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B7-H3 confers stemness characteristics to gastric cancer cells by 
promoting glutathione metabolism through AKT/pAKT/Nrf2 pathway
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Abstract
Background: Cancer stem-like cells (CSCs) are a small subset of cells in tumors that exhibit self-renewal and differentiation 
properties. CSCs play a vital role in tumor formation, progression, relapse, and therapeutic resistance. B7-H3, an 
immunoregulatory protein, has many protumor functions. However, little is known about the mechanism underlying the role of 
B7-H3 in regulating gastric cancer (GC) stemness. Our study aimed to explore the impacts of B7-H3 on GC stemness and its 
underlying mechanism.
Methods: GC stemness influenced by B7-H3 was detected both in vitro and in vivo. The expression of stemness-related markers 
was examined by reverse transcription quantitative polymerase chain reaction, Western blotting, and flow cytometry. Sphere 
formation assay was used to detect the sphere-forming ability. The underlying regulatory mechanism of B7-H3 on the stemness 
of GC was investigated by mass spectrometry and subsequent validation experiments. The signaling pathway (Protein kinase B 
[Akt]/Nuclear factor erythroid 2-related factor 2 [Nrf2] pathway) of B7-H3 on the regulation of glutathione (GSH) metabolism 
was examined by Western blotting assay. Multi-color immunohistochemistry (mIHC) was used to detect the expression of B7-
H3, cluster of differentiation 44 (CD44), and Nrf2 on human GC tissues. Student’s t-test was used to compare the difference 
between two groups. Pearson correlation analysis was used to analyze the relationship between two molecules. The 
Kaplan–Meier method was used for survival analysis.
Results: B7-H3 knockdown suppressed the stemness of GC cells both in vitro and in vivo. Mass spectrometric analysis showed 
the downregulation of GSH metabolism in short hairpin B7-H3 GC cells, which was further confirmed by the experimental 
results. Meanwhile, stemness characteristics in B7-H3 overexpressing cells were suppressed after the inhibition of GSH 
metabolism. Furthermore, Western blotting suggested that B7-H3-induced activation of GSH metabolism occurred through the 
AKT/Nrf2 pathway, and inhibition of AKT signaling pathway could suppress not only GSH metabolism but also GC stemness. 
mIHC showed that B7-H3 was highly expressed in GC tissues and was positively correlated with the expression of CD44 and 
Nrf2. Importantly, GC patients with high expression of B7-H3, CD44, and Nrf2 had worse prognosis (P = 0.02).
Conclusions: B7-H3 has a regulatory effect on GC stemness and the regulatory effect is achieved through the AKT/Nrf2/GSH 
pathway. Inhibiting B7-H3 expression may be a new therapeutic strategy against GC.
Keywords: B7-H3; Cancer stem-like cells; Glutathione; Protein kinase B; Nuclear factor erythroid 2-related factor 2; Gastric 
cancer

Introduction

Gastric cancer (GC) is prevalent in many parts of the 
world.[1] It is the third leading cause of cancer-related 
death worldwide, and patients diagnosed with GC gener-
ally have poor prognosis because they are usually found 

at an advanced stage.[2,3] Cancer stem-like cells (CSCs) 
are a subpopulation of cells that reside in tumors; these 
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cells have self-renewal ability and high tumorigenic 
potency.[4,5] A large body of evidence has confirmed that 
CSCs contribute to the initiation, relapse, metastasis, 
and therapeutic resistance of multiple malignancies 
including GC.[6-9] Therefore, a detailed understanding of 
the molecular mechanisms that modulate the stem-like 
properties of GC cells is urgently needed.

B7-H3, also known as CD276, is an immunoregulatory 
protein belonging to the B7 family.[10] Apart from its 
role in regulating immunological function in the tumor 
microenvironment,[11,12] B7-H3 also has non-immunological 
pro-tumorigenic functions, including promoting endothelial-
to-mesenchymal transition (EMT),[13] chemoresistance,[14] 
and angiogenesis[15] and affecting cancer cells’ metabo-
lism.[16] Recently, the biological function of B7-H3 in 
controlling the stemness of cancer cells has received 
increasing attention.[17-21] However, the role and under-
lying molecular mechanism by which B7-H3 modulates 
the stemness of GC cells remain unknown.

This study aimed to investigate the effect of B7-H3 on 
the stemness characteristics of GC cells and the mecha-
nism of its regulation of GC cell stemness. Hopefully, 
the results of this study may provide a potential new 
target for the treatment of GC patients.

Methods

Cell culture, transfection, and infection

HGC-27 and MKN-28 cell lines (Chinese Academy of 
Science Cell Bank, Shanghai, China) were separately 
cultured in Dulbecco’s Modified Eagle Medium (DMEM, 
EallBio, Beijing, China) and Roswell Park Memorial Insti-
tute (RPMI) 1640 (EallBio) containing 10% fetal bovine 
serum (FBS, EallBio) and 1% penicillin-streptomycin 
(Beyotime, Shanghai, China) at 37°C in a humidified 
atmosphere with 5% CO2.

Small interfering RNA (siRNA) for B7-H3 (B7-H3 siRNA-1 
[5΄-GCUGUCUGUCUGUCUCAUUTT-3΄], siRNA-2 [5΄-GU
GCUGGAGAAAGAUCAAATT-3΄]), and control siRNA 
were purchased from GenePharma Co. Ltd. (Suzhou, 
China). Lipofectamine 2000 (Invitrogen, Carlsbad, CA, 
USA,) was used to transfect HGC-27 and MKN-28 cell 
lines with B7-H3 siRNA according to the manufac-
turer’s protocol. The transfection efficiency was confirmed 
by Western blotting.

