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Abstract: Chemoresistance in gastric cancer is the leading cause of tumor recurrence and poses a substantial ther-
apeutic challenge. The stem cell biomarker CD133 has been implicated in drug resistance of tumor-initiating cells 
in a number of cancers including gastric cancer. Therefore, we investigated the molecular mechanism of CD133-
associated multidrug resistance in gastric cancer cells. Using CD133 overexpressing and knockdown gastric cancer 
cell lines, we demonstrated that loss of CD133 significantly increased the growth inhibition of chemotherapeutic 
agents; whereas, overexpression significantly reduced growth inhibition. Furthermore, CD133 knockdown signifi-
cantly reduced the enzymatic activity of phosphatidylinositol-3 kinase (PI3K) and the expression of P-glycoprotein 
(P-gp), B-cell lymphoma 2 (BCL2), and phosphorylated-protein kinase B (p-AKT), but elevated the expression of 
BCL2 associated X (BAX). Conversely, overexpression of CD133 significantly increased PI3K enzymatic activity, ex-
pression of P-gp, BCL2, and p-AKT, and decreased BAX expression. The PI3K/AKT inhibitor LY294002 mirrored the 
effects of loss of CD133; whereas, the PI3K/AKT activator epidermal growth factor reproduced the effects of CD133 
overexpression. To identify the interaction between CD133 and PI3K, we used site-directed mutagenesis to mutate 
individual tyrosine residues of CD133. We found that binding between CD133 and p85, the regulatory subunit of 
PI3K, was significantly reduced when tyrosine 852 was mutated. In summary, we have demonstrated that CD133 
activates the PI3K/AKT signal transduction pathway through direct interaction with PI3K-p85, resulting in multidrug 
resistance of gastric cancer cells. These results suggest that the interaction between CD133 and PI3K-p85 may 
offer a novel therapeutic target in multidrug resistant gastric cancer.
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Introduction 

Gastric cancer ranks second in terms of can-
cer-related deaths worldwide. The most effec-
tive treatment option is a combination of ra- 
dical resection and chemotherapy. However, 
relapse and metastasis are common, and the 
5-year survival rate is only 47.0% to 60.1% 
[1-5]. Tumor-initiating cells show strong self-
renewal, proliferation, metastasis, and drug 
resistance. Innate or acquired drug resistance 
of tumor cells is the major cause of tumor recur-
rence, and poses a substantial challenge for 
traditional chemotherapy and the development 
of new biological agents [6]. Therefore, under-
standing the mechanism of multidrug resis-
tance in gastric cancer is essential.

Currently, multidrug resistance involves multi-
ple factors and mechanisms, including mem-

bers of the B-cell lymphoma 2 (BCL2) family 
and the resistance-related protein P-glycopro- 
tein (P-gp). Although the multidrug resistance 
mechanism is widely studied, the key factors 
underlying the phenomenon remain unclear [7]. 
Drug resistance and tumor-initiating cells have 
been associated with the cell surface marker 
CD133 [8-10]. In addition, CD133 may be asso-
ciated with resistance to 5-Fluorouracil (5-FU) 
in gastric cancer cells [11]. 

CD133 has been shown to promote colon can-
cer progression by activating the protein kinase 
B (AKT) signal transduction pathway [14]. AKT is 
a cell survival signal that promotes drug resis-
tance in many tumor cells [12]. AKT activation 
can occur through phosphatidylinositol 3-kinas-
es (PI3Ks) that regulate many cellular process-
es, including apoptosis, via receptor tyrosine 
kinases [13]. The mechanism by which CD133 
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activates AKT in tumor-initiating cells remains 
unclear. CD133 has been shown to be activat-
ed by Src tyrosine kinases at intracellular tyro-
sine residues [15]. Additionally, in glioma stem 
cells CD133 activates the AKT pathway and 
promotes tumor formation via interaction with 
p85, the regulatory subunit of PI3K [16]. Th- 
erefore, we investigated the relationship be- 
tween the phosphorylation of CD133 at inner 
tyrosine residues and resistance to chemother-
apy in gastric cancer. We have identified an 
active site that offers a potential target to 
develop therapies against multidrug resistant 
gastric cancer.

