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Abstract. Epithelial-mesenchymal transition (EMT) plays 
an important role in cancer progression, metastasis and drug 
resistance, and recent studies have revealed that neoplastic 
epithelial cells regain the stem cell state through EMT. 
Single-agent targeted cancer therapy frequently fails due to 
acquired drug resistance. Therefore, multi-agent targeted 
therapy exhibits advantages in fighting cancer cells. In the 
present study, small molecule inhibitors SB431542 (ALK 
inhibitor), CHIR99021 (GSK3 pathway inhibitor), PD0325901 
(MEK/ERK inhibitor) and valproic acid (VPA; HDAC 
inhibitor) were applied individually or in combination to 
HeLa uterine cervix carcinoma cells, 5637 bladder cancer 
cells and SCC-15 squamous cell carcinoma cells to clarify 
their potential effects on cancer cells. Cell morphological 
alterations, pluripotency and EMT-related gene expression, 
cell growth rate, cell migration, signal transduction, cell 
cycle arrest, CD24-/CD44+ cell percentage, and in vivo tumor 
clump formation were evaluated. The results of the present 
study revealed that VPA treatment induced EMT morphology, 
upregulated the expression of pluripotency and EMT-related 
genes, promoted migration and increased CD24-/CD44+ cell 
percentage in all three cell lines. PD0325901, SB431542 and 
CHIR99021 in combination could significantly inhibit cell 
growth, suppress expression of pluripotency and EMT-related 

genes, curb cell migration, cause cell cycle arrest, decrease 
CD24-/CD44+ cell percentage in cell spheres, and delay in vivo 
cell clump formation of cancer cells. These data indicated that 
VPA may serve as an EMT and cancer stem cell-promoting 
agent that may be useful in establishing a screening system for 
potential anticancer stem cell drugs. The combined inhibition 
of MEK/ERK, ALK and GSK3 was revealed to be an effective 
measure for eliminating cancer stem cells.

Introduction

Small molecules that interact with specific targets in signaling 
and epigenetic pathways have been demonstrated to be useful 
agents for modulating cell differentiation. These agents can 
enhance reprogramming of differentiated cells to pluripo tent 
stem cells (1-4) and also induce epithelial-mesenchymal tran-
sition (EMT) in cancer cells in vitro (5-9). EMT is a crucial 
trans-differentiation process that occurs during embryogen-
esis and in adult tissue repair and also plays an important role 
during cancer progression (10,11). During EMT, epithelial cells 
acquire mesenchymal cell morphology, leading to increased 
migration capacity and stemness (12-15).

Numerous studies have demonstrated the involvement of 
epigenetic changes such as histone acetylation/deacetylation in 
cancer development. Therefore, targeting histone deacetylase 
complexes (HDACs) in cancer is a potential anticancer therapy 
approach (16). The small molecule val proic acid (VPA) inhibits 
HDACs, resulting in relief of HDAC-dependent tran scriptional 
repression. Previous studies revealed that VPA regulated 
EMT-related gene expression in alveolar epithelial cells 
and induced invasion of human melanoma cells in vitro via 
regulation of N-cadherin expression and RhoA activity (17,18).

TGF-β1 signaling plays a vital role in EMT. The small 
molecule SB431542 inhibits activation of the activin 
receptor-like kinase (ALK) receptors 4, 5 and 7, which are 
key members of the TGF-β signaling pathway. Inhibition of 
TGF-β1/Smad signaling was revealed to lead to repression 
of EMT in esophageal squamous cell carcinoma by down-
regulating the expression of N-cadherin and vimentin and 
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upregulating the expression of E-cadherin. TGF-β1 signaling 
blockade attenuated gastric cancer cell-induced peritoneal 
mesothelial cell fibrosis and alleviated peritoneal dissemina-
tion both in vitro and in vivo, and sensitized drug-resistant 
pancreatic cancer cells to gemcitabine (19-21).

Disrupted activation of mitogen-activated/extracellular- 
signal-regulated protein kinases (MEK) has been indicated 
in developmental malformation and carcinogenesis. MEK 
inhibitor PD0325901 significantly reduced the growth of 
papillary thyroid carcinoma cells in vitro and in vivo (22). 
Combination treatment using PD0325901 and SRC inhibi-
tors synergistically abrogated tumor cell growth and induced 
mesenchymal-epithelial transition (MET) in non-small cell 
lung carcinoma. Combined inhibition of PKC and MEK 
inhibited the proliferation of melanoma cell lines (23).

