www.impactjournals.com/oncotarget/

Oncotarget, 2017, Vol. 8, (No. 60), pp: 101461-101474
Research Paper

Theophylline exhibits anti-cancer activity via suppressing SRSF3
in cervical and breast cancer cell lines
Yung-Lung Chang1, Yu-Juei Hsu1,2, Ying Chen1, Yi-Wen Wang3 and Shih-Ming
Huang1
1

Department of Biochemistry, National Defense Medical Center, Taipei, Taiwan, Republic of China

2

Division of Nephrology, Department of Medicine, Tri-Service General Hospital, National Defense Medical Center, Taipei,
Taiwan, Republic of China

3

Department of Biology and Anatomy, National Defense Medical Center, Taipei, Taiwan, Republic of China

Correspondence to: Yu-Juei Hsu, email: yujuei@mail2000.com.tw
Shih-Ming Huang, email: shihming@ndmctsgh.edu.tw
Keywords: methylxanthine, caffeine, theophylline, SRSF3, p53
Received: April 11, 2017     Accepted: September 18, 2017     Published: October 03, 2017
Copyright: Chang et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License 3.0 (CC BY
3.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

ABSTRACT
Caffeine, theophylline, and theobromine are the most well-known members of
methylxanthines. Caffeine-induced serine/arginine-rich splicing factor 2, SRSF2,
and SRSF3 are required for the alternative splicing of a subset of cancer-associated
genes. However, it remains to be investigated whether and how theophylline
and theobromine as well as caffeine exert their antitumor effects through mediating
the alternative splicing process. Here, we reveal that theophylline down-regulated
SRSF3 expression and switched p53 from alpha into a beta isoform as caffeine did
in HeLa and MCF-7 cells via the reverse-transcriptase polymerase chain reaction and
Western blot analysis. Further functional studies show that theophylline induced
cellular apoptosis, senescence, and decreased colony formation. Interestingly,
theophylline had a suppressive effect on cellular proliferation, whereas caffeine
enhanced cellular proliferation rates via the 5-bromo-2-deoxyuridine analysis.
Theophylline and caffeine had no effect on MCF-10A cells, which is a normal breast
cell line. Our results provide an insight that theophylline as well as caffeine could be
repurposed as antitumor leading compounds via the downregulation of splicing factor
SRSF3 and its target genes.

INTRODUCTION

(HIF-1α/2α), and other pre-mRNAs [7–10]. Caffeine,
theophylline (1,3-dimethylxanthine) and theobromine
(3,7-dimethylxanthine) are the most well-known
members of methylxanthines [11]. However, it remains
to be investigated as to the functional role of natural
methylxanthines during the alternative splicing process
for antitumor functions [4].
Adenosine receptor modulation, phosphodiesterase
inhibition, calcium level regulation, and modulation of
gamma-aminobutyric acid receptors are the four main
mechanisms proposed to mediate the pharmacological
activity of methylxanthine at the cellular level [11].
Theophylline and theobromine, as well as caffeine, are
recently reported to hold antitumor potential [12–15].