Materials and methods

Chemicals

LY294002, epidermal growth factor (EGF), 
5-FU, and cisplatin (DDP) were purchased from 
Sigma (St. Louis, MO, USA).

Cell lines and cultures

Human gastric cancer cell lines MKN45 and 
KATO-III were provided by the Shanghai Institute 
of Cell Biology (Shanghai, China). Cells were 
maintained in RPMI 1640 culture medium sup-
plemented with 100 g/mL streptomycin, 100 
U/mL penicillin, and 10% fetal bovine serum 
(both from HyClone, Utah, USA) at 37°C in a 
humidified atmosphere containing 5% carbon 
dioxide.

Plasmids

To knock down the endogenous CD133 expres-
sion, CD133 shRNA lentivirus vectors were gen-
erated by ligation of lentivirus vector pGreenPu-
ro-H1 with the oligonucleotide (5’-GATCCGTG- 
TACAGTAAACGGTGTATACTCGAGTATACACCGTT- 
TACTGTACACTTTTTTG-3’). 

Ectopic expression of CD133 was determin- 
ed by designing a pGreenPuro-H1-CD133 plas-
mid containing full-length human CD133 cDNA 
spliced into the pGreenPuro-H1 lentivirus vec-
tor between BamHI and XhoI sites. CD133 ph- 
osphorylation mutants (Y818F, Y819F, Y828F, 
Y846F, and Y852F) were created using the 
Vazyme Mut Express® II Fast Mutagenesis  
kit from Vazyme Biotech (Nanjing, China). 
Mutant constructs were sequenced, and the 
correct plasmids were selected for further 
experiments. 

The prokaryotic expression plasmid glutathi- 
one S-transferase (GST)-p85 was constructed 
by inserting the cDNA sequence encoding 
PI3K-p85 into pGEX-6P-1 prokaryotic expres-
sion vector between BamHI and XhoI sites. 

Lentivirus construction and transfection

Briefly, using Lipofectamine 2000 reagent (In- 
vitrogen, CA, USA), 293T cells were co-trans-
fected with lentiviral vectors and the packaging 
vectors pCMV-dR8.2 and Pmd 2.G. Two days 
later, the supernatant was collected, filtered, 
concentrated, and used for experiments or fro-
zen at -80°C. Cells were transduced using lenti-
virus with polybrene (Sigma). Puromycin was 
used to select for successfully infected cells.

Western blot

Protein lysates were resolved on sodium dodec-
yl sulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE), transferred to polyvinylidene diflu-
oride membrane (Millipore, Billerica, MA, USA), 
and immunoblotted with mouse anti-human 
CD133/1 (1:100; Miltenyi Biotec, Krohne, Ger- 
many), P-gp (1:500; Santa Cruz Biotechnology, 
Inc., Santa Cruz, CA, USA), rabbit anti-human 
p-AKT (Ser473, 1:1,000), AKT (1:1,000), BCL2 
(1:1,000), BCL2 associated X (BAX) (1:1,000), 
and glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) (1:2,000) (Cell Signaling Te- 
chnology Inc., Boston, MA, USA). After immu-
noblotting, lysates were incubated with hor- 
seradish peroxidase-labeled goat or mouse  
anti-rabbit immunoglobulin G secondary anti-
body (1:2,000; Jackson, Mukilteo, WA, USA) at 
room temperature. Blots were visualized using 
enhanced chemiluminescence (Amersham Bio- 
sciences Inc., Piscataway, NJ, USA).

Quantitative polymerase chain reaction (qPCR)

Total RNA was extracted from gastric cancer 
cells with TRIzol reagent (Invitrogen) following 
the manufacturer’s protocol. qPCR was per-
formed using the isolated RNA with the follow-
ing primer pairs for CD133: 5’-TTACGGCACT- 
CTCACCT-3’ (forward) and 5’-TATTCCACAAGCA- 
GCAAA-3’ (reverse); multidrug resistance pro-
tein 1 (MDR1): 5’-GCTTATGCGAAAGCTGGAGCA- 
GTT-3’ (forward) and 5’-TGGCCGTGATGGCTTT- 
CTTTATGC-3’ (reverse); BCL2: 5’-TTGGATCAGG- 
GAGTT-3’ (forward) and 5’-TGTCCCTACCAACC- 
AGAAGG-3’ (reverse); BAX: 5’-TGTCCCTACCAAC- 
CAGAAGG-3’ (forward) and 5’-AGCCACCCTGG- 
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TCTTG-3’ (reverse); and GAPDH as the inter- 
nal control: 5’-ACGGATTTGGTCGTATTGGGCG-3’ 
(forward) and 5’-CTCCTGGAAGATGGTGATGG-3’ 
(reverse). Real-time qPCR was performed in 
triplicate with SYBR Green PCR master mix in 
Lightcycler 480 (Roche, Basel, Switzerland).

