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Abstract 

Chemotherapy resistance is the leading cause for hepatocellular carcinoma (HCC)-induced death. Exploring resist-
ance generation mechanism is an urgent need for HCC therapy. Here, we found STEAP4 was significantly down-
regulated in HCC patients with recurrence. Patients with low STEAP4 had poor outcome, suggesting STEAP4 might 
inhibit chemotherapy resistance. Cell viability assay, colony formation assay, apoptosis assay, soft agar growth assay, 
and tumor animal model showed STEAP4 inhibited cisplatin resistance. Mechanism analysis showed STEAP4 inhibited 
PI3K/AKT pathway through directly interacting with AKT. Double knockdown of STEP4 and AKT significantly inhib-
ited cisplatin resistance. We also found STEAP4 expression was negatively correlated with PI3K/AKT pathway activity 
in clinic specimens. In summary, our findings suggested STEAP4 inhibited cisplatin resistance through suppressing 
PI3K/AKT pathway activity, providing a target for HCC therapy.
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Introduction
Hepatocellular carcinoma (HCC) is one of the most com-
mon primary malignant tumors and the third most fre-
quent cause of cancer death worldwide [1]. Hepatitis B 
and C viral infections and alcohol abuse are the main risk 
factor for HCC initiation and development. Although 
these greatly improved in the last decades, its 5-year sur-
vival rate is only 15%. The resistance generation of radio-
therapy and chemotherapy is the main obstacle for HCC 
therapy. So, it is important to understand the regulatory 
mechanisms of resistance generation [2].

Six-transmembrane epithelial antigen of prostate 
(STEAP) family proteins contain six transmembrane 
domains located in cell membrane. They are archaeal 
metal oxidoreductases and participate in tumor devel-
opment. STEAP1 and STEAP2 have been reported to 
regulate the development of prostate cancer, breast can-
cer, colorectal cancer, and ovarian cancer. STEAP3 has 
been proposed as a candidate for prostate cancer immu-
notherapy and is downregulated in HCC, breast cancer, 
and colon cancer [3]. STEAP4 is also known as STAMP2, 
TNFAIP9, and TIARP, which localizes to Golgi complex, 
trans-Golgi network, and plasma membrane and is sen-
sitive to androgen. It links to obesity, insulin sensitivity, 
metabolic homeostasis, and inflammation [4]. For exam-
ple, IL-1β and TNFα regulate adipocyte metabolism. 
They increase STEAP4 expression in adipocytes [5, 6]. 
Decreased STEAP4 level is associated with visceral adi-
pose tissue dysfunction [7]. STEAP4 level is reduced in 
the adipose tissues of children with obesity. It is posi-
tively correlated with high-density lipoprotein level and 
closely related to the blood glucose, blood lipid, blood 
pressure, and inflammation [8]. HBx is associated with 
HBV-related pathogenesis in hepatic. STEAP4 allevi-
ates HBx-induced hepatic metabolic dysregulation and 
increases HBx instability [9]. High-fat diet can induce 
nonalcoholic fatty liver disease (NAFLD). STEPA4 
improves hepatic steatosis and insulin resistance in 
NAFLD [10]. Drug screening find cilostazol increases 
MAPK pathway activity to promote STEAP4 expression, 
and high STEPA4 expression suppresses lipogenic factor 
such as LXRα and SREBP-1c expression and improves 
hepatic steatosis [11]. These studies suggest STEAP4 
could block the progression of hepatic diseases.

The role of STEAP4 in tumor progression has been 
studied. It is overexpressed in prostate cancer tissues and 
promotes prostate cancer growth; mechanism analysis 
suggests that androgen increases STEAP4 expression; 
then STEAP4 promotes prostate cancer growth through 
catalyzing reduction of  Fe3+ to  Fe2+, and increasing 
NADP levels; NADP increases ROS levels, in turn pro-
moting ATF4 expression; and ATF4 promotes prostate 
cancer growth [12, 13]. But its role in HCC progression 

has not been studied. In this study, we aimed to study 
the role of STEAP4 in cisplatin-induced chemotherapy 
resistance and found STEAP4 inhibited cisplatin-induced 
chemotherapy resistance through inhibiting PI3K/AKT 
pathway.

Materials and methods
Cell culture and treatment
Immortalized normal liver cell LO2 and human HCC cell 
lines including MSK-Hep1, SNU-475, SNU-423, HepG2, 
Huh7, Huh1, SNU-182, and Hep3B were purchased 
from the ATCC and cultured in DMEM high glucose 
(HyClone) supplemented with 10% fetal bovine serum 
(FBS), and the cells were maintained at 37 °C in 5%  CO2 
incubator. Cisplatin (DDP) was purchased from Selleck, 
and 30 μM was used to treat cells. Pan-Akt inhibitor 
GSK690693 was purchased from Selleck, and 10 nM was 
used to treat cells.

