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Abstract: The chronic liver injury caused by diverse etiologies provokes abnormal compensatory proliferation and 
contributes to hepatocarcinogenesis. Oxidative stress (OS) is an independent etiology which induces cell injury 
and triggers oncogenes activation and tumor suppressor genes dysfunction. Cytoglobin (CYGB) is a member of the 
human hexacoordinate hemoglobin (HHB) family and functions as a dynamic antioxidant enzyme. We previously 
reported that CYGB decreases the intracellular ROS/RNS level and inhibits HCC proliferation and stemness under 
normal oxidative level. In this study, we observed that CYGB is decreased in HCC tissues, particularly in tumors with 
p53 mutations. Its deficiency is associated with advanced stage, elevated Ki-67 proliferation index, and predicts a 
worse prognosis in HCC patients. Ectopic CYGB expression attenuates malondialdehyde (MDA) level and AST/ALT 
release, as well reduces apoptosis and subG1 percentage and simultaneously induces G1 arrest in pre-H2O2-treated 
HCC cells. In addition, CYGB expression inhibits HCC proliferation and inactivates AKT and ERK kinases, the regula-
tive effect can be interfered by necrostatin-1 and Z-VAD-FMK. Furthermore, U0126, the MEK1/2 inhibitor, can block 
the regulation of CYGB upon AKT/ERK/CyclinD1 axis, as well interfere with CYGB-induced proliferative inhibition in 
pre-H2O2 treated HCC cells, whether necrostatin-1 and Z-VAD-FMK presence or not. In conclusion, CYGB controls 
oxidative damage-associated molecule patterns and functions as a tumor suppressor, its restoration may provide a 
therapeutic target against HCC with aberrant OS response. 
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Introduction

Reactive oxygen/nitrogen species (RONS) is a 
dynamic substance and plays a crucial function 
in the processes of liver biotransformation, 
catabolism and signal transduction. The chron-
ic liver injury caused by diverse etiologies 
breaks redox balance and results in hepatocyte 
abnormal oxidative stress, which contributes to 
hepatocellular carcinoma (HCC) genesis and 
development [1]. Antioxidant AKR1B10 (Aldo-
keto reductase 1B10) plays an important  
role in protecting hepatocytes from damage 
induced by ROS. Deficiency of AKR1B10 might 
accelerate hepatotoxin and inflammation-asso-
ciated hepatocarcinogenesis [2]. Oxidative DNA 
damage induced by the dysfunction of SIRT5 

(deacetylase sirtuin 5) - ACOX1 (Acyl-CoA oxi-
dase 1) axis eventually leads to HCC develop-
ment [4]. AKT activation stabilizes MDM2 struc-
ture which regulates p53 response to oxidative 
stress and promotes cell proliferation and car-
cinogen-induced HCC [5]. E-cadherin degrada-
tion mediated by OS-activated PKA promotes 
HCC metastasis in vitro and in vivo [6]. Damage-
associated compensatory regeneration is a 
common pathogenesis in HCC driven by diverse 
etiologies. Nucleostemin (NS) protects HCC 
cells from replication- and drug-induced DNA 
damage and promotes liver regeneration via a 
damage repair mechanism. It supports an 
essential mechanism that HCC can adapt to 
high genomic stress and survive [7]. Oxidative 
stress (OS) triggers apoptotic and necrotic 
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mechanisms and remodels liver vasculature, 
which contributes to liver fibrosis, cirrhosis and 
liver cancers [8]. DEN (Diethylnitrosamine) pro-
vokes liver damage and oxidative stress in 
trem-2-/- (triggering receptor expressed on 
myeloid cells 2) mice, whereas antioxidant diet 
can mitigate DEN-induced hepatocarcinogene-
sis in mouse model [9]. The extract of ginger 
inhibits cell proliferation and protects rat  
liver from carcinogen-induced tumorigenesis 
through controlling OS response and inflamma-
tory signaling [10]. Therefore, OS functions as a 
dynamic regulator and involves in multi-course 
of HCC occurrence and progression, targeting 
OS provides a promising therapeutic strategy 
against HCC with aberrant OS response. 

Cytoglobin (CYGB) is a conservative hemoglo-
bin with iron penta- or hexa-coordinated capac-
ity and performs the activities of antioxidant 
enzymes including NO dioxygenase, peroxidase 
and superoxide dismutase [11, 12]. Cytoglobin 
deletion exhibits broad changes that include a 
heightened inflammatory response, fibrosis, 
cardiovascular dysfunction and senescence, as 
well tumor incidences and tumor burden. It is 
specially deregulated in multi-malignancies, 
hypoxia and various stresses can regulate  
its expression [11, 13, 14]. Dimethylbenz(a)
anthracene (DMBA)-induced pancreatic cancer 
incidence was 93% in wild-type mice but only 
55% in CYGB-overexpressed mice. CYGB over-
expression initiates G1 phase arrest, diminish-
es cell migration and colony formation in pan-
creatic cancer cells [15]. Ectopic CYGB expres-
sion suppresses breast cancer cell prolifera-
tion, migration, invasion regardless of p53 sta-
tus, CYGB expression inhibits GLUT1 and HXK2 
expression, it impacts glucose metabolism and 
inhibits xenograft tumor growth in vivo [16]. 
Ectopic miR-210-3p targets GPD1L and CYGB 
and controls glucose uptake and Warburg 
effect, which promotes colony formation and 
protects triple negative breast cancer cells 
from serum starvation-induced cell apoptosis 
[17]. CYGB promoter de-methylation induced by 
DNMT3B (DNA methyltransferase 3 beta) tran-
scriptional inhibition controls bladder cancer 
progression and predicts a good prognosis 
[18]. However, CYGB enhances heme-oxygen-
ase 1 (HO-1) and NRF2 protein expression and 
protects melanoma cells from RONS-induced 
apoptosis [19]. CYGB deficiency aggravates 
intracellular ROS accumulation and lipid peroxi-

dation and sensitizes melanoma cells to ferrop-
tosis, its knockdown activates inflammasome 
and promotes pyroptosis [20]. Collectively, 
CYGB restoration can inhibit tumor growth and 
progression in vitro and in vivo, it can also pro-
tect tumor cells from stress-induced cell dam-
age, thus the anti-tumor effects and underlying 
mechanisms of CYGB need to be further 
explored. 

