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Mammalian CST (CTC1-STN1-TEN1) is a telomere-associated complex that functions in telomere duplex replication
and fill-in synthesis of the telomeric C-strand following telomerase action. CST also facilitates genome-wide replication
recovery after HU-induced fork stalling by increasing origin firing. CTC1 and STN1 were originally isolated as a DNA
polymerase a stimulatory factor. Here we explore how CST abundance affects recovery from drugs that cause different
types of DNA damage and replication stress. We show that recovery from HU and aphidicolin induced replication stress
is increased by CST over-expression. Elevated CST increases dNTP incorporation and origin firing after HU release and
decreases the incidence of anaphase bridges and micronuclei after aphidicolin removal. While the frequency of origin
firing after HU release is proportional to CST abundance, the number of cells entering S-phase to initiate replication is
unchanged by CST overexpression or STN1 depletion. Instead the CST-related changes in origin firing take place in cells
that were already in S-phase at the time of HU addition, indicating that CST modulates firing of late or dormant origins.
CST abundance also influences cell viability after treatment with HU, aphidicolin, MMS and camptothecin. Viability is
increased by elevated CST and decreased by STN1 depletion, indicating that endogenous CST levels are limiting.
However, CST abundance does not affect viability after MMC treatment. Thus, CST facilitates recovery from many, but
not all, forms of exogenous DNA damage. Overall our results suggest that CST is needed in stoichiometric amounts to
facilitate re-initiation of DNA replication at repaired forks and/or dormant origins.

Introduction

Although genomes must be duplicated efficiently and with
high fidelity, DNA replication is a complex process that is easily
blocked by obstacles such as DNA damage and naturally occur-
ring chromosomal structures. Failure to restart replication leads
to collapse of the replication fork with formation of double-
strand breaks, unwanted recombination intermediates and the
risk of incomplete genome replication.1,2 To avoid such deleteri-
ous events, cells have evolved various mechanisms to deal with
replication blocks. These include the use of additional proteins
to aid passage of the replication fork,3 the ATR-mediated check-
point pathway to help prevent fork collapse4 and the use of
backup or dormant origins to ensure that replication forks can
traverse all regions of the genome.5

Telomeres form a natural replication barrier due to their
repetitive DNA sequence and chromatin structure.3,6 Conse-
quently, efficient replication of the telomeric duplex requires the
assistance of accessory factors such as helicases and nucleases in

addition to the conventional replication machinery.3 Depletion
of these accessory factors leads to defects in telomere structure
and/or telomere loss. Recent studies have identified the mamma-
lian CTC1-STN1-TEN1 (CST) complex as a key accessory fac-
tor that functions in several aspects of telomere replication.7-13

Mammalian CST resembles the Cdc13-Stn1-Ten1 complex
from Saccharomyces cerevisiae (ScCST) in that the STN1 and
TEN1 subunits are similar in structure, both complexes bind
ssDNA, localize to telomeres and participate in telomere repli-
cation.7,14-20 During telomere replication, ScCST regulates
telomerase-mediated elongation of the 30 G-rich strand and
coordinates subsequent fill-in synthesis of the complementary
C-strand.21-24 ScCST also functions in telomere protection by
preventing degradation of telomeric DNA by nucleases.25

Mammalian CST does not appear to participate in telomere
protection but instead plays a wider role in DNA replication.
During telomere replication, CST initially facilitates duplica-
tion of the telomere duplex DNA then later participates in
C-strand fill-in following telomerase action.8-12 Unexpectedly,
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CST was also found to help resolve replication stress in non-
telomeric regions after treatment with hydroxyurea (HU) to
induce genome-wide replication fork stalling.11 CST-depleted
cells exhibited less efficient restart of DNA synthesis after HU
removal and a concomitant decrease in firing of new replica-
tion origins. Currently the mechanism(s) by which CST pro-
motes replication at telomeres and elsewhere in the genome is
unknown, but since CTC1 and STN1 were originally identi-
fied as factors that enhance DNA polymerase a-primase proc-
essivity and affinity for ssDNA templates, modulation of pol
a activity seems a likely pathway.26,27

CST is essential for human health as loss of function muta-
tions in CTC1 cause the neurological disorder Coats plus and
can also result in the telomere maintenance disorder dyskeratosis
congenita.28,29 Interestingly, several observations point to
CTC1/CST misregulation in some cancers. First, CTC1 gene
copy number is frequently increased in canine and human osteo-
sarcoma.30 Second, the Oncomine database indicates anomalous
expression of CTC1, STN1 and TEN1 mRNA in many tumors
and upregulation of gene expression is particularly striking in
ductal breast carcinomas.31-35 Abnormal expression of DNA
repair factors is common in many forms of cancer and can have
implications for patient prognosis and treatment.36-38 Upregula-
tion of certain repair proteins can decrease survival by increasing
the risk of metastasis and causing resistance to certain forms of
chemotherapy.39-41 Down regulation of DNA repair proteins is a
known risk factor for tumor formation.38,42 Thus, the presence
of abnormal CST levels in certain cancers could help guide treat-
ment and/or be an indicator of patient survival.