Tissues samples and immunohistochemistry (IHC)
Eighteen fresh tissue specimens of HCC and three fresh 
tissue of non-tumor adjacent tissue, as well as 149 par-
affin-embedded HCC specimens, were utilized; the 
detailed information was shown in Table 1. These samples 
were collected during surgical procedures from patients 
with HCC according to a protocol approved by the Insti-
tutional Review Board of the First Affiliated Hospital of 
Gannan Medical University. All patients provided writ-
ten, informed consent for participation in the study and 
provision of tumor samples. IHC was performed accord-
ing to our previous methods [14]. Anti-STEAP4 antibody 
(ab113230, Abcam) was used. The images were captured 
using the AxioVision Rel.4.6 computerized image analysis 
system (Carl Zeiss Co. Ltd., Jena, Germany).

Vectors, lentiviral infection and transfection
Human STEAP4 cDNA was subcloned into the pSin-
EF1α-puro lentiviral vector to generate pSin-EF1α-
STEAP4 vector (indicated as STEAP4); the empty vector 
was used as the negative control (indicated as vector). 
Two short hairpin RNAs (shRNAs) oligonucleotide 
sequences against STEAP4 were cloned into the PLKO.1 
lentiviral vector to generate PLKO.1-STEAP4 shRNAs 
(indicated as shRNA#1 and shRNA#2, respectively). The 
sequences of shRNAs were as follows: shRNA#1, 5′ GCA 
GGT GTT TGT GTG TGG AAA3′ and shRNA#2, 5′ CCA 
AGC AAA GAG TGA TGG ATA3′. The scramble shRNA 
sequence was cloned PLKO.1 vector and used as the 
negative control (indicated as Scramble). These vectors 
were cotransfected with pM2.G and psPAX2 into 293T 
using Exfect Transfection Reagent (Vazyme, Nanjing, 
China). The lentiviral supernatants were collected 48 h 
after transfection and filtered through a 0.45-μm filter. 
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Supernatants plus polybrene (Sigma) were infected with 
growing HCC cells; after 12 h, the supernatants were 
replaced by fresh medium. Puromycin (Sigma) was used 
to screen stably cell lines.

qRT‑PCR
Total RNA was extracted using RNA isolater Total RNA 
Extraction Reagent (Vazyme), and reversely transcribed 
into cDNA using HiScript II first-strand cDNA synthesis 
kit with gDNA wiper (Vazyme). Relative gene expression 
levels were examined using AceQ qPCR SYBR Green 
Master Mix (Vazyme) on a CFX96 Touch Real-Time PCR 
Detection system (Bio-Rad). GAPDH was used as the 
internal control.

Western blot
Total proteins were extracted using RIPA buffer (50-
mM Tris (pH 7.4), 1-mM EDTA, 150-mM NaCl, 1% 
NP-40, 0.5% sodium deoxycholate) supplemental with 
protease inhibitors (Roche). Antibodies against STEAP4 
(ab113230, Abcam), p-AKT (ab105731, Abcam), AKT 
(#9272, CST), and GAPDH (G8795, Sigma) were used. 
GAPDH was used as the loading control.

Cell viability assay
MTT assay and terminal deoxynucleotidyl transferase 
nick end labeling (TUNEL) assay were performed using 
our previous methods [14].

Colony formation assay
Cells were seeded in 6-well plates and continued to cul-
ture in fresh medium for 14 days; DDP was used to treat 
cells. Crystal violet was used to stain colonies; for quan-
tification, colonies formed by more than 50 cells were 
scored.

Soft agar growth assay
One-hundred cells were suspended in 0.4% agar in 
DMEM high glucose medium containing 10% FBS and 
plated on 1% agar in 6-well plates. The plates were incu-
bated for 2 weeks. Colonies who contain over 50 cells per 
colony were counted to determine the efficacy.

In vivo xenograft assay
All animal experiments were performed under the pro-
tocols approved by the Institutional Animal Care and 
Use Committee of the First Affiliated Hospital of Gannan 
Medical University. Six-week-old BALB/c-nu mice were 
purchased from the Experimental Animal Center of the 
Guangzhou University of Chinese Medicine. In total, 5 × 
 106 Hep3B with STEAP4 overexpression or knockdown 
were orthotopically injected into the liver parenchyma of 
mice (n = 6) to observe the tumor growth, and mice were 

Table 1 Clinicopathological characteristics of HCC patient 
samples

Number 
of cases

Gender
 Male 139

 Female 10

Age (years)
 > 45 101

 ≤ 45 48

BCLC
 0 8

 1 113

 2 12

 3 16

MVI
 0 2

 1 8

 2 139

Chemotherapy
 Yes 6

 No 143

Relapse
 Yes 106

 No 43

Pathologic differentiation
 Well 30

 Moderate 104

 Poor 15

Cirrhosis
 Yes 39

 No 110

Fatty liver
 Yes 8

 No 141

HBsAg
 Yes 132

 No 17

Drinking
 Yes 48

 No 101

Smoking
 Yes 68

 No 81

Survival
 Yes 108

 No 41

STEAP4
 High level 68

 Low level 81



Page 4 of 12Xie et al. Cancer & Metabolism           (2023) 11:26 

intraperitoneally treated with DDP (5 mg/kg) twice per 
week for 3 weeks. The mice were continued to feed for 40 
days and then were euthanized, and tumors were excised.