We reported that CYGB is significantly de- 
creased in human HCC tissue, ectopic CYGB 
expression inhibits HCC proliferation and stem-
ness at a ROS/RNS-dependent manner [21]. In 
this study, we investigated the association of 
CYGB differential expression with clinicopatho-
logic characteristics, as well the effects and 
mechanisms of CYGB upon OS-induced cell 
injury and proliferation. The results showed 
that CYGB deficiency confers HCC aggressive 
biological behaviors including large tumor 
mass, advanced stage, poor differentiation and 
predicts a worse prognosis. The mechanistic 
studies found that CYGB can maintain homoeo-
stasis and controls oxidative damage-associat-
ed AKT/ERK activation and subsequently com-
pensatory proliferation. 

Materials and methods

Human HCC samples and immunohistochem-
istry (IHC) analysis

123 cases of human HCC samples were col-
lected from surgically resected tissues in the 
Affiliated Hospital of Guizhou Medical University 
during 2018 to 2021. The project is approved 
by the ethics committee of this institute 
(Approved number: 2024174). The related clini-
copathological information was simultaneously 
collected. The CYGB, TP53 and Ki-67 expres-
sion was respectively evaluated in these HCC 
tissues using the primary antibodies against 
CYGB (SC365246, Santa Cruz Biotechnology, 
Inc., Shanghai, China), TP53 (ZM-0408, ZSGB-
BIO Inc., Beijing, China) and Ki-67 (GT2094, 
GeneTech Company, Shanghai, China) by IHC 
staining. The brown particles observed in cyto-
plasm are interpreted as CYGB positive expres-
sion. IHC analysis of CYGB expression was per-
formed as previously described with some 
modification in ref. [22]. The total score is 
ranged from 0 to 12. “≤ 6” is interpreted as low 
expression and “> 7” is interpreted as high 
expression. The brown particles observed in 
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nuclei are interpreted as Ki-67 or p53 expres-
sion in their corresponding staining slides. 
More than 60% diffusely positive expression or 
loss expression of p53 is interpreted as p53 
mutant expression. Intersperse positive cells 
are considered as p53 wild-type expression 
[23].

Cell lines, lentivirus and transfection

The human hepatocellular carcinoma cell lines 
HepG2, Hep3B and Huh7 were purchased from 
the National Collection of Authenticated Cell 
Cultures (Shanghai, China). These cell lines 
were cultured in ATCC recommended medium 
supplemented with 10% (v/v) fetal bovine 
serum (FBS) and 100 μg/ml penicillin-strepto-
mycin at 37°C in a 95% humidity incubator con-
taining 5% carbon dioxide. The CYGB-expressing 
lentivirus or its control was purchased from 
Genechem (Shanghai, China). The full-length 
sequence of CYGB was inserted into LVCON335 
to construct a CYGB-expressing lentivirus, and 
LVCON335 (Ubi-MCS-3FLAG-CBh-gcGFP-IRES-
puromycin) was used as the control. The lentivi-
rus transfection was performed according to 
the manufacturer’s instructions. The transfect-
ed cells were selected using puromycin. 
Transfection efficiency was identified by qPCR 
and western blotting.

Chemicals and reagents

Ferrostatin-1 (S7243), necrostatin-1 (S8037) 
and Z-VAD-FMK (S7023) are respectively the 
inhibitors of ferroptosis, receptor-interacting 
protein kinase 1 (RIPK1) and caspases and 
were purchased from Selleck (Shanghai,  
China). U0126 is the inhibitor of was bought 
from Cell signaling technology (Danver, USA). 
The primary antibodies against p53, cyclinD1, 
phospho-JNK (Thr183/Tyr185), JNK, phospho-
AKT (Ser473), AKT, phospho-ERK1/2 (Thr202/
Tyr204) and ERK1/2 and were bought from  
Cell Signaling Technology (Danver, USA). GAPDH 
antibody was bought from Genetex (USA).

Real-time quantitative PCR

Total RNA was extracted using RNA-QUICK 
Purification Kit (ES Science, Shanghai, China), 
subsequently it was reversely transcribed to 
cDNA using Fast All-in-One RT KIT (ES Science, 
Shanghai. China), according to the manufactur-
er’s instruction. 2 ug cDNAs was quantitatively 

analyzed using Super SYBR Green qPCR Master 
Mix (ES Science, Shanghai, China) in real-time 
PCR system (CFX Connect Real-Time System, 
Bio-RAD Inc.). Primer sequences of target 
genes are shown as followed:

Targeted 
cDNA Primer sequence (5’-3’) Product 

length
CYGB Forward 5’-CACAAGGTGGAACCGGTGTA-3’

Reverse 5’-CCCGAAGAGGGCAGTGTGG-3’
218 bp

GAPDH Forward 5’-AAGAAGGTGGTGAAGCAGG-3’
Reverse 5’-GTCAAAGGTGGAGGAGTGG-3’

114 bp

Cell viability assay and EdU-incorporation as-
say 

2000-3000 HCC cells were seeded in 96-well 
dark plate overnight to permit appropriate 
attachment, and cell viability was assessed 
within 5 days using MTT Cell Proliferation and 
Toxicity Kit (Solarbio, Beijing, China), according 
to the manufacturer’s instructions. 490 nm 
absorbance of the solution was measured 
using an EnSpire Multilabel Plate Reader 
(Perkin Elmer, USA). 

10000 HCC cells were seeded in 24-well dark 
plate with the corresponding treatment. Cell 
proliferation was assessed using Cell-Light EdU 
Apollo In Vitro Kit (Ribobio, Guangzhou, China) 
according to the manufacturer’s instructions. 
Fluorescent images were taken randomly from 
at least six different fields in each well with a 
conventional inverted fluorescent microscope 
(Leica DM4B, Leica, Germany). 

Cell cycle profile and apoptosis detection

Cells were cultured in serum-free medium for 
24 h to induce G1 phase synchronization and 
were collected at the indicated time points with 
the corresponding treatment. Then the cells 
were stained with propidium iodide (Sigma) at a 
final concentration of 0.1 mg/ml for 15 minutes 
and DNA content was measured using flow 
cytometer (FACSCalibur™, Becton, Dickinson 
and Company, USA). Cell cycle curve was fitted 
using modFit LT 5.0 software. 

HCC cells were treated using 1 mM H2O2 for 15 
min and subsequently were cultured in the 
fresh medium for 12 h to induce apoptosis. The 
apoptotic cells were labeled using Annexin 
V‑APC/7‑AAD apoptosis kit (MUlTI Sciences, 
Hangzhou, China), then the apoptotic percent-



CYGB targets HCC proliferation in a damage-dependent manner

4013	 Am J Cancer Res 2025;15(9):4010-4028

age was calculated and analyzed using flow 
cytometer (FACSCalibur™, Becton, Dickinson 
and Company, USA).