Lentiviruses carrying B7-H3 short hairpin RNA (shRNA) 
or B7-H3 overexpression vector were purchased from 
GenePharma Co., Ltd. (Suzhou, China). An empty back-
bone vector was used as a control. In brief, HGC-27 and 
MKN-28 cells were grown to 30% confluence in 12-
well plates and were infected with lentiviral particles 
(MOI [Multiplicity of Infection]: 20). The infection effi-
ciency was determined by counting green fluorescent 
protein-expressing cells under a fluorescence microscope 
after 72 h infection, and the subsequent Western blot-
ting.

RNA isolation and real-time quantitative polymerase chain 
reaction (RT-qPCR)

Total RNA was extracted from cells using TRIzol 
reagent (Vazyme, Nanjing, China) according to the 
manufacturer’s instructions. To analyze individual gene 
expression levels, 1 mg of total RNA was reverse-
transcribed into complementary DNA (cDNA) using 
MonscripTM RTase III (Monad, Suzhou, China) in a 
volume of 20 mL. RT-qPCR was performed on a CFX96 
TouchTM real-time PCR system (Bio-Rad, CA, USA) 
using AceQ universal SYBR qPCR (Monad) according 
to the manufacturer’s protocol. b-actin was chosen to be 
a constitutive control. Samples and reference genes were 
analyzed in triplicate. The primer sequences used for RT-
qPCR are provided in Supplementary Table 1, http://
links.lww.com/CM9/B628.

Western blotting

HGC-27 and MKN-28 cells were lysed with cell lysis 
buffer (Beyotime) containing protease inhibitors and 
phosphatase inhibitors (Beyotime) at 4°C. Protein 
concentrations were examined with Enhanced bicincho-
ninic acid Protein Assay Kit (Beyotime). Equal amounts 
of protein were separated by 10% sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (New Cell & 
Molecular Biotech, Suzhou, China) and transferred to 
0.45 mm polyvinylidene difluoride membranes (GE Health-
care Life Science, Freiburg, Germany). Then the 
membranes were blocked with 5% bovine serum 
albumin blocking buffer (Fcmacs, Nanjing, China) for 
1.5 h and incubated with primary antibodies at 4°C 
overnight. The antibodies for Western blotting were as 
follows: B7-H3 (Proteintech, Wuhan, China), CD133 
(Proteintech), CD44 (Proteintech), Sox2 (SRY-box tran-
scription factor 2, Proteintech), Nrf2 (Proteintech), AKT 
(Beyotime), pAKT (Phospho-protein kinase B, Cell 
Signaling Technology, Danvers, MA, USA), b-actin 
(ImmunoWay, Plano, TX, USA), and GAPDH (Glyceral-
dehyde-3-phosphate dehydrogenase, Proteintech). The 
next day, the membranes were washed and then incu-
bated with the corresponding Horseradish Peroxidase-
conjugated secondary antibodies at room temperature 
for 1 h. Finally, the membranes were visualized with 
Electochemiluminescence (ECL) reagents (New Cell & 
Molecular Biotech) using a Chemi DocTM MP Imaging 
System (Bio-Rad, Hercules, CA, USA).

Sphere formation assay

A spheroid-formation assay was used to detect the stem-
ness of GC cells. Specifically, HGC-27 and MKN-28 
cells were cultured in ultra-low-attachment 96-well 
plates (Corning, Corning, NY, USA) with serum-free 
Dulbecco’s Modified Eagle Medium (DMEM) or RPMI-
1640, containing EGF (epidermal growth factor, 20 ng/mL, 
Beyotime), bFGF (basic fibroblast growth factor, 20 ng/mL, 
Beyotime), B27 (2%, Gibco, Grand Island, NY, USA), 
insulin (4 mg/mL, Beyotime), and penicillin-streptomycin 
(1%). For HGC-27 cells, the concentrations of cells 
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were chosen as 100 cells/well, 80 cells/well, and 60 cells/
well, while the concentrations of MKN-28 cells were 
chosen as 160 cells/well, 140 cells/well, and 120 cells/
well. Each cell concentration had 10 replicates. After 
10–14 days, light microscopy was used to count the 
sphere numbers and to observe the sphere size.

Liquid chromatography–mass spectrometry/mass 
spectrometric (LC–MS/MS) analysis

To identify the metabolites modulated by B7-H3, untar-
geted metabolomics analysis using shB7-H3 HGC-27 
cells and negative control HGC-27 cells was performed 
by BGI (Shenzhen, China). In brief, high-resolution mass 
spectrometer Q Exactive HF (ThermoFisher Scientific, 
Waltham, MA, USA) was used to collect data from posi-
tive and negative ions. Compound Discover 3.1 
(Thermo Fisher Scientific) was used for LC–MS/MS data 
processing. A self-developed R package[22] and the 
metabolome bioinformatic analysis pipeline were used 
for data preprocessing, statistical analysis, metabolite 
classification annotations, and functional annotations. 
Principal component analysis (PCA) was used for multi-
variate raw data to analyze the groupings, trends, and 
outliers of the observed variables in the data set. Partial 
lest squares method-discriminant analysis (PLS-DA) 
(VIP ≥1 of the first two principal components of the 
model), fold change (FC, ≥2 or ≤0.5), and Student’s t-
test (q <0.05) were used to screen for differential 
metabolites.

GSH content and Glutathione-S-transferase (GST) activity 
detection　

The content of GSH and the enzyme activity of GST in 
cells were detected by colorimetric method with test kits 
produced by Nanjing Jiancheng Bioengineering Institute 
(Nanjing, China). GSH content and GST activity were 
measured by protein concentration.

