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Abstract. DNA damage-inducing agents are among the 
most effective treatment regimens in clinical chemotherapy. 
However, drug resistance and severe side effects caused by 
these agents greatly limit their efficacy. Sensitizing malig-
nant cells to chemotherapeutic agents has long been a goal 
of chemotherapy. In the present study, suppression of STN1, 
a gene important for safeguarding genome stability, potenti-
ated the anticancer effect of chemotherapeutic agents in tumor 
cells. Using multiple cancer cells from a variety of origins, 
it was observed that downregulation of STN1 resulted in a 
significant decrease in the half maximal inhibitory concentra-
tion values of several conventional anticancer agents. When 
cells are treated with anticancer agents, STN1 suppres-
sion leads to a decline in colony formation and diminished 
anchorage-independent growth. Furthermore, it was addition-
ally observed that STN1 knockdown augmented the levels of 
DNA damage caused by damage-inducing agents. The present 
study concluded that suppression of STN1 enhances the 
cytotoxicity of damage‑inducing chemotherapeutic agents by 
increasing DNA damage in cancer cells.

Introduction

Besides surgery and radiotherapy, chemotherapy is regarded 
as the most effective means of current clinical treatment 
for cancer. A large group of chemotherapeutic drugs target 
rapidly-dividing cancer cells by directly damaging genomic 

DNA, thereby inhibiting tumor growth (1,2). Cancer cells 
have high proliferation rates and replicate their DNA rapidly, 
making them highly susceptible to DNA damage, as replicating 
damaged DNA increases the likelihood of cell death (1,3). 
Commonly used drugs in this group include: Cisplatin, campto-
thecin, etoposide, bleomycin, doxorubicin and gemcitabine (1).

Despite the success of chemotherapy, drug resistance is a 
major obstacle to successful chemotherapy (4,5). Resistance 
to chemotherapy results in increased tumor growth and 
decreased patient survival. In addition, severe side effects 
resulting from adverse toxicity to non‑target tissues are often 
observed in patients (4,6). These drawbacks pose a significant 
impediment to the development of desired chemotherapy regi-
mens. A promising method of reducing severe side effects may 
be to develop approaches that sensitize cancer cells to current 
chemotherapies.

For chemotherapy that is based on inducing DNA damage, 
modulating DNA damage response or DNA repair is highly 
desirable for enhancement of the sensitivity of cancer cells 
to these therapies (4,7). This may be achieved by specifically 
targeting factors involved in damage response and DNA repair 
pathways. Previous studies have demonstrated that the CTS telo-
mere maintenance complex component 1 (CTC1)‑STN1‑TEN1 
(CST) complex may have a role in maintaining genome 
stability (8‑10). CTC1 and STN1 were originally identified as 
accessory factors of DNA polymerase alpha (Polα) and were 
named as AAF132 and AAF44, respectively (11). STN1 is 
also known as oligonucleotide/oligosaccharide-binding fold 
containing 1 (OBFC1) (12). Deficiencies in components of 
the CST complex induces DNA damage (8‑10), suggesting 
that CST may have an important role in safeguarding genome 
stability. It appears that such a role is particularly prominent in 
the presence of replication stress (9,10). After cells are treated 
with hydroxyurea, which depletes the nucleotide pool and 
induces replication stress, deficiency in CST leads to delayed 
recovery of stalled replication (9,10). It has been postulated 
that one significant function of the CST complex may be to 
promote efficient replication of difficult‑to‑replicate sequences 
throughout the genome, perhaps by facilitating efficient restart 
of stalled replication (8-10).