Glycogen synthase kinase-3 (GSK3) is an important 
regulator of cellular metabolism that plays complicated roles 
in some types of cancer. The GSK3 inhibitor CHIR99021 
dose-dependently reduced the proliferation of three NSCLC 
cell lines (6). Inhibition of glycogen synthase kinase-3 activity 
triggered an apoptotic response through JNK-dependent 
mechanisms and induced prosurvival autophagic signals in 
human pancreatic cancer cells (24).

We hypothesized that although some targeted therapeu-
tics initially were designed as antiproliferative agents, some 
agents may also inhibit EMT initiation since proliferation and 
EMT are regulated by similar signaling pathways. Therefore, 
targeting EMT using inhibitors represents a promising 
therapeutic strategy for treatment of cancer with an invasive 
phenotype.

It is recognized that a signaling pathway may crosstalk 
with other pathways and lead to malignant cells mutating 
quickly due to genome instability and DNA imprecise 
replication, causing frequent failure of single-agent targeted 
therapy (25-27). As a result, studies have evaluated the use of 
drug combinations in abrogating signaling pathways crosstalk 
to regain treatment sensitivity (28,29). If one inhibitor is not 
effective in a particular cancer cell, other inhibitors may still 
be functional leaving cancer cells treated with combination 
inhibitors less chance for survival.

In the present study, we aimed to clarify the potential effects 
of various inhibitors the HDAC inhibitor VPA (V), the GSK3 
inhibitor CHIR99021 (C), the MEK inhibitor PD0325901 (P) 
and the ALK inhibitor SB431542 (S) and their combinations 
on several cancer cell lines, including the uterine cervix carci-
noma cell line HeLa, the bladder cancer cell line 5637 and the 
squamous cell carcinoma cell line SCC-15.

Materials and methods

Animals and cell lines. Thirty 4-week old female athymic Swiss 
nude mice (weight range, 16-20 g) were purchased from the 
Medical Experimental Animal Center of Guangdong Province 
China. They were maintained in a specific pathogen‑free (SPF) 
room at constant temperature (20˚C) and humidity (45%) on a 
12-h light/dark cycle, and had free access to sterile laboratory 
chow and tap water. Animal experiment approval was obtained 
from the Ethics Committee of Peking University Shenzhen 
Hospital (Shenzhen, China). Chinese laws concerning 
animal caring and treatment were strictly followed during 

the experiments, and the study complied with the ARRIVE 
guidelines (https://www.nc3rs.org.uk/arrive-guidelines).

The HeLa uterine cervix carcinoma cell line (CBP60232), 
the SCC-15 squamous cell carcinoma cell line (CBP61034) and 
the 5637 bladder cancer cell line (CBP60309) were provided 
by COBIOR Cell Bank (Nanjing, China; http://www.cobioer.
com), and maintained in Dulbecco's modified Eagle's medium 
(DMEM; Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, 
USA) supplemented with 10% heat inactivated fetal bovine 
serum (FBS; HyClone; GE Healthcare, Chicago, IL, USA), 
100 U/ml potassium penicillin, 100 U/ml streptomycin and 
2 mM glutamine. Cells were incubated at 37˚C in a chamber 
with 5% CO2 and 95% humidity.

Small molecules. SB431542, PD0325901 and CHIR99021 
(Stemgent, Inc., Cambridge, MA, USA) and VPA (Sigma- 
Aldrich; Merck KGaA, Darmstadt, Germany) were dissolved in 
dimethyl sulfoxide (DMSO; Sigma-Aldrich; Merck KGaA) and 
diluted in DMEM. Cells were treated with medium containing 
a single inhibitor or inhibitor combinations, and medium was 
changed every other day. The recommended concentration of 
the single inhibitor (0.5 µM/l PD0325901, 2 µM/l SB431542, 
3 µM/l CHIR99021 and 0.5 mM/l VPA) in this experiment 
was safe to cell viability (safe concentration) and previously 
used in reprogramming of differentiated cells to pluripotent 
stem cells by promoting MET, the reverse process of EMT, 
which is an important process in cell dedifferentiation (1-4).

Quantitative real‑time RT‑PCR. Total RNA was isolated 
using the RNase Mini kit (Qiagen, Inc., Valencia, CA, USA). 
A High Capacity RNA-to-cDNA kit (Applied Biosystems; 
Thermo Fisher Scientific, Inc.) was used to reverse‑transcribe 
1 µg of RNA into cDNA with MMLV Reverse Transcriptase 
and random primers according to the manufacturer's 
instructions (85˚C, 5 sec and 37˚C for 1 h). Real‑time PCR 
was performed using specific primers under optimal reac-
tion conditions (94˚C, 30 sec; 60˚C, 35 sec; 72˚C, 40 sec; 
30 cycles) to quantify gene expression using SYBR-Green 
RT-PCR reagents (Applied Biosystems; Thermo Fisher 
Scientific, Inc.). The 2-ΔΔCq method (30) was used to analyze 
relative gene expression level. Table I lists the primers used 
in the present study.