With this possibility in mind, we have now examined how
CST levels affect the cellular response to a variety of DNA-
damaging agents. We have used CST overexpression and CST/
STN1 depletion as complementary approaches to gain informa-
tion about the role of CST in recovery from replication stress
and hence the potential impact of CST misregulation in cancer
patients. Our results indicate that CST helps cells survive multi-
ple forms of DNA damage and that endogenous levels of CST
are limiting for recovery.

Results

Establishment of CST over-expressing cells
To examine the effect of CST over-expression on telomere

replication and genome-wide replication rescue, we established a
HeLa cell line that over-expressed the 3 subunit CTC1-STN1-
TEN1 complex (CST O/E) (Fig. 1). TEN1 was under control of
a tetracycline-inducible promoter while HA-tagged CTC1 and
FLAG-tagged STN1 were expressed constitutively. The parental
cells expressed the Tet-On transactivator (HeLa Tet-On). We
also made cell lines that overexpressed TEN1 or TEN1 C STN1
because prior knockdown experiments hinted that TEN1 might
function independently of STN1 and CTC1.13 We did not over-
express TEN1 C CTC1 because CTC1 depends on STN1 for
stability.9,27,43 Western blots with STN1 or TEN1 antibody
indicated a »16-fold increase in STN1 and an »8 fold increase

in TEN1 relative to control cells (Fig. 1A). Quantification of
CTC1 protein was not possible due to lack of a suitable antibody
however real time RT-PCR indicated a »40 fold increase in
CTC1 mRNA (Fig. 1B). The rise in protein level was likely less
than the increase in mRNA as the increase in STN1 and TEN1
mRNA (»70£ and »14£) significantly exceeded that of the
protein.

We confirmed by co-immunoprecipitation that HA-tagged
CTC1 and FLAG-tagged STN1 are competent for CST complex
formation. FLAG-STN1 was immunoprecipitated from CST-O/
E whole cell extracts using FLAG antibody-coupled beads and
eluted with FLAG peptide. Western blots with antibody to HA
and TEN1 indicated that HA-CTC1 and TEN1 co-purified with
FLAG-STN1 (Fig. 1C). We next examined whether growth rate
or cell cycle profile were affected by CST overexpression. No
changes were observed in cells over-expressing TEN1 alone,
STN1C TEN1 or all 3 CST subunits (Fig. 1D and E).

CST over-expression does not affect telomere maintenance
To address whether increased CST affects telomere replica-

tion, we first examined G-overhang status. Relative overhang
amount was assessed by in-gel hybridization of probe to telomeric
restriction fragments under non-denaturing conditions.12 Gels
were then denatured and re-hybridized with the same probe to
allow quantification of overhang signal relative to total telomere
signal (Fig. S2A and B). This analysis revealed no significant
change in overhang amount in CST O/E cells relative to the con-
trol cells. Thus, CST overexpression does not appear to affect
fill-in synthesis of the C-strand following G-strand elongation by
telomerase. An additional role for CST is in facilitating DNA
replication through the telomere duplex.10,11 This role is particu-
larly important in cells with long telomeres where CST loss of
function manifests as multiple telomere signals (MTS) on an
individual chromosome end when telomeres are visualized by
FISH.12 We looked for MTS in metaphase spreads from Tet-On
and CST O/E cells but the background level was very low and
there was no apparent change after CST over-expression (data
not shown). This observation fits with the Tet-On cells having
short telomeres (Fig. S2C). Likewise, CST overexpression caused
no measurable change in chromosome fusions, telomere loss or
any other telomere abnormality (data not shown).

It has been reported that CST may function in telomere
length regulation in HT1080 cells by suppressing telomerase
action.16 We therefore examined whether CST over-expres-
sion affects telomere length. Control Tet-On and CST-O/E
cells were cultured for 35–50 PD and genomic DNA isolated
at intervals for telomere length analysis. CST levels were
monitored throughout the culture period and cells were re-
sorted when necessary to maintain high levels of expression
(Fig. S1). Southern blot analysis of telomeric restriction frag-
ments revealed that CST overexpression has negligible effect
on telomere length as the median length in the control and
CST-O/E cells was maintained at »3.7 kb throughout the
time course (Fig. S2C). Overall our results indicate that the
CST complex is not a limiting factor for telomere mainte-
nance in HeLa cells.
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Elevated CST enhances recovery from replication stress
Given the genome-wide role for CST in recovery from repli-