Several previous studies have demonstrated that CST also 
has a significant role in telomere protection (8‑10,13‑17). Telo-
meres are highly complex nucleoprotein structures located 
at the ends of linear eukaryotic chromosomes, which are 
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conserved in organisms ranging from unicellular eukaryotes 
to mammals (18,19). Human telomeres consist of tandem 
repeats of the sequence TTA GGG, which typically extend 
up to 10-15 kb. Potential functions of telomeres include 
prevention of chromosome degradation, end-to-end fusions, 
rearrangements and chromosome loss (18,20,21). In normal 
somatic cells, progressive telomere shortening occurs during 
each cell division (18,19). When telomere length becomes 
critically short, cells senesce and growth arrests. Cancer cells 
require mechanisms to maintain their telomeres in order to 
continue dividing indefinitely (18,22). Disruption of telomere 
maintenance in cancer cells prevents cells from uncontrolled 
proliferation (23). Approximately 85‑90% of cancer cells 
activate the telomerase gene, which utilizes its reverse tran-
scriptase activity to add telomere repeats at chromosome ends 
to counteract telomere shortening (18,19,24). Telomerase inhi-
bition or inactivation in telomerase‑expressing cancer cells 
drives telomere shortening, inducing growth arrest or death of 
tumor cells (18).

The CST complex binds to telomeres and is important 
for several aspects of telomere maintenance. It promotes 
efficient replication of telomeric DNA. RNA interference 
(RNAi)-mediated suppression of STN1 and CTC1 elevates 
defects in telomere replication, leading to increased telomere 
loss (8-10). CST interacts with Polα and is required for replen-
ishing the telomere C strand following replication. Loss of CST 
leads to elongated G-overhangs (9,16,25). In certain cancer cell 
lines, CST binds to single-stranded G-rich overhangs at telo-
mere ends and prevents telomerase from excessively extending 
telomere DNA (15).

The multiple significant functions of CST in maintaining 
genomic stability prompted the present study to postulate 
that suppression of CST may act synergistically with chemo-
therapeutic agents that induce genome instability, in particular 
to those agents that cause DNA damage. Using various cell 
proliferation assays, the present study observed that depletion 
of STN1 enhanced the cytotoxicity of bleomycin, camptoth-
ecin and etoposide in various cancer cells from diverse origins 
including the lung, breast and cervix. Comet assay addition-
ally revealed that STN1 suppression significantly elevated 
DNA damage levels in cells treated with damaging agents, 
suggesting that CST may have an important role in repairing 
DNA damage.

Materials and methods

Materials. The following chemotherapeutic agents were used: 
Camptothecin (Sigma-Aldrich, St. Louis, MO, USA), etoposide 
(Sigma-Aldrich), bleomycin (Sigma-Aldrich) and meso-tetra 
(N-methyl-4-pyridyl) porphine tetra tosylate (TMPyP4; EMD 
Millipore, Darmstadt, Germany). All agents were dissolved in 
dimethyl sulfoxide (DMSO) and stored under sterile condi-
tions at ‑20˚C in the dark. The vehicle (DMSO) was utilized 
as a control with a final concentration of <0.1%, which had no 
influence on cell growth.

Cell culture. Cells obtained from American Type Culture 
Collection (Manassas, VA, USA) were passaged in Dulbecco's 
modified Eagle's medium (DMEM; GE Healthcare Life 
Sciences, Logan, UT, USA) supplemented with 10% cosmic 

calf serum (GE Healthcare Life Sciences) at 37˚C in a 
humidified atmosphere containing 5% CO2 for <6 months. No 
antibiotics were added to the medium to avoid stress.

Antibodies. The following primary antibodies were 
utilized: Polyclonal rabbit anti‑OBFC1 (1:500 dilution; cat 
no. sc-135364; Santa Cruz Biotechnology, Inc., Dallas, TX, 
USA) and monoclonal mouse anti-β-actin (1:60,000 dilution; 
cat no. A2228; Sigma-Aldrich). The secondary antibody was 
horseradish peroxidase‑conjugated polyclonal goat anti‑mouse 
immunoglobulin (Ig)G (cat no. 554002; BD Biosciences, San 
Jose, CA, USA) or anti-rabbit IgG (cat no. PI-1000; Vector 
Laboratories, Inc., Burlingame, CA, USA).