Cell proliferation and cytotoxicity assay

The Cell Counting Kit-8 (CCK-8) (Dojindo, Ky- 
ushu, Japan) assay was used to assess cell 
viability. Cells were seeded on 96-well plates at 
a concentration of 1 × 104/well and incubated 
overnight. Cells were exposed to 5-FU or DDP at 
various concentrations (0, 0.1, 1, 10, 100, and 
1,000 μM; dissolved in dimethyl sulfoxide). 
After 10 μl of CCK-8 solution was added to 
each well, the plates were incubated for 1 h at 
37°C. The absorbance of individual wells was 
read at 450 nm using a microplate reader (Bio-
Rad Laboratories, CA, USA). The sensitivity of 
tumor cells to 5-FU or DDP was determined 
using IC50 values (doses that achieve 50% 
growth inhibition) from the respective dose-
response curves. 

Enzyme-linked immunosorbent assay (ELISA)

PI3K activity was determined by ELISA (Echelon 
Biosciences, Utah, USA) according to the ma- 
nufacturer’s protocol. PI3K activity was esti-
mated by the conversion of phosphatidylinosi-
tol 4,5-biphosphate [PI(4,5)P2] lipid to pho- 
sphatidylinositol 3,4,5-triphosphate [PI(3,4,5)
P3] lipid. Briefly, PI3K-bound protein A Se- 
pharose beads were incubated for 1 to 2 h with 
PI(4,5)P2 substrate at room temperature in 50 
μL of buffer A [20 mM Tris-HCl (pH 7.4), 4 mM 
MgCl2, 10 mM NaCl, and 25 μM ATP]. The beads 
were removed by centrifugation, and the super-
natant or known concentrations of PI(3,4,5)P3 
were incubated for 1 h with 50 μL PI(3,4,5)P3 
binding reagent and transferred to a plate coat-
ed with PI(3,4,5)P3. A peroxidase-linked sec-
ondary detection reagent was used to detect 
PI(3,4,5)P3 protein binding to the plate. The 
absorbance was measured at 450 nm, and the 
amount of PI(3,4,5)P3 generated was calculat-
ed from a standard curve using known concen-
trations of the lipid product.

GST pull-down assay

GST or GST-p85 proteins were purified from 
Escherichia coli BL21, bound to GST beads, 

and washed. The bound proteins were incubat-
ed with recombinant p85 (generated from E. 
coli BL21) in binding buffer at 4°C for 4 h.  
After washing with binding buffer, the pull-down 
products were subjected to SDS-PAGE and  
analyzed by Coomassie Brilliant Blue staining 
or western blot using the following antibodies: 
rabbit monoclonal anti-PI3K regulatory subunit 
p85 (Cell Signaling; 1:1,000) and mouse mono-
clonal anti-CD133 (1:100; Miltenyi Biotec).

Tumor formation assays

The tumor-initiating capacity of MKN45-vector, 
MKN45-CD133, and MKN45-CD133-Y852 ce- 
lls was compared by intracranial injection of 
50,000 cells into 6- to 8-week-old male nude 
mice. The tumor volume and weight were mea-
sured after 4 weeks when the mice were eu- 
thanized. The tumor volume was calculated 
using the formula: tumor volume = (length × 
width2)÷2.

Statistical analysis

Statistical analyses were performed using SP- 
SS version 13.0 software (IBM, Chicago, IL, 
USA). The results were expressed as the mean 
± the standard deviation (mean ± SD). Com- 
parisons between groups were performed us- 
ing one-way analysis of variance (ANOVA). P val-
ues less than 0.05 were considered to indicate 
a statistically significant difference.

