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Abstract

Background and Aims: Cell cycle checkpoint-related genes
(CCCRGSs) are implicated in the development and progres-
sion of hepatocellular carcinoma (HCC). However, their pre-
cise roles and underlying mechanisms remain insufficiently
characterized and require further investigation. This study
aimed to explore the prognostic significance of CCCRGs in
HCC, and to investigate the mechanism by which they pro-
mote the progression of HCC. Methods: HCC datasets from
The Cancer Genome Atlas and International Cancer Genome
Consortium were analyzed to identify hub genes. A prog-
nostic model was constructed and validated using Kaplan-
Meier analysis, nomogram, calibration curves, decision curve
analysis, and receiver operating characteristic analysis. Im-
mune infiltration patterns were assessed using single sample
gene set enrichment analysis, while pathway activities were
evaluated via gene set variation analysis. Single-cell RNA se-
quencing data from GSE149614 were analyzed with Seurat
and CellChat to investigate cell-cell communication. Patient-
derived HCC specimens were examined through immuno-
histological evaluation, HCC cell lines were used for in vitro
functional assays, and in vivo tumor growth was assessed
through animal experiments. Results: CCCRGs showed sig-
nificant associations with prognosis, malignant biological be-
havior, and immune responses in HCC. Centromere protein
(CENP) I was identified as a critical hub gene that markedly
promoted HCC proliferation, metastasis, and epithelial-mes-
enchymal transition, while inhibiting apoptosis. Mechanisti-
cally, CENPI suppressed YAP phosphorylation, enhancing its
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nuclear translocation and thereby driving malignant pro-
gression. Additionally, CENPI impaired immune effector cell
infiltration, likely by disrupting tumor antigen presentation
and chemokine-mediated CD8* T cell chemotaxis, thereby
promoting immune escape. Conclusions: This study un-
derscores the prognostic significance of CCCRGs in HCC and
identifies CENPI as a key driver of tumor progression through
the Hippo pathway. Furthermore, it reveals CENPI's role in
promoting immune escape, suggesting novel therapeutic tar-
gets for HCC treatment.
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Introduction

Hepatocellular carcinoma (HCC) accounts for roughly 90%
of primary liver cancers and ranks among the most lethal
malignancies, with the fourth-highest cancer-related mortal-
ity rate globally.! Its primary causes include viral hepatitis,
alcohol-induced cirrhosis, and fatty liver disease, among oth-
ers.2 Despite notable advances in treatment modalities in re-
cent years, the five-year overall survival (OS) rate for HCC
patients remains disappointingly low, with only 5% to 15%
of early-stage cases qualifying for surgical resection.3 Even
after surgery, patients face a substantial risk of recurrence.
Due to HCC's insidious onset and rapid progression, it is often
diagnosed at advanced stages. Currently, more than 90%
of HCC patients receive treatments such as chemotherapy,
immunotherapy, transarterial chemoembolization, and tyros-
ine kinase inhibitors.4> However, the clinical effectiveness of
these therapies remains suboptimal. Effectively curbing tu-
mor growth and preventing metastasis continue to be for-
midable challenges. Furthermore, the heterogeneity of HCC
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complicates prognosis prediction and clinical decision-mak-
ing. Therefore, there is an urgent need to identify new and
reliable screening methods to improve diagnostic accuracy,
better predict patient outcomes, and provide a foundation for
personalized treatment strategies.

