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Abstract. Cluster of differentiation (CD)133 has been 
reported to be involved in the activation of the extracellular 
signal‑regulated kinase (ERK) signaling pathway in different 
types of cancer cells. CD133 has been reported to be involved 
in the activation of the ERK signaling pathway in various 
cancer cells. Transforming growth factor (TGF)‑β1 has also 
been reported to mediate the activation of the ERK signaling 
pathway. In addition, TGF‑β1 has been previously shown to 
mediate the activation of the ERK signaling pathway. Hence, 
the present study investigated the function of CD133 in the 
TGF‑β1‑induced activation of the ERK/P70S6K signaling 
pathway in human gastric cancer (GC) cells. To this end, 
GC cell lines SGC7901 and MKN45 were treated with 
TGF‑β1. The expression of CD133, phospho‑ERK (p‑ERK) 
and phospho‑P70S6 kinase (p‑P70S6K) was upregulated 
in the cells treated with TGF‑β1, while the expression of 
ERK and P70S6K was not altered. To investigate whether 
CD133 is involved in the TGF‑β1‑induced activation of the 
ERK/P70S6K signaling pathway in GC cells, immunomag-
netic cell sorting was employed to isolate CD133+ GC cells, 
and a CD133‑expression construct or CD133‑targeting small 
interfering ribonucleic acids were transfected into cells to 
modulate the expression of CD133. Subsequently, the expres-
sion of CD133, ERK, p‑ERK, P70S6K, and p‑P70S6K was 
analyzed by western blotting. The CD133+ cells displayed 
a high expression of p‑ERK and p‑P70S6K. Furthermore, 
SGC7901 GC cells were treated with U0126, an inhibitor of the 

ERK signaling pathway, to assess whether CD133 is upstream 
of ERK/P70S6K. The results showed that the expression of 
p‑ERK and p‑P70S6K was downregulated in the cells treated 
with U0126, while the expression of CD133 remained unal-
tered. The above preliminary results showed that CD133 likely 
mediates the TGF‑β1‑induced activation of the ERK/P70S6K 
signaling pathway in human GC cells. To further understand 
the mechanism of regulation of the ERK/P70S6K signaling 
pathway by CD133, the expression of CD133 was modulated 
by transfecting cells with CD133‑expression constructs or 
CD133‑targeting small interfering ribonucleic acids. Results 
indicated that overexpression and silencing of CD133 
directly increased and decreased the expression of p‑ERK 
and p‑P70S6K, respectively. Therefore, we hypothesized 
that CD133 mediates the TGF‑β1‑induced activation of the 
PI3K/ERK/P70S6K signaling pathway in human GC cells.

Introduction

Stomach adenocarcinoma or gastric cancer (GC) is the 
fourth most common cancer and the second highest cause of 
cancer‑related mortality worldwide (1). Despite improvements 
in surgical and adjuvant treatment approaches, the prognosis 
of patients with GC continues to be dismal, with a 5‑year 
overall survival lower than 25% (2). The success of personal-
ized therapy depends on the identification and inhibition of 
the oncogene(s) on which the tumor depends. Thus, it is of 
great clinical significance to identify genes that determine the 
severity of GC and assess their predictive value in the prognosis 
of GC (3,4). Previous studies have shown that most GC patients 
die due to metastasis and treatment failure. Therefore, there is 
an urgent need to improve the understanding of the mecha-
nisms that lead to GC so that new treatment strategies may 
be developed to target the associated pathways. Accumulating 
reports have shown that the extracellular signal‑regulated 
kinase (ERK) signaling pathway is associated with increased 
motility, invasion and metastasis of cancer cells. Moreover, the 
ERK signaling pathway is frequently found to be amplified in 
GC (5‑8). Since ERK signaling is also controlled by spatio-
temporal regulatory mechanisms (9,10), it is of great interest to 
determine if there is a key gene that contributes to the deregu-
lation of ERK in GC. Hence, elucidating the mechanism of 
activation of the ERK signaling pathway will further provide 
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a novel approach to treat GC and thereby improve the survival 
of GC patients.