cation stress, we asked whether CST over-expression could
enhance recovery from stress caused by nucleotide depletion or
partial polymerase inhibition. To examine recovery of DNA syn-
thesis after HU-induced nucleotide depletion, we treated control
Tet-On cells, TEN1, TEN1 C STN1, or CST-O/E cells with
HU for 2 hours to stall replication.11 The HU was then removed
and EdU was added to label cells that re-initiated replication.
Actively replicating cells were identified by immunofluorescence
and the EdU signal per nucleus was quantified11 (Fig. 2A and B).
In the absence of HU treatment, the percent of EdU positive cells
and the levels of EdU incorporation were similar in all 4 cell lines
indicating that there was no difference in the number of cells in
S-phase or in the rates of replication. This was also true for the
control cells and the TEN1 or TEN1 C STN1 over-expressing
cells after release from HU. In contrast, the CST-O/E cells exhib-
ited a »40% increase in EdU uptake per nucleus. Thus, recovery
of DNA synthesis after HU treatment is enhanced by an
increased level of the 3 subunit CST complex but not by elevated
TEN1 or TEN1 C STN1.

We previously observed that partial depletion of CTC1,
STN1 or TEN1 leads to an increase in DAPI-stained anaphase
bridges and micronuclei without a concomitant increase in

telomere fusions. As anaphase bridges and micronuclei can arise
from unresolved replication intermediates,44-46 our finding
suggested a role for CST in the resolution of replication stress at
natural replication barriers.11,13 To follow up on this possibility,
we examined whether CST overexpression could prevent the
formation of anaphase bridges and micronuclei after stalling of
replication forks with low doses of the polymerase inhibitor aphi-
dicolin. Control cells, CST-O/E cells and cells over-expressing
TEN1 or TEN1 C STN1 were grown with or without aphidico-
lin and then monitored for the percent of anaphase cells display-
ing anaphase bridges and frequency with which cells harbored
micronuclei (Fig. 2C–F). Although the HeLa Tet-On cell line
displayed a high basal level of anaphase bridges, as expected the
aphidicolin treatment caused a further increase. The basal level of
anaphase bridges in the 3 over-expression cell lines was similar to
the control and like the control cells, the TEN1 and TEN1 C
STN1 cells displayed an increase in bridges after aphidicolin
treatment. However, this increase in anaphase bridges was
completely rescued by CST overexpression. The background
level of micronuclei was also similar in the 4 cell lines and the
control Tet-On, TEN1 and TEN1 C STN1 cells showed a simi-
lar increase in micronuclei in response to aphidicolin. However,
this was partially rescued by over-expression of the 3 subunit
CST complex. Since the anaphase bridges and micronuclei

Figure 1. Characterizing the CST overexpression cell line (CST-O/E). (A) Western blots with STN1 or TEN1 antibody showing levels of over-expression in
CST-OE cells relative to Tet-On control. Amount of cell lysate (ng protein) is shown above each lane. *indicates cross-reacting band. (B) RT-qPCR of CTC1,
STN1 and TEN1 mRNA levels. Levels are relative to control Tet-On cells with normalization to GAPDH (mean § SEM, n D 3 experiments). (C) Western blot
of FLAG-STN1 immunoprecipitate showing co-purification of HA-CTC1 and TEN1. (D) Analysis of DNA content by FACS shows normal cell cycle profile in
CST, TEN1 and TEN1 C STN1 over-expressing cells. (E) Representative growth curves for the indicated cell lines (mean § SEM, n D 3 experiments). Cells
were counted in triplicate for each time point.
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observed after aphidicolin treatment are not generally caused by
telomere fusions or a specific failure in telomere replica-
tion,10,11,47 our results again indicate that CST-overexpression
enhances resolution of replication stress genome-wide. Overall,
our findings indicate that recovery from HU and aphidicolin
induced replication fork stalling depends on the 3 subunit CST
complex and in HeLa cells the endogenous level of CST is limit-
ing for this recovery.

