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Abstract

Background and Aims: Despite advancements in diag-
nostic and therapeutic strategies, hepatocellular carcinoma 
(HCC) remains a leading cause of cancer-related mortal-
ity. Antioxidant-1 (ATOX1) has been implicated in oncogenic 
processes across various cancer types; however, its specific 
role in HCC remains unclear. This study aimed to investigate 
the function of ATOX1 and its underlying molecular mech-
anisms in HCC. Methods: Immunohistochemical analysis 
was conducted to assess ATOX1 expression in HCC tissues. 
Cell Counting Kit-8, colony formation, Transwell migration, 
flow cytometry, and reactive oxygen species (ROS) as-
says were employed to evaluate the malignant behaviors 
of tumor cells. A xenograft mouse model was employed to 
assess the effects of ATOX1 knockdown on tumor growth 
in vivo. DCAC50 treatment was performed to inhibit the 
copper transport function of ATOX1. RNA sequencing was 
conducted to explore the potential molecular mechanisms 
of ATOX1 in HCC. Results: ATOX1 expression was signifi-
cantly elevated in HCC tumor tissues. ATOX1 promoted cell 
proliferation, colony formation, and migration. Knockdown 
of ATOX1 suppressed tumor growth in vivo. Mechanisti-
cally, ATOX1 activated c-Myb, and thus enhanced the ma-
lignant phenotype of HCC cells via activation of the PI3K/
AKT signaling pathway. Additionally, ATOX1 reduced intra-
cellular copper accumulation and inhibited ROS production 
and apoptosis. Inhibition of ATOX1 by DCAC50 decreased 
cell proliferation while increasing ROS levels and apoptosis 
in HCC cells. Notably, acetylcysteine reversed the reduction 
in c-Myb expression induced by ATOX1 knockdown. Con-
clusions: ATOX1 may promote HCC carcinogenesis through 

the activation of the c-Myb/PI3K/AKT pathway and the inhi-
bition of copper accumulation and oxidative stress.
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Introduction
Hepatocellular carcinoma (HCC) is the sixth most prevalent 
and the third most lethal malignancy worldwide.1 For patients 
with early-stage or locally advanced HCC, several effective 
treatment options are available, including radical surgical re-
section, transarterial chemoembolization, radiotherapy, and 
molecularly targeted therapies. Nevertheless, HCC is charac-
terized by a propensity for early metastasis and a high recur-
rence rate, both of which significantly contribute to its poor 
prognosis.2,3 Consequently, a deeper understanding of the 
molecular mechanisms underlying the occurrence and devel-
opment of HCC is imperative for improving patient outcomes 
and developing more effective therapeutic strategies.

Copper, an essential trace element, participates in numer-
ous physiological regulatory processes, including antioxidant 
defense, energy metabolism, and neurotransmitter synthe-
sis.4 An increasing body of evidence suggests that copper 
and copper-dependent proteins are crucial for cell prolifera-
tion, metastasis, and angiogenesis, highlighting their poten-
tial as therapeutic targets in cancer.5,6 Elevated copper levels 
have been observed in both tissues and serum of cancer pa-
tients, primarily due to the upregulation of copper transport-
er systems, such as copper transport protein 1, copper chap-
erone for superoxide dismutase (CCS), and antioxidant-1 
(ATOX1).7 Furthermore, as a potent oxidant, excess copper 
elevates reactive oxygen species (ROS) generation and fos-
ters oxidative stress. In cancers, oxidative stress can induce 
DNA damage and mutations, resulting in genomic instability 
and the activation of oncogenes.8,9

ATOX1, a copper chaperone protein composed of 68 ami-
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no acid residues, facilitates the transfer of copper to ATPases 
(ATP7A and ATP7B) located on the membranes of the trans-
Golgi network and secretory vesicles.10 In addition to its role 
in copper homeostasis, ATOX1 acts as an antioxidant, pro-
tecting cells from superoxide- and hydrogen peroxide-induced 
toxicity.11 Recent studies have highlighted the oncogenic role 
of ATOX1 in various human cancers.12–17 ATOX1 is markedly 
overexpressed in breast cancer, where single-cell tracking 
studies have shown that it promotes the transfer of copper 
to ATP7A and lysyl oxidase, enhancing the migratory capacity 
of breast cancer cells.17 In non-small cell lung cancer, ATOX1 
delivers copper to the nuclear copper-binding protein CRIP2, 
promoting its ubiquitin-mediated degradation, thereby in-
creasing ROS levels and activating autophagy.12 Upon cop-
per activation, ATOX1 also functions as a transcription factor, 
inducing nucleoporin expression and modulating cis-elements 
of the Cyclin D1 promoter, mediating copper’s impact on cell 
proliferation.13 DCAC50, a small-molecule inhibitor, obstructs 
the copper-binding motif of ATOX1 and CCS, significantly hin-
dering cancer cell proliferation by inducing oxidative stress 
and reducing intracellular ATP levels.14 Despite the liver’s pri-
mary role in copper metabolism, the involvement of ATOX1 in 
HCC has not been extensively investigated.

In this study, we demonstrated that ATOX1 was signifi-
cantly overexpressed in HCC tumor tissues compared to 
adjacent normal tissues. Functional assays confirmed that 
ATOX1 enhanced HCC cell proliferation and migration, while 
ATOX1 knockdown suppressed tumor growth in vivo. Mecha-
nistically, ATOX1 upregulated c-Myb (also known as MYB) ex-
pression and promoted the malignant behavior of HCC cells 
through activation of the PI3K/AKT signaling pathway. Fur-
thermore, ATOX1 reduced cytoplasmic copper accumulation, 
decreased ROS generation, and inhibited apoptosis in HCC 
cells. Inhibition of ATOX1 with DCAC50 similarly suppressed 
cell proliferation, elevated ROS generation, and promoted 
apoptosis. In addition, acetylcysteine reversed the reduction 
in c-Myb expression induced by ATOX1 knockdown. Our find-
ings suggest that ATOX1 may serve as a potential diagnostic 
biomarker and therapeutic target in HCC.