RNAi. STN1 small hairpin (sh)RNA sequences targeting 
GCU UAA CCU CAC AAC UUA A (shStn1-2) (9) and GGA 
CUG CCA GAA ACC AAA T (shStn1-4) were cloned into 
pSIREN-retro-puro (Clontech Laboratories, Inc., Mounta-
inview, CA, USA). Control shRNA targeted luciferase and 
the sequence was CGU ACG CGG AAU ACU UCG A (shLuc) 
(Thermo Fisher Scientific, Inc., Waltham, MA, USA). Infec-
tion and selection were performed as previously described (9).

3‑(4,5‑dimethylthiazol‑2‑yl)‑2,5‑diphenyltetrazolium bromide 
(MTT) assay. MTT assay was employed to evaluate cell 
viability. Briefly, cells were seeded into 96‑well multiplates at 
a density of 1x104/ml. Following overnight incubation, cells in 
triplicate wells were treated with camptothecin, etoposide or 
bleomycin at the indicated concentrations (5, 50 and 500 nM) 
for 5 days, and subsequently incubated with 100 µl of 0.5 µg/ml 
MTT for an additional 4 h at 37˚C. MTT was subsequently 
removed, and DMSO was added to dissolve the resulting 
formazan crystals. The light absorption was measured at 
570 nm with a microplate spectrophotometer (BioTek Instru-
ments, Inc., Winooski, VT, USA). Effects of chemicals on cell 
survival were assessed by half maximal inhibitory concentra-
tion (IC50) values (the concentration resulting in 50% inhibition 
of cell growth).

Colony formation assay. H1299 shLuc, shSTN1-2 and 
shSTN1-4 cells, and HeLa shLuc, shSTN1-2 and shSTN1-4 
cells (2 days after puromycin selection) were seeded into 
6-well plates at a density of 100 cells/well and incubated over-
night. On the following day, cells were treated with various 
concentrations (500, 50 and 5 nM) of each testing drug 
(camptothecin, etoposide and bleomycin) at 37˚C. Identical 
treatments were repeated every 4 days. After 10 days of incu-
bation, the medium was removed and cell colonies were fixed 
and stained with crystal violet solution (0.1% crystal violet, 1% 
methanol and 1% formaldehyde). Colonies with >50 cells were 
counted and the percentage of drug-treated colonies relative to 
DMSO-treated control colonies was calculated.

Soft agar colony formation assay. Soft agar assays were 
performed in 6‑well plates. Equal volumes of 1.2% agar were 
mixed with 2X DMEM and 1 ml of this mixture was added 
into each well as the base layer. Plates were chilled at 4˚C 
until the agar solidified. Subsequently, 1x104 cells that were 
suspended in 1X DMEM containing a gradient concentration 
(5, 50, 500 nM) of drugs, and then mixed with equal volume of 
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0.7% agar. A total of 1 ml of the mixture was poured as the top 
layer. Once the growth layer congealed, cells were permitted 
to grow at 37˚C for 10 days and total colonies were counted 
and normalized against untreated cells.