Human pre-mRNA transcripts are alternatively
spliced by specific trans-factors, including serine/
arginine-rich splicing factors (SRSFs), but the regulatory
mechanism of SRSFs for different biological processes is
not well studied [1–5]. Recent studies have demonstrated
that caffeine-induced SRSF2 and SRSF3 are required
for the alternative splicing of the tumor suppressor
genes, including Krüppel-like factor 6, KLF6, and p53,
respectively [6, 7]. Caffeine, a 1,3,7-trimethylxanthine
derivative, has been reported to induce alternative splicing
for a subset of cancer-associated genes, such as p53,
pyruvate kinase M1/M2, hypoxia-inducible factor-1α/2α,
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Theophylline has been used to treat airway diseases
for more than 80 years. It was originally used as a
bronchodilator, and more recently it has been shown
to have anti-inflammatory effects, depending on the
concentration [16]. Selective molecular mechanisms of
action have been proposed for theophylline including
nuclear factor-κB (NF-κB) inhibition, histone deacetylase
2 activity augmentation, and interleukine-10 secretion [11,
17]. A recent study showed that theophylline should be
considered a potential anti-cancer drug in combination with
other chemotherapeutic drugs in lung cancer patients [15].
Theobromine, a metabolite of caffeine, is less active
than caffeine via the pharmacological assays, including the
affinity for the adenosine receptor and less efficacious as
a phosphodiesterase inhibitor [11]. More recently, several
potential beneﬁcial actions of theobromine have been
described, including a capacity to enhance high-density
lipoprotein cholesterol concentrations in healthy volunteers
or increase NAD+/SirT1 activity for renoprotection under
diabetic conditions [18, 19]. Theobromine, as well as
caffeine, is now known to cross the blood brain barrier
[20] and it inhibits glioblastoma cell proliferation via the
negative regulation of phosphodiesterase 4, extracellular
signal-regulated kinases, protein kinase B/mechanistic
target of rapamycin, and NF-κB [15].
A wide range of methylxanthine molecular targets
would make this an appealing ﬁeld of cancer research via
structure-activity approaches [4, 6, 7, 11]. In addition to
methylxanthines, xanthine and hypoxanthine might be
used to analyze the functional role of the methyl group
within methylxanthines for the antitumor functions [11].
In this work, we compared theobromine, theophylline,
xanthine, and hypoxanthine with caffeine for the effect on
the SRSF3-p53 pathway in HeLa cells [6, 7, 13, 20, 21].
We further identified that theophylline did as well as caffeine
and synergistically work together to modulate the alternative
splicing function of SRSF3 to alter the status of p53 isoforms
and the cancer progression in human cervical cancer cells
and human breast cancer cells. Thus, methylxanthines
might have individual structure-activity involved into the
development of target therapeutics for various cancers.

shown). Herein, we used HeLa cells to examine the effects
of tested compounds with previous findings of caffeine
[7]. We checked the switch of p53α into p53β using
Western blotting, RT-PCR, and real-time PCR analysis.
Our results showed that only theophylline had the ability
to alternatively splice p53 from an α isoform into a β
isoform as caffeine did in HeLa cells (Figure 1B–1E). We
further confirmed that theophylline, as well as caffeine,
switched from p53α into p53β mediated through the
downregulation of splicing factor SRSF3 using Western
blotting and RT-PCR analysis (Figure 2). Theophylline
synergistically acted with caffeine to downregulate the
amount of wild-type SRSF3 (Figure 2).

Theophylline synergistically worked with caffeine
to suppress cell survival and colony formation in
HeLa cells
Caffeine and theophylline are methylxanthines
and have different clinical applications [11, 17]. Figures
1 and 2 suggest that theophylline might have similar
antitumor functions to caffeine in HeLa cells. Hence,
we further examined the functional roles of theophylline
in cell survival and colony formation. Compared to
caffeine, theophylline also had the ability to suppress
cell survival, induce spindle shape, and colony formation
(Figure 3A–3C). In addition, theophylline synergistically
worked with caffeine to suppress cell survival and the colony
formation in HeLa cells (Figure 3A and 3C), suggesting
theophylline had distinctive mechanisms from caffeine.

Theophylline predominantly suppresses the
proliferation rate of HeLa cells
More functions of theophylline were verified in
the cell cycle profile, proliferation rate, and apoptosis.
Theophylline, as well as caffeine, induces G2/M arrest via
the downregulation of G1 population using flow cytometry
analysis in HeLa cells (Figure 4A). Theophylline and
caffeine increased the subG1 populations, but no synergistic
effect on the subG1 population in the combination of
caffeine and theophylline (Figure 4A). Theophylline
predominantly suppresses the proliferation rate of HeLa
cells using the BrdU proliferation analysis, whereas
caffeine had an enhanced effect on the proliferation rate
(Figure 4B and 4C). Theophylline and caffeine had no
functional interaction on the proliferation rate.

RESULTS
Theophylline, as well as caffeine, has the ability
to switch p53 from an alpha isoform into a beta
isoform mediated through the SRSF3-dependent
splicing pathway in HeLa cervical cancer cell line

Theophylline, as well as caffeine, induces
apoptosis and switches p53 from an alpha
isoform into a beta isoform mediated through
the downregulation of SRSF3 in MCF-7 breast
cancer cell line

Based on many studies of caffeine for antitumor
functions [6, 7, 13], we further examined the functional
role of other methylxanthines (theophylline and
theobromine) and xanthines (xanthine and hypoxanthine)
(Figure 1A). Compare to 5 mM caffeine, we chose 5 mM
as working concentration of the abovementioned drugs
through the screening of the optimal dosage (data not
www.impactjournals.com/oncotarget
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treated one popular breast cancer cell line, MCF-7,
with theophylline and caffeine and found that both had
the ability to suppress cell survival (Figure 5A). In the
flow cytometry with Annexin V and PI, theophylline had
effects on early and late apoptosis stages and caffeine
only worked on the late apoptosis stage (Figure 5B).
Using Western blotting and RT-PCR analysis, we found
that theophylline and caffeine had the ability to switch
p53 from an alpha isoform into a beta isoform mediated

through the downregulation of SRSF3 in MCF-7 cells
(Figure 5C and 5D).