Methods

HCC patient cohorts and specimens
Fifty pairs of formalin-fixed, paraffin-embedded HCC tis-
sues and adjacent normal liver tissues were obtained from 
Beijing Friendship Hospital, Capital Medical University. The 
clinicopathological information is shown in Supplementary 
Table 1. In addition, frozen HCC tissue samples were used 
for real-time polymerase chain reaction (PCR) (n = 6) and 
western blot (n = 3) analyses. Our study was approved 
by the Research Ethics Committee of Beijing Friendship 
Hospital, Capital Medical University, and conducted in ac-
cordance with the Declaration of Helsinki. Written informed 
consent was obtained from all participants prior to enroll-
ment.

Immunohistochemistry (IHC)
Paraffin-embedded tissue sections were dewaxed and hy-
drated. Antigen retrieval was performed using citrate buffer 
at pH 6.0. Sections were then blocked with goat serum for 30 
m and incubated overnight with a rabbit anti-ATOX1 antibody 
(dilution 1:200, NOVUS). After washing with PBS, sections 
were incubated with biotinylated anti-rabbit IgG and subse-
quently stained using the DAB kit (Zhongshan Golden Bridge 
Biological Technology, Beijing, China). The staining intensity 
was assessed by calculating the integrated optical density 

under light microscopy using Image-Pro V6.0. The IHC score 
was calculated by multiplying the staining intensity grade 
(reflecting high or low ATOX1 expression) by the positive 
rate score, which represents the percentage of positive areas 
(0%–50% and 51%–100%).18 Two experienced pathologists 
independently assessed the scores.

Cell culture and plasmids
The Huh7, HepG2, and Hep3B cell lines were used in this 
study. Huh7 cells were obtained from the Cell Bank of the 
Type Culture Collection of the Chinese Academy of Sciences, 
Shanghai, China. HepG2 and Hep3B cells were purchased 
from the Cell Resource Center of the Chinese Academy of 
Medical Sciences, Beijing, China. HepG2 and Hep3B cells 
were cultured in Minimum Essential Medium (MEM, Sigma, 
Germany) supplemented with 10% FBS (Gibco, USA) and 
maintained in a humidified incubator at 37°C with 5% CO2. 
Huh7 cells were cultured in Dulbecco’s Modified Eagle’s Me-
dium (DMEM, Sigma, Germany) with 10% FBS. A dual in-
hibitor targeting ATOX1 and CCS (DCAC50, MCE, USA) was 
dissolved at 10 mM in dimethyl sulfoxide (DMSO, Sima, USA) 
and stored at −20°C. It was diluted in the culture medium 
to a working concentration of 10 µM.14 Acetylcysteine, a ROS 
inhibitor (Selleck, USA), was added to the culture medium at 
20 µM.19 LY294002 (Abcam), a specific PI3K inhibitor, was 
used at a final concentration of 20 µM according to the manu-
facturer’s recommended protocol.20

Full-length ATOX1 genes were amplified by PCR and 
cloned into the pcDNA3.1-Flag vector (Tsingke Biotechnol-
ogy, Beijing, China). Vectors were transfected into cells using 
X-tremeGENE HP DNA transfection reagent (Roche, Basel, 
Switzerland) following the manufacturer’s instructions.21 The 
culture medium was replaced 6 h after transfection. Cells 
were harvested 24 h post-transfection for qualitative real-
time (qRT)-PCR and 48 h for western blot analysis.

RNA interference and Lentivirus transfection
Small interfering RNAs (siRNAs) targeting ATOX1 and c-Myb, 
along with a control siRNA, were purchased from RiboBio 
(Guangzhou, China). siRNA transfections were performed 
using Lipofectamine RNAiMAX reagent (Invitrogen, USA) per 
the manufacturer’s instructions.21 The culture medium was 
replaced 12 h post-transfection.

To generate stable ATOX1 knockdown cell lines, short hair-
pin RNA (shRNA) targeting ATOX1 was synthesized and li-
gated into a lentiviral vector tagged with an enhanced green 
fluorescent protein (OBIO Technology, Shanghai, China). 
Lentivirus-containing serum-free medium was incubated 
with cells at 37°C for 12 h, after which the medium was re-
placed with 10% FBS-containing medium. The transfection 
efficiency was assessed by qRT-PCR and western blot.

RNA extraction and qRT-PCR analysis
Total RNA was extracted from cells and liver tissues using 
TRIzol Reagent (Sigma, Germany). One microgram of RNA 
was utilized for complementary DNA synthesis using the 
RevertAid™ First Strand cDNA Synthesis Kit (Roche, Swit-
zerland) in a 20-µL reaction volume. Real-time PCR was 
performed with SYBR Green PCR Master Mix (Roche, Swit-
zerland) on an ABI 7300 fluorescence quantitative PCR 
instrument (Applied Biosystems, USA), as previously de-
scribed.18 GAPDH served as the internal reference, and 
each sample was analyzed in triplicate. Relative expression 
levels were calculated using the 2−△△CT method. Primer se-
quences used for qRT-PCR are as follows: ATOX1 forward: 
5′-GTGCTGAAGCTGTCTCTCGG-3′, reverse: 5′-GCCCAAGGTA 
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GGAAACAGTCTTT-3′; c-Myb forward: 5′-CACAGAACCACA-
CATGCAGC-3′, reverse: 5′-CGAGGCGCTTTCTTCAGGTA-3′; GA 
PDH forward: 5′-GAGTCAACGGATTTGGTCGT-3′, reverse: 5′-G 
ACAAGCTTCCCGTTCTCAG-3′.