Xenograft tumor

All animal experiments were performed under the 
protocol approved by the Institutional Animal Care and 
Use Committee at Soochow University (Suzhou, China) 
(Ethical approval number, 202206A0710). Six- to eight-
week-old female BALB/c athymic nude mice were 
purchased from the Experimental Animal Center of 
Chinese Academy of Medicine Sciences of Soochow 
University and maintained in a specific pathogen-free 
(SPF) environment. All animals were randomly assigned 
to each group. To explore whether B7-H3 could affect 
GC stemness in vivo, different concentrations (1 × 106/mL, 
1 × 105/mL) of control HGC-27 cells and shB7-H3 
HGC-27 cells were subcutaneously injected into the 
right and left flanks of each mouse. To investigate 
whether GSH metabolism was involved in B7-H3-medi-
ated GC stemness in vivo, mice were randomly divided 
into two groups, the B7-H3-overexpressing HGC-27 
(B7-H3) and B7-H3 + buthionine sulfoximine (BSO) 
groups. BSO is an inhibitor of GSH synthesis. Mice in 
the B7-H3 + BSO group were intraperitoneally injected 

with BSO at a dose of 500 mg/kg every four days. The 
mice in B7-H3 group received vehicle control. Tumor 
volumes were calculated by the formula V (mm3) = L 
(mm) × S2 (mm2)/2, where L and S represent the longest 
and shortest perpendicular tumor diameters, respectively.

Flow cytometry

To detect the expression of CD133 in GC cells, a PE-
conjugated antibody against CD133 (BioLegend, USA) 
was used to stain the cells. In brief, after digestion with 
trypsin and centrifugation, cells were resuspended in 
phosphate buffered saline (PBS) and stained with CD133 
antibody for 25 min at 4°C, followed by analysis using 
flow cytometry.

Detection of intracellular reactive oxygen species (ROS)

Dihydroethidium (DHE, Beyotime) was used to measure 
intracellular ROS level. In brief, cells were incubated 
with DHE at a concentration of 5 mmol/L for 30 min at 
37°C. All subsequent steps were performed in the dark. 
After 30 min of incubation, the cells were washed in 
PBS, and then single-cell suspensions were analyzed 
using flow cytometry. Data analysis was performed 
using FlowJo software (Version 7.6, TreeStar, Ashland, 
OR, USA).

Chemo-sensitivity assay

Cell viability was examined by Cell Counting Kit-8 
(CCK-8, New Cell & Molecular Biotech) assay. In brief, 
GC cells were seeded in 96-well plates (3000 cells/well). 
After the cells were treated with different concentrations 
of 5-Fluorouracil (5-FU) for 24 h, the number of viable 
cells was assessed using the Cell Counting Kit-8. The 
absorbance of each well was measured at a wavelength 
of 450 nm.

Hematoxylin–eosin (HE) and immunohistochemistry (IHC) 
staining

Histological changes in xenograft tumor tissues were 
assessed by hematoxylin and eosin staining using a kit 
(Beyotime) according to the manufacturer’s instructions. 
IHC was performed as previously described.[23] In brief, 
after deparaffinization and rehydration, xenograft 
tumor samples were treated with 10 mmol/L sodium 
citrate buffer for antigen retrieval. Then, the sections 
were incubated with B7-H3 antibody (Proteintech, 
1:1000) and CD44 antibody (Proteintech, 1:1000) over-
night at 4°C. This step was followed by incubating with 
the HRP-labeled secondary antibody. A semiquantitative 
immunoreactive score (IRS) system was used to analyze 
the B7-H3 and CD44 immunostaining.[15]

Multi-color immunohistochemistry (mIHC) and computer-
assisted image analysis

All implications and analyses were performed by 
Shanghai Outdo Biotech Company (Shanghai, China). 
Ethical approval (No. YB M-05-02) was obtained from 
the Ethics Committee of Shanghai Outdo Biotech 
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Company. mIHC was conducted by using an Opal7-
color Manual IHC Kit (PerkinElmer, Waltham, MA, 
USA) combined with automated quantitative analysis 
(PerkinElmer) according to the manufacturer’s protocol 
to characterize the expression of B7-H3, CD44, and 
Nrf2 in GC tissue microarrays (TMAs). 4-6-Diamidino-
2-phenylindole (DAPI) was used to stain the nucleus, 
and cytokeratin (CK) was used to distinguish the epithe-
lial cancer cells. Briefly, the GC TMA slide was first 
dewaxed and dehydrated before incubation in PBS. Next, 
heat-induced antigen repair was carried out in citric acid 
buffer followed by incubation with antibodies against B7-
H3 (1:100), CD44 (1:20000), Nrf2 (1:1500), and CK 
(BioDot, Irvine, CA, USA) at room temperature for 1 h. 
Subsequently, HRP-conjugated secondary-antibodies 
(PerkinElmer) were used to incubate the GC TMA. The 
microarray was finally sealed with ProLong Diamond 
Antifade Reagent with DAPI (Thermo Fisher Scientific).

For imaging analysis, the TissueFAXS system (TissueGnos-
tics Asia Pacific Limited, Beijing, China) was used to carry 
out the panoramic multispectral scanning of GC TMA 
slides. Then, the acquired images were analyzed using Strata 
Quest analysis software (TissueGnostics Asia Pacific Limited).

Statistical analysis

Statistical analysis was performed using Graphpad 
Prism 8.0 (La Jolla, CA, USA). All the results are 
presented as mean ± standard deviation (SD). Student’s 
t-test was used to compare difference between two 
groups. Pearson correlation analysis was used analyze 
the relationship between two molecules. The 
Kaplan–Meier method was used for survival analysis 
between B7-H3+CD44+Nrf2+ cells% high (≥lower quar-
tile) and B7-H3+CD44+Nrf2+ cells% low (<lower quar-
tile). Log-rank test was used for comparison of survival 
curves. All data were obtained in triplicates. P <0.05 
was the standard of statistical significance.

