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Abstract

Repetitive DNA is prone to replication fork stalling, which can lead
to genome instability. Here, we find that replication fork stalling
at telomeres leads to the formation of t-circle-tails, a new extra-
chromosomal structure that consists of circular telomeric DNA
with a single-stranded tail. Structurally, the t-circle-tail resembles
cyclized leading or lagging replication intermediates that are
excised from the genome by topoisomerase II-mediated cleavage.
We also show that the DNA damage repair machinery NHE] is
required for the formation of t-circle-tails and for the resolution of
stalled replication forks, suggesting that NHE), which is normally
constitutively suppressed at telomeres, is activated in the context
of replication stress. Inhibition of NHE] or knockout of DNA-PKcs
impairs telomere replication, leading to multiple-telomere sites
(MTS) and telomere shortening. Collectively, our results support a
“looping-out” mechanism, in which the stalled replication fork is
cut out and cyclized to form t-circle-tails, and broken DNA is reli-
gated. The telomere loss induced by replication stress may serve as
a new factor that drives replicative senescence and cell aging.
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Introduction

In vertebrate species, chromosome ends termed telomeres are
composed of tandem repeats of short DNA sequences (TTAGGG/
CCCTAA), [1] that are associated with specialized shelterin proteins
[2,3]. Telomeres protect against deleterious repair activities by
preventing chromosome ends from being recognized as broken
DNA by the DNA repair machinery. Progressive telomere attrition

occurs during cell division due to the “end replication problem” [4]
and processing events. Eventually, extremely short telomeres result
in “uncapping” of chromosome ends that triggers cellular senes-
cence and apoptosis [5,6].

The maintenance of telomere structure and function relies on effi-
cient replication of telomeric DNA. The telomere DNA is duplicated
by conventional semi-conservative DNA replication, replication fork
can initiate from origins within telomere or subtelomere [7], a G/C-
rich region adjacent to telomeres. However, the heterochromatic
nature of telomeres/subtelomeres, the long G-rich repetitive tracts
prone to form G-quadruplex secondary structure, and possible T-loop
configuration all cause significant replicative stress and may block
the progression of the DNA replication fork [8]. Replication forks
stalled at telomeres or subtelomeres may be restarted with the aid of
shelterin protein TRF1/TRF2, the human RecQ helicases such as
WRN, BLM, or RTEL-1, as well as replication accessory proteins like
CST complex (CTC1, STN1, and TEN1) [9,10]. The failure in resolu-
tion of stalled replication fork leads to the generation of replication-
dependent abnormal structures termed fragile telomeres that is often
associated with genome instability [11].

Long telomeres are particularly prone to replicative stress [9,12—
14]. The stochastic “telomere trimming”, a deletion of large
segments of telomeric DNA, has been observed in cells with rela-
tively long telomeres, including normal lymphocytes, mature sperm,
hiPSCs (human-induced pluripotent stem cells), hESCs (human
embryonic stem cells), and cancer cells with overexpressed hTR
[13-15]. In addition, replication stress-induced “microdeletions”
have also been observed at common fragile sites in the genome
[16,17]. Furthermore, aphidicolin-induced replication stress in
normal human cells leads to large submicroscopic deletions of DNA
segments that are linked to the change of gene copy number [18].
Although the mechanism underlying “DNA deletion” under high
replication stress is not clear, these observations reveal an intriguing
correlation between replication stress and “intralocus DNA (telo-
mere) deletion”.

DNA damage repair machineries including homologue recombi-
nation and non-homologous end-joining (NHEJ) are associated with

Department of Radiation Oncology, Sichuan Cancer Hospital, Chengdu, China

A WN R

Key Laboratory of Gene Engineering of the Ministry of Education, State Key Laboratory of Biocontrol, School of Life Sciences, Sun Yat-sen University, Guangzhou, China
Collaborative Innovation Center of High Performance Computing, National University of Defense Technology, Changsha, China

Department of Radiation Oncology, University of Texas Southwestern Medical Center, Dallas, TX, USA

*Corresponding author. Tel: +86 203 994 3401; Fax: +86 203 933 2944; E-mail: zhaoy82@mail.sysu.edu.cn

EMBO reports Vol 18 | No 8 | 2017

© 2017 The Authors


http://orcid.org/0000-0001-5068-2212
http://orcid.org/0000-0001-5068-2212
http://orcid.org/0000-0001-5068-2212

Tianpeng Zhang et al ~ Looping-out resolves replication stress

telomeric DNA [19-21]. Given that NHEJ activity is constitutively
suppressed by TRF2 at chromosome ends, the function of NHEJ at
telomeres remains elusive. Interestingly, the inhibition/deficiency of
NHEJ in mouse and human cells resulted in phenomena connected
to the replication defect of telomeric DNA [22-25], raising the possi-
bility that NHEJ machinery may be required for successful telomere
replication. Especially, it has been hypothesized that telomere
replication might be stalled during S phase (phase I), restart and
completion of synthesis occurs in late S/G2 (phase II) [19-21]. In this
scenario, DNA damage response (DDR) is activated [26], and NHEJ
may participate in resolution of stalled replication forks at telomeres.
Here, we analyzed telomeric DNA structures and identified a
novel, extrachromosomal, double-stranded circular telomeric mole-
cule with a long single-stranded C-rich tail (t-circle-tail). These
“t-circle-tail” molecules are present in almost all tested human cells
and are derived from stalled replication forks at telomeres. The
process that generates t-circle-tail requires topoisomerase
I[I-mediated cleavage and NHEJ-mediated ligation. Inhibition of NHEJ
in human cells or knockout of DNA-PKcs in mouse cells impairs the
formation of t-circle-tail, resulting in the defect of telomere replica-
tion. Based on these findings, we propose a “looping-out” model in
which stalled telomeric replication fork is excised from genome, the
released DNA is looped out to form the t-circle-tail, and the broken
DNA is ligated to initiate new replication fork. This mechanism
allows cells to resolve stalled replication forks at telomeric DNA.

Results

Identification of extrachromosomal t-circle with C-rich
single-stranded tail

We investigated unusual telomeric DNA structures using two-
dimensional agarose gel electrophoresis (2D gel; Fig 1A). Genomic
DNA from HTC75 cells was first digested with Hinfl and Rsal and
then subjected to 2D gel analysis and “in-gel” hybridization with a
telomere-specific probe under native and denaturing conditions. As
expected, the vast majority of telomere-hybridizing DNA consisted
of linear dsDNA of variable length with G-rich ssDNA overhangs
(e.g., C-probe hybridization under native and denatured conditions;
Fig 1B). A minor fraction of the telomeric DNA signal appeared on
the 2D gel as a smear spreading outward from the loading well
(tending toward faster mobility/smaller size). This fraction was
described previously by Deng et al [27] and designated “slow-mobi-
lity structures”. Unexpectedly, these slow-mobility structures can
only be detected by G-rich probe under native conditions in HTC75
cells (Fig 1B) and in HeLa cells (Appendix Fig S1A). These results
indicate that the structures contain both double-stranded telomeric
DNA and single-stranded C-rich DNA.