Western blot analysis
Cells and tumor tissues were lysed on ice for 30 m using a 
protein lysis buffer containing phosphatase and protease in-
hibitors (Roche, Switzerland).21 Protein concentrations were 
quantified via the bicinchoninic acid assay. Equal amounts 
of protein were separated by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (hereinafter referred to as 
SDS-PAGE) and transferred onto polyvinylidene difluoride 
membranes (GE, USA). Tricine-SDS-PAGE (ST756, Beyotime 
Biotechnology, China) was used to separate low molecular 
weight proteins such as ATOX1 (7 kDa). Membranes were 
incubated with 5% non-fat milk (Sigma, Germany) in TBST 
for 1 h, incubated with primary antibodies, and then with 
horseradish peroxidase-conjugated secondary antibodies 
(Zhongshan Golden Bridge Biological Technology, Beijing, 
China). Protein bands were visualized using Image Lab Soft-
ware (BIO-RAD, USA) with enhanced chemiluminescent pro-
tein chromophores (Millipore, USA). All antibodies are listed 
in Supplementary Table 2.

Cell proliferation and colony formation assays
Cell proliferation was assessed using the Cell Counting Kit-8 
(CCK-8) (Yeasen, Shanghai, China) and colony formation as-
says as previously described.18 For CCK-8, 4 × 103 cells per 
well were seeded into 96-well plates, with five replicates per 
condition. Ten microliters of CCK-8 solution (Yeasen) and 90 
µL of DMEM (Sigma, Germany) with 10% FBS were added 
per well and incubated at 37°C for 2 h. Absorbance at 450 
nm was measured at 0, 24, 48, and 72 h using a label en-
zyme-labeled instrument (Thermo, USA).

For colony formation, 5 × 103 cells were seeded into six-
well plates with daily medium replacement. After two weeks, 
cells were washed three times with PBS, fixed with 4% para-
formaldehyde (Solarbio, Beijing, China) for 30 m at room 
temperature, and stained with 0.1% crystal violet solution 
for 10 min.

Cell migration chamber assay
Cell migration assays were conducted using 24-well plates 
equipped with Transwell inserts (Corning, USA).18 A total of 
2 × 104 cells were resuspended in 200 µL of serum-free me-
dium and seeded into the upper chamber. The lower chamber 
was filled with 800 µL of DMEM containing 10% FBS. After 
a 24-h incubation, migrated cells were fixed with 4% para-
formaldehyde, stained with 0.1% crystal violet, and counted 
in five randomly selected fields using ImageJ software. Each 
experiment was conducted in triplicate.

Apoptosis assay
For the apoptosis assay, cells were harvested, washed with 
PBS, adjusted to a density of 1 × 106 cells/ml, and incubated 
with Annexin V (BD, USA) at room temperature in the dark 
for 30 m, following the manufacturer’s protocol.22 After an 
additional 15-m incubation with propidium iodide, the cells 
were analyzed by flow cytometry to determine apoptotic 
stages, using FlowJo V10 software for data analysis. The 
apoptosis rate was calculated to assess the effect of ATOX1 
on cell apoptosis.

ROS assay
Intracellular ROS production was examined using the Reac-

tive Oxygen Species Assay Kit (Beyotime, Shanghai, Chi-
na).23 Cells were seeded in 96-well plates at a density of 8 × 
103 cells per well, with five replicates for each experimental 
group. A serum-free medium containing the DCFH-DA probe 
working solution was added to each well and incubated at 
37°C for 20 m. Following incubation, cells were washed twice 
with PBS, and fluorescence intensity was measured using the 
enzyme-labeled instrument. Meanwhile, cells were seeded in 
a 96-well plate for the optical density measurement using 
the CCK-8 assay at 450 nm. ROS levels were quantified by 
calculating the ratio of the ROS detection value to the CCK-8 
value for the corresponding well, according to the manufac-
turer’s instructions.

Inductively coupled plasma mass spectrometry (ICP-
MS)
Huh7 cells were incubated in complete DMEM supplement-
ed with 100 µM copper for 24 h. Subsequently, the medium 
was replaced with a copper-free medium, and cells were 
incubated for an additional 24 h. Following incubation, 
cells were trypsinized and washed twice with PBS. Sam-
ples were harvested and digested using a mixture of nitric 
and perchloric acids and diluted with ultrapure water.15 The 
copper content was quantified using ICP-MS (iCAP 7400, 
Thermo, Waltham, MA, USA).

Immunoprecipitation (IP)
HCC cells overexpressing ATOX1 and c-Myb were lysed in 
IP lysis buffer for 30 m. A total of 500 µg of protein was 
mixed with 30 µL of pre-treated protein A/G beads (Selleck, 
USA) and incubated overnight at 4°C. Subsequently, 4 µg 
of primary antibody was added and rotated at 4°C for 4 h. 
The beads were then collected and washed three times with 
IP binding buffer. A 2× loading buffer was added, and the 
mixture was boiled for 5 m. The supernatant was analyzed 
by western blotting.24

RNA sequencing
Total RNA was isolated from Huh7 cells with either overex-
pression or knockdown of ATOX1 using TRIzol reagent (Inv-
itrogen, USA). RNA sequencing was performed as previously 
described.18 Differentially expressed genes (DEGs) in treated 
Huh7 cells were identified using the Student’s t-test. Cutoff 
criteria for significant differential expression were |log2 fold 
change| ≥ 1 and q < 0.05. Statistical significance was further 
assessed using Fisher’s exact test followed by Benjamini cor-
rection. An adjusted p-value < 0.05 was considered statisti-
cally significant.