Results

B7-H3 influences the stemness of GC cells

As shown in Supplementary Figure 1A, B, http://
links.lww.com/CM9/B628, B7-H3 was frequently upregu-
lated in GC cell lines (AGS, MKN-45, HGC-27, MKN-
28) compared to the human normal gastric cell line 
(GES), suggesting that B7-H3 has an important role in 
GC progression. We then explored whether B7-H3 
could affect the stemness of GC cells. As shown in 
Figure 1A, after knocking down the expression of B7-
H3 by using two siRNAs (B7-H3 si-1 and B7-H3 si-2), 
the expression of CD133, CD44, and Sox2, markers of 
cancer stem cells, was significantly decreased in HGC-
27 and MKN-28 cells. To further confirm our results, 
we constructed stable B7-H3 knockdown (shB7-H3) 
HGC-27 and MKN-28 cell lines [Figures 1B,C]. Consis-
tent with Figure 1A, Western blotting revealed that shB7-
H3 HGC-27 and MKN-28 cell lines exhibited decreased 
expression of CD44 and Sox2 [Figure 1C], and the 
decreased expression of CD133 in shB7-H3 HGC-27 

and MKN-28 cell lines was further confirmed by flow 
cytometry [Figure 1D]. Moreover, sphere formation 
assays revealed that B7-H3 knockdown significantly 
suppressed sphere formation in both size and number in 
these two cell lines [Figure 1E]. Chemo-sensitivity assay 
showed that shB7-H3 HGC-27 and MKN-28 cells were 
more sensitive to 5-FU compared with the control cells 
[Figure 1F]. In addition, the in vivo experiment showed 
that the tumor incidence [Figure 1G] and tumor weight 
[Figure 1H] were higher in the 1 × 106/mL injection 
group than in the 1 × 105/mL injection group. Impor-
tantly, the expression of CD44 was significantly lower in 
the shB7-H3 group than in the control group [Figure 1I, 
Supplementary Figure 1C, http://links.lww.com/CM9/
B628]. Collectively, our data suggest that B7-H3 enhanced 
the stemness of GC cells both in vitro and in vivo.

B7-H3 regulates GSH metabolism in GC cells

An increasing number of studies have revealed that 
metabolic reprograming is an important characteristic of 
cancer cells, and regulates the stem-like properties of 
cancer cells.[24,25] Thus, we performed untargeted metabo-
lomics analysis using B7-H3 knockdown HGC-27 cells 
to identify the metabolites [Supplementary Figures 2A,B,
http://links.lww.com/CM9/B628] that were modulated 
by B7-H3. The heatmap and volcano plot showed that 
among all the metabolites, L-glutathione was reduced, 
whereas cysteinylglycine and glutamylcysteine, which 
belong to the GSH metabolic pathway, were signifi-
cantly reduced, in shB7-H3 HGC-27 cells [Figures 2A,B 
and Supplementary Figure 3, http://links.lww.com/CM9/
B628]. Moreover, consistent with the heatmap and 
volcano plot results, pathway enrichment analysis demon-
strated that the GSH metabolic pathway was dramatically 
altered in shB7-H3 HGC-27 cell lines [Figure 2C].

To confirm the results of metabolomics, we first 
measured the mRNA levels of a spectrum of GSH 
metabolism-related genes in control cells and shB7-H3 
cells. As shown in Figure 2D, the mRNA levels of 
glucose-6-phosphate dehydrogenase, glutathione peroxi-
dase 4, glutathione synthetase, and glutathione S-
transferase omega 1 were significantly reduced in shB7-
H3 HGC-27 and MKN-28 cells. Additionally, the GSH 
level and GST enzyme activity were markedly decreased 
in HGC-27 and MKN-28 cells after B7-H3 knockdown 
[Figures 2E,F]. However, GPX4 enzyme activity was not 
affected by B7-H3 knockdown [Supplementary Figure 4,
http://links.lww.com/CM9/B628]. Given that GSH plays 
an important role in buffering intracellular ROS to 
maintain redox homeostasis in cells,[26,27] we tested the 
intracellular ROS levels in shB7-H3 HGC-27 and MKN-
28 cells using a DHE probe. As shown in Figure 2G, 
shB7-H3 HGC-27 and MKN-28 cells had higher ROS 
levels than control cells. Taken together, our data 
suggest that B7-H3 knockdown markedly suppresses the 
GSH metabolism in GC cells.

B7-H3 enhances the stemness of GC cells by regulating GSH 
metabolism

To further verify whether GSH metabolism was related 
to the B7-H3-mediated stemness of GC cells, we 
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constructed HGC-27 and MKN-28 cells stably overex-
pressing B7-H3 [Supplementary Figures 5A, B, http://
links.lww.com/CM9/B628]. The results of flow cytom-
etry revealed that treatment with BSO significantly 
inhibited the increase in CD133 expression caused by 
B7-H3 overexpression in HGC-27 and MKN-28 cells 
[Figure 3A]. Moreover, compared with the B7-H3 over-
expression group, the sphere-forming ability was mark-
edly downregulated in the B7-H3 + BSO group, as 
evidenced by the decreased number and size of spheres 
[Figure 3B]. Chemo-sensitivity assay indicated that the 

resistance of B7-H3 overexpressing HGC-27 and MKN-
28 cells to 5-FU was diminished after the addition of BSO 
[Figure 3C]. In addition, BSO administration signifi-
cantly reversed the effect of B7-H3 overexpression on 
tumorigenesis in nude mice [Figures 3D–F]. The IHC 
staining showed that the CD44 expression was much 
higher in the B7-H3 overexpression group than that in 
the B7-H3 + BSO group [Supplementary Figure 5C, http://
links.lww.com/CM9/B628]. The above results suggest 
that GSH metabolism is critical for the B7-H3-induced 
stemness of GC cells.