Elevated CST increases origin firing after HU-induced
fork stalling

We previously demonstrated that STN1 depletion impedes
recovery from HU treatment by causing a decrease in origin firing
rather than by affecting fork restart.11 To explore whether CST
over-expression enhances recovery from HU treatment through
the same mechanism, we used DNA fiber analysis to directly
examine DNA replication events at the molecular level (Fig. 3).
Control Tet-On and CST-O/E cells were labeled with IdU for
20 min, replication was then stalled by addition of HU for
2 hours. The cells were released into media containing CIdU for
25 min, harvested, lysed on microscope slides and the DNA fibers
spread by hydrodynamic flow as previously described.11 The
labeled DNA fibers were stained with antibodies to IdU and
CIdU, visualized by confocal microscopy and the replication
events quantified (Fig. 3B–D). Examination of the red-only (IdU)
tracks which correspond to fork termination and fork stalling
events, revealed a similar increase after HU treatment in the con-
trol and CST-O/E cells indicating that elevated CST did not affect
the frequency with which stalled replication forks were able to re-
start. However, CST overexpression caused a significant increase
in green-only (CldU) tracks which correspond to origin firing after
HU release. This increase in new origin firing was accompanied by
a modest but not statistically significant decline in elongating forks
(red-green tracks). Thus, it appears that the ability of cells to
recover from HU-induced fork stalling is directly related to the
role played by CST in enhancing origin firing.

CST promotes firing of late or dormant origins
Although our DNA fiber studies demonstrated that CST lev-

els determine the frequency of origin firing after release from

Figure 2. CST overexpression rescues the effects of replication stress.
(A and B) Replication restart after release from HU. CST, TEN1, STN1 C
TEN1 over-expressing cells were treated with HU for 2 h, released and
then labeled with EdU for 30 min. (A) Images showing EdU uptake.
Green, EdU; Blue, DAPI (B) Quantification of EdU uptake. Levels are rela-
tive to EdU incorporation by control Tet-On cells after release from HU
(mean § SEM, n D 3 experiments, p-values are indicated). (C-F) Cells
were treated with 0.2 mM aphidicolin for 16 h (C and D) or 10 h
(E and F) to induce formation of anaphase bridges and micronuclei.
(C) Representative images of cells with (bottom) or without (top) ana-
phase bridges. (D) Quantification of the percentage of anaphase cells
with bridges (mean § SEM, n D 3 experiments, p-values are indicated).
(E) Images of cells with (bottom) or without (top) micronuclei. The arrow
points to a micronucleus. (F) Quantification of the percent of cells with
micronuclei (mean§ SEM, n D 3 experiments, p-values are indicated).
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HU, it remained possible that the altered origin firing merely
reflects a cell cycle effect of CST depletion11 or over-expression
(this publication). Since HU blocks the cell cycle at the G1/S
boundary, CST levels might determine the rate at which cells
enter S-phase after HU removal and hence how quickly they ini-
tiate firing of early origins.

To assess whether CST levels have such an effect on cell cycle
entry, we devised an approach based on EdU and PCNA labeling
to differentiate between cells newly entering S-phase after HU
removal versus those that had entered S-phase prior to HU addi-
tion (Fig. 4A). We then compared the number of control cells vs.
CST-overexpressing cells entering S-phase after HU release. We
also performed the experiment with the STN1-depleted cell line
(shSTN1–7) used in our previous analysis of origin firing.11 For
the latter experiments, we included control cells expressing a

non-targeting shRNA (shNT) or STN1 shRNA plus a rescuing
FLAG-tagged sh-resistant STN1 allele (shSTN1–7 Res). All cell
lines were characterized previously11 and STN1 protein was
barely detectable in the shSTN1 cells (Fig. S3).

To distinguish between the cells entering S-phase from those
that were already in S-phase, cells were pre-labeled with EdU for
30 min prior to HU addition. The presence of chromatin-bound
PCNA was then used as a marker for cells that were in S-phase
30 or 60 min after release from HU. Cells with EdU and/or
PCNA staining were detected by flow cytometry (Fig. 4). Cells
with PCNA labeling but no EdU labeling represented the frac-
tion of cells that had accumulated at the G1/S boundary during
the HU treatment and then entered S-phase when the HU was
removed (Fig. 4A and B). As shown in Figure 4B–D,
a similar fraction of cells entered S-phase (PCNA-only) after the
release from HU in the control, STN1-depleted and CST over-
expressing cell lines. This finding supports previous analyses indi-
cating that our shSTN1 and CST-OE cell lines show a normal
cell cycle distribution (Fig. 1D and11). Hence, the change in ori-
gin firing observed in response to altered levels of CST/STN1
cannot be explained merely by differences in the number of cells
entering S-phase to initiate DNA replication. Instead, it implies
that CST affects origins in cells that were already in S-phase at
the time of HU addition. In which case, the affected origins
would be late firing origins or dormant origins. The above con-
clusion is supported by our DNA fiber data11 (Fig. 3) where
essentially all the fibers used to score new origins (green, CldU-
labeled tracks) lay adjacent to fibers with red/green tracks indicat-
ing elongating forks. Regions of the slide that had only green
tracks were excluded from the analysis as they likely arose from a
cell entering S-phase which only incorporated CldU and thus
were unsuitable for analysis of fork restart. Thus, since the red/
green tracks originated from cells that were in S-phase during the
IdU labeling period, the adjacent scored origins were mostly
from cells that had entered S-phase prior to HU treatment, again
indicating that they correspond to dormant or late firing origins.
Given that recovery from HU treatment is known to increase fir-
ing of dormant and late origins,48,49 our finding strongly support
a role for CST in modulating the firing of these origins in
response to replication stress.