Cell viability assay. Cell viability was assessed using the 
Cell Counting Kit-8 (CCK-8) assay (Roche Molecular 
Biochemicals, Mannheim, Germany). Briefly, treated cells 
were seeded in 96-well plates at a density of 1x103/well and 
cultured for another 24 h. Cell viability was evaluated using 
the kit according to the manufacturer's instructions and 
results were detected using a Model 680 microplate reader 
(Bio-Rad Laboratories, Hercules, CA, USA). All experiments 
were conducted in triplicate.

Cell invasion assays. Treated cells (2x104/well) were seeded in 
a 24-well plate with a Millicell cell culture insert containing 
polycarbonate filter membranes with 8‑µm diameter pores 
(BD Biosciences, Franklin Lakes, NJ, USA). Cells were 
maintained in DMEM supplemented with 1% FBS. The lower 
chamber contained DMEM supplemented with 10% FBS. The 
plates were incubated for 48 h at 37˚C in a 5% CO2 humidified 
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incubator. Invasive cells in the lower chamber were stained 
with 0.1% (w/v) crystal violet. Images were captured and visu-
alized using QCapture Pro (version 7.0 software; QImaging, 
Surrey, BC, Canada).

Western blot analysis. Total protein was extracted using the 
EpiQuik Whole Cell Extraction kit (AmyJet Scientific, Inc., 
Wuhan, China) and protein concentration was measured by 
Bradford DC protein assay (Bio-Rad Laboratories, Hercules, 
CA, USA). Equal amounts of protein samples (30 µg) were 
separated on 12% Bis‑Tris polyacrylamide gel by electropho-
resis and transferred to polyvinylidene difluoride membranes 
(EMD Millipore, Temecula, CA, USA) which was pre-blocked 
with 5% (w/v) skim milk (BD Biosciences) in a rotator for 
2 h at room temperature. The membranes were incubated 
with anti-phosphorylated Smad1/2 (cat. no. 8828), Erk1/2 
(cat. no. 9101) (Cell Signaling Technology, Inc., Danvers, 
MA, USA) and GS (cat. no. 07-817) primary antibodies 
(EMD Mililipore) (all at 1:1,000 dilution) at 4˚C, for 12 h, 
followed by incubation with a goat anti-rabbit polyclonal 
horseradish peroxidase (HRP)-conjugated secondary anti-
body (cat. no. A0208) (Beyotime Institute of Biotechnology, 
Shanghai, China) (1:10,000 dilution in 1% milk/TBS) for 2 h 
at room temperature. Protein bands were visualized using a 
chemiluminescence detection kit (Amersham Biosciences; 
GE Healthcare, Piscataway, NJ, USA). The visualized bands 
were analyzed by Tanon 5220S image analysis system (Tanon 
Image software version 1.0; Tanon Science and Technology 
Co., Ltd., Shanghai, China).

Cell cycle analysis. Cell cycle fractions were determined by 
propidium iodide (PI) nuclear staining (Beyotime Institute 
of Biotechnology). Briefly, cells were grown on 6‑well plates 
and treated with inhibitors or DMSO as control for 6 days. 
Cells were then harvested, fixed with 70% cold ethanol, and 
stained with PI staining buffer [0.03 mg/ml PI, 0.1 mg/ml 
RNAse A, 0.1% Triton X-100 in phosphate-buffered saline 

(PBS)] for 30 min at 25˚C. Flow cytometry was performed 
using a BD LSR II flow cytometer (BD Biosciences). At least 
50,000 cell events were collected per sample and cell cycle 
analysis was performed using FlowJo software (version 10.0; 
FlowJo, LLC, Ashland, OR, USA).

Sphere formation and stemness‑related marker examination. 
Cells in single cell suspension were plated into ultralow 
attachment 60 mm plates (Corning Inc., Corning, NY, USA) 
at a density of 1x105 cells/plate in stem cell media: DMEM 
supplemented with 20 ng/ml human basic fibroblast growth 
factor, 20 ng/ml epidermal growth factor (Invitrogen; Thermo 
Fisher Scientific, Inc.), 100 ng/ml insulin (Thermo Fisher 
Scientific, Inc.) and 100 U/ml penicillin/streptomycin. Cells 
were then subjected to different inhibitor treatments. Single 
cell suspension of the spheres was prepared for assessment of 
CD24-/CD24+ percentage by flow cytometry.

