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Abstract: Liver fibrosis is the natural stress response of the liver to injury and a critical intermediate stage in the 
progression of most liver diseases. Here, we first demonstrated via a retrospective clinical study that the incidence 
of advanced hepatocellular carcinoma (HCC) was significantly higher in patients infected with hepatitis B virus 
(HBV) than in those with hepatolenticular degeneration (HLD). Further analyses involving micro RNA (miRNA) and 
proteomics were conducted to investigate the distinct mechanisms underlying liver fibrosis induced by HBV and 
HLD. Results showed significant changes in metabolic pathways and molecules, especially in AMP-activated protein 
kinase (AMPK) and Hippo signaling pathways, which play crucial roles in cellular glucose and lipid metabolism. 
Characteristic of HLD is a mutation/deletion in the ATPase Copper Transporting Beta (ATP7B) gene. Subsequent 
studies indicated that the knockdown or overexpression of ATP7B mutants activates the AMPK and Hippo signaling 
pathways, resulting in the inhibition of proliferation and transformation of HCC cells. AMPK phosphorylation indi-
cates the presence of metabolic stress. Thus, this finding might partly explain why patients with HLD-related liver 
fibrosis are more likely to develop liver failure rather than HCC, providing new insights into the intricate mechanisms 
linking metabolic orchestration and tumor development. 
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Introduction

Liver damage, caused by viral hepatitis infec-
tion, alcohol abuse, autoimmune hepatitis, or 
metabolic disorders, triggers an inflammatory 
response that culminates in cell death and 
destruction within the liver [1, 2]. In response to 
liver injury, the body initiates a fibrotic process, 
producing collagen and protein to repair the 
damaged areas [3, 4]. This process, known as 
liver fibrosis, refers to the intermediate patho-
logical state of connective tissue proliferation 
and is closely associated with subsequent liver 
diseases such as hepatocellular carcinoma 
and liver failure. Cirrhosis is the advanced 

stage of liver fibrosis and has a high global inci-
dence and mortality rate worldwide [5]. The 
World Health Organization estimates that over 
2 million people worldwide are diagnosed with 
cirrhosis annually, resulting in more than 
500,000 deaths [6]. The progression from cir-
rhosis to liver cancer or liver failure is poorly 
understood and the underlying mechanisms 
remain unclear.

As fibrosis is an intermediate stage in many 
liver diseases, the study of its molecular mech-
anisms is of particular importance [7, 8]. The 
Transforming Growth Factor-Beta (TGF-β)/
Smads signaling pathway is recognized as a piv-

http://www.ajcr.us
https://doi.org/10.62347/LBYG9841


Hippo signaling pathway affects the progression of hepatocarcinoma

3855	 Am J Cancer Res 2025;15(9):3854-3870

otal mechanism involved in fibrosis. Following 
hepatocyte injury, the release of TGF-β triggers 
the activation of hepatic stellate cells, leading 
to the substantial production of collagen and 
driving the progression of liver fibrosis [9]. 
Furthermore, the involvement of additional  
signaling pathways such as platelet-derived 
growth factor (PDGF), Hedgehog (Hh), and the 
Wnt/β-catenin pathway is also significant in 
contributing to liver fibrosis [10, 11]. The liver is 
the largest metabolic organ in the body, and 
metabolic abnormalities appear to be a primary 
cause of several liver diseases. Therefore, a 
large number of studies have focused on the 
effects of abnormal metabolism on liver fibro-
sis and its subsequent processes. For instance, 
recent research has demonstrated that the 
Slc25a47 locus exerts influence over the meta-
bolic regulation of liver fibrosis progression 
through its involvement in mitochondrial func-
tion [12], and that Bmal1 regulates hepatic  
stellate cell transformation in hepatic fibrosis 
via IDH1/α-KG-mediated glycolysis [13]. Given 
the close association between metabolic irreg-
ularities and the development as well as pro-
gression of liver disease, it is widely believed 
that these abnormalities play a pivotal role  
in the initiation of liver fibrosis and its subse-
quent progression to hepatocellular carcinoma 
[14-16].

Hepatitis B virus (HBV) infection is the most 
common cause of liver fibrosis [17-19], and 
such liver fibrosis is more likely to develop into 
hepatocellular carcinoma. Approximately 50% 
of liver cancer cases worldwide are attributed 
to HBV-induced liver fibrosis [20, 21]. In addi-
tion, patients with HBV-associated liver fibrosis 
have a significantly higher risk of developing 
hepatocarcinoma than those with liver fibrosis 
caused by other factors, and people infected 
with HBV have a more than 20-fold higher risk 
of hepatocarcinoma than uninfected individu-
als [22, 23]. Hepatocellular degenerative dis-
ease (HLD) is another factor leading to liver 
fibrosis, characterized by abnormal cellular 
metabolism due to mutations/deletion of 
ATPase Copper Transporting Beta (ATP7B) 
gene, which affects mitochondrial copper 
transport [24-26]. Advanced stages of HLD 
usually progress through liver fibrosis to cirrho-
sis rather than hepatocellular carcinoma [27], a 
phenomenon that has been noted in our clini-
cal observations of more than 2,000 cases 
over the past three decades. 

Both HBV infection and HLD can lead to meta-
bolic abnormalities and inflammatory respons-
esin the liver [28, 29]. Statistics from over 300 
clinical cases have shown that HLD-induced 
liver fibrosis is less likely to progress to he- 
patocarcinoma than HBV-induced fibrosis is. 
Therefore, this study aims to investigate the dif-
ferent molecular expressions and metabolic 
statuses associated with HBV infection and 
HLD-induced liver fibrosis. By investigating 
these differences, we hope to elucidate the 
underlying factors that contribute to the differ-
ent outcomes in liver fibrosis and cirrhosis [30]. 