Figure 1: B7-H3 influences the stemness of GC cells. (A) Western blotting of the cancer stemness markers CD133, CD44, and Sox2 in HGC-27 and MKN-28 cell lines after transfection 
with control siRNA, B7-H3 siRNA-1, or B7-H3 siRNA-2. b-actin served as a loading control. (B) B7-H3 mRNA levels were detected by RT-qPCR in B7-H3 knockdown (shB7-H3) HGC-27 
and MKN-28 cell lines and their control cells. (C) Western blotting of the cancer stemness markers CD44 and Sox2 in HGC-27 and MKN-28 cell lines with B7-H3 inhibition and their 
control cells. b-actin served as a loading control. (D) Flow cytometry analysis of the expression of CD133 in shB7-H3 HGC-27 and MKN-28 cell lines and their control cells. (E) Images 
and numbers of spheres of shB7-H3 HGC-27 and MKN-28 cell lines and their control cells. Scale bar, 50 µm. (F) Control HGC-27 and MKN-28 cells and shB7-H3 HGC-27 and MKN-28 
cells were treated with 5-FU at the indicated concentration for 24 h. Cell viability was tested by CCK8 assay. (G) shB7-H3 HGC-27 cells and their control cells were diluted (1 × 106/mL, 
1 × 105/mL) and subcutaneously implanted into the left and right flanks of nude mice. Tumors were observed for 2 months, n = 4 for each group. (H) Quantification analysis of tumor 
weight formed by the control and shB7-H3 HGC-27 cell lines. (I) The expression of CD44 in xenograft specimens of control and shB7-H3 groups based on the IHC results. The data are 
presented as the means ± SDs. *P <0.05, †P <0.01, ‡P <0.001. CCK8: Cell counting Kit-8; CD: Cluster of differentiation; 5-FU: 5-Fluorouracil; GC: Gastric cancer; IHC: 
Immunohistochemistry; RT-qPCR: Real time quantitative polymerase chain reaction; SDs: Standard deviations; sh: Short hairpin; siRNA: Small interfering RNA; Sox2: SRY-box 
transcription factor 2.
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B7-H3 regulates GSH metabolism of GC cells through the AKT/
Nrf2 pathway

Previous studies showed that GSH synthesis could be 
controlled by Nrf2 through the activation of GSH 
metabolism-related enzymes.[28,29] Besides, Nrf2 has 
been proven to be related to cancer stemness in multiple 
ways, such as Nrf2-Keap1-Batch1 signaling pathway 
and CD133-Nrf2 axis.[30,31] Herein, we speculated that 
B7-H3 regulated GSH metabolism in GC cells through 
Nrf2. As shown in Figure 4A, the expression of Nrf2 
was downregulated in shB7-H3 HGC-27 and MKN-28 
cells. Sulforaphane (SFN), an activator of Nrf2, mark-
edly abolished the inhibitory effects of B7-H3 knock-
down on the Nrf2 expression in HGC-27 and MKN-28 
cells [Supplementary Figure 6, http://links.lww.com/CM9/
B628]. Moreover, SFN increased the GSH level and GST 
enzyme activity of HGC-27 and MKN-28 cells, which 
decreased after B7-H3 knockdown [Figures 4B,C].

To further elucidate the mechanism of how B7-H3 regu-
lates Nrf2 expression, we did a literature retrieval. 
Studies indicated that the AKT/Nrf2 pathway was 
involved in multiple biological functions in GC.[32,33] 
Furthermore, B7-H3 overexpression has been shown to 
significantly activate the AKT pathway in cancers.[34,35] 
Hence, we hypothesized that B7-H3 could probably 
control the expression of Nrf2 through the AKT pathway. 
As the results of Western blot indicated that the expres-
sion of pAKT and Nrf2 was elevated in B7-H3 overex-
pressing cells and could be inhibited by perifosine, an 
AKT inhibitor [Figure 4D]. Moreover, we observed that 
treatment with perifosine, an inhibitor of AKT pathway, 
reversed the effects of B7-H3 overexpression on the 
GSH metabolism-related genes (G6PD, GPX4, GSS, 
and GSTO1) expression, GSH level, GST enzyme 
activity, and intracellular ROS levels [Figures 4E–H]. 
Taken together, the above data illustrate that B7-H3 
regulates Nrf2 expression in an AKT-dependent manner, 

Figure 2: B7-H3 regulates GSH metabolism in GC cells. (A) Heatmap of differentially expressed metabolites between the control and shB7-H3 HGC-27 cell lines. Fold-change ≥2 
or ≤0.5, q-value <0.05. N = 6. (B) Volcano plot of accumulated metabolites that were significantly different between the control and shB7-H3 HGC-27 cell lines. (C) Pathway analysis 
based on KEGG. The bubble area contributes to the number of metabolites in each pathway, while the color represents significance from highest in red to lowest in blue. (D) Detection 
of the expression of GSH metabolism-related genes by RT-qPCR in shB7-H3 HGC-27 and MKN-28 cell lines and their control cells. (E,F) GSH content (E) and GST activity (F) in HGC-27 
and MKN-28 shB7-H3 cell lines and their control cells. (G) Intracellular ROS level detection in shB7-H3 HGC-27 and MKN-28 cell lines by using a DHE probe. The data are presented as 
the mean ± SDs. *P <0.05, †P <0.01, ‡P <0.001. DHE: Dihydroethidium; FC: Fold change; G6PD: Glucose-6-phosphate dehydrogenase; GC: Gastric cancer; Glutathione S-transferase 
omega 1; GPX4: Glutathione peroxidase 4; GSH: Glutathione; GSS: Glutathione synthetase; GSTO1; GST: Glutathione S transferase; IgA: Immunoglobulin A; KEGG: Kyoto encyclopedia of 
genes and genomes; MFI: Mean fluorescence intensity; mRNA: Messenger RNA; PE: Phycoerythrin; prot: protein; ROS: Reactive oxygen species; RT-qPCR: Real time quantitative 
polymerase chain reaction; SDs: Standard deviations; sh: Short hairpin.
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which ultimately contributes to the intracellular GSH 
metabolism.

