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Background and aims: Hepatocellular carcinoma (HCC) is a leading cause of cancer-related mortality
worldwide, and its etiology involves a complex interplay of genetic and environmental factors. Despite ad-
vancements in our understanding of HCC biology and the development of novel therapeutic strategies, the
molecularmechanisms underlying its onset, progression, and resistance to therapy remain largely vague. This
study aimed to investigate the role of mechanosensitive ion channel-related genes (MICRGs) in HCC, focusing
on their potential as prognostic biomarkers and their involvement in immunemodulationanddrug resistance.
Methods: A comprehensive analysis was conducted using The Cancer Genome Atlas database to identify
MICRGs that are upregulated in HCC. Gene expression profiling, bioinformatics tools, and functional
experiments were employed to elucidate the role of these channels. In addition, proteineprotein
interaction (PPI) network analyses and enrichment analyses were performed to explore the biological
significance of these genes. An immune cell infiltration analysis was also conducted to understand
MICRG-related immune landscape. Single-cell RNA sequencing (scRNA-seq) data were utilized to identify
MICRGs in different cell types within the HCC tissue. Deep-learning neural network analysis across
patient cohorts was conducted to identify genes associated with sorafenib resistance. Knockdown ex-
periments, cell viability assays, and apoptosis assays on HCC cell lines were performed to examine the
role of Piezo-type mechanosensitive ion channel component 1 (PIEZO1) in sorafenib resistance.
Results: The analysis identified a subset of MICRGs, including PIEZO1, that were significantly upregulated in
HCC and associated with poor prognosis. The PPI network analysis revealed complex interactions among
these genes. Gene Ontology and Kyoto Encyclopedia of Genes and Genomes pathway enrichment analyses
proposed the involvement of these genes in calcium signaling pathways. Immune cell infiltration analysis
demonstrated distinct associations between MICRGs and various immune subpopulations, highlighting
their potential roles in immune modulation. scRNA-seq data indicated the upregulation of MICRGs in
various cell types in HCC tissues, particularly in endothelial cells and tumor-associated macrophages. Deep-
learning neural network analysis across different patient cohorts identified PIEZO1 as a crucial regulator of
sorafenib resistance in HCC, which was further validated by functional assays on HCC cell lines.
Conclusions: This study provides evidence that MICRGs, particularly PIEZO1, take on crucial roles in HCC
progression and drug resistance. The upregulation of PIEZO1 in HCC cells is associated with poor prog-
nosis and resistance to sorafenib. These findings indicate that PIEZO1 could serve as a potential thera-
peutic target for overcoming drug resistance and a prognostic biomarker in HCC. Future studies should
focus on validating these findings in larger patient cohorts and exploring the functional implications of
targeting PIEZO1 in preclinical models.
© 2025 The Third Affiliated Hospital of Sun Yat-sen University. Publishing services by Elsevier B. V. on
behalf of KeAi Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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1. Introduction

Hepatocellular carcinoma (HCC) is a leading cause of cancer-
related mortality worldwide, and its etiology involves a complex
interplay of genetic and environmental factors that promote its
development and metastasis.1 Despite considerable advance-
ments in our understanding of HCC biology and the development
of novel therapeutic strategies, the molecular mechanisms un-
derlying its onset, progression, and resistance to therapy remain
largely unclear.2 Sorafenib, a multikinase inhibitor, is commonly
used as a first-line treatment for patients with advanced HCC who
are not eligible for surgery or liver transplantation.3 However,
sorafenib resistance often develops in patients with HCC, reducing
its effectiveness as first-line therapy and presenting a significant
challenge in HCC treatment.4 In recent years, immunotherapies
such as immune checkpoint inhibitors have emerged as a prom-
ising strategy for HCC treatment. However, a poor response to
immunotherapies is observed in HCC, which is attributed to the
immunosuppressive tumor microenvironment (TME).5 Under-
standing the underlying mechanisms of resistance to chemo-
therapy and immunotherapy is crucial for the development of
strategies to overcome resistance and improve treatment out-
comes for patients with HCC.

The mechanical microenvironment of solid tumors is charac-
terized by high extracellular matrix (ECM) stiffness, solid stress
induced by rapid tumor growth, and high interstitial fluid pressure
caused by solid stress and fluid accumulation in the interstitial
space. These mechanical forces in the TME play a critical role in the
development and progression of various cancers,6 including HCC.7

High ECM stiffness promotes the proliferation, migration, and in-
vasion of cancer cells.8 It was also found to induce chemotherapy
resistance by activating signaling pathways that enhance cell
survival.8

Mechanosensitive ion channels (MICs) are a type of ion channels
that are activated by mechanical forces such as stretching,
compression, and fluid shear stress.9 These channels are found in
various cells and take on a crucial role in converting mechanical
stimuli into electrical signals, which can then trigger cellular re-
sponses. Eukaryotic MICs include Piezo-type MIC component
(PIEZO) family, transient receptor potential (TRP) superfamily,
transmembrane channel-like (TMC) family, TWIK-related potas-
sium (TREK)-1/2, TRAAK, and OSCA/TMEM63 channels. Among
these MICs, PIEZO1/2, TREK-1/2, TRAAK, and OSCA/TMEM63 are
primary mechanotransducers, and others are considered to func-
tion downstream of primary mechanotransducers.10 MICs are
critical regulators of cellular processes including proliferation,
migration, and differentiation.11 TargetingMICsmay be a promising
strategy for solid tumor treatment. In HCC, the dysregulation of
these channels may result in abnormal cellular behaviors that
promote tumor growth.12 Previous studies have shown that PIEZO1
promotes HCC tumor growth, epithelialemesenchymal transition
(EMT), and angiogenesis.13 However, whether other MICs and their
related genes also contribute to HCC development and drug resis-
tance remains unclear. In this study, gene expression profiling and
bioinformatics tools were employed to investigate the role of MICs
and MIC-related genes (MICRGs) in HCC and examine their po-
tential contribution to prognosis, TME modulation, and drug
resistance.