Extracellular alanine and aspartate ami-
notransferase (ALT and AST) assay and 
Intracellular malondialdehyde (MDA) assay

10000 HCC cells were seeded 6-well plate with 
or without pre-H2O2 treatment. These cultured 
medium were collected at the indicated time 
points, then ALT or AST content in the medium 
were respectively detected to assess HCC  
cell injury as previously discribed [24] using  
alanine aminotransferase assay kit or aspar-
tate aminotransferase assay kit (Nanjing Jian- 
cheng Bioengineering institute, Nanjing, China), 
according to the manufacturer’s instructions. 
510 nm absorbance of the solution was mea-
sured using an EnSpire Multilabel Plate Reader 
(Perkin Elmer, USA).

10000 HCC cells were seeded 6-well plate  
with or without pre-H2O2 treatment and intracel-
lular MDA content were assessed using cellular 
MDA assay kit (Nanjing Jiancheng Bioen- 
gineering institute, Nanjing, China), according 
to the manufacturer’s instructions. 530 nm 
absorbance of the solution was measured 
using an EnSpire Multilabel Plate Reader 
(Perkin Elmer, USA).

Public data collection and survival assessment

GEPIA (Gene Expression Profiling Interactive 
Analysis) (cancer-pku.cn) is a newly developed 
interactive web server for analyzing the RNA 
sequencing expression data of 9,736 tumors 
and 8,587 normal samples from the TCGA and 
the GTEx projects [25]. It provides the prognos-
tic analysis of liver hepatocellular carcinoma 
(LIHC) with CYGB expression from TCGA 
database.

Protein simulative modeling and molecular 
docking analysis

The protein primary and spatial structure was 
constructed and extracted from RCSB Protein 
Data Bank (RCSB PDB) (https://rcsb.org/), 
then the protein structure information was pro-
vided to HDOCK server (http://hdock.phys.
hust.edu.cn/), which automatically analyzes 
molecular docking modeling through a hybrid 
algorithm of template-based and template-free 

docking and predicts their affinity and docking 
sites between the submitted proteins. The 
docking score reflects the affinitive capacity 
[26].

Western blotting

Cells were lysed using RIPA buffer containing 
1% phenylmethylflavinyl fluoride (PMSF) (Be- 
yotime, Nantong, China) and total protein was 
collected and quantified using Bio-Rad Bradford 
reagents (Bio-Rad Laboratories, Hercules, CA). 
10-20 µg of equal amount proteins were sepa-
rated in SDS-PAGE gels using the XCell system 
(Invitrogen). The proteins were transferred into 
PVDF membranes using a transfer apparatus 
(Bio-Rad). The blots were incubated with the 
primary antibodies at 4°C temperature over-
night, the HRP-conjugated secondary antibod-
ies were used and the bands were visualized 
using ChemiDocTMMP imaging System (BIO-
RAD). The average optical density of the band 
was measured using ImageJ software.

Statistical analysis

Comparison of categorical variables including 
two or three sample rates was evaluated using 
Chi-square tests. A two-way ANOVA analysis 
was used to determine significant differences 
between groups that had been split on two 
independent variables. Post-hoc testing for the 
ANOVA was performed using the Tukey method. 
The correlation of CYGB expression with Ki67 
index in human HCC samples was analyzed 
using pearson’s correlation analysis. Cell exper-
iments were independently repeated no less 
than three times. Data are presented as mean 
± standard error. P-value less than 0.05 were 
considered statistical significance and all data 
were analyzed using GraphPad 9.0 software.

Results

CYGB deficiency is associated with advanced 
stage and poor differentiation, as well predicts 
a worse prognosis

We detected CYGB expression in 123 human 
hepatocellular carcinoma tissues and analyzed 
its association with clinicopathological charac-
teristics. The results show that CYGB is 
decreased in HCC tissues (21.1%, 26/123), 
compared with these adjacent non-tumor tis-
sues (ANT) (78.8%, 89/113) (Figure 1A and 
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1B). TP53 status is also evaluated and the 
result show that CYGB expression is increased 

in HCC tissues harboring with wild-type p53 
(17/68, 25.0%) (Figure 1C and 1D). Meanwhile, 

Figure 1. CYGB is deregulated in human HCC tissues and its absence is associated with p53 variant and predicts a 
poor prognosis. (A and B) The expression of CYGB in 123 cases of human HCC tissues and these adjacent non-tu-
mor tissues was assessed. “T” and “ANT” respectively represents HCC tumor tissues and these adjacent non-tumor 
tissues. (A) These representative images of CYGB expression in HCC tissues are shown at the indicated magnifica-
tion (a with 100× magnification; b, c and d with 200× magnification; e and f with 400× magnification). (B) The CYGB 
positive percentage were calculated and statistically analyzed (Chi-square test or fisher’s exact test, “*” represents 
P < 0.05). (C and D) The correlation of CYGB expression with p53 status was detected and analyzed in this cohort. 
(C) The representative images of CYGB and p53 expression are shown in the identical HCC sample with 200× mag-
nification. (D) The positivepercentage of CYGB were calculated and statistically analyzed (Chi-square test or fisher’s 
exact test, “*” represents P < 0.05). (E and F) The expression of CYGB in HCC tissues with different differentiation 
was evaluated. (E) These representative images of CYGB expression in HCC tissues are shown with 200× magnifica-
tion. (F) The CYGB positive percentage were calculated and statistically analyzed. HCC samples with the low and 
moderate differentiation are integrated as a high-grade group for statistical analysis. (Chi-square test or fisher’s 
exact test, “*” represents P < 0.05). (G) The overall survival of HCC patients with CYGB differential expression was 
extracted from TCGA database and was analyzed using GEPIA web server. The overall survival curve is shown. 
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it is decreased in p53-mutant HCC tissues 
(2/37, 5.4%) (Figure 1C and 1D). The low 
expression of CYGB is associated with large 
tumor mass, advanced clinical stage and poor 
differentiation (Table 1; Figure 1E and 1F). In 
addition, we don’t observe the significant asso-
ciation of CYGB differential expression with 
gender, age, HBV infection, serum AFP level 
and tumor capsule and microvessel invasion in 

ment. Furthermore, CYGB expression can sig-
nificantly reduce AST/ALT release from HCC 
cells after 1 mM H2O2 pre-treatment for 12 h, 
16 h and 24 h (Figure 2D and 2E). In addition, 
HepG2 cells were treated with or without 2 
mol/L H2O2 for 15 min and the medium were 
immediately collected to assess AST/ALT con-
tent (Figure 2F and 2G), the result showed that-
CYGB overexpression hasn’t an immediate pro-