Interestingly, several studies have reported that cluster of 
differentiation (CD)133 contributes to the activation of the ERK 
signaling pathway (11). The transmembrane protein CD133 is 
of particular interest and a controversial subject. However, the 
physiological function of CD133 remains unclear. CD133 is 
the most commonly expressed cancer stem cell (CSC) marker 
in various cancer types such as colon, lung, brain, pancreas, 
and GC (12‑15). It has been shown that CD133+ cells exhibit a 
higher degree of activation of the ERK signaling pathway than 
CD133‑ cells (8). However, the biological function of CD133 
in the activation of the ERK signaling pathway in GC cells is 
still unknown.

CD133 has been reported to be a useful marker for predicting 
recurrence and chemotherapy efficacy in not only breast cancer 
but also GC (16,17). Accumulating evidence strongly suggests the 
functional association of CD133+ CSCs with the ERK signaling 
pathway. CD133+ tumor cells derived from hepatoma  (18), 
colon cancer (19), melanoma (20), malignant peripheral nerve 
sheath tumor (21) and neuroblastoma (22) samples consistently 
displayed increased phospho‑ERK (p‑ERK) levels compared 
with matched CD133− tumor cells. In addition, the overexpres-
sion of CD133 has been shown to promote the phosphorylation 
of Erk in U87MG human glioblastoma cells. These results 
strongly imply that CD133 facilitates the activation of the ERK 
signaling pathway in many tumor cells. However, the role of 
CD133 in GC cells has not yet been studied.

The transforming growth factor (TGF)‑β family plays a 
pivotal role in regulating a variety of cellular processes such 
as differentiation, proliferation and apoptosis. TGF‑β1 has 
also been shown to mediate the activation of a certain down-
stream targets of the PI3K signaling pathway, such as Jnk and 
Erk (23‑26). Moreover, the TGF‑β1 signaling pathway has 
been shown to regulate the function of CD133+ CSCs in human 
brain tumors (27). Vangipuram demonstrated that TGF‑β1 
stimulation can enhance CD133 expression in a time‑ and 
dose‑dependent manner in Huh7 HCC cells (28).

In the present study, we investigated whether CD133 can 
mediate the TGF‑β1‑induced activation of the ERK/P70S6K 
signaling pathway in GC cells. This study may provide insights 
into the molecular mechanism(s) responsible for the activation 
of the TGF‑β1‑mediated ERK/P70S6K signaling pathway and 
enable the development of effective anticancer therapies.

Materials and methods

Chemicals. TGF‑β1 was purchased from PeproTech, Inc. 
(Rocky Hill, NJ, USA), and U0126, a small molecular inhibitor 
of the ERK pathway, was purchased from Sigma‑Aldrich, Inc. 
(St. Louis, MO, USA).

Cell lines and cultures. The human GC cell lines MKN45 
and SGC7901 were provided by the Shanghai Institute of 
Cell Biology, CAS (Shanghai, China). The cells were cultured 
in Roswell Park Memorial Institute (RPMI) 1640 culture 
medium (HyClone, Logan, UT, USA) supplemented with 
100 g/ml streptomycin, 100 U/ml penicillin, and 10% fetal 
bovine serum (HyClone) at 37˚C in a humidified environment 
containing 5% carbon dioxide.

Immunomagnetic cell sorting. The cells were subcultured 
every 2 to 3 days. The third to fifth subcultures were harvested, 
and the CD133 immunomagnetic cell sorting kit (Miltenyi 
Biotec, Bergisch Gladbach, Germany) was used to isolate 
the CD133+ GC cells. The CD133+ cells were maintained in 
serum‑free RPMI 1640 medium at 37˚C in a humidified envi-
ronment containing 5% carbon dioxide (29,30).

Transient transfection of CD133 small interfering RNA 
(siRNA). CD133‑specific siRNA oligonucleotides were 
purchased based on the CD133 gene sequence (Shanghai 
GenePharma Co., Ltd., Shanghai, China). The sequences of 
the double‑stranded siRNA oligonucleotides were 5'‑GUC​
CUU​CCU​AUA​GAA​CAA​UTT‑3' (sense) and 5'‑AUU​GUU​
CUA​UAG​GAA​GGA​CTT‑3' (antisense). The negative control 
siRNA sequences were 5'‑UUC​UCC​GAA​CGU​GUC​ACG​
UTT‑3' (sense) and 5'‑ACG​UGA​CAC​GUU​CGG​AGA​ATT‑3' 
(antisense). Human GC SGC7901 cells were transfected with 
siRNA (100  nM) using Lipofectamine 2000 (Invitrogen, 
Carlsbad, CA, USA) according to the manufacturer's protocol.