2. Materials and methods

2.1. Ethical approval

This study was approved by the Medical Ethics Committee of
The Third Affiliated Hospital of Sun Yat-sen University (Approval
37
No. RG2023-291-02). This study complied with the guidelines of
the Declaration of Helsinki of the World Medical Association.
Participation was voluntary, and written informed consent was
obtained from each patient.
2.2. Data collection and preprocessing

RNA sequencing (RNA-seq) data and associated clinical infor-
mation for this study were obtained from The Cancer Genome Atlas
(TCGA) (https://portal.gdc.cancer.gov/), comprising 374 patients
with HCC and 50 normal tissue samples. The data included gene
expression profiles, immune infiltration metrics, and clinical char-
acteristics. For subsequent analyses, RNA-seq data were converted
from the fragments per kilobase of transcript per million mapped
reads (FPKM) to the transcripts per million (TPM) format, with
clinical data retained and aligned with TCGA’s publication
guidelines.
2.3. Identifying MICRGs

Genes associated with “MICs” were identified by querying the
GeneCards database (https://www.genecards.org/) and selecting
the top 62 genes with a relevance score >20. A heatmap was then
generated to visualize the expression patterns of these genes across
the HCC and normal tissue samples.
2.4. Proteineprotein interaction (PPI) network and enrichment
analyses

A PPI network of coregulated MICRGs was constructed using the
Search Tool for the Retrieval of Interacting Genes (STRING) database
(https://cn.string-db.org/), and visualizationwas performed using R
software version 4.3.1 (https://www.r-project.org/).14 An interac-
tion confidence score threshold of 0.4 was applied, where higher
scores indicate more reliable PPI relationships. To explore the po-
tential biological functions and pathways of the MICRGs, Gene
Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment analyses were performed using the “cluster-
Profiler” package in R.15e17 GO analysis encompassed the biological
process (BP), molecular function (MF), and cellular component (CC).
Both GO and KEGG analyses utilized a hypergeometric test to assess
enrichment significance, with P-value adjusted for multiple testing
using the BenjaminieHochberg method.
2.5. Univariate analysis

To evaluate the relationship between the 62 candidate genes
and the prognosis of patients with HCC, univariate Cox proportional
hazards regression analysis was initially conducted for each gene.
In the univariate analysis, the independent variable was the
expression level of each gene, whereas the dependent variable
represented the patient’s survival time. For each gene, hazard ratios
(HRs) were calculated along with their corresponding 95% confi-
dence intervals (CIs). Subsequently, for genes exhibiting signifi-
cance in the univariate Cox regression analysis, KaplaneMeier
survival analysis was performed. The expression levels of these
genes were classified into high and low-expression groups ac-
cording to the median value. KaplaneMeier survival curves were
constructed, and the log-rank test was employed to compare sur-
vival differences between the high- and low-expression groups.
KaplaneMeier curves were employed to assess the effect of gene
expression on the prognosis of patients with HCC.

https://portal.gdc.cancer.gov/
https://www.genecards.org/
https://cn.string-db.org/
https://www.r-project.org/
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2.6. Immune cell infiltration analysis

To explore the immune landscape associated with the selected
genes, an in-depth immune infiltration analysis was conducted
using single-sample gene set enrichment analysis (ssGSEA) and
CIBERSORT algorithms.18e20 These methods enabled us to investi-
gate the relationship between the seven genes of interest and the
immune cell types within the TME. Specifically, ssGSEA was
employed to infer immune cell infiltration levels based on gene
expression data, providing a comprehensive view of the immune
context surrounding the studied genes.21 Concurrently, CIBERSORT
was used to estimate the relative abundance of immune cell sub-
sets, providing a quantitative perspective on immune cell
composition.

Furthermore, to understand the functional implications of the
seven genes within the immune context, Spearman correlation
analysis was conducted. This analysis assessed the association be-
tween the expression levels of the seven genes and the infiltration
levels of immune cells, as inferred by ssGSEA and CIBERSORT. The
Spearman correlation coefficient provided a measure of the
strength and direction of these relationships, revealing potential
immune-related functions of the studied genes. In addition, our
analysis was expanded to include the correlation between the
examined genes and the expression of immune checkpoint genes.
This aimed to explore the potential immunomodulatory roles of the
studied genes, which could have implications for immunotherapy
strategies. The Spearman correlation analysis helped quantify these
relationships, providing insights into the potential interactions
between the studied genes and the immune checkpoint molecules.

2.7. Basic analysis workflow of single-cell RNA-seq (scRNA-seq)
data

In scRNA-seq data quality control process, cells that expressed at
least 200 genes and had mitochondrial gene counts <10% of the
total gene counts were retained. Dimensionality reduction and
clustering analysis were performed using the Seurat package. To
address batch effects that might compromise the precision of the
single-cell analysis, the harmony package was employed for batch
effect correction, focusing on the top 2000 variable genes with
default harmony parameters. Subsequently, cell cluster partitioning
with an optimal resolution set at 0.5 was conducted to visualize the
clustering results. Liver marker genes were then downloaded from
the ACT database (http://xteam.xbio.top/ACT/index.jsp) for manual
annotation. The cluster annotation information was calculated for
each cell using UCell algorithm, based on the marker gene set of
each cell.