In vivo cancer cell clump formation test. Cells (5x105 cells) 
isolated from VPA and V+C+S+P-treated HeLa, SCC-15 and 
5637 cancer cell spheres were injected subcutaneously into the 
flank of female athymic Swiss nude mice, respectively (total 
30 mice were randomly separated into six groups, 5 mice in 
each group; two groups were assigned to each cell line, one 
group for injection of VPA-treated cells, and the other group 
for injection of V+C+S+P treated cells). Cancer cell clump 
growth at the site of injection was monitored twice a week with 
calipers. The mice were sacrificed 30 days after cancer cell 
injection by cervical vertebra dissociation after pentobarbital 
sodium anesthetization (40 mg/kg body weight). The cancer 
cell clumps were excised and weighted.

Statistical analysis. All data are presented as the mean ± stan- 
dard deviation (SD) from three independent experiments 
(three experiments were carried out under same conditions), 
except in the in vivo cancer cell clump formation test. Data 
were analyzed using SPSS software (version 11.0; SPSS, Inc., 

Table I. Primers used in quantitative real-time RT-PCR.

Genes PCR primers

E-cadherin Sense primer: 5'-TTCTGCTGCTCTTGCTGTTT-3'
 Antisense primer: 5'-TGGCTCAAGTCAAAGTCCTG-3'
N-cadherin Sense primer: 5'-CCTGCGCGTGAAGGTTTGCC-3'
 Antisense primer: 5'-CCAAGCCCCGCACCCACAA-3'
Vimentin Sense primer: 5'-GCCCTTAAAGGAACCAATGA-3'
 Antisense primer: 5'-AGCTTCAACGGCAAAGTTCT-3'
Oct3/4 Sense primer: 5'-GACAGGGGGAGGGGAGGAGCTAGG-3'
 Antisense primer: 5'-CTTCCCTCCAACCAGTTGCCCCAAAC-3'
Sox2 Sense primer: 5'-GGGAAATGGGAGGGGTGCAAAAGAGG-3'
 Antisense primer: 5'-TTGCGTGAGTGTGGATGGGATTGGTG-3'
Nanog Sense primer: 5'-CAGCCCCGATTCTTCCACCAGTCCC-3'
 Antisense primer: 5'-CGGAAGATTCCCAGTCGGGTTCACC-3'
GAPDH Sense primer: 5'-CATCAATGGAAATCCCATCA-3'
 Antisense primer: 5'-TTCTCCATGGTGGTGAAGAC-3'
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Chicago, IL, USA). A Student's t-test was used in comparison 
between two groups, and one-way analysis of variance 
(ANOVA) with Dunnett's test was used in multiple compari-
sons to one control. P-values <0.05 were considered to indicate 
a statistically significant difference.

Results

VPA induces EMT phenotype in cancer cells. To investigate 
the influence of the small molecule inhibitors on cancer cell 
morphology, HeLa, SCC-15 and 5637 cells were treated with 
SB431542 (S; ALK inhibitor), PD0325901 (P; MEK inhibitor), 
CHIR99021 (C; GSK3 inhibitor), and VPA (V; HDAC inhib-
itor) at the recommended concentrations (0.5 µM/l PD0325901, 
2 µM/l SB431542, 3 µM/l CHIR99021 and 0.5 mM/l VPA) for 
4 -6 days, with medium changed every other day. Abundant 
spindle-shaped cells were observed in all three cell lines 
treated with VPA, suggesting that VPA treatment could lead 
to induction of EMT phenotype (Fig. 1). In contrast, the other 
three inhibitors did not exhibit similar effects in inducing 
spindle cell morphology. Cells treated with the DMSO control 
maintained their original morphology.

VPA promotes pluripotent transcription factor and EMT‑re‑
lated gene expression. To examine whether VPA induced 
cancer cell EMT and stemness, HeLa cells were treated with 
each of the inhibitors for 6 days and the gene expression levels 
of pluripotency-related transcription factors and EMT-related 
factors were evaluated. In HeLa cells treated with VPA, the 
gene expression of pluripotency-related transcription factors 
Oct3/4, Sox2, Nanog and EMT-related genes N-cadherin and 
vimentin were upregulated, while the MET-related E-cadherin 
gene was downregulated compared with the DMSO-treated 
control cells. In contrast, treatment with CHIR99021, 

SB431542 or PD0325901 suppressed the gene expressions 
of pluripotent-related transcription factors and EMT-related 
genes to various levels (Fig. 2A).