Results 

CD133 promotes chemoresistance of gastric 
cancer cells

To determine the role of CD133 in multidrug 
resistance of gastric cancer, we constructed a 
CD133 silenced KATO-III cell line and a CD133 
overexpressing MKN45 cell line using lenti- 
virus. Under a fluorescence microscope, the 
majority of cells in each group expressed green 
fluorescent protein, which was indicative of 
high transfection efficiency (Figure S1A and 
S1B). Western blot and qPCR analyses showed 
that CD133 expression in the CD133 knock-
down group was significantly lower than in the 
control group (P < 0.05). Additionally, CD133 
expression in the CD133 overexpressing group 
was significantly higher than in the control 
group (P < 0.05) (Figure 1A), suggesting suc-
cessful generation of CD133 silenced and over-
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expressing gastric cancer cell lines. Using these 
cell lines, we sought to determine the role of 
CD133 in drug resistance of gastric cancer 
cells. Resistance to increasing concentrations 
of 5-FU and DDP (0, 0.1, 1, 10, 100, 1000 µM) 
was assessed by cell viability following treat-
ment. We found that loss of CD133 significantly 
increased the inhibitory capability of 5-FU and 
DDP in KATO-III cells with IC50 values of 54.03 
± 0.65 µM vs. 133.30 ± 4.92 µM and 2.31 ± 
0.22 µM vs. 24.59 ± 2.16 µM, respectively (P < 
0.05). In contrast, CD133 upregulation signifi-
cantly reduced the inhibitory capability of 5-FU 
and DDP (P < 0.05) in MKN45 cells with IC50 
values of 24.49 ± 2.13 µM vs. 11.62 ± 1.53 µM 
and 24.49 ± 2.13 µM vs. 11.62 ± 1.53 µM, 
respectively (Figure 1B and 1C). Interestingly, 
western blot analysis showed that loss of 

CD133 in KATO-III cells reduced the protein lev-
els of P-gp and BCL2 and significantly enhanced 
BAX levels. CD133 overexpression in MKN45 
cells significantly increased the expression of 
P-gp and BCL2 and reduced BAX levels (Figure 
1D). MDR1, which encodes P-gp, and BCL2 lev-
els in the CD133 knockdown group were signifi-
cantly reduced, and the expression of BAX was 
downregulated (P < 0.05). CD133 overexpres-
sion significantly increased the expression of 
MDR1 and BCL2, and reduced the BAX level (P 
< 0.05) (Figure 1E).

CD133 activates PI3K/AKT signaling 

To study the effect of CD133 on the PI3K/AKT 
pathway, we assessed activation of the path-
way in our CD133 knockdown and overexpress-

Figure 1. CD133 promotes chemoresistance of gastric cancer cells to 5-FU and DDP. A. CD133 knockdown and 
overexpressing gastric cancer cells were validated by western blot and qPCR. B, C. Cell viability after treatment with 
5-FU or DDP was assessed by cell counting. CD133 knockdown reduced chemoresistance of gastric cancer cells, 
and CD133 overexpression increased chemoresistance to 5-FU and DDP. D, E. Protein and mRNA expression of P-gp 
(MDR1), BCL2, and BAX. By regulating the expression of apoptosis-related factors MDR1, BCL2, and BAX, CD133 
could control the chemoresistance of gastric cancer cells. *P < 0.05, **P < 0.01, ***P < 0.001.
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ing cell lines. Western blot analysis revealed 
that p-AKT protein levels were reduced in the 
CD133 knockdown group and significantly in- 
creased in the CD133 overexpressing group 
compared to their respective controls (Figure 
2A). Furthermore, ELISA results showed down-
regulation of PI3K enzymatic activity in KATO-III 
cells after CD133 knockdown, whereas CD133 
overexpression significantly improved the enzy-
matic activity of PI3K in MKN45 cells (P < 0.05) 
(Figure 2B). To further confirm the interaction 
of CD133 and the PI3K/AKT pathway, we 
enhanced CD133 expression in KATO-III cells 
using 10 μmol/L of LY294002, a PI3K/AKT 

lated the expression of drug resistance and 
apoptosis-related factors including P-gp, BCL2, 
and BAX in a time-dependent manner. LY294- 
002 reduced the protein levels of P-gp and 
BCL2, and increased the expression of BAX. 
Conversely, EGF addition enhanced the expres-
sion of P-gp and BCL2, and suppressed BAX 
(Figure 3A and 3B). 