Theophylline, as well as caffeine, induces G2/M
arrest via the downregulation of G1 population
in MCF-7 cells
Theophylline, as well as caffeine, induced G2/M
arrest mediated through the downregulation of G1

Figure 1: The effects of methylxanthines and xanthines on the alternative splicing of p53. (A) The structures of caffeine,

theophylline, theobromine, xanthine, and hypoxanthine. (B) HeLa cells were treated with 5 mM indicated drugs for 24 h. (C) HeLa cells
were treated with indicated concentration of theophylline for 24 h. Cell lysates were subject to Western blotting analysis against the p53
antibody. The effect of theophylline on the isoforms of p53 were compared with the effect of caffeine. ACTN was a loading control. (D and
E) HeLa cells were treated with indicated concentration of theophylline for 16 h. (D) Cell lysates were subject to the RT-PCR and GAPDH
was a loading control. The results (B–D) are representative of two independent experiments. (E) Cell lysates were subject to the real-time
PCR for p53 alpha and beta. The expression amount of p53 alpha or beta was set as the value of one with no methylxanthine treatment. The
results are representative of three independent experiments and presented as the mean ± S.D. ***P < 0.001.
www.impactjournals.com/oncotarget
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RT-PCR data revealed that the mesenchymal marker Snail
mRNA was induced and the epithelial marker fibronectin
mRNA was repressed (Figure 8B). The epithelial marker
E-cadherin gene remained constant, whereas E-cadherin
protein was suppressed using the RT-PCR and Western
blotting analysis (Figure 8B and 8C).
The quantitative data suggested that theophylline
and caffeine had the ability to significantly induce cellular
senescence and suppress the colony formation in MCF-7
cells, respectively (Figure 9A and 9C).

population using flow cytometry analysis in MCF-7
cells (Figure 6A). The downregulation of G1 population
was verified to be mediated through the decrease of
cyclin D1 gene and protein expression using Western
blotting and RT-PCR analysis (Figure 6B and 6C). We
further investigated the mechanism of G2/M arrest and
found that the induction of G2/M marker H3P (serine 10
phosphorylation on Histone H3) was followed a caffeine
or theophylline dose- and time-dependent manner (Figure
7). The phosphorylation of specific residues of Cyclin B1
(serine 147) and Cdc2 (tyrosine 15) were verified for the
G2/M arrest in MCF-7 cells.

Theophylline and caffeine fail to modulate cell
morphology, p53, and SRSF3 in the normal
breast epithelial cells

Theophylline, as well as caffeine, induce
epithelial-to-mesenchymal transition (EMT) and
senescence and suppress colony formation in
MCF-7 cells

To test the specificity of theophylline and caffeine as
antitumor drugs for breast cancers, we further examined
the effects of theophylline and caffeine in one normal
breast cell line and one triple negative breast cancer cell
line, MCF-10A and MDA-MB-231 cells, respectively. We
failed to observe the morphology change in MCF-10A,
compared with the spindle shapes in MCF-7 and MDAMB-231 cells (Figure 10A). In addition, the p53 protein
remained constant level in theophylline- or caffeine-

Some genes are involved in EMT and are also
alternatively spliced by SRSF3, which could be modulated
by caffeine [7]. We observed the morphology of
theophylline- or caffeine-treated MCF-7 cells from round
shape into spike-like types and implied that the induction
of EMT by theophylline and caffeine (Figure 8A). Our

Figure 2: The effect of theophylline on the SRSF3-p53 pathway. HeLa cells were treated with indicated concentration
of theophylline combined with 2.5 mM caffeine for 24 h. Cell lysates were subject to the RT-PCR (A) and Western blotting analysis
(B). GAPDH was a mRNA loading control and ACTN was a protein loading control. The results are representative of two independent
experiments.
www.impactjournals.com/oncotarget
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treated MCF-10A cells using Western blotting analysis
(Figure 10B). Our data suggests that theophylline and
caffeine might specifically suppress breast tumor cells, not
normal cells, for their antitumor functions.