Comet assay. DNA damage levels in wild-type and STN1 knock-
down cells following exposure to drugs were assessed using the 
comet assay. H1299 cells were treated with 1 µM of each testing 
agent for 6 h, while HeLa cells were treated with 3 µM of each 
agent for 8 h. Immediately subsequent to treatment, 10 µl cell 
suspension was mixed with 50 µl 0.5% low‑melting agarose, 
spread onto a Cometslide (Trevigen, Gaithersburg, MD, USA), 
and pre‑coated with 100 µl of 1% normal‑melting agarose. Cells 
were lysed by immersing the slides in a freshly prepared lysis 
solution [2.5 M NaCl, 100 mM ethylenediaminetetraacetic acid 
(EDTA), 10 mM Tris, 1% Triton X‑100, 10% DMSO; pH 10] at 
4˚C for 2 h. Following lysis, slides were washed 3 times in 1X 
phosphate-buffered saline and placed in a gel electrophoresis 
apparatus with freshly prepared electrophoresis buffer (1 mM 
EDTA, 300 mM NaOH; pH 13) for 25 min to allow DNA 
unwinding. Electrophoresis was subsequently performed at 
20 V with a starting current of 300 mA for 20 min. Subsequently, 
slides were neutralized with 0.4 M Tris (pH 7.5) 3 times, stained 
with 1X SYBR Gold solution (Thermo Fisher Scientific, Inc.), 
and viewed under an epifluorescence microscope (Axio Imager 
M2; Zeiss AG, Oberkochen, Germany). Data was analyzed and 
presented in terms of comet occurrence (% cells containing 
comets) and tail extent moment (tail length x tail intensity). 
Comets were scored visually without using analysis software, 
classifying them as belonging to one of five classes according to 
the tail intensity. Each comet class was given a value between 0 
and 4: A score of 0 indicated undamaged cells (i.e., no comet) 
while a score of 4 indicated maximum damage. The parameter 
‘comet occurrence’ was calculated from this classification 
and measured in arbitrary units. The comet occurrence was 
calculated using the following equation: [(% of cells in class 
0) x 0 + (% of cells in class 1 x 1 + (% of cells in class 2) x 2 + (% 
of cells in class 3) x 3 + (% of cells in class 4) x 4] / total cell 
number (26). Tail length and tail intensity were evaluated by 
OpenComet version 1.3 software (www.cometbio.org). A total 
of 100 cells per sample were selected from random fields and 
counted for comets. A single investigator analyzed all slides to 
minimize scoring variation.

Statistical analysis. Two-tailed Student's t-tests were performed 
in Microsoft Excel 97‑2003 (Microsoft Inc., Redmond, WA, 

USA) to calculate P-values. P<0.05 was considered to indicate 
a statistically significant difference.

Results

STN1 suppression enhances the cytotoxicity of commonly used 
chemotherapeutic reagents in various cancer cells. The CST 
complex has a significant role in telomere length control as well 
as in promoting efficient replication of difficult‑to‑replicate 
genomic sequences (8-10,15). Previously the present authors 
and others have demonstrated that suppression of CST in human 
cells results in increased staining of the phosphorylated form 
of histone H2A, member X in telomeric and non‑telomeric 
regions in the absence of exogenous damage (8,9), suggesting 
that CST deficiency may lead to genome instability. However, 
the DNA damage level induced by CST deficiency is insuf-
ficient to elicit marked growth defects in common cancer cell 
lines (9,10), suggesting that cancer cells may be able to tolerate 
low levels of DNA damage induced by CST deficiency. We 
hypothesize that, in the presence of exogenous DNA damaging 
agents, CST deficiency may augment DNA damage levels, 
therefore sensitizing cancer cells to damage‑inducing agents. 
To test this, the present study investigated the differences in 
the sensitivity between wild‑type and STN1‑deficient cells 
using the MTT assay. The present study focused on STN1, as 
a previous study indicated that STN1 is required for forma-
tion of the CST complex (27). In agreement with this, the 
present study also observed that CTC1 expression was reduced 
when STN1 was absent (data not shown). Using shRNA, the 
present study initially established cell lines with stable STN1 
depletion (Fig. 1). Cancer cell lines from various origins, 
including the H1299 human non-small lung carcinoma cell 
line, HeLa human cervical epithelial adenocarcinoma cell line 
and human breast adenocarcinoma cell line MDA-MB231, 
were infected with retroviruses expressing two distinct 
STN1 shRNAs (shStn1-2 and shStn1-4). Following selection, 
puromycin-resistant cells were collected and immediately 
treated with chemotherapeutic agents that are commonly 
used in clinical treatment. STN1 depletion was confirmed by 
western blotting (Fig. 1). A total of 4 chemotherapeutic agents 
were used: Camptothecin (CPT), etoposide, bleomycin and 
TMPyP4. Among them, CPT, bleomycin and etoposide are 
potent DNA damage inducers (28-33). TMPyP4 is a cationic 
porphyrin compound that binds to and stabilizes a particular 
DNA secondary structure known as G‑quadruplexes, which 
are formed by guanine residues through Hoogsteen hydrogen 

Table I. IC50 values of camptothecin, etoposide, bleomycin and TMPyP4 in H1299 cells with either STN1 knockdown or control.