2.8. Deep-learning neural network analysis

In this study, TensorFlow was utilized to develop a deep-
learning model designed to identify genes associated with sor-
afenib resistance in HCC. Gene expression profiles were curated and
normalized from six cohorts using GSE109211 as the foundational
training set. The model was configured with various parameters
including batch sizes of 5 and 10; learning rates of 0.001, 0.005, and
0.010; dropout rates at 0.25 and 0.50; classification thresholds at
0.25, 0.50, and 0.75; and layer neuron configurations of 32, 16, 8,
and 1. L2 regularization with lambda values of 0 and 0.001 was
employed, and themodel was trained for 50 epochs. To evaluate the
model, SHAP analysis was used to understand gene contributions,
performance metrics and loss curves were monitored, and receiver
operating characteristic (ROC) curves were generated to assess the
model’s predictive accuracy in distinguishing sorafenib-resistant
cases.
38
2.9. Collection of human specimens

Between January 2022 and December 2023, 22 paired tumor
and adjacent nontumoral liver tissues were collected from patients
who underwent curative surgical resection for HCC at The Third
Affiliated Hospital of Sun Yat-sen University, Guangzhou, China.
Samples were snap-frozen in liquid nitrogen and stored at �80 �C.
Pathological diagnosis of HCC was confirmed by histology.

2.10. Cell lines and cell culture

Hep3B, PLC/PRF/5, and HEK-293T cells were obtained from the
American Type Culture Collection (ATCC, Manassas, VA, USA) and
cultured in DMEM (Gibco, Grand Island, NY, USA) supplemented
with 10% fetal bovine serum (ExCell Bio, Suzhou, Jiangsu, China)
and 100 IU/mL penicillin/streptomycin (Gibco, Grand Island, NY,
USA). All cells were incubated at 37 �C with 5% CO2 and regularly
tested for mycoplasma contamination.

2.11. PIEZO1 knockdown with lentivirus-mediated short hairpin
RNA (shRNA)

The transfection was performed using Lipofectamine 3000
(Invitrogen, Carlsbad, CA, USA). For gene knockdown, viruses were
generated in HEK-293T cells through cotransfection of the expres-
sion vector (pLKO.1-puro vector, Addgene, Watertown, MA, USA)
with the lentiviral packaging system (pMD2.G and psPAS2). shRNA
sequences targeting PIEZO1 (shPIEZO1#1: 50-CTCACCAAGAAGTA-
CAATCAT-30 or shPIEZO1#2: 50-GCTGCTCTGCTACTTCATCAT-30)
were inserted into the multiple cloning sites of pLKO.1-puro vector.
Sixteen hours after transfection, the medium was replaced with a
fresh HEK-293T cell growth medium, and the virus-containing su-
pernatant was collected and filtered through 0.45 mm poly-
ethersulfone (PES) filters 48 and 72 h after transfection. For
transduction, target cells were seeded 16 h earlier and then infected
with lentivirus. Forty-eight hours after transduction, puromycin
was added to the culture medium for the selection of transduced
cells.

2.12. Total RNA isolation and reverse transcription-quantitative
polymerase chain reaction (RT-qPCR) assay

Total RNA was isolated using the RNA Quick Purification kit
(Esscience Biotech, Shanghai, China) and quantified by the Nano-
Drop One (Thermo Fisher Scientific, Waltham, MA, USA). Com-
plemetary DNA (cDNA) was synthesized from 1 mg of total RNA
using the RT reagent Kit (Vazyme, Nanjing, China) following the
manufacturer’s instruction. qPCR was performed with
ChamQ Universal SYBR qPCR Master Mix (Vazyme, Nanjing, China)
on the LightCycler 480 system (Roche, Switzerland). DDCt method
was used to determine the relative amounts of PCR products
generated from each primer set. The primer sequences used for
qPCR are listed in Table 1.

2.13. Western blotting

Cells were lysed in radioimmunoprecipitation assay (RIPA) lysis
buffer (Beyotime, Nanjing, China) containing protease and phos-
phatase inhibitors. Protein concentration was determined using a
BCA protein assay kit (Beyotime, Nanjing, China). Equal amounts of
protein (20 mg) were loaded onto a 6%e10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and electrophoresed at 150 V
for 90 min. Proteins were then transferred onto a polyvinylidene
fluoride membrane (Merck Millipore, Darmstadt, Germany) at
100 V for 1.5 h using a wet transfer system (Bio-Rad, Hercules, CA,

http://xteam.xbio.top/ACT/index.jsp
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USA). The membrane was blocked with 5% non-fat milk in TBST
(TBS containing Tween-20) for 1 h at room temperature and then
incubated with primary antibodies overnight at 4 �C. b-Actin
(1:5000, #66009-1-Ig, Proteintech, Wuhan, China) and PIEZO1
(1:500, #NBP1-78537, Novus International, St. Louis, MO, USA)
were used as primary antibodies in the study. The membrane was
washed three times with TBST and incubated with horseradish
peroxidase-conjugated secondary antibodies (Cell Signaling Tech-
nology, Danvers, MA, USA) for 1 h at room temperature. Protein
bands were detected using a chemiluminescent substrate
(#P10300, NCM Biotech, Suzhou, Jiangsu, China) and imaged on
Tanon 5200 Chemiluminescent Imaging System (Shanghai, China).
Quantitative analysis of protein expression was performed using
densitometric analysis of band intensities normalized to a loading
control.
2.14. Half-maximal inhibitory concentration (IC50) assay

The IC50 of Hep3B and PLC/PRF/5 cells to sorafenib (#S7397,
Selleck, Houston, TX, USA) were evaluated using the Cell Counting
Kit-8 (CCK-8) kit (#100-106-500, GOONIE, Guangzhou, Guangdong,
China). Cells were seeded at a density of 2000 cells per well in 96-
well plates. Subsequently, the cells were treatedwith 0, 2, 4, 6, 8,10,
12, 15, and 20 mM sorafenib (#S7397, Selleck). After 48 h of incu-
bation, 10 mL of CCK-8 reagent (#100-106-500, GOONIE) was added
to each well containing 100 mL of complete medium. The plates
were then incubated for an additional 2 h, and absorbance at
450 nm was measured. The A450 values for each concentration
group were normalized and fitted using the nonlinear regression
algorithm implemented in GraphPad Prism version 8 (GraphPad
Software Inc., La Jolla, CA, USA).
2.15. Analysis of apoptosis by flow cytometry