CST levels determine sensitivity to a variety of DNA
damaging agents

Although HU treatment was used to demonstrate the
genome-wide role of CST in recovery from replication stress,11,13

the long term effect of HU on cells with altered levels of CST was
not determined. We therefore examined the viability of both
CST over-expressing cells and STN1 depleted cells after 4–20 h
HU treatment. Cells were treated with 2 mMHU to fully inhibit
DNA replication,11 then returned to fresh medium for 24 h
prior to analysis by MTT assay (Fig. 5A). All the cell lines tested
showed a decline in viability at the longer treatment times which
is consistent with the occurrence of replication fork collapse after
prolonged fork stalling.50 However, this decline was markedly
faster in the STN1-depleted cells and it occurred even after short
periods of HU treatment. In contrast, the CST-O/E cells showed

Figure 3. CST over-expression leads to an increase in new origin firing
following release from HU-induced fork stalling. (A) Schematic showing
the timing of HU treatment relative to IdU and CldU labeling. (B) Repre-
sentative images of DNA fibers. Red, IdU; green, CldU. (C) Graph showing
the percentage of the indicated types of track (Mean § SD, n D 3 experi-
ments, p-values are indicated). (D) Total number of tracks scored, num-
ber in brackets indicates the percentage of total tracks scored G, Green;
R, Red.
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a small but consistent increase in viability. These results indicate
that CST is important for cells to survive prolonged replication
fork stalling.

To further explore the importance of CST in recovery from
exogenous DNA damage, we asked whether CST helps cells sur-
vive treatment with drugs that damage DNA through different
mechanisms. Both CST-O/E and shSTN1 cells were treated with
increasing concentrations of the alkylating agent methyl metha-
nesufonate (MMS), the topoisomerase inhibitor camptothecin
(CPT), the DNA polymerase inhibitor aphidicolin and the DNA
cross-linker mitomycin C (MMC) (Fig. 5B and C). The cells
were allowed to recover for 24 h and then analyzed for viability
by MTT assay. The results were striking as the STN1 depleted
cells were considerably more sensitive to both MMS and CPT
than the control cells while the CST over-expressing cells were
less sensitive than the control. The resistance of the CST-O/E
cells to MMS and CPT was confirmed by colony formation assay

(data not shown). The
effects of aphidicolin
were less dramatic but
the shSTN1 cells again
showed lower viability
and the CST-O/E cells
had higher viability than
the control cells. In con-
trast, the response to
MMC was unaffected by
CST overexpression or
depletion. Thus, CST
facilitates recovery from
many, but not all, forms
of exogenous DNA
damage.

Discussion

Past analysis of the
genome-wide roles of
mammalian CST has
focused on the effect of
CST depletion on recov-
ery from HU-induced
replication fork stall-
ing.11,13 We have now
performed a broader
analysis to assess how
changes in CST abun-
dance affect recovery
both from HU and a
series of drugs that cause
different types of DNA
damage and thus elicit a
variety of repair and rep-
lication rescue pathways.
We show that the degree

of recovery from these agents is generally proportional to the
amount of CST in a cell as STN1 depletion renders cells more
sensitive to drug treatment while over-expression of the 3 subunit
complex confers resistance. We therefore conclude that endoge-
nous CST levels are limiting for its non telomeric role(s). In con-
trast, endogenous CST levels are sufficient for telomere
replication. The opposing response to CST/STN1 depletion ver-
sus overexpression following genome-wide DNA damage is strik-
ing and reminiscent of the effects of RPA exhaustion and
excess,51 suggesting that CST may also be needed in stoichiomet-
ric amounts to resolve replication stress.