We compared the incidence of liver cancer 
between two groups of patients: those with 
HBV infection and those with HLD-related liver 
fibrosis. The results revealed a significantly 
higher incidence of advanced liver cancer in 
HBV-infected patients compared to the HLD 
group (HLD: 0.52%; HBV: 9.4%). To further 
investigate the molecular differences between 
two groups, we conducted miRNA and pro-
teomic analysis on their liver tissues. Our analy-
sis revealed significant differences in pathways 
and molecules, which were confirmed by sub-
sequent proteomic and miRNA omics analysis. 
Of particular interest were the AMP-activated 
protein kinase (AMPK) and Hippo signaling 
pathways, known for their critical role in cellular 
glucose and lipid metabolism [31-33]. Further 
studies have shown that knockdown of ATP7B 
or overexpression of ATP7B mutants leads to 
AMPK phosphorylation and activation of the 
Hippo signaling pathway, which inhibits the pro-
liferation and transformation of HCC cells in 
this particular condition [34]. This finding may 
partially explain why patients with HLD-related 
liver fibrosis are more likely to develop liver fail-
ure rather than liver cancer, and provides a new 
insights for further investigation into the intri-
cate mechanisms linking metabolic orchestra-
tion and tumor development.

Materials and methods

Patient recruitment and clinical study

Clinical observations were initiated from April 
2018 to November 2022 at the Department of 
General Surgery, The First Affiliated Hospital of 
Anhui University of Chinese Medicine, Anhui, 
China. All subjects gave their informed consent 
to participate before the start of the study. The 
demographics and clinical characteristics of 
the patients are shown in Table 1. 
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Most patients were diagnosed with HLD or HBV. 
Patients suffering from other complications 
such as diarrhea were excluded. Blood biopsy 
were taken from the patients and blood profiles 
were determined, including Aspartate amino-
transferase (AST), Alanine aminotransferase 
(ALT), total bilirubin (TBIL) and total bile acid 
(TBA). HLD and HBV tissue and adjacent heal- 
thy liver tissue were collected by splenectomy. 
All subjects agreed to publish their CT images. 
All clinical trial protocols were approved by the 
Ethics Committee of The First Affiliated Hos- 
pital of Anhui University of Chinese Medicine, 
Anhui, China (approval no. 2025-SYSFYSY-06).

Reagents

All ATP7B mutant lentiviruses were provided  
by OBiO Bio-technology Co. Ltd. (Shanghai, 
China). Compound C (HY-13418A) and verte-
porfin (HY-B0146) were purchased from the 
MCE MedChemExpress (Shanghai, China). An- 
tibodies against caspase-3 (9662), FGF2 
(61977) and enolase-2 (29528) were purcha- 
sed from Cell Signaling Technology (Danvers, 
MA). APOB (ab20737), MRPS7 (ab224442) and 
MRPL3 (ab151326) antibodies were purchased 
from Abcam Ltd. (Cambridge, UK). Phospho-
AMPK (P-AMPK) (50081s) and AMPK (5831s) 
antibodies were purchased from Cell Signaling 
Technology (Danvers, MA). Phospho-YAP (P-YAP) 
(13008), YAP (14074), phospho-TAZ (P-TAZ) 
(59971) and TAZ (72804) antibodies were  
purchased from Cell Signaling Technology 
(Danvers, MA). GADPH (60004-1) and β-actin 
(66009-1) antibodies were purchased from 
Proteintech Group (Rosement, IL, USA). Steriflip 

trate was quantified with the BCA Protein Assay 
Kit (P0012, Beyotime Biotechnology, China). 
The sample was stored at -20°C. Two hundred 
micrograms of proteins were reduced with 1 
mM dithiotreitol and alkylated with 5.5 mM 
iodoacetamide. Proteins were digested with 
trypsin overnight, and stopped by 10% trifluor-
acetic acid. The peptides were desalted using 
C18 sep-pak cartridges and eluted with 1 ml 
methanol. Peptides were redissolved in Te- 
traethylammonium Bromide and labeled using 
TMT sixplex labeling reagent. The TMT-labeled 
peptides were combined and desalted by C18 
sep-pak cartridges. The fractions were centri-
fuged and analyzed by LC-MS/MS. The TMT-
labeled peptides were separated by gradient 
elution in a Thermo-Dionex Ultimate 3000 
HPLC system. The analytical column was a 
home-made C18 resin packed fused silica cap-
illary column. The Q Exactive mass spectrome-
ter was operated by Xcalibur 2.1.2 software 
and 10 data-dependent MS/MS scans followed 
a single full-scan mass spectrum in the orbi-
trap. The peak lists from LC-MS/MS analysis 
were generated with Proteome Discoverer soft-
ware. The MS/MS spectra were searched by 
the human FASTA database. Peptide spectral 
matches were validated using the Percolator at 
a 1% false discovery rate. The false discovery 
rate was set to 0.01 for protein identifications. 
Relative protein quantification was performed 
by Proteome Discoverer software. Protein ratios 
were calculated as the median of all peptide 
hits belonging to a protein. Quantitative preci-
sion was expressed as protein ratio variability. 
The biological meaning of proteomic data is 

Table 1. The demographics and clinical characteristics of 
individuals

Baseline characteristics HLD
(n=191)

HBV
(n=117) P value

Female/Male 79/112 47/70 0.403
Mean age 26.58±10.76 56.25±11.36 < 0.05
BMI 16.23±2.59 19.03±3.56 < 0.05
Disease Cycle 15.76e .56 16.15e .56 0.421
ALT 74.20±19.62 36.29±12.67 < 0.05
AST 63.75±14.99 49.19±13.83 < 0.05
TBIL 38.73±11.56 34.67±18.02 0.593
TBA 45.73±15.32 39.41±11.42 0.377
HLD, Hepatolenticular degeneration; HBV, Hepatitis B virus; BMI, Body 
Mass Index; ALT, Alanine aminotransferase; AST, Aspartate aminotransfer-
ase; TBIL, Total bilirubin; TBA, Total bile acid.