Stable transfection of CD133. A plasmid extraction kit (Qiagen, 
Düsseldorf, Germany) was used to extract the CD133 comple-
mentary deoxyribonucleic acid (cDNA)‑encoding plasmid 
according to the manufacturer's protocol. The human GC 
SGC7901 cells, which have been confirmed to have low CD133 
expression, were stably transfected using Lipofectamine® LTX 
Reagent (Invitrogen, Tokyo, Japan) in accordance with the 
manufacturer's instructions.

Western blotting and antibodies. Quantified protein lysates 
were resolved via sodium dodecyl sulfate‑polyacrylamide gel 
electrophoresis, transferred onto polyvinylidene difluoride 
membranes (Millipore, Billerica, MA, USA), and incubated 
with primary antibodies (CD133/1 mouse mAb 1:100, Miltenyi 
Biotec; and phospho‑P70S6 kinase (p‑P70S6K), P70S6K, 
p‑ERK and ERK, rabbit mAb 1:1,000, Cell Signaling 
Technology, Inc., Boston, MA, USA), followed by incubation 
with the appropriate HRP‑conjugated secondary antibodies 
(1:2,000; Jackson, Mukilteo, WA, USA) at room temperature. 
Immunoreactive proteins were detected using an enhanced 
chemiluminescence detection kit (Amersham Biosciences, 
Inc., Piscataway, NJ, USA).

Statistical analyses. Student's t‑test and ANOVA were used to 
compare the results, when appropriate. All statistical analyses 
were performed using the software SPSS 13.0 (SPSS, Inc., 
Chicago, IL, USA). Values of P<0.05 were considered statisti-
cally significant.

Results

TGF‑β1 upregulates the level of CD133 and activates the 
ERK/P70S6K signaling pathway. Recent studies have shown 
that CD133 expression is regulated by microenvironmental 
changes within the CSC niche (31,32). We hypothesized that 
CD133 expression is regulated by known growth factors, such 
as TGF‑β1, which are highly expressed in GC. To confirm our 
hypothesis, SGC7901 and MKN45 cells were treated with 
5 ng/ml TGF‑β1 and analyzed via immunoblotting. Fig. 1A‑D 
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shows that the expression of CD133 protein was enhanced by 
TGF‑β1 treatment. In addition, the expression level of p‑ERK 
and p‑P70S6K was induced in GC cells treated with TGF‑β1, 
while the expression of ERK and P70S6K was not affected.

CD133+ GC cells display a higher degree of activation of 
ERK/P70S6K signaling. To test whether TGF‑β1 activates the 

ERK/P70S6K pathway by regulating CD133 expression, we 
examined ERK, p‑ERK, P70S6K and p‑P70S6K expression 
levels in CD133+ and CD133‑ GC cells. As shown in Fig. 2A, B, 
D and E, there was no significant difference in the expression 
of total ERK and P70S6K between CD133+ and CD133‑ cells, 
but the expression of p‑ERK and p‑P70S6K was significantly 
higher in the CD133+ cells compared to that in the CD133‑ cells. 

Figure 1. TGF‑β1 upregulates the level of CD133 and activates the ERK/P70S6K signaling pathway. (A and B) Expression of CD133, p‑ERK, ERK, p‑P70S6K 
and P70S6K was determined in SGC7901 and MKN45 cells by western blotting. Glyceraldehyde 3‑phosphate dehydrogenase protein was used as an internal 
control. (C and D) Quantification of the target protein bands relative to GAPDH levels is shown in the panels, *P<0.05 vs. Ctrl. TGF, transforming growth 
factor; CD, cluster of differentiation; ERK, extracellular signal‑regulated kinase; p‑ERK, phospho‑ERK; p‑P70S6K, phospho‑P70S6 kinase.