Since single agent targeted therapy fails frequently in 
cancer treatment, numerous researchers have conducted inves-
tigation on a two-agent combination. Theoretically there is 
still a risk that cancer cells could develop the ability to survive 
with a two-agent combination. Thus, in the present study we 
assessed three-agent combination on cancer cells trying to 
inhibit signaling pathways in an extended range.

Since VPA upregulated EMT and cell pluripotency-related 
gene expression, and CHIR99021, SB431542 or PD0325901 
suppressed the expression of these genes to various extents, 
different combinations of inhibitors (V+S, V+P, V+C, V+C+S, 
V+C+P, V+S+P, or V+C+S+P) were then used to treat HeLa 
cells for 6 days to examine whether any of the inhibitors or 
inhibitor combinations could counteract the effects of VPA. 
Single and combination treatments could counteract the effect 
of VPA to various extents. The C+S+P combination exerted the 
strongest suppressive effect on pluripotency and EMT-related 
gene expression in the presence of VPA compared with single 
and two inhibitor combinations (Fig. 2B).

Since VPA upregulated EMT and cell pluripotency-related 
gene expression in HeLa cells, and the C+S+P combination 
suppressed the parameters to ultra-low levels in the presence of 
VPA. In order to demonstrate this result, single inhibitors and 
the C+S+P combination were assessed in the SCC-15 and 5637 
cell lines and similar results were obtained (Fig. 2C and D). It 
was observed that under C+S+P treatment, cells quickly lost 
cell viability, thus, 6 days was set as the termination time-point 
in the following experiments.

Inhibitor combination reduces VPA‑induced cell migration. 
The present results revealed that VPA could induce EMT in 

Figure 1. VPA leads to EMT phenotype of cancer cells. Spindle-shaped cells were observed in VPA-treated HeLa, SCC-15 and 5637 cells. In SB431542-, 
PD0325901‑, CHIR99021‑treated cells, EMT morphology change was not observed. DMSO served as a control (magnification, x100). VPA, valproic acid; 
EMT, epithelial-mesenchymal transition; DMSO, dimethyl sulfoxide.
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cultured cancer cells, and C+S+P could effectively inhibit 
VPA-induced EMT-related gene expression. Therefore, the 
three cell lines were then treated with VPA or V+C+S+P 
for 6 days and the migration ability of these cells was evalu-
ated. In VPA-treated cells, the number of migrated cells was 
increased compared with the DMSO-treated control cells, 
while the C+S+P combination effectively inhibited migration 
compared with the DMSO-treated control cells in the presence 
of VPA (SCC-15 cells: VPA/DMSO, 221.3±13.05/124±16.37, 
P<0.01; C+S+P/DMSO, 64.66±9.50/124±16.37, P<0.05; 
5637 cells: VPA/DMSO, 203±38.052/132.3±26.24, P<0.05; 
C+S+P/DMSO, 34.6±10.6/132.3±26.24, P<0.01; HeLa cells: 
VPA/DMSO, 346.3±62.7/168.3±22, P<0.01; C+S+P/DMSO, 
67±11.2/168.3±22, P<0.01) (Fig. 3A and B).

Inhibitor combination synergizes proliferation inhibition. 
Proliferation assays were next performed in cells treated with 
single inhibitor or combination treatments for 6 days. The 
single inhibitors had no effect on HeLa cell growth (Fig. 4A). 
The C+S, C+P and P+S treatments had various levels of 
inhibition (C+S, 70±10%, P<0.001; C+P, 72±9% P<0.001; 
P+S, 70±11%, P<0.001), with the C+S+P group exerting the 
strongest inhibitory effect compared with the DMSO-treated 
control cells (C+S+P, 80±2% P<0.001). Strong growth inhibi-
tion was also revealed in the C+S+P‑treated SCC‑15 (69±7%, 
P<0.001) and 5637 cells (88±2%, P<0.001) (Fig. 4B).