Statistical analysis
SPSS 19.0 was used to perform all statistical analyses. 
All data from at least three independent experiments are 
presented as the mean ± SD. Comparisons between dif-
ferent groups were analyzed using Student’s t-test. Sur-
vival curves were derived from Kaplan-Meier estimates, 
and multivariate Cox-regression analysis was used to 
determine the prognostic value of STEAP4 levels and 
other clinicopathologic characteristics. RNA-seq data 
from the TCGA HCC data set portal were used for ana-
lyzing STEAP4 expression, and Salmon and DESeq2 were 
used to analyze STEAP4 expression in HCC samples 
and normal liver samples. Gene set enrichment analysis 
(GSEA) was performed using GSEA 2.0.9 software http:// 
softw are. broad insti tute. org/ gsea/ index. jsp. P < 0.05 was 
considered to be statistically significant.

Results
STEAP4 is negatively associated with HCC prognosis
To determine the role of STEAP4 in HCC progression, 
we first examined whether STEAP4 was associated with 
HCC prognosis. Through analyzing TCGA dataset, we 
found STEAP4 was significantly downregulated in HCC 
tissues compared to normal liver tissues, especially in 
HCC tissues with recurrence (Fig.  1a). Overall and dis-
ease-free Kaplan-Meier analysis showed that patients 
with low STEAP4 expression had shorter survival time 
than patients with high STEAP4 expression (Fig.  1b), 
suggesting STEAP4 might be negatively associated with 
HCC progression. To confirm above results, we deter-
mined STEAP4 expression in HCC tissues and adjacent 
normal liver tissues and in HCC cells and normal liver 
cell. Western blot and Q-PCR analysis showed STEAP4 
was low in HCC tissues and cells (Fig. 1c and d). We also 
determined STEAP4 expression in 149 HCC tissues using 
IHC (Fig.  1e). Overall and disease-free Kaplan-Meier 
analysis showed patients with low STEAP4 had shorter 
survival time than patients with high STEAP4 expression 
(Fig.  1f ). These results suggested that STEAP4 was low 
expression in HCC tissues and was negatively associated 
with patients’ survival.

STEAP4 inhibits chemotherapy resistance
To determine whether STEAP4 regulated chemother-
apy resistance of HCC, GSEA analysis showed that low 
STEAP4 expression was positively correlated with cispl-
atin resistance (Fig. 2a), suggesting STEAP4 might regu-
late chemotherapy resistance. To confirm this conference, 
we overexpressed and knockdown STEAP4 in two HCC 

cell lines Huh1and Hep3B, respectively. Western blot was 
used to confirm the effect of overexpression and knock-
down (Figs.  2b and 3a). Cell survival assay showed that 
STEAP4 overexpression increased cell death after treat-
ing with DDP compared to vector control, while STEAP4 
knockdown increased cell survival after treating with 
DDP compared to scramble control (Figs.  2c and 3b). 
Colony formation assay showed DDP treatment inhib-
ited HCC cell proliferation compared to vehicle group. 
The inhibitory effect of DDP on cell proliferation was 
high in STEAP4 overexpression HCC cells compared to 
vehicle group (Fig. 2d). In contrast, the inhibitory effect 
of DDP on cell proliferation was low in STEAP4 knock-
down HCC cells compared to scramble group (Fig.  3c), 
suggesting STEAP4 promotes the inhibitory effect of 
DDP on cell proliferation. In addition, we found STEAP4 
overexpression significantly reduced the colony num-
ber compared to vector control, while STEAP4 knock-
down significantly increased colony number compared 
to scramble control (Figs. 2d and 3c), suggesting STEAP4 
inhibits HCC proliferation. Apoptosis assay DDP treat-
ment induced apoptosis. The induction effect of DDP 
on apoptosis was increased in STEAP4 overexpression 
cells (Fig.  2e). In contrast, the induction effect of DDP 
on apoptosis was reduced in STEAP4 knockdown cells 
(Fig.  3d), suggesting STEAP4 promotes DDPP-induced 
apoptosis. Meanwhile, we found STEAP4 overexpression 
increased apoptosis, while STEAP4 knockdown reduced 
apoptosis, suggesting STEAP4 also promotes apoptosis 
(Figs. 2e and 3d). These results suggested STEAP4 inhib-
ited chemotherapy resistance.

To confirm above results, we used soft agar growth 
assay and animal model to analyze the role of STEAP4 
on chemotherapy resistance. Soft agar growth assay 
showed that STEAP4 overexpression inhibited chem-
otherapy resistance induced by DDP, reflecting in 
growth inhibition, while STEAP4 knockdown pro-
moted chemotherapy resistance induced by DDP, 
reflecting in growth promotion (Fig.  4a). Animal 
model analysis showed STEAP4 overexpression inhib-
ited DDP-induced chemotherapy resistance, reflect-
ing in smaller tumors compared to vector control 
group. While STEAP4 knockdown promoted DDP-
induced chemotherapy resistance, reflecting in larger 
tumors compared to scramble control group, TUNEL 
assay also supported this phenotype. STEAP4 overex-
pression promoted apoptosis induced by DDP, while 
STEAP4 knockdown inhibited apoptosis induced by 
DDP (Fig. 4b). In addition, we found STEAP4 inhibited 
soft agar growth (Fig. 4a), suggesting STEAP4 inhibits 
cell proliferation. Survival analysis showed the survival 
time of mice with STEAP4 overexpression was signifi-
cantly longer than those with STEAP4 knockdown after 

http://software.broadinstitute.org/gsea/index.jsp
http://software.broadinstitute.org/gsea/index.jsp


Page 5 of 12Xie et al. Cancer & Metabolism           (2023) 11:26  

DDP treatment (Fig.  4c). Aspartate aminotransferase 
(AST) and alanine aminotransferase (ALT) are markers 
for liver injury. We found STEAP4 overexpression sig-
nificantly reduced the concentration of AST and ALT, 

while STEAP4 knockdown significantly increased the 
concentration of AST and ALT (Fig. 4d). These findings 
confirmed STEAP4 inhibited DDP-induced chemother-
apy resistance.

Fig. 1 High STEAP4 expression correlates with good prognosis in patients with HCC. a STEPA4 mRNA levels in HCC TCGA dataset. b Overall 
and disease-free survival of patients in TCGA HCC dataset with low versus high STEAP4 mRNA levels. c Western blot analysis of STEPA4 expression 
in HCC tissues (T) and adjacent normal liver tissues (ANT). d q-PCR analysis of STEAP4 expression in normal liver cell line and HCC cell lines. 
e Representative images of IHC staining of 149 primary HCC samples with high STEAP4 expression and low STEAP4 expression. Top, 200× 
magnification; bottom, 400× magnification. f Overall and disease-free survival of HCC patients with high versus low STAEPA4 expression. Bars 
represent the mean ± SD of three independent experiments; *P < 0.05
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STEAP4 inhibits DDP‑induced chemotherapy resistance 
through inhibiting pi3k/AKT pathway
To elucidate the regulatory mechanism of STEAP4 inhib-
iting DDP-induced chemotherapy resistance, we used 
GSEA to analyze the signaling regulated by STEAP4 
and found STEAP4 expression was negatively correlated 
with the expression of targets of PI3K/AKT1 pathway 
(Fig.  5a). To confirm this conference, Western blot was 
used to analyze the phosphorylation of AKT, which is a 
marker for PI3K/AKT pathway activation [15]. STEAP4 
overexpression inhibited the phosphorylation of AKT. 
STEAP4 knockdown increased the phosphorylation of 
AKT, while the expression of AKT was not changed, sug-
gesting STEAP4 inhibited PI3K/AKT pathway (Fig.  5b). 
FOXO transcription factors are major substrates of 
PI3K/AKT pathway, and they induced cell cycle arrest, 

stress resistance, and apoptosis [16]. STEAP4 overex-
pression inhibited the activity of FOXO, while STEAP4 
knockdown increased the activity of FOXO, suggesting 
STEAP4 regulated PI3K/AKT pathway (Fig.  5c). BCL2, 
XIAP, BIRC5, BCL2A1, and BCL2L1 are the targets of 
PI3K/AKT pathway. They are associated with apoptosis, 
and BCL2, XIAP, BIRC5, BCL2A1, and BCL2L1 inhibit 
apoptosis [17–21]. q-PCR analysis showed that STEAP4 
overexpression significantly inhibited their expression, 
while STEAP4 knockdown significantly increased their 
expression (Fig.  5d), suggesting STEAP4 induced apop-
tosis. To further elucidate the molecular mechanism, we 
determined whether STEAP4 directly interacted with 
AKT. Co-IP analysis showed that STEAP4 interacted 
with AKT in 293T (Fig.  5e). To confirm this result, we 
determined whether AKT interacted with STEAP4 in 

Fig. 2 STEAP4 overexpression inhibits DDP-induced chemotherapy resistance in vitro. a GSEA indicating significant correlation between STEAP4 
expression and DDP-induced chemotherapy resistance generation. b Western blot analysis of STEAP4 expression in the indicated STEAP4-infected 
cells. GAPDH was used as the loading control. c Cell viability analysis for the effect of STEAP4 overexpression in DDP-induced cell proliferation. d 
Colony formation analysis for the effect of STEAP4 overexpression in DDP-induced cell proliferation. e Annexin/PI apoptosis analysis for the effect 
of STEAP4 overexpression in DDP-induced cell apoptosis. Bars represent the mean ± SD of three independent experiments; *P < 0.05
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HCC cells with STEAP4 overexpression or knockdown, 
and AKT interaction with STEAP4 was reduced in Huh1 
with STEAP4 overexpression compared to those express-
ing empty vector, but the interaction between AKT and 
PDK1 was reduced. While STEAP4 knockdown reduced 
the interaction of AKT and STEAP4, but the interaction 
of PDK1 and PDK1 was increased (Fig. 5f ). PDK1 binds 
to PIP3 at the plasma membrane, which can phosphoryl-
ate AKT at  Thr308, suggesting STEAP4 overexpression 
reduced the interaction of AKT and PDK1, reducing the 
phosphorylation of AKT.

To determine whether STEAP4 inhibited chemother-
apy resistance through inhibiting PI3K/AKT pathway, 
we knocked down AKT in STEAP4 knockdown cells 
(Fig. 6a), colony formation assay showed that inhibition of 
AKT and STEAP4 significantly increased DDP-induced 
proliferation arrest (Fig. 6b), and apoptosis assay showed 
that inhibition of AKT and STEAP4 also increased DDP-
induced apoptosis (Fig. 6c). Animal model in vivo showed 
that DDP inhibited the growth of tumors derived from 
Hep3B with double inhibition of AKT and STEAP4 com-
pared to tumors derived from Hep3B with only inhibi-
tion of STEAP4. TUNEL assay also showed inhibition of 
AKT, and STEAP4 also promoted DDP-induced apop-
tosis in tumor tissues (Fig.  6d). Kaplan-Meier analysis 
mice with double inhibition of AKT and STEAP4 had 

longer survival time than mice with only STEAP4 knock-
down (Fig. 6e). The concentration of AST and ALT was 
also reduced in mice with double inhibition of AKT and 
STEAP4 compared to mice with only inhibition of AKT 
(Fig.  6f ). These findings suggested STEPA4 inhibited 
DDP-induced chemotherapy resistance through inhibit-
ing AKT activation.

To further confirm above results, we determined 
the relationship between STEAP4 and AKT activation 
in clinical samples. q-PCR was used to determine the 
expression of AKT pathway target genes in eight HCC tis-
sues, such as BCL2, XIAP, BIRC5, BCL2A1, and BCL2L1. 
Western blot was used to determine the expression of 
AKT and phosphorylation of AKT in clinical samples. 
STEAP4 expression negatively correlated with phospho-
rylation of AKT (Fig. 7), which further strengthened the 
finding that STEAP4 inhibited DDP1-induced chemo-
therapy resistance through inhibiting AKT activity.

Discussion
The chemotherapy resistance is the biggest obstacle 
for HCC therapy. The first-line drugs were often been 
reported to generate chemotherapy resistance, such as 
sorafenib [22] and platinum-based drugs [23]. So, explor-
ing the regulatory mechanism of chemotherapy resist-
ance generation is the urgent need for HCC therapy.

Fig. 3 STEAP4 knockdown promotes DDP-induced chemotherapy resistance in vitro. a Western blot analysis of STEAP4 expression in the indicated 
STEAP4 shRNA-infected cells. GAPDH was used as the loading control. b Cell viability analysis for the effect of STEAP4 knockdown in DDP-induced 
cell proliferation. c Colony formation analysis for the effect of STEAP4 knockdown in DDP induced cell proliferation. d. Annexin/PI apoptosis analysis 
for the effect of STEAP4 knockdown in DDP-induced cell apoptosis. Bars represent the mean ± SD of three independent experiments; *P < 0.05
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Through analyzing TCGA dataset of HCC speci-
mens and clinic information, we found STEAP4 level 
was reduced in patients with recurrence, suggesting 
STEAP4 might inhibit chemotherapy resistance, so we 

started to determine whether STEAP4 regulated cispl-
atin-induced chemotherapy resistance. In present study, 
we found STEAP4 was downregulated in HCC cells and 
tissues. Patients with low STEAP4 had poor prognosis. 

Fig. 4 STEPA4 inhibits DDP-induced chemotherapy resistance in vivo. a Soft agar growth assay for the effect of STEAP4 overexpression 
or knockdown in DDP-induced cell growth. b Representative tumor images of orthotopic transplantation mouse model using STEAP4 
overexpression or knockdown HCC cells treated with DDP. TUNEL assay was used to analyze the apoptosis of xenograft tumor tissues. c 
Kaplan-Meier curves with log rank test for orthotopic transplantation mouse model. d The concentration of AST and ALT of orthotopic 
transplantation mouse model. Bars represent the mean ± SD of three independent experiments; *P < 0.05
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Functional analysis suggested STEAP4 promoted cispl-
atin-induced growth arrest and apoptosis. Mechanism 
analysis suggested STEAP4 inhibited the phosphoryla-
tion of AKT, and the expression of target genes of PI3K/
AKT pathway was also reduced, suggesting STEAP4 
inhibited PI3K/AKT pathway. Then, we determined 
whether AKT directly interacted with STEAP4 and 
found STEAP4 directly interacted with AKT, suggesting 
STEAP4 inhibited PI3K/AKT pathway through directly 
interacting with AKT. To confirm whether STEAP4 
inhibited cisplatin-induced chemotherapy through 
inhibiting PI3K/AKT pathway, we doubly knocked 
down AKT and STEAP4 in HCC cells, function analy-
sis showed double knockdown of AKT, and STEAP4 

promoted cisplatin-induced chemotherapy, suggest-
ing STEAP4 inhibited cisplatin-induced chemotherapy 
through inhibiting PI3K/AKT pathway. We also ana-
lyzed the relationship between STEAP4 expression and 
PI3K/AKT pathway activity in clinic specimens and 
found STEAP4 expression was negatively correlated 
with AKT activity in specimens. Our findings suggested 
STEAP4 could function as tumor suppressor, providing 
a new target for HCC therapy.

Many studies show PI3K/AKT pathway regulates 
chemotherapeutic drug resistance in HCC [24, 25]; our 
study also suggested STEAP4 inhibited HCC chemo-
therapy resistance through suppressing PI3K/AKT 
pathway.

Fig. 5 STEAP4 inhibited PI3K/AKT pathway activity. a Analysis of the correlation between STEAP4 expression and AKT levels using GSEA. b Western 
blot analysis of AKT and p-AKT expression in cells with STEAP4 overexpression or knockdown. GAPDH was used as the loading control. c Luciferase 
reporter analysis of FOXO transcriptional activity. d Q-PCR analysis of BCL2, XIAP, BIRC5, BCL2A1, and BCL2L1 expression in cells with STEAP4 
overexpression or knockdown. e Co-IP analysis of STEAP4 and AKT interaction in HEK293 cells. f Co-IP analysis of STEAP4 and AKT interaction 
in HCC cells. PDK1 which has been found to interact with AKT was used as the positive control. Bars represent the mean ± SD of three independent 
experiments; *P < 0.05
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Fig. 6 STEAP4 inhibits cisplatin-induced chemotherapy resistance through inhibiting PI3K/AKT pathway. a Western blot analysis of AKT expression 
in AKT and STEAP4 knockdown cells. b Colony formation assay of the effect of DDP-induced chemotherapy in AKT and STEPA4 knockdown cells. c 
Apoptosis analysis of the effect of DDP-induced chemotherapy in AKT and STEPA4 knockdown cells. d Representative tumor images of orthotopic 
transplantation mouse model grafted STEAP4 and AKT knockdown cells. TUNEL assay was used to analyze the apoptosis of xenograft tumor tissues. 
e Kaplan-Meier curves with log rank test for orthotopic transplantation mouse model grafted with cells with STEPA4 and AKT knockdown. f The 
concentration of AST and ALT of orthotopic transplantation mouse model grafted with cells with STEPA4 and AKT knockdown. Bars represent 
the mean ± SD of three independent experiments; *P < 0.05

Fig. 7 STEAP4 levels were negatively correlated with PI3K/AKT pathway activity in clinic specimens. a Q-PCR analysis of BCL2, XIAP, BIRC5, BCL2A1, 
and BCL2L1 expression in HCC tissues, Western blot analysis of STEAP4, AKT, and p-AKT expression in HCC tissues. GAPDH was used as the loading control. 
Statistical analysis of the correlation of p-AKT expression and STEAP4 expression. Bars represent the mean ± SD of three independent experiments
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Conclusions
In summary, we found STEAP4 was low in HCC cells 
and tissues, patients with low STEAP4 had poor progno-
sis, and it is an independent prognostic factor for HCC 
patients and inhibited HCC chemotherapy resistance 
through suppressing PI3K/AKT pathway.

Abbreviations
HCC  Hepatocelluar carcinoma
RT-qPCR  Reverse transcription quantitative polymerase chain reaction
IHC  Immunohistochemistry
ATCC   American Type Culture Collection
TUNEL  Terminal deoxynucleotidyl transferase nick end labeling
shRNA  Short hairpin RNA

Acknowledgements
Not applicable.

Authors’ contributions
BHX, BYZ, ZXZ, JTL, XWY and HPL were performed experiments, analysis and 
interpretation of data, HPL, JTL, XWY and BHX wrote manuscript. JH, JQY, YKX 
and JHZ collected clinical samples and performed IHC. All authors reviewed 
the manuscript.

Funding
This work was supported by grants from Natural Science Foundation of China 
(No. 81974443, No. 82172772, No. 82260466, No. 81874227 and No. 82273087); 
Natural Science Foundation of Guangdong Province (No. 2018A030313176); 
Clinical Research Program of the East Hospital of the First Affiliated Hospital 
of Sun Yat-sen University (No. 2019003); the project of Guangdong Provincial 
Department of Education (No. 2018KZDXM055); the Science and Technol-
ogy Research Project of the Education Department of Jiangxi Province (No. 
GJJ211516 and No. GJJ2201424); Natural Science Foundation of Jiangxi Prov-
ince (No.: 20212BAB216067); project of the First Affiliated Hospital of Gannan 
Medical University (No.: YJYB202103, No: YJYB202102), and the Science and 
Technology Planning Project of the Health Commission of Jiangxi Province 
(No.: 202310048).

Availability of data and materials
All data generated or analyzed during this study are included either in this 
article.

Declarations

Ethics approval and consent to participate
This study was approved by the Institutional Review Board of the First 
Affiliated Hospital of Gannan Medical University (ethical approval number: 
LLSC-2020113003).

Consent for publication
 Informed consent was obtained from all individual participants included in 
the study.

Competing interests
The authors declare no competing interests.

Received: 16 June 2023   Accepted: 4 November 2023

References
 1. Yang Y, Guo Y, Tan S, Ke B, Tao J, Liu H, et al. Beta-Arrestin1 enhances hepa-

tocellular carcinogenesis through inflammation-mediated Akt signalling. 
Nat Commun. 2015;6:7369. https:// doi. org/ 10. 1038/ ncomm s8369.

 2. Bruix J, Qin S, Merle P, Granito A, Huang YH, Bodoky G, et al. Regorafenib for 
patients with hepatocellular carcinoma who progressed on sorafenib treat-
ment (RESORCE): a randomised, double-blind, placebo-controlled, phase 3 
trial. Lancet. 2017;389:56–66. https:// doi. org/ 10. 1016/ S0140- 6736(16) 32453-9.

 3. Chen WJ, Wu HT, Li CL, Lin YK, Fang ZX, Lin WT, et al. Regulatory roles of 
six-transmembrane epithelial antigen of the prostate family members in 
the occurrence and development of malignant tumors. Front Cell Dev 
Biol. 2021;9:752426. https:// doi. org/ 10. 3389/ fcell. 2021. 752426.

 4. Catalan V, Gomez-Ambrosi J, Rodriguez A, Ramirez B, Rotellar F, Valenti V, 
et al. Six-transmembrane epithelial antigen of prostate 4 and neutrophil 
gelatinase-associated lipocalin expression in visceral adipose tissue is 
related to iron status and inflammation in human obesity. Eur J Nutr. 
2013;52:1587–95. https:// doi. org/ 10. 1007/ s00394- 012- 0464-8.

 5. Kralisch S, Sommer G, Weise S, Lipfert J, Lossner U, Kamprad M, et al. 
Interleukin-1beta is a positive regulator of TIARP/STAMP2 gene and 
protein expression in adipocytes in vitro. FEBS Lett. 2009;583:1196–200. 
https:// doi. org/ 10. 1016/j. febsl et. 2009. 03. 015.

 6. Moldes M, Lasnier F, Gauthereau X, Klein C, Pairault J, Feve B, et al. Tumor 
necrosis factor-alpha-induced adipose-related protein (TIARP), a cell-
surface protein that is highly induced by tumor necrosis factor-alpha and 
adipose conversion. J Biol Chem. 2001;276:33938–46. https:// doi. org/ 10. 
1074/ jbc. M1057 26200.

 7. Moreno-Navarrete JM, Ortega F, Serrano M, Perez-Perez R, Sabater M, 
Ricart W, et al. Decreased STAMP2 expression in association with visceral 
adipose tissue dysfunction. J Clin Endocrinol Metab. 2011;96:E1816–25. 
https:// doi. org/ 10. 1210/ jc. 2011- 0310.

 8. Xu HM, Cui YZ, Wang WG, Cheng HX, Sun YJ, Zhao HY, et al. Expression 
and clinical significance of obesity-associated gene STEAP4 in obese 
children. Genet Mol Res. 2016;15 https:// doi. org/ 10. 4238/ gmr. 15048 705.

 9. Kim HY, Cho HK, Yoo SK, Cheong JH. Hepatic STAMP2 decreases hepatitis 
B virus X protein-associated metabolic deregulation. Exp Mol Med. 
2012;44:622–32. https:// doi. org/ 10. 3858/ emm. 2012. 44. 10. 071.

 10. Kim HY, Park SY, Lee MH, Rho JH, Oh YJ, Jung HU, et al. Hepatic STAMP2 
alleviates high fat diet-induced hepatic steatosis and insulin resistance. J 
Hepatol. 2015;63:477–85. https:// doi. org/ 10. 1016/j. jhep. 2015. 01. 025.

 11. Oh YJ, Kim HY, Lee MH, Suh SH, Choi Y, Nam TG, et al. Cilostazol improves 
HFD-induced hepatic steatosis by upregulating hepatic STAMP2 expres-
sion through AMPK. Mol Pharmacol. 2018;94:1401–11. https:// doi. org/ 10. 
1124/ mol. 118. 113217.

 12. Korkmaz CG, Korkmaz KS, Kurys P, Elbi C, Wang L, Klokk TI, et al. Molecular 
cloning and characterization of STAMP2, an androgen-regulated six trans-
membrane protein that is overexpressed in prostate cancer. Oncogene. 
2005;24:4934–45. https:// doi. org/ 10. 1038/ sj. onc. 12086 77.

 13. Jin Y, Wang L, Qu S, Sheng X, Kristian A, Maelandsmo GM, et al. STAMP2 
increases oxidative stress and is critical for prostate cancer. EMBO Mol 
Med. 2015;7:315–31. https:// doi. org/ 10. 15252/ emmm. 20140 4181.

 14. Fu B, Meng W, Zhao H, Zhang B, Tang H, Zou Y, et al. GRAM domain-con-
taining protein 1A (GRAMD1A) promotes the expansion of hepatocel-
lular carcinoma stem cell and hepatocellular carcinoma growth through 
STAT5. Sci Rep. 2016;6:31963. https:// doi. org/ 10. 1038/ srep3 1963.

 15. Manning BD, Toker A. AKT/PKB signaling: navigating the network. Cell. 
2017;169:381–405. https:// doi. org/ 10. 1016/j. cell. 2017. 04. 001.

 16. Greer EL, Brunet A. FOXO transcription factors at the interface between 
longevity and tumor suppression. Oncogene. 2005;24:7410–25. https:// 
doi. org/ 10. 1038/ sj. onc. 12090 86.

 17. Ruefli-Brasse A, Reed JC. Therapeutics targeting Bcl-2 in hematological 
malignancies. Biochem J. 2017;474:3643–57. https:// doi. org/ 10. 1042/ 
BCJ20 170080.

 18. Heider T, Mutschelknaus L, Radulovic V, Winkler K, Kimmel J, Anastasov N, 
et al. Radiation induced transcriptional and post-transcriptional regula-
tion of the hsa-miR-23a~27a~24-2 cluster suppresses apoptosis by stabi-
lizing XIAP. Biochim Biophys Acta Gene Regul Mech. 2017;1860:1127–37. 
https:// doi. org/ 10. 1016/j. bbagrm. 2017. 08. 006.

 19. Kuo HH, Ahmad R, Lee GQ, Gao C, Chen HR, Ouyang Z, et al. Anti-apoptotic 
protein BIRC5 maintains survival of HIV-1-infected CD4(+) T cells. Immunity. 
2018;48(1183-1194):e1185. https:// doi. org/ 10. 1016/j. immuni. 2018. 04. 004.

 20. Valero JG, Cornut-Thibaut A, Juge R, Debaud AL, Gimenez D, Gillet G, et al. 
Micro-Calpain conversion of antiapoptotic Bfl-1 (BCL2A1) into a prodeath 
factor reveals two distinct alpha-helices inducing mitochondria-medi-
ated apoptosis. PLoS One. 2012;7:e38620. https:// doi. org/ 10. 1371/ journ al. 
pone. 00386 20.

https://doi.org/10.1038/ncomms8369
https://doi.org/10.1016/S0140-6736(16)32453-9
https://doi.org/10.3389/fcell.2021.752426
https://doi.org/10.1007/s00394-012-0464-8
https://doi.org/10.1016/j.febslet.2009.03.015
https://doi.org/10.1074/jbc.M105726200
https://doi.org/10.1074/jbc.M105726200
https://doi.org/10.1210/jc.2011-0310
https://doi.org/10.4238/gmr.15048705
https://doi.org/10.3858/emm.2012.44.10.071
https://doi.org/10.1016/j.jhep.2015.01.025
https://doi.org/10.1124/mol.118.113217
https://doi.org/10.1124/mol.118.113217
https://doi.org/10.1038/sj.onc.1208677
https://doi.org/10.15252/emmm.201404181
https://doi.org/10.1038/srep31963
https://doi.org/10.1016/j.cell.2017.04.001
https://doi.org/10.1038/sj.onc.1209086
https://doi.org/10.1038/sj.onc.1209086
https://doi.org/10.1042/BCJ20170080
https://doi.org/10.1042/BCJ20170080
https://doi.org/10.1016/j.bbagrm.2017.08.006
https://doi.org/10.1016/j.immuni.2018.04.004
https://doi.org/10.1371/journal.pone.0038620
https://doi.org/10.1371/journal.pone.0038620


Page 12 of 12Xie et al. Cancer & Metabolism           (2023) 11:26 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 21. Wu L, Mao C, Ming X. Modulation of Bcl-x alternative splicing 
induces apoptosis of human hepatic stellate cells. Biomed Res Int. 
2016;2016:7478650. https:// doi. org/ 10. 1155/ 2016/ 74786 50.

 22. Niu L, Liu L, Yang S, Ren J, Lai PBS, Chen GG. New insights into sorafenib 
resistance in hepatocellular carcinoma: responsible mechanisms and 
promising strategies. Biochim Biophys Acta Rev Cancer. 2017;1868:564–
70. https:// doi. org/ 10. 1016/j. bbcan. 2017. 10. 002.

 23. Cheng Q, Liu Y. Multifunctional platinum-based nanoparticles for bio-
medical applications. Wiley Interdiscip Rev Nanomed Nanobiotechnol. 
2017;9 https:// doi. org/ 10. 1002/ wnan. 1410.

 24. Zhu YJ, Zheng B, Wang HY, Chen L. New knowledge of the mechanisms 
of sorafenib resistance in liver cancer. Acta Pharmacol Sin. 2017;38:614–
22. https:// doi. org/ 10. 1038/ aps. 2017.5.

 25. Wang Q, Chen X, Hay N. Akt as a target for cancer therapy: more is not 
always better (lessons from studies in mice). Br J Cancer. 2017;117:159–
63. https:// doi. org/ 10. 1038/ bjc. 2017. 153.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1155/2016/7478650
https://doi.org/10.1016/j.bbcan.2017.10.002
https://doi.org/10.1002/wnan.1410
https://doi.org/10.1038/aps.2017.5
https://doi.org/10.1038/bjc.2017.153

	STEAP4 inhibits cisplatin-induced chemotherapy resistance through suppressing PI3KAKT in hepatocellular carcinoma
	Abstract 
	Introduction
	Materials and methods
	Cell culture and treatment
	Tissues samples and immunohistochemistry (IHC)
	Vectors, lentiviral infection and transfection
	qRT-PCR
	Western blot
	Cell viability assay
	Colony formation assay
	Soft agar growth assay
	In vivo xenograft assay
	Statistical analysis

	Results
	STEAP4 is negatively associated with HCC prognosis
	STEAP4 inhibits chemotherapy resistance
	STEAP4 inhibits DDP-induced chemotherapy resistance through inhibiting pi3kAKT pathway

	Discussion
	Conclusions
	Acknowledgements
	References