Xenograft mouse models
Twenty four-week-old female BALB/c nude mice were ob-
tained from Vital River Laboratory Animal Technology Com-
pany (Beijing, China) and maintained in a sterile environ-
ment under the approval of the Animal Experiments and 
Experimental Animal Welfare Committee of Capital Medical 
University, as previously described.18 All procedures fol-
lowed the Guidelines of Capital Medical University for Ani-
mal Experiments and the Experimental Animals Manage-
ment Committee. In brief, mice were randomized into two 
groups (n = 10) and subcutaneously injected with Hep3Bsh-

NC or Hep3Bsh-ATOX1 cells, each suspended in 200 µL of a 1:1 
mixture of Matrigel (BD Biosciences, USA) and PBS. After 
four weeks, mice were euthanized, and xenograft tumors 
were excised for immunohistochemical analysis. Tumor size 
and weight were measured, and tumor volume was calcu-
lated using the formula:
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Statistical analysis
Bioinformatic analyses were performed using R, command-
line interfaces, and online bioinformatics tools. Data from 
The Cancer Genome Atlas (TCGA), accessed via the UALCAN 
website (https://ualcan.path.uab.edu/), were employed to 
evaluate ATOX1 expression in HCC tumors versus adjacent 
normal tissues and to explore correlations between ATOX1 
expression, TNM stage, and patient survival. KEGG pathway 
enrichment analysis was performed on DEGs to investigate 
gene expression changes. Gene Set Enrichment Analysis was 
performed to identify pathways differentially enriched be-
tween control and ATOX1 knockdown groups. Protein-protein 
interaction networks of DEGs were analyzed using STRING 
(https://cn.string-db.org) and functionally categorized.

All statistical analyses were conducted using GraphPad 
Prism 9.0 software (GraphPad Software Inc., USA). Group 
differences were analyzed using the Student’s t-test or one-
way ANOVA. The chi-square test was used to analyze the dis-
tribution and correlation of categorical variables. All experi-
ments were performed in triplicate unless otherwise noted. 

Data are presented as means ± standard deviations. A p-
value < 0.05 was considered statistically significant.

Results

ATOX1 expression was upregulated in HCC tumor tis-
sues compared with adjacent normal tissues

ATOX1 expression in HCC and adjacent noncancerous tis-
sues was examined using the TCGA-LIHC dataset accessed 
via the UALCAN website. These data showed that ATOX1 
transcript levels were higher in HCC samples compared to 
adjacent noncancerous tissues (Fig. 1A). To further validate 
these findings, qRT-PCR (n = 6) and western blot analysis 
(n = 3) were performed on HCC tissues and matched non-
tumor tissues obtained from Beijing Friendship Hospital, 
Capital Medical University. The results demonstrated that 
both ATOX1 mRNA and protein levels were markedly high-
er in HCC tumors than in adjacent normal tissues (Fig. 1B 
and C). Additionally, IHC staining was performed to assess 
ATOX1 expression in tumors and adjacent normal tissues 
from 50 HCC patients, revealing a significant increase in 
ATOX1 expression in HCC (Fig. 1D). However, in the cur-
rent study, no correlation was observed between ATOX1 

Fig. 1.  Expression profile of ATOX1 in HCC. (A) Analysis of ATOX1 transcripts in HCC tissues and adjacent normal tissues was conducted using the TCGA-LIHC 
database. (B) The mRNA expression of ATOX1 was analyzed in six pairs of HCC and adjacent normal tissues. (C) The protein expression levels of ATOX1 were assessed 
in three pairs of HCC and adjacent normal tissues (‘N’ represents adjacent normal tissue and ‘C’ represents HCC tissue). (D) ATOX1 expression in tumor tissues from 
50 HCC patients was analyzed by IHC staining, with images from four representative patients presented (‘N’ represents adjacent normal tissue and ‘T’ represents tumor 
tissue); scale bar, 100 µm; magnification, ×20. **p < 0.01, ***p < 0.001, and ****p < 0.0001. HCC, hepatocellular carcinoma; LIHC, liver hepatocellular carcinoma; 
TCGA, The Cancer Genome Atlas; IHC, immunohistochemistry; ATOX1, antioxidant-1.

https://ualcan.path.uab.edu/
https://cn.string-db.org
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expression levels and tumor size, Edmondson–Steiner 
grade, serum AFP level, or TNM stage (Supplementary Ta-
ble 1). Analysis of the TCGA-LIHC dataset also revealed no 
statistically significant association between ATOX1 expres-
sion and TNM staging or survival prognosis in HCC (Sup-
plementary Fig. 1A and B).

ATOX1 promoted proliferation, colony formation, and 
migration of HCC cells
To elucidate the role of ATOX1 overexpression in the prolif-
eration and migration of HCC cells, we engineered Huh7 and 
HepG2 cell lines to overexpress ATOX1. The successful over-
expression was confirmed by Western blot and qRT-PCR (Fig. 
2A, Supplementary Fig. 2A). Functional assays demonstrated 
that ATOX1 significantly enhanced proliferation, colony for-
mation, and migration of HCC cells (Fig. 2B–D). Moreover, 
ATOX1 overexpression decreased E-cadherin protein levels 
(Fig. 2E).

Subsequently, we employed siRNA targeting ATOX1 to 
downregulate its expression in Huh7 and HepG2 cells (Fig. 
3A, Supplementary Fig. 2B). The silencing of ATOX1 mark-
edly inhibited proliferation and colony-forming capacity (Fig. 
3B and C). Furthermore, Transwell assays indicated a re-
duction in migrating cells following ATOX1 knockdown (Fig. 
3D), accompanied by increased E-cadherin and decreased 
N-cadherin expression (Fig. 3E). Collectively, these results 
suggested that ATOX1 plays a pivotal role in promoting pro-
liferation and migration of HCC cells.