When we treated the genomic DNA with RecJf, a 5’ to 3’ exo-
nuclease with a high specificity for ssDNA, prior to 2D gel analysis,
we found that “slow-mobility structures” were converted into
closed-circular telomeric DNA (e.g., t-circle DNA; Fig 1C, hybridiza-
tion under denaturing conditions). Moreover, these “slow-mobility
structures” were completely degraded by mung bean nuclease, an
endonuclease specific for single-stranded DNA or single-stranded
regions on dsDNA (Fig 1C), suggesting that the t-circle DNA is
partially single-stranded. Taken together, these observations
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indicate that the slow-migrating telomere-homologous signal
includes partially single-stranded t-circles with 5 C-rich tails. We
refer to this fraction of telomeric DNA as “t-circle-tail”.

We further verified the structure of the t-circle-tail in a series of
experiments. We found that t-circle-tail is insensitive to RNase H
(Appendix Fig S1B), indicating that there is no RNA constituent in the
structure. T-circle-tail was converted to closed-circular DNA when
treated with Plasmid-safe™ ATP-dependent DNase, which exonucle-
olytically digests linear DNA, but not circular DNA (Appendix Fig
S1C), further demonstrating the presence of closed-circular DNA in
the structure. Finally, when we generated closed-circular DNA by
treating t-circle-tail with RecJf, we found that t-circle-tail could be
regenerated by the highly processive ®29 DNA polymerase, which
catalyzes rolling circle DNA synthesis and generates long single-
stranded DNA with a 5’ free end [28] (Appendix Fig S1D).

Next, we looked for in vivo evidence of t-circle-tail. We
performed in situ hybridization of normal HCT75 cells with a
fluorescence-labeled G-rich telomeric probe under native conditions,
with or without prior treatment with RecJf (Fig 1D and E). Whereas
distinct nuclear foci were detected in HTC75 cells, they were barely
observed in cells pre-treated with RecJf (Fig 1D and E). In addition,
we treated cells with methyl-methanesulfonate (MMS), a mutagen
that specifically introduces DNA lesions at cytosine residues
[29,30]. We observed a decreased amount of t-circle-tail DNA and a
corresponding increase in closed-circular DNA in MMS-treated cells
(Appendix Fig S1E). These results demonstrate that t-circle-tail
exists in vivo.

Replication stress induces the formation of t-circle-tail

We detected t-circle-tail structures in variety of human cell lines,
including normal human BJ fibroblasts, hF2, hEF, PBMC, T cells,
immortalized 293T cells and many other human cancer cell lines
(Appendix Fig S2A). The relative abundance of t-circle-tail, calcu-
lated as [(intensity of signal in the t-circle-tail)/(total intensity of
signal) x 100%], varied from 0.11 to 22.63% (Appendix Fig S2A
and B). The greater abundance of t-circle-tail is correlated with
longer telomere length as measured by the TRF assay (P = 0.0039;
Fig 2A and Appendix Fig S2C). The same correlation was observed
in HeLa cells with different telomere length (HeLa, HeLa 229 and
HeLa 1.2.11; Appendix Fig S2D and E). Moreover, when DNA was
pre-treated with RecJf that converts t-circle-tail to telomeric circle by
removing 5’ single-stranded tail, we observed that HeLa cells with
longer telomere harbored bigger telomeric circle (Appendix Fig
S2E), demonstrating that in addition to higher abundance, bigger
size of t-circle-tail is also correlated with longer telomeres.

Since long telomeres are prone to replication stress [9,12,13], we
hypothesized that high replication stress might promote formation of
t-circle-tail. To test this, we exposed cells to HU, which depletes ANTP
pools and induces replication fork stalling on the genome [31]. As
expected, HU treatment led to an increase in PCNA foci, a marker for
stalled replication forks [32], at telomeres and throughout the
genome (Fig 2B and C). 2D gel electrophoresis showed that the abun-
dance of t-circle-tail increased in HU-treated cells (Fig 2D and E).
Increased t-circle-tail was also observed in cells treated with aphidi-
colin (Appendix Fig S3A and B), which induces replication fork stal-
ling by inhibiting DNA polymerase o and 9§, and in cells with
knockdown of TRF1 (Appendix Fig S3C-E), a component of shelterin

EMBO reports Vol 18 | No 8 | 2017

1413



EMBO reports Looping-out resolves replication stress Tianpeng Zhang et al

1D
)
2
Open Circles © \
A/ <
2D / o
dsDNA =2
ssDNA g \ \
a
C-probe G-probe
C
Ctrl RecJf MBN
—
()
2
©
P4
I'd
o \ \
=}
® \
C
[
o
G-probe
D E
TelG DAPI Merge 407 ki

Ctrl

EL
&8

Figure 1. Identification and characterization of t-circle-tail.
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A Schematic of 2D gel and in-gel hybridization.
B Hinfl- and Rsal-digested HTC75 genomic DNA was hybridized to C-rich telomeric probe or G-rich telomeric probe under native or denaturing conditions, as indicated.

The arrow indicates t-circle-tail.

C Genomic DNA was hybridized with G-rich probe as in (B), except that DNA was digested with Rec)f or mung bean nuclease (MBN) prior to 2D gel electrophoresis. The
black arrow indicates t-circle-tail. The red arrow indicates nicked circular DNA.

D Native FISH hybridization with telomeric G-rich-Cy3 probe. HTC75 cells were treated with or without (Ctrl) Rec|f prior to FISH.

E Quantification of (D). Each dot represents the number of foci in a single cell. Data represent the mean + SEM of three independent experiments.
P-value was obtained from two-tailed unpaired Student’s t-test. ***P < 0.001.
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that ensures efficient replication of telomeres [11]. These results
revealed that replication fork stalling in telomeric DNA induces the
production of t-circle-tail. To test whether telomere dysfunction
induces the generation of t-circle-tail, TRF2 was knocked out in HeLa
cells by inducible CRISPR/Cas9 system. We observed significant
increase of telomere dysfunction induced foci (TIFs) in TRF2-
deficient cells (Dox) that is not correlated with increase in t-circle-tail
(Appendix Fig S4A-D), suggesting that the formation of t-circle-tail is
not caused by dysfunctional telomeres. It has been reported that p53
participated in chromosome end protection [33], we then explored a
potential function of p53 in t-circle-tail formation. Our data showed
that depletion of p53 in HTC116 cells (with wild-type p53) resulted in
no change of t-circle-tail abundance (Appendix Fig S4E-G), indicating
that p53 is not involved in production of t-circle-tail.