Table 1. The association of CYGB expression with clinico-
pathological characteristics in HCC 

Parameters
CYGB protein

χ2 p value
Low (≤ 6) High (> 7)

Sex
    male 76 (76.0%) 24 (24.0%) 2.627 0.105
    female 21 (91.3%) 2 (8.7%)
Age
    ≥ 60 32 (72.7%) 12 (27.3%) 1.547 0.214
    < 60 65 (82.3%) 14 (17.7)
HBsAg infection
    Yes 74 (79.6%) 19 (20.4%) 0.115 0.735
    No 23 (76.7%) 7 (23.3%)
Serum AFP
    < 400 ng/ml 67 (78.8%) 18 (21.2%) 0.000 0.988
    ≥ 400 ng/ml 30 (78.9%) 8 (21.1%)
AST/ALT
    < 1 25 (69.4%) 11 (30.6%) 5.739 0.017
    ≥ 1 61 (88.4%) 8 (11.6%)
Tumor diameter
    ≤ 2 cm 19 (61.3%) 12 (38.7%) 7.774 0.021
    > 2 cm and ≤ 5 cm 43 (86.0%) 7 (14.0%)
    > 5 cm 35 (83.3%) 7 (16.7%)
Differentiation
    Low-grade 5 (45.5%) 6 (54.5%) 8.088 0.004 
    High-grade* 92 (81.2%) 20 (17.9%)
Clinical stage
    I+II 77 (75.5%) 25 (24.5%) 4.074 0.044
    III+IV 20 (95.2%) 1 (4.8%)
Peritoneal violation
    Yes 19 (86.4%) 3 (13.6%) 0.904 0.342
    No 78 (77.2%) 23 (22.8%)
MVI**
    Yes 31 (88.6%) 4 (11.4%) 2.767 0.096
    No 66 (75.0%) 22 (25.0%)
Cirrhosis
    Yes 48 (78.7%) 13 (21.3%) 0.002 0.963
    No 49 (79.0%) 13 (21.0%)
“High-grade*” includes lowly and moderately differentiated HCC 
samples; “MVI**” represents microvessel invasion.

this cohort. AST and ALT is the tissue-
specific enzyme, which can be re- 
leased from the injured hepatocytes. 
The ratio of serum AST with ALT is a 
sensitive indicator to assess liver inju-
ry. Interestingly, the low expression of 
CYGB is associated with low serum 
AST/ALT level (Table 1). The bio-infor-
mation analysis revealed that the low 
CYGB expression predicts a worse 
overall survival in HCC patients, com-
pared with these patients with CYGB 
high-expression (Figure 1G). 

CYGB overexpression inhibits HCC cell 
growth and prevents pre-treated H2O2-
induced cell injury

We constructed the stably CYGB-
expressed HCC cells and confirmed its 
efficacy, the result show that CYGB is 
successfully overexpressed in HCC 
cells at RNA level (Figure 2A) and pro-
tein level (Figure 2B). We evaluated 
the effect of CYGB upon HCC cell 
growth, cell viability assay show that 
CYGB overexpression significantly 
inhibits HepG2 and Huh7 cell growth 
within 5 days (Figure 2C). AST and ALT 
of these tissue-specific enzymes is 
released from the injured hepatocyte, 
AST/ALT content in the medium was 
detected to indirectly reflect the level 
of HCC cell injury as previously dis-
cribed [24]. In this study, 1 mM hydro-
gen peroxide (H2O2) is used to treat 
HCC cells for 15 minute, subsequently 
these HCC cells are preserved in the 
fresh medium for the indicated time 
period to induce a sustaining oxidative 
injury as previously described with 
some modification [27]. The result 
showed that oxidative injury can main-
tain after 1 mM H2O2 pre-treatment for 
0 h, 12 h, 16 h and 24 h (Figure 2D 
and 2E) using AST/ALT release experi-
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tection for HCC cells treated with 2 mol/L H2O2 
for 15 min (Figure 2F and 2G). The data sug-
gested that CYGB has an intriguingly dual 
effects, it doesn’t only inhibit HCC cell growth 
but also protects HCC cells from pre-H2O2 
induced oxidative injury in a delayed response 
manner. 

CYGB prevents OS-induced apoptosis and DNA 
damage, as well controls cell cycle progression 
in pre-H2O2 treated HCC cells

We reported that CYGB can reduce intracellular 
ROS and RNS level in HCC cells [21]. Ma- 
londialdehyde (MDA) is a metabolic product in 
OS-dependent lipid peroxidation injury and it is 
an important indicator of intracellular OS level. 
In this study, we found that CYGB expression 
can significantly decrease MDA level in HepG2 
cells with or without pre-H2O2 treatment. The 
regulation of CYGB on MDA content can be 

observed in Hep3B and Huh7 cells under pre-
H2O2 treatment condition (Figure 3A). Flow 
cytometry analysis show that CYGB overexpres-
sion reduces pre-H2O2-induced apoptosis in 
HCC cells. The apoptotic inhibitory percentage 
is approximately for 16% in HepG2 cells and 
15% in Hep3B cells with pre-H2O2 treatment for 
12 h (Figure 3B and 3C). Cell cycle profiles 
show that CYGB decreases pre-H2O2-induced 
cell death and simultaneously induces G1 
phase arrest. The result show that CYGB can 
respectively decrease SubG1 percentage for 
8% and 11% in pre-H2O2 treated HepG2 cells 
for 12 h and 16 h (Figure 3D and 3E), simulta-
neously induce G1 phase arrest approximately 
17% in pre-H2O2 treated HepG2 cells for 12 h 
and 16 h (Figure 3D and 3F). Suggesting that 
CYGB functions as a dynamic antioxidant, it 
protects HCC cells from oxidative injury and 
simultaneously induces G1 phase arrest.