Following HU treatment, CST abundance affects replication
recovery by modulating the frequency of origin firing. STN1
depletion decreases new origin firing11 while CST over-expression
increases origin firing relative to control cells (Fig. 3). Moreover,
most origins impacted by CST reside in cells that were in S-phase
prior to HU addition, indicating that CST promotes the firing of

Figure 4. Alteration in CST abundance does not change cell cycle entry following HU treatment. (A) Schematic showing
the experimental design. HeLa Tet-On or HeLa 1.2.11 cells were labeled with EdU, treated with HU for 2 h and then
released for 0, 30 or 60 min. Cells not treated with HU were used as a control. EdU and PCNA were then detected to
compare the fraction of cells entering S-phase (PCNA-only) relative to cells already in S-phase (PCNAC/EdUC) or just
exiting (EdUC) S-phase. (B) Examples of flow cytometry data after 60 min release from HU treatment showing the per-
cent of cells labeled with EdU and/or PCNA. Top: Control and CST overexpressing cell lines (HeLa Tet-On and CST-O/E);
Bottom: STN1 depleted (shSTN1–7 clone) and control sh non-target (shNT) and shSTN1 rescue (shSTN1–7 Res) HeLa
1.2.11 cells. Quadrants were created using control cells without EdU or PCNA staining. (C) Graphical representation of
the percent of cells entering S-phase (PCNA-only) (mean § SEM, n � 4 independent experiments).

www.landesbioscience.com 3493Cell Cycle

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
So

ut
h 

C
ar

ol
in

a 
] 

at
 0

8:
04

 0
8 

Ja
nu

ar
y 

20
15

 



dormant or late origins. The decrease in new origin firing after
STN1 depletion contrasts with the increase in origin firing seen
after depletion of the RTEL or BLM helicases.52,53 These helicases
act at the replication fork to help remodel stalled forks and resolve
recombination intermediates. Thus, the inverse relationship
between helicase level and frequency of origin firing is likely an
indirect effect of ATR signaling from unresolved structures at the
fork, which can stimulate firing of dormant origins in the same
replicon.49 Our finding that origin firing is proportional to CST
abundance suggests that CSTmay have a more direct effect on ori-
gin activation then RTEL or BLM. Given the ability of CST to
stimulate DNA pol a-primase activity, one possibility is that CST
responds to replication stress by aiding in polymerase recruitment
or activation at late or dormant origins.

The finding that CST levels impact the viability of cells fol-
lowing treatment with CPT, MMS, HU and aphidicolon but
not MMC is intriguing given the range of lesion caused by these
drugs and the varied degree of overlap in the subsequent repair
pathways. MMS mostly generates N7-methylguanine and N3-
methyladenine which are removed by base excision repair.54

However, during DNA replication both lesions block fork elon-
gation and the stalled forks are thought to collapse into DSB
which are repaired by homologous recombination (HR).55 CPT
inhibits topoisomerase I (TopI) resulting in formation of TopI-
DNA cleave complexes.56 These complexes block the replication
fork and, as with MMS, the stalled forks are converted into DSB
which are repaired by HR.57 While we cannot rule out a replica-
tion-independent role for CST in recovery from MMS damage,
the concentration of CPT used in this study primarily causes
cytotoxicity through inhibition of DNA replication.56 Moreover,
HU and aphidicolin act specifically at the level of DNA polymer-
ase through nucleotide depletion and polymerase inhibition
respectively. Thus, it seems likely that the effects of CST abun-
dance on viability after treatment with these drugs relates to its
role in replication.

The severity of the replication fork damage resulting from
MMS and CPT-induced lesions contrasts with the relatively min-
imal damage caused by short term HU or aphidicolin treatment.
The rapid resumption of replication after removal of HU or
aphidicolin indicates that the replisome must be largely
intact.11,52 In contrast, it would have to be re-assembled follow-
ing repair of a MMS or CPT-induced DSB, raising the possibil-
ity that CST helps establish DNA pol a at repaired forks in
addition to acting at late firing or domant origins.

It is unclear why recovery from MMC is not affected by CST
abundance given that the resulting intrastrand cross-links (ICL)
completely block the replication fork and their removal also
involves the formation of a DSB and repair by HR. However,
ICL repair is a complex process that involves the Fanconi anemia
signaling pathway and a number of additional steps beyond those
required to resolve MMS or CPT induced lesions.58 Thus, it is
possible that the mechanism used to re-establish replication dur-
ing ICL repair is also different.

A common feature of the drugs we used to test for response to
CST levels is that they all elicit an ATR-mediated S-phase