  IC50 value, µM
 -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Cell type Camptothecin Etoposide Bleomycin TMPyP4

shLuc 0.57±0.01 0.43±0.29 7.10±1.60 8.65±0.44
shStn1-2 0.20±0.03 0.13±0.10 2.36±0.94 5.76±1.76
shStn1-4 0.18±0.17 0.11±0.06 3.07±0.92 5.14±1.39

IC50, half maximal inhibitory concentration; TMPyP4,  meso‑Tetra (N‑methyl‑4‑pyridyl) porphine tetra tosylate; sh, small hairpin; shLuc, 
shRNA targeting luciferase.
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bonding (34). Such stabilization creates prominent barriers to 
DNA replication that stall replication forks, which may even-
tually collapse, leading to DNA damage (35,36).

Following 5 days of exposure, the growth of H1299 shStn1‑2 
and shStn1-4 cells was remarkably inhibited by all four 
agents, with IC50 values two to three times lower compared 

with the shLuc control cells (Table I). When the HeLa and 
MDA-MB231 cell lines were investigated, a similar degree 
of chemosensitivity was observed (Tables II and III). There-
fore, STN1 knockdown reduced the survival of tumor cells 
following exposure to various damage‑inducing anti‑tumor 
agents, independent of cell type.

Figure 2. STN1 suppression enhances growth inhibition by various anticancer agents in the H1299 cell line. (A) Decreased colony formation of STN1 
knockdown cells following exposure to CPT, Etop, Bleo and TMPyP4. The colony formation rate was calculated by dividing the number of colonies formed 
by drug-treated cells by the number of colonies formed by untreated cells. Each drug was tested at 5, 50 and 500 nM. High concentrations of CPT or Etop (50 
and 500 nM) caused severe cell death and no colonies were formed. The results are representative of three independent experiments. Data are presented as the 
mean ± standard error. **P<0.01, *P<0.05. (B) Reduced anchorage‑independent growth ability of STN1 knockdown cells assessed by soft agar colony formation 
assay. Each drug was tested at 5, 50 and 500 nM. The results are representative of three independent experiments. Data are presented as the mean ± standard 
error. **P<0.01, *P<0.05. CPT, camptothecin; Etop, etoposide; Bleo, bleomycin; TMPyP4, meso‑Tetra (N‑methyl‑4‑pyridyl) porphine tetra tosylate; shRNA, 
small hairpin RNA; shLuc, shRNA targeting luciferase.

Figure 1. Western blot of STN1 knockdown showing STN1 expression in (A) H1299, (B) HeLa and (C) MDA‑MB231 cells. Cells were infected with a retrovirus 
expressing shRNAs and selected for puromycin resistance. After selection was completed, cells were pooled and subjected to western blotting. shRNA, small 
hairpin RNA; shLuc, shRNA targeting luciferase.

  A

  B

  C  B  A
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STN1 suppression diminishes colony‑formation ability and 
anchorage‑independent growth ability in the presence of anti‑
cancer agents. To additionally investigate the effectiveness of 
STN1 suppression on the survival and proliferation of cancer 
cells, the present study evaluated whether STN1 suppression 

affected the abilities of cancer cells to form colonies and to 
grow independently of anchorage using clonogenic and soft agar 
assays. In both assays, the same enhanced growth inhibitory 
effect was observed in H1299 (Fig. 2A and B) and HeLa (Fig. 3A 
and B) cells with STN1 suppression following drug treatment, 