Figure 2. CYGB induces HCC cell growth inhibition and protects HCC cells from pre-H2O2-induced injury. (A and B) 
The efficiency of ectopic CYGB expression in RNA level (A) and protein level (B) were assessed. (C) MTT assay evalu-
ated the viability of HepG2 and Huh7 cells within 5 days. Data are shown as Mean ± SEM (Two-way ANOVA, “*” 
represents P < 0.05). (D and E) HepG2 and Hep3B cells were cultured in the medium containing 1mM H2O2 for 15 
min, and then the medium were replaced with the fresh medium which were collected and were are subjected to 
soluble ALT (D) and AST (E) content detection at the indicated time-points. Data are shown as Mean ± SEM (Two-way 
ANOVA, “*” represents P < 0.05). (F and G) HepG2 cells were cultured in the medium containing 2 mol/L H2O2 for 
15 min, and then the medium were collected and were subjected to soluble ALT (F) and AST (G) content detection 
immediately. Data are shown as Mean ± SEM (Two-way ANOVA, “*” represents P < 0.05, “**” represents P < 0.01).



CYGB targets HCC proliferation in a damage-dependent manner

4017	 Am J Cancer Res 2025;15(9):4010-4028

The proliferative inhibition of CYGB is blocked 
by necrostatin-1 or Z-VAD-FMK in pre-H2O2 
treated HCC cells 

We reported that CYGB and neuroglobin (Ngb), 
another member of human hexacoordinate 

hemoglobin (HHB) family, can inhibit HCC cell 
proliferation [21, 28]. In this study, EdU-
incorporation assay shows that ectopic CYGB 
can inhibit the proliferation of HCC cells with or 
without pre-H2O2 treatment for 12 h (Figure 
4A). We also evaluated the proliferative index of 

Figure 3. CYGB inhibits OS-induced cell death and induces G1 phase arrest in pre-H2O2 treated HCC cells. A. The 
MDA contents were measured in HCC cells with pre-H2O2 treated for 24 h. Data are shown as Mean ± SEM (Two-way 
ANOVA, “*” represents P < 0.05). B and C. Flow cytometry assessed the apoptosis of pre-H2O2 treated HCC cells at 
12 h. B. The representative images of apoptotic analysis are shown. C. The apoptotic percentage is calculated and 
statistically analyzed. Data are shown as Mean ± SEM (Two-way ANOVA, “*” represents P < 0.05). D-F. HepG2 cells 
were treated with pre-H2O2 at the indicated time-point, and cells were collected and subjected to flow cytometry 
analysis. D. The representative cell cycle profiles are showed. E. The SubG1 percentage is statistically analyzed. 
Data are shown as Mean ± SEM (Two-way ANOVA, “*” represents P < 0.05, “**” represents P < 0.01). F. These 
cells in S phase are calculated and statistically analyzed. Data are shown as Mean ± SEM (Two-way ANOVA, “*” 
represents P < 0.05).
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Figure 4. Z-VAD-FMK and necrostatin1 blocks CYGB-induced proliferative inhibition and neutralizes CYGB-induced 
apoptotic inhibition in pre-H2O2 treated HCC cells for 12 h. (A) EdU incorporation assay evaluated the effect of CYGB 
upon HCC cell proliferation with or without pre-H2O2 treatment for 12 h. The EdU positive percentage is calculated 
and statistically analyzed. Data are shown as Mean ± SEM (Two-way ANOVA, “*” represents P < 0.05). (B and C) 
Ki-67 proliferative index and CYGB expression are assessed using IHC staining in human HCC tissues. (B) The repre-
sentative images of Ki-67 and CYGB expression in the identical HCC samples are shown with 100x magnification. (C) 
The correlation of CYGB expression with Ki-67 proliferative index is analyzed using Pearson’s correlation analysis. 
“r” represents the correlative coefficient. (D-G) EdU incorporation assay evaluates the effect of ferrostatin-1, necro-
statin-1 and Z-VAD-FMK input upon CYGB-induced proliferative inhibition in HepG2 cells (D and E) and Hep3B cells 
(F and G) with pre-H2O2 treatment for 12 h. (D and F) The representative images of EdU incorporation are shown 
with 400× magnification. (E and G) The EdU positive percentage are calculated and statistically analyzed. Data 
are shown as Mean ± SEM (Two-way ANOVA, “*” represents P < 0.05, “**” represents P < 0.01). (H, I) Flow cytom-
etry assesses the effect of necrostatin-1 and Z-VAD-FMK input upon CYGB-induced apoptotic inhibition in pre-H2O2 
treated HepG2 cells (H) and Hep3B (I). The apoptotic percentage are calculated and statistically analyzed. Data are 
shown as Mean ± SEM (Two-way ANOVA, “*” represents P < 0.05, “**” represents P < 0.01).



CYGB targets HCC proliferation in a damage-dependent manner

4019	 Am J Cancer Res 2025;15(9):4010-4028

Ki-67 in human HCC tissue, the results show 
that CYGB expression is negatively correlative 
with Ki-67 index (r=-0.313, P < 0.001) (Figure 
4B and 4C). Ferrostatin-1, and Z-VAD-FMK (Z- 
VAD) are respectively the inhibitors of ferrop-
totic and apoptotic signaling. Necrostatin-1 
(Nec-1) exhibits the dual inhibitory activity to 
either necroptosis or apoptosis [29]. All of 
these inhibitors are used to block the cell  
death signaling in this study, the effect of block-
ing cell death signaling upon CYGB-induced 
proliferative inhibition in pre-H2O2 treated  
HCC cells were observed (Figure 4D-G), EdU-
incorporation assay shows that Nec-1 inter-
rupts CYGB-induced proliferative inhibition 
upon pre-H2O2 treated HepG2 and Hep3B  
cells (Figure 4D-G). Moreover, its proliferative 
inhibition can be blocked by Z-VAD input in pre-
H2O2 treated Hep3B cells (Figure 4F and 4G). 
CYGB decreases the proliferative percentage  
is approximately for 7% in pre-H2O2 treated 
HepG2 cells with Z-VAD input, compared with 
15% of CYGB-induced proliferative inhibition 
percentage in pre-H2O2 treated HepG2 cells 
without Z-VAD input (Figure 4D and 4E). The 
data support that Nec-1 and Z-VAD can inter-
fere with CYGB-induced proliferative inhibition, 
suggesting that CYGB inhibits HCC proliferation 
through controlling cell death signaling. In addi-
tion, ferrostatin-1 can’t be observed a signifi-
cant effect upon CYGB-induced proliferative 
inhibition in pre-H2O2 treated HCC cells (Figure 
4D-G). Furthermore, the effect of Nec-1 and 
Z-VAD upon CYGB-induced apoptotic inhibition 
were observed, the result showed CYGB reduc-
es the apoptotic percentage approximately for 
53% in HepG2 cells and 28% in Hep3B cells 
with pre-H2O2 treatment for 12 h (Figure 4H 
and 4I), whereas the percentage of CYGB-
induced apoptotic inhibition is respectively 
22% and 20% in pre-H2O2 treated HepG2 cells 
and Hep3B cells with Nec-1 input (Figure 4H 
and 4I), the percentage of CYGB-induced apop-
totic inhibition is respectively 18% and 9% in 
pre-H2O2 treated HepG2 cells and Hep3B cells 
with Z-VAD input (Figure 4H and 4I). The  
data indicated that Nec-1 and Z-VAD can atten-
uate CYGB-induced apoptotic inhibition (Figure 
4H and 4I). In brief, the blockade of apoptotic 
signaling interferes with CYGB-induced apop-
totic and proliferative inhibition in pre-H2O2 
treated HCC cells, suggesting that CYGB func-
tions as a maintainer of homeostasis, it over-
comes oxidative damage - associated compen-
satory proliferation. 