Cell proliferation is tightly regulated by a series of con-
served cell cycle control mechanisms to ensure the genera-
tion of two genetically identical daughter cells.® Cell cycle
checkpoints (CCCs) serve as guardians of DNA integrity,
preventing the accumulation and propagation of genetic er-
rors during division. These checkpoints can arrest cell cycle
progression or, in cases of irreparable DNA damage, trig-
ger cell cycle exit or apoptosis.” Cancer is characterized
by uncontrolled cellular hyperproliferation, with CCC dys-
function playing a pivotal role in its pathogenesis.8 CHK1,
a DNA damage checkpoint kinase, is crucial for regulating
DNA replication, phase transitions, and mitotic events. El-
evated CHK1 expression is significantly associated with
clinical outcomes, including prognosis, relapse rates, and
drug resistance across various malignancies.® Centromere
proteins (CENPs) are essential for mitosis, participating in
centromere formation and chromosome segregation. Previ-
ous studies have reported a notable increase in CENPA levels
in HCC, correlating with disease progression by upregulat-
ing cyclin D1 and neuropilin 2 through YY1 transcriptional
activation and collaboration with YY1.10 While the roles of
certain cell cycle checkpoint-related genes (CCCRGs) in HCC
progression have been extensively studied, most research
has focused on individual genes. However, the prognostic
significance of the collective transcriptional profile of CC-
CRGs in HCC remains inadequately explored. Moreover, the
functional contributions of many CCCRGs in HCC warrant
further investigation.

The tumor immune landscape reflects a complex interplay
among tumor cells, diverse immune cell subsets, and the
cytokines they secrete. Immune cells can be broadly catego-
rized by function into pro-inflammatory cells, such as effector
CD8* T cells and natural killer (NK) cells, and immunosup-
pressive cells, including M2 macrophages, regulatory T cells,
and myeloid-derived suppressor cells. Tumors employ multi-
ple mechanisms to modulate immune cell infiltration and de-
pletion, while reciprocal interactions also occur among these
immune cells.!l Recent advances in HCC immunotherapy
have shown that while immune checkpoint inhibitors elicit
strong antitumor responses in certain patient populations,
combination therapies incorporating immune checkpoint
inhibitors with other agents generally achieve superior out-
comes. Notably, the atezolizumab-bevacizumab combination
has become a first-line treatment for HCC. Conversely, other
immunotherapeutic strategies, including adoptive T-cell ther-
apy, cancer vaccines, and oncolytic virotherapy, have dem-
onstrated limited and inconsistent clinical efficacy to date.!!
Furthermore, the reconfiguration of the immune microenvi-
ronment in HCC has drawn increasing attention. For instance,
one study revealed that interactions between SPP1-positive
macrophages and cancer-associated fibroblasts form a tu-
mor immune barrier within HCC, which impedes CD8* T-cell
infiltration into the tumor core and significantly diminishes
the therapeutic efficacy of immunotherapy.12 Despite exten-
sive research on immune microenvironment reconfiguration
in HCC, the role of CCCRGs in this process remains poorly
understood.

In this study, we employed a robust bioinformatics
strategy, incorporating weighted gene co-expression net-
work analysis (WGCNA) and related methods,!3 to identify
22 CCCRGs significantly associated with poor prognosis in
HCC. These key genes were then employed to construct a
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prognostic risk model aimed at enhancing clinicians’ abil-
ity to predict patient survival and therapeutic responses
with greater accuracy. Among these, CENPI emerged as a
critical target gene, yet its functional role and underlying
mechanisms in HCC progression remained unclear. Subse-
quent experimental investigations demonstrated that CEN-
PI promotes HCC cell proliferation, migration, and invasion
by modulating the Hippo signaling pathway and regulating
epithelial-mesenchymal transition (EMT). Importantly, our
findings underscore CENPI's role in reshaping the tumor
immune microenvironment (TIME) and suppressing the
infiltration of pro-inflammatory immune cells, including
CD8* T lymphocytes and NK cells. These findings suggest
that CENPI represents a promising therapeutic target for
HCC management.