PVDF filters (0.1 or 0.22 μm pore 
size) and centrifugal filters were pur-
chased from Millipore. Various prim-
ers for RT-PCR were purchased from 
RiboBio (Guangzhou, China).

Proteomics

SDT buffer was added to the sam-
ple, and transferred to 2 ml tubes 
with amount quartz sand. The lysate 
was homogenized by MP Fastprep-24 
Automated Homogenizer (6.0 M/S, 
30 s, twice). The homogenate was 
sonicated and then boiled for 15 
min. After centrifuged at 14000 g 
for 40 min, the supernatant was fil-
tered with 0.22 µm filters. The fil-
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first analyzed by Gene Ontology analysis and 
KEGG pathway enrichment. And we using 
SIGNOR database to generate a literature-
based signaling information. The knowledge-
based data obtained from STRING10 database 
is used to analyze the association within com-
mon, differently expressed proteins. Cytoscape 
3.4.0 was used to visualize the common, differ-
ently expressed proteins.

High-throughput RNA-seq analysis

High-throughput RNA-seq analysis of tissues 
was performed at Genergy Co. Ltd. Total RNA 
was isolated by Trizol (Invitrogen, USA). The 
quantity and integrity of RNA yield was assessed 
by the Qubit® 2.0 (Life Technologies, USA) and 
Agilent 2200 TapeStation (Agilent Technologies, 
USA), respectively. For each sample, 1 μg of 
total RNA was used to prepare small RNA librar-
ies using the NEBNext® Multiplex Small RNA 
Library Prep Set for Illumina (NEB, USA) accord-
ing to the manufacturer’s instructions. The 
libraries were sequenced by HiSeq 2500 
(Illumina, USA) with single-end 50 bp at Genergy 
Co. Ltd. (Genergy, China).

Cell culture and transfections

The HCC cells (MHCC-97H and Huh-7) were 
confirmed to be free from mycoplasma contam-
ination and were cultured in DMEM medium 
(C11965118BT, Gibco, USA) containing 10% 
FBS (Gibco, Australia), in an incubator of 5% 
CO2 at 37°C. The medium was replaced every 3 
days. The cells were passaged by trypsinization 
when reaching ~80% confluency. Cells were 
seeded in individual plates. Following the man-
ufacturer’s instructions, expression constructs 
were transfected into cells with Polybrene 
(OBiO). After transfection, cells were washed 
twice with 1× PBS and the medium was 
replaced with complete medium 4-6 h after 
transfection.

Real-time quantitative PCR

Total RNA was extracted from cells with TRIzol 
reagent (Invitrogen, USA), as recommended by 
the manufacturer. Nanodrop (Thermo, USA) 
was used to quantify the concentration of RNA. 
cDNA was produced from 1 μg of total RNA 
using PrimeScript RT reagent KIT with gDNA 
Eraser (Perfect Real Time) (RR047A; Takara). 
qRT-PCR was performed in triplicate with the 

HiScript® II Q RT SuperMix for qPCR (+g DNA 
wiper) (R223, Vazyme Biotech, Nanjing, China) 
and the Roche LightCycler 96 System (Roche, 
Basel, Switzerland). The sequences were ob- 
tained from the GenBank nucleic acid sequence 
database (National Center for Biotechnology 
Information). Relative expression was calculat-
ed according to the 2-ΔΔCT method. U6 was used 
as the internal reference genes.

Western blot

Human or cell tissue was lysed with RIPA lysis 
buffer (Beyotime Biotechnology, China) accord-
ing to the manufacturer’s protocol. Protein con-
centrations were determined using the BCA 
protein assay kit (Beyotime Biotechnology, 
China). Proteins (20 μg) were separated via 
10% SDS-PAGE, and subsequently transferred 
onto NC membranes (EMD Millipore). After 
transferred to a NC membrane, following block-
ing with 5% bovine plasma albumin, the mem-
branes were washed three times with PBS. 
Subsequently, the membranes were incubated 
with primary antibodies at 4°C overnight. After 
washing with PBS, the membranes were incu-
bated with H&L secondary antibody for 1 h  
at 25°C. Protein bands were visualized using 
the ECL Substrate kit (Thermofisher). Finally, 
Protein expression levels were semi-quantified 
using Image-Pro Plus software (version 6.0; 
Media Cybernetics, Inc.).

Periodic Acid Schiff stain (PAS)

The tissue slices from HLD and HBV patients 
was fixed a in PAS fixative solution and then 
stained with PAS for subsequent examination 
under a light microscope (Olympus, Tokyo, 
Japan). The PAS yielded signal was captured in 
full color using bright field. Images were con-
verted to greyscale and the mean optical den-
sity of the PAS-derived signal was semi quanti-
fied per cell. More than 100 cells were scored 
per experiment. An image of PAS-staining with-
out glycogen was captured to correct back-
ground optical density.

Cell proliferation assay

Cell proliferation assays were performed using 
the Cell Counting Kit-8 (CCK-8; Beyotime 
Biotechnology, Shanghai, China) according to 
the manufacturer’s instructions. Briefly, cells 
were seeded onto 96-well plates (3 × 103 cells 
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per well) and treated with inhibitors when they 
reached 70-80%, and were then added with 10 
µL of CCK-8 solution, culturing for 1 h at 37°C 
in air with 5% CO2 on designated days. The 
absorbance was measured at 450 nm using 
SynergyH1 (Biotek, Agilent, California, USA). For 
EdU assay, the cells were treated for 48 h, fol-
lowed by using the BeyoClick™ EdU Cell 
Proliferation Kit with Alexa Fluor 594 (Beyotime 
Biotechnology, C0078S), according to the man-
ufacturer’s protocol.

