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STEAP4 with copper reductase activity 
suppresses tumorigenesis by regulating the cell 
cycle in hepatocellular carcinoma cells
Ting Yang1†, Minhong Zou2†, Yujie Xie1, Yong Zhang1*   , Kun Wang3*   , Shihai Jiang4*    and Qiong Zou1* 

Abstract 

Background  Abnormal expression of six-transmembrane epithelial antigen of prostate 4 (STEAP4) has been impli-
cated in the carcinogenesis of hepatocellular carcinoma (HCC). However, the biological role and regulatory mecha-
nisms of STEAP4 in HCC remain unclear.

Methods and Results  Here, we analyzed STEAP4 expression levels and differentially expressed genes (DEGs) 
between STEAP4 high- and low-expression groups using multiple databases. Proliferation assays, 5-ethynyl-2’-deox-
yuridine (EdU) assays, propidium iodide (PI) flow cytometry, and colony formation assays were conducted to assess 
the effects of STEAP4 on HCC cell proliferation, cell cycle progression, and clonogenic capacity. STEAP4 was down-
regulated in HCC tumor tissues, with lower expression associated with poorer overall survival (OS) and disease-free 
survival (DFS) in patients. Functional network analysis suggested that STEAP4 regulates cell cycle signaling, with tumor 
sections showing a negative correlation between STEAP4 and cell cycle proteins. Overexpression of STEAP4, com-
bined with non-cytotoxic copper exposure in the HepG2 cell line, reduced proliferation and clonogenicity, induced 
cell cycle arrest, and downregulated the mRNA and protein levels of cell cycle-regulating genes. A predictive model 
based on STEAP4 and cell cycle gene demonstrated prognostic value in HCC patients.

Conclusions  Our results lay a foundation for further study of the cell cycle regulatory role of STEAP4 with Cu2+ reduc-
tase activity in HCC, indicating that STEAP4 may be a promising therapeutic target for HCC.
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Introduction
Hepatocellular carcinoma (HCC) is the most preva-
lent form of liver cancer, characterized by its aggressive 
nature and poor prognosis. Despite advances in diag-
nostics and treatment, HCC remains one of the leading 
causes of cancer-related mortality worldwide [1, 2]. The 
five-year survival rate for advanced HCC is low, mainly 
due to high recurrence and metastasis rates [3]. The lack 
of tumor type- or stage-specific molecular markers pre-
sents a critical barrier to improving HCC understanding 
and treatment [4]. Thus, identifying novel biomarkers 
and therapeutic targets is urgently needed to enhance 
patient outcomes.

The six-transmembrane epithelial antigen of the pros-
tate (STEAP) family has attracted significant interest in 
oncology for its multifaceted roles in tumorigenesis and 
cancer progression. Initially recognized for high expres-
sion in prostate cancer, emerging evidence suggests that 
STEAP proteins, particularly STEAP4, may also play 
regulatory roles in liver cancer, including HCC [5–9]. 
The STEAP4 (also known as STAMP2 and TIARP) is 
involved in copper reduction and transport [10]. Previ-
ous studies suggest that STEAP4 is broadly expressed in 
various tissues [10–12] and has associations with obesity, 
insulin resistance, inflammation, and cancer progression 
[13–16]. Notably, STEAP4 expression is dysregulated in 
multiple cancers, suggesting a role in tumorigenesis [15, 
17–19]. Recent studies implicate STEAP4 as a poten-
tial prognostic marker in HCC, with Tang et al. demon-
strating reduced STEAP4 mRNA levels in HCC tissues 
compared to non-tumorous tissues and linking lower 
expression to advanced tumor stage and poorer survival 
rates [20]. These findings suggest that STEAP4 could 
serve as a prognostic indicator in HCC, supporting risk 
stratification and treatment decision-making. Addition-
ally, STEAP4 may influence cell proliferation and survival 
pathways, potentially hindering HCC progression. It has 
been shown to inhibit cisplatin resistance by suppress-
ing the PI3K/AKT pathway, crucial in HCC growth and 
chemotherapy resistance [21]. However, the exact mech-
anisms of STEAP4 in HCC progression remain to be fully 
elucidated.

Dysregulated cell-cycle proteins are central to all can-
cer types and drive tumorigenesis [22]. Targeting cell-
cycle kinases is a promising cancer therapeutic approach. 
The STEAP family has been implicated in cell-cycle 
regulation. Antibody blockade of STEAP4 was shown 
to inhibit pre-adipocyte proliferation via cell-cycle con-
trol [13], and STEAP1 is closely linked to carcinoma cell 
cycles [23]. Importantly, STEAP4 expression in HCC 
patients has been associated with response to immune 
checkpoint inhibitors [24], highlighting cell-cycle control 
as a likely regulatory mechanism for STEAP4 in cancer 

cells. Nonetheless, STEAP4’s role in HCC cell-cycle regu-
lation remains poorly understood.

As a family, STEAP proteins share metalloreductase 
activity, underscoring their significance in cancer metal 
metabolism [12]. Recent findings indicate that STEAP2 
promotes HCC progression by increasing intracellu-
lar copper levels [25], while copper (I) compounds have 
demonstrated efficacy against human tumors by inducing 
cell-cycle arrest [26]. In addition, Copper (II)-modified 
molecules similarly induce oxidative stress and cell-cycle 
inhibition in tumor cells [27, 28]. However, non-cytotoxic 
copper overload can interact with mitochondrial metab-
olism to enhance cell proliferation [29], mainly through 
driving remodeling of metabolic state and bioenergetic 
benefits to promote cancer growth [30], suggesting that 
copper’s role in cell-cycle regulation depends on its cel-
lular concentration and reduction state [31]. Although 
STEAP4 is known for its copper reduction and trans-
port functions, its copper reductase activity and pos-
sible involvement in cell-cycle regulation remain largely 
unexplored.