Methods

Bioinformatics processing and analysis

High-quality HCC gene expression datasets were selected
from The Cancer Genome Atlas (TCGA) and International
Cancer Genome Consortium (ICGC) databases according to
strict inclusion criteria. Samples were excluded if they had
incomplete follow-up data, missing survival information, sur-
vival durations under 30 days, or redundant sequencing from
the same patient. Ultimately, 343 tumor samples from the
TCGA-Liver Hepatocellular Carcinoma (LIHC) dataset and
226 from the ICGC-Liver Cancer-Riken-Japan (LIRI-JP) data-
set were included. A list of 292 CCCRGs was also obtained
from pathcards.genecards.org. Employing WGCNA and dif-
ferential expression analysis, we identified genes strongly
correlated with tumorigenesis and poor prognosis, and cross-
referenced these with the CCCRG list to pinpoint key genes.13
Lasso regression and Random Forest (RF) algorithms were
applied to further refine and isolate hub genes.1%!> TCGA
HCC tumor samples were designated as the training set,
while ICGC-LIRI-JP samples served as the validation set. A
prognostic model incorporating these hub genes was con-
structed using the training set and validated with the valida-
tion set. Kaplan—-Meier curves were generated to evaluate OS
across different groups.1® Nomograms and calibration curves
were constructed to assess the model’s predictive accura-
cy for survival probabilities.1” Decision curve analysis was
conducted to evaluate the clinical utility of the model, and
receiver operating characteristic (ROC) curves were plotted
to assess its predictive performance for postoperative sur-
vival.l® Gene set enrichment analysis and gene set varia-
tion analysis were employed to explore relevant pathways.1?
The ESTIMATE algorithm was used to evaluate and compare
stromal and immune scores between groups,2° while single
sample gene set enrichment analysis was applied to assess
variations in immune cell infiltration patterns.?! The maftools
package was utilized to visualize mutational landscapes of
different risk cohorts.22

The GSE149614 single-cell RNA sequencing dataset in-
cluded tissue samples from 10 HCC patients, encompass-
ing primary tumors, portal vein tumor thrombi, metastatic
lymph nodes, and healthy liver tissues.23 Using the “Seurat”
package in R software, 10x single-cell RNA sequencing data
were converted into Seurat objects. Raw counts underwent
rigorous quality control (QC) to exclude low-quality cells, re-
taining only those with gene counts between 500 and 5000
and mitochondrial gene expression below 10%. Following
the standard Seurat workflow, the data were normalized,
subjected to principal component analysis, and batch effects
were corrected using Harmony. Clustering was performed at
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an optimal resolution determined via UMAP visualization, and
cell subtypes were identified based on unique molecular ex-
pression profiles. The CellChat package was then used for a
detailed analysis of cell-cell communication.24

Specimens from patients

Liver tissue samples (n = 30) were collected from HCC
patients after treatment, along with an equal number of
matched non-neoplastic tissue controls, at the Second Affili-
ated Hospital of Harbin Medical University (Harbin, China).
The study protocol was approved by the hospital’s Ethics
Committee, and all participants provided written informed
consent (YJSKY2023-148).

Cell culture

Human HCC cell lines and normal liver cells were obtained
from Zhonggiao Xinzhou Biotechnology Co., Ltd. (Shanghai,
China). Cells were cultured in Dulbecco’s modified Eagle me-
dium supplemented with 10% fetal bovine serum (FBS) and
1% penicillin-streptomycin (Beyotime, Shanghai, China) at
37°Cin a 5% CO, incubator.?>

Gene knockdown

For CENPI knockdown, shRNA and negative control (shNC) se-
quences were designed as follows: shCENPI-1: GCTCTTCTTT-
ACATCAACCAT, shCENPI-2: CTGCTCTGATTTCAGTATCTT, shC
ENPI-3: CTGAAAGAGCTATTGCAGAAT, shCENPI-4: AGGCTTT-
GTTGTCACTGTATA, shCENPI-5: TTGCAAATGGCAGTGGGATAT,
shNC: TTCTCCGAACGTGTCACGT.26