The Annexin V-fluorescein isothiocyanate (FITC)/propidium
iodide (PI) apoptosis detection kit (#KGA1102-100, KeyGEN,
Nanjing, Jiangsu, China) was used to assess cell apoptosis. Cells
were seeded at a density of 3e4 � 106 cells per well in 6-well
plates, treated with 12 mM sorafenib (#S7397, Selleck) for 24 h,
harvested, washed with cold phosphate-buffered saline, and
resuspended in binding buffer. Annexin V-FITC (5 mL) and PI
(5 mL) were added to the cell suspension and then incubated in the
dark for 15 min at room temperature. The samples were then
analyzed by flow cytometry (Cytoflex LX, Beckman Coulter, Brea,
CA, USA), where Annexin V-FITC positivity indicated early
apoptosis, and PI staining indicated late apoptosis or necrosis.
Results were analyzed using FlowJo data analysis software
(TreeStar, USA) to distinguish between viable, early apoptotic, and
late apoptotic/necrotic cells.
Table 1
List of primers used in qPCR.

Gene
name

Forward primer
sequence (50 - 30)

Reverse primer
sequence (50 - 30)

GAPDH ACAGTTGCCATGTAGACC TTTTTGGTTGAGCACAGG
PIEZO1 ATCGCCATCATCTGGTTCCC TGGTGAACAGCGGCTCATAG
CLIC1 CAGTCCCAGCAACCCAGAAT GAACTGGGAGGGGAGCTTG
CALM1 TTGACTTCCCCGAATTTTTGACT GGAATGCCTCACGGATTTCTT
VDAC2 GCTACAGGACTGGGGACTTC AATGCCAAAACGAGTGCAGTT

Abbreviations: CALM1, calmodulin 1; CLIC1, chloride intracellular channel 1;
PIEZO1, Piezo-type mechanosensitive ion channel component 1; qPCR, quantitative
polymerase chain reaction; VDAC2, voltage-dependent anion channel 2.

39
2.16. Statistical analysis

Statistical analyses for bioinformatic analyses were conducted
using R version 4.3.2 (https://www.r-project.org/).22 The Wilcoxon
rank-sum test was used to compare the expression levels of MICRGs
between the HCC and normal groups. Welch’s one-way analysis of
variance (ANOVA) and t-tests were utilized to examine the asso-
ciation between MICRG expression and clinicopathological factors,
with subsequent Bonferroni correction. The effect of clinicopatho-
logical factors on MICRG expression was analyzed through uni-
variate logistic regression, Fisher’s exact test, and Pearson’s c2 test.
KaplaneMeier curves were plotted to evaluate the prognostic sig-
nificance of MICRGs, and individual risk for overall survival (OS)
was determined using univariate Cox proportional hazards
regression. The pROC package was employed to perform ROC
analysis of MICRGs, with the area under the curve (AUC) values
ranging from 0.5 to 1.0. This reflects the model’s ability to distin-
guish between different conditions, where values closer to 1.0
indicate a higher predictive accuracy, and values approximately 0.5
indicate no discriminative power.

GraphPad Prism 8.0 (GraphPad Software Inc., La Jolla, CA, USA)
was used for statistical analysis of experimental results. Unpaired
two-tailed t-test was used to compare the differences between the
two groups, and the one-way ANOVA was used to compare differ-
ences among three groups or more. P < 0.05 was considered
significant.

3. Results

3.1. MICRG expression levels are significantly high in HCC

Theworkflowof this study is presented in Fig.1. Genes associated
with “mechanosensitive ion channels” were identified by querying
theGeneCards database, and the top62 geneswith a relevance score
>20 were selected, which we defined as MICRGs. The heatmap
presented in Fig. 2A illustrates that among these 62 genes, 38 were
significantly upregulated in HCC. The box plots depicting the
expression patterns of these 62 genes are shown in Supplemental
Fig. 1. In addition, a PPI network of the differentially expressed
proteins was constructed using STRING. In this network, 53MICRGs
were closely connected, suggesting that they were coregulated in
HCC (Fig. 2B). The GO enrichment analysis of theseMICRGs revealed
that key BPs included calcium ion transport, regulation of mem-
brane transport, and cellular calcium ion homeostasis (Fig. 2C). The
CCs were predominantly enriched in transporter complexes, cation
channel complexes, and specific membrane regions (Fig. 2D). MFs
involved activities such as ion channel and transmembrane trans-
porter activity (Fig. 2E). In addition, KEGG pathway enrichment
analysis primarily indicated involvement in the calcium signaling
pathway, inflammatory regulation of TRP channels, and cellular
senescence pathways (Fig. 2F). To evaluate the relationship among
the 62 candidate genes and patient prognosis, a univariate Cox
proportional hazards regression model was initially applied to
analyze each gene. All candidate genes demonstrated a significant
association with OS in HCC, with HRs >1 and P-values <0.05.
Following this, KaplaneMeier survival analysis was conducted on
the genes that were significant in the univariate Cox regression
analysis, ultimately identifying nine prognostic genes with HRs >1
and P-values <0.05 (Fig. 2G).

3.2. Association between MICRG expression and disease progression
and patient outcomes

KaplaneMeier survival plots were generated for the nine
MICRGs to investigate the association of their expression and the

https://www.r-project.org/


Fig. 1. Flow diagram of the study. In this study, 62 MICRGs were initially screened from GeneCards and the TCGA, leading to the identification of seven notable MICRGs through
thermography, enrichment, PPI network, prognostic, and clinical correlation analyses. Subsequently, these genes were subjected to immune infiltration analysis, single-cell analysis,
and deep-learning techniques. Finally, in vitro experiments were conducted to verify the role of the PIEZO1 gene in hepatocellular carcinoma cells. Abbreviations: GO, Gene
Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; MICRGs, mechanosensitive ion channel-related genes; PIEZO1, Piezo-type mechanosensitive ion channel component 1;
PPI, proteineprotein interaction; TCGA, The Cancer Genome Atlas.
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clinical outcomes of patients with HCC (Fig. 3AeI). The results
revealed that high expression levels of calmodulin 1 (CALM1),
chloride intracellular channel 1 (CLIC1), PIEZO1, TMC5, TMC7, TRPA1,
TRPC1, and VDAC2 were linked to poor OS in patients with HCC
(Fig. 3BeI). Conversely, ANO1 exhibited an opposite trend, indi-
cating that its high expression is associated with better OS (Fig. 3A).