In this study, we examined STEAP4 expression in HCC 
patients using public RNA-seq data, screened key genes 
in its functional network, and identified relationships 
between STEAP4 expression and cell-cycle-related genes. 
We further evaluated the effects of STEAP4 overexpres-
sion, alongside non-cytotoxic copper exposure, on HCC 
cell proliferation, clonogenicity, and cell-cycle gene reg-
ulation in- vitro. Our findings suggest that STEAP4, in 
conjunction with its copper reductase activity, may offer 
prognostic value in HCC tumorigenesis and could pro-
vide insights for future therapeutic targets.

Results
Decreased STEAP4 expression in hepatocellular carcinoma 
cohorts
STEAP4 mRNA expression was significantly down-
regulated in tumor tissues across multiple HCC cohorts 
(Fig. 1A, B). To confirm STEAP4 expression in HCC tis-
sues, we conducted immunohistochemistry staining on 
twenty HCC and adjacent normal tissue samples. Rep-
resentative IHC images and quantitative analysis results 
in our HCC cohort are shown in Fig. 1C, demonstrating 
significantly lower STEAP4 expression in HCC tissues 
compared to adjacent normal tissues (p < 0.0001). As 
presented in Table 1, STEAP4 expression was not signifi-
cantly associated with other clinicopathological factors, 
including lymph node metastasis (p = 0.212) and distant 
metastasis (p = 0.079). However, STEAP4 expression was 
significantly correlated with tumor T stage (p = 0.024) 
and race (p = 0.012) in LIHC patients, suggesting a poten-
tial biological role for STEAP4 in HCC tumor stage 
progression.
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STEAP4 expression is associated with survival in TCGA‑LIHC 
cohort
Patients with higher STEAP4 expression demonstrated 
significantly improved overall survival (OS) (log-rank 
test, p = 0.024) and disease-free survival (DFS) (log-rank 
test, p = 0.02), compared to those with lower expression 
levels in the TCGA-LIHC cohort (Fig.  2A, B). Consist-
ent findings were observed using Kaplan–Meier plotter 
database with TCGA-LIHC data (Fig.  2C). Multivari-
ate Cox survival analysis further indicated that STEAP4 
expression is an independent predictor of poor prognosis 
in LIHC patients (p < 0.05; Fig. 2D). These results suggest 
that STEAP4 may serve as a valuable and independent 
prognostic marker in HCC.

Genome‑wide expression profiles and co‑expression 
networks of STEAP4 reveal correlations with major cell 
cycle‑regulating genes in TCGA‑LIHC cohort
We identified differentially expressed genes (DEGs) 
by comparing high- and low-expression groups of the 
STEAP4 gene within the TCGA-LIHC cohort. In total, 
142 upregulated and 250 downregulated genes were 
significantly associated with STEAP4 expression (FDR-
adjusted P < 0.05, FDR < 0.05, and |FC|≥ 2, Fig.  3A). 
As shown in Fig.  3B, the downregulated gene set was 

significantly enriched for the cell cycle pathway in KEGG 
analysis. We further examined correlations between 
STEAP4 and key cell cycle-related genes (Fig.  3C and 
Table  2). Results indicated that STEAP4 expression was 
significantly correlated with 14 cell cycle-related genes, 
with the top five negatively regulated genes being CDC20, 
CDC25C, CCNB1, CCNB2, and PLK1 (all p-values < 0.05, 
correlation coefficients -0.45, -0.41, -0.41, -0.40, and 
-0.38, respectively). Notably, IHC staining of our HCC 
samples revealed significantly higher expression of PLK1, 
CDC20, CDC25C, and CDK1 in HCC tissues compared 
to adjacent normal tissues, consistent with the mRNA 
expression profiles observed in the TCGA-LIHC dataset 
(Fig. 4).

For further validation, STEAP4 co-expression genes 
were analyzed using the LinkedOmics database. Inter-
estingly, differential expression analysis of the top 10 
co-expressed genes revealed that 7 of these (CDT1, 
CDCA3, KIF2C, BIRC5, TROAP, AURKB, and MYBL2) 
were closely related to cell cycle regulation. Moreover, 
STEAP4 expression in HCC showed significant associa-
tion with a network of kinases (ATR, CDK1, CDK2, ATM, 
PLK1, CHEK1, AURKB, and CHEK2) involved in cell 
cycle regulation, suggesting a potential role for STEAP4 
in modulating the cell cycle in HCC.