Western blot analysis

Proteins were extracted from tissue and cellular samples us-
ing RIPA buffer (Beyotime, Shanghai, China) supplemented
with protease and phosphatase inhibitors (Roche, Switzer-
land). Protein concentration was determined with a bicin-
choninic acid assay kit (Beyotime, Shanghai, China). Proteins
were separated by SDS-PAGE, transferred to nitrocellulose
membranes, and blocked according to standard protocols.
Membranes were incubated overnight at 4°C with the follow-
ing primary antibodies: B-actin (#8480, CST, 1:1000), CENPI
(ab118796, Abcam, 1:1,000), E-cadherin (TA0131, Abmart,
1:1,000), N-cadherin (T55015, Abmart, 1:1,000), Vimentin
(#5741, CST, 1:1,000), YAP1 (T55381, Abmart, 1:5,000),
and phospho-YAP1 (T55743, Abmart, 1:5,000). After three
washes with TBST buffer, membranes were incubated with
diluted secondary antibodies for 1 h, washed again, and then
exposed to ECL developing solution. After a two-minute in-
cubation in the dark, membranes were imaged using an au-
tomated chemiluminescence imaging system.?2”

CCK-8

Cells were harvested, centrifuged, and resuspended in com-
plete culture medium for counting. Subsequently, 5 x 103
cells in 100 pL of medium were seeded into each well of a
96-well plate and incubated for 24, 48, and 72 h. At each
time point, 10 yL of CCK-8 solution (Beyotime, Shanghai,
China) was added to each well, followed by a 2-h incubation.
The optical density at 450 nm was measured and recorded
for each well.28

EdU

Cells were cultured in 6-well plates until adherent, then in-
cubated with 2 mL of 1x EdU working solution for 2 h. Fol-
lowing incubation, cells were washed, fixed with 4% para-
formaldehyde, and permeabilized with PBS containing 0.3%

Triton X-100. They were then incubated with a Click reaction
mixture for 30 m in the dark, stained with 1x Hoechst 33342
to visualize nuclei, and examined using a confocal laser scan-
ning microscope.2®

Colony formation assay

When cells in each group reached the desired density, they
were harvested and centrifuged. A total of 1,000 cells per
well were seeded into 6-well plates and cultured continuously
for 12 days. Colonies were then fixed with 4% paraformal-
dehyde for 30 m and stained with 1% crystal violet for 20
m. The number of colonies was subsequently counted and
recorded.30

Wound healing assay

After transfection, cells were grown in 6-well plates until they
reached confluence. A scratch was made across the mon-
olayer using a 200 pL pipette tip, and non-adherent cells
were removed by washing with PBS. The initial wound edge
(0-h time point) was imaged at 40x magnification. Cells
were then incubated in serum-free medium, and wound clo-
sure was monitored and photographed at 24 and 48 h using
a 40x microscope.3!

Transwell assay

For the invasion assay, the upper chamber of the transwell
insert was coated with approximately 50 uL of Matrigel and
allowed to solidify. Cells were resuspended in serum-free
medium, and 200 pL of the suspension was added to the
upper chamber. The lower chamber was filled with 800 pL
of Dulbecco’s modified Eagle medium containing 10% fe-
tal bovine serum. After 24 and 48 h of incubation, invasive
cells that had migrated to the lower chamber were fixed with
methanol and stained with 1% crystal violet. Cell invasion
was then assessed and photographed under a microscope at
100x magnification.32

Flow cytometry

Apoptosis was evaluated using the Annexin V-FITC/PI Apo-
ptosis Kit (BD, USA). Cells were harvested at the desired
density, centrifuged, and washed with pre-chilled PBS. Af-
ter counting, an appropriate volume of the suspension was
re-centrifuged, and the supernatant was discarded. The cell
pellet was resuspended in 100 uL of binding buffer and trans-
ferred into flow cytometry tubes. Cells were then stained
with Annexin V-FITC and PI, followed by 15 m of incubation
at room temperature in the dark. After incubation, 400 pL
of binding buffer was added, and apoptosis was analyzed by
flow cytometry.33

Immunofluorescence

Cells were seeded at optimal density in 24-well plates and
allowed to adhere. After fixation with 4% paraformaldehyde,
cells were permeabilized and blocked. The primary antibody
against YAP was incubated with the cells overnight at 4°C.
The following day, a fluorescent secondary antibody was ap-
plied, and nuclei were counterstained with DAPI. Stained cells
were visualized under a fluorescence inverted microscope.34

