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Abstract

Telomerase-independent ALT (alternative lengthening of telomeres) cells are characterized
by high frequency of telomeric homologous recombination (HR), C-rich extrachromosomal
circles (C-circles) and C-rich terminal 5’ overhangs (C-overhangs). However, underlying
mechanism is poorly understood. Here, we show that both C-circle and C-overhang form
when replication fork collapse is induced by strand break at telomeres. We find that endoge-
nous DNA break predominantly occur on C-rich strand of telomeres in ALT cells, resulting in
high frequency of replication fork collapse. While collapsed forks could be rescued by repli-
cation fork regression leading to telomeric homologous recombination, those unresolved
are converted to C-circles and C-overhang at lagging and leading synthesized strand,
respectively. Meanwhile, multiple hallmarks of ALT are provoked, suggesting that strand
break-induced replication stress underlies ALT. These findings provide a molecular basis
underlying telomeric HR and biogenesis of C-circle and C-overhang, thus implicating the
specific mechanism to resolve strand break-induced replication defect at telomeres in ALT
cells.

Author summary

10 to 15% human cancers utilize telomerase-independent alternative lengthening of telo-
meres (ALT) to maintain their telomere length. Unexpectedly, we find that endogenous
C-strand breaks predominantly exist in telomeres of ALT cells, which induce high fre-
quency of replication fork collapse. While collapsed fork triggers fork regression machin-
ery to restart the replication, leading to telomeric homologous recombination; those
unresolved are converted to C-circle and C-overhang. These findings suggest that the for-
mation of C-circle and C-overhang represents a unique manner for ALT cells to prevent

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007925 February 4, 2019

1/26


https://doi.org/10.1371/journal.pgen.1007925
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pgen.1007925&domain=pdf&date_stamp=2019-02-20
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pgen.1007925&domain=pdf&date_stamp=2019-02-20
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pgen.1007925&domain=pdf&date_stamp=2019-02-20
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pgen.1007925&domain=pdf&date_stamp=2019-02-20
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pgen.1007925&domain=pdf&date_stamp=2019-02-20
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pgen.1007925&domain=pdf&date_stamp=2019-02-20
https://doi.org/10.1371/journal.pgen.1007925
https://doi.org/10.1371/journal.pgen.1007925
http://creativecommons.org/licenses/by/4.0/

o ®
@ : PLOS ‘ GENETICS Strand break-induced Replication fork collapse and ALT mechanism

analysis, decision to publish, or preparation of the

manuscript. chromosome instability induced by replication defect at telomeres. Moreover, multiple
Competing interests: The authors have declared hallmarks of ALT are provoked during this process, demonstrating that DNA strand
that no competing interests exist. break at telomeres underlies ALT mechanism.

Introduction

Linear chromosome ends are capped by telomeres, which are composed of TTAGGG/
CCCTAA tandem DNA repeats and a protein complex called shelterin [1-3]. Because of end
replication problem [4] and possible DNA resection by Exo I (Exonuclease I) and Apollo to
form single-stranded overhang [5, 6], telomeres shorten with every cell division until the criti-
cally short telomere length is reached that induces cell senescence or apoptosis [7-9]. To coun-
teract telomere shortening, approximately 85% of human cancer cells express telomerase,
while those that don’t express telomerase induce alternative lengthening of telomeres (ALT)
pathway [10-12].

As a typical fragile site, telomere of ALT cells experiences a high frequency of homologous
recombination (HR), which may contribute to lengthening of telomeres [13]. ALT cells are
characterized by high heterogeneity of telomere length [10], an elevated frequency of telo-
mere-sister chromatid exchanges (T-SCEs) [13, 14], the presence of APBs (ALT-associated
promyelocytic leukemia nuclear bodies) [15] and abundant extrachromosomal circular telo-
meric DNA (C-circles) and C-rich terminal 5’ overhangs (C-overhangs) [10, 16-18]. The bio-
genesis of C-circles and C-overhangs is not clear and their functions in cells are largely
unknown. It has been proposed that telomeric DNA damage, particularly double-stranded
breaks (DSBs), promotes C-circles generation in ALT cells [19, 20], and that defects in telo-
mere replication related proteins, such as SMARCAL1 (SWI/SNF-related, matrix associated,
actin-dependent, regulator of chromatin subfamily A-like 1) or the CST (CTC1/STN1/TENI1),
changes the level of C-circles in ALT cells [21-23]. These results imply a potential connection
between C-circles formation and DNA damage repair and/or replication defect at telomeres.
Regarding to C-overhang, it appears that telomeric DNA damage is not sufficient to induce 5’
C-overhangs, rather, the production of C-overhangs is associated with rapid cleavage of telo-
meres [24]. The question regarding whether and how the formation of C-circle and C-over-
hang is coordinated and their relationship with high frequency of telomeric HR and ALT
remains to be elucidated.

The tandemly repeated G-rich DNA in human telomeres has a relatively high tendency to
form highly compacted G-quadruplex [25]. In addition, telomeric DNA is susceptible to ultra-
violet light-induced [23] and oxidative DNA damage, leading to a relatively high frequency of
single- and double-stranded DNA breaks (SSBs and DSBs) and other DNA lesions in telomeric
DNA [26-28]. G-quadruplex and DNA lesions frequently block replication fork progression
[29-32]. In ALT cells, telomeres may experience particularly high frequency of telomeric DNA
damage [17, 33, 34], leading to replication fork stalling and/or collapse. In addition, it has also
been reported that ALT is linked to mutations in the ATRX/DAXX chromatin remodeling
complex and histone variant H3.3, which interfere with nucleosome assembly at telomeres
and likely increase replication stress [33, 35, 36]. With such replication stress, it has been inter-
preted that ALT cells are competent to replication defect at telomeres. Alternatively, ALT cells
may develop a mechanism to cope with unsuccessfully replicated telomeres and to maintain
the integrity of chromosome ends.

This study provides evidences that C-circles and C-overhangs are produced during replica-
tion of lagging and leading strand of telomeres, respectively, and that their production is
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associated with DNA break-induced replication fork collapse in ALT cells. Replication fork
regression, which facilitates HR-dependent replication fork restart, is utilized to rescue col-
lapsed replication fork. However, unsuccessful rescue results in the formation of C-circles and
C-overhangs. Meanwhile, multiple hallmarks of ALT were raised by DNA break-induced rep-
lication fork collapse, including increased frequency of telomeric HR, formation of ALT asso-
ciated PML body as well as high abundance of C-circles and C-overhangs.

Results

C-circles and C-overhangs arise from lagging and leading telomeric
strands, respectively

C-circle is an extrachromosomal circular telomeric DNA composed of full C-rich strand and
notched G-rich complementary strand that is a quantitative biomarker of the ALT mechanism
[10, 37]. Here, the cell cycle dependence of the appearance of C-circles was explored in ALT-
positive U20S cells. Specifically, U20S cells were synchronized at G1/S by double-thymidine
block, released for 0, 3, 6, 9 or 12h, corresponding to G1/S, early S, middle S, late S/G2 and Gl,
respectively (Fig 1A), and then assayed for the presence of C-circles. 29 DNA polymerase-
based C-circle assay was used to determine the abundance of C-circles in cells. Reliability of
method was validated by experiments in which lack of 29 leads to no amplified product and
C-circle signal is well proportional to the amount of input DNA (R* = 0.96 in linear regression
of standard curve) (S1A and S1B Fig) [37]. The results showed that the abundance of C-circles
increased gradually during S phase, peaked (doubled) at late S/G2 (9h after release) and
decreased when cells re-entered G1 (Fig 1B). Since telomeric DNA replicates throughout S
phase [38, 39], this result suggests that C-circles may be produced during telomere replication
and subsequently degraded during or after G2 [40].