Figure 5. CST rescues cells from the cytotoxic effects of diverse DNA-
damaging agents. (A) Cells were treated with 2 mM HU for the indicated
times, released for 24 h and relative cell number determined by MTT
assay. Left panel, results from CST-O/E and Tet-On control cells. Right
panel, results from shSTN1 cells and shNT or shSTN1-Res control cells.
(B and C) Cells were treated with the indicated concentrations of methyl
methanesulfonate (MMS) for 8 h, camptothecin (CPT) for 16 h, aphidico-
lin (APH) for 8 h or mitomycin C (MMC) for 12 h, allowed to recover for
24 h and viability/proliferation measured by MTT assay. (B) Effect of
drugs on over-expressing cells (CST-O/E) or control Tet-On cells. (C) Effect
of drugs on shSTN1 or control shNT and shSTN1-Res cells. Each time
point was assayed in triplicate and the data are shown as the mean § S.
D from 3 or 4 independent experiments. For each cell line, the value of
the untreated sample was set at 1.
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checkpoint.4,59 Interestingly while MMC elicits the check-
point, ATR activation is via the Fanconi anemia core complex
rather than the canonical pathway involving Rad17.59-61 Thus,
our findings raise the possibility that the action of CST is
somehow linked to a specific aspect of ATR signaling. We pre-
viously showed that STN1 depleted cells exhibit a normal
ATR response to HU treatment as the level of Chk1 phos-
phorylation is similar to that of control cells as is the rate of
Chk1 dephosphorylation and loss of RPA foci after HU
release.11 We therefore question whether CST might help
resolve some aspect of the checkpoint reversal. Interestingly,
the inhibition of origin firing by ATR/Chk1 involves phos-
phorylation of pre-initiation complex components.62,63 Thus,
one role for CST might be to restore firing competency to
modified pre-initiation complexes.

Regardless of the actual mechanism of CST action, our work
shows that CST aids in recovery from a wide variety of DNA
damaging agents. The relationship between CST abundance and
cellular sensitivity to these agents is of direct medical relevance
because their derivatives and other DNA damaging agents are
commonly used in therapy. Functional CST levels may vary with
disease state and thus render therapy more or less effective. Since
Coats plus patients have partially inactive CST,64 treatment with
DNA damaging agents is likely to cause elevated damage and
may also result in stem cell depletion due to telomere loss. Con-
versely, the tumors of some cancer patients may have elevated
CST and hence be more resistant to IR and certain forms of che-
motherapy.30-35,65 Once antibodies suitable for immunohis-
tochemistry become available, it will important to screen tumor
samples to determine the frequency and level of CST expression
in different types of tumor.

Materials and Methods

Cell culture and establishment of CST over-expressing cells
HeLa Tet-On cells (Clontech), HeLa 1.2.11 and H1299 cells

were grown in RPMI with 10% FBS, antibiotics, and glutamine.
For stable TEN1 expression, HeLa Tet-On cells were transfected
with pTRE2-TEN1 plasmid, selected with 1 mg/ml hygromycin
and single colonies isolated. TEN1 mRNA expression was con-
firmed by real-time RT-PCR (RT-qPCR) after 24 h induction
with 1 ug/ml doxycycline. To create a stable cell line over-
expressing all 3 CST subunits, a single clone showing inducible
TEN1 expression was infected sequentially with retroviruses har-
boring pMIEG-FlagSTN1 and pMIT HA-CTC1. The viruses
encoded GFP or Thy1.1 downstream of the STN1 or CTC1
genes. Cells expressing GFP or Thy 1.1 were isolated by FACS.
Thy 1.1 detection was with APC-conjugated antibody. The CST
over-expressing cells were cultured periodically in hygromycin to
maintain TEN1 expression. CTC1 and STN1 levels gradually
declined after prolonged culture due to lack of selective pressure
so cells with high CTC1 and STN1 expression were re-isolated
every »20 PD. Re-isolation was performed by flow cytometry
based on GFP or Thy1.1 expression (Fig. S1).

Antibodies and Western blots
For TEN1 and STN1 detection, cells were lysed in Triton

lysis buffer (50 mM Tris pH 7.2, 150 mM NaCl, 1.5 mM
MgCl2, 1 mM DTT, 0.5 mM PMSF and 0.1% Triton X-100),
30 mg protein was separated by SDS-PAGE and transferred to
nitrocellulose membrane. Membranes were blocked with 1%
fish-gelatin and incubated with antibody to actinin (Santa Cruz;
1:50,000), HA (Cell Signaling 1:1000), Flag M2 (Sigma
1:1000), Histone H3 (Cell Signaling 1:2,500), TEN1 (1:500),13

and STN1 (1:1000)11 overnight then incubated with HRP-
conjugated secondary antibody (Thermo; 1:500) for 30 min and
developed using ECL Prime (GE Healthcare). Dilution series
were performed to confirm detection was in the linear range and
bands were quantified using Image J.

Co-immunoprecipitation
Cell lysates were prepared in NP-40 lysis buffer (50mM Tris

pH 8.0, 150mM NaCl, 1mM EDTA, 1 mM DTT, 1 mM
PMSF and 0.5% NP-40) supplemented with protease inhibitor
cocktail (Sigma). Immunoprecipitation was performed with anti-
Flag M2 affinity gel (Sigma) with incubation overnight at 4 �C.
Beads were washed 3 times with NP-40 lysis buffer, bound pro-
teins eluted with Flag peptide (200mg/ml) and analyzed by
Western blot.