Fig. 1  STEAP4 expression in HCC cohorts. A Box plots showing STEAP4 mRNA expression in liver hepatocellular carcinoma (LIHC) tumor cohort 
versus TCGA normal and GTEx data, analyzed by t-test in the GEPIA database (*, p < 0.01). B Scatter plots of STEAP4 mRNA expression in tumor 
and non-tumor samples from HCC patients, as presented in the Oncomine database across multiple datasets, including Chen Liver, Roessler Liver, 
Roessler Liver 2, Wurmbach Liver, and Mas Liver (*, p < 0.05; ****, p < 0.0001). C Representative IHC images (10X and 40X) illustrating STEAP4 protein 
expression in HCC and adjacent non-tumor tissue. Scale bar = 50 µm for 40X images. Overall statistical analysis of STEAP4 protein expression in HCC 
patient samples based on IHC staining (****, p < 0.0001)
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Effect of STEAP4 copper reductase activity on HCC cell 
viability, clonogenicity, and proliferation
To investigate the role of STEAP4 expression in the 
cell cycle of HCC cell line, we first examined whether 
STEAP4 overexpression affects viability in the Hep G2 

cell line, where baseline STEAP4 expression is low, 
as shown in the Human Protein Atlas from liver can-
cer cell lines (Fig. S1). Our western blot results indi-
cated that successfully overexpress or downregulate 
STEAP4 protein in Hep G2 cells (Fig. S1). Unexpect-
edly, STEAP4 overexpression did not significantly alter 
cell viability (Fig. 5A). Given that STEAP4 functions in 
copper reductase activity involved in copper metabo-
lism [32] and that regulating copper homeostasis can 
induce programmed cell death [33], we tested the 
combined effect of STEAP4 overexpression and cop-
per treatment. Treatment with CuSO4 or CuCl2 at high 
concentrations (over 100  μM) increased cell death in 
Hep G2 cells (Fig. 5B). However, at low concentrations 
(25 or 50  μM), both copper compounds promoted 
cell proliferation (Fig.  5C). We therefore used 50  μM 
copper as a non-cytotoxic concentration for further 
analysis.

Interestingly, the combination of STEAP4 overexpres-
sion and 50 μM copper significantly reduced cell viability 
compared to copper treatment alone (Fig.  5D). Rescue 
experiments using STEAP4-targeting siRNA confirmed 
that STEAP4 is required to enhance cell death under 
low-copper conditions in Hep G2 cells (Fig.  5D). These 
findings were corroborated by colony formation assays, 
which demonstrated that STEAP4 overexpression in 
combination with 50 μM copper reduced colony forma-
tion than copper alone (Fig. 5E, F).

Importantly, results demonstrate that 50  μM copper 
significantly increases EdU + Hep G2 cells (green) alone 
(Fig.  6A, B). Conversely, co-treatment with 50  μM cop-
per and STEAP4 overexpression significantly decreases 
EdU + cells (Fig. 6A, B), a synergistic effect abolished by 
STEAP4 knockdown via siRNA. Collectively, STEAP4 
with copper reductase activity (at the non-cytotoxic 
50 μM concentration) reduces cell viability, clonogenicity, 
and proliferation in Hep G2 cells.

Effects of STEAP4 and copper reductase activity on cell 
cycle regulation and cell cycle‑related gene expression 
in HCC
To examine the synergistic effect of STEAP4 with copper 
reductase activity on cell cycle regulation (Figs. 3B, 6C), 
we conducted PI staining to assess whether co-treatment 
with 50  μM copper and STEAP4 overexpression would 
induce cell cycle arrest in Hep G2 cells. Flow cytometry 
results indicate that STEAP4 overexpression significantly 
increases the percentage of Hep G2 cells in sub-G1 and 
G2/M phases (Fig.  7A–C) when co-treated with 50  μM 
copper, an effect eliminated by STEAP4 knockdown with 

Table 1  Association of STEAP4 expression with 
clinicopathological characteristics in TCGA-liver hepatocellular 
carcinoma (LIHC) patients

*P Chi—square test

Significance in bold, p < 0.05.

Factors n = 371 High groups
(n = 186)

Low groups
(n = 185)

P*

Gender

 Male 250 131 119 0.210

 Female 121 55 66

Ages(years)

 21–40 34 17 17 0.931

 41–60 143 72 71

 61–80 183 93 90

 81–100 10 4 6

 NA 1

Tumor Stage

 T1 181 103 78 0.024
 T2 94 41 53

 T3 80 32 48

 T4 13 7 6

 TX 1 1 0

 NA 2

Lymph Node Stage

 N0 252 121 131 0.212

 N1 4 1 3

 Nx 114 64 50

Meteastasis Stage

 M0 266 124 142 0.079

 M1 4 3 1

 Mx 101 59 42

Race Category

 White 183 107 76 0.012
 Asian 158 64 94

 Other 20 10 10

 NA 10 5 5

BMI

 <18.5 21 7 14 0.133

 18.5–24.9 156 76 80

 25–29.9 90 43 47

 30–34.9 37 19 18

 35–39.9 20 15 5

 ≥40 11 7 4

 NA 36 19 17
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siRNA, suggesting G2/M arrest is linked to STEAP4 with 
copper reductase activity.

Consistently, co-treatment with STEAP4 overexpres-
sion and 50 μM copper significantly downregulates PLK1, 
CDK, CDC20, CDC25C, and CCNB2 mRNA expression 
in Hep G2 cells (P < 0.05, respectively, Fig. 8A). Notably, 
this co-treatment also significantly reduced the protein 
expression levels of PLK1, CDK, CDC20, CDC25C, and 
CCNB2 in Hep G2 cells (Fig.  8B). Thus, STEAP4 with 

copper reductase activity (50 μM as a non-cytotoxic con-
centration) may induce G2/M phase arrest in HCC cells.