Formalin-fixed, paraffin-embedded tissue specimens were
sectioned at 4 uym. After dewaxing with xylene and rehydra-
tion through graded ethanol, antigen retrieval was performed
using 0.1 M citrate buffer (pH 6.0) with heat-induced epitope
recovery. Sections were incubated overnight at 4 °C with
primary antibodies against CD3 (ZM-0417) and CD8 (ZA-
0508), followed by incubation with fluorescently conjugated
secondary antibodies at 37°C for 60 m. Nuclei were coun-
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Table 1. The sequences of primers
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Genes Forward primer (5’-3’) Reverse primer (5’-3")
GAPDH ACCGGGAAGGAAATGAATGG CCCAATACGACCAAATCAGAGA
B2M AAAGATGAGTATGCCTGCCG CGGCATCTTCAAACCTCCAT
CXCL9 CCAATACAGGAGTGACTTGGA CTCACTACTGGGGTTCCTTG
CXCL10 AGTGGCATTCAAGGAGTACC ACGTGGACAAAATTGGCTTG
CXCL11 ACAGTTGTTCAAGGCTTCCC CTTGCTTGCTTCGATTTGGG

terstained with DAPI, and fluorescence was quantified using
epifluorescence microscopy.3>

Animal experiments

Once cells reached confluence, they were harvested, centri-
fuged, and resuspended in pre-chilled PBS for counting. A
total of 5 x 106 Hep3B cells were resuspended in 200 pL of
pre-chilled PBS and implanted subcutaneously into the axil-
lae of six-week-old male nude mice. Mice were housed under
standard conditions with free access to food and water and
maintained on a 12-h light/dark cycle. Tumor size was meas-
ured every three days starting on day 6 post-implantation.
After three weeks, mice were euthanized, and tumors were
excised, weighed, and recorded for analysis.3¢ All animal ex-
periments were approved by the Ethics Committee of the
Second Affiliated Hospital of Harbin Medical University (YJS-
DW2023-067).

Quantitative reverse transcription polymerase chain
reaction analysis

Total RNA was extracted from Hep3B cells using TRIzol rea-
gent (Invitrogen) and reverse-transcribed into cDNA with the
Transcriptor First Strand cDNA Synthesis Kit (Roche, Penz-
berg, Germany). FastStart Universal SYBR Green Master
(Roche) was used to amplify each sample in a 20 pL reaction
mixture. The fold changes were converted using the 2-AACt
technique. Expression levels were determined by calculat-
ing and normalizing them to the endogenous GAPDH.37 The
primer sequences are listed in Table 1.

Statistical analysis

Data are presented as mean * standard deviation from at
least three independent experiments. Statistical differences
between two groups were analyzed using an independent-
samples t-test, while one-way ANOVA was used for compari-
sons among multiple groups. Analyses were performed with
GraphPad Prism 8.0 and R version 4.2.3. Statistical signifi-
cance was defined as p < 0.05.

Results

Weighted gene co-expression network construction

We analyzed normal and tumor samples from the TCGA-LIHC
cohort to identify regulatory genes involved in HCC initia-
tion. To delineate densely connected gene clusters within the
microarray samples, correlation network analyses were per-
formed. WGCNA was used to construct and systematically
analyze active tumor-related networks. Following sample
clustering, an appropriate threshold (cutHeight = 210) was
applied to remove samples exhibiting conspicuous anoma-
lies, as illustrated in Figure 1A. After outlier removal, a sam-
ple clustering dendrogram was constructed (Fig. 1B). For
subsequent analyses, the top 8,000 genes were selected. An

adjacency matrix was generated using a soft-threshold pow-
er of B = 8 (R2 = 0.85), ensuring a scale-free network topol-
ogy for gene distribution, as depicted in Figure 1C, thereby
preserving crucial connectivity information. Using param-
eters of minModuleSize = 30 and mergeCutHeight = 0.25,
we identified 12 distinct modules (Fig. 1D). Module connec-
tivity was calculated, and clustering analysis incorporating
grouping information yielded a heatmap (Fig. 1E). To explore
module-phenotype associations, we computed correlation
coefficients between each module and tumor traits, revealing
six modules with statistically significant links to HCC. Nota-
bly, the “blue” (r = 0.63, p = 4e—48) and “turquoise” (r =
0.55, p = 3e—34) modules showed the strongest correla-
tions with tumor status (Fig. 1F). We then performed module
membership and gene significance correlation analyses on
these two modules, observing a strong positive correlation
between module membership and gene significance (Fig.
1G). By merging gene sets from both modules, we compiled
a final subset of 3826 module-associated genes for further
investigation.