Carboxyl tyrosine residues of CD133 and gas-
tric cancer drug resistance

To further elucidate the interaction of CD133 
with the downstream signaling pathway, we 

Figure 2. CD133 enhances the chemoresistance capacity of gastric cancer 
cells by activating the PI3K/AKT signaling pathway. A. Western blot analy-
sis of p-AKT and AKT levels shows that loss of CD133 reduces p-AKT and 
overexpression of CD133 enhances p-AKT. B. PI3K enzymatic activity was 
assessed by ELISA. CD133 could significantly activate PI3K enzymatic activ-
ity, and this activation was lost with loss of CD133. C. ELISA results indicate 
that PI3K/AKT activator EGF and inhibitor LY294002 regulate PI3K activity 
in CD133 high and low expressing gastric cell lines. D, E. Cell viability after 
treatment with 5-FU or DDP demonstrated that LY294002 and EGF reduce 
and enhance the chemoresistance of gastric cancer cells in CD133 high and 
low expressing cells, respectively. *P < 0.05.

pathway inhibitor. We also in- 
duced low expression of CD- 
133 in MKN45 cells with 5 
ng/mL EGF, a PI3K/AKT path-
way activator. To test the eff- 
ects of LY294002 and EGF on 
PI3K enzyme activity, ELISA 
was performed after exposure 
to the compounds for 0, 1, 3, 
6, 12, or 24 h. The activity of 
PI3K was reduced to a mini-
mum 3 h after treatment with 
LY294002 and peaked 1 h 
after addition of EGF (Figure 
2C). Cell viability analysis de- 
monstrated that LY294002 
increased the inhibitory res- 
ponse of KATO-III cells to 5-FU 
and DDP evidenced by IC50 
values of 50.05 ± 3.65 µM vs. 
143.30 ± 3.52 µM and 12.31 
± 1.23 µM vs. 24.02 ± 3.06 
µM, respectively (P < 0.05).  
In contrast, EGF reduced the 
inhibitory response of 5-FU 
and DDP in MKN45 cells, with 
IC50 values of 34.49 ± 6.13 
µM vs. 11.62 ± 1.53 µM and 
25.01 ± 2.13 µM vs. 11.30 ± 
0.93 µM, respectively (P < 
0.05) (Figure 2D and 2E). We- 
stern blot showed similar do- 
wnregulation of p-AKT levels 
by LY294002 and upregula-
tion of p-AKT with EGF treat-
ment, suggesting that PI3K/
AKT signaling was inhibited 
and activated, respectively 
(Figure 3A and 3B). Additi- 
onally, western blot indicated 
that LY294002 and EGF regu-
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constructed five site-directed mutagenesis vec-
tors of CD133 tyrosine residues 818, 819, 828, 
846, and 852. After transfection into MKN45 
cells, the IC50 values of 5-FU for the seven 
groups (vector, wide-type, 818, 819, 828, 846, 
852) were assessed by cell viability and found 
to be 10.62 ± 1.534 μM, 24.49 ± 2.63 μM, 
27.82 ± 3.11 μM, 23.11 ± 2.18 μM, 25.24 ± 
3.72 μM, 28.82 ± 2.18 μM, and 12.72 ± 2.81 
μM, respectively. The IC50 values for DDP were 
6.62 ± 1.03 μM, 16.487 ± 2.137 μM, 15.734 ± 
2.342 μM, 13.623 ± 1.872 μM, 14.734 ± 
2.372 μM, 17.273 ± 2.321 μM, and 7.842 ± 
1.734 μM, respectively. The IC50 values of 
wild-type, 818, 819, 828, and 846 groups were 
significantly higher than the vector group (all P 
< 0.05). However, the IC50 of the 852 group 
showed no significant difference from the vec-
tor group (Figure 4A). Using these tyrosine 
mutant cell lines, we examined PI3K/AKT pa- 
thway activation by western blot and ELISA. 
Results indicated that PI3K enzymatic activity 
in wild-type, 818, 819, 828, and 846 groups 
increased significantly (P < 0.05), while the 
activity of 852 group showed no significant dif-
ference compared with the vector group and 
was lower than other groups. The p-AKT protein 
level revealed a similar trend (Figure 4B and 