Clonogenic assay

The hepatoma cell lines MHCC-97H and Huh-7 
were either seeded into a 6-well plate (800-
2500 cells per well) with or without agarose. 
The cells were cultured for 1-2 weeks in the 
presence of Compound C or verteporfin. For 
agarose-free culture, the cells were fixed with 
4% paraformaldehyde and stained with crystal 
violet for 20 min. After washing with PBS, the 
number of colonies was counted. For agarose-
containing culture, the number of clone clus-
ters formed within the field of view under an 
inverted microscope was observed and quanti-
fied. Photographs were taken for both groups.

Data analyses

All results are presented as mean ± SD. P val-
ues were calculated using Student’s t-test for 
the comparison of differences between two 
groups. Significance among multiple groups 
was tested using one-way or two-way ANOVA. P 
< 0.05 was considered statistically significant.

Results

HLD patients exhibit a lower incidence of liver 
cancer

Liver fibrosis is an important nexus of liver 
lesions caused by a variety of factors. Our pre-
vious clinical observations have shown that 
fibrosis induced by HLD is less likely to lead to 
liver cancer than fibrosis induced by the hepati-
tis B virus (HBV). Based on this, we have pre-
sented cartoon diagrams and pathological 
slides of different stages in Figure 1A. There 
was no difference in blood fibrosis indices (data 
not shown) and imaging between HBV and HLD 
in the liver fibrotic stage; however, HBV-induced 
liver fibrosis is prone to develop into hepatocar-
cinoma (Figure 1B). Based on the above obser-

vations, data from more than 300 patients 
were collected from the First Affiliated Hospital 
of Anhui University of Chinese Medicine in 
2019-2023, including HLD (191 cases) and 
HBV (117 cases), a total of 308 patients exhib-
ited significant difference in physiological and 
pathological indicators including age, BMI, ALT, 
AST during liver fibrosis. Subsequent follow-up 
studies showed a significantly lower incidence 
of cancer in HLD patients compared to HBV 
patients (HLD: 0.52%; HBV: 11.97%), especially 
regarding hepatocellular carcinoma (HLD: 
0.52%; HBV: 9.4%) (P < 0.05; Table 2). Sta- 
tistically, HBV patients accounted for 50% to 
80% of HCC cases worldwide [35], which is con-
sistent with our clinical observations. The dif-
ferential clinical data partially explains the rea-
sons for the difference in tumor incidence 
between the HLD and HBV groups. However, 
the study observed that there was no signifi-
cant difference in the course of the disease 
and pathological signs between the two groups, 
indicating that there must be other underlying 
mechanisms causing the disparity in tumor 
incidence between the two groups. Liver tis-
sues from patients with hepatic hemangioma, 
HLD and HBV were collected during surgery 
(Figure S1A-I), Masson’s staining showed nor-
mal liver tissues in patients with hepatic hem-
angioma (Figure S1B, S1C), while fibrous tis-
sues in HLD and HBV patients were extensively 
proliferated, hepatic lobe space was enlarged, 
hepatocyte edema with a large number of 
inflammatory cell infiltration (Figure S1E, S1F, 
S1H, S1I). The above results indicate that 
despite the presence of fibrotic changes in liver 
tissue among HLD and HBV patients, the pro-
gression of liver fibrosis in these groups differs. 
Moreover, the incidence of liver cancer in HLD 
patients was significantly lower than that in 
HBV patients. In conclusion, according to the 
clinical statistics, CT reports, pathological 
specimens and multiple studies we collected, it 
was confirmed that HBV-induced liver fibrosis 
tends to develop into hepatocarcinoma, while 
HLD-induced liver fibrosis inhibits the occur-
rence of hepatocarcinoma and tends to liver 
failure, which is significantly different.

Proteomic differences between HLD and NOR 
patients

To further investigate the differential changes 
in liver fibrosis between patients with HLD or 
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Figure 1. Patients with HLD have a low incidence of liver cancer. A. Schematic representation of liver fibrosis due to 
different etiologies leading to different outcomes. B. Imaging data of different outcomes of liver fibrosis caused by 
HLD (eventually leading to cirrhosis) and HBV (eventually leading to HCC).

NOR, we conducted proteomic and transcrip-
tomic analyses on fresh tissue samples. Based 
on the proteomic analysis of 3 cases of HLD-
induced cirrhosis and 3 cases of normal liver, 
we identified 305 significantly differentially 
expressed proteins between the two groups 
(top 15 in Heat map is shown in Figure 2A and 
top 15 in Volcano plot is shown in Figure 2B). 
Specifically, there were 219 proteins upregulat-
ed and 86 proteins downregulated in HLD 
patients compared to NOR patients (Figure 2C). 
Subsequent Gene Ontology (GO) analysis high-
lighted significant differences in biological pro-
cesses, molecular function and cellular compo-

nent between the two groups, with a particular 
focus on abnormal metabolism (Figures 2D 
and S2A). KEGG pathway analysis revealed that 
the enriched pathways associated with the dif-
ferentially expressed proteins were predomi-
nantly related to metabolism. These findings 
suggest the presence of distinct metabolic dif-
ferences in the liver between the two groups of 
patients, which could potentially contribute to 
the observed divergent clinical outcomes 
observed (Figurse 2E and S2B). The results 
from protein-protein interaction network (PPI) 
analysis indicated a significant coordinated 
interaction between metabolic pathways in the 
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two groups (Figure 2F). The consistent results 
of protein quality control across different 
patient groups confirm the reliability of our 
analysis and hence the robustness of the 
results (Figure S2C-H). 