ATOX1 knockdown inhibited tumor growth in vivo
To investigate the effect of ATOX1 on tumor growth in vivo, 
we established Hep3B cell lines with stable ATOX1 knock-
down (Supplementary Fig. 3A and B) and performed subcu-
taneous injections of Hep3Bsh-ATOX1 and Hep3Bsh-NC cells into 
nude mice. Tumor growth was monitored, and tumors were 
harvested four weeks post-injection. IHC staining confirmed 
ATOX1 downregulation in the Hep3Bsh-ATOX1 group (Supple-
mentary Fig. 3C). Notably, both tumor volume and weight 
were significantly diminished in the Hep3Bsh-ATOX1 group 
compared to the Hep3Bsh-NC group (Fig. 3F). These results 
demonstrated that ATOX1 knockdown remarkably inhibited 
tumor growth in vivo, corroborating its suppressive effect on 
HCC growth.

ATOX1 facilitated proliferation and migration of HCC 
cells by activating the PI3K/AKT signaling pathway
To investigate ATOX1’s influence on HCC-related pathways, 
RNA-sequencing was performed on ATOX1-overexpressing 
and ATOX1-silenced Huh7 cells. DEGs were visualized via 
volcano plots (Supplementary Fig. 4A and B). KEGG pathway 
analysis identified significantly enriched biological pathways 
in each group, prominently highlighting the PI3K/AKT path-
way (Fig. 4A, Supplementary Fig. 4C). Additional relevant 
pathways were identified through Gene Set Enrichment Anal-
ysis of DEGs in the ATOX1 knockdown group (Supplementary 
Fig. 4D). These results suggested that ATOX1’s oncogenic 
effects in HCC cells might be mediated through the activation 
of the PI3K/AKT pathway.

The PI3K/AKT pathway is a well-established signaling cas-
cade implicated in HCC tumorigenesis and progression, criti-
cally regulating cell proliferation, oxidative stress, and apo-
ptosis.25,26 We investigated ATOX1’s role in modulating this 
pathway. ATOX1 knockdown suppressed phosphorylation of 
AKT and mTOR in Huh7 and HepG2 cells, whereas ATOX1 
overexpression promoted their phosphorylation (Fig. 4B). To 
further elucidate whether ATOX1 exerts pro-oncogenic effects 

via the PI3K/AKT pathway, rescue experiments were conduct-
ed using LY294002, a PI3K inhibitor. Western blot analysis 
revealed that LY294002 attenuated ATOX1-induced activation 
of AKT/mTOR signaling (Fig. 4C and D). Moreover, LY294002 
diminished the ATOX1 overexpression-induced enhancement 
of cell proliferation and migration (Fig. 4E–G). These results 
suggested that ATOX1 promoted oncogenic effects in HCC 
cells through activation of the PI3K/AKT signaling pathway.

ATOX1 might activate the PI3K/AKT signaling path-
way by upregulating c-Myb
To elucidate the mechanism by which ATOX1 modulates the 
PI3K/AKT signaling pathway, we examined 13 hub genes in 
the ATOX1 knockdown group and 14 genes in the ATOX1 
overexpression group, all intricately associated with the 
PI3K/AKT signaling pathway (Fig. 5A and B). Protein-protein 
interaction network analysis of these pathway-related genes 
revealed a connection between ATOX1 and c-Myb/PI3K/
AKT (Fig. 5C, Supplementary Fig. 5). Recent studies have 
implicated c-Myb in cancer cell proliferation, invasion, and 
apoptosis through regulation of signaling pathways, includ-
ing PI3K/AKT.27–29 Consistent with the RNA-sequencing data, 
ATOX1 knockdown decreased c-Myb expression, whereas 
ATOX1 overexpression elevated c-Myb levels (Fig. 5D–G). 
Although IP results indicated no direct interaction between 
ATOX1 and c-Myb (data not shown), western blot analysis 
revealed that c-Myb knockdown attenuated ATOX1-mediated 
activation of the AKT/mTOR pathway (Fig. 5G). Conversely, 
c-Myb overexpression counteracted the inhibitory effect of 
ATOX1 knockdown on AKT and mTOR phosphorylation (Sup-
plementary Fig. 6). These findings suggested that ATOX1 
may activate the PI3K/AKT pathway by upregulating c-Myb.

ATOX1 decreased copper accumulation and inhibited 
cellular ROS levels and apoptosis in HCC cells
Given ATOX1’s pivotal role in copper secretion and transport, 
we hypothesized that its pro-carcinogenic effects might be 
associated with its copper transport function. First, total cop-
per content was quantified in Huh7 cells treated with the cul-
ture medium containing 100 µM CuSO4 using ICP-MS. The 
results showed a significant reduction in total copper con-
tent in ATOX1-overexpressing Huh7 cells (Fig. 6A). Next, 
ROS levels were measured using a ROS assay. ATOX1 over-
expression decreased ROS levels, whereas silencing ATOX1 
caused a marked increase in ROS (Fig. 6B and C). Excessive 
ROS generation induced oxidative stress, potentially lead-
ing to apoptosis or other forms of cell death. Western blot 
analysis showed decreased expression of apoptosis-related 
proteins BAX, cleaved Caspase-3, and cleaved Caspase-9, 
alongside upregulation of Bcl-2 in ATOX1-overexpressing 
HCC cells. Conversely, opposite trends were observed in HCC 
cells transfected with siRNA targeting ATOX1 (Fig. 6D and E). 
We also observed a reduction in apoptotic cell proportions 
after ATOX1 overexpression and increased apoptosis upon 
ATOX1 knockdown (Fig. 6F and G). Furthermore, treatment 
with the ROS inhibitor acetylcysteine reversed the decrease 
in c-Myb expression induced by ATOX1 knockdown compared 
to siRNA-ATOX1 treatment alone (Fig. 6H). These results in-
dicated that ATOX1 reduced copper accumulation and ROS 
production, subsequently affecting c-Myb expression and the 
PI3K/AKT signaling pathway axis.