CYGB inactivates AKT and ERK1/2 signaling 
and its regulation can be interfered by necro-
statin-1 or Z-VAD-FMK in pre-H2O2 treated HCC 
cells 

We reported that NGB inhibits HCC prolifera-
tion through controlling ERK/MAPK-activated 
proliferative signaling [28]. In this study, we 
investigate the interaction of CYGB with AKT 
and ERK kinase using the computing simula-
tion modeling and molecular docking analysis. 
The result shows that CYGB possesses high 
affinity with AKT (Figure 5A) and ERK protein 
(Figure 5B), the docking score of CYGB is 
respectively -235kcal/mol with AKT and -261 
kcal/mol with ERK (Figure 5A and 5B). We fur-
ther observed the effect of CYGB upon AKT and 
ERK1/2 signaling in HCC cells without H2O2 
treatment (Figure 5C-E). Ectopic CYGB decreas-
es the level of phosphor-AKT by approximately 
0.6, 0.7 and 0.8 folds in HepG2, Hep3B and 
Huh7 cells respectively, compared with the 
phosphor-AKT level in these control groups 
(Figure 5C and 5D). It also reduces phosphor-
ERK1/2 level by approximately 0.6, 0.7 and 0.6 
folds in HepG2, Hep3B and Huh7 cells respec-
tively, compared with the level of phosphor-
ERK1/2 in these control groups (Figure 5C and 
5E). In addition, CYGB overexpression reduces 
p53 expression in HepG2 cells harboring with 
wild-type p53, as well decreases CyclinD1 
expression in Huh7 cells harboring with p53 
variant (Figure 5C). The regulation of CYGB 
upon JNK activity isn’t obvious in HCC cells 
(Figure 5C). We further assessed that the effect 
of CYGB upon AKT and ERK1/2 signaling in pre-
H2O2 treated HCC cells, the results show that 
ectopic CYGB inactivates AKT kinase (Figure 5F 
and 5G) and ERK kinase (Figure 5G and 5H),  
as well reduces CyclinD1 expression (Figure 
5F). Furthermore, Nec-1 or Z-VAD input can  
disrupt CYGB-induced AKT and ERK inactiva-
tion in pre-H2O2 treated HCC cells (Figure 5G, 
5H). In a word, we observed that Nec-1  
and Z-VAD can block CYGB-induced AKT/ 
ERK/CyclinD1 inactivation in pre-H2O2 treated 
cells (Figure 5F-H), suggesting that CYGB tar-
gets oxidative damage-associated AKT/ERK/
CyclinD1 axis activation in a damage-associat-
ed molecule patterns (DAMPs). In addition, 
Nec-1 and Z-VAD also block CYGB-induced pro-
liferative inhibition (Figure 4D-G), suggesting 
that CYGB inhibits cell proliferation in cell 
death-dependent manner. Thus we hypothesize 
that CYGB targets oxidative damage-associat-
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ed AKT/ERK/CyclinD1 axis activation in a dam-
age-associated molecule patterns (DAMPs) 
and inhibits HCC proliferation. 

CYGB targets cell death-associated compen-
satory proliferation via controlling AKT/ERK/
CyclinD1 axis in pre-H2O2 treated HCC cells 

We observed that CYGB attenuates OS-induced 
HCC cell injury and cell proliferation and simu-
latanously inactivates AKT and ERK1/2 signal-

ing (Figures 2-5). Nec-1 and Z-VAD can block 
CYGB-induced AKT/ERK inactivation, suggest-
ing that AKT/ERK signaling is the down-stream 
of cell death event (Figure 5F-H). To further 
investigate the correlation of CYGB-induced 
proliferative inhibition with CYGB-inactivated 
AKT/ERK axis, we strategically blocked ERK1/2 
signaling using a selective inhibitor of MEK1/2 
and then observed the impact of CYGB overex-
pression upon cell proliferation. The results 
show that U0126, the MEK1/2 inhibitor, 