The identification of hub CCCRGs implicated in HCC
development and associated with unfavorable prog-
noses

Differential expression analysis was performed to compare
gene expression profiles between normal and tumor sam-
ples from the TCGA-LIHC dataset. Gene expression fold
changes (FCs) were transformed to log2 scale, and a strin-
gent cutoff of |log2FC| = 2 with p < 0.05 was applied
to identify differentially expressed genes. Under these cri-
teria, 1,159 genes were identified as potentially involved
in tumor progression, including 471 upregulated and 688
downregulated genes (Fig. 2A). Upregulated genes were
prioritized for subsequent investigation. Similarly, differen-
tial expression analysis of tumor samples stratified by clin-
ical stage was conducted, applying thresholds of |log2FC]|
> 0.2 and p < 0.05. This yielded 918 stage-associated
genes, including 387 upregulated and 531 downregulated
genes (Fig. 2B), with upregulated genes selected for fur-
ther analysis. To identify genes significantly influencing
postoperative OS, survival analysis was performed on tu-
mor samples, retaining genes with p < 0.01. Through inte-
grative analysis of differentially expressed genes, module
genes, and CCCRGs, 29 key genes were identified (Fig.
2C). LASSO Cox regression analysis was then employed to
select the most informative diagnostic features, identifying
26 candidates (Fig. 2D and E). The RF algorithm was sub-
sequently applied to rank gene importance, generating a
list of 29 genes. The top 25 genes with the highest impor-
tance scores were selected for further investigation (Fig.
2F). By intersecting results from LASSO Cox regression
and RF analyses, 22 optimal gene signatures were identi-
fied and defined as hub genes (Fig. 2G). Box plots illus-
trated differential expression of these hub genes between
normal and tumor samples (Fig. 2H). ROC curve analysis
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network analysis.

demonstrated robust diagnostic performance (Supplemen-
tary Fig. 1). Correlation analysis revealed potential inter-
actions among most hub genes (Fig. 2I), suggesting coor-
dinated regulatory roles in tumor progression.

Comprehensive analysis of the risk score in HCC pa-
tients in conjunction with clinical parameters

We employed the TCGA-LIHC dataset as the training cohort
to develop a predictive model by integrating hub gene ex-
pression profiles with patient survival data, while the ICGC-
LIRI-JP dataset was utilized for external validation. Initially,
the optimal cutoff point was determined within the training
set (Fig. 3A). Based on this threshold, patients were strati-
fied into high-risk and low-risk subgroups. Patients above the
cutoff point exhibited significantly higher risk scores, lower
survival rates, and elevated expression of hub genes (Fig.
3B). Cox regression analysis revealed a hazard ratio of 2.53
for the risk score (95% CI: 1.98-3.2; p < 0.001), surpass-

ing the prognostic value of clinical factors such as age, gen-
der, and stage (hazard ratio = 1.55; 95% CI: 1.24-1.9; p <
0.001), indicating the risk score’s robustness as a prognostic
indicator (Fig. 3C). Kaplan—-Meier analysis showed signifi-
cantly reduced OS in the high-risk group (p < 0.0001), with
very few survivors beyond five years (Fig. 3D). Similar results
were obtained in the validation cohort (Supplementary Fig.
2A-D). To further refine prognostic prediction, we integrated
the risk score with clinical factors (age, gender, and stage)
to construct a nomogram (Fig. 3E). The calibration plot dem-
onstrated strong agreement between nomogram-predicted
and observed one-, three-, and five-year OS, confirming its
reliability (Fig. 3F). ROC curve analysis further validated the
predictive accuracy of the risk score for one-, three-, and
five-year OS (Fig. 3G). Decision curve analysis emphasized
the clinical utility of the risk score in guiding treatment deci-
sions (Fig. 3H). As most patients in the validation cohort had
OS between one and three years, we assessed time points at
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one, two, and three years, achieving consistent results (Sup-
plementary Fig. 2E-H).