Figure 2. CD133+ GC cells display a greater extent of activation of ERK/P70S6K signaling. CD133+ and CD133‑ GC cells were isolated. (A and B) Western blot-
ting was used to confirm the expression levels of CD133, p‑ERK, ERK, p‑P70S6K and P70S6K. (C) The effect of U0126 treatment on the expression of CD133, 
p‑ERK, ERK, p‑P70S6K and P70S6K. (D and E) Quantification of the target protein bands relative to GAPDH levels is shown in the panels. (F) Quantification 
of the target protein bands relative to GAPDH levels is shown in the panels *P<0.05 vs. CD133+; #P<0.05 vs. Ctrl. CD, cluster of differentiation; GC, gastric 
cancer; ERK, extracellular signal‑regulated kinase; p‑ERK, phospho‑ERK; p‑P70S6K, phospho‑P70S6 kinase.
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To clarify whether CD133 is upstream of the ERK/P70S6K 
signaling pathway, SGC7901 GC cells were treated with the 
specific inhibitor of the ERK pathway U0126. Western blot-
ting showed that U0126 treatment clearly decreased p‑ERK 
and p‑P70S6K expression, while the expression of CD133 
was unchanged (Fig. 2C and F). Taken together, our results 
indicate that CD133 is likely upstream of the ERK/P70S6K 
signaling pathway. Given that TGF‑β1 both activates the 
ERK/P70S6K pathway and upregulates CD133 expression, 
CD133 might be a mediator of the TGF‑β1‑induced activation 
of the ERK/P70S6K signaling pathway.

CD133 activation enhances ERK/P70S6K activity. To 
confirm the role of CD133 in the TGF‑β1‑induced activa-
tion of ERK/P70S6K signaling, the expression of CD133 
was increased by transfecting the CD133‑expression 
construct into SGC7901 cancer cells. Western blotting 
demonstrated that CD133 expression was clearly upregu-
lated in the CD133‑overexpressing cells compared with that 

in the vector‑transfected cells (Fig. 3A and B). Meanwhile, 
the expression of p‑ERK and p‑P70S6K was upregulated in 
the CD133‑overexpressing cells compared to that in the empty 
vector‑transfected cells, while the expression of ERK and 
P70S6K was not affected.

Inhibition of CD133 in SGC7901 GC cells inhibits the acti‑
vation of ERK/P70S6K signaling. To further confirm the 
significance of CD133, siRNAs targeting CD133 were used. 
As indicated in Fig. 4A and B, the expression of CD133 in GC 
cells was successfully inhibited by siRNAs targeting CD133. 
Western blotting showed that the downregulation of CD133 
contributed to a reduction in the level of p‑ERK and p‑P70S6K 
in cells transfected with siRNAs targeting CD133 compared to 
that in cells transfected with control siRNAs. In contrast, the 
expression of ERK and P70S6K was not significantly altered 
after CD133 inhibition. Taken together, CD133 likely plays 
an important role in the TGF‑β1‑induced activation of the 
ERK/P70S6K signaling pathway.

Figure 3. CD133 activation enhances ERK/P70S6K activity. Cells were transfected with either empty pcDNA vector or CD133‑expression vector. (A) Western 
blotting was performed to investigate the expression of CD133, p‑ERK, ERK, p‑P70S6K and P70S6K. (B) Quantification of the target protein bands relative to 
GAPDH levels is shown in the panels, *P<0.05 vs. Ctrl; #P<0.05 vs. vector. CD, cluster of differentiation; ERK, extracellular signal‑regulated kinase; p‑ERK, 
phospho‑ERK; p‑P70S6K, phospho‑P70S6 kinase.

Figure 4. Inhibition of CD133 in SGC7901 GC cells inhibits the activation of ERK/P70S6K signaling. (A) Protein expression was analyzed via western blotting 
using antibodies against CD133, p‑ERK, ERK, p70S6K, p‑p70S6K, and glyceraldehyde 3‑phosphate dehydrogenase. (B) Quantification of the target protein 
bands relative to GAPDH levels is shown in the panels, *P<0.05 vs. Ctrl; #P<0.05 vs. NC. CD, cluster of differentiation; GC, gastric cancer; ERK, extracellular 
signal‑regulated kinase; p‑ERK, phospho‑ERK; p‑P70S6K, phospho‑P70S6 kinase.
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Discussion

CD133 is a transmembrane protein that is well adapted to 
participate in ERK signaling regulated by TGF‑β1.