Figure 5. CYGB overexpression inactivates AKT and ERK1/2 signaling and the inhibition is disrupted by necrostatin1 
and Z-VAD-FMK input in HCC cells with pre-H2O2 treatment for 12 h. (A and B) The computing simulation docking 
modeling between CYGB and AKT (A) or ERK (B) is shown. The docking score reflects the affinitive capacity. “< -120 
kcal/mol” implies high affinity, “> -120 kcal/mol” and “< -80 kcal/mol” implies moderate affinity, “> -50 kcal/mol” 
implies low affinity. The indicated protein expression is detected using immunoblotting and their average optical 
intensities (AOIs) of these bands are measured using ImageJ software. The expression of p-AKT or p-ERK1/2 is 
normalized to the total protein. The relative expression of p-AKT or p-ERK1/2 in the control group is standardized 
as “1”. GAPDH is used as a loading control. (C-E) The effect of CYGB upon AKT and ERK1/2 signaling in HCC cells is 
assessed. (C and F) The representative bands are shown. (F-H) The regulation of CYGB upon AKT/ERK signaling with 
or without necrostatin-1 and Z-VAD-FMK was explored in pre-H2O2 treated HCC cells. The comparatively quantifica-
tion of p-AKT (D and G) or p-ERK1/2 (E and H) is shown and statistically analyzed. Data are shown as Mean ± SEM 
(Two-way ANOVA, “*” represents P < 0.05).
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removes the inhibition of CYGB upon AKT and 
ERK1/2 signaling in pre-H2O2 treated HepG2 
cells and Hep3B cells with or without Nec-1 or 
Z-VAD input (Figure 6A-C). CyclinD1 is a pivotal 
regulator of cell cycle progression and pro-
motes the transition of G1 phase to S phase. It 
is specially increased by the upstream mitogen-
ic signals including AKT or ERK1/2 kinases 
[30]. U0126 also disrupts the regulation of 
CYGB upon CyclinD1 level in pre-H2O2 treated 
HCC cells with or without Nec-1 and Z-VAD  
input (Figure 6A). These data suggest that 
CYGB controls oxidative damage and the  
downstream AKT/ERK/CyclinD1 axis. Further- 
more, the effect of blocking ERK signaling  
upon CYGB-induced proliferative inhibition is 
observed. EdU-incorporation assay shows that 
U0126 also interferes CYGB-induced prolifera-
tive inhibition in pre-H2O2 treated HepG2 cells 
(Figure 6D and 6E) and Hep3B cells (Figure 6F 
and 6G), whether Nec-1 and Z-VAD presence or 
not. The data indicated that CYGB inhibits oxi-
dative damage (Figures 2D and 2E, 3D and 3E 
and 4H and 4I) - associated AKT/ERK/CyclinD1 
axis (Figures 5F-H and 6A-C) and HCC cell pro-
liferation (Figures 3D and 3F, 4D-F and 6D-G).
Therefore, we propose that CYGB exerts a 
tumor suppressor and overcomes HCC cells 
abnormal proliferation via targeting oxida- 
tive damage-activated AKT/ERK/CyclinD1 axis 
(Figure 6H).

Discussion

CYGB is deregulated in multi-malignancies by 
its promoter hypermethylation, its deficiency 
promotes inflammatory response, organ fibro-
sis, tumorigenesis and progression [13, 16, 20, 
31]. CYGB deficiency aggravates NO accumula-
tion and causes hepatocytes dysfunction by 
inhibiting cytochrome c oxidase activity in 
hepatocytes [32]. Cytoglobin reduction driven 
by TGF-β1 input leads to oxidative DNA damage 
and promotes non-alcoholic steatohepatitis 
and liver fibrosis [33]. Recombinant human 
cytoglobin deactivates hepatic stellate cells 
(HSCs) and inhibits liver fibrosis by scavenging 
reactive oxygen species [34]. Cygb knockout 
accelerates liver fibrosis and cancer develop-
ment in mouse models of carcinogen-induced 
hepatocellular carcinoma [35]. Cytoglobin defi-
ciency promotes the progression of hepatoste-
atosis to hepatocarcinogenesis through activa-
tion of the oxidative stress pathway [36]. Tp53, 

a crucial regulator in immune response and cell 
cycle progression, is up-regulated in the cygb1 
knockout liver [37]. Cygb-deficient mice exhibit 
the dysfunction of cancer-related genes includ-
ing p53, cyclinD2 and Cdkn2a [38]. In this 
study, we found that CYGB is deregulated in 
human HCC tissues, particularly in tumor with 
p53 variant. Its low expression is associated 
with advanced clinical stage and poor differen-
tiation, as well predicts a worse prognosis 
(Figure 1; Table 1). Its expression is negatively 
correlative with Ki-67 proliferative index (Figure 
4B and 4C), the low expression of CYGB is asso-
ciated with a large tumor mass (Table 1), sug-
gesting that CYGB exhibits anti-tumor effect 
and inhibit tumor growth. Therefore, these find-
ings support that CYGB functions as a tumor 
suppressor in HCC genesis and progression. 
Although the regulation of CYGB upon p53 and 
AKT/ERK axis isn’t consistent, the interaction 
of CYGB with p53 should be further explored in 
the signaling network of HCC development. The 
previous studies indicated that the combining 
evaluation of CYGB and SOX7 can be capable 
of predicting the prognostic outcomes of blad-
der cancer patients [18]. Cygb loss may contrib-
ute to tumor recurrence and a worse prognosis 
in gliomas. It may serve as an independent pre-
dictive factor in the prognosis of glioma patients 
[39]. These data support that the supervision 
of CYGB expression can be a prognostic indica-
tor in predicting tumor outcomes. In addition, 
CYGB can be up-regulated and be responsive to 
various stresses [13, 14]. We found that the 
expression of CYGB is consistent with serum 
AST/ALT level in human HCC patients in this 
study (Table 1), we presume that CYGB is also a 
stress-responsive protein and reflects the liver 
function of these HCC patients to a certain 
content. 