Telomere length and G-overhang analysis
Genomic DNA was isolated by proteinase K digestion and

high salt precipitation.12 For telomere length determination,
DNA was digested with HinfI and MspI overnight then restric-
tion fragments were separated in 1% agarose gels. In-gel hybrid-
ization was performed using a (TA2C3)4 probe after denaturation
with NaOH. For G-overhang analysis, control samples were
treated with Exo1, the DNA was then digested with EcoRI and
samples were separated briefly in 1% agarose gels to keep the
telomeric restriction fragments in a tight band. In-gel hybridiza-
tion was performed under native conditions using (TA2C3)4
probe, the DNA was then denatured and the gel rehybridized
with the same probe. For each lane, the Exo1-resistant signal was
subtracted from the untreated non-denatured signal and the
resulting G-overhang signal was normalized for loading using the
signal from the denatured sample.

Replication restart
Cells were plated onto coverslips, grown overnight to »30%

confluency and then treated with 2 mM HU for 2 h as previ-
ously described.11 Cells were washed 3 times to remove the HU
and media with 50 mM EdU (Invitrogen) was added for 30 min.
The coverslips were then fixed with MeOH at ¡20�C for
10 min, processed using the Click-iT EdU AlexaFluor 488 Imag-
ing Kit (Invitrogen), and stained with 0.2 mg/ml DAPI. The
intensity of staining within individual nuclei was quantified using
Image J software.

Anaphase bridges and micronuclei
Cells plated on coverslips were treated with 0.2 mM aphidico-

lin for 16 h, washed with PBS and treated with 50 ng/ml
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nocodazole for 3 hours. They were again washed with PBS and
left in fresh media for 30–90 min prior to fixation in 3% formal-
dehyde for 10 min and staining with DAPI. To count micronu-
clei, cells were fixed directly after 10 hours aphidicolin treatment.

DNA fiber analysis
Cells were grown overnight and then labeled with 50 mM

IdU (Sigma) for 20 min. The control cells (¡HU) were then
washed and labeled with 100 mM CldU (Sigma) for 25 min.
The remaining cells were treated with 2 mMHU for 2 h, washed
and released into media with 100 mM CldU for 30 min. The
cells were harvested, used to prepare DNA fibers and the fibers
were stained as previously described.11 The fibers were visualized
with a Zeiss LSM710 confocal microscope at £630 magnifica-
tion. At least 150 fibers and 5 images were scored for each inde-
pendent experiment. Scoring of fibers was performed using
CASA software described previously.11

Analysis of S-phase entry
Cells were labeled with 50 mM EdU for 20 min, washed with

PBS and treated with 2 mM HU for 2 h. Cells were released
from HU and cultured for an additional 30 or 60 min in fresh
media. Control cells were collected immediately after EdU label-
ing (CEdU) or after HU treatment (CHU). Following collec-
tion, the cells were washed once with 5 ml of PBS, pre-extracted
with 0.5 ml of permeablization buffer (0.5% TritonX-100,
0.2 mg/ml EDTA, 1% BSA in 1£ PBS) for 15 min and then
immediately fixed with 5 ml of methanol at ¡20�C for 10 min.
5 ml of 1% BSA in PBS C 0.1% Tween-20 (PBST) was added
and the cells were pelleted at 1000 £ g for 5 min. Cells were
resuspended in 1% BSA in 1£ PBST and stored overnight at
4�C. Cells were incubated with PCNA antibody (PC-10, Santa
Cruz) for 1 hr, washed with 1% BSA in 1£ PBST and incubated
with Alexa-647 conjugated secondary antibody (Invitrogen) for
30 min. EdU was then detected by click chemistry with Alexa-
Fluor 488-Azide, as previously described.11 Following one wash
with 1% BSA in 1£ PBST, cells were treated with RNase for
15 min, the DNA stained with 7-AAD and the cells analyzed
with a FACSCalibur (BD Biosciences) to determine the number
of PCNA and/or EdU positive cells.

MTT assay
To monitor cell viability and proliferation, the tetrazolium

based MTT colorimetric assay was performed as described66 with
the following modifications. Cells were grown overnight in 24
well plates then treated with various drugs for the indicated time
and released into growth medium without drugs for an addi-
tional 24 h. The culture medium was then replaced by 1 mg/ml
MTT containing DMEM and left for 40 min at 37�C. The
medium was removed and DMSO was added and left for
15 min with shaking at room temperature to dissolve the forma-
zan crystals. The signal intensity was then measured with a
multi-well scanning spectrophotometer (Synergy MX, BioTek)
at 570 nm.

Statistical Analysis
The student’s 2-tailed unpaired t-test was used to determine

statistical significance and the resulting p-values are indicated in
the figures.
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