Development and validation of a prognostic model based 
on STEAP4/cell cycle‑related genes in HCC
For clinical applicability, we combined seven co-
expressed cell cycle genes (CDT1, CDCA3, KIF2C, 
BIRC5, TROAP, AURKB, MYBL2), eight co-expressed cell 
cycle-related kinases (ATR, CDK1, CDK2, ATM, PLK1, 

Fig. 2  Prognostic evaluation of STEAP4 in HCC patients. A, B Analysis of overall survival (OS) and disease-free survival (DFS) based on high and low 
STEAP4 expression in LIHC patients using the GEPIA database. C Kaplan–Meier analysis of OS for high and low STEAP4 expression in TCGA-LIHC 
samples. D Multivariate Cox proportional hazards analysis of OS, visualized through a forest plot
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Fig. 3  DEGs of key cell cycle-related genes in high and low STEAP4 expression groups in LIHC cohort. A Volcano plots display differentially 
expressed genes (DEGs). B KEGG pathway enrichment analysis of DEGs, conducted using DAVID, is visualized in bubble plots, with the y-axis 
showing significantly enriched KEGG pathways and the x-axis showing various gene ratios. DEGs, differentially expressed genes; KEGG, Kyoto 
Encyclopedia of Genes and Genomes. C The top 5 negatively correlated cell cycle-related genes with STEAP4, analyzed using TIMER

Table 2  The correlation between SEAP4 and key cell cycle-related genes in the LIHC-TCGA cohort

14 co-expressed cell cycle-related genes

varX varY cor p varX varY cor p

TTK STEAP4 − 0.356172319 2.13E−12 CDC25C STEAP4 − 0.408453554 /

SLC25A15 STEAP4 0.4116897 / CDC25A STEAP4 − 0.366645909 4.11E−13

SFN STEAP4 − 0.216287941 2.65E−05 CDC20 STEAP4 − 0.452171727 /

PTHLH STEAP4 − 0.185388953 0.000330727 CCNB2 STEAP4 − 0.403449054 /

PLK1 STEAP4 − 0.382546994 2.61E−14 CCNB1 STEAP4 − 0.406134508 3.63E−16

CDK1 STEAP4 − 0.368527766 3.03E−13 BUB1B STEAP4 − 0.322504506 2.53E−10

CDC6 STEAP4 − 0.3251353 1.78E−10 BUB1 STEAP4 − 0.322642214 2.49E−10

CDC45 STEAP4 − 0.363113431 7.24E−13
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CHEK1, AURKB, CHEK2), and STEAP4 to develop a 
prognostic model for HCC. Using multivariate Cox 
proportional hazards regression and stepwise analy-
sis, we created an optimal model: risk score = CDCA3* 
0.5289133 + STEAP4* − 3.7328420. Patients were clas-
sified into high- and low-risk groups based on median 
risk score. The high-risk group had significantly shorter 
OS (P < 0.0001, Fig. 9A), with AUCs of 0.783, 0.722, and 
0.754 for 1-, 3-, and 5-year OS, respectively (Fig. 9C). The 
risk score was validated as an independent prognostic 
factor through multivariate analysis (Fig. 9D). Subgroup 
analysis further validated the signature’s prognostic 
value across stages, sexes, and age groups (Fig. 9E). The 
signature model ability stratifying patients was achieved 
in patients with early-stage, advanced stage, male, 
female, < 60-year, < 60-year, and >  = 60-year, respectively.

The predictive capability of this signature was vali-
dated in the ICGC dataset. Patients were stratified into 
high- and low-risk groups using the same method. Sur-
vival analysis showed lower OS in high-risk patients 
(p = 0.0088) (Fig.  10A). Scatter plots and heat maps 
depict risk score distribution, patient survival status, and 
gene expression patterns (Fig.  10B). AUCs were 0.560, 
0.684, and 0.951 for 1-, 3-, and 5-year OS, respectively 
(Fig. 10C). Further validation confirmed the signature as 

an independent prognostic factor (Fig.  10D). For clini-
cal utility, we combined independent factors from the 
TCGA cohort to create a nomogram (Fig. 10E). Calibra-
tion plots of 1-, 3-, and 5-year survival rates are presented 
in Fig. 10F.

Discussion
Hepatocellular carcinoma (HCC) constitutes approxi-
mately 90% of primary liver tumors and ranks as the 
second leading cause of cancer-related mortality glob-
ally [1] with an overall poor survival rate [34]. Despite its 
prevalence, the molecular pathogenesis of HCC remains 
incompletely understood [2]. In this study, we demon-
strate that STEAP4 expression is significantly reduced 
in the TCGA-LICH cohort, and low STEAP4 expression 
is associated with worse prognosis and overall survival 
in HCC patients. Functional network analysis indicated 
that STEAP4 is involved in cell cycle regulation. Over-
expression of STEAP4, combined with exposure to a 
non-cytotoxic concentration of copper in HepG2 cells, 
reduced proliferation and clonogenicity, induced cell 
cycle arrest, and downregulated mRNA expression and 
protein expression of indicated cell cycle-related genes. 
The prognostic relevance of STEAP4’s copper reductase 
activity in HCC suppression, along with its associations 

Fig. 4  Representative IHC images showing the expression of STEAP4, PLK1, CDC25C, CDC20, CCNB2, CCNB1, and CDK1 proteins in HCC 
and adjacent non-tumor tissues. Compared to peritumoral tissues, HCC tissues exhibit lower STEAP4 expression and higher levels of PLK1, CDC20, 
CDC25C, and CDK1 (n = 7). T: tumor; P: peritumoral tissue. Scale bar: 100 µm
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with cell cycle control kinases, may provide promising 
insights for future therapeutic targets (Fig. 11).