to the control group without IPTG. Different  
concentrations of IPTG (0.2, 0.5, and 1.0 μM) 
were used for induction, and 0.5 μM was se- 
lected for follow-up (Figure S2A). Western blot 
also showed the successful expression of 
PI3K-p85 protein (Figure S2B). After purifying 
the prokaryotic expression protein, Coomassie 
Brilliant Blue staining indicated that the levels 
of GST and GST-p85 protein were dramatically 
increased (Figure S2C). Using these vectors  
we assessed the interaction between different 
mutant CD133 proteins and PI3K-p85 by GST 
pull-down. Results showed that the binding 
between CD133 protein and PI3K-p85 at tyro-
sine residue 852 was reduced compared to 
other groups, suggesting residue 852 may be 
important for binding efficiency (Figure 4D). 

Tumor-initiating capacity of CD133 and CD133 
tyrosine residue mutant

Four weeks after MKN45-vector, MKN45-CD- 
133, and MKN45-CD133-Y852 cells were in- 
jected into nude mice, all the mice were eu- 
thanized. The length, width, and weight of the 
tumors were measured (Figure S3A and S3B). 
Results indicated that tumor volume and tumor 
weight in the protein with mutant residue 852 

Figure 3. The molecular mechanisms of PI3K/AKT in the promotion of che-
moresistance in gastric cancer cells. A, B. Western blot analysis of p-AKT, 
AKT, P-gp, BCL2, and BAX following treatment with EGF or LY294002. Ma-
nipulation of PI3K/AKT pathway activation regulates chemoresistant and 
apoptosis-related factors in a time-dependent manner.

4C). Altogether, this data sug-
gests that the tyrosine resi- 
due 852 of CD133 may play 
an important role in the inter-
action with the downstream 
PI3K/AKT signaling pathway. 

Interaction of CD133 tyrosine 
residues and PI3K-p85

To confirm the interaction be- 
tween CD133 tyrosine resi-
dues and PI3K-p85, we con-
structed a GST-PI3K-p85 pr- 
okaryotic expression vector 
and induced PI3K-p85 protein 
expression in vitro. After indu- 
ction by isopropyl ß-D-1-thio-
galactopyranoside (IPTG), the 
harvested bacteria were lys- 
ed and total protein was 
extracted. The expression of 
GST and GST-p85 was suc-
cessfully identified by Coom- 
assie Brilliant Blue staining 
and was enhanced compared 
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were significantly smaller than in the CD133 
overexpressing group (P < 0.05) (Figure 4E).

Discussion 

As one of the most important markers of tumor 
stem cells, CD133 is widely used in subgroup 

sorting and identification. Evidence suggests 
that CD133 regulates tumor biology including 
drug resistance. El-Khattouti et al. found that 
CD133-positive melanoma cells showed incr- 
eased drug resistance to paclitaxel compared 
with CD133-negative cells [17]. Another study 
found that CD133 was capable of regulating 

Figure 4. The role of carboxyl terminal tyrosine residues of CD133 in drug-resistant gastric cancer. A. Cell viability 
after treatment with 5-FU or DDP in site-directed mutant tyrosine residue MKN45 cell lines. CD133 tyrosine mu-
tants, except for tyrosine 852, significantly enhanced the chemoresistance of gastric cancer cells to 5-FU and DDP. 
B. Protein analysis of p-AKT and AKT reveals that only tyrosine 852 mutant cells fail to induce p-AKT expression. C. 
ELISA was performed on CD133 tyrosine mutant cell lines to assess PI3K enzymatic activity. CD133 tyrosine mu-
tants, except for tyrosine 852, enhanced PI3K activity significantly. D. GST pull-down assay was used to determine 
the interaction of CD133 tyrosine residues with the PI3K regulatory subunit p85. Only the tyrosine 852 mutant 
impaired the binding of CD133 to PI3K-p85. E. CD133 overexpression could remarkably promote transplantation 
tumorigenesis in nude mouse, which was assessed by comparing tumor weight and volume. Mutation of CD133 ty-
rosine 852 significantly reduced both tumor weight and volume. F. A schematic diagram explaining the mechanisms 
of multidrug resistance in CD133-positive gastric cancer cells. 
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multidrug resistance of glioma cells [18]. How- 
ever, studies investigating the role of CD133  
in multidrug resistance of gastric cancer are 
scarce. Our preliminary study showed that the 
resistance of CD133-positive gastric cells to 
5-FU was stronger than that of CD133-negative 
cells [10]. Several studies have isolated spe- 
cific subgroups based on CD133 expression. 
However, exclusion of factors that affect drug 
resistance in CD133-negative cells is difficult. 
Techniques such as genetic knockdown and 
overexpression are needed to exclude com-
pounding factors.