The AKT pathway is involved in the B7-H3-induced stemness 
of GC cells

As shown in Figure 5A, the results of RT-qPCR analysis 
showed that treatment with perifosine decreased the 
expression of stemness-related genes including OCT4, 
NANOG, ALDH1A3, and SOX2, which were elevated 
by B7-H3 overexpression. Furthermore, perifosine stimu-
lation abolished the effect of B7-H3 overexpression on 
the CD133 expression in HGC-27 and MKN-28 cells 

[Figure 5B]. In addition, the effect of the promotion of 
B7-H3 overexpression on the sphere formation and drug 
resistance abilities of HGC-27 and MKN-28 cells was 
reversed by perifosine [Figures 5C,D].

B7-H3 is highly expressed in GC tissue and is correlated with the 
expression of CD44 and Nrf2 and the prognosis of GC patients

Next, we investigated the expression of B7-H3 in normal 
adjacent tissues and tumor tissues. As shown in Figures 
6A, B, B7-H3 expression was significantly increased in 
GC tissues. Moreover, according to the clinical indica-
tors of patients with GC, B7-H3 expression was signifi-

Figure 3: B7-H3 enhances the stemness of GC cells by regulating GSH metabolism. (A) Flow cytometry analysis of CD133 expression on B7-H3-overexpressing HGC-27 and MKN-28 
cell lines after treatment with BSO. (B) Images and numbers of spheres of B7-H3-overexpressing HGC-27 and MKN-28 cell lines after treatment with BSO. Scale bar, 50 mm. (C) B7-H3 
overexpressing HGC-27 and MKN-28 cells. B7-H3 + BSO HGC-27 and MKN-28 cells were treated with 5-FU at the indicated concentration for 24 h. Cell viability was tested by CCK8 
assay. (D) Representative images of B7-H3-overexpressing HGC-27 tumors and B7-H3-overexpressing HGC-27 tumors following BSO treatment (500 mg/kg, N = 5). (E, F) 
Quantification of the size and weight of subcutaneous tumors formed by B7-H3 overexpressing HGC-27 cells and B7-H3 overexpressing HGC-27 cells treated with BSO. The data are 
presented as the mean ± SDs. *P <0.05, †P <0.01, ‡P <0.001. BSO: Buthionine sulfoximine; CD: Cluster of differentiation; DMSO: Dimethyl sulfoxide; GC: Gastric cancer; GSH: 
Glutatione; ns: Not significant; SDs: Standard deviations.
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cantly correlated with vascular infiltration (t = 2.61, 
P = 0.01), perineural invasion (t = 2.76, P <0.01), and 
TNM stage (t = 3.08, P <0.01) [Supplementary Table 2,
http://links.lww.com/CM9/B628]. We then performed 
the correlation analysis among B7-H3, CD44, and Nrf2. 
The results showed that B7-H3 expression was posi-
tively associated with the expression of CD44 (r = 0.53, 
P <0.01) and Nrf2 (r = 0.24, P = 0.04) [Figures 6C,D]. 
Furthermore, CD44 and Nrf2 also exhibited a positive 
relationship in GC clinical samples [Figure 6E]. Impor-
tantly, patients with high expression levels of B7-H3, 
CD44, and Nrf2 (B7-H3+CD44+Nrf2+ cell% ≥4%) had 

a worse prognosis than those with low expression levels 
of B7-H3, CD44, and Nrf2 (B7-H3+CD44+Nrf2+ 
cell% <4%) (P = 0.05, Figure 6F). In the meantime, 
data analysis from the Gene Expression Profiling Interac-
tive Analysis 2 (GEPIA2) database showed that B7-H3 
expression had a positive relationship with cancer stem 
cell markers, including CD44, CD133, epithelial cell 
adhesion molecule (EpCAM), and Lgr5 [Supplementary 
Figure 7, http://links.lww.com/CM9/B628]. These findings 
illustrate the clinical significance of B7-H3, CD44, and 
Nrf2 in the development of GC and the prognosis of GC 
patients.

Figure 4: B7-H3 regulates GSH metabolism in GC cells through the AKT/Nrf2 pathway. (A) Western blotting of Nrf2 expression in shB7-H3 HGC-27 and MKN-28 cell lines. (B) GSH 
levels in shB7-H3 HGC-27 and MKN-28 cell lines after treatment with SFN. (C) GST activity in shB7-H3 HGC-27 and MKN-28 cell lines after treatment with SFN. (D) Western blotting of 
AKT, pAKT, and Nrf2 expression in the control, shB7-H3, and shB7-H3 + AKTin groups in HGC-27 and MKN-28 cell lines. b-actin served as a loading control. (E) RT-qPCR detection of 
GSH metabolism-related genes in B7-H3-overexpressing HGC-27 and MKN-28 cell lines after treatment with AKTin. (F) GSH levels in B7-H3-overexpressing HGC-27 and MKN-28 cell 
lines after treatment with AKTin. (G) GST activity in B7-H3-overexpressing HGC-27 and MKN-28 cell lines after treatment with AKTin. (H) Intracellular ROS level detection in B7-H3-
overexpressing HGC-27 and MKN-28 cell lines after treatment with AKTin by using a DHE probe. The data are presented as the mean ± SDs. †P <0.01, ‡P <0.001. AKT: Protein kinase 
B; AKTin: AKT inhibitor; DHE: Dihydroethidium; G6PD: Glucose-6-phosphate dehydrogenase; GAPDH: Glyceraldehyde-3-phosphate dehydrogenase; GC: Gastric cancer; GPX4: 
Glutathione peroxidase 4; GSH: Glutathione; GSS: Glutathione synthetase; GST: Glutathione S transferase; GSTO1: Glutathione S-transferase omega 1; IDH1: Isocitrate dehydrogenase 
1; MFI: Mean fluorescence intensity; ns: Not significant; pAKT: Phospho-protein kinase B; PE: Phycoerythrin; Prot: protein; ROS: Reactive oxygen species; RT-qPCR: Real time 
quantitative polymerase chain reaction; SDs: Standard deviations; SFN: Sulforaphane; sh: Short hairpin.
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Discussion