Figure 3. STN1 suppression causes increased growth-inhibitory effects by various anticancer agents in the HeLa cell line. (A) Decreased colony formation 
of STN1 knockdown cells following exposure to CPT, Etop, Bleo and TMPyP4. The colony formation rate was normalized to untreated cells. Each drug was 
tested at 5, 50 and 500 nM. The results are representative of three independent experiments. Data are presented as the mean ± standard error. **P<0.01, *P<0.05. 
(B) Reduced anchorage-independent growth ability of STN1 knockdown HeLa cells assessed by soft agar colony formation assay. Each drug was tested at 
5, 50 and 500 nM. The results are representative of three independent experiments. Data are presented as the mean ± standard error. **P<0.01, *P<0.05. CPT, 
camptothecin; Etop, etoposide; Bleo, bleomycin; TMPyP4, meso-Tetra (N-methyl-4-pyridyl) porphine tetra tosylate; shRNA, small hairpin RNA; shLuc, 
shRNA targeting luciferase.

  A

  B

Table II. IC50 values of camptothecin, etoposide, bleomycin and TMPyP4 in HeLa cells with either STN1 knockdown or control.

 IC50 value, µM
 -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Cell type Camptothecin Etoposide Bleomycin TMPyP4

shLuc 0.51±0.06 0.60±0.13 2.78±0.56 7.41±0.95
shStn1-2 0.15±0.04 0.24±0.09 1.12±0.17 3.54±0.72
shStn1-4 0.23±0.07 0.22±0.05 1.29±0.39 3.11±1.04

IC50, half maximal inhibitory concentration; TMPyP4,  meso‑Tetra (N‑methyl‑4‑pyridyl) porphine tetra tosylate; sh, small hairpin; shLuc, 
shRNA targeting luciferase.
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compared with shLuc cells. In the clonogenic assay, cells were 
treated with a gradient concentration of 5, 50 and 500 nM of 
each drug for 10 days. In the absence of drug treatment, no 
significant growth defects were observed in H1299 or HeLa cells 
with STN1 knockdown compared with the shLuc control (data 
not shown). Colony formation was largely inhibited by drug 
treatment in all cells (Figs. 2A and 3A). Notably, this inhibition 
was significantly escalated in STN1 knockdown H1299 cells 
(Fig. 2A). Under all three drug concentrations, colony numbers 

of drug-treated shStn1-2 and shStn1-4 H1299 cells were greatly 
diminished compared with the drug-treated shLuc control. The 
most significant changes were observed in cells treated with 
500 nM of bleomycin (shStn1-2, P=0.005; shStn1-4, P=0.022) 
or TMPyP4 (shStn1‑2, P<0.001; shStn1‑4, P<0.001; Fig. 2A). 
In HeLa cells, the long-term synergetic effects of STN1 knock-
down and drug treatment were additionally observed. The 
colony growth in shStn1-2 and shStn1-4 cells was reduced in all 
drug-treated groups, in contrast to their shLuc controls (Fig. 3A).

Figure 4. STN1 suppression increases DNA damage in H1299 cells. (A) Representative comet images from STN1 knockdown cells following drug treatment 
(CPT, Etop and Bleo). Pooled H1299 shLuc, shStn1-2 and shStn1-4 cells (2 days after puromycin selection) were treated with each drug at 1 mM for 6 h. 
Comet assay was performed to detect the integrity of chromosomal DNA. Arrows indicate typical DNA comets. Boxed regions are enlarged in inserts to show 
comets. (B) Comet occurrence and (C) tail moment are presented. Data are presented as the mean ± standard error. **P<0.01, *P<0.05. CPT, camptothecin; Etop, 
etoposide; Bleo, bleomycin; sh, small hairpin; shLuc, shRNA targeting luciferase; DMSO, dimethyl sulfoxide.

  A

  B   C

Table III. IC50 values of camptothecin, etoposide, bleomycin and TMPyP4 in MDA-MB231 cells with either STN1 knockdown 
or control.

