA-2). Control
siRNA targeted luciferase and the sequence was CGUACGCGGA
AUACUUCGA. Potl siRNA targeted the sequence at exon 7: AAGG
GTGGTACAATTGTCAAT. HeLa cells were transfected with 20 nM
siRNA with X-tremeGENE transfection reagent (Roche) according to
the manufacturer’s instructions. Cells were harvested 72h after
transfection for isolating DNA for telomere overhang measurement,
STELA, Annexin V-FITC staining, and immunoblotting analysis.

TRF2/y-H2AX colocalization analysis

Cells were washed with PBS, fixed on glass chamber slides with 4%
paraformaldehyde, permealized with 0.15% Triton X-100, and then
blocked with 10% bovine serum albumin at 37°C for 1 h. Cells were
incubated with mouse anti-TRF2 and rabbit anti-y-H2AX at 37°C for
1h, washed three times with PBS, and incubated with Dylight 488-
conjugated anti-mouse IgG and Dylight 549-conjugated anti-rabbit
IgG. After the slides were washed with PBS (three times), DNA was
counterstained with DAPI, and Z-stack images were taken at a
0.275-uM thickness per slice under Zeiss Axiolmager M2 epifluor-
escence microscope.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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