Inhibitor combination inhibits signal transduction. To eval-
uate the effects of the small molecules on inhibition of ALK, 
MEK and GSK3, western blot analysis of the phosphorylation 

Figure 2. VPA promotes pluripotent transcription factor and EMT-related gene expression, and C+S+P (CHIR99021+SB431542+PD0325901) combination 
abrogates the effect of VPA. (A) Six-day VPA treatment upregulated the expression of pluripotent-related transcription factors and EMT-related genes and 
downregulated the MET-related E-cadherin gene in HeLa cells. (B) Inhibitor and combination of inhibitors suppressed Oct3/4, Sox2, Nanog, N-cadherin and 
vimentin expression down to differentiated levels in HeLa cells. (C) C+S+P combination suppressed Oct3/4, Sox2, Nanog, N-cadherin and vimentin expression 
of SCC-15 cells in the presence of VPA. (D) C+S+P combination suppressed Oct3/4, Sox2, Nanog, N-cadherin and vimentin expression of 5637 cells in the 
presence of VPA. VPA, val proic acid; EMT, epithelial-mesenchymal transition; MET, mesenchymal-epithelial transition. *P<0.05, **P<0.01, ***P<0.001.

Figure 3. Inhibitor combination reduces VPA-induced cell migration in vitro. 
(A) Cells that invaded through to the underside of the Transwell filter after 
incubation with DMSO, VPA or V+C+S+P (valproic acid+CHIR99021+SB4
31542+PD0325901). Magnification, x100. (B) VPA treatment increased the 
number of migrated cells and V+C+S+P treatment decreased the number 
compared with the DMSO-treated cells; (*P<0.05, **P<0.01). VPA, val proic 
acid; DMSO, dimethyl sulfoxide.
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levels of their respective targets Smad1/2, ERK1/2 and 
glycogen synthase (GS) was performed.

In all three cell lines, compared with the DMSO-treated 
cells, VPA treatment did not influence phosphorylation levels 
of any of the examined proteins. In 5637 and HeLa cell 
lines, C+S+P combination treatment significantly decreased 
phosphorylation levels of GS, ERK1/2 and Smad1/2, (P<0.05, 
P<0.01 and P<0.001, respectively). In single treatment of 
PD0325901, SB431542 or CHIR99021, inhibition to no 
self-target could be found. In SCC-15 cells, C+S+P treatment 
significantly decreased phosphorylation levels of ERK1/2 and 
Smad1/2 (P<0.05 and P<0.01, respectively), without influencing 
GS, and these were cross-inhibitions to their targets when 
SB431542 and CHIR99021 were used as single agents (Fig. 5).

Inhibitor combination causes cell cycle arrest. The cell cycle 
was next investigated in cells treated with C+S+P. PI and flow 
cytometry revealed that C+S+P exerted an increased cytostatic 
effect and induced S-phase accumulation in cells compared 
with DMSO-treated control cells (S-phase in C+S+P/DMSO 
HeLa cells: 25.9±0.66%/11.9±0.718%, P<0.01; 5637 cells: 
27.83±3.8%/18.1±0.16%; and SCC‑15 cells: 25.33±1.1%/19.23
±3.16%) (Fig. 6).

Inhibitor combination suppresses tumor cell sphere forma‑
tion. The impact of inhibitors on sphere formation ability of 
these cells was next evaluated by culturing cells in cancer stem 
cell induction media containing VPA or V+C+S+P. In 4-6 days, 
small, bright, typical cell spheres were observed in SCC-15 
and 5637 cell cultures, while spheres appeared in HeLa cell 
culture at days 8-10. In VPA-containing medium, cells formed 
compact, fast growing and large sized cell spheres compared 
with DMSO-treated control spheres. In V+C+S+P-containing 
medium, cells initially formed small-sized, atypical cell 
spheres that broke down into tiny lumps or single cells within 
10 to 11 days (Fig. 7).

Inhibitor combination reduces CD24 ‑/CD44+ cell 
percentages in cancer cell spheres. The cells with 
CD24-/CD44+ phenotype are regarded as cells that have 
cancer stem cell potential (31). Thus, the relative abundance 
of CD24-/CD44+ cells in cell spheres was compared using 
fluorescence-activated cell sorting analysis. Compared 
with the DMSO-treated control cells, the CD24-/CD44+ 
cell percentages in VPA-treated cells were increased, 
while the percentages in the V+C+S+P-treated cells were 
decreased (HeLa: VPA/DMSO, 59.8±11.6/34.4±7.78, P<0.05; 

Figure 5. Inhibitor and combination of inhibitors suppresses phosphorylation levels of GS, ERK1/2 and Smad1/2 in treated cells. (A and B) Phosphorylation 
level detection of GS, ERK1/2 and Smad1/2 in treated cells. In HeLa, 5637 and SCC-15 cells, compared with DMSO-treated control cells VPA treatment did 
not significantly influence phosphorylation levels of GS, ERK1/2 and Smad1/2. In 5637 and HeLa cell lines, C+S+P (CHIR99021+SB431542+PD0325901) 
combination treatment markedly decreased phosphorylation levels of GS, ERK1/2 and Smad1/2. When PD0325901, SB431542 and CHIR99021 were used 
as single agents, significant inhibition to no self‑target could be found. In the SCC‑15 cell line, the C+S+P combination treatment significantly decreased 
phosphorylation levels of ERK1/2 and Smad1/2, without influencing GS, and there were significant cross‑inhibitions to their targets when SB431542 and 
CHIR99021 were used as single agents. *P<0.05, **P<0.01, ***P<0.001. VPA, valproic acid; DMSO, dimethyl sulfoxide.