Analysis of immune cell infiltration and genetic
mutation landscapes in model-delineated high- and
low-risk groups

Using the ESTIMATE algorithm, we analyzed the infiltration
levels of immune and stromal cell populations within the tu-
mor microenvironment. As shown in Figure 4A-C, high-risk
patients exhibited a significant reduction in stromal scores
compared to their low-risk counterparts, while no notable
differences were observed in immune scores or ESTIMATE
scores between the two groups. Although these findings sug-
gested comparable overall immune scores, they did not ac-
curately reflect the infiltration status of individual immune
cell subsets. To address this limitation, we utilized single

sample gene set enrichment analysis to quantify the distri-
bution of 28 immune cell subsets within tumor tissues from
high- and low-risk cohorts (Fig. 4D). Notably, the high-risk
group demonstrated elevated infiltration of type 2 T helper
cells, NK T cells, effector memory CD4* T cells, and acti-
vated CD4+ T cells. Conversely, monocytes, central memory
CD4+ T cells, CD56dim NK cells, plasmacytoid dendritic cells
(DCs), NK cells, effector memory CD8* T cells, type 1 T help-
er cells, and eosinophils were more abundant in the low-risk
group. Furthermore, a comparative analysis of immune cell
exhaustion marker expression revealed significant upregula-
tion in the high-risk cohort (Fig. 4E). We then conducted an
in-depth analysis of genetic mutation profiles in the high-
and low-risk groups, identifying the top 10 genes with the
highest mutation frequencies. CTNNB1 exhibited the highest
mutation frequency in the low-risk group (29%), while TP53
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was the most frequently mutated gene in the high-risk group
(64%) (Fig. 4F and G). Finally, tumor mutation burden analy-
sis revealed a significantly higher tumor mutation burden in
the high-risk group compared to the low-risk group (Fig. 4H
and I).

CENPI was overexpressed in HCC tissues and cell
lines and associated with poor prognosis

Among the 22 previously identified hub genes, the expres-
sion pattern and functional role of CENPI in HCC remain in-
adequately characterized, with limited validation and mecha-
nistic insights into its contribution to disease progression. To
address this gap, we focused our subsequent investigations
on CENPI. Initially, we observed significant overexpression
of CENPI in tumor samples from the TCGA-LIHC dataset
(Fig. 2H). To further elucidate its expression pattern in pa-
tient tissues, we analyzed the single-cell sequencing dataset
GSE149614. Using PC = 30 for dimensionality reduction via
UMAP, followed by clustering at a resolution of 2, we identi-
fied 55 distinct subgroups from cells that passed QC (Sup-
plementary Fig. 3A and B). These clusters were annotated as
“B cell”, "CD4* T cell”, “*CD8* T cell”, "DC", “endothelial cell”,
“fibroblast”, “hepatocyte”, “macrophage”, “monocyte”, and
“NK cell” (Fig. 5A). Characteristic gene expression profiles for
each cell type are presented in Supplementary Figure 3C and
D. CENPI expression was predominantly detected in hepat-
ocytes, with moderate levels in endothelial cells, DCs, and
macrophages (Fig. 5B). To minimize the confounding effects
of stromal cells, we extracted hepatocyte data for further
analysis, which confirmed significantly elevated CENPI ex-
pression in tumor tissues compared to normal tissues across
most samples. Interestingly, elevated CENPI expression was
also observed in the metastatic lymph nodes and portal vein
tumor thrombi of some patients, suggesting a potential role
in distant metastasis (Fig. 5C). These bioinformatics find-
ings were further validated in vitro, confirming upregulated
CENPI expression in HCC tissues and cell lines (Fig