  IC50 value, µM
 -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Cell type Camptothecin Etoposide Bleomycin TMPyP4

shLuc 0.25±0.08 0.53±0.12 9.33±0.76 8.85±1.12
shStn1-2 0.12±0.13 0.27±0.08 7.78±1.02 5.54±0.88
shStn1-4 0.16±0.11 0.28±0.10 6.59±0.85 6.07±1.08

IC50, half maximal inhibitory concentration; TMPyP4,  meso‑Tetra (N‑methyl‑4‑pyridyl) porphine tetra tosylate; sh, small hairpin; shLuc, 
shRNA targeting luciferase.
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Anchorage-independent growth is one of the hallmarks 
of cancerous cell transformation (37,38). In general, there is 
a positive correlation between in vitro transformation and 
in vivo carcinogenesis (39-41). Soft agar assay is considered 
the most accurate and stringent in vitro assay for detection 
of malignant transformation of cells (37,38). The present 
study used soft agar assay to determine the effect of STN1 
knockdown on anchorage-independent growth in H1299 
and HeLa cells. Following 10 days of treatment with drugs, 
STN1 knockdown enhanced growth inhibition induced by all 
four drugs in soft agar (Figs. 2B and 3B). The results of the 
present study additionally support the conclusion that STN1 
suppression enhanced the growth inhibitory effect of tested 
anticancer agents.

STN1 suppression augments DNA damage in cancer cells 
treated with various DNA damage inducers. Given the role of 
CST in maintaining genome stability and countering replica-
tion stress, it was suspected that STN1 deficiency may elevate 
DNA damage levels caused by damage inducers, eliciting rapid 

growth inhibition. To investigate this hypothesis, the present 
study employed the widely-used comet assay to detect DNA 
lesions in STN1 knockdown cells. The principle of comet assay 
is based on the ability of denatured broken DNA fragments to 
migrate out of the nucleoid under the influence of an electric 
field, whereas undamaged DNA migrates more slowly and 
remains within the confines of the nucleoid when a current is 
applied. Evaluation of the DNA ‘comet’ tail shape and migra-
tion pattern allows for assessment of DNA damage (26,42). 
Comet assays were performed on H1299 and HeLa control cells 
and the corresponding STN1 knockdown cells following treat-
ment with each chemotherapeutic agent. As shown in Fig. 4A, 
untreated H1299 cells in all three groups exhibited a normal 
organized of nucleus without tails, indicative of undamaged 
DNA. As expected, treating H1299 cells with damage‑inducing 
agent (CPT, etoposide and bleomycin) induced comet tails in all 
groups (Fig. 4A). Notably, quantification of comet occurrence 
and tail moment revealed that an increased number of comets as 
well as longer tails were present in shStn1-2 and shStn1-4 cells 
compared with control shLuc cells (Fig. 4B and C). In 

Figure 5. STN1 suppression increases DNA damage in HeLa cells. (A) Representative comet images from STN1 knockdown cells following drug treatment 
(CPT, Etop and Bleo). Pooled HeLa shLuc, shStn1-2 and shStn1-4 cells (2 days after puromycin selection) were treated with each drug at 3 mM for 8 h. Comet 
assay was performed to detect the integrity of chromosomal DNA. Arrows indicate typical DNA comets. Boxed regions are enlarged in inserts to show comets. 
(B) Comet occurrence and (C) tail moment are presented. Data are presented as the mean ± standard error. **P<0.01, *P<0.05. CPT, camptothecin; Etop, 
etoposide; Bleo, bleomycin; sh, small hairpin; shLuc, shRNA targeting luciferase; DMSO, dimethyl sulfoxide.

  A

  B   C
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CPT-treated cells, STN1 knockdown increased comet occurrence 
by 1.5- (shStn1-2, P=0.011) and 1.8-fold (shStn1-4, P=0.005). In 
etoposide-treated cells, shStn1-2 and shStn1-4 increased comet 
occurrence by 1.6- (P=0.002) and 2-fold (P=0.015). In bleo-
mycin‑treated cells, comet occurrence in H1299 cells expressing 
shStn1-2 and shStn1-4 was 2- (P=0.001) and 3-fold (P=0.001) 
higher compared with control cells (Fig. 4B). Similarly, STN1 
knockdown also significantly increased the tail moment by 2‑ to 
3-fold in cells treated with CPT (shStn1-2, P=0.004; shStn1-4, 
P=0.0004) etoposide (shStn1-2, P=0.002; shStn1-4, P=0.003;) 
and bleomycin (shStn1-2, P=0.0005; shStn1-4, P=0.0003; 
Fig. 4C).