in cancer therapy, we show that only malignant breast
cancer cell MCF-7 and MDA-MB-231 are vulnerable
to theophylline and caffeine treatment, whereas normal
breast epithelial cell MCF-10A remains unaffected.
SRSF3 is the first case in which it modifies the
splicing of its own mRNA and SRSF1 antagonizes this
modulation [22]. SRSF3 has been shown to regulate
the splicing of abovementioned genes, including p53
[7–10]. Knockout studies indicated that SRSF3 is essential
for mouse development, hepatocyte differentiation, and
metabolic function, as well as tumor cell proliferation
and maintenance [9, 23–25]. The downregulation of
SRSF3 gene expression might have the ability to regulate
tumor initiation, progression, and maintenance [23, 24].
Recent study demonstrated that SRSF3 induces cellular

DISCUSSION
In this report, we first describe SRSF3 as a novel
target of theophylline against breast and cervical cancer
cell growth. Specifically, we demonstrate that theophylline
can increase p53β by alternative splicing of p53 premRNA through suppressing SRSF3. Theophylline can
synergistically enhance the caffeine-induced cell death and
suppress cell proliferation and colony formation, as well
as cell apoptosis. In terms of specificity of theophylline

Figure 3: Theophylline synergistically enhanced caffeine-induced cell death. (A) HeLa cells were treated with indicated

amount of theophylline, caffeine, or both combinations for 24 h. Cell viability were measured by MTS assay. (B) The morphology of
HeLa cells was observed with the indicated amount caffeine or theophylline for 24 h under light microscopy. (C and D) HeLa cells
were treated with indicated amount of theophylline, caffeine, or both combinations for 24 h. The number of colonies was count by
methylene blue staining. The results are representative of three independent experiments and presented as the mean ± S.D. **P < 0.01 and
***
P < 0.001.
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senescence via the p53 alternative splicing to switch alpha
isoform into beta isoform. The latest finding demonstrated
that human SRSF3 gene generates two alternative splice
transcripts, encoding a full-length protein and a truncated
isoform which is degraded through the nonsense-mediated
mRNA decay pathway [26]. Hence, the detailed regulatory
mechanisms of methylxanthines for human SRSF3 gene
expression remain to be addressed.
Despite the alternative splicing of genes via
SRSF3, theophylline also modulated cellular apoptosis,
senescence, and colony formation. However, theophylline
had a distinctive effect on the cellular proliferation
from caffeine [11, 16, 17]. These findings revealed that
theophylline had the similar functions as caffeine and
possessed some unique functional roles, such as the
suppression of cellular proliferation rate. Summarily,
theophylline might perform its antitumor functions via

the working mechanisms of SRSF3 splicing factor,
methylxanthines and unique molecules, such NF-κB
inhibition, histone deacetylase 2 activity augmentation
and interleukine-10 secretion [11, 16, 17]. It remains to be
investigated how theophylline suppress cell proliferation
and what are the potential candidate target(s) modulated
by theophylline. Nevertheless, our work repurposes
theophylline as an antitumor drug like caffeine.
Caffeine, theophylline and theobromine are three
most relevant methylxanthines which are produced from
botanical species and can be found in daily beverages
and foods, such as coffee, tea, and chocolate. Caffeine
and theophylline are present in coffee, tea, energetic
beverages, and chocolate. Theobromine is discovered
in tea and chocolate, but is also a caffeine metabolite
in the body [27]. In plants, methylxanthines are formed
from purine nucleotides and can also be obtained by

Figure 4: Theophylline suppressed cellular proliferation. HeLa cells were treated with indicated amount of theophylline, caffeine
or both combinations for 24 h. (A) Cell cycle profile were performed with PI dye; (B and C) Proliferation rate were measured with BrdU
using the flow cytometry analysis. The results are representative of three independent experiments.
www.impactjournals.com/oncotarget
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Figure 5: Theophylline induced cell death and apoptosis in MCF-7 cells. (A) MCF-7 cells were treated with indicated amount

of theophylline, caffeine, or both combinations for 24 h. Cell viability were measured with the MTS assay. (B) MCF-7 cells were treated
with 10 mM theophylline and caffeine for 24 h. The apoptosis analysis was used with Annexin V using the flow cytometry analysis. MCF-7
cells were treated with indicated concentration of theophylline for 24 h. Cell lysates were subject to (C) the RT-PCR analysis with primers
for p53, p53 beta, SRSF3. GAPDH as a loading control; (D) Western blotting analysis with antibodies against p53 and SRSF3. ACTN
served as a loading control. The results are representative of two independent experiments.