Although the previous studies have demon-
strated the anti-neoplastic effect of CYGB in 
tumorigenesis and development, the underly-
ing mechanisms is elusive. CYGB deficiency 
sensitizes melanoma cells to a GPX4 inhibitor 
of (1S, 3R)-RAS-selective lethal small molecule 
(RSL3) -mediated ferroptosis, as well activates 
NOD-, LRR- and pyrin domain-containing pro-
tein 3 (NLRP3) inflammasome and induces the 
pyroptosis of melanoma cells [20]. CYGB 
expression enhances heme-oxygenase 1 (HO-
1) and NRF2 protein expression levels and pro-
tects melanoma cells from RONS-induced 
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Figure 6. CYGB controls oxidative damage-associated AKT/ERK1/2 activation and inhibits cell proliferation in HCC cells. (A-C) The interaction of CYGB-inactivated 
AKT/ERK signaling with pre-H2O2-induced cell death is investigated. These indicated protein level was assessed using immunoblotting. The relative expression of 
p-AKT or p-ERK1/2 is normalized to the total protein. The relative expression of p-AKT or p-ERK1/2 in the control group is standardized as “1”. GAPDH is used as 
a loading control. (A) The representative bands are shown. (B and C) The comparatively quantification of p-AKT (B) or p-ERK1/2 (C) is shown and statistically ana-
lyzed. Data are shown as Mean ± SEM (Two-way ANOVA, “*” represents P < 0.05). (D-G) The regulation of CYGB-inactivated AKT/ERK signaling upon CYGB-induced 
proliferative inhibition is tested. (D and F) The representative fluorescent images of EdU-incorporation assay are shown with 400x magnification. (E and G) EdU 
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apoptosis [19]. CYGB-p53 and GPD1L-HIF1a 
axis deregulation induced by ectopic miR-210-
3p protects triple-negative breast cancer from 
serum starvation-induced cell apoptosis [17]. 
In this study, we found that CYGB overexpres-
sion decreases these intracellular enzymes 
release from pre-H2O2 treated HCC cells (Figure 
2D and 2E) and protects HCC cells from pre-
H2O2-induced apoptosis and DNA damage 
(Figure 3B-E). Our findings propose that CYGB 
functions as an anti-oxidant enzyme and pre-
vents OS-induced cell death. The previous stud-
ies reported that ectopic CYGB expression sup-
presses proliferation in breast cancer cell lines 
and inhibits xenograft tumor growth in vivo [16]. 
CYGB deficiency prevents the myotubes forma-
tion in myogenic progenitor cells and muscle 
regeneration [40]. Cygb overexpression or 
recombinant human CYGB (rhCYGB) induces 
G1 phase arrest in pancreatic cancer cells, as 
well blocks cell proliferation and ROS produc-
tion provoked by H2O2 challenge [15]. Cygb 
expression induced by DNA damage can stabi-
lize p53 and mediate G1 arrest [41]. In this 
study, we found that CYGB overexpression 
reduces HCC cell viability in time-dependent 
pattern (Figure 2C) and decrease HCC cell pro-
liferation with or without pre-H2O2 treatment in 
vitro (Figure 4A). CYGB expression is negatively 
associated with Ki-67 proliferative index in 
human HCC tissues (Figure 4B, 4C). CYGB over-
expression can inhibit DNA damage and simul-
taneously induce G1 phase arrest in pre-H2O2 
treated HCC cells (Figure 3D-F). Furthermore, 
we found that necrostatin-1 and Z-VAD-FMK, 
the inhibitors of cell death signaling, can miti-
gate CYGB-induced apoptotic inhibition in pre-
H2O2 treated HCC cells (Figure 4H and 4I). 
Moreover, necrostatin-1 or Z-VAD-FMK input 
alleviates CYGB proliferative inhibition upon 
pre-H2O2 treated HCC cells (Figure 4D-G). These 
data suggest that CYGB inhibits OS-induc- 
ed cell injury and compensatory proliferation, 
as a result, it exerts an anti-tumor effect  
via maintaining hemeostasis against HCC 
progression. 

Ectopic CYGB expression deregulates multi- 
ple cancer-associated genes, including the 
mTORC1 and AKT/mTOR signaling pathways, its 
regulative roles involve in epithelial-mesenchy-

mal transition (EMT), inflammatory response 
and DNA damage repair in melanoma cells 
[42]. CYGB overexpression deregulates PI3K/
AKT/mTOR signaling and inhibits cell prolifera-
tion and migration in fibroblast cells [43]. Cygb 
deficiency elevates extracellular signal-regulat-
ed kinase and Akt activity and promotes cancer 
cell proliferation, its deficiency increases liver 
and lung cancer incidence in mice exposed to 
DEN [38]. Intranasal administration of cytoglo-
bin can modulate p38 MAPK signaling-mediat-
ed apoptosis and improves hypoxic-ischemia 
brain damage in neonatal rats [44]. In this 
study, we found that CYGB significantly deregu-
lates AKT and ERK signaling in HCC cells with  
or without pre-H2O2 treatment (Figure 5). AKT 
and ERK are the pivotal tumor driver genes  
and are co-activated in multi-malignancies. 
Concanavalin A activates Akt/ERK/CyclinD1 
axis and promotes angiogenesis and prolifera-
tion in endothelial cells [45]. High lipocalin 2 
expression activates SRC/AKT/ERK-mediated 
antiapoptotic program and induces colorectal 
cancer (CRC) resistance to 5-fluorouracil thera-
py [46]. Damage-associated molecular pat-
terns (DAMPs) provide a protective mechanism 
in tumor relapse, metastasis and resistance  
to chemotherapy, cisplatin- and oxaliplatin-
induced damage activates AKT/ERK/Cyclin-D1 
axis and promotes cholangiocarcinoma pro-
gression [47]. Emerging studies further indi-
cate that the dual inhibition of PI3K/AKT/mTOR 
and RAF/MEK/ERK signaling provide a novel 
therapeutic regimen in multi-drug resistance 
cancers. The pharmaceutical dual blockade of 
EGFR/ERK and PI3K/AKT signaling shows a 
synergistically therapeutic effect against glio-
blastoma [50]. Costunolide, a dual inhibitor of 
MEK1 and AKT1/2, overcomes MEK1 and 
AKT1/2 abnormal activation-induced by EGFR-
TKI therapy and re-sensitizes lung cancer to 
osimertinib therapy [51]. Agrimoniin has a dual 
inhibitive activity of AKT and ERK kinases and 
exhibits an anti-pancreatic cancer effect by 
inducing apoptosis and cell cycle arrest [52]. 
Alpelisib is a selective PIK3CA inhibitor, it 
reduces the growth of HCC with PIK3CA muta-
tion in mouse model by inhibiting MAPK and 
AKT cascades [53]. In this study, we found that 
CYGB simultaneously inactivates AKT and ERK 

positive percentage is calculated and statistically analyzed. Data are shown as Mean ± SEM (Two-way ANOVA, “**” 
represents P < 0.01). (H) The mechanistic graphic is depicted and shown. 
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kinase in HCC cells (Figure 5) and its inhibition 
can be blocked by necrostatin-1 and Z-VAD-
FMK input in pre-H2O2 treated HCC cells (Figure 
5). Furthermore, our data shows the blockade 
of ERK1/2 signaling disrupts CYGB-induced 
proliferative inhibition upon pre-H2O2 treated 
HCC cells, whether the interruption of cell death 
signaling or not (Figure 6). Therefore, our find-
ings elucidate that CYGB inhibits OS-induced 
cell damage and subsequently compensatory 
proliferation via inactivating AKT/ERK/cyclinD1 
axis in HCC cells.

This study demonstrated that the role and 
underlying mechanisms of cytoglobin against 
HCC development. CYGB deficiency is associ-
ated with undesirable bio-behaviors and pre-
dicts a worse prognosis. The mechanistic in- 
vestigation reveals that CYGB overcomes  
oxidative damage-activated AKT/ERK/CyclinD1 
axis and compensatory proliferation. The 
observed effects and mechanistic insights sup-
port that CYGB restoration may provide a prom-
ising therapeutic rationale against advanced 
HCC. In particular, the combination strategy 
including CYGB which targets AKT/ERK aber-
rant activation to overcome HCC resistance to 
conventional chemotherapies merits to be fur-
ther explored. 
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