The STEAP gene family, initially identified in 1999 by 
Hubert et  al. in a prostate cancer xenograft model [9], 
includes STEAP4, which is expressed in various tissues, 
such as lung, pancreas, heart, liver, and skeletal muscle 
[5–8]. Studies have shown that STEAP4 downregulation 
contributes to inflammation [35, 36], and is implicated in 
prostate [8, 37], colon [15, 38], breast [17, 39] and bladder 
cancer progression [19]. However, the role of STEAP4 in 
HCC remains largely unexplored [2, 18]. To investigate, 
we used bioinformatics to analyze STEAP4’s function and 
regulatory network in HCC, revealing significant down-
regulation in HCC cohorts and a correlation with poorer 
prognosis and survival in the TCGA-LIHC dataset, sug-
gesting a tumor-suppressive function. Subgroup analysis 
showed that STEAP4 levels correlate with T stage, mak-
ing it a potential diagnostic and prognostic marker. High 
STEAP4 expression was associated with an increased 
proportion of T1 stage cases. Multivariate Cox analysis 

confirmed STEAP4 as an independent predictor of unfa-
vorable prognosis in LIHC patients (p < 0.05).

Through the LinkedOmics database, we identified 
9,839 co-expressed genes, with KEGG pathway analysis 
showing enrichment in pathways like Complement and 
coagulation cascades, Chemical carcinogenesis, Fatty 
acid degradation, Spliceosome, Ribosome, and Cell cycle. 
STEAP4 was notably correlated with 14 cell cycle genes, 
including CDC20, CDC25C, CCNB1, CCNB2, and PLK1, 
as well as kinases like ATR, CDK1, CDK2, ATM, PLK1, 
CHEK1, AURKB, and CHEK2, which regulate DNA dam-
age, replication, mitosis, and cell cycle control. Elevated 
expression of cancer-related kinases (AURKB, CDK1, 
CHEK1, and PLK1) correlated with poor HCC progno-
sis. PLK1, which controls the G2/M phase, was highly 
expressed in multiple cancers [40], with aberrant PLK1-
related pathway activation in HCC [41, 42]. Longerich’s 
study showed that PLK1 plays oncogenic role in HCC 
[43]. Additionally, ATR-CHEK1 signaling, crucial for 
DNA damage response and genomic stability [44, 45], has 

Fig. 5  Efficacy of STEAP4 overexpression in Hep G2 Cells via copper reductase activity. A STEAP4 overexpression in Hep G2 cells shows 
no significant cytotoxicity. B, C Copper incubation induces a dose-dependent cytotoxic effect on Hep G2 cells, with 50 μM copper identified 
as a non-cytotoxic concentration. D Co-treatment with STEAP4 overexpression and 50 μM copper decreases cell viability in Hep G2 cells. E, 
F Co-treatment with STEAP4 overexpression and 50 μM copper reduces colony formation in Hep G2 cells. *p < 0.05, **p < 0.01, ***p < 0.001, 
##p < 0.0001
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been linked to HCC progression [46, 47]. AURKA over-
expression promotes HCC proliferation and metastasis, 
suggesting the need for further research on STEAP4’s 
interaction with these kinases. However, further research 
on the association mechanism between STEAP4 and 
these cell cycle control kinases is needed.

The study reveals that STEAP4 plays a crucial role in 
modulating copper homeostasis, which appears directly 
linked to its tumor-suppressive effects in HCC. STEAP4’s 
copper reductase activity facilitates intracellular copper 
reduction, a process that impacts key cell cycle regula-
tors and cancer progression. By promoting copper reduc-
tion, STEAP4 appears to influence cell cycle checkpoints, 
particularly in the G2/M phase. STEAP4-mediated cop-
per reduction has been shown to induce G2/M phase 
arrest, indicating a novel mechanism whereby STEAP4 
hinders cell proliferation by modulating copper avail-
ability. Furthermore, our data suggests that STEAP4 
works in synergy with copper at non-cytotoxic levels to 
inhibit HCC cell viability, colony formation, and pro-
liferation. The combined effect of STEAP4 expression 
and controlled copper levels disrupts cellular processes 
critical for cancer progression. This interplay highlights 
STEAP4’s potential as a regulatory mediator between 

copper metabolism and cell cycle control in HCC. 
Notably, recent studies have shown that copper acts as 
a co-factor in multiple oncogenic pathways, yet its dys-
regulation is also linked to oxidative stress and apoptosis 
in tumor cells. Thus, STEAP4’s role in fine-tuning cop-
per levels provides a unique checkpoint that may prevent 
cancerous cells from acquiring an uncontrolled growth 
advantage. This association not only deepens our under-
standing of copper’s role in oncogenesis but also opens 
potential avenues for targeting copper metabolism in 
HCC with altered STEAP4 expression.