Figure 6: Theophylline and caffeine caused the G2/M arrest. MCF-7 cells were treated with indicated amount of theophylline
and caffeine for 24 h. (A) Cell cycle profile were performed with PI dye using the flow cytometry analysis. Cell lysates were subject to
(B) the RT-PCR analysis with primers for cyclin D1. GAPDH was used as a loading control; (C) Western blotting analysis with antibodies
against cyclin D1. ACTN served as a loading control. The results are representative of two independent experiments
www.impactjournals.com/oncotarget
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Figure 7: The dose- and time-course effects of theophylline and caffeine on selected protein expression. (A) MCF-7 cells

were treated with indicated amount of theophylline and caffeine for 24 h. (B) MCF-7 cells were treated with 2.5 mM theophylline and
caffeine for indicated time. Cell lysates were subject to Western blotting analysis with antibodies against indicated proteins. ACTN was a
loading control. The results are representative of two independent experiments.
www.impactjournals.com/oncotarget
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chemical synthesis. In this study, we purchased three
abovementioned compounds via the chemical synthesis.
The therapeutic serum concentration of theophylline for
mild persistent asthma patient is between 5 and 15 µg/mL
(27.8 and 83.8 µM) [28]. Herein, we can only observe the

splicing effect of theophylline on p53 at the concentration
over 5 mM, which is much higher than therapeutic serum
concentration. Although the cell viability of the benign
breast epithelial cell MCF-10A remained unaffected at 10
mM of theophylline, it is still not feasible for systematic

Figure 8: The EMT effects by theophylline and caffeine in MCF-7 cells. MCF-7 cells were treated with indicated amount of

theophylline and caffeine for 24 h. (A) The cell morphology was observed using light microscopy. Cell lysates were subject to (B) the
RT-PCR analysis with primers for E-cadherin, snail, and fibronectin. GAPDH served as a loading control; (C) Western blotting analysis
with antibodies against E-cadherin. ACTN was used as a loading control. The results are representative of three independent experiments.

Figure 9: Theophylline and caffeine caused cellular senescence in MCF-7 cells. (A and B) MCF-7 cells were treated with

indicated amount of theophylline and caffeine for 24 h. The senescence activity was measured and quantified with SA β-galactosidase
analysis. The results are representative of three independent experiments and presented as the mean ± S.D. ***P < 0.001. (C) MCF-7 cells
were treated with 0.5 mM caffeine and theophylline and for the colony formation analysis. The results are representative of two independent
experiments.
www.impactjournals.com/oncotarget
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treatment at millimolar range. Despite the lack of efficacy
to reach minimum safety dosage in our study, theophylline
or other methylxanthine derivatives can be a promising
lead compound for targeting SRSF3 in anti-cancer drug
development.
From a structure-activity relationship perspective,
we verified the functional importance of the three
methyl groups on the xanthine backbone of caffeine
(1,3,7-trimethylxanthine) by comparing with two other
methylxanthines, theophylline (1,3-dimethylxanthine)
and theobromine (3,7-dimethylxanthine) in this study. Our
findings revealed that theophylline, but not theobromine,
has a similar ability to alternatively splice the pre-mRNA
of p53 via the downregulation of SRSF3, which is similar
to caffeine in our previous work [7]. Our results imply that
the methyl groups at positions 1 and 3 of methylxanthine
derivatives are important for pharmacological targeting
of SRSF3. Intriguingly, two research articles using
methylxanthine-derived compounds as anticancer
agents also retain the methyl groups at position 1 and 3
[29, 30], which is consistent with our results. It will be
interesting to evaluate their effects on SRSF3. In contrast
to theobromine, theophylline is a mid-product of caffeine