CSCs are a small subset of cancer cells with stem-like 
properties and have been proposed to interpret tumor 
progression, recurrence, and therapeutic resistance.[36,37] 
The stemness of tumor cells can be regulated in multiple 
ways including classic pathways, epigenetic modifica-
tion, and metabolism alteration. A previous study 
showed that CD73 could sustain cancer cell stemness by 
promoting the transcription and stability of SOX9 in an 
AKT/GSK3b-dependent manner.[38] Oncostatin M (OSM) 
can promote cancer cell stemness through the STAT3-
SMAD3 pathway.[39] There is evidence suggesting that 
CSC formation relies on methylation deletion in the 
promoter region of NANOG.[40] Interestingly, a high 
level of lysine methyltransferase 9 (KMT9), a novel 
histone lysine methyltransferase, promotes the mainte-
nance and function of CSCs.[41] Accumulating evidence 
has suggested that metabolic alterations also play an 
important role in the regulation of cancer stemness.[42,43] 
For example, overexpression of SET domain containing 5 
(SETD5), a histone lysine methyltransferase, activated 

glycolysis in breast CSCs and in turn increased tumor 
growth.[44] The long noncoding ROPM-PLA2G16 
signaling axis promotes the lipid metabolism of CSCs, 
which is eventually involved in the maintenance of CSC 
stemness in breast cancer.[45] Moreover, Mukha et al[46] 
reported that glutamine catabolism modulated alpha-
ketoglutarate (a-KG) -dependent chromatin-modifying 
dioxygenase and led to the maintenance of CSCs. 
However, the role of metabolic alterations in the regula-
tion of the maintenance of cancer stemness in GC 
remains largely unclear. Previous studies have reported 
that B7-H3, as an oncogene, is involved in the progres-
sion of a variety of tumors. For example, B7-H3 inhib-
ited doxorubicin-induced cellular senescence-like growth 
of colorectal cancer and promoted tumor progres-
sion.[29] Shi et al[47] showed that B7-H3 was highly 
expressed in metastatic castrate-resistant prostate 
cancer. Another study showed that B7-H3 contributed 
to ovarian cancer development by suppressing anti-
tumor immunity.[48] In the current study, we observed 
that B7-H3 knockdown suppressed the stem-like proper-
ties of GC cells. Moreover, B7-H3 was highly expressed 

Figure 5: The AKT pathway is involved in the B7-H3-induced stemness of GC cells. (A) RT-qPCR detection of cancer stemness-related genes in B7-H3-overexpressing HGC-27 and 
MKN-28 cell lines after treatment with AKTin. (B) Flow cytometry analysis of CD133 expression on B7-H3-overexpressing HGC-27 and MKN-28 cell lines after treatment with AKTin. 
(C) Images and numbers of spheres of B7-H3-overexpressing HGC-27 and MKN-28 cell lines after treatment with AKTin. Scale bar, 50 mm. (D) B7-H3 overexpressing HGC-27 and 
MKN-28 cells and B7-H3 + AKTin HGC-27 and MKN-28 cells were treated with 5-FU at the indicated concentration for 24 h. Cell viability was tested by CCK8 assay. The data are 
presented as the mean ± SDs. *P <0.05, †P <0.01, ‡P <0.001. AKT: Protein kinase B; AKTin: AKT inhibitor; ALDH1A3: Aldehyde dehydrogenase 1 A3; CD: Cluster of differentiation; 5-
FU: 5-Fluorouracil; GC: Gastric cancer; mRNA: Messenger RNA; NANOG: Nanog homeobox; OCT4: Octamer-binding transcription factor; RT-qPCR: Real time quantitative polymerase 
chain reaction; SDs: Standard deviations; Sox2: SRY-box transcription factor 2.
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in the tissues of patients with GC and positively associ-
ated with CD44 expression. These results suggest that 
B7-H3 is an important regulator of GC cell stemness.

Multiple studies have shown that excess GSH promotes 
tumor progression in multiple ways, such as strength-
ening EMT and chemoresistance and promoting cancer 
cell growth.[49,50] With respect to the maintenance of 
cancer stemness, GSH also plays an irreplaceable role. 
One study on pancreatic cancer showed that GSH 
metabolism was essential for the chemoresistance and 
self-renewal of pancreatic cancer stem cells. The upregu-
lated GSH-related genes were related to reduced disease-
free survival in patients.[51] Lu et al[52] reported that HIF-
1-dependent GSH synthesis and copper chelation could 
induce the stem cell phenotype of breast cancer. Further-
more, studies have shown that key enzymes in the GSH 

metabolic pathway also play an important role in main-
taining tumor stemness. In one study, it was shown that 
GSTO1 inhibition could significantly decrease the inva-
sion, migration, and mammosphere formation in breast 
cancer stem cells.[53] In another study, Peng et al[54] 
reported that the knockdown of GPX4 could arrest the 
cell cycle at G1/G0 phase; and inhibit cell proliferation 
and the stemness phenotype in Panc-1 CSCs. Moreover, 
dual pharmacological inhibition of thioredoxin and 
GSH systems could act synergistically to kill colorectal 
cancer stem cells.[55] In addition, nanoparticles containing 
GSH were capable of targeting N6-methyladenosine 
FTO demethylase and therefore against leukemic stem 
cells.[56] In this study, we found that GSH metabolism 
was significantly inhibited in GC cells after knocking 
down the expression of B7-H3. More importantly, 
blockade of GSH metabolism by BSO, an inhibitor of 