Copper impacts cell cycle regulation, interacting with 
cell cycle proteins at multiple checkpoints. High copper 
levels influence cyclin-dependent kinase activity, impact-
ing G1/S and G2/M transitions. In our study, STEAP4 
overexpression combined with 50  μM copper reduced 
viability, clonogenicity, proliferation, and induced G2/M 
arrest in HepG2 cells. The synergy effect was abolished 
by STEAP4 knockdown, indicating that G2/M arrest is 
mediated by STEAP4’s copper reductase activity. More 
importantly, STEAP4-mediated increases in colon cancer 
copper levels result in activation of the E3 ligase X-linked 
inhibitor of apoptosis (XIAP) [15], cooperation with 
CDK1–cyclin-B1 axis controlling mitotic cell death [48], 

Fig. 6  Inhibition of Hep G2 cell proliferation by STEAP4 with copper reductase activity. A, B The 5-Ethynyl-2′-deoxyuridine (EdU) staining reveals 
reduced cell proliferation rates following STEAP4 overexpression with 50 μM copper co-treatment. C GSEA of the LICH-TCGA cohort highlights 
STEAP4 co-expressed genes linked to cell cycle regulation. * p < 0.05
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indicating an important regulatory role of STEAP4 in 
the cell cycle of malignant tumors [49]. Co-expression of 
XIAP and Cyclin D1 correlates with HCC outcomes [50], 
underscoring the role of STEAP4 in malignant cell cycle 
regulation and copper homeostasis. However, further 
study is needed for understanding from modulating key 
cell cycle regulators to orchestrating copper homeostasis 
through STEAP4.

To advance risk assessment in HCC, we developed a 
gene expression signature associated with STEAP4 and 
co-regulated genes. The two-gene signature (STEAP4 
and CDCA3, Figs. 9and10) was successfully constructed 
via TCGA cohort, and was validated in ICGC cohort, 
demonstrating robust prognostic power in subgroup 
analysis. To offer an easy-to-use clinical assay, we also 
combined this signature with TNM staging to construct a 
nomogram with high discriminatory accuracy, improving 

prognostic stratification for resectable HCC patients and 
aiding in adjuvant treatment selection.

This study has several limitations. First, we did not 
investigate the cell cycle regulatory function of STEAP4 
using in  vivo animal models. However, datasets from 
TCGA suggest a potentially significant role for STEAP4 
in the HCC cohort. Second, the mechanism by which 
copper supports the cell cycle regulatory function of 
STEAP4 was not explored. Finally, while our results indi-
cate G2/M phase arrest, the discrepancy between the 
downregulation of multiple cell cycle proteins and the 
exclusive observation of G2/M phase arrest warrants fur-
ther investigation to uncover the underlying mechanisms.

Fig. 7  Effects of STEAP4 overexpression and 50 μM copper on cell cycle distribution in Hep G2 cells. A–C Cell cycle distribution analysis shows 
that co-treatment with STEAP4 overexpression and 50 μM copper increases the percentage of Hep G2 cells in sub-G1 and G2/M phases. The 
synergistic effect is eliminated by STEAP4 knockdown via siRNA, indicating G2/M cell cycle arrest associated with STEAP4 copper reductase activity. 
* p < 0.05
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Conclusion
Our study provides potential evidence that STEAP4 may 
play a role in regulating HCC tumorigenesis, underscor-
ing its significance in cell cycle regulation. STEAP4-
mediated cell cycle regulation appears to depend on 
non-cytotoxic copper as a synergistic factor in  vitro, 
supported by its copper reductase activity. These find-
ings may offer new development of therapeutic targets in 
HCC.

Material and methods
Differential expression analysis of STEAP4 mRNA 
and immunohistochemistry (IHC) in cancer samples
The GEPIA database (http://​gepia.​cancer-​pku.​cn) and 
Oncomine 4.5 (https://​www.​oncom​ine.​org/) were uti-
lized to determine STEAP4 gene expression levels in nor-
mal tissues and hepatocellular carcinoma (HCC) tumors. 
For subgroup analysis, publicly available liver hepato-
cellular carcinoma (LIHC) RNA-Seq data were down-
loaded from The Cancer Genome Atlas (TCGA) database 
(https://​cance​rgeno​me.​nih.​gov/) using the GDC Data 
Transfer Tool. A total of 371 primary tumor samples were 
categorized into low (n = 185) and high (n = 186) STEAP4 
expression groups based on the median STEAP4 mRNA 
level. Associations between STEAP4 mRNA expression 
and clinicopathological features were assessed using the 
chi-squared test.

All sample section staining procedures were 
approved by the Ethics Review Board of Third Affili-
ated Hospital of Sun Yat-sen University under ethics 
approval number II 2024–196. Immunohistochemical 
staining was performed as previously described [15]. 
Briefly, tissue antigens were retrieved using sodium 
citrate for 15  min, followed by blocking with 5% BSA 
for 30 min. The tissue section was then incubated over-
night at 4  °C with an anti-STEAP4 antibody (A17767, 

1:100, Abclonal, Germany), anti-CDC20 antibody 
(A15656, 1:100, Abclonal, Germany), anti-CDK1 anti-
body (A22347, 1:100, Abclonal, Germany), anti-Cyc-
lin B2 antibody (DF9047, 1:100, Affinity Biosciences, 
USA), anti-PLK1 antibody (AF2685, 1:100, Affinity Bio-
sciences, USA), and anti-CDC25C antibody (AF6258, 
1:100, Affinity Biosciences, USA). On the second day, 
an HRP-conjugated secondary antibody was applied for 
120  min, followed by nuclear staining with hematoxy-
lin. Digital images of the stained sections were captured 
using a Leica DM300 microscope (Germany). The sub-
group analysis was performed on frozen primary and 
recurrent HCC tissue samples, categorizing them based 
on STEAP4 expression into high and low groups. Stain-
ing intensity was classified as 0 for negative, 1 for light 
yellow, 2 for light brown, and 3 for dark brown. Positive 
intensity and percentage were recorded, with scores 
of 0–1 deemed negative and scores of 2–3 deemed 
positive.