To determine the role of CD133 in multidrug 
resistance of gastric cancer cells, we selected 
two gastric cancer cell lines, one with high 
CD133 expression and one with low CD133 
expression, and knocked down or overexpre- 
ssed CD133 using lentivirus-mediated tech-
niques. CD133 knockdown significantly reduc- 
ed the drug resistance of gastric cancer cells  
to 5-FU and DDP, whereas CD133 overexpres-
sion enhanced drug resistance. These results 
are consistent with previous studies involving 
gliomas and cancers of the liver, thyroid, colon, 
and other organs [19-22]. Although the chemo-
resistance of tumor cells is quite complex, fac-
tors that may be involved, such as drug resis-
tance-related protein P-gp and apoptosis-related 
proteins BCL2 and BAX, have been identified. 
P-gp promotes cellular efflux of drugs, and 
BCL2 and BAX primarily regulate cellular apop-
tosis via cytochrome enzyme activity [18, 23- 
26]. Our results indicated that CD133 knock-
down significantly reduced the expression of 
P-gp and BCL2 and increased BAX expression. 
CD133 overexpression directly contrasted th- 
ese results. Zhang et al. also showed that P-gp 
protein was involved in multidrug chemoresis-
tance of gastric cancer cells [27]. Tsuchiya et 
al. studied the relationship between BCL2 
expression and chemotherapy sensitivity in 
breast cancer, and established that BCL2 was 
involved in chemoresistance of breast cancer 
[28]. Other studies [29, 30] showed that BAX 
was also involved in drug resistance and apop-
tosis of ovarian cancer and multiple myeloma. 
Altogether these results suggest that CD133-
regulated multidrug resistance of gastric can-
cer cells may be mediated by P-gp, BCL2, and 
BAX.

PI3K/AKT signaling is widely involved in cell 
survival and activation, and its role in drug 

resistance of tumor cells is also well-estab-
lished [12]. PI3K/AKT signaling is involved in 
proliferation, migration, and apoptosis of gas-
tric cancer cells [31-33]. PI3Ks are divided into 
three groups. Class IA PI3Ks (hereafter referred 
to as PI3K) have been studied widely, and are 
specifically related to human tumors [34]. PI3K 
is mutated in many tumors, and is recognized 
as a diagnostic and therapeutic marker for 
tumors [35]. Our previous studies showed that 
Stromal cell-derived factor 1 (SDF1)/ C-X-C che-
mokine receptor type 4 (CXCR4) regulated the 
expression of CD133 via PI3K/AKT signaling, 
and the expression of AKT signaling in CD133-
positive gastric cancer cells was greater than  
in CD133-negative cells [11, 36]. To study the 
relationship between CD133 and the PI3K/AKT 
signaling pathway, we determined the expres-
sion of p-AKT and PI3K enzyme activity after 
CD133 knockdown and overexpression. Re- 
sults indicated that after CD133 knockdown, 
the expression of p-AKT and PI3K activity in 
gastric cancer cells was significantly reduced, 
whereas CD133 overexpression yielded the 
opposite effect. The results are consistent with 
previous studies, which show that CD133 may 
regulate the activity of PI3K/AKT signaling pa- 
thways.