slowly degraded by consecutive removal of the three
methyl groups in a plant [11, 17]. The structure-activity
relationships for methylxanthines in their antagonism
of adenosine have been demonstrated and the 1-methyl
group in the methylxanthines is pivotal for its inhibitory
effects exerted at the adenosine receptor level [11, 17, 31].
Our findings also revealed the 1-methyl group might be
important for antitumor functions of methylxanthines based
on the response of theobromine. In clinical applications,
caffeine primarily stimulates the central nervous system
and respiratory system and theophylline is more effective
than caffeine in cardiac stimulation, coronary dilatation,
and smooth muscle relaxation [12, 32–39]. Theobromine
is generally less active than caffeine or theophylline
[11, 17]. In addition to these direct anti-tumor effects,
methylxanthines have been administrated along other
conventional cancer treatments by promotion of arrest or
abrogation of the cell cycle checkpoints, namely the G2/M
checkpoint [6, 7, 13–15].
Different types of cell death are often defined by
morphological criteria [40] and theophylline and caffeine
had dramatic effects on the cell morphologies in HeLa
and MCF-7 cells. Compare to the apoptotic effect of

Figure 10: Theophylline had no effect on normal breast cells. (A) MCF-10A, MCF-7 and MDA-MB-231 cells were treated with

10 mM theophylline and caffeine for 24 h. The cell morphology was observed using light microscopy. (B) MCF-10A cells were treated with
indicated amount of theophylline and caffeine for 24 h. Cell lysates were subject to Western blotting analysis with antibodies against p53.
ACTN was a loading control. The results are representative of two independent experiments.
www.impactjournals.com/oncotarget
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theophylline and caffeine on HeLa cells (Figure 4A),
theophylline and caffeine failed to increase subG1
population in MCF-7 cells. Although we observed
slightly increased early apoptotic cells in MCF-7 treated
with theophylline, but not caffeine, the possibility of
other cell death mechanisms cannot be excluded [7].
Moreover, caffeine and theophylline markedly induced
cellular senescence (Figure 9A and 9B) implying the
observation of significant G2/M arrest (Figure 6A) could
be a permanent event. Heterogeneity in a single cell line
may explain why theophylline can induce cell death in
some subpopulation, but also cause cellular senescence in
other subpopulation of MCF-7 cells [41].
In summary, our findings support that theophylline
as well as caffeine had potential abilities to serve as a
direct antitumor drug mediated through, at least in part,
the SRSF3-p53 pathway and well-known functional roles
of methylxanthines. This work provides the reposition of
theophylline to develop combinatory therapy for various
cancers.

system 9700 (Applied Biosystems, USA). All PCR primer
sequences are listed in Table 1.

Cell survival analysis
MTS assay, cells were seeded in 96-well culture plates
and incubated for the time periods indicated. The MTS
assay reagent consists of MTS and the electron coupling
agent phenazine methosulphate (PMS). The 400 µl MTS/
PMS solution was added to each well and the plates were
incubated for 3 h at 37°C. Transfer 100 µl aliquots of each
sample and the absorbance at 490 nm was measured using
an ELISA plate reader (Multiskan EX, Thermo, USA).
As a control, cells treated only with media containing no
compounds were considered as 100% cell survival.

Clonogenic survival assay
HeLa and MCF7 cells were seeded into 6-well plates
and treated with the designated concentrations of caffeine
24 h after seeding. The cells were fed at an interval of
3 days with fresh medium for two weeks. Subsequently,
the cells were fixed and stained with 2% methylene blue
(Sigma) in 50% methanol for 5 min.

MATERIALS AND METHODS
Cell culture and reagents

Fluorescence-activated cell sorting (FACS), cell
cycle profile, proliferation and apoptosis analysis

HeLa, MCF-7, MCF-10A, and MDA-MB-231
cells were cultured in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum
and 1% penicillin-streptomycin (Invitrogen, USA).
Methylxanthines (caffeine, theophylline, and theobromine)
and xanthines (xanthine and hypoxanthine) were
purchased from Sigma-Aldrich (USA).

For cell cycle analysis, the distribution was
determined by measuring DNA content using FACS.
The cells were fixed in 70% ice-cold ethanol and kept
at -20°C overnight. Before analysis, the harvested cells
were washed with ice-cold phosphate buffered saline,
PBS, twice and stained with propidium iodide (PI)
solution (5 µg/ml PI in PBS, 0.5% Triton x-100, and
0.5 µg/ml RNase A) for 30 min at 37°C in the dark. For
the proliferation analysis, the cells were treated and then
processed with the FITC-BrdU (5-bromo-2-deoxyuridine)
Flow Kits according to the manufacturer’s instructions
(BD Biosciences). All the samples were analyzed by the
FACSCalibur flow cytometer (BD Biosciences). Data was
analyzed by the Cell Quest Pro software (BD Biosciences).
For early and late apoptosis analysis, the cells were
measured by PE Annexin V Apoptosis Detection Kit (BD
Biosciences) and APO-DIRECT Kit (BD Biosciences),
respectively. The cells were treated and then processed
according to the manufacturer’s instructions.