It has been reported that RPA2 (replication protein A2) colocalizes with telomeric DNA in
human ALT cells [40, 41]. We observed that the abundance of telomeric RPA2 foci also gradu-
ally increased during S phase and decreased during or after G2 (Fig 1C). Given that RPA2 is a
sensor of single-stranded DNA that might be produced during DNA damage repair and/or
replication process, the specific correlation between appearance of C-circles and telomeric
RPA2 foci implies that C-circle formation may associated with DNA damage response (DDR)
and/or DNA replication at telomeres.

The mechanism by which C-circles form was further explored by BrdU pulse-labeling syn-
chronized U20S cells for 12 h after release from G1/S [42], isolating nascent C-circle and ana-
lizing its composition by CsCl density gradient ultracentrifugation (Fig 1D). The results
showed that while the leading and lagging telomeric DNA was synthesized with similar effi-
ciency (0.96 vs 1.11 in amount) (Fig 1E), BrdU-labeled C-circles were dominently enriched in
lagging strand telomeric DNA (0.88 vs 1.64 for leading vs lagging synthesized C-circles after
normalizing with total amount of leading or lagging telomeres) (Fig 1F), in which C-rich
strand is newly synthesized and therefore BrdU-labeled. This result is consistent with the pre-
vious observation [43], the mechanism underlying the production of C-cirlce from lagging
strand would be exlored below.

A similar procedure was used to determine whether 5 C-overhangs arise preferentially dur-
ing leading or lagging strand DNA replication. 12h or 6h BrdU-labeled DNA was fractionated
by CsCl gradient ultracentrifugation, fractions corresponding to leading, lagging and unrepli-
cated telomeric DNA were collected, and divided into two parts, one of which was incubated
with Rec]f, a 5’—3’ exonuclease for ssDNA, to specifically degrade 5’ overhang DNA to vali-
date telomeric C-rich ssDNA polarity [18]. The resulting samples were analyzed by neutral-
neutral 2D agarose gel electrophoresis in which DNA fragments are resolved first by size in
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Fig 1. Nascent C-circles and 5’ C-overhangs are generated during telomere replication. (A) FACS analysis of G1/S synchronized
U20S cells. Cells were synchronized by double thymidine block, then released and harvested at the indicated time. (B) C-circle assay was
performed at the indicated time after release from G1/S. (C) Representative image and statistical analysis showing that RPA2 foci
colocalize with telomere at each time point. Cells with more than 5 colocalized foci/cell were scored positively, >100 cells were counted
per time point. Error bars represent the mean + SEM of three independent experiments.(D) BrdU pulse-labeling strategy. U20S cells
were synchronized at G1/S, released in presence of BrdU for 12h. (E) Leading, lagging and unreplicated telomeric fractions were resolved
by CsCl gradient ultracentrifugation and hybridized with telomeric probe. Non-BrdU labeled U20S was used as a negative control (upper
figure). “Area under peak” for leading, lagging and unreplicated telomeres was analyzed by Graphpad Prism and the relative amount of
telomeres was indicated above individual peak. (F) Nascent C-circle is predominantly associated with lagging strand DNA synthesis. C-
circle assay analysis of CsCl gradient fractions in (E). The amount of C-circle in leading, lagging and unreplicated telomeres was
calculated by determining "area under peak" using Graphpad Prism. The relative amount of C-circles was indicated above individual
peak. (G) Schematic of the migration of linear dsDNA, ssDNA (C-overhangs) and telomeric open circles (T-circle) during 2D agarose gel
electrophoresis and hybridization to a telomere-specific G-rich probe under native or denatured condition. (H) 5> C-overhang DNA is
predominantly associated with leading strand DNA synthesis. The fractions corresponding to leading, lagging or non-replication
telomeres from 12h BrdU labeled sample in (E) were pooled. DNA was incubated with or without Rec]f, analyzed by 2D agarose gel
electrophoresis and hybridized with G-rich telomeric probe under native and denaturing conditions. C-overhangs were indicated by red
arrows. C-overhangs abundance was expressed as a ratio between the native and denatured signals. Values were then normalized with
leading C-overhangs to obtain relative abundance.

https://doi.org/10.1371/journal.pgen.1007925.9001

one dimension, and then by conformation in second dimension. In combination with in-gel
hybridization under native or denatured conditions, 2D agarose gel electrophoresis is able to
separate and distinguish linear ssDNA (G-rich or C-rich), linear dsDNA (with or without sin-
gle-stranded G/C-rich overhangs) and open circular DNA (Fig 1G). C-overhangs were sensi-
tive to Rec]Jf digestion, but resistant to Exo I (a 3’—5’ exonuclease for ssDNA), demonstrating
that C-overhang is in the 5" to 3’ direction (Fig 1H, S1C Fig) [18]. Both 12h and 6h BrdU label-
ing experiments showed that Rec]Jf sensitive 5° C-overhangs are preferentially generated on
telomeres replicated by leading strand (leading: lagging = 1.00 : 0.36 for 12h labeling sample
and 1.00 : 0.29 for 6h labeling sample) (Fig 1H, S1D Fig).

DNA strand break-induced replication fork collapse stimulates formation
of C-circle and C-overhang

To examine a potential relationship between replication-blocking and formation of C-circle
and C-overhang, U20S cells were treated with agents that result in replication fork stalling. To
this end, exponentially growing U20S cells were treated with HU (hydroxyurea) that blocks
replication fork by inducing ANTP pool deficiency or aphidicolin that inhibits B-family DNA
polymerase leading to replication fork stalling [44, 45]. Interestingly, both treatments resulted
in no increase of RPA2 foci or DNA damage foci (p53-binding protein 1, 53BP1 foci) on telo-
meres (termed as TIFs: telomere dysfunction induced foci) (S2A and S2B Fig). In addition, the
number of C-circles slightly decreased (Fig 2A) and the abundance of C-overhangs and G-
overhangs was not significantly changed when U20S cells were treated with HU or aphidicolin
(Fig 2B, S3A Fig). These results suggested that replication fork stalling per se is not sufficient to
stimulate the formation of C-circles and C-overhangs.

When U20S cells were exposed to zeocin, a radio-mimetic chemical that induces oxidative
DNA damage including ssDNA and dsDNA breaks [46], increased level of DDR at telomeres
was detected, as expected (S2B Fig). Meanwhile, we observed increased abundance of C-circles
and C-overhangs (Fig 2C and 2D). In contrast, zeocin treatment led to slight decrease of G-
overhangs (S3B Fig). Importantly, we also found that the increase of C-circle and C-overhang
upon zeocin treatment was restricted to S-phase (when cells were treated during S-phase), and
was abrogated when cells were synchronized at G1 and exposured to zeocin (S3C-S3F Fig).
Altogether, these results suggested that C-circles and C-overhangs are produced in ALT cells
during telomere replication encountering DNA damages.
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Fig 2. C-circles and 5’ C-overhangs are linked to DNA damage-induced replication fork collapse. (A) Replication
fork stalling induced by HU or aphidicolin decreases abundance of C-circles in U20S cells. U20S cells were treated
with HU (hydroxyurea, 2mM) or aphidicolin (Aphi, 1ug/mL) for 24h and genomic DNA was purified for C-circle
assay. Error 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<0.001. (B) Treatment of U20S cells with HU or aphidicolin does not
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change the abundance of 5 C-overhangs. U20S cells were treated with HU (2mM) or aphidicolin (1pug/mL) for 24h.
C-overhangs abundance was expressed as a ratio between the native and denatured signals. Values were then
normalized with C-overhangs in untreated cells (Ctrl) to obtain relative abundance. Experiments were duplicated and
the mean of relative abundance of C-overhangs was indicated. (C) C-circles are increased in U20S cells treated with
zeocin. U20S cells were treated with zeocin (100ug/mL) for 24h and genomic DNA was purified for C-circle assay.
Error bars represent the mean + SEM of three independent experiments. Two-tailed unpaired student’s ¢-test was used
to calculate P-values. ***P<0.001. (D) 5 C-overhangs in U20S cells, are increased upon zeocin treatment compared to
DMSO. RecJf digestion was used as a control. U20S cells were treated with zeocin (100ug/mL) for 24h. C-overhangs
abundance was expressed as a ratio between the native and denatured signals. Values were then normalized with C-
overhangs in untreated cells (Ctrl) to obtain relative abundance. Experiments were repeated three times and the