Inhibition of ATOX1 reduced cell proliferation and 
induced ROS production and apoptosis
The organic small molecule DCAC50 has been shown previ-
ously to block copper transport chaperones ATOX1 and CCS, 
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Fig. 2.  ATOX1 overexpression affected the proliferation and migration of HCC cells. (A) ATOX1 overexpression was confirmed by Western blot analysis in 
Huh7 and HepG2 cells. (B) The viability of Huh7 and HepG2 cells overexpressing ATOX1 was evaluated using the CCK-8 assay. (C) The number of colonies in cells 
overexpressing ATOX1 was assessed by the colony formation assay. (D) Cell migration in Huh7 and HepG2 cells post-ATOX1 overexpression was examined using the 
Transwell assay. Bar graphs depict the number of cells that migrated to the lower chambers (scale bar, 100 µm; magnification, ×10). (E) The protein expression levels 
of E-cadherin and N-cadherin were analyzed in Huh7 and HepG2 cells transfected with control or OE-ATOX1 plasmids. The histogram shows a relative quantitative 
analysis. *p < 0.05, **p < 0.01, ***p < 0.001. HCC, hepatocellular carcinoma; CCK-8, Cell Counting Kit-8; OE-ATOX1, ATOX1 overexpression; ATOX1, antioxidant-1.
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Fig. 3.  ATOX1 knockdown affected the proliferation and migration of HCC cells in vitro and tumor growth in vivo. (A) ATOX1 knockdown was confirmed by 
Western blot analysis in Huh7 and HepG2 cells. (B and C) The proliferative capacity of Huh7 and HepG2 cells post-ATOX1 knockdown was evaluated by the CCK-8 (B) 
and colony formation (C) assays. (D) The Transwell assay was performed to assess the migratory ability of Huh7 and HepG2 cells with ATOX1 knockdown (scale bar, 100 
µm; magnification, ×10). (E) The protein expression of E-cadherin and N-cadherin was analyzed in Huh7 and HepG2 cells transfected with siRNA-NC or siRNA-ATOX1. 
(F) After subcutaneous injection of Hep3Bsh-NC or Hep3Bsh-ATOX1 cells in BALB/c nude mice for four weeks, tumor volume and weight were measured. *p < 0.05, **p 
< 0.01, ***p < 0.001. HCC, hepatocellular carcinoma; CCK-8, Cell Counting Kit-8; si-NC, small interfering RNA targeting negative control; si-ATOX1, small interfering 
RNA targeting ATOX1; ATOX1, antioxidant-1.
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Fig. 4.  The impact of ATOX1 on the PI3K/AKT signaling pathway. (A) Enriched pathways through KEGG analysis in the ATOX1 knockdown group. (B) Western 
blot analysis of phosphorylation levels of AKT and mTOR in HCC cells with ATOX1 knockdown or overexpression. (C and D) Phosphorylation levels of AKT and mTOR in 
Huh7 and HepG2 cells transfected with the OE-ATOX1 plasmid for 24 h before treatment with LY294002 (20 µM) for 24 h were determined by Western blot (C). The 
histogram shows a relative quantitative analysis (D). (E) The effect of LY294002 on ATOX1 overexpression-induced cell proliferation was assessed using the CCK-8 
assay. (F and G) The effect of LY294002 on ATOX1 overexpression-induced cell migration was measured using the Transwell assay (scale bar, 100 µm; original magni-
fication, ×10). Bar graphs depict the number of cells that migrated to the lower chambers. *p < 0.05, **p < 0.01, ***p < 0.001. KEGG, Kyoto Encyclopedia of Genes 
and Genomes; HCC, hepatocellular carcinoma; CCK-8, Cell Counting Kit-8; OE-ATOX1, ATOX1 overexpression; si-NC, small interfering RNA targeting negative control; 
si-ATOX1, small interfering RNA targeting ATOX1; ATOX1, antioxidant-1.
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Fig. 5.  The role of c-Myb in the impact of ATOX1 on the PI3K/AKT pathway. (A and B) Differential expression of hub genes associated with the PI3K/AKT 
signaling pathway in groups with ATOX1 knockdown (A) and overexpression (B) revealed by heatmap analysis. (C) PPI network of ATOX1, c-Myb, and the PI3K/AKT 
pathway was constructed. (D and E) The mRNA (D) and protein (E) expression levels of c-Myb were analyzed in Huh7 and HepG2 cells following ATOX1 knockdown. (F) 
The mRNA expression of c-Myb was analyzed in HCC cells transfected with the OE-ATOX1 plasmid for 24 h before treatment with siRNA targeting c-Myb for 24 h. (G) 
The PI3K/AKT pathway was analyzed by Western blot in Huh7 and HepG2 cells transfected with the OE-ATOX1 plasmid for 24 h before treatment with siRNA targeting 
c-Myb for 24 h. **p < 0.01, ***p < 0.001. PPI, Protein-Protein Interaction Network; HCC, hepatocellular carcinoma; OE-ATOX1, ATOX1 overexpression; si-NC, target-
ing negative control; si-ATOX1, small interfering RNA targeting ATOX1; si-c-Myb, small interfering RNA targeting c-Myb; ATOX1, antioxidant-1.
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Fig. 6.  ATOX1 affected copper accumulation, intracellular ROS levels, and apoptosis in HCC cells. (A) Huh7 cells overexpressing ATOX1 were treated with 
100 µM CuSO4 for 24 h and then cultured in a medium without CuSO4 for 24 h. The total cellular copper content was quantified using ICP-MS analysis. (B and C) ROS 
levels in Huh7 and HepG2 cells with ATOX1 overexpression (B) or knockdown (C) were assessed. (D and E) The expression levels of apoptosis-related proteins, includ-
ing cleaved Caspase-3, cleaved Caspase-9, BAX, and Bcl-2, were analyzed via Western blot analysis in HCC cells with ATOX1 overexpression or knockdown (D). The 
histogram shows a relative quantitative analysis (E). (F and G) Annexin V/PI double staining was performed to assess apoptosis in HCC cells. Bar graphs illustrate the 
quantitative analysis. (H) The protein expression of c-Myb in Huh7 cells transfected with siRNA targeting ATOX1 before treatment with acetylcysteine for 24 h. The 
histogram shows a relative quantitative analysis. *p < 0.05, **p < 0.01, ***p < 0.001. HCC, hepatocellular carcinoma; ICP-MS, inductively coupled plasma mass spec-
trometry; ROS, reactive oxygen species; PI, propidium iodide; OE-ATOX1, ATOX1 overexpression; si-NC, small interfering RNA targeting negative control; si-ATOX1, 
small interfering RNA targeting ATOX1; ATOX1, antioxidant-1.
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reducing cell proliferation and elevating oxidative stress and 
apoptosis in triple-negative breast cancer cells.14 In line with 
effects observed following ATOX1 knockdown, treatment 
with 10 µM DCAC50 inhibited cell proliferation and colony-
forming ability (Fig. 7A and B). We then examined whether 
ATOX1 inhibition increased cellular ROS levels. As shown in 
Figure 7C, DCAC50 treatment significantly induced ROS ac-
cumulation. Additionally, DCAC50 increased cell apoptosis 
(Fig. 7D). These data indicated that DCAC50-mediated in-
hibition of ATOX1 suppressed proliferation while promoting 
ROS accumulation and apoptosis in Huh7 and HepG2 cells.