Differentially expressed miRNAs between HLD 
and NOR patients 

To compare the differences in miRNAs between 
patients with HLD-induced cirrhosis and nor-
mal tissues, RNA from liver tissue samples 
from both groups underwent sequencing. The 
RNA quality control of the isolated tissues from 
each patient group met the standard and is 
suitable for subsequent analysis (Figure S2A 
and S2B). The expression profiles of miRNAs 
between the two groups revealed that 21 miR-
NAs were differentially expressed (The tran-
scriptional data quality control can be seen in 
Figure S3A and S3B. Heat map was shown in 
Figure 3A and Volcano plot was shown in Figure 
3B). Among them, 18 miRNAs were up-regulat-
ed and 3 miRNAs were down-regulated in the 
liver tissue of HLD patients compared to NOR 
patients (Figures 3C and S3C). GO functional 
analysis of the differentially expressed miRNAs 
showed that the differences between the two 
groups were observed in the Biological Process 
category, indicating their involvement in the 
regulation of biological functions (Figures 3D, 
S3D and S3E). KEGG pathway enrichment anal-
ysis revealed that the differences between the 
two groups were mainly associated with cancer 
development. This finding may provide insight 
into why patients with HLD-induced cirrhosis 
and HBV-induced cirrhosis exhibit different out-
comes. Moreover, significant differences were 
observed in the Hippo and AMPK pathways 
between the two groups (Figure 3E). Network of 
miRNAs analysis revealed that the AMPK and 
Hippo signaling pathways interact with numer-
ous cancer-related pathways (Figure 3F). The 
expression results of key miRNAs in tissues 
detected by qRT-PCR technology were consis-

tent with the results of omics analysis (Figure 
3G). Through these experiments, we have iden-
tified differences in key metabolic pathways, 
specifically the AMPK and Hippo signaling path-
ways, between the two patient groups, which 
interact with pathways involved in cancer 
development.

Transcriptomic analysis of mRNA and its inte-
gration with miRNA transcriptomics and pro-
teomic analysis

Omics analysis of mRNAs in two groups of 
patients with HLD-induced cirrhosis or normal 
liver tissues revealed a large number of differ-
entially expressed mRNAs between the two 
groups (Heat map is shown in Figure 4A and 
Volcano plot is shown in Figure 4B). GO func-
tional analysis revealed that the differentially 
expressed mRNAs between the two groups 
were mainly enriched in stress response, which 
may be caused by liver cell damage in liver cir-
rhosis (Figure 4C). KEGG enrichment analysis 
identified enrichment in the AMPK signaling 
pathway and other pathways related to carbo-
hydrate and glycolipid metabolism (Figure 4D), 
which is consistent with our findings in miRNA 
omics analysis. Previous studies have demon-
strated the close association between glycolip-
id metabolism and the Hippo signaling pathway 
[36-38]. The combined analysis of miRNA and 
mRNA omics suggests the presence of 12 
upregulated miRNAs and 3 downregulated miR-
NAs that target the differentially expressed 
mRNAs. These changes in miRNAs resulted in 
the upregulation of 29 mRNAs and the down-
regulation of 22 mRNAs (Figure 4E), which is in 
line with our findings in the miRNA omics analy-
sis. The intersection analysis of mRNA and pro-
tein omics results revealed an overlap of 131 
mRNAs and proteins that were upregulated and 
12 that were downregulated in both datasets, 
confirming the consistency between mRNA and 
protein omics results (Figure S4A-D). Combining 
these results with the differential expression of 
upstream miRNAs, we identified two consis-
tently altered upstream miRNAs were found to 
target 5 downstream mRNAs and proteins 
(Figure 4F). Western blot (WB) results validated 
the expression of key proteins in the differen-
tially regulated pathways identified by the omics 
analysis (Figure 4G). The results of the mRNA 
omics analysis further supported the consis-
tent regulation of metabolic signaling pathways 
observed in the miRNA omics and protein 

Table 2. Incidence of cancers

Cancer types HLD
(n=191)

HBV 
(n=117) P value

Lung 0 1 0.201
Stomach 0 2 0.070
Liver 1 11 < 0.001
Pancreas 0 0 --
Total 1 14 < 0.001
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omics results, suggesting that these changes 
may be related to the stress response 
function.

The Hippo and AMPK pathways are activated 
in liver samples from HLD patients

The above omics analysis revealed that the pro-
tein and miRNA differences between HLD and 

HBV were mainly enriched in glycolipid metabo-
lism, and the Hippo and AMPK signaling path-
ways, and the Hippo signaling pathway is close-
ly associated with tumor progression [39-41]. It 
was found that the AMPK and Hippo signaling 
pathways were activated in the liver tissues of 
HLD patients compared to the control group 
(*P < 0.05; Figure 5A), which was consistent 
with the omics results. Periodic Acid Schiff 