In HeLa cells, a significant fraction of shLuc cells 
showed comet tails following treatment with DNA-damaging 
agents. However, in all drug-treated groups, shStn1-2 and 
shStn1-4 cells had increased numbers of comets and longer 
tail moments compared with shLuc controls (Fig. 5A). Among 
the three DNA damage inducers, etoposide gave rise to the 
most marked increase in terms of comet occurrence, while 
CPT treatment led to the largest increase in tail moments 
in shStn1-2 and shStn1-4 cells, in contrast to shLuc controls 
(Fig. 5B and C). These results suggest that STN1 knockdown 
cells are more susceptible to DNA damage. The results of the 
present study suggest that the chemosensitivity induced by 
STN1 suppression is at least in part due to elevated levels of 
DNA damage in STN1 knockdown cells.

Discussion

DNA-damaging agents have been commonly used in 
clinical studies to eliminate cancer cells and reduce tumor 
growth (1,2,43). Sensitization of cancer cells to chemo-
therapeutic agents reduces side effects, as well as balances 
the efficacy and toxicity of chemotherapy (44). Given the 
significant role of the human CST complex in maintaining 
genomic stability and telomere integrity, the authors of the 
present study reasoned that suppression of CST expression 
may augment DNA damage levels, therefore sensitizing 
cancer cells to chemotherapeutic agents. The results of the 
present study revealed that suppression of STN1 increases the 
sensitivity of various cancer cells to several commonly used 
DNA damage inducing agents. Stable knockdown of STN1 
using two independent shRNA sequences enhances the cyto-
toxicity of DNA damage inducers (camptothecin, etoposide 
and bleomycin) in common cancer cell lines. These results 
are in agreement with a previous study demonstrating that 
overexpression of CST proteins facilitate the recovery from 
replication stress-induced DNA damage (45). Mechanistically, 
the present study demonstrates that STN1 knockdown elevates 
the levels of DNA lesions induced by DNA damage inducers, 
implying that the enhanced cytotoxicity may be at least in part 
due to inefficiency in repairing DNA damage or induction of 
increased DNA damage by STN1 deficiency. The results of the 
present study provide proof of principle that combining inhi-
bition of CST with chemotherapeutic regimens may enhance 
their effectiveness against malignant cell proliferation.

The results of the present study additionally suggest that 
the CST complex may be a novel player in the DNA repair 
pathway. Prior to the present study, it had only been demon-
strated that the CST complex is important for countering 

replication stress, likely by promoting genome-wide replica-
tion restart following replication fork stalling (9,10). To the 
best of our knowledge, no previous studies have linked CST 
with protecting cells from DNA damage. In fact, the results 
of the present comet assay reveal that there is no significant 
increase in DNA lesions in STN1 knockdown cells without 
exposure to drugs, indicating that STN1 deficiency only 
induces moderate DNA damage that is tolerated by cancer 
cells or is easily repaired. This is in agreement with previously 
published work demonstrating that downregulation of STN1 in 
cancer cells does not affect cell growth (9,10,15). By contrast, 
following exposure to various DNA‑damaging agents, DNA 
damage levels are markedly elevated in STN1 knockdown 
cells compared with control cells. The authors of the present 
study propose that the CST complex may have an unidentified 
yet significant role in repairing DNA double‑strand breaks. 
This important function of CST remains to be elucidated in 
additional studies.

In conclusion, the present study demonstrates the synergistic 
effect of STN1 depletion and established chemotherapeutic 
agents. The results of the present study contribute to the knowl-
edge concerning the function of the CST complex in cancer 
cell proliferation, and provide proof of principle that CST may 
potentially be a novel molecular target for anticancer therapy.
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