Association analysis between STEAP4 expression 
and prognosis
Survival curves, including overall survival (OS) and 
recurrence-free survival (RFS), were generated through 
the GEPIA database using the log-rank and Mantel-Cox 
tests. Survival analysis was conducted with the survival 
and survminer packages in R version 4.0.5, and inde-
pendent prognostic factors were identified via multivari-
ate Cox regression.

LinkedOmics database and genome‑wide STEAP4 
co‑expression analysis
STEAP4 co-expression was analyzed in the LinkedOmics 
database (http://​www.​linke​domics.​org/​login.​php) using 

Fig. 8  STEAP4 and 50 μM Copper co-treatment downregulates indicated cell cycle genes in Hep G2 cells. A STEAP4 with copper reductase 
activity reduces PLK1, CDK1, CDC20, CDC25C, and CCNB2 mRNA expression in Hep G2 cells. This synergistic effect is abolished by STEAP4 knockdown 
via siRNA. * p < 0.05, ** p < 0.01. B STEAP4 with copper reductase activity reduces PLK1, CDK1, CDC20, CDC25C, and CCNB2 protein expression 
in Hep G2 cells as indicated by representative western blot results

http://gepia.cancer-pku.cn
https://www.oncomine.org/
https://cancergenome.nih.gov/
http://www.linkedomics.org/login.php
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Fig. 9  Prognostic model construction and subgroup analysis. A Kaplan–Meier curves and log-rank test show OS differences in high- vs. low-risk 
groups (TCGA-LIHC). B Scatter plots showing gene distribution in the signature. C ROC curves evaluating the signature’s predictive performance 
in TCGA-LIHC. D Identification of signature as an independent prognostic factor. E Subgroup analysis across different clinical factors: early-stage, 
advanced stage, male, female, < 60-year and ≥60 years, respectively
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Pearson’s correlation coefficient and presented in volcano 
plots, heat maps, and scatter plots. LinkedOmics’ func-
tion module was employed to examine Gene Ontology 

biological processes (GO_BP), KEGG pathways, and 
kinase-target enrichment through gene set enrichment 
analysis (GSEA). Differentially expressed genes among 

Fig. 10  Signature validation in ICGC-HCC dataset and nomogram development. A Kaplan–Meier curves and log-rank test of OS 
in high- and low-risk groups (ICGC-HCC). B Scatter plots of gene expression in the signature. C ROC curves assessing prediction performance 
(ICGC-HCC). D Identification of the signature as an independent prognostic factor. E Nomogram integrating TNM stage and signature. F Calibration 
plots for survival rates at 1, 3, and 5 years
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LIHC patients were further verified with the TIME data-
base for STEAP4 correlation.

Cell Culture and Copper Treatment Conditions
Hep G2 cells (American Type Culture Collection, ATCC, 
Manassas, MD, USA) were cultured in RPMI 1640 
medium with 10% FBS, 1% penicillin, and streptomy-
cin at 37  °C with 5% CO₂. CuSO₄ and CuCl₂ (Cayman 
Chemical) were dissolved in ddH₂O and adjusted to the 
required concentration. Cells were treated with copper 
for 48  h post-STEAP4 overexpression or knockdown 
unless otherwise specified.

STEAP4 overexpression and knockdown via transient 
transfection
Approximately 1 × 105 cells/well were seeded in 6-well 
plates at 50–70% confluence. STEAP4 overexpression 
or knockdown was achieved with Lipofectamine® 3000 
Reagent following the manufacturer’s protocol. Trans-
fection involved pCMV6-Entry-STEAP4 (NM_024636) 
Human ORF Clone plasmid (500 ng, RC216917, Origene) 

for overexpression or 10 nmol of STAMP2 siRNA (Santa 
Cruz, Germany) for knockdown. Empty vector or control 
siRNA served as MOCK or knockdown control. STEAP4 
protein expression was used to confirm transfection 
efficiency.

Cell viability assay
Cell viability was assessed by crystal violet staining as 
described previously [31]. Approximately 1 × 104 cells/
well were seeded in 12-well plates, treated with cop-
per (with or without STEAP4 overexpression) for 48  h, 
washed with PBS, and stained with 0.1% crystal violet 
for 30  min. Absorbance was measured at 595  nm using 
a microplate reader (Tecan, Germany). Cell morphol-
ogy post-treatment was examined using phase-contrast 
microscopy (Carl Zeiss, Germany).

Colony formation assay
The colony formation assay was conducted as previously 
described. Briefly, 200 single cells were seeded per well in 

Fig. 11  Schematic diagram of proposed mechanism of STEAP4-mediated copper reductase activity in HCC tumorigenesis suppression via cell cycle 
regulation. This schematic illustrates STEAP4’s functional impact on HCC cells in vitro. STEAP4-mediated copper reduction leads to downregulation 
of key cell cycle genes, inhibiting G2/M progression in HCC cells. Further investigation into the underlying mechanisms of STEAP4-mediated 
regulation of cell cycle genes is warranted. (Figure created with Figdraw)
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6-well plates and cultured for seven days. Colonies were 
stained with 0.1% crystal violet, and morphology was 
observed using phase-contrast microscopy (Carl Zeiss, 
Germany).