Better understanding of the relevance and function of 
CSCs may provide novel insights into the underlying mecha-
nislms and possible targets for GC therapies. Increasing 
evidence has demonstrated that in addition to being a 
biomarker in tumors, CD133 regulates the growth and devel-
opment of tumor cells. Recently, CD133 has been reported to 
be involved in the activation of the ERK signaling pathway in 
various cancer cells (18‑22). Moreover, increasing evidence 
has indicated that the enhanced motility, invasion and metas-
tasis of cancer cells are associated with the ERK signaling 
pathway. Although the activation of the ERK signaling 
pathway has been reported to be associated with GC, we are 
the first to report that CD133 involved in the activation of 
the ERK signaling pathway induced by TGF‑β1 in GC. Our 
current study demonstrates the correlation between CD133 
and the TGF‑β1‑mediated activation of the ERK/P70S6K 
signaling pathway in GC cells.

In the current study, CD133 protein expression was 
induced by TGF‑β1 treatment. In addition, the expression level 
of p‑ERK and p‑P70S6K was upregulated in GC cells treated 
with TGF‑β1, while the expression of ERK and P70S6K 
was not changed. The above results showed that TGF‑β1 
might activate CD133 as well as the ERK/P70S6K signaling 
pathway. However, the correlation among TGF‑β1, CD133 and 
ERK/P70S6K signaling pathway remained unclear.

To test whether TGF‑β1 activates the ERK/P70S6K 
pathway by regulating CD133 expression, we examined the 
expression of ERK, p‑ERK, P70S6K and p‑P70S6K in CD133+ 
and CD133‑ GC cells. As demonstrated, there was no obvious 
difference in total ERK and P70S6K levels between CD133+ 
and CD133‑ cells, but p‑ERK and p‑P70S6K levels were 
significantly higher in the CD133+ cells compared to those 
in the CD133‑ cells. To clarify whether CD133 is upstream 
of the ERK/P70S6K signaling pathway, SGC7901 GC cells 
were treated with the specific inhibitor of the ERK signaling 
pathway U0126. Western blotting showed that U0126 treatment 
clearly decreased the expression of p‑ERK and p‑P70S6K, 
while the expression of CD133 was unchanged. Taken together, 
our results indicate that CD133 is likely upstream of the 
ERK/P70S6K signaling pathway. Given that TGF‑β1 activates 
the ERK/P70S6K pathway and upregulates CD133 expression, 
CD133 is the mediator of the TGF‑β1‑induced activation of the 
ERK/P70S6K signaling pathway.

To confirm the role of CD133 in the TGF‑β1‑induced acti-
vation of ERK/P70S6K signaling, gene modulation was used. 
In our current study, the function of CD133 on the activation 
of the ERK/P70S6K signaling pathway was confirmed by 
upregulating and downregulating CD133 in SGC7901 cells. 
It was found that silencing CD133 in cells via CD133‑siRNAs 
resulted in a reduction in the level of p‑ERK and p‑P70S6K 
compared to that in control siRNA‑transfected cells. In 
addition, the activation of CD133 increased the expression 
of p‑ERK and p‑P70S6K in cells transfected with siRNAs 
targeting CD133 compared to that in cells transfected with 
control siRNA, while the expression of ERK and P70S6K was 
not affected. Taken together, these observations clearly suggest 

that CD133 plays an important role in the TGF‑β1‑induced 
activation of the ERK/P70S6K signaling pathway.

In conclusion, the results of the present study suggest that 
concurrent blocking of CD133 and the ERK/P70S6K pathway 
might be an effective approach for improving the prognosis of 
GC patients. In addition, our results provide important avenues 
for future research in GC. However, studies investigating the 
association between CD133 and the TGF‑β1‑induced activa-
tion of the ERK/P70S6K signaling pathway in GC cells using 
human GC specimens and animal models are necessary to 
validate the usefulness of this approach. What's more, a limi-
tation of the present study is that we did not assess whether 
TGF‑beta1‑induced CD133 and subsequently activation of 
PI3K enhances cell growth. In the future, we will conduct a 
functional study aimed to demonstrate the correlation between 
the PI3K pathway and cell growth. Furthermore, we did not 
prove whether the activation of the PI3K pathway by CD133 
is mediated by the phosphorylation of the regulatory subunits 
p85 and/or p110. Obviously, the absence of data on PI3K/PTEN 
and PI3K/AKT signaling was also a limitation of this study. 
And our future study will solve the above problems.
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