Figure 2. The profiling of proteins. A. Heat map of top 15 differentially expressed proteins in HLD and NOR. B. 
Volcano plot of differentially expressed proteins in HLD and NOR. C. List of proteins with increased and decreased 
expression in tissues of HLD and NOR patients. D. Gene Ontology (GO) term analysis. E. Target pathways of top 15 
differential expressed proteins. F. Network of Protein-Protein Interaction (PPI) between NOR group and HLD group. 
HBV represents the Hepatitis B virus infection group, while HLD refers to hepatolenticular degeneration.
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stain (PAS) staining showed a significant 
increase in glycogen granule deposition in liver 
tissue from HLD patients compared to HBV 
patients (*P < 0.05; Figure 5B). Since HLD is a 
copper metabolism disorder caused by ATP7B 
mutation or deletion, we identified R778L as 
the major mutation site based on ATP7B 
sequencing of 20 HLD patients, and subse-
quently constructed ATP7B R778L mutant lenti-
virus (ATP7B mut) accordingly (Figure 5C). To 
further investigate how ATP7B mutation or 
deletion affects tumor metabolism, we overex-
pressed ATP7B mut in two hepatocellular carci-
noma cell lines, MHCC-97H and Huh-7, and 

treated the cells with the AMPK pathway activa-
tor (metformin) or AMPK pathway inhibitor 
(compound C) under energy-sufficient or ener-
gy-deficient conditions, respectively. As shown 
in Figure 5, overexpression of the ATP7B mut 
activated the Hippo signaling pathway (*P < 
0.05; lane 1 vs lane 2 and 4 in Figure 5D, 5E), 
resulting in increased level of Yes-associated 
protein (YAP)/Phosphor-YAP (P-YAP) and tran-
scriptional coactivator with PDZ-binding mo- 
tif (TAZ)/Phosphor-TAZ (P-TAZ). Although the 
ATP7B mut led to activation of AMPK phosphor-
ylation in hepatocytes (data not shown), it had 
a negligible effect on AMPK phosphorylation in 

Figure 3. The profiling of miRNAs. A. Heat map of top 15 differentially expressed miRNAs in HLD and NOR. B. Vol-
cano plot of differentially expressed miRNAs in HLD and NOR. C. List of miRNAs with increased and decreased ex-
pression in tissues of HLD and NOR patients. D. Gene Ontology (GO) classification of differential expression genes in 
the liver tissue of HLD and NOR. E. Top 20 signaling pathways predicted to be regulated by differentially expressed 
genes. F. Protein-Protein Interaction (PPI) network comparison between NOR group and HLD group. NOR, normal 
group; HLD, hepatolenticular degeneration. G. Validation of differentially expressed miRNAs in tissues.
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tumor cells (Figure S5). Furthermore, due to 
metabolic reprogramming in tumor cells, AMPK 
phosphorylation varied dramatically between 
different tumor cells (Figure S5A vs S5B). 
Although the effect of ATP 7B mut on AMPK 
phosphorylation was not significant in tumor 
cells, the AMPK inhibitor Compound C still 
inhibited the activation of the Hippo signaling in 
MHCC-97H and Huh-7 cells (*P < 0.05; Figure 

5D, 5E, lane 4 vs 5). Similarly, the Hippo signal-
ing was further activated by metformin (*P < 
0.05; lane 3 vs lane 4 in Figure 5D, 5E). These 
results suggest that ATP7B mutants, which 
mimic HLD, induce a specific activation of the 
Hippo signaling pathway in HCC cells, and that 
this activation is dependent on the phosphory-
lation status of the metabolic stress sensor 
AMPK. 

Figure 4. mRNA omics data integration for correlation analy-
sis with miRNA and proteomics omics. A. Heat map of top 15 
differentially expressed mRNAs in HLD and NOR. B. Volcano 
plot of differentially expressed mRNAs in HLD and NOR. C. 
Gene Ontology (GO) classification of differential expression 
genes in the liver tissue of HLD and NOR. D. Top 15 signal-
ing pathways predicted to be regulated by differentially ex-
pressed genes. E. Analysis of omics results: miRNA-mRNA 
intersection network. F. Construction of the miRNA-mRNA-
protein network. G. Validation of key pathway protein expres-
sion in tissues. HBV refers to the Hepatitis B virus infection 
group, while HLD represents hepatolenticular degeneration.
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Mutation or deletion of ATP7B mimicking HLD 
inhibits tumor cell progression

Mutation or deletion of the ATP7B gene, mim-
icking HLD, activates the Hippo signaling path-
way, which is often involved in tumor growth 
and proliferation. However, is unclear how the 
Hippo signaling activated by mutation or dele-
tion of ATP7B affects the progression of HCC. 
Two types of hepatocellular carcinoma cells, 
MHCC-97H and Huh-7, were cultured under 

energy-sufficient or energy-deficient condi-
tions. It was found that the proliferative capac-
ity of these cells was significantly higher than 
that of the ATP7B knockdown cells, suggesting 
that loss of ATP7B inhibits tumor cell growth 
(*P < 0.05; Figure 6A). MHCC-97H and Huh-7 
cells with or without ATP7B knockdown were 
cultured under low (2% FBS) serum conditions 
and treated with the Hippo signaling inhibitor 
Verteporfin or the AMPK signaling inhibitor 
Compound C (Compd C), respectively. In both 

Figure 5. The Hippo and AMPK pathways are activated in HLD patients or overexpression of ATP7Bmut. A. Liver tissue 
samples obtained from individuals with HBV, HLD, or normal conditions were collected and lysed. Hippo and AMPK 
signaling were assessed with YAP, phospho-YAP (P-YAP), TAZ, and phospho-TAZ (P-TAZ) antibodies. Western blot 
bands were quantified by densitometry (*P < 0.05, NOR vs HLD). B. Representative images and quantitative analy-
sis of periodic Acid Schiff staining of liver sections (scale bar =100 μm; *P < 0.05). C. ATP7B mutations identified in 
HLD patients (n=20). D. MHCC-97H cells, with or without overexpression of ATP7Bmut, were treated with Compound 
C (10 μM) or metformin (Met, 1 mM) and cultured under high- or low-glucose conditions. Hippo signaling was as-
sessed with YAP, P-YAP, TAZ, and P-TAZ antibodies. Western blot bands were quantified by densitometry (*P < 0.05). 
E. Huh-7 cells, with or without overexpression of ATP7Bmut, were treated with Compound C (10 μM) or metformin 
(Met, 1 mM) and cultured under high- or low-glucose conditions. Hippo signaling was detected with YAP, P-YAP, TAZ, 
and P-TAZ antibodies. Western blot bands were quantified by densitometry (*P < 0.05).
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MHCC-97H and Huh-7 cells, the knockdown of 
ATP7B eliminated the low serum viability of 
these tumor cells, while the use of Verteporfin 
could restore this low serum viability to some 
extent. Whereas the use of Compound C after 
ATP7B knockdown did not restore the low 
serum viability of MHCC-97H and Huh-7 cells 
(*P < 0.05; Figure 6B). Further focus formation 
assays showed that knockdown of ATP7B sig-
nificantly restored cell-to-cell contact inhibition 
in MHCC-97H or Huh-7 cells, thereby inhibiting 
foci formation (*P < 0.05; Figure 6C, column 1 
vs column 2). Verteporfin inhibition of the Hippo 
pathway caused MHCC-97H and Huh-7 cells to 
lose cell-cell contact inhibition to some extent 
(*P < 0.05; Figures 6C and S6A, column 2 vs 
column 3), partially reserving the malignant 
transformation of the tumor cells. On the other 
hand, Compound C also significantly inhibited 
the formation of foci (*P < 0.05; Figure 6C, col-
umn 1 vs column 4), indicating that AMPK 
phosphorylation is required for the malignant 
transformation of MHCC-97H and Huh-7 cells. 
In anchorage-independent growth assays, 
knockdown of ATP7B significantly inhibited col-
ony formation of MHCC-97H or Huh-7 cells in 
soft agar (*P < 0.05; Figures 6D and S6B, col-
umn 1 vs column 2). Verteporfin, the Hippo sig-
naling inhibitor, caused MHCC-97H and Huh-7 
cells to regain the ability to form colonies (*P < 
0.05; Figure 6D, column 2 vs column 3). 
Compound C also significantly inhibited colony 
formation in soft agar (*P < 0.05; Figure 6D, 
column 1 vs column 4). In conclusion, muta-
tions or deletions in the ATP7B gene that mimic 
HLD activate the Hippo signaling pathway and 
inhibit the proliferation and transformation of 
HCC cells. This may partly explain why HLD 
patients exhibit a lower incidence of hepatocel-
lular carcinoma. Figure 6E presents a model 
demonstrating how ATP7B mutation or deletion 
in HLD affects the process of liver fibrosis.

Discussion 

Liver fibrosis is a natural response to injury and 
serves as a critical intermediate stage in the 
progression of most liver diseases. As suggest-
ed by the clinical data referenced or presented 
in this study, fibrosis caused by different fac-
tors, such as HBV or HLD, does not differ signifi-
cantly in physiopathological signs, but does 
diverge in subsequent disease progression. As 
the disease progresses, it is clear that HBV-
induced fibrosis is more likely to progress to 

HCC, the predominant cause of liver cancer. 
HLD-induced fibrosis, on the other hand, is 
more likely to progress to liver failure via cirrho-
sis. HLD is primarily caused by metabolic disor-
ders and is commonly associated with condi-
tions such as obesity, diabetes, and hyperlipid-
emia. In contrast, liver damage caused by HBV 
infection is typically the result of chronic inflam-
mation and immune response [42, 43]. These 
factors may lead to HLD patients experiencing 
rapid liver failure more easily, while HBV 
patients undergo a chronic course character-
ized by inflammation and cellular regeneration, 
making them more likely to develop HCC [44, 
45]. Since HBV and ATP7B mutation/deletion 
(leading to HLD) are two clear precursors of 
fibrosis, they are ideal models to study fibrosis, 
in particular the factors and molecular mecha-
nisms that determine the subsequent disease 
progression. This study primarily aims to exam-
ine these aspects. As the largest metabolic 
organ in the human body, alterations in liver 
metabolism undoubtedly play a central role in 
most liver diseases. Hence, our research 
focused on the changes in metabolic orches-
tration resulting from HBV infection or ATP7B 
mutation/deletion, differences in specific mol-
ecules and pathways, and how these variations 
influence tumor progression.

In the present study, we first confirmed in a ret-
rospective clinical study that liver disease pro-
gression of liver disease follows different path-
ways after the induction of liver fibrosis by 
either HBV or HLD. We then used proteomics, 
RNA-seq and combined analyses of clinical 
samples to identify differences in specific mol-
ecules and signaling pathways in HBV- or HLD-
induced liver fibrosis. In subsequent studies, 
we focused on the effects of metabolic stress, 
represented by AMPK phosphorylation and 
Hippo pathway activation, on HCC progression. 
We validated the inhibitory effect of the Hippo 
pathway on HCC progression in response to 
metabolic changes caused by ATP7B mutation/
deletion. Our findings elucidate the relationship 
between differences in metabolic stresses and 
alterations, activation of the Hippo pathway 
and the direction of subsequent disease pro-
gression in liver fibrosis from different causes. 
At present, we only know that metabolic chang-
es, such as metabolic stress signaled by AMPK, 
can influence the activation of the Hippo signal-
ing, but the exact mechanism remains unclear 
and requires further investigation. There is a 
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consensus in the research community that the 
Hippo signaling pathway is closely linked to 
tumor progression. A large number of studies 
have shown that its activated state promotes 
tumor size, growth and proliferation, and it is 
also closely linked to glycolipid metabolism. Its 
downstream SREBP2 is a transcription factor 
and a primary regulator of cholesterol homeo-
stasis [46-49]. Studies have also found that the 
phosphorylation of AMPK or the activation of 
the Hippo signaling pathway can also inhibit the 
progression of liver fibrosis [50]. This may part-
ly explain why HLD patients are less likely to 
progress to HCC [51]. Unexpectedly, we found 
that activation of the Hippo pathway by ATP7B 
mutation had an anti-tumor effect, highlighting 
the dual nature of the Hippo pathway in tumor 
progression. In our study, we also found that 
ATP7B mutation led to glycogen accumulation 
and increased ROS. The relevance of these 
changes to tumor progression needs to be fur-
ther investigated.

HLD is a disease characterized by abnormal 
copper metabolism caused by mutation or 
deletion in ATP7B, which is usually character-
ized by abnormal copper homeostasis and cop-
per overload, particularly in the liver. Given that 
clinical patients usually undergo copper detoxi-
fication treatments and that we did not include 
copper ions in our cellular experiments, this 
suggests that the effect of ATP7B mutation on 
tumor progression in our subsequent experi-
ments was independent of copper toxicity, a 
point we would like to clarify here.

In conclusion, our findings partially elucidate 
the mechanism by which different causes of 
liver fibrosis take different directions in subse-

quent disease progression. The discovery of 
the key role of the Hippo pathway here provides 
new approaches and ideas for potential treat-
ment, as well as new avenues for exploring the 
relationship between the Hippo pathway and 
cancer progression.
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Figure 6. Knockdown of ATP7B inhibit the proliferation of HCC cells. A. Left graph: Proliferation (number of cells 
increased (folds) at different time points) of MHCC-97H cells with or without ATP7B knockdown, cultured under high 
or low glucose conditions. Right graph: Proliferation (number of cells increased (folds) at different time points) of 
Huh-7 cells with or without ATP7B knockdown, cultured under high or low glucose conditions. HG: 4.5 g/L Glucose; 
LG: 1 g/L Glucose (scale bar =1000 μm; *P < 0.05). B. Top graph: MHCC-97H cell proliferation (the number of cells 
increased (folds) at different time points): MHCC-97H cells without or with ATP7B knockdown, treated without or 
with Hippo (Verteporfin, 3 μM) or AMPK (Compound C, 10 μM) signaling pathway inhibitors, were cultured under 
low serum (2% FBS) conditions (*P < 0.05). Bottom graph: Huh-7 cell proliferation (the number of cells increased 
(folds) at different time points): Huh-7 cells without or with ATP7B knockdown, treated without or with Verteporfin 
(3 μM) or Compound C (10 μM), were cultured under low serum (2% FBS) conditions (*P < 0.05). C. MHCC-97H cell 
focus formation assay: MHCC-97H cells without or with ATP7B knockdown were treated without or with Verteporfin 
(3 μM) or Compound C (10 μM). The number of foci formed was counted (*P < 0.05). D. MHCC-97H cell colony for-
mation assay: MHCC-97H cells without or with ATP7B knockdown were treated without or with Verteporfin (3 μM) or 
Compound C (10 μM). The number of colony formed in soft agar was counted (*P < 0.05). E. Schematic illustration 
of the mechanism: Mutations in the ATP7B modulate the expression of AMPK and Hippo signaling pathway-related 
proteins, thereby influencing the progression of hepatic fibrosis and altering the final disease outcome.
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Figure S1. Masson’s staining of the patient’s liver tissue. A. The normal liver tissue of the patient with hepatic hae-
mangioma. B and C. Masson’s staining of normal liver tissue under 100× and 400× microscope. D. Liver tissue from 
a patient with HLD. E and F. Masson’s stain of HLD liver tissue under 100× and 400× microscope. G. Liver tissue 
from HBV patients. H and I. Masson’s stain of HBV liver tissue under 100× and 400× microscope.
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Figure S2. Enrichment plot for quality control and functional supplementation in proteomics. A. Percentage histo-
gram of GO functions. B. Percentage histogram of KEGG enrichment. C. Location Pie of Proteomics. D. Principal 
Component Analysis of Proteomics. E. Distribution of Identified Peptide Counts in Proteomics. F. Distribution of Pep-
tide lon Scores. G. Distribution of Peptide Sequence Lengths. H. Distribution of Peptide Mass Deviations.
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Figure S3. Omics RNA Quality Control and Omics Results and Validation. A. Comparison of RNA contents in different samples. B. PCA plot of miRNA expression 
abundance. C. Significant Enrichment GO Scatterplot. D. Disease Enrichment Dot Plot. E. Disease Enrichment Bar Plot.
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Figure S4. Multi-omics integrative analysis. A. Network of differentially expressed mRNAs. B. Intersection of Upregulated Expression in Proteomics and mRNA omics. 
C. Intersection of Downregulated Expression in Proteomics and mRNA omics. D. miRNA and Protein Interaction Network.
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Figure S5. The AMPK pathways are activated after overexpression of ATP7Bmut. A. MHCC-97H cells without or with 
overexpression of ATP7Bmut, treated without or with Compound C or metformin, were cultured under high- or low-
glucose culture conditions. AMPK signaling was detected using AMPK and phospho-AMPK (P-AMPK) antibodies. 
Western blot bands were quantified by densitometry (*P < 0.05). B. Huh-7 cells without or with overexpression of 
ATP7Bmut, treated without or with Compound C or metformin, were cultured under high- or low-glucose culture condi-
tions. AMPK signaling was detected using AMPK and phospho-AMPK (P-AMPK) antibodies. Western blot bands were 
quantified by densitometry (*P < 0.05).

Figure S6. Knockdown of ATP7B inhibits HCC cell proliferation. A. Huh-7 cell focus formation assay: Huh-7 cells with-
out or with ATP7B knockdown were treated without or with Verteporfin or Compound C. The number of foci formed 
was counted (*P < 0.05). B. Huh-7 cell colony formation assay: Huh-7 cells without or with ATP7B knockdown were 
treated without or with Verteporfin or Compound C. The number of colonies formed in soft agar was counted (*P < 
0.05). The number of colony formed in soft agar was counted (*P < 0.05).