Figure 4. Inhibitor combination synergizes tumor cell proliferation inhibition. (A) Growth inhibition of single inhibitors and combination-treated HeLa cells 
compared with the DMSO-treated control cells. (B) Growth inhibition of C+S+P (CHIR99021+SB431542+PD0325901) combination-treated SCC-15 and 5637 
cells compared with the DMSO-treated control cells. ***P<0.001. DMSO, dimethyl sulfoxide; OD, optical density.
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V+C+S+P/DMSO, 13.28±3.6/34.4±7.78; 5637: VPA/DMSO, 
67.3±5.46/57.1±7.919; V+C+S+P/DMSO, 12.03±2.6/57.1±7.9, 
P<0.001; SCC-15: VPA/DMSO, 57.72±7.1/34.46 3.35, P<0.01; 
V+C+S+P/DMSO, 10.26±2.5/34.46±3.35, P<0.05) (Fig. 8).

Inhibitor combination delays cancer cell clump formation 
in vivo. Cancer stem cells exhibit enhanced tumor-initiating 
capacity upon transplantation into a permissive host. Cells 
isolated from VPA and V+C+S+P-treated spheres were 

subcutaneously transplanted into the flanks of female athymic 
Swiss nude mice. The transplanted cells isolated from 
VPA-treated spheres formed a single visible solid cell clump 
beneath the injection site within 6 to 10 days. In mice that 
received cells from V+C+S+P-treated spheres, the single cell 
clump was invisible until 15 to 20 days after the injection. 
Cancer cell clumps were excised at day 30 after injection and 
weighed. Cell clumps from V+C+S+P-treated cells exhibited 
growth retardation compared with VPA-treated cells in all cell 
lines (VPA/V+C+S+P, HeLa: 346±119.53 mg/127±41.33 mg, 
P<0.01; SCC-15: 270±67.82 mg/98.4±28.33 mg, P<0.001; 
5637: 228±19.63 mg/51.8±19.63 mg, P<0.001) (Fig. 9).

Discussion

A small subpopulation of cancer cells within a heterogeneous 
tumor mass, termed CSCs, have the capacity to propagate, 
relapse, metastasize, and resist treatment. EMT plays a critical 
role in cancer progression, in which in situ carcinoma cells 
acquire mesenchymal characteristics and become mobile, 
leading to localized and metastatic invasion (15-21).

While many cancer therapies may effectively kill the 
bulk of tumor cells, failure to eliminate CSCs would enable 
the remaining CSCs to regenerate new tumors after treat-
ment ends. Therefore, the complete elimination of CSCs is 
an issue of primary importance in cancer treatment (32,33). 
Since CSCs account for only a small subpopulation of the 
entire cancer cell mass, direct isolation of these cells from 
tumor tissue for subsequent in vitro propagation is difficult. 
Without a sufficient number of CSCs, it is impossible to set 
up a screening system, with which to identify agents that are 
effective in eliminating CSCs.

Figure 7. Inhibitor combination suppresses tumor cell sphere formation. 
VPA-containing medium promoted tumor cells to form compact, fast-growing 
and large-sized cell spheres. V+C+S+P (valproic acid+CHIR99021+SB43154
2+PD0325901) combination inhibited tumor cell sphere formation compared 
with the DMSO‑treated control (magnification, x100). VPA, val proic acid.

Figure 6. Inhibitor combination causes cytostatic growth arrest of tumor cells. (A) Cell cycle arrest analysis indicated that C+S+P combination caused S-phase 
accumulation in HeLa, SCC-15 and 5637 cell lines. (B) Percentages of S-phase accumulation were increased in C+S+P-treated HeLa, SCC-15 and 5637 cell 
lines compared with the DMSO-treated control cells. **P<0.01. DMSO, dimethyl sulfoxide.
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In the present study, the results revealed that VPA induced 
EMT morphology in all three cell lines, as well as increased 
pluripotency and EMT-related gene expression, promoted 
cell migration and accelerated cell sphere formation. When 
the concentration was decreased to 0.25 mM, no effects were 
observed, and tumor cells treated with 1 mM did not survive 
more than 5 days (data not shown). These observations indi-
cated that different concentrations of VPA exhibit different 
effects on cell fate.