The 5‑ethynyl‑2′‑deoxyuridine (EdU) staining for DNA 
synthesis detection
To assess DNA synthesis and cell cycle S-phase, Hep G2 
cells were stained using the Click-iT™ EdU Cell Prolifera-
tion Kit (Invitrogen, Germany) following the manufac-
turer’s instructions.

Propidium iodide (PI) staining for cell cycle analysis by flow 
cytometry
Forty-eight hours post-treatment with copper, Hep G2 
cells underwent PI/RNase A staining (Invitrogen, Ger-
many) for cell cycle analysis by flow cytometry (BD 
Accuri C6, Beckman Coulter, Germany), analyzing 
phases sub-G0/G1, G0/G1, S, and G2/M in over 25,000 
cells.

Real‑time quantitative PCR (qRT‑PCR)
Total RNA was extracted with TRIzol reagent (Invitro-
gen), and qRT-PCR was performed using SYBR green 
qPCR master mix (TAKARA, Japan) following the 
manufacturer’s protocol. Primers are listed in Table  3, 
with β-actin as an internal reference for mRNA nor-
malization. Determine the relative mRNA expression 
levels of target genes was using the 2−ΔΔCt method.

Western blotting
Cells were harvested and lysed in RIPA buffer, and pro-
tein concentrations were quantified using a BCA assay 
(Invitrogen, Germany). Following SDS-PAGE separa-
tion, protein samples were blocked in 5% skim milk 
and incubated overnight at 4  °C with primary anti-
bodies: anti-STEAP4 antibody (11944-1-AP, 1:2000, 

proteintech, Germany), anti-PLK1 antibody (10305-1-
AP, 1:2000, proteintech, Germany), anti-CDC20 anti-
body (10252-1-AP, 1:2000, proteintech, Germany), 
anti-Cyclin B2 antibody (21644-1-AP, 1:2000, protein-
tech, Germany), anti-CDC25C antibody (16485-1-AP, 
1:2000, proteintech, Germany) and anti-CDK1/CDK2 
antibody (sc-53219, 1:2000, Santa Cruz, Germany). 
Samples were then washed five times with TBST and 
incubated with appropriate secondary antibodies for 
2  h at room temperature. Protein bands were visual-
ized with Immobilon Western Chemiluminescent HRP 
Substrate (Millipore, WBKLS0500) for 1 min, and band 
densities were normalized to β-actin.

Establishment and validation of the prognostic model
To construct a prognostic model, we integrated co-
expression genes and regulators of STEAP4 and applied 
stepwise multivariate Cox regression analysis based 
on the Akaike Information Criterion (AIC) to mini-
mize overfitting and select candidate genes. Each LIHC 
patient’s risk score was calculated using the formula: risk 
score = gene a * coefficient a + gene b * coefficient b + gene 
c * coefficient c + … + gene n * coefficient n. Patients were 
then stratified into high- and low-risk groups based on 
the median risk score. Kaplan–Meier survival curves 
compared survival between these groups, and the log-
rank test assessed statistical significance (p < 0.05). Model 
performance was evaluated and validated in both the 
TCGA-LIHC and ICGC-LIHC cohorts. The model visu-
alization was facilitated through a nomogram, and cali-
bration plots assessed prediction accuracy.

Statistical analysis
Statistical analysis was conducted using SPSS 25.0 and 
R version 4.0.5. Data are presented as mean ± SD. Differ-
ential expression of STEAP4 mRNA between HCC and 
adjacent normal tissues from the TCGA databases was 
analyzed via independent and paired t-tests. IHC stain-
ing scores were analyzed via Wilcoxon Signed-Rank Test. 
Associations between STEAP4 and clinical variables were 
examined using Pearson’s chi-squared test. Multivariate 
analyses were performed using the Cox proportional haz-
ards model. Statistical significance was set at P < 0.05.

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s13008-​024-​00140-y.

Supplementary Material 1.

Supplementary Material 2.

Table 3  The qRT-PCR primers used in this study (Homo sapiens)

Genes Forward Reverse

PLK1 AAA​GAG​ATC​CCG​GAG​GTC​CTA​ GGC​TGC​GGT​GAA​TGG​ATA​TTTC​

CDK1 AAA​CTA​CAG​GTC​AAG​TGG​
TAGCC​

TCC​TGC​ATA​AGC​ACA​TCC​TGA​

CDC20 GCA​CAG​TTC​GCG​TTC​GAG​A CTG​GAT​TTG​CCA​GGA​GTT​CGG​

CDC25C TCT​ACG​GAA​CTC​TTC​TCA​
TCCAC​

TCC​AGG​AGC​AGG​TTT​AAC​
ATTTT​

CCNB2 CCG​ACG​GTG​TCC​AGT​GAT​TT TGT​TGT​TTT​GGT​GGG​TTG​AACT​

β-actin GCC​GCC​AGC​TCA​CCA​ GCT​CGA​TGG​GGT​ACT​TCA​GG

https://doi.org/10.1186/s13008-024-00140-y
https://doi.org/10.1186/s13008-024-00140-y
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