To explore the cellular consequence associated with the forma-
tion of t-circle-tail, cells were treated with TMPyP4, a ligand that
induces severe fork stalling at G-rich sequence by promoting the
formation of “G-quadruplex” structure during replication [34]. As
expected, a significant increase in t-circle-tail in TMPyP4-treated
cells was observed (Fig 2F and G). In addition, increased frequency
of fragile telomere as evidenced by multi-telomeric signals (MTS) at
chromosome end was detected (Fig 2H), indicating the failure in
replicating some telomeres [11]. Interestingly, we also observed a
significant increase in telomere-free ends (the chromosome ends
with undetectable telomere signal by FISH; Fig 2H and I), suggesting
that rapid telomeric DNA deletion occurs.

The t-circle-tail structure resembles a cyclized leading or lagging
strand during replication

The specific correlation between t-circle-tail formation and loss of
telomeric DNA raised the possibility that the t-circle-tail might be
derived from stalled replication forks. To investigate the mechanism
underlying the production of t-circle-tail, we first confirmed a link
between the generation of t-circle-tail and telomere replication.
HeLa cells were synchronized at G1/S, released into S phase, and
then harvested at early, middle, or late S phase and G2
(Appendix Fig S5A). Genomic DNA was isolated and analyzed to
determine the abundance of t-circle-tail (Appendix Fig SS5B). Our
results showed that the percentage of t-circle-tail was proportional
to total cellular DNA throughout the cell cycle (Appendix Fig S5C),
suggesting that nascent t-circle-tail is generated when the DNA
content doubles during S phase. Next, we synchronized HeLa cells
at G1/S, released them into S phase for 3 h, and pulse-labeled with

Figure 2. T-circle-tail is formed in cells experiencing replicative stress.
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BrdU for 1 h during mid-S, and immediately harvested (Fig 3A).
Incorporation of BrdU into nascent t-circle-tail and newly synthe-
sized telomeres (leading and lagging daughter) imparts a higher
density, allowing separation and isolation by CsCl density gradient
centrifugation (Appendix Fig S5D) [35]. We analyzed newly synthe-
sized telomeres (leading and lagging daughter) by 2D gel electro-
phoresis and found that during 1 h of exposure to BrdU, the
production of nascent t-circle-tail coincided with telomere replica-
tion (Fig 3B), demonstrating that the generation of t-circle-tail is
closely associated with telomere replication.

We then explored the formation of t-circle-tail during S phase by
determining its strand synthesis. For this purpose, we released G1/S
synchronized HeLa cells into S phase for 12 h in the presence of
BrdU. We fractionated total cellular DNA by CsCl gradient centrifu-
gation (Fig 3C). The fractions with a density corresponding to lead-
ing, lagging, or unreplicated DNA were analyzed by 2D gel
electrophoresis. We found that the majority of newly generated
BrdU-labeled t-circle-tail DNA, which shifts to a higher density, was
enriched in the fractions corresponding to the lagging strand telo-
meric DNA in which the C-rich strand (CCCTAA) is newly synthesized
(Fig 3D, left and middle figure). This suggests that new synthesis of
t-circle-tail involves addition of a long C-rich strand and is consis-
tent with the long single-stranded C-rich strand of t-circle-tail. Simi-
lar results were obtained in telomerase-negative human normal BJ
fibroblasts and MRCS5 cells (Appendix Fig SSE). When genomic
DNA was digested with RecJf prior to CsCl gradient centrifugation
(Fig 3E), the t-circle-tail was converted to closed-circular DNA, as
expected (Fig 3D, middle and right figure). The closed-circular DNA
co-fractionated with leading and lagging daughter telomeres
(Fig 3D, right and Fig 3E), indicating that newly generated closed-
circular moiety of the t-circle-tail contains a nascent G-rich (leading
daughter) or C-rich strand (lagging daughter). The same amount of
closed-circular DNA was detected in leading and lagging fractions
(Fig 3D, right), suggesting that cells adopt a mechanism that equally
utilizes leading and lagging strand DNA to produce ¢-circle-tail. Alto-
gether, these results demonstrated that nascent t-circle-tail consists
of newly synthesized leading or lagging DNA in closed-circular
moiety and newly produced long C-rich single-stranded tail.

T-circle-tail is generated by Topo II-dependent cleavage of
replication forks

The tension generated by DNA replication-associated unwinding of
the DNA duplex is alleviated by DNA Topoisomerase II (Topo II),

A T-circle-tail was quantified in cells with telomeres of different lengths. Raw data are shown in Appendix Fig S2. Linear regression analysis yielded a correlation

constant and P-value of R* = 03785 and P = 0.0039, respectively.

B Hela cells were treated with or without HU and incubated for 24 h. Cells were fixed and analyzed by DAPI staining and IF for PCNA or TRF2, as indicated. Colocalized

foci are indicated by white arrowheads.

C Quantification of (B). The percent of cells with > 5 co-localized foci is shown. > 100 cells were counted for each group. Bars represent the mean + SEM of three
independent experiments. Two-tailed unpaired Student’s t-test was used to obtain P-values. **P < 0.01.

— I o mmg

**Pp < 0.01, ***P < 0.001.

© 2017 The Authors

Genomic DNA from PBS (Ctrl) or HU-treated Hela cells was analyzed by 2D gel electrophoresis and hybridized to G-rich telomeric probe under denaturing conditions.
Quantification of (D). Bars represent the mean + SEM of three independent experiments. Two-tailed unpaired Student’s t-test was used to obtain P-values. **P < 0.01.
2D gel analysis was performed as in (D), except that cells were treated with or without TMPyP4.

Quantification of (F). Bars represent the mean £ SEM of three independent experiments. Two-tailed unpaired Student’s t-test was used to obtain P-values. *P < 0.05.
Metaphase spread and FISH showing telomere-free ends and fragile telomeres in control and TMPyP4-treated Hela cells.

Quantification of (H). Data represent the mean + SEM of three independent experiments. Two-tailed unpaired Student’s t-test was used to obtain P-values.

EMBO reports Vol 18 | No 8 | 2017

1415



EMBO reports

A B
301 R?=0.3785
€ R (o]
3 = 20-
ES
<3 151 ©
2 £ 10- 00
© T
8" s o o
c % L} L} 1
0 4 8 16
Telomere Length(Kb)
C *k D
«» 607
S Ctrl
()
vt £ Y
c
= g 40-
= 2
»n ©
© G
o8
° <
X Z
O
o
Citrl HU
F
Citrl TMPyP4 257
- =
D 20'
\ \ S 45
<@
e
‘G 10
5
= 7]
0-
H

Citrl

Figure 2.

1416 EMBO reports Vol 18 | No 82017

10pm

Looping-out resolves replication stress Tianpeng Zhang et al

TRF2

Ctrl

HU

HU

Tz N

Ctl TMPyP4

TMPyP4

10pm

PCNA

% of t-circle-tail DNA

Telomere Loss Per Metaphase

Fragile Telomere Per Metaphase

DAPI

Merge

Ctrl HU
8_0- k%%
6.0+ 0000
0
4.0 ) QD
D D
2,01 nmy> - QD
D — CO@D
0.0 @ ©
Ctrl TMPyP4
2.5, i
2.0 0000

Ctrl

TMPyP4

© 2017 The Authors



Tianpeng Zhang et al ~ Looping-out resolves replication stress EMBO reports

A B Leading Lagging
S phase 71
> by
Q.
o)
21 O——>0—0 7
6 Release BrdU pulse &
for 3h for 1h T
A\
C Lagging Leading E
TTAGGG TTAGGG TTAGGG
2 100, AATCCC AATCCC  aATCCC Lagging Leading
§ 804 A i-__- HE > TTAGGG
3 ] o
5« : ® 6
0 404 i a 2> ~== ==
.% 204 ' o= g 51 Unrep i P! : !
g : c 4 YAV
180 1.81 ‘_2 : ! ' !
] s 3] e
w 1
= =S 27
g w < 1
) a8 e 6 , ,
Q c OI'I'LI'I'Il'I'
B 1.73 1.74 1.75 1.76 1.77 1.78 1.79 1.80 1.81
E 973 172 175 176 177 178 179 1.80 1.81 Density(g/ml)
Density(g/ml)
D No BrdU With BrdU (T-circle-tail) With BrdU+ RecJf (closed-circular)
Fractions with density corresponding to Fractions with density corresponding to Fractions with density corresponding to

Leading Lagging Unrep Leading Lagging Unrep Leading Lagging Unrep
L L :

Native

Denature
|le}-ajou19- | N r
|le}-8jodIo- | <\
J1B|n2J12-paso|)
1e|nouIo-paso|)

Figure 3. T-circle-tail consists of newly synthesized leading and lagging daughter DNA.

A The experimental protocol used to pulse label cells synchronized at G1/S.

B Cells were pulse-labeled with BrdU for 1 h, and replicated DNA (leading and lagging daughter) was isolated from a CsCl gradient and analyzed by 2D gel
electrophoresis.

C CsCl density gradient centrifugation analysis of BrdU-labeled telomeric DNA (see Materials and Methods for details). Peaks corresponding to leading and lagging
strand replicative intermediates and unreplicated DNA are indicated.

D Telomeric DNA in fractions containing leading, lagging, or unreplicated DNA were analyzed by 2D gel electrophoresis and hybridized with a G-rich probe.
Hybridization conditions are indicated. In the right panel, BrdU-labeled DNA was digested with Rec]f prior to CsCl gradient centrifugation.

E CsCl density gradient centrifugation analysis of the closed-circular moiety of t-circle-tail after Rec)f treatment. The fractions corresponding to leading, lagging, or
unreplicated DNA are indicated.
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which is localized to both sides of the replication fork [36]. Topo II
facilitates progression of the replication fork by creating double-
stranded breaks (DSB) that release superhelical tension [36-38].
Interestingly, Topo II is enriched at telomeres in cells treated with
HU (Fig 4A and B), implying that Topo II might be involved in the
processing of stalled replication forks. To test whether Topo II is
required for the formation of t-circle-tail, we treated cells with ICRF-
187, a specific inhibitor of the cleavage activity of Topo II [36]. We
observed that the abundance of t-circle-tail decreased in ICRF-187-
treated cells (Fig 4C and D), demonstrating that the cleavage activity
of Topo II is indispensable for generation of t-circle-tail. A similar
result was obtained when merbarone, another specific inhibitor of
Topo II’s cleavage activity [39], was used (Appendix Fig S6A and B).

It is thus likely that ¢t-circle-tail is generated by Topo II-dependent
cleavage of stalled replication fork. If so, it is speculated that
increased “cleavage” by Topo II would generate more t-circle-tail.
To test this, we treated cells with etoposide (VP-16), a small mole-
cule drug that traps Topo II-DNA complex and prevents the religa-
tion of cleaved DNA [36,40,41]. As expected, VP-16 treatment
induced replication fork stalling at telomeres as evidenced by
increased telomeric PCNA foci (Appendix Fig S6C and D). In associ-
ation with this, constant-field gel electrophoresis (CFGE) [42] assay
detected an increased amount of telomeric DNA segments released
from genome in VP-16-treated cells (Fig 4E). Accordingly, we
observed a significant increase of t-circle-tail in VP-16-treated cells
as compared to control cells (Fig 4F and G). Together, these results
support the conclusion that t-circle-tail is cut from replicating telom-
eres in a Topo II-dependent manner.

This conclusion was further confirmed by the presence of
subtelomeric sequence in t-circle-tail. Given the fact that replication
fork can be initiated from the origins within telomeres and
subtelomeres [7], it is speculated that t-circle-tail that is derived
from stalled replication fork may consist of both telomeric and
subtelomeric sequences. To test this, PCR amplification of purified
t-circle-tail DNA was performed using primers targeting subtelomeric
sequence on specific chromosomes [43]. Our results demonstrated
the presence of subtelomeric in t-circle-tail DNA (Appendix Fig S7).

NHE] machinery is required for the formation of t-circle-tail

DNA replication fork stalling activates DNA damage response
(DDR) signaling [26]. Indeed, treatment with HU caused accumula-
tion of 53BP1 foci, an indicator of DDR [44], throughout the genome
and at telomeres (Fig 5A and B). We examined cells for evidence of
DDR activity, which can take place through recruitment of NHEJ or
homologous recombination (HR) machinery. Interestingly, both
phosphorylated DNA-PKcs (pDNA-PKcs), an NHEJ factor, and the
HR protein Rad51 were enriched at telomeres in HU-treated cells
(Fig 5C and D, and Appendix Fig S8A and B), indicating that both
NHEJ and HR pathways are activated when replication forks are
stalled at telomeres. Although a role for HR in resolving stalled
replication forks is not novel [45-47], a role for NHEJ in this process
in mammalian cells has not been previously identified.

To determine the impact of the repair pathways on t-circle-tail
formation, we used NU7441 to inhibit DNA-PKcs [48,49], L189 to
inhibit Ligase IV [50], or B02 to inhibit RadS51 [S1]. Strikingly,
NU7441 and L189 inhibited formation of t-circle-tail in a dose-
dependent manner and completely eliminated ¢-circle-tail at higher
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concentration (Fig SE), whereas B02 had no effect (Appendix Fig
S8C and D). In addition to canonical NHEJ, alternative NHEJ (alt-
NHEJ), whose activity is dependent upon PARP1 protein [52], was
also tested. We thus used olaparib, a specific inhibitor of PARP1, to
treat the cells and found that it has no/limited effect on the genera-
tion of t-circle-tail (Appendix Fig S8E and F). These results indicated
that canonical NHEJ machinery, but not HR/Rad51 or alt-NHEJ/
PARP1, is required for the formation of t-circle-tail.

Given the fact that telomerase is recruited to stalled replication
fork in ATM-/ATR-dependent manner [11,53], we suspected that
telomerase expression might suppress the function of NHEJ in
t-circle-tail formation. To test it, telomerase (hTERT) was over-
expressed in 293T cells and the relative abundance of t-circle-tail was
determined by 2D gel electrophoresis. We observed that overexpression
of hTERT induced 30% decrease of t-circle-tail (Appendix Fig S9),
suggesting that recruitment of telomerase suppresses the formation
of t-circle-tail. Furthermore, when L189 or NU7441 was used to treat
hTERT overexpressed cells, no change of t-circle-tail was observed,
indicating that telomerase expression alleviates the effect of NHEJ
inhibition (Appendix Fig S9).

Topo Il and NHE]J facilitates the telomere replication

The results above revealed that Topo II-mediated cleavage and
NHEJ machinery are required for generation of t-circle-tail when
replication forks are stalled at telomeres. We then asked whether
inhibition of Topo II or NHEJ affects the resolution of stalled replica-
tion forks. For this purpose, we inhibited Topo II or DNA-PKcs using
ICRF-187 or NU7441, respectively, and visualized stalled replication
forks at telomeres by co-staining for PCNA and TRF2. We observed
that the abundance of PCNA foci at telomeres increased in cells
treated with ICRF-187 or NU7441 (Fig 6A and B), indicating the
requirement of Topo II or NHEJ in resolving stalled replication forks
at telomeres. In addition, additive inhibitory effect was observed
when combining usage of ICRF-187 and NU7441 to treat the cells,
suggesting that Topo II and DNA-PKcs might work in synergy to
resolve replication fork stalling at telomeres (Fig 6A and B). This
result also suggests that NHEJ/DNA-PKcs might be required for the
religation of broken telomeric DNA after stalled forks are cut off by
Topo II. In supporting this hypothesis, when L189 was used to
inhibit Ligase IV, we also observed increased frequency of PCNA
foci at telomeres (Appendix Fig S10A and B), implying that ligation
step is essential for completion of resolving stalled forks.

We further examined how inhibition of NHEJ affects telomere
replication and the fragility of telomeres. We used CsCl gradient
centrifugation to separate replicated telomeres from unreplicated
based on the density change resulting from the incorporation of
BrdU [54]. We found that inhibition of DNA-PKcs by NU7441
decreased the amount of replicated telomeric DNA (leading and
lagging daughters) during S phase (9 h from G1/S), indicating that
telomere replication is inhibited by NU7441 (Fig 6C). NU7441 does
not affect the progression of cell cycle (Appendix Fig S10C) and the
replication of global genomic DNA (Appendix Fig S10D), suggesting
a telomere-specific requirement for DNA-PKcs in DNA replication.
NU7441 treatment also significantly increased fragile telomeres and
telomere-free chromosome ends (Fig 6D and E), consistent with
previous work showing that telomere fragility is often associated
with loss of telomeres due to replication failure [55].
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Figure 4. Effect of topoisomerase Il inhibitors on the abundance of t-circle-tail.

A IF (anti-Topo Il) and FISH (telomeres) were performed on HU-treated or untreated Hela cells. Colocalized foci are indicated by white arrowheads.

B Quantification of (A). Cells containing > 3 co-stained foci were scored. > 100 cells were counted for each group. Bars represent the mean £+ SEM of three
independent experiments. Two-tailed unpaired Student’s t-test was used to calculate P-values. *P < 0.05.

C Genomic DNA was purified from ICRF-187-treated and ICRF-187-untreated Hela cells and subjected to 2D gel electrophoresis and hybridization under denaturing

conditions using a G-rich telomeric probe.

D Quantification of (C). Bars represent the mean + SEM of three independent experiments. Two-tailed unpaired Student’s t-test was used to calculate P-values. ***P < 0.001.
E VP-16-treated Hela cells were embedded in an agarose plug, digested (see Materials and Methods) and analyzed by agarose gel (i.e., plug assay, see Materials and Methods).
F DNA was isolated from VP-16-treated or control Hela cells and analyzed by 2D gel for t-circle-tail using G-rich telomeric probe hybridization under denaturing

condition.

G Quantification of (F). Bars represent the mean + SEM of three independent experiments. Two-tailed unpaired Student’s t-test was used to calculate P-values. *P < 0.05.

DNA-PKcs deficiency leads to telomere replication defects in mice

To further verify the role of NHEJ in telomere replication, we
knocked out the DNA-PKcs gene in mice using a self-excision gene-
targeting approach [25,56,57]. We confirmed the complete depletion
of DNA-PKcs in mouse embryonic fibroblast (MEF) cells by Western
blot (Appendix Fig S10E). Mouse cells contain extremely long

© 2017 The Authors

telomeres and the presence of an unidentified high molecular weight
telomere-homologous signal interfered with the detection of t-circle-
tail. However, we still observed significant reduction in telomeric
signal at the expected t-circle-tail position in DNA-PKcs-deficient
cells (Appendix Fig S10F). Accordingly, there were more fragile
telomeres in DNA-PKcs-deficient cells (KO-9) compared to wild-type
cells (TA2-9; Fig 7A and B). Also, DNA-PKcs-deficient cells
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E HTC75 cells were treated with the indicated concentration of NU7441 or L189 for 24 h and analyzed by 2D gel electrophoresis and hybridization using G-rich
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displayed much shorter telomeres than wild-type cells after long-
term culture (Fig 7C), supporting that DNA-PKcs is required for
successful telomere replication and is essential for the maintenance
of telomere length and integrity.

Discussion

Here, we have characterized a structure called a t-circle-tail, which
is present in all examined human cell types. T-circle-tail is different
from previously identified T-complex [58] in many respects:
(i) t-circle-tail appears as a smear on 2D gel spreading outward from
the loading well (Fig 1B and Appendix Fig S1A) Versus T-complex
DNA stacks in first dimension gel and cannot migrate into second
dimension gel, (ii) only single-stranded C-rich DNA is present in
t-circle-tail (Fig 1B and Appendix Fig S1A) Versus both single-
stranded G-rich and C-rich DNA are present in T-complex, (iii)
t-circle-tail is sensitive to RecJf (5’ to 3’ exonuclease; Fig 1C and
Appendix Fig S2E) Versus T-complex is resistant. Therefore,
T-complex is proposed to be a highly branched telomeric DNA with
internal single-stranded G- and C-rich DNA, which is different from
t-circle-tail that consists of double-stranded telomeric circle and
single-stranded C-rich tail. The circle-with-tail structure was also
observed in yeast by 2D gel electrophoresis or electron microscope
[59,60]. We find that t-circle-tail is induced by stalled replication
forks at telomeres. Thus, the discovery of t-circle-tail provides a
useful tool to study telomere replication. Through investigating the
formation of t-circle-tail, we revealed an unexpected role for NHEJ
machinery in resolving stalled replication forks.

T-circle-tail and looping-out mechanism for resolving stalled
replication forks

Telomeric DNA consists of highly G/C-rich repetitive sequences
that are difficult to replicate [8,11]. Although many factors are
recruited to telomeres to facilitate replication or to restart stalled
replication forks [61], it is inevitable that replication stress due to
severe DNA damage or structural obstacles will prevent at least
some collapsed replication forks from being restarted. To mimic
this situation, we induced artificial replication fork stalling on the
genome and/or at telomeres by treating cells with HU, aphidi-
colin, TMPyP4 or siRNA targeting TRF1. All treatments yielded a
similar phenotype, that is, the generation of t-circle-tail, suggest-
ing that t-circle-tail may derive from stalled replication forks
(Fig 2 and Appendix Fig S3). Moreover, DNA synthesis analysis
of t-circle-tail formation revealed that the closed-circular moiety
of t-circle-tail derives from either nascent G-rich (leading daugh-
ter) or C-rich (lagging daughter) strands of replicating telomeres
(Fig 3D and E). In support of this, increased amount of telomeric
DNA segments excised from replicating telomeres by Topo II
corresponds to increased abundance of t-circle-tail in cells treated
with VP-16 (Fig 4E, F and G). Conversely, ICRF-187 or merbarone
suppressed the cleavage activity of Topo II and decreased the
abundance of t-circle-tail (Fig 4C and D, and Appendix Fig S6A
and B). Based on these observations, we conclude that the lead-
ing and lagging replication intermediates in stalled replication
forks are cut out from the genome by a Topo II-mediated process
and then cyclized to form the t-circle-tail (Fig 7D).

© 2017 The Authors
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NHEJ machinery is localized to stalled replication forks and is
indispensable for the formation of t-circle-tail (Fig 5). The complete
resolution of stalled replication forks requires removal of the repli-
cation fork by Topo II followed by religation of 5'-end and 3’-end
telomeric DNA, thus allowing a new replication fork to be initiated.
The inhibition of DNA-PKcs or Ligase IV, and direct knockout of the
DNA-PKcs gene caused accumulation of stalled replication forks at
telomeres (Fig 6A and B, and Appendix Fig S10A and B), resulting
in fragile telomeres and telomere loss (Figs 6D and E, and 7A and
B). These results indicate that NHEJ is required for complete resolu-
tion of stalled replication forks.

Taken together, we propose a looping-out mechanism for resolv-
ing stalled replication forks at telomeres (Fig 7D): (i) Topo II accu-
mulates on both sides of fork, cleaves and releases stalled
replication fork (both leading and lagging daughter DNA), (ii) the
induced DSB activates DDR including HR and NHEJ, (iii) NHEJ
ligates the released leading and lagging DNA, as well as broken
telomeres, (iv) leading and lagging DNA are cyclized to form the
closed-circular moiety of the t-circle-tail, respectively, and (v) repli-
cation is re-started at newly ligated telomeres (Fig 7D). In this
model, the generation of t-circle-tail is a key process in resolving
stalled replication forks. A prediction of this model would be that
inhibiting t-circle-tail formation would impair the resolution
process, leading to fragile sites at telomeres. Indeed, we found that
inhibition of NHEJ in human cells or knockout of DNA-PKcs gene in
mice results in telomere replication defects that are evidenced by an
increase of fragile telomeres (Figs 6 and 7).

We found that the tail of t-circle-tail could be regenerated by the
highly processive ®29 DNA polymerase, which catalyzes rolling
circle DNA synthesis and generates long single-stranded DNA with
5’ free end (Appendix Fig S1D). While the exact mechanism under-
lying the formation of tail remains to be demonstrated, we specu-
lated that the manner similar to rolling circle replication might
occur in cells. T-circle-tail serves as a byproduct in resolving stalled
replication forks at telomeres, it may play a role during telomere
lengthening. It has been proposed that telomeric circular DNA may
be involved in the extension of telomeres in ALT cells [62]. In this
case, the t-circle-tail with its long single-stranded C-rich strand could
provide an appropriate template for synthesis and elongation of the
G-rich overhang of telomeres.

T-circle-tail and telomere length regulation

A direct consequence of the looping-out mechanism would be the
deletion of a DNA sequence to form a corresponding circle of DNA.
Extrachromosomal circular DNA (eccDNA) is ubiquitous in eukaryo-
tic organisms, and most eccDNA consists of chromosomal tandem
repeats that may bear high replication stress [63]. It is likely that
stalled replication fork resolution by looping-out may represent a
common mechanism for replication of fragile DNA in the genome.
The looping-out mechanism could also contribute to telomere
length regulation. “Telomere trimming” is characterized by the dele-
tion of large segments of telomeric DNA that is often observed in
cells with very long telomeres such as lymphocytes, iPSCs, hESCs,
germ line cells and cells with overexpressed telomerase [12-15].
Extremely long telomeres may not be beneficial to cells due to their
high replication difficulty. Our results show that increased genera-
tion of t-circle-tail by TMPyP4 treatment results in a rapid deletion
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Figure 6. Topo Il and DNA-PKcs are required for telomere replication.

A ICRF-187- and NU7441-treated Hela cells were analyzed by IF using anti-PCNA or anti-TRF2, as indicated. Colocalized foci are indicated by white arrowheads.

B Quantification of (A). Cells with > 5 co-stained foci were scored. > 100 cells were counted for each group. Bars represent the mean + SEM of three independent
experiments. Two-tailed unpaired Student’s t-test was used to calculate P-values. *P < 0.05, **P < 0.01, ***P < 0.001.

C G1/S synchronized Hela cells were released into S phase for 9 h in the presence or absence (Ctrl) of NU7441. Genomic DNA was purified and subjected to CsCl
gradient centrifugation and slot blot analysis using telomere-specific probes.

D Metaphase spread and FISH showing telomere-free ends and fragile telomeres in control and NU7441-treated Hela cells.

E Quantification of (D). For quantification, > 3,000 chromosomes were counted for each condition. Bars indicate the mean + SEM of three independent experiments.
Two-tailed unpaired Student’s t-test was used to calculate P-values. *P < 0.05.
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D Model for the resolution of a telomere-localized stalled replication fork and the release of an extrachromosomal t-circle-tail molecule (see text for details).
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of telomeric DNA (Fig 2F-I), suggesting that “telomere trimming”
may result from replication stress. In addition, “telomere trimming”
is often associated with the formation of t-circle DNA [13,14]. Given
the structural similarity between the t-circle-tail and the t-circle,
these two molecules are interconvertible. In this context, the genera-
tion of t-circle-tail by the looping-out mechanism represents a new
approach allowing cells to shorten those extremely long telomeres
to relieve high replication stress.

In normal human somatic cells, telomerase is absent and human
telomeres lose 50-300 base pairs during each cell division [64,65]. It
is widely accepted that telomere shortening is attributed to the
unidirectional nature of DNA polymerase and additional processing
events. However, this does not fully explain the large variation in
telomere shortening rates between different cell lines. Our results
showed that t-circle-tail is present in human normal fibroblast,
PBMC, and T cells (Appendix Fig S2), indicating the occurrence of
spontaneous “telomere trimming” during DNA replication that
contributes to telomere shortening in these cells. Therefore, replica-
tion stress represents a new factor that could induce telomere
shortening.

NHE) machinery and telomere replication

The looping-out model proposed here is similar to the mechanism
of immunoglobulin heavy-chain class switching (V(D)J recombina-
tion). The latter involves RAG-mediated excision of the
immunoglobulin gene followed by NHEJ-mediated ligation, generat-
ing an extrachromosomal circle DNA (eccDNA) [66,67].

Although the accumulated evidence indicates that NHEJ is
involved in promoting DNA replication, a mechanistic understand-
ing is lacking. It has been previously reported that NHEJ-deficient
cells display a high incidence of fragile sites [68] and that replication
fork progression is reduced in the absence of NHEJ [69]. Moreover,
cells carrying the DNA-PKcs**3* mutant allele demonstrate
impaired replication of leading daughter strands at telomeres [25].
However, it remains unclear whether NHEJ functions through indi-
rect (signaling) roles and/or direct roles involving DNA end-joining
[70]. Here, our data show that NHEJ is required for resolving stalled
replication forks: First, DNA-PKcs is activated (phosphorylated) and
recruited to stalled telomeres; and second, both DNA-PKcs and
Ligase IV are responsible for the formation of t-circle-tail and for
preventing the formation of fragile telomeres. These results support
a direct role for NHEJ (ligation) in telomere replication and provide
a feasible explanation for previous observations [22-25].

It is widely believed that NHEJ is constitutively suppressed in
telomeres by TRF2, thus preventing end fusion between chromo-
somes [71]. Our results reveal that NHEJ is activated at telomeric
DNA in the context of replication fork arrest. The regulatory mecha-
nism underlying switch between suppression and activation is an
intriguing topic for future study.

Materials and Methods

Cell culture and treatment

HeLa, HeLa 229, and HeLa 1.2.11 cells were cultured at 37°C and
5% CO, in Glutamax-DMEM (Life) containing 10% newborn calf
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serum (PAA), 100 U/ml penicillin and 1% streptomycin (Hyclone).
Other cell lines used in this study were cultured in Glutamax-DMEM
with 10% fetal bovine serum (Life). HeLa, HeLa 229 and majority of
cell lines in Appendix Fig S2 were purchased from Chinese Academy
of Sciences of Type Culture Collection. HeLa 1.2.11 was a kind gift
from Carolyn M. Price. HTC75 was a kind gift from Zhou Songyang.
Cell lines were treated with 2 mM hydroxyurea (HU, Sigma), 5 utM
TMPyP4 (Sigma), methyl-methanesulfonate (MMS, Sigma), 50 pg/ml
ICRF-187 (Selleck), 10 uM etoposide (VP-16, Sigma), NU7441 (Sel-
leck) or L189 (Santa Cruz) or 27.4 uM B02 (EMD Millipore) or
100 puM Olaparib (MCE). The following siRNA was used to transfect
the cells during knockdown experiments: siTRF1 sense-UUUAAC
AUGACACUUGUCCATAT, antisense-GGACAAGUGUCAUGUUAAA
dTdT; sip53-1 sense-GCAUGAACCGGAGGCCCAUATAT, antisense-
AUGGGCCUCCGGUUCAUGCATdT;sip53-2 sense-GACUCCAGUGGU
AAUCUACATAT, antisense-GUAGAUUACCACUGGAGUCATAT.

Cell cycle synchronization and BrdU labeling

HeLa cells were synchronized using the “double thymidine”
approach, as previously described [35]. Briefly, 2 mM thymidine
(Sigma) was added to exponentially growing cells for 19 h, cells
were then washed three times with prewarmed 1 x PBS and
released into fresh medium for 10 h, followed by addition of 2 mM
thymidine and incubation for 14 h. After washing three times with
prewarmed 1 x PBS, cells were incubated with fresh medium
containing 100 M 5-bromo-2-deoxyuridine (BrdU, Sigma) for a
variable length of time. Alternatively, for pulse labeling, cells were
released into fresh medium, incubated for 3 h, and then transferred
and incubated in culture medium containing 100 uM BrdU for 1 h.
For BJ fibroblast and MRC5 cell labeling, cells were cultured in
medium containing 100 uM BrdU for 48 h. FACS analysis was
carried out as previously described [35].

Knockout of TRF2 by inducible CRISPR/Cas9 system

HeLa cells were transfected with lentivirus carrying inducible-Cas9
(PHAGE-TRE-Cas9) and selected with neomycin for 10 days. Two
lentivirus (p-Lenti-puro-sgTRF2-1, p-Lenti-BSD-sgTRF2-2) with indi-
vidual sgRNA (sgTRF2-1-F CACCGCCTTTCGGGGTAGCCGGTA,
sgTRF2-1-R  AAACTACCGGCTACCCCGAAAGGC, sgTRF2-2-F CAC
CGAACCC GCAGCAATCGGGACA, sgTRF2-2-R AAACTGTCCCGA
TTGCTGCGGGTTC) were used to sequentially transfect selected
cells. After two rounds of selection with puromycin (2 pg/ml) and
blasticidin (10 pg/ml), the clones were selected and doxycycline
(1 pg/ml) was then added into culture medium to induce Cas9
expression. After 5 days, cells were harvested for experiments.

Genomic DNA purification and enzyme treatment

Genomic DNA was extracted with AxyPrep Blood Genomic DNA
Miniprep Kit (Axygen) and dissolved in TE buffer (10 mM Tris—HCI
pH 8.0, 1 mM EDTA pH 8.0). 10 pg genomic DNA was digested
overnight with 10 U Hinfl (Thermo), 10 U Rsal (Thermo), and
2 pg/ml RNase A (Takara) at 37°C. The reaction was terminated
with EDTA, and DNA was subjected to 2D gel electrophoresis. 30 U
RecJf (NEB) or 20 U Mungbean Nuclease (NEB) was used to
digest genomic DNA in combination with Hinfl and Rsal. 20 U
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Plasmid-Safe™ ATP-Dependent DNase (Epicentre) was used to
digest DNA samples digested with Hinfl and Rsal.

Immunofluorescence (IF) and immunofluorescence in situ
hybridization (IF-FISH)

IF and IF-FISH were carried out as previously described [72].
Briefly, cells grown on glass coverslips were washed in chilled PBS
and fixed with 4% paraformaldehyde in PBS, permeabilized with
0.5% Triton X-100 and blocked with 5% goat serum. Fixed cells
were incubated with primary antibody at 4°C overnight and incu-
bated with secondary antibody at room temperature for 2 h. Cover-
slips were counterstained with DAPI for observation under a Zeiss
Axioplan II microscope.

For IF-FISH assays, following secondary antibody incubation,
coverslips were fixed again with 4% paraformaldehyde and sequen-
tially dehydrated with 75, 95, and 100% ethanol. The coverslips were
then incubated with hybridization mix containing Cy3-(TTAGGG);
(Panagene, F1006-5). DNA was heat-denatured at 85°C for 5 min, and
the slides were incubated at 37°C for 2 h protected from light. The
coverslips were washed, dehydrated as described above, and counter-
stained with DAPI. Antibodies used in this assay are as follows:
anti-TRF2 (EMD Millipore, 05-521), anti-53BP1 (Novus Biologicals,
NB100-304), anti-PCNA (Gene Tex, GTX100539), anti-Topo II
(Abcam, ab52934), anti-pDNA-PKcs (S2056; Abcam, ab18192),
anti-Rad51 (Santa Cruz, SC-8349), DyLight 488-conjugated goat
anti-mouse IgG H&L (Multisciences, 4120353), DyLight 488-
conjugated goat anti-rabbit IgG H&L (Multisciences, 4220431), and
DyLight 549-conjugated goat anti-mouse IgG H&L (Multisciences,
4120816).

Native FISH

Native FISH was performed as described [73] with a minor modi-
fication. Briefly, coverslips were fixed in 2% paraformaldehyde at
room temperature for 10 min, permeabilized for 10 min in KCM
buffer [0.1% Triton X-100, 10 mM Tris-HCl (pH 7.5), 120 mM
KCl, and 20 mM NaCl] and treated with RNase A and RecJf
(20 U) at 37°C for at least 2 h. Cells not treated with RecJf were
used as a control. Hybridization was performed in hybridization
buffer containing 10 mM Tris-HCl (pH 7.5), 85.6 mM KCl, 0.5%
blocking reagent (Roche, 11096176001), 70% formamide, and
40 nM Cy3-(TTAGGG); (Panagene, F1006-5). Slides were incu-
bated at room temperature for 2 h, washed, and counterstained
with DAPI. Images were acquired using 100x objective on a Leica
TCS SP5 microscope.

Two-dimensional gel electrophoresis

2D agarose gel electrophoresis was performed as described [74,75].
Briefly, 10 pg genomic DNA was digested with Rsal and Hinfl (Fer-
mentas, Thermo Scientific) and loaded onto a 0.4% agarose gel.
Electrophoresis was carried out in 1 x TBE at 1 V/cm for 12 h at
room temperature. The lane containing DNA was excised from the
gel and the gel buffer was exchanged with 1 x TBE with 0.3 pg/ml
ethidium bromide (EB; Sigma). The gel slice was transferred and
cast with 1% agarose gel in 1 x TBE containing 0.3 pg/ml EB. The
gel was run at 4°C for 6 h at 3 V/cm.
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Detection of subtelomeric DNA

Hinfl- and Rsal-digested HeLa DNA was subjected to 2D agarose gel
as described above. The gel with t-circle-tail signal was excised and
DNA in gel was purified with QIAquick Gel Extraction Kit
(QIAGEN). Purified DNA was used as a template for PCR with
primers targeting subtelomeric sequence of specific chromosomes.
The primer pairs were referred to that previously described [43].

Telomere restricted fragment (TRF) assay

The telomere length assay was performed as previously described
[35].

Plug assay/Constant-field gel electrophoresis of embedded cells

The plug assay was performed as previously described [76]. Briefly,
1 x 10° cells were rinsed twice with 1 x PBS, embedded in 50 pl
0.7 % prewarmed agarose (45°C), and solidified in a 1 ml decapitated
injector. Agarose plugs were incubated with digestion buffer (10 mM
Tris—HCI pH8.0, 10 mg/ml Protease K, 0.5% SDS, 40 mg/ml RNase
A, 100 mM EDTA) at 37°C for 20 h. Plugs were placed into the wells
of a 0.7% agarose gel and sealed with 0.7% agarose. Electrophoresis
was carried out at 1 V/cm at room temperature for 8 h.

Native/denatured in-gel hybridization

In-gel hybridization analysis of telomeric DNA was performed as
described [77] with a minor modification: Agarose gels were
pumped dry at room temperature. For native in-gel hybridization,
gels were hybridized in Denhart’s hybridization buffer with 3%P-
labeled C-/G-probe after prehybridization. The C-/G-probes were
generated as previously described. Gels were washed three times
with 2 x SSC + 0.5% SDS twice, and 2 x SSC + 0.1% SDS once.
For denatured in-gel hybridization, gels were denatured with 0.5 M
NaOH and neutralized with 1 M Tris—HCI (pH 8.0) prior to follow-
ing the procedure for native hybridization. The gels were exposed to
a Phosphorlmager screen (GE Healthcare) and scanned on a
Typhoon imager (GE Healthcare). Calculations of the relative abun-
dance of t-circle-tail were made using Image Quant software.

Western blot analysis

Western blotting was performed according to standard protocols.
Antibodies used are as follows: anti-TRF2 (EMD Millipore, 05-521),
anti-TRF1 (Gene Tex, GTX77605), anti-DNA-PKcs (Thermo Scien-
tific, Ab-4), anti-B-actin (Proteintech, 60008-1-Ig) and anti-GAPDH
(Proteintech, 60004-1-Ig), HRP-conjugated goat anti-mouse IgG
(H+L; Proteintech, SA00001-1), HRP-conjugated goat anti-mouse
IgG (H+L; Proteintech, SA00001-2).

Expanded View for this article is available online.
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