Western blot analysis
Cell lysates were prepared in lysis buffer (100 mM
Tris-HCl of pH 8.0, 150 mM NaCl, 0.1% SDS, and 1%
Triton X-100) at 4°C. The cell extracts were separated
by SDS-PAGE, transferred onto a polyvinylidene
difluoride membrane (Millipore, USA) and detected using
antibodies against α-actinin (ACTN), p53, p21, SRSF3,
cyclin D1 (Santa Cruz Biotechnology, USA), cyclin B1,
p-cyclin B1 (phosphorylation at Ser 147), cdc2, p-cdc2
(phosphorylation at Tyr 15), Histone H3, p-Histone H3
(phosphorylation at Ser 10, H3P) (Cell Signaling, USA),
and E-cadherin (BD, USA).

Reverse transcription-polymerase chain reaction
(RT-PCR)

In situ staining for senescence-associated (SA)
β-galactosidase activity

Total RNA was isolated using the TRIsure
(BIOLINE, UK) reagent according to the manufacturer’s
instructions. One microgram of total RNA was subjected
to reverse transcription using MMLV reverse transcriptase
(Epicentre Biotechnologies, USA) for 60 min at 37°C.
The PCR reactions were performed on a GeneAmp PCR
www.impactjournals.com/oncotarget

Cultured cells were washed in PBS (pH 7.4),
incubated in a solution of 2% formaldehyde/0.2%
glutaraldehyde, and then incubated overnight at 37°C in
freshly prepared staining solution consisting of 1 mg/mL
X-gal
(5-bromo-4-chloro-3-indolyl-β-D-galactoside),
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Table 1: PCR primers used in this study
Gene name
cyclin D1

Primer sequence (5′→3′)
Forward: 5′-ATGGAACACCAGCTCC-3′
Reverse: 5′-TCAGATGTCCACGTCCCGC-3′

E-cadherin

Forward: 5′-CCTGGGACTCCACCTACAGA-3′
Reverse: 5′-GGATGACACAGCGTGAGAGA-3′

fibronectin

Forward: 5′-CAGTGGGAGACCTCGAGAAG-3′
Reverse: 5′-TCCCTCGGAACATCAGAAAC-3′

GAPDH

Forward: 5′-CTTCATTGACCTCAACTAC-3′
Reverse: 5′-GCCATCCACAGTCTTCTG-3′

p53

Forward: 5′-CTCTGACTGTACCACCATCCACTA-3′
Reverse: 5′-GAGTTCCAAGGCCTCATTCAGCTC-3′

p53α

Forward: 5′-GATGAAGCTCCCAGAATGCCAGAG-3′
Reverse: 5′-GAGTTCCAAGGCCTCATTCAGCTC-3′

p53β

Forward: 5′-ATGGAGGAGCCGCAGTCAGAT-3′
Reverse: 5′-TTTGAAAGCTGGTCTGGTC-3′

SRSF3

Forward: 5′-ATGCATCGTGATTCCTGTCCATTG-3′
Reverse: 5′-CTATTTCCTTTCATTTGACCTAGATC-3′

Snail

Forward: 5′-ATGCCGCGCTCTTTCCTCGTCAGG-3′
Reverse: 5′-TCAGCGGGGACATCCTGAGCAGCC-3′

Author contributions

5 mM K3Fe(CN)6, 5 mM K4Fe(CN)6, 150 mM NaCl, and 2
mM MgCl2 in 40mM citric acid/sodium phosphate, pH 6.0.
Following this incubation, cells were washed with water
and examined by light microscopy at 200× magnification.

YLC and YJH conceived and carried out
experiments, analyzed data and wrote the paper. YC
carried out experiments and analyzed data. YWW
analyzed data and wrote the paper. SMH conceived of
the study, and participated in its design and coordination
and helped to draft the manuscript. All authors read and
approved the final manuscript.

Statistical analysis
Statistical values are expressed as the means ± SD
of at least three independent experiments. All comparisons
between groups were performed using the unpaired twotailed t-test. Statistical significance was set at p < 0.05.
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