The other three inhibitors, PD0325901, SB431542 and 
CHIR99021, had no significant influence on EMT‑ and pluri-
potency-related gene expression, and cell proliferation rate. 
Proliferation inhibition was only revealed at high concentra-
tions (4-6 µm/l) (data not shown). The combination treatments 

exhibited significant inhibition on cell growth and migration of 
all three cell lines, even in the presence of the EMT-promoting 
reagent VPA. This result indicated the effectiveness of the 
combination treatment in reversing VPA promotion of cancer 
cell invasiveness and stemness. It is possible that modulating 
the EMT status of cancer cells towards a more epithelial state 
may reduce the metastatic aggressiveness of cells and render 
cells more susceptible to conventional chemotherapy.

Western blot analyses demonstrated that in PD0325901, 
SB431542 and CHIR99021-treated 5637 and HeLa cell lines, 
there were cross reactions among their targets. In SCC-15 
cells, treatment with a single inhibitor or C+S+P for 6 days 
had no impact on the phosphorylation levels of GS, and cross 
reactions occurred among the ERK1/2 and Smad1/2 pathways. 

Figure 8. Inhibitor combination reduces CD24-/CD44+ cell percentages in tumor cell spheres. (A) Flow cytometric analysis for CD24-/CD44+ cells (FITC-A 
mAb for detection of CD24; PE-A mAb for detection of CD44). (B) CD24-/CD44+ cell percentages in VPA-treated HeLa, SCC-15 and 5637 cells were 
increased; in V+C+S+P‑treated cells the percentages were significantly decreased compared with the DMSO‑treated cells. *P<0.05, **P<0.01. VPA, valproic 
acid; DMSO, dimethyl sulfoxide.
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These results indicated that inhibitors have different cell-type 
specific effects. Therefore, we surmised that a multi‑inhibitor 
treatment would be more advantageous in treating cancer cells, 
and this notion was demonstrated by our results revealing that 
the combination of PD0325901, SB431542 and CHIR99021 
had significant synergized inhibition on phosphorylation of 
GS, ERK1/2 and Smad1/2. This synergized signaling pathway 
inhibition may cause cancer cell cycle arrest and result in cell 
growth suppression, as observed in the cell cycle and growth 
inhibition experiments of the present study.

Cancer stem cells form cell spheres in cancer stem cell 
induction medium and in the present study, the results revealed 
that VPA induced quick formation of cell spheres in all 
three cell lines, and the CD24-/CD44+ cell percentages were 
increased compared with the control group. This result indi-
cated that 0.5 mM VPA treatment could amplify the number 
of CSCs in these three cell lines, indicating that VPA may be 
a potent CSC stimulator for establishing a screening system 
to select potential anti-CSC agents. When cells were treated 
with all four inhibitors, the percentages of CD24-/CD44+, the 
cell sphere forming ability and the in vivo tumor-initiating 
potential of tumor cells greatly decreased, demonstrating 
the effectiveness of this combination in eliminating CSCs in 
tumor cells, even in the presence of a CSC-promoting agent. 
These results were consistent with the qPCR results, in which 
C+S+P significantly downregulated VPA‑mediated promotion 
of EMT and stemness-related gene expression.

VPA and the combination treatments were also assessed 
in other cell lines (CNE1, CNE2, MCF-7, CRL-2073 and J82; 
data not shown) and the same results were obtained with CNE2 

and MCF-7 cells. CNE1, CRL-2073 and J82 cell lines were 
markedly sensitive to VPA and the combination treatment and 
could not survive more than 3 days. This sensitivity may be 
due to their slow-growing rate and less invasive and relatively 
higher epithelial-like differentiation characteristics (data not 
shown). Since CNE2 and MCF-7 cells are fast-growing and 
more invasive, similar to HeLa, SCC-15 and 5637 cells, we 
consider this CSC screening and inhibitory system more 
suitable in dealing with the highly invasive and fast-growing 
advanced malignant cancer cells.

In conclusion, in the present study, it was demonstrated that 
a specific concentration of VPA could be used as an agent to 
promote EMT and CSCs and establishing a screening system 
to identify agents for eliminating CSCs for advanced stage 
cancer. PD0325901, SB431542 and CHIR99021 co-treatment 
could act as a CSC eliminator by downregulating pluripotency 
and EMT-related gene expression and intervention with signal 
transduction pathways.
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