Discussion

Understanding the underlying molecular mechanisms in-
volved in HCC carcinogenesis is essential for developing ef-
fective treatment strategies for HCC patients. Previous stud-
ies have demonstrated that the upregulation of the copper 

transporter protein ATOX1 is closely associated with various 
cancers and plays a significant role in tumorigenesis through 
complex mechanisms.12–17 ATOX1 is notably expressed in liv-
er tissue, a primary site of copper metabolism. However, to 
our knowledge, the mechanisms by which ATOX1 contributes 
to HCC remain largely unknown. In this study, we found that 
ATOX1 may promote HCC carcinogenesis through activation 
of the c-Myb/PI3K/AKT pathway, accompanied by inhibition 
of copper accumulation, oxidative stress generation, and ap-
optosis (Graphical abstract).

Our analysis explored the role of ATOX1 in HCC tumo-
rigenicity. Functional experiments demonstrated that ATOX1 
promotes proliferation, colony formation, and migration of 
HCC cells. In vivo, ATOX1 knockdown inhibited the growth 
of subcutaneous tumors in nude mice. Moreover, ATOX1 ex-
pression was upregulated in HCC tissues compared to normal 
liver tissues. Consequently, investigating the mechanisms 
underlying ATOX1 upregulation in HCC is imperative.

To explore the mechanisms by which ATOX1 exerts its 

Fig. 7.  DCAC50 affected proliferation, intracellular ROS levels, and apoptosis in HCC cells. (A) The viability of HCC cells treated with DCAC50 was analyzed 
by the CCK-8 assay. (B) The colony-forming ability of HCC cells treated with DCAC50 was examined via the colony formation assay. (C) ROS accumulation in HCC 
cells treated with DCAC50 was quantified. (D) The effect of DCAC50 on cell apoptosis was analyzed by flow cytometry. Bar graphs present quantitative analysis. 
*p < 0.05, **p < 0.01, ***p < 0.001. HCC, hepatocellular carcinoma; CCK-8, Cell Counting Kit-8; ROS, reactive oxygen species; PI, propidium iodide; ATOX1, 
antioxidant-1.
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oncogenic effects, we conducted KEGG enrichment analyses 
on RNA-sequencing data. DEGs in cells with ATOX1 over-
expression and knockdown were associated with the PI3K/
AKT signaling pathway. This pathway is a critical signaling 
cascade in malignant tumors, promoting proliferation, me-
tastasis, and angiogenesis.30 It is upregulated in 40%–50% 
of HCC cases, with aberrant activation linked to poor tumor 
differentiation, prognosis, and early recurrence.31 Bioactive 
PI3K catalyzes the conversion of PIP2 to PIP3, subsequently 
recruiting the key downstream protein AKT. Activated AKT 
then targets downstream molecules, with mTOR being a 
prominent effector.32 Our findings indicated that phospho-
rylation of AKT and mTOR was reduced after ATOX1 knock-
down, whereas ATOX1 overexpression increased AKT and 
mTOR phosphorylation. The inhibition of PI3K signaling via 
LY294002 markedly reduced ATOX1-induced activation of the 
PI3K/AKT pathway and suppressed proliferation and migra-
tion of ATOX1-transfected cells. These results suggested that 
ATOX1 might function as an oncogenic factor in HCC cells by 
activating the PI3K/AKT signaling pathway.