Subsequently, the expression patterns of the nine prognostic
genes were analyzed in patients with HCC at different clinical
stages. The results indicated that ANO1 was highly expressed in
stage T1 but exhibited a gradual decrease in expression through
stages T2eT4 (Fig. 4A). Conversely, CALM1, CLIC1, PIEZO1, TMC5, and
TMC7 showed a pattern of gradually increasing expression as the
tumor stages advanced (Fig. 4BeF). TRPA1 maintained consistently
low-expression levels across all clinical stages (Fig. 4G). TRPC1 and
VDAC2 increased up to stage T3 (Fig. 4H and I). This analysis
40
highlights the differential expression of these genes in relation to
disease progression, which could have implications for under-
standing their roles in HCC.

Based on these findings, this study aimed to identify genes that
exhibited significant expression patterns and were strongly asso-
ciatedwith poor prognosis in patients with HCC. By intersecting the
38 upregulated genes in HCC with the genes associated with poor
prognosis, seven MICRGs were identified, including PIEZO1, TRPC1,
CLIC1, CALM1, VDAC2, TMC7, and TMC5 (Supplemental Fig. 2A).
Correlation analysis revealed strong positive correlations among
the seven hub genes (Supplemental Fig. 2B). The overall perfor-
mance of these genes as prognostic markers was measured using
ROC analysis. The results showed that PIEZO1, CLIC1, VDAC2, and
TMC7 had AUC values > 0.8, suggesting their good performance in
prognosis (Supplemental Fig. 2C).



Fig. 2. Differential analysis of mechanosensitive ion channel-related genes (MICRGs). (A) Heatmap of MICRGs in tumor tissues versus normal tissues. (B) PPI network analysis.
(CeF) GO (CeE) and KEGG (F) analyses of MICRGs. (G) Univariate Cox regression analysis of MICRGs. Abbreviations: ANO1, anoctamin 1; BP, biological process; CALM1, calmodulin 1;
CC, cellular component; CI, confidence interval; CLIC1, chloride intracellular channel 1; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; MF, molecular
function; PIEZO1, Piezo-type mechanosensitive ion channel component 1; PPI, proteineprotein interaction; TMC, transmembrane channel-like; TRPA1, transient receptor potential
ankyrin 1; TRPC1, transient receptor potential C1; VDAC2, voltage-dependent anion channel 2.
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3.3. Immune cell correlation analysis of the seven MICRGs reveals
distinct associations with various immune subpopulations

Immune cell infiltration, which shapes the tumor immune
microenvironment (TIME), is closely related to cancer development,
drug resistance, and effect of immunotherapy. An immune infiltra-
tion analysis was performed using CIBERSORT and ssGSEA. CIBER-
SORT revealed significant correlations between specificMICRGs and
various immune cell subtypes. Most of the seven MICRGs were
negatively correlatedwithgd Tcells, natural killer (NK) cells, andM1
macrophages, but were positively correlated with M0macrophages
anddendritic cells. PIEZO1wasnegatively correlatedwithCD8þ T,gd
T, and NK cells, whereas positively correlated with M0 macrophage
(Fig. 5A). The ssGSEA algorithm analysis showed that most of the
seven MICRGs were negatively correlated with cytotoxic, dendritic
and Th17 cells, while positively correlated with macrophages,
CD56bright NK cells, and Th1 and Th2 cells (Fig. 5B).

A set of 39 immune checkpoint genes based on previous liter-
ature for correlation analysis was collected. Notably, PIEZO1
exhibited a positive correlation with all 39 immune checkpoints,
highlighting its potential as a central regulator in immune check-
point pathways. In addition, CALM1 was positively correlated with
38 immune checkpoints, CLIC1with 37 immune checkpoints, TMC7
and TRPC1 with 38 immune checkpoints, and VDAC2 with 34 im-
mune checkpoints (Fig. 5C). TMC5was positively correlated with 33
immune checkpoints (Fig. 5C). These results underscore the
41
potential involvement of these genes, particularly PIEZO1, in
modulating immune responses within the TME.

3.4. scRNA-seq identifies the upregulated MICRGs in HCC tissues

To further investigate the cell types in which MICRGs contribute
to HCC development, the expression of MICRGs across different cell
populations in HCC was assessed using scRNA-seq data from peri-
tumoral and HCC tissues. Following quality control procedures to
remove suspected doublet cells and low-activity cells
(Supplemental Fig. 3), 15,717 cells were included for further anal-
ysis. By employing principal component analysis (PCA) for dimen-
sion reduction and selecting a resolution of 0.5 based on the total
resolution cluster tree (Supplemental Fig. 4), 23 clusters were
identified, which were annotated as endothelial cells, hepatocytes,
periportal hepatocytes, midzonal hepatocytes, myofibroblasts,
mature NK cells, circulating NK cells, macrophages, tumor-
associated macrophages, tissue-resident CD8þ ab memory T cells,
CD8þ ab memory T cells, proliferating CD8þ ab T cells, lymphoid
tissue-inducer cells, B cells, plasma cells, monocytes, hematopoietic
stem cells, neutrophils, CD1c-positive myeloid dendritic cells,
plasmacytoid dendritic cells, and CD141-positive myeloid dendritic
cells, based on the analysis of marker genes (Fig. 6A). The expres-
sion profiles of marker genes across different cell clusters, identi-
fied through scRNA-seq analysis, are displayed in the heatmap
(Supplemental Fig. 5).