Figure 6: B7-H3 is highly expressed in GC tissue and is correlated with the expression of CD44 and Nrf2 as well as the prognosis of GC patients. (A) Expression of B7-H3 (green), CD44 
(purple), and Nrf2 (yellow) in normal adjacent tissue and tumor tissue. Nuclei and tumor epithelial cells were marked by DAPI (blue) and CK (red), respectively. Scale bar, 50 mm. (B) B7-
H3 expression based on B7-H3+% in GC specimens and normal adjacent tissues. (C–E) Correlation analyses of B7-H3 and CD44, B7-H3 and Nrf2, and Nrf2 and CD44 in human 
specimens (n = 74). (F) Kaplan–Meier curve for overall survival in GC patients with high B7-H3+CD44+Nrf2+ cell% or low B7-H3+CD44+Nrf2+ cell%. The cutoff point was based on the 
lower quartile. (G) Schematic representation of the mechanism by which B7-H3 regulates GC stemness. AKT: Protein kinase B; BSO: Buthionine sulfoximine; CK: cytokeratin; DAPI: 4-6-
Diamidino-2-phenylindole; GC: Gastric cancer; GSH: Glutathione; GSSG: Glutathione, oxydized; GST: Glutathione S transferase; ROS: Reactive oxygen species.
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GSH synthesis, markedly reversed the effect of B7-H3 
on the stemness of GC cells.

Nrf2 is a master transcription factor that regulates the 
antioxidant response and maintains cellular redox hemo-
stasis.[57] Under normal circumstances, Nrf2 binds to 
KEAP1, which enables continuous degradation of Nrf2 
by the proteasome. Under oxidative stress conditions, 
KEAP1 is oxidized, and Nrf2 is translocated into the 
nucleus and activates different genes.[58] It is well known 
that NRF2 signaling plays an important role in the regu-
lation of GSH metabolism, as evidenced by the transcrip-
tional control of the expression of GSH metabolism-
related enzymes, such as glutamate-cysteine catalytic 
subunit (GCLC), glutathione peroxidase (GPX), and 
GST.[59,60] Moreover, the increased transcriptional 
activity of Nrf2 could promote GSH production, and 
therefore sustain the redox homeostasis and survival of 
cancer cells.[61,62] In the current study, knockdown of B7-
H3 significantly reduced the Nrf2 expression in GC 
cells. Moreover, the Nrf2 activator SFN significantly 
increased the GSH level and GST enzyme activity of GC 
cells, which decreased after B7-H3 knockdown. Impor-
tantly, we observed that Nrf2 expression was positively 
associated with the expression of B7-H3 and CD44 in 
GC clinical samples. These data suggest that B7-H3 
promotes GSH metabolism in an Nrf2-dependent manner.

The AKT pathway exerts critical effects on several 
biological functions including cell proliferation, stem-
ness, and GSH metabolism.[63,64] The PI3K/AKT axis 
promoted the biosynthesis of GSH by stabilizing and 
activating Nrf2 to increase GSH biosynthetic genes in 
mammary epithelial cells.[65] Li et al[66] showed that 
glutamic-oxaloacetic transaminase 2 (GOT2) knock-
down elevated glutaminolysis, nucleotide synthesis, and 
GSH synthesis, resulting in the reprograming of gluta-
mine metabolism to support the cellular antioxidant 
system, and the regulation of hepatocellular carcinoma 
progression through the phosphoinositide 3-kinase 
(PI3K)/AKT/mammalian target of rapamycin (mTOR) 
pathway. Additionally, the activation of PI3K/Akt/mTOR 
signaling was involved in the EMT and CSC marker 
expression in chemoresistant epithelial ovarian cancer 
cells.[67] Moreover, silencing transmembrane and coiled-
coil domain family 3 (TMCC3) reduced AKT activation 
and inhibited the self-renewal and metastasis of breast 
cancer stem cells.[68] Herein, our data showed that B7-
H3 overexpression elevated p-AKT and Nrf2 protein 
expression. Furthermore, perifosine treatment reversed 
the effect of B7-H3 on GSH metabolism and the stem-
ness of GC cells. Notably, there are few reports on how 
B7-H3 regulates Nrf2 expression, and the underlying 
mechanism needs to be further investigated.

Although our study has elucidated the mechanism by 
which B7-H3 regulates the stemness of GC, it still has 
some limitations. First, the current study comprised only 
74 GC patients. Given that the sample size was rela-
tively small, the significance of our study is limited. 
Second, though we examined some characteristics 
related to cancer stemness, we did not directly isolate 
GC stem cells. Therefore, further investigations are 

needed in a larger population to elucidate the expression 
pattern and clinical significance, and further isolation of 
GC stem cells is needed for stemness-related examination.

In summary, our study explored the regulatory role of 
B7-H3 in the stemness of GC cells [Figure 6G]. We 
revealed that B7-H3 controlled the stemness of GC cells 
through GSH metabolism, which was promoted by the 
AKT/Nrf2 pathway [Figure 6G]. Therefore, our findings 
uncover a novel mechanism by which B7-H3 regulates 
the stemness of GC, suggesting that B7-H3 may act not 
only as a new biomarker for the diagnosis and prognosis 
of GC patients but also as a target for GC treatment.
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