We used a PI3K/AKT signaling inhibitor, LY2- 
94002, and activator, EGF, to culture cells, 
manipulate the PI3K/AKT pathway, monitor 
drug resistance, and detect the expression of 
apoptosis-related factors. We found that LY2- 
94002 significantly reduced the drug resis-
tance of KATO-III cells to 5-FU and DDP. EGF 
significantly enhanced the chemoresistance of 
MKN45 cells to 5-FU and DDP. We also demon-
strated the role of LY294002 and EGF in the 
inhibition and activation of PI3K/AKT signaling 
over time. Furthermore, we tested the expres-
sion of chemoresistance and apoptosis-related 
factors. We found that LY294002 significantly 
reduced the expression of chemoresistance-
related factor P-gp and apoptosis inhibitor BC- 
L2, and increased the expression of apopto- 
tic factor BAX. EGF yielded contrasting results, 
which were consistent with the other studies 

[37, 38]. These studies suggest that CD133 
may regulate the expression of chemoresis-
tance and apoptosis-related factors by acti- 
vating the PI3K/AKT signaling pathway, and 
ultimately promote multidrug resistance in gas-
tric cancer cells. However, the mechanism of 
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CD133-mediated activation of downstream 
AKT signaling via interaction with PI3K needs to 
be elucidated. 

A recent study showed that CD133 is a trans-
membrane protein [39]. The asparagine resi-
due 548 at its extracellular N-terminal plays  
an important role in the proliferation of human 
hepatoma cells upon stimulation. Another stu- 
dy showed that phosphorylation of tyrosine  
residues 828 and 852 on the intracellular 
C-terminal of CD133 was involved in the activa-
tion of downstream signaling pathways [14-16]. 

In this study we constructed vectors with five 
mutant tyrosine residues located on the intra-
cellular C-terminal of CD133 using site-directed 
mutagenesis. We found that the tyrosine 852 
mutation of CD133 significantly reduced drug 
resistance in gastric cancer cells exposed  
to 5-FU and DDP compared to other groups. 
Furthermore, PI3K enzymatic activity and AKT 
phosphorylation were inhibited by the tyrosine 
852 mutation of CD133. Thus, the phosphory-
lation of tyrosine 852 at the CD133 carboxyl 
terminal is a key molecular event that activates 
PI3K/AKT signaling and promotes chemoresis-
tance of gastric cancer cells.

PI3K is composed of a regulatory subunit (p85) 
and a catalytic subunit (p110). The heterodi-
meric p85/p110 is recruited to receptor tyro-
sine residues on the cell membrane and is acti-
vated by either phosphorylation or binding of 
adaptor proteins to the SH2 domain of p85 [13, 
40-44]. As a key molecular target of PI3K, p85 
plays an important role in the activation of the 
PI3K/AKT signaling pathway. Moreover, p85 is 
often mutated in solid tumors, and inhibition of 
p85 expression suppresses the proliferation 
and migration of tumor cells [45-48].

CD133 may activate the PI3K/AKT pathway via 
direct interaction with PI3K-p85. We construct-
ed a GST-p85 prokaryotic expression plasmid, 
and used a GST pull-down method to elucidate 
the interaction between CD133 and PI3K-p85. 
GST pull-down showed that the binding between 
CD133 and PI3K-p85 might be mediated via 
the CD133 tyrosine 852 residue. The altered 
residue 852 also inhibited tumor formation in 
nude mice, which suggests that it may inhibit 
proliferation of gastric cancer cells. These re- 
sults indicate that tyrosine 852 of CD133 may 
mediate chemoresistance in gastric cancer 
through activation of PI3K/AKT signaling. Our 
findings are similar to that of Wei et al. [15], 
although they involve different active sites and 

different tumors. Additional studies are needed 
to confirm the specific mechanism.

Overall, this study demonstrated that CD133 
activated the PI3K/AKT signaling pathway via 
direct interaction with PI3K-p85 and regulated 
drug resistance factors, apoptosis-related fac-
tors, and multidrug resistance in gastric can-
cer. Importantly, the tyrosine 852 mutation of 
CD133 inhibited the development of drug re- 
sistance, and suggests a possible model for 
CD133-mediated multidrug resistance in gas-
tric cancer (Figure 4F). Therefore, CD133 sub-
structure and PI3K-p85 offer new possibilities 
for targeted therapy of cancer stem cells and 
resistant gastric cancer.
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Figure S1. A, B. Expression of green fluorescent protein in the newly constructed CD133 knockdown and overex-
pressing cell lines by lentivirus infection.

Figure S2. A. The design, induction and indentification of GST-p85 prokaryotic expression vector; B. The purification 
and verification of GST-p85 protein by GST beads and coomassie blue staining; C. The protein expression of GST-p85 
by western blot.

Figure S3. A, B. Tumor volume and weight in the control, wide type and mutant 852 groups after 4 weeks.