Fig. 3. Analysis of the prognostic significance of MICRGs in HCC. (A) A low ANO1 expressionwas related to worse OS in HCC. (BeI) High CALM1 (B), CLIC1 (C), PIEZO1 (D), TMC5 (E),
TMC7 (F), TRPA1 (G), TRPC1 (H), and VDAC2 (I) expression levels were related to worse OS in HCC. Abbreviations: ANO1, anoctamin 1; CALM1, calmodulin 1; CI, confidence interval;
CLIC1, chloride intracellular channel 1; HCC, hepatocellular carcinoma; HR, hazard ratio; MICRGs, mechanosensitive ion channel-related genes; OS, overall survival; PIEZO1, Piezo-
type mechanosensitive ion channel component 1; TMC, transmembrane channel-like; TRPA1, transient receptor potential ankyrin 1; TRPC1, transient receptor potential C1; VDAC2,
voltage-dependent anion channel 2.
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Subsequent analysis of the proportion of cells in HCC
and normal tissues revealed that, in comparison to normal tissues,
the proportions of tumor-associated macrophages, periportal
hepatocytes, midzonal hepatocytes, macrophages, hepatocytes,
hematopoietic stem cells, and endothelial cells were increased in
HCC (Fig. 6B). Conversely, the proportions of tissue-resident CD8þ

ab memory T cells, proliferating CD8þ ab T cells, plasma cells,
neutrophils, monocytes, mature NK cells, circulating NK cells,
CD8þ ab memory T cells, CD1c-positive myeloid dendritic cells,
CD141-positive myeloid dendritic cells, lymphoid tissue-inducer
cells, and B cells were all found to be decreased in HCC
compared with normal tissues (Fig. 6B). The examination of the
expressions of the seven MICRGs in HCC tissues indicated that
CALM1, CLIC1, VDAC2, and PIEZO1 showed high expression levels
across nearly all cell types (Fig. 6CeF), whereas TRPC1, TMC7, and
TMC5 exhibited lower expression specifically in endothelial cells
(Fig. 6GeI).
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3.5. Remodeling of the intercellular communication in the TME of
HCC

In dot plots, distinct expression patterns of signaling pathways
were observed across various cellular clusters (Fig. 7A). UMAP plot
was used to visualize the distribution of all signaling pathways
involved in cellecell communication across different cell clusters
identified the single-cell analysis (Supplemental Fig. 6). Interestingly,
MICs, transforming growth factor (TGF)-b signaling pathway, and
ECMwere highly expressed in endothelial cells and tumor-associated
macrophages, suggesting a role of MIC in mediating these signaling
pathways in HCC (Fig. 7BeD). Then, the results of intercellular
communication analysis show that compared with normal tissues,
the interactions between certain cells in the tumor tissues are
significantly increased or become more complex, particularly the
connections between endothelial cells, B cells, and tumor-associated
macrophages (Fig. 7E and F), which appear denser. This change



Fig. 4. Correlation between MICRGs and tumor stage in HCC. (A) ANO1, (B) CALM1, (C) CLIC1, (D) PIEZO1, (E) TMC5, (F) TMC7, (G) TRPA1, (H) TRPC1, and (I) VDAC2 expressions were
correlated with clinical stages. *P < 0.05, **P < 0.01. Abbreviations: ANO1, anoctamin 1; CALM1, calmodulin 1; CLIC1, chloride intracellular channel 1; HCC, hepatocellular carcinoma;
MICRGs, mechanosensitive ion channel-related genes; PIEZO1, Piezo-type mechanosensitive ion channel component 1; TMC, transmembrane channel-like; TRPA1, transient re-
ceptor potential ankyrin 1; TRPC1, transient receptor potential C1; VDAC2, voltage-dependent anion channel 2.

Fig. 5. Correlation of key genes with immune cell infiltration and tumor mutation burden in patients with HCC. (A) The correlation analysis of seven MICRGs with the content
of immune cells in patients with HCC by the CIBERSORT algorithm. (B) The correlation analysis of seven MICRGs with the content of immune cells in patients with HCC by the
ssGSEA algorithm. *P < 0.05, **P < 0.01, ***P < 0.001. (C) Correlation analysis of seven MICRG expression with immune checkpoint genes. Abbreviations: CALM1, calmodulin 1; CLIC1,
chloride intracellular channel 1; HCC, hepatocellular carcinoma; MICRG, mechanosensitive ion channel-related gene; PIEZO1, Piezo-type mechanosensitive ion channel component
1; ssGSEA, single-sample gene set enrichment analysis; TMC, transmembrane channel-like; TRPC1, transient receptor potential C1; VDAC2, voltage-dependent anion channel 2.
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Fig. 6. Identification of the cell type associated with MICRGs in HCC tissues. (A) Visualizing the distribution of 21 cell types in the TME by the UMAP plot. (B) Correlation analysis
of MICRGs with cell types in HCC and normal tissues by the ssGSEA algorithm. (CeI) The UMAP plot visualized the expression levels of CALM1 (C), CLIC1 (D), VDAC2 (E), PIEZO1 (F),
TRPC1 (G), TMC7 (H), and TMC5 (I) in 21 different cell types. Abbreviations: CALM1, calmodulin 1; CLIC1, chloride intracellular channel 1; HCC, hepatocellular carcinoma; MICRGs,
mechanosensitive ion channel-related genes; PIEZO1, Piezo-type mechanosensitive ion channel component 1; ssGSEA, single-sample gene set enrichment analysis; TMC, trans-
membrane channel-like; TME, tumor microenvironment; TRPC1, transient receptor potential C1; VDAC2, voltage-dependent anion channel 2.
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indicates remodeling of cellular communication within the TME,
potentially involving tumor growth, immuneevasion, andmetastasis.