Furthermore, RNA sequencing of cells with ATOX1 overex-
pression and knockdown identified c-Myb as a gene related 
to the PI3K/AKT signaling pathway and potentially associ-
ated with ATOX1 (Supplementary Fig. 5). MYB transcription 
factors, including c-MYB, A-MYB, and B-MYB, are implicated 
in cell proliferation, survival, and differentiation.33 c-Myb is 
known to regulate cell proliferation, invasion, and apoptosis 
and is linked to the activation of the Erk and PI3K/AKT signal-
ing pathways.27,28,34 Therefore, we hypothesized that ATOX1 
might upregulate c-Myb to activate the PI3K/AKT signaling 
pathway. Although IP analysis in Huh7 and HepG2 cells re-
vealed no direct interaction between ATOX1 and c-Myb, our 
findings demonstrated that ATOX1 upregulates c-Myb at both 
the mRNA and protein levels and activates AKT and mTOR 
phosphorylation through c-Myb upregulation. This implied that 
ATOX1 may enhance c-Myb expression at the transcriptional 
level; however, further evidence, such as dual luciferase re-
porter assays and chromatin immunoprecipitation, is needed 
to clarify how ATOX1 modulates c-Myb transcriptional activity.

Copper is a redox-active transition metal integral to mito-
chondrial respiration, angiogenesis, antioxidant defense, and 
redox signaling. Intracellular free copper homeostasis is me-
ticulously regulated by a complex system of copper transport-
ers and chaperone proteins to prevent copper overload.35,36 
Excessive intracellular copper accumulation or alterations 
in its redistribution can lead to increased ROS generation. 
Oxidative stress arises from an imbalance between ROS and 
antioxidants. Elevated ROS levels are associated with vari-
ous pathologies, including aging, inflammation, neurodegen-
erative diseases, atherosclerosis, and cancer.37 Therefore, to 
maintain intracellular ROS homeostasis, early-stage cancer 
cells must regulate ROS within a specific threshold, which 
also depends on the antioxidant defense system.38,39 We 
postulated that the oncogenic effects of ATOX1 are linked 
to its copper transport function. The ICP-MS assay demon-
strated a marked reduction in total intracellular copper lev-
els in Huh7 cells overexpressing ATOX1 when cultured in the 
medium supplemented with 100 µM CuSO4, a concentration 
that did not significantly affect cell viability. Additionally, cell 
death induced by excessive copper, termed cuproptosis, may 
contribute to the pathogenesis of various cancers. Interest-
ingly, a recent study identified an association between ATOX1 
and cuproptosis via differential gene expression analysis.40 
Subsequent research confirmed that the cuproptosis-related 
gene LIPT1 suppresses the progression of non-small cell lung 
cancer by targeting ATOX1.41 ATOX1 is hypothesized to func-
tion as a copper chaperone protein, potentially promoting HCC  

progression by regulating copper ion transport. However, its 
precise role in the mechanism of cuproptosis remains unclear 
and warrants further investigation.

ATOX1 was initially identified in yeast as an antioxidant 
enzyme that protects cells from scavenging damage and hy-
drogen peroxide (H2O2) toxicity.42 It plays a crucial role in 
antioxidant defense and is upregulated in various cancers. 
Kim et al. demonstrated that the transduction of Tat-ATOX1 
protein in hippocampal HT-22 cells protects against oxida-
tive stress, offering therapeutic potential for transient fore-
brain ischemia and other oxidative stress-related neuronal 
diseases.43 Jeney et al. discovered that ATOX1 functions as a 
copper chaperone for superoxide dismutase 3 and positive-
ly regulates its transcription, thereby modulating oxidative 
stress in the cardiovascular system.44 Inhibition of ATOX1 
and CCS by small molecules leads to elevated copper lev-
els and ROS accumulation, inducing apoptosis and reducing 
cell proliferation in various cancers, including lung, leukemia, 
breast, head, and neck cancers.14,15,45 Consistent with these 
reports, we observed a significant reduction in ROS produc-
tion in HCC cells overexpressing ATOX1, whereas ATOX1 
knockdown increased ROS levels. Moreover, ATOX1 over-
expression reduced the number of apoptotic cells and de-
creased the expression of apoptosis-related proteins, while 
ATOX1 knockdown promoted apoptosis. Similarly, disruption 
of ATOX1’s copper transport function via DCAC50 inhibited 
the proliferation of HCC cells and increased ROS generation 
and apoptosis. Notably, acetylcysteine, a ROS inhibitor, re-
versed the decrease in c-Myb expression induced by ATOX1 
knockdown. These findings support the hypothesis that 
ATOX1 promotes HCC carcinogenicity by reducing copper ac-
cumulation and ROS toxicity, thereby modulating c-Myb ex-
pression and the PI3K/AKT signaling pathway.

Analysis of TCGA data via the UALCAN website and immu-
nohistochemical examination of HCC tissues revealed elevat-
ed ATOX1 expression in tumor tissues. However, no signifi-
cant correlation was found between ATOX1 expression and 
HCC malignancy or prognosis, possibly due to small sample 
size or cohort heterogeneity. Nonetheless, given ATOX1’s po-
tential role in HCC carcinogenesis, it may serve as a valuable 
molecular biomarker for patients with HCC. Further studies in 
larger, well-organized cohorts are needed to clarify the clini-
cal relevance and mechanisms of ATOX1 in HCC.

Conclusions
This study elucidates that ATOX1 promotes HCC carcino-
genicity through the c-Myb/PI3K/AKT signaling pathway 
while inhibiting copper accumulation, ROS generation, and 
apoptosis. These results indicate that ATOX1 represents a po-
tential therapeutic target for HCC. Moreover, the compound 
DCAC50, by obstructing ATOX1’s copper transport function, 
effectively suppresses the malignant behavior of HCC cells, 
suggesting its promising role in HCC treatment, particularly 
when combined with PI3K/AKT pathway inhibitors.
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