mean + SEM was indicated. (E) CPT (camptothecin) increases C-circles in U20S cells. U20S cells were treated with
CPT (0.25uM) for 24h and genomic DNA was purified for C-circle assay. Error 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. (F)
CPT increases the abundance of 5° C-overhangs in U20S cells compared to DMSO treatment. U20S cells were treated
with CPT (0.25uM) for 24h. C-overhangs abundance was expressed as a ratio between the native and denatured
signals. Values were then normalized with C-overhangs in untreated cells (Ctrl) to obtain relative abundance.
Experiments were repeated three times and the mean + SEM was indicated.

https://doi.org/10.1371/journal.pgen.1007925.g002

To imitate the situation in which replication fork progress is blocked by DNA damage,
U20S cells were treated with CPT (camptothecin), a specific inhibitor of Topo I (topoisomer-
ase I) that induces protein-linked ssDNA break at the front of replication fork, leading to fork
collapse [47, 48]. Strikingly, CPT strongly stimulated the formation of C-circles and C-over-
hangs in U20S cells (Fig 2E and 2F) and the abundance of G-overhangs decreased accordingly
(S3B Fig). Increased C-circle and C-overhang by zeocin or CPT treatment was also observed
in other ALT VA13 cells (S3G and S3H Fig).

In a similar experiment, U20S cells were treated with inhibitors of Topo II (topoisomerase
II), VP-16 (etoposide) or ICRF-187 (dexrazoxane) [49-51]. VP-16 induces protein-linked
dsDNA breaks in replicating DNA leading to replication fork collapse, while ICRF-187 inhibits
the cleavage activity of Topo II leading to replication fork stalling [52]. Interestingly, VP-16
stimulated formation of C-circles and C-overhangs, whereas the abundance of G-overhangs
decreased. However, ICRF-187 treatment showed a limited effect on C-circle, C-overhang and
G-overhangs (S4A-S4C Fig). This result further demonstrated that DNA damage-induced
replication fork collapse rather than replication fork stalling promotes formation of C-circles
and C-overhangs. This conclusion was further confirmed by duplicating the experiments in
other ALT positive VA13 cells (S4D-S4F Fig).

Intrinsic DNA damage at C-rich strand of telomeres leads to the formation
of C-circle and C-overhang

Given a high abundance of C-circles and C-overhangs in ALT cells, we then asked whether
intrinsic DNA strand breaks exist in telomeres that induce replication fork collapse. For this
purpose, genomic DNA was digested with Hinfl and Rsal, followed by digestion with Exo III
(Exonuclease III), a 3’ to 5’ exonuclease that remove nucleotides from blunt end or break/gap
in double stranded DNA to generate single stranded DNA (Fig 3A). The digested DNA were
hybridized with C-rich or G-rich probe under native or denatured condition [53] (Fig 3A).
The rationale was to determine whether endogenous ssDNA breaks and gaps occur in the G-
rich or C-rich strand of telomeric DNA in ALT cells. If such lesions were enriched in the C-
rich strand, it would be preferentially degraded by Exo III, leaving primarily G-rich ssDNA to
hybridize with a C-rich probe, while the reverse specificity, or lack of specificity would be
observed in the absence of preferential endogenous ssDNA breaks in the C-rich strand of the
telomere (Fig 3A). We detected much more G-rich ssDNA than C-rich ssDNA (Fig 3B). This
suggests that endogenous ssDNA breaks and gaps are present predominantly on the C-rich
strand of telomeric DNA in U20S cells.
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Fig 3. Endogenous ssDNA break/gap or induced ssDNA break in C-rich strand stimulates formation of C-circles and 5’ C-
overhangs. (A) Experimental protocol to study strand specific (G-rich or C-rich) breaks/gaps on telomere is shown schematically.
HinfI and Rsal digested genomic DNA was purified and further digested with Exo III to examine potential breaks/gaps on G-
strand or C-strand of telomeres. If breaks/gaps occur on C-strand, Exo III would degrade all C-strand, leaving single-stranded G-
strand that can be detected by hybridization with C-rich probe under native or denatured condition. Contrariwise, only C-strand
can be detected if breaks/gaps occur on G-strand. (B) Breaks/gaps occur more frequently on C-rich strand of telomere. Exo IIT
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digestion produces single-stranded DNA that is less in molecular weight than corresponding double-stranded DNA, thereby
migrating faster during electrophoresis. (C) Methyl-methane sulfonate (MMS) stimulates formation of C-circle DNA in U20S
cells. U20S cells were treated with MMS (0.25mM) for 24h and genomic DNA was purified for C-circle assay. Error bars represent
the mean + SEM of three independent experiments. Two-tailed unpaired student’s ¢-test was used to calculate P-values.
***P<0.001. (D) MMS stimulates formation 5° C-overhang DNA in U20S cells. U20S cells were treated with MMS (0.25mM) for
24h. C-overhangs abundance was expressed as a ratio between the native and denatured signals. Values were then normalized with
C-overhangs in untreated cells (Ctrl) to obtain relative abundance. Experiments were repeated three times and the mean + SEM
was indicated. (E) Experimental protocol using CRISPR-Cas9 system to introduce ssDNA breaks at telomere is shown
schematically. Cells express nuclease-deficient CRISPR-Cas9 (dCas9), wild type CRISPR-Cas9 (WT) or CRISPR-Cas9 with
mutation at RuvC domain (D10A). dCas9 lacks nuclease activity, wtCas9 introduces dsDNA breaks, and Cas9 D10A introduces
ssDNA breaks in C-rich strand of telomere. (F) Western blot of dCas9, wtCas9and Cas9 D10A expressed in HEK 293T cells. Cells
are harvested 48h after transfection. Monoclonal ANTI-FLAG M2 antibody was used to determine expression level of flag-Cas9.
B-actin was used as a loading control. (G) Effect of WT and mutant Cas9 on formation of C-circles in HEK 293T cells. Error bars
represent the mean + SEM of three independent experiments. Two-tailed unpaired student’s ¢-test was used to calculate P-values.
**P<0.01. (H) Effect of WT and mutant Cas9 on formation of 5° C-overhangs in HEK 293T cells.

https://doi.org/10.1371/journal.pgen.1007925.9003

MMS (Methyl-methanesulfonate) is a DNA damaging agent that preferentially creates
mutagenic lesions in cytosine of ssDNA [54, 55]. Here, we showed that exposure to MMS sig-
nificantly stimulates formation of C-circles and C-overhangs in ALT cells (Fig 3C and 3D). To
further confirm that ssDNA breaks in the C-rich strand of telomeric DNA induce formation
of C-circle and C-overhang, we expressed CRISPR-Cas9 with a D10A mutation in the RuvC
nuclease domain of Cas9 (Cas9-D10A), which specifically generates ssDNA breaks in the
strand complementary to sgRNA (Fig 3E) [56, 57]. Indeed, when sgRNA with telomeric G-
rich sequence (sgTel) was co-expressed with Cas9-D10A in U20S cells, we observed signifi-
cant number of C-rich, but not G-rich DNA fragments (smear on gel) that are released from
telomeres and detected by alkaline constant-field gel electrophoresis (alkaline plug assay, see
Method for detail) (S5A and S5B Fig), indicating specific induction of DNA breaks by Cas9-
D10A at C-rich strands. As expected, expression of wild-type Cas9 (wtCas9, WT) induced
double-stranded breaks at telomeres [58], leading to increase of both G- and C-rich fragments
(S5A and S5B Fig). However, expression of nuclease-deficient mutant Cas9 (dCas9) led to no
increase of G- or C-rich fragments (S5A and S5B Fig). We observed significant increase of C-
circles and C-overhangs in cells expressing wtCas9 or Cas9-D10A but not in cells expressing
dCas9 (S5C and S5D Fig). Similar experiments were also performed in non-ALT human HEK
293T cells. Western blot analysis demonstrated that wtCas9, dCas9 and Cas9-D10A protein
were expressed at a similar level (Fig 3F). The results showed that expression of both wtCas9
and Cas9-D10A stimulated formation of C-circles (Fig 3G). The formation of C-overhangs
was strongly stimulated by expression of Cas9-D10A (Fig 3H). And the expression of wtCas9
also slightly increased the abundance of C-overhangs, consistent with our previous finding
that telomeric DSB initiates homologous recombination mediated repair that produces 3’ C-
rich overhang [58]. Collectively, these results suggest that endogenous breaks/gaps or extrane-
ously induced ssDNA breaks in C-rich strand of telomeric DNA stimulates formation of C-cir-
cles and C-overhangs.

Mechanism underlying rescue of DNA damage-induced replication fork
collapse at telomeres

To explore how ALT cells respond to replication fork collapse, CPT-treated U20S cells were
analyzed using IF-FISH (immunofluorescence and fluorescence in situ hybridization) to deter-
mine the proteins enriched at telomeres in response to replication fork collapse induced by
CPT treatment. Strikingly, the abundance of PML foci and ALT associated PML bodies
(APBs) increased in cells exposed to CPT (Fig 4A and 4B). In addition, we observed a signifi-
cant increase of 53BP1 foci genome-wide and at telomeres when cells were treated with CPT
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Fig 4. Replication fork collapse and replication fork regression at telomeres in U20S cells. (A) U20S cells were cultured in
presence or absence of CPT and analyzed with IF-FISH to detect PML bodies on telomeres. (B) Quantification of (A). Cells with
>3APBs were scored. >100 cells were counted for each experiment. Error bars represent the mean + SEM of three independent
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without CPT and analyzed by IF-FISH to detect 53BP1 foci on telomeres. (D) Quantification of (C). Cells with >3 co-stained foci were
scored. >100 cells were counted for each experiment. Error bars represent the mean + SEM of three independent experiments. Two-
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tailed unpaired student’s ¢-test was used to calculate P-values. ***P<0.001. (E)-(L) U20S cells were treated with or without CPT and
analyzed by IF-FISH using telomeric G-rich probe and antibodies to RPA2 (E), SMARCALI (G, SM), Rad51 (I) or SLX4 (K),
respectively. Quantification of panels (E), (G), (I), and (K) are shown in (F), (H), (J), and (L), respectively. Cells with >3 RPA2 (F), >1
SMARCALLI (H),>2 Rad51 (J), >3 SLX4 (L) foci colocalized with telomeres were scored. >100 cells were counted for each experiment.
Error 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.

https://doi.org/10.1371/journal.pgen.1007925.g004

(Fig 4C and 4D). Moreover, RPA2 foci at telomeres increased in CPT treated cells (Fig 4E and
4F). We also found that SMARCALI, Rad51 and SLX4 were recruited to telomeres in U20S
cells and their foci at telomeres were significantly increased when cells were challenged with
CPT (Fig 4G-4L). Importantly, RPA2/Rad51/SMARCAL1/SLX4 compose a machinery
termed replication fork regression [21, 31, 59-61], a mechanism that rescues collapsed replica-
tion fork.

Replication fork regression prohibits formation of C-circles and C-
overhangs

Evidences presented above suggest that replication fork collapse in telomeric DNA is tightly
linked to formation of C-circle and C-overhang structures. Therefore, it was predicted that
replication fork regression, mediated by RPA2-Rad51-SMARCAL1-SLX4 axis, might rescue
collapsed replication fork and thus suppress formation of C-circles and C-overhangs. To test
this, U20S cells were treated with RPA2- or SMARCAL1-targeted siRNA and the abundance
of C-circles and C-overhangs was examined (Fig 5A and 5D). Indeed, C-circles and C-over-
hangs were more abundant in RPA2 or SMARCALI-deficient U20S cells (Fig 5B, 5C, 5E and
5F). Accordingly, G-overhangs were slightly decreased (S6A Fig). Moreover, when Rad51 was
inhibited by B02, a specific inhibitor of Rad51 [62], the abundance of C-circles and C-over-
hangs also increased, while G-overhangs decreased (Fig 5G and 5H, S6B Fig). These results
suggested that replication fork regression prevents the formation of C-circles and C-overhangs
in U20S cells. The same experiments were also repeated in VA13 cells. Consistently, we
observed that both depletion of RPA2 (or SMARCALL) and inhibition of Rad51 by B02 stimu-
lated formation of C-circles and C-overhangs, but reduced the abundance of G-overhangs
(S6C-S61 Fig).

Meanwhile, we observed that pPDNA-PKcs (DNA-dependent protein kinase, catalytic sub-
unit), a key sensor in the NHE] (non-homologous end-joining) pathway, localizes to telomeres
in U20S cells, and that telomeric pDNA-PKcs (S2056) foci are more abundant in CPT-treated
cells (S7A and S7B Fig). To explore whether NHE] plays a role in production of C-circles or C-
overhangs, U20S cells were treated with DNA-PKcs inhibitor NU7441. Previous report dem-
onstrated that inhibition of ATR by VE-821 leads to decrease of C-circles [23]. Our results
showed that NU7441 treatment decreased the level of C-circles (S7C Fig), whereas the abun-
dance of C-overhangs and G-overhangs remained largely unchanged (S7D and S7E Fig).
These findings implied that NHE] machinery promotes circularization of lagging strand DNA
at collapsed telomeric replication fork, thus enabling formation of C-circles.

Strand-break induced replication fork collapse is linked to telomeric HR

Previous studies suggest that replication fork regression is coupled with HR to reinitiate repli-
cation [19, 31, 61]. Consistent with this, we observed that telomere sister chromatid exchange
(T-SCE), which indicates HR occurring at telomeres, was inhibited (i.e., reduced frequency) in
SMARCALI-knockdown U20S cells (Fig 6B and 6C). In addition, when replication fork col-
lapse was induced by CPT treatment in U20S cells, we observed increased frequency of T-SCE
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Fig 5. Defect in replication fork regression increases abundance of C-circles and 5’ C-overhangs. (A) Western blot shows
efficiency of RPA2 knockdown by siRNA. B-actin was used as a loading control. U20S cells were collected 60h after transfection
with siRNA. (B) Abundance of C-circles in RPA2-depleted cells. Error bars represent the mean + SEM of three independent
experiments. Two-tailed unpaired student’s ¢-test was used to calculate P-values. “P<0.05, **P<0.01. (C) Abundance of 5’ C-
overhangs in RPA2-depleted cells. C-overhangs abundance was expressed as a ratio between the native and denatured signals.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007925 February 4, 2019 12/26


https://doi.org/10.1371/journal.pgen.1007925

o ®
@ : PLOS ‘ GENETICS Strand break-induced Replication fork collapse and ALT mechanism

Values were then normalized with C-overhangs in control cells (siNC) to obtain relative abundance. Experiments were repeated
three times and the mean + SEM was indicated. (D) Western blot shows efficiency of SMARCALLI (SM) knockdown by siRNA. B-
actin was used as a loading control. U20S cells were collected 60h after transfection with siRNA. (E) Abundance of C-circles in
SMARCALI1-depleted cells. Error bars represent the mean + SEM of three independent experiments. Two-tailed unpaired
student’s ¢-test was used to calculate P-values. “*P<0.01. (F) Abundance of 5° C-overhangs in SMARCALI1-depleted cells. C-
overhangs abundance was expressed as a ratio between the native and denatured signals. Values were then normalized with C-
overhangs in control cells (siNC) to obtain relative abundance. Experiments were duplicated and the mean of relative abundance
of C-overhangs was indicated. (G) Effects of Rad51 inhibitor B02 on abundance of C-circles. U20S cells were treated with B02
(27.4uM) for 24h. Error bars represent the mean + SEM of three independent experiments. Two-tailed unpaired student’s ¢-test
was used to calculate P-values. ***P<0.001. (H) Effects of Rad51 inhibitor B02 on abundance of 5’ C-overhangs. C-overhangs
abundance was expressed as a ratio between the native and denatured signals. Values were then normalized with C-overhangs in
control cells (siNC) to obtain relative abundance. Experiments were repeated four times and the mean + SEM was indicated.

https://doi.org/10.1371/journal.pgen.1007925.9005

(Fig 6D and 6E). These results supported the hypothesis that replication fork collapse at telo-
meres, which is rescued by replication fork regression-mediated process, leads to telomeric
recombination.

Rad51 plays a key role in both replication fork regression and telomeric recombination [19,
31]. When U20S cells were treated with B02, a specific inhibitor of Rad51 [62], telomeric
PCNA and RPA2 foci increased (S8A-S8D Fig), likely due to the accumulation of collapsed
replication fork [50]. Consistently, less fully synthesized telomeric DNA were detected (SS8E
Fig). After treatment with B02 for 4 days, short telomeres were accumulated in U20S cells
(SSF Fig).

Discussion

This study investigates the biogenesis of C-circles and C-overhangs in ALT cells. Evidence is
presented that C-circles and C-overhangs represent circularized lagging and broken leading
strands of telomeric DNA, respectively, and that their formation is tightly linked to strand
break-induced collapse of DNA replication forks in telomeric DNA in ALT cells. Although
replication fork regression and HR-mediated replication restart can rescue replication fork
collapse, the formation of C-circle and C-overhang on unresolved replication fork may repre-
sent a new manner for ALT cells to cope with unsuccessfully replicated telomeres and to main-
tain chromosome integrity.

Breaks in the C-Rich strand stimulate formation of C-circles and C-
overhangs

The results show that replication fork collapse leading to C-circles and C-overhangs can be
induced by exogenous agents that generate ssDNA or dsDNA breaks in telomeric DNA (zeo-
cin, CPT, VP16, MMS and CRISPR-Cas9 system). In addition, we found that endogenous
lesions occur preferentially in the C-rich strand of telomeres in ALT cells (Fig 3B). During rep-
lication progression, the C-rich strand templates leading strand DNA synthesis, while the G-
rich strand templates lagging strand DNA synthesis [63]. Replication fork collapse, induced by
a break or gap on the C-rich strand, has different consequences for leading and lagging replica-
tion (Fig 7). For leading synthesis, long single-stranded C-rich DNA remains unreplicated,
forming C-overhangs at the end of the chromosome; lagging strand synthesis still proceeds,
but would likely lead to “looping-out” during which the stalled replication fork is cut out and
cyclized to form C-circles [50]. The evidence supporting this model include: 1) C-circles are
primarily derived from the lagging strand, whereas C-overhangs are primarily derived from
the leading strand (Fig 1); 2) replication fork collapse, but not conventional replication fork
stalling, stimulates production of C-circles and C-overhangs (Fig 2); 3) endogenous breaks/
gaps are present in the C-rich telomeric strand and agents that introduce ssDNA breaks in the
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Fig 6. Telomeric HR is associated with replication fork regression. (A) Representative images showing C-strand (red) and G-strand
(green) of telomeres on sister chromatins that are visualized by CO-FISH (chromosome orientation fluorescence in situ hybridization)
assay. Yellow spot representing the occurrence of T-SCE was indicated by yellow arrows. (B) Representative images showing T-SCEs in
U20S cells depleted for SMARCALI. (C) Quantification of (B). The number of chromosomes scored (n) in three independent
experiments is indicated. Error bars represent the mean + SEM of three independent experiments. Two-tailed unpaired student’s ¢-test
was used to calculate P-values. **P<0.01. (D) Representative images showing T-SCEs in U20S cells treated with CPT. (E) Quantification
of (D). The number of chromosomes scored (n) in three independent experiments is indicated. Error bars represent the mean + SEM of
three independent experiments. Two-tailed unpaired student’s ¢-test was used to calculate P-values. **P<0.01.

https://doi.org/10.1371/journal.pgen.1007925.9006
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(C-overhang) remains unreplicated, whereas stalled lagging replication fork is cut out and cyclized to form C-circles. Fork regression
machinary including SMARCALI, SLX4 and Rad51 may restore collapsed replication fork, and thereby suppressing C-circle and C-
overhang formation. HR-mediated fork regression is based on the model proposed by Petermann and Helleday [31].

https://doi.org/10.1371/journal.pgen.1007925.9007

C-rich telomeric strand (i.e., MMS treatment and CRISPR-Cas9 (D10A)) stimulate formation
of C-circles and C-overhangs (Fig 3); 4) the formation of C-circles is NHE]-dependent
(S7 Fig).

Unsolved replication fork collapse leads to formation of C-circle and C-
overhang

Spontaneous telomeric DNA damage response and telomeric RPA2 foci are often observed in
ALT cells [40, 64]. We found that RPA2 accumulate in telomeric DNA of CPT-treated cells (Fig
4E and 4F) but not in HU- or aphidicolin-treated cells (S2A Fig), suggesting that replication fork
collapse, but not replication fork stalling, is the signal that recruits RPA2. Binding of RPA2 to
ssDNA activates the ATR pathway, leading to replication fork protection and restoration [23, 65].
DNA damage-induced replication fork collapse can be rescued by replication fork regression [48].
And, SMARCALL, which is activated by ATR-dependent phosphorylation, plays an essential role
in replication fork regression [66]. Indeed, it has been previously reported that the deficiency of
SMARCALLI leads to fragile telomeres [60]. Our results also demonstrated that components of
fork regression machinery including Rad51, SMARCALI and SLX4 are recruited to telomeres in
CPT-treated cells (Fig 4E-4L). This, however, does not exclude the possibility that the mechinary
other than fork regression might also be adopted to rescue collapsed replication fork. In fact, it
has been reported that translesion synthesis, which is composed of FANC], RAD18, "’"PCNA and
Poln, is engaged in bypassing DNA lesions on replication fork [67] [68].

Interestingly, depletion or inhibition of each component of fork regression machinery stim-
ulated formation of C-circles and C-overhangs (Fig 5). We thus proposed that endogenous
breaks/gaps in C-rich strand of telomeric DNA in ALT cells either induce replication fork col-
lapse, leading to C-circle and C-overhang structures, or, fork regression or other fork rescue
machinary restores the collapsed replication fork, and C-circle and C-overhang formation is
suppressed (Fig 7). In supporting this model, it has been recently discovered that SMARCALL1
loss-of-function mutations in cancers link to the ALT mechanism of telomere maintenance,
resulting in ultrabright telomeric foci and the generation of C-circles [69]. In additon, defi-
ciency of Poln, which is essential for translesion synthesis, increases replication stress at telo-
meres and stimulates the formation of C-circles [68].

Replication fork collapse and ALT mechanism

ALT cells are characterized by high frequency telomeric recombination [13]. It has been found
that a DNA damage at ALT telomeres triggers long-range movement and clustering, resulting
in homology-directed telomere synthesis between sister and non-sister chromatids [19, 70].
Here, we demonstrated that DNA strand break in the C-rich strand of the telomere leads to
replication fork collapse, followed by replication fork regression and telomeric HR (Fig 6).
Whether or not this recombination contributes to telomere elongation remains to be eluci-
dated. However, homologous searching and recombination could occur anywhere along the
telomere due to its repetitive nature, creating the possibility for telomere extension (Fig 7). In
the presence of Rad51 inhibitor B02, short telomeres accumulate (S8F Fig), supporting the
idea that Rad51-dependent HR promotes telomere extension. Furthermore, it is worth noting
that APBs accumulate in CPT-treated ALT cells (Fig 4). Therefore, replication fork collapse
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provokes multiple hallmarks of ALT, including telomeric HR, APBs, C-circles and C-over-
hangs. While C-circles and C-overhangs are associated with telomere trimming, telomeric HR
might contribute to telomere elongation. Additional studies are needed to understand how
these events are coordinated in order to maintain chromosome end integrity and telomere
length homeostasis in ALT cells.

Material and methods
Cell culture and treatment

U208, HEK 293T and VA13 cells were grown in Dulbecco’s modified Eagles’ medium
(DMEM) supplemented with 10% fetal bovine serum, 1% penicillin/streptomycin at 37°C in
5% CO,. Unless otherwise indicated, cell lines were treated with HU (2mM, Sigma) or aphidi-
colin (1ug/mL, Sigma) or zeocin (100ug/mL, Thermo Fisher) or CPT (0.25uM, MCE) or MMS
(0.25mM, Sigma) or VP-16 (10uM, Sigma) or ICRF-187 (50ug/mL, Selleck) or B02 (27.4uM,
EMD Millipore) or VE821 (10uM, MCE) or NU7441 (250nM, Selleck). Knockdown experi-
ments were performed with the Lipofectamine RNAIMAX Reagent (Thermo Fisher Scientific)
using following siRNA targets:
siNC/UUCUCCGAACGUGUCACGUdTAT/ACGUGACACGUUCGGAGAAATAT;
siRPA2-1/GGCUCCAACCAACAUUGUUATdT/AACAAUGUUGGUUGGAGCCATAT;
siRPA2-2/GCCUGGUAGCCUUUAAGAUdTAT/AUCUUAAAGGCUACCAGGCATJT; siS-
MARCAL1-1/CCAAGAGACACCAGCUCAUdTAT/
AUGAGCUGGUGUCUCUUGG dTdT;
siSMARCAL1-2/UUGCUAAGAAGGUCAAAGCATAT/
GCUUUGACCUUCUUAGCAAJTAT. Cells were collected 60h after transfection for
experiments.

Plasmid construction

Lenti-CRISPRv2 (Addgene plasmid # 52961) was used in this study [71]. Scaffold sequence of
sgRNA was modified to

5-NNNNNNNNNNNNNNNNNNGUUUAAGAGCUAUGCUGGAAACAGCAUA GCA
AGUUUAAAUAAGGCUAGUCCGUUAUCAACUUGAAAAAGUGGCACCGAGUCGGU
GCUUUUUUU-3, as previously described [58, 72]. sgSCR (5'-TGCTCCGTGCATCTGGCA
TC-3°), sgTel (5-GTTAGGGTTAGGG TTAGGGTTA-3’) [58] were cloned as described pre-
viously [73]. Cas9 mutations, including D10A and dead-nuclease (D10A, H840A), were con-
structed by mutagenesis kit (Fast Mutagenesis System, Transgen Biotech). The transfection
was carried out with Lipofectamine 2000 Reagent (Thermo Fisher Scientific).

Cell cycle synchronization and BrdU labeling

U20S cells were synchronized at G1/S by "double thymidine block” method as described pre-
viously [42]. Briefly, exponentially growing U20S cells were blocked with 2mM thymidine for
19h, washed three times with prewarmed PBS and released into fresh medium for 10h, and
then blocked again with 2mM thymidine for another 14h. For 5-bromo-2-deoxyuridine
(BrdU, Sigma) labeling, cells were incubated with fresh medium containing 100uM BrdU for
12 h after release from G1/S. FACS analysis was carried out as described previously [42].

Genomic DNA purification and enzyme digestion

All genomic DNA was extracted and purified using AxyPrep Blood Genomic DNA Miniprep
Kit (Axygen) according to manufacturer’s instructions. DNA concentration was measured by
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Nanodrop-2000. For 2D agarose gel analysis, 10ug DNA was digested overnight at 37°C with
10U HinfI (Thermo Fisher), 10U Rsal (Thermo Fisher) and 2ug/mL RNase A (Takara). The
reaction was terminated with EDTA and analyzed by 2D agarose gel electrophoresis. 30U
RecJf (New England Biolabs) was added for removing 5’ single-stranded DNA.

For internal gaps/nicks analysis, 5ug genomic DNA was digested overnight at 37°C with 5U
HinfI (Thermo Fisher), 5U Rsal (Thermo Fisher) and 1ug/mL Ribonuclease A (RNase A,
Takara) and purified with QIAquick PCR Purification kit (Qiagen). Purified DNA were
digested with or without 200U Exonuclease III (New England Biolabs) overnight at 37°C, and
then subjected to 0.7% agarose gel electrophoresis and in gel hybridization.

CsCl gradient ultracentrifugation

CsCl gradient ultracentrifugation and DNA purification were performed as described previ-
ously [5, 42]. DNA was purified and dissolved in 60uL ddH20O. One half of each sample was
incubated with Rec]f prior to analysis by 2D agarose gel electrophoresis.

C-circle assay

C-circle assay was performed as described previously [37]. The concentration of genomic
DNA was determined by fluoremetry based method (Qubit 3.0 Fluorometer, Thermo Fisher
Scientific). Exactly the same amount of genomic DNA was input for C-circle assay (30ng for
U208, 100ng for HEK 293T and VA13 cells). Each assay was repeated three times to obtain
the quantitative result. To determine C-circles in CsCl fractions, 1uL of each fraction was incu-
bated in 40yuL reaction containing 19uL ddH20 and 20pL C-circle amplification master buffer
(0.2mg/mL BSA, 0.1% Tween 20, ImM dATP, dGTP and dTTP each, 1x ®29 Buffer and 7.5U
@29 DNA polymerase (Thermo Fisher)) for 8h at 30°C, and then subjected to slot-blot and
hybridization with C-probe.

Neutral-Neutral two-dimensional gel electrophoresis

Neutral-Neutral 2D agarose gel electrophoresis was performed as described previously [74,
75]. Briefly, enzyme digested DNA samples were loaded into a 0.4% agarose gel for first dimen-
sion and electrophoresis was performed at 1V/cm for 12 h at room temperature in TBE bulffer.
Lanes were excised, soaked in TBE containing 0.3pg/mL ethidium bromide (EB) (Sigma) for
30min, embedded in 1% agarose gel containing EB. Second dimension electrophoresis was
performed at 4°Cfor 6 h at 3V/cm. The gel was then dried at room temperature by vacuum
drier, and hybridized with G-/C-probe under native or denatured condition.

Telomere restricted fragment (TRF) assay

The telomere length assay was performed as previously described [42]. 5ug genomic DNA was
digested overnight at 37°C with 5U HinfI (Thermo Fisher), 5U Rsal (Thermo Fisher) and 1ug/
mL RNase A (Takara). Digested DNA samples were subjected to conventional 0.7% agarose
gel in TAE buffer at 2V/cm for 16h at room temperature. The gel was dried at 42°C with vac-
uum drier, and hybridized with C-probe.

Immunofluorescence-fluorescence in situ hybridization (IF-FISH)

IF-FISH was performed as previously described [50, 58].

Fluorescent probe is Cy3-(TTAGGG); (Panagene). Primary antibodies include anti-53BP1
(Novus Biologicals), anti-RPA2 (EMD Millipore), anti-PCNA (Genetex), anti-PML (Santa
Cruz), anti-SMARCALL (Santa Cruz), anti-SLX4 (Novus Biologicals), anti-pDNA-PKcs
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(52056) (Abcam) and anti-Rad51 (Santa Cruz). Secondary antibodies include DyLight488 con-
jugated anti-rabbit (Multisciences), DyLight488 conjugated anti-mouse (Multisciences).

Chromosome orientation fluorescence in situ hybridization (CO-FISH)

The telomeric sister chromatid exchange (T-SCE) was determined by CO-FISH, which is per-
formed as described previously [58, 76]. Fluorescent probes are Cy3-(TTAGGG); (Panagene)
and FITC-(CCTAAA); (Panagene).

Alkaline constant-field gel electrophoresis (alkaline plug assay)

The alkaline constant-field gel electrophoresis was performed as described previously
described [77]. Brietly, 1x10° cells were rinsed with 1xPBS, resuspended in 50ul 0.7% 45°C
pre-warmed agarose (made with 1xTE, pH 8.0), and solidified in 1ml decapitated injector.
Agarose plugs were incubated in fresh-made lysis-buffer (30mM Tris-HCI pH8.0, 300mM
NaCl, 25mM EDTA, 0.5% SDS, 0.1mg/ml Protease K, 0.1mg/ml RNase A) overnight. The
plugs were then denatured in 100mM NaOH with 1mM EDTA, placed into the wells of 0.7%
alkaline agarose gel (50mM NaOH with ImM EDTA) and sealed with 0.7% alkaline agarose
gel. Electrophoresis was carried out at 1V/cm for 12h at 4°C. The gel was subjected to in gel
hybridization with telomeric probe.

In gel hybridization

In-gel hybridization was performed as described previously [50, 78]. For native in gel hybrid-
ization, gels were hybridized in Denhart’s hybridization buffer with **P-labeled C-/G- telo-
meric probe. The telomeric probes were prepared as described previously [79]. Gels were
washed 3 times with 2xSSC and 0.5% SDS, exposed to PhosphorImager screen (GE Health-
care) and scanned on Typhoon imager (GE Healthcare). Image Quant software was used for
data analysis. For denatured in-gel hybridization, gels were denatured with 0.5 M NaOH, neu-
tralized with 1 M Tris-HCI (pH 8.0) and then followed the procedure for native hybridization.

Western blot

Western blots were performed with antibodies against Flag (Monoclonal ANTI-FLAG M2
antibody, F1804, Sigma), SMARCALI (Santa Cruz), RPA2 (EMD Millipore), or B-actin
(Proteintech).

Statistical analysis

Two-tailed unpaired student’s ¢-test was used for statistical analysis (Graphpad Prism). Error
bars represent the mean+ SEM of three biological repeats/independent experiments. * P<0.05,
** P<0.005, *** P<0.001.

Supporting information

S1 Fig. C-circles and C-overhangs formation is associated with telomere replication. (A)
Examination of ¢29 DNA polymerase dependent C-circle assay. 100ng U20S genomic DNA
was subjected to C-circle assay in the presence or absence of ¢29. Error bars represent the
mean + SEM of three independent experiments. Two-tailed unpaired student’s t-test was used
to calculate P-values. **P<0.01.

(B) Standard curve of C-circle assay. 0, 25, 50, 100, 200ng U20S genomic DNA were input for
C-circle assay. Error bars represent the mean + SEM of three independent experiments. Data
were analyzed by linear regression.
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(C) C-overhangs are sensitive to Rec]f, but resistant to Exo I. U20S gDNA was digested with
Rec]Jf or Exo I, subjected to 2D gel analysis. 5 C-overhangs are indicated by red arrows.

(D) 5” C-overhangs are predominantly present on leading synthesized telomeres. Related to
Fig 1H. U20S cells was pulse-labeled by BrdU for 6hrs after G1/S release. Leading, lagging and
unreplicated telomeres were isolated by CsCl gradient ultracentrifugation (data not shown),
and subjected to 2D gel analysis. C-overhangs were detected by hybridizing with G-probe
under native and denatured condition. 5° C-overhangs are indicated by red arrows.

(PDF)

S2 Fig. Replication fork stalling caused by HU or aphidicolin doesn’t lead to enrichment of
RPA2 or DNA damage foci at telomeres. (A) HU or aphidicolin treatment (24 h) doesn’t
cause increase of RPA2 foci at telomere in U20S. More than 100 cells were quantified for each
experiment. Error bars represent the mean + SEM of three independent experiments. Two-
tailed unpaired student’s t-test was used to calculate P-values. ns: not significant.

(B) HU or aphidicolin treatment (24 h) doesn’t induce TIFs (telomere dysfunction induced
foci) in U20S. 53BP1 was used as an indicator of DNA damage response (DDR). U20S cells
treated with zeocin for 24h were used as a positive control. Telomeric 53BP1 foci were ana-
lyzed by IF-FISH. More than 100 cells were analyzed for each experiment. Error bars represent
the mean + SEM of three independent experiments. Two-tailed unpaired student’s t-test was
used to calculate P-values. ns: not significant. **P<0.01.

(PDF)

S3 Fig. DNA damage induced replication fork collapse during S phase provokes formation
of C-circles and 5’ C-overhangs. (A) G-overhangs were not altered in U20S cells treated with
HU or aphidicolin (Aphi). Cells were treated for 24hrs, genomic DNA were purified and sub-
jected to 2D gel analysis. G-overhangs are indicated by blue arrows. Values were then normal-
ized with G-overhangs in untreated cells (Ctrl) to obtain relative abundance. Experiments
were duplicated and the mean of relative abundance of G-overhangs was indicated.

(B) Zeocin or CPT treatment (24 h) leads to decrease of G-overhangs in U20S (related to Fig
2D and 2F). Values were then normalized with G-overhangs in untreated cells (Ctrl) to obtain
relative abundance. Experiments were duplicated and the mean of relative abundance of G-
overhangs was indicated.

(C) Schematic for zeocin treatment of U20S cells during G1 or mid-S phase. U20S cells were syn-
chronized at G1/S with double thymidine. Cells were treated with zeocin/DMSO during G1 phase
(end of second thymidine block) or during S phase (after 4hrs release from G1/S) for 2hrs.

(D) FACS analysis of U20S cells treated with DMSO or zeocin during G1 or mid-S phase.

(E) and (F) Zeocin treatment during mid-S phase produces more C-circle and 5 C-overhangs
than treatment during G1 phase. Error bars represent the mean + SEM of three independent
experiments.

(G) Zeocin or CPT treatment leads to increase of C-circle in VA13 cells. Error 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.

(H) Zeocin and CPT treatment leads to increase of 5 C-overhangs in VA13 cells. C-overhangs are
indicated by red arrows. Values were then normalized with C-overhangs in untreated cells (Ctrl)
to obtain relative abundance. Experiments were duplicated and the mean of relative abundance of
C-overhangs was indicated.

(PDF)

S4 Fig. Replication fork collapse but not fork stalling induces the formation of C-circles
and 5’ C-overhangs. (A) VP-16 (Topo II poisoner) but not ICRF-187 (Topo II inhibitor) leads
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to increase of C-overhangs in U20S cells. Genomic DNA from VP-16 or ICRF-187 treated
U20S cells were digested with restriction enzyme and subjected to 2D gel analysis. G-rich telo-
meric probe was used to detect C-overhangs. C-overhangs are indicated by red arrows.

(B) VP-16 or ICRF-187 treatment leads to decrease of G-overhangs in U20S cells. Same as in
(A) except that C-rich telomeric probe was used to detect G-overhangs. G-overhangs are indi-
cated by blue arrows.

(C) VP-16 but not ICRF-187 leads to increase of C-circles in U20S cells. Error 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.

(D)VP-16 but not ICRF-187 treatment (24h) leads to increase of C-overhangs in VA13 cells.
Genomic DNA from VP-16 or ICRF-187 treated VA13 cells were digested with restriction
enzyme, subjected to 2D gel analysis. G-rich telomeric probe was used to detect C-overhangs.
C-overhangs are indicated by red arrows. Values were then normalized with C-overhangs in
untreated cells (Ctrl) to obtain relative abundance. Experiments were duplicated and the mean
of relative abundance of C-overhangs was indicated.

(E) VP-16 treatment decreases G-overhangs in VA13. Same as in (D) except that C-rich telo-
meric probe was used to detect G-overhangs. G-overhangs are indicated by blue arrows.

(F) VP-16 but not ICRF-187 leads to increase of C-circles in VA13 cells. Error bars represent
the mean + SEM of three independent experiments. Two-tailed unpaired student’s t-test was
used to calculate P-values. ns: not significant. **P<0.01.

(PDF)

S5 Fig. CRISPR-Cas9 (sgTel) system inducing ssDNA break in C-rich strand stimulates
formation of C-circles and 5> C-overhangs in U20S. (A) Cells express flag-nuclease-deficient
CRISPR-Cas9 (dCas9), wild-type CRISPR-Cas9 (WT) or CRISPR-Cas9 with mutation at
RuvC domain (D10A). Western blot of flag showed expression level of indicated Cas9. B-actin
was used as a loading control.

(B) Cas9 (sgTel) introduces DNA breaks at telomere. Cells co-expressing indicated Cas9 and
sgTel were embedded in agarose plug, lysed and subjected to alkali electrophoresis and hybrid-
ization with telomeric C- or G-probe. While intact telomeres stay in plug, DNA fragments
released by breaks are able to migrate into the gel and detected by telomeric probe.

(C) Expression of wtCas9 or Cas9-D10A, but not dCas9 results in increase of C-circles. Error
bars represent the mean + SEM of three independent experiments. Two-tailed unpaired stu-
dent’s t-test was used to calculate P-values. ns: not significant. ***P<0.001.

(D) Expression of wtCas9 or Cas9-D10A, but not dCas9 leads to increase of C-overhangs. C-
overhangs are indicated by red arrows.

(PDF)

S6 Fig. Deficient replication fork regression promotes C-circles and C-overhangs forma-
tion. (A) Knocking down RPA2 (siRPA2) or SMARCALI (siSM) in U20S cells leads to
decrease of G-overhangs (related to Fig 5C and 5F). G-overhangs are indicated by blue arrows.
(B) B02 treatment (24hrs) results in decrease of G-overhangs in U20S (related to Fig 5I).

(C) Western blot shows knockdown efficiency of RPA2 or SMARCALL (SM) by siRNA in
VA13 cells. B-actin was used as a loading control.

(D) Knockdown of RPA2 (siRPA2) or SMARCALI (siSM) leads to increase of C-circles in
VA13 cells. Error bars represent the mean + SEM of three independent experiments. Two-
tailed unpaired student’s t-test was used to calculate P-values. **P<0.01, ***P<0.001.

(E) Knockdown of RPA2 (siRPA2) or SMARCALL (siSM) leads to increase of C-overhangs in
VAI13 cells.

(F) Knockdown of RPA2 (siRPA2) or SMARCALI (siSM) decreases G-overhangs in VA13
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cells.

(G) Inhibition of Rad51 by B02 (24 h) leads to increase of C-circle in VA13 cells. Error 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.

(H) Inhibition of Rad51 by B02 (24 h) leads to increase of C-overhangs in VA13 cells. Values
were then normalized with C-overhangs in untreated cells (Ctrl) to obtain relative abundance.
Experiments were duplicated and the mean of relative abundance of C-overhangs was indi-
cated.

(I) Inhibition of Rad51 by B02 (24 h) leads to decrease of G-overhangs in VA13 cells. Values
were then normalized with G-overhangs in untreated cells (Ctrl) to obtain relative abundance.
Experiments were duplicated and the mean of relative abundance of G-overhangs was indi-
cated.

(PDF)

S7 Fig. NHE] machinery is involved in the formation of c-circle. (A) pDNA-PKcs (52056)
was recruited to telomere upon CPT treatment. IF/FISH (Red: Cy3-TelG; Green: pDNA-PKcs
(52056)). U20S cells were treated with CPT for 24 h, DMSO treated cells were used as a con-
trol.

(B) Quantification of (A). Cells with more than two pDNA-PKcs(52056) foci at telomeres were
scored. More than 100 cells were quantified for each experiment. Error bars represent the
mean + SEM of three independent experiments. Two-tailed unpaired student’s t-test was used
to calculate P-values.**P<0.01.

(C) NU7441 (pDNA-PKcs (S2056) phosphorylation inhibitor) treatment leads to decrease of
C-circles in U20S cells. VE821 (ATR inhibitor) that is reported to decrease C-circles was used
as a control. Error bars represent the mean + SEM of three independent experiments. Two-
tailed unpaired student’s t-test was used to calculate P-values. **P<0.01, ***P<0.001.

(D) and (E) NU7441 has a limited effect on the abundance of C-/G-overhangs in U20S cells.
(PDF)

S8 Fig. Rad51 inhibition leads to telomere replication failure. (A) B02 treatment (24 h)
leads to increase of PCNA foci colocalized with telomeres.

(C) B02 treatment (24 h) leads to increase of RPA2 foci colocalized with telomeres.

(B) and (D) Quantification of (A) and (C). More than 100 cells were quantified for each experi-
ment. Error 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<0.001.

(E) BO2 treatment suppresses telomere synthesis. G1/S synchronized U20S cells were released
into BrdU containing medium for 9 h in presence or absence (Ctrl) of B02. Genomic DNA
was purified and subjected to CsCl gradient ultracentrifugation and slot blot analysis using
telomere specific probes.

(F) BO2 treatment results in the accumulation of short telomeres in U20S. U20S cells were
treated with B02 for 0, 2 or 4 days and then subjected to TRF assay.

(PDF)
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