3.6. Deep-learning neural network analysis identifies PIEZO1 as a
central regulator of sorafenib resistance in HCC

Sorafenib, a targeted therapy, is widely used for treating HCC.
However, the emergence of drug resistance poses a significant
challenge to its therapeutic efficacy. To understand the molecular
mechanisms underlying this resistance, the expression of seven
candidate genes was analyzed across six distinct sorafenib-
resistant datasets (GSE158458, GSE192912, GSE151412,
GSE109211, GSE182593, and GSE186280) (Fig. 8AeF). Our findings
indicated that PIEZO1 was overexpressed in four datasets, whereas
CALM1 showed increased expression in three datasets. CLIC1
exhibited upregulation in one dataset and downregulation in two
others, and TMC7 was downregulated in two datasets (Fig. 8AeF).
Utilizing a sophisticated deep-learning neural network algorithm,
PIEZO1 was identified as the primary contributor to sorafenib
resistance among the genes analyzed (Fig. 8G), suggesting its crit-
ical role in conferring drug resistance of HCC.

3.7. The pivotal role of PIEZO1 in modulating drug resistance and
regulating cellular apoptosis in HCC

RT-qPCR validations on specimens of patients with HCC sub-
stantiated the heightened expressions of PIEZO1, CLIC1, CALM1, and
VDAC2 within the tumorigenic milieu (Fig. 9AeD). To elucidate the
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functional role of PIEZO1 in HCC, stable PIEZO1-knockdown Hep3B
and PLC/PRF/5 cell lines were established. The knockdown effi-
ciency of PIEZO1was confirmed through RT-qPCR andWestern blot
analyses (Fig. 9EeI). Drug susceptibility assays were conducted on
control and PIEZO1-knockdown Hep3B and PLC/PRF/5 cells treated
with sorafenib at a series of concentrations. A decrease in IC50
indicated enhanced sensitivity to sorafenib in PIEZO1-knockdown
cells (Fig. 9JeM). The apoptosis assay showed that PIEZO1 knock-
down led to increased basal and sorafenib-induced apoptosis in
both Hep3B and PLC/PRF/5, suggesting a proapoptotic role of
PIEZO1 knockdown (Fig. 9NeQ). These results indicated PIEZO1 as a
critical determinant for drug resistance in HCC and a potential
therapeutic target for augmenting chemotherapeutic responses.
4. Discussion

Identifying novel biomarkers and therapeutic targets is impor-
tant in HCC research.23 MICs transduce mechanical stimuli into
biochemical responses and play a crucial role in modulating cell
functions such as proliferation, migration, and apoptosis.24 MICs
have been implicated in tumor growth, metastasis, and resistance
to therapy.25 In this study, a comprehensive analysis of MICs and
their related genes in HCC were conducted, providing insights into
their role in disease progression and potential as therapeutic
targets.

Seven MICRGs were identified, namely PIEZO1, TRPC1, CLIC1,
CALM1, VDAC2, TMC7, and TMC5, which were upregulated in HCC
tumor tissue, indicating their involvement in oncogenic processes.



Fig. 7. Single-cell analysis of intercellular communication networks in tumor microenvironment of HCC. (A) Dot plots of different signaling pathways for cellular clusters.
(BeD) Feature plots showing the expression of mechanosensitive ion channel (B), transforming growth factor-beta (TGF-b) (C), extracellular matrix (ECM) (D) in different cell
clusters. (E, F) Intercellular communication between different cell clusters in the normal (E) and tumor (F) tissues.
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PIEZO1, a mechanosensitive cation channel, canmediate Ca2þ influx
upon various types of mechanical stimulation.26 A previous
research indicated that PIEZO1 could influence the proliferation,
migration, and invasion of HCC cells.27 It was hypothesized that
overexpression of PIEZO1 may be associated with alterations in the
mechanical microenvironment of HCC.13 TRPC1 is a calcium channel
and its upregulation in HCC is associated with reduced patient
survival rates.28 CLIC1 is an intracellular chloride ion channel that
plays a significant role in regulating cell volume, proliferation, and
migration.29 CALM1, a key modulator in the calcium signaling
pathway, influences tumor cell proliferation, migration, and
metabolism.30 VDAC2 regulates cellular metabolism and drug
resistance.31 TMC7 and TMC5 participate in ion transport and
cellular signal transduction.32,33 Among these seven MICRGs,
PIEZO1, TRPC1, and CLIC1 influence key processes in HCC cells, such
as proliferation, migration, invasion, and apoptosis, and their
abnormal expression is often linked to poorer patient out-
comes,27,34 whereas the role of the other four MICRGs in HCC re-
mains to be elucidated. This study suggests that these MICRGS may
represent promising targets for HCC prognosis and therapy.

The TIME of HCC is highly immunosuppressive, and many pa-
tients with HCC have poor responses to immunotherapies such as
immune checkpoint inhibitors.5 This unveils the mechanism that
regulating HCC TIME is crucial to improve the effect of immuno-
therapies. A recent study showed an immunomodulatory role of
ECM stiffness in cancer.35 High ECM stiffness not only impairs im-
mune signaling in tumor cells but also inhibits T-cell infiltra-
tion.36,37 High ECM stiffness also promotes the exhaustion of
tumor-specific CD8þ T cells through the PIEZO1/CaMKII/CREB
pathway.38 This study found a significant correlation between
MICRGs and immune cell infiltration in HCC, proposing their po-
tential roles in modulating the TIME. Moreover, PIEZO1 was posi-
tively correlated with all the immune checkpoints, indicating its
role in modulating immune cell functions. Our findings propose
that PIEZO1 and other MICRGs might mediate the effect of the ECM
on the TIME, and intervention with MICRGs might boost the effect
of immunotherapy.
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scRNA-seq data identified the upregulation of MICRGs across 21
different cell types in HCC, including hepatocytes, immune cells,
and endothelial cells, with particularly high expression observed in
tumor-associated macrophages and endothelial cells, signifying
that MICRGsmight be involved not only in immunemodulation but
also angiogenesis in HCC. MICRGs, along with TGF-b and ECM-
related proteins, were highly expressed in tumor-associated mac-
rophages and endothelial cells. These concur with the knowledge
that high ECM stiffness and TGF-b promote immunosuppressive
TIME and tumor angiogenesis.35,39e42 The simultaneous upregula-
tion of MICRGs, TGF-b, and ECM-related proteins in specific cell
clusters recommends that MICRGs may play a role in mediating the
effect of the ECM and TGF-b on the TIME and angiogenesis in
tumors.

Stiff ECM can contribute to drug resistance in cancer. Therefore,
targeting ECM stiffness and mechanotransducers is a way to
enhance cancer therapy.43 Higher ECM stiffness decreased the
sensitivity of HCC cells to cisplatin.8 MICs contribute to cancer drug
resistance by allowing tumor cells to adapt to mechanical stresses
in the TME, thereby forming mechanical memory through epige-
netic changes.44 This study also suggested that MICRGs play a role
in drug resistance in HCC. Particularly, PIEZO1 affected the response
to sorafenib of HCC cells. PIEZO1 was significantly upregulated in
sorafenib-resistant HCC cells, and in vitro experiments showed that
its suppression increased cell sensitivity to sorafenib and promoted
apoptosis. This indicates that PIEZO1 not only plays a critical role in
HCC development and progression but also serves as a potential
therapeutic target for overcoming drug resistance and enhancing
chemotherapy efficacy. Several possible mechanisms exist by
which PIEZO1 affects drug resistance. First, PIEZO1 regulates the
Wnt signaling pathway in both normal and cancerous tissues.45,46

The Wnt pathway is crucial to the stemness and EMT of cancer
cells, which promote drug resistance.47 Second, PIEZO1 was also
reported to promote proliferation and EMT through the Yes-
associated protein (YAP) and TGF-b pathways.12,13 As shown in
our study, PIEZO1 might influence the TIME, which is an important
factor that contributes to drug resistance.13 Therefore, PIEZO1 may



Fig. 8. Analysis of MICRGs’ sensitivity to sorafenib. (AeF) The box diagram shows the expression of seven MICRGs across six datasets, including four datasets from cell lines
(GSE158458 (A), GSE192912 (B), GSE151412 (C), and GSE186280 (F)) and two datasets from patients (GSE109211 (D) and GSE182593 (E)) resistant to sorafenib. *P< 0.05, **P< 0.01,
***P< 0.001. ns, not significant. (G) The SHAP summary diagram shows that PIEZO1 has the greatest influence on the model output, and shows how the level of the seven genes
affects the prediction direction of the model. Abbreviations: CALM1, calmodulin 1; CLIC1, chloride intracellular channel 1; MICRGs, mechanosensitive ion channel-related genes;
PIEZO1, Piezo-type mechanosensitive ion channel component 1; SHAP, SHapley Additive exPlanations; TMC, transmembrane channel-like; TRPC1, transient receptor potential C1;
VDAC2, voltage-dependent anion channel 2.
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affect drug resistance by promoting stemness, EMT, and modu-
lating TIME.

Overall, a comprehensive analysis was performed to explore the
role of MICRGs in HCC. However, this study has certain limitations.
First, while our bioinformatic analysis provides a robust foundation
for identifying MICRGs in HCC, the retrospective design limits our
ability to establish causal relationships. Second, functional experi-
ments were performed in vitro, which might not capture the
complexity of the TME in vivo. Although PIEZO1 was identified as a
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potential therapeutic target, the validation of this finding in pre-
clinical models and clinical samples is limited. Future studies with
larger patient cohorts and multicenter collaborations are necessary
to validate our findings. Lastly, while the role of MICRGs in drug
resistance and immune modulation was explored, the underlying
molecular mechanisms require further investigation, particularly in
the context of combinatorial therapies. Addressing these limita-
tions will be crucial for advancing the understanding of MICRGs in
HCC and development of targeted therapies.



Fig. 9. The PIEZO1 expression in HCC and its clinical significance. (AeD) The mRNA
expressions of PIEZO1 (A), CLIC1 (B), CALM1 (C), and VDAC2 (D) in adjacent and HCC
tissues (n ¼ 22). (EeI) PIEZO1 knockdown in Hep3B and PLC/PRF/5 cells was detected
by RT-qPCR (E and F) and Western blot (GeI). (JeM) Validation of IC50 values of
sorafenib using a concentration range in Hep3B (J and K) and PLC/PRF/5 (L and M) cell
lines. (NeP) Apoptosis of Hep3B (N and O) and PLC/PRF/5 (P and Q) cells after PIEZO1
knockdown was detected using the Annexin-V-FITC/PI apoptosis detection kit.
*P < 0.05, **P < 0.01, ***P < 0.001. Abbreviations: CALM1, calmodulin 1; CLIC1, chloride
intracellular channel 1; FITC, fluorescein isothiocyanate; HCC, hepatocellular carci-
noma; PI, propidium iodide; PIEZO1, Piezo-type mechanosensitive ion channel
component 1; RT-qPCR, reverse transcription-quantitative polymerase chain reaction;
VDAC2, voltage-dependent anion channel 2.
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5. Conclusions

In conclusion, this study presents a comprehensive analysis of
MICRGs, particularly PIEZO1, in HCC progression and drug resis-
tance. The upregulation of PIEZO1 in HCC cells is associated with
poor prognosis and resistance to sorafenib, revealing its potential as
prognostic marker and therapeutic target in HCC. Future studies
should validate these findings in larger cohorts and explore the
functional consequences of targeting these channels in preclinical
models. In addition, understanding the precise molecular
47
mechanisms by which these channels exert effects in HCC will be
essential for developing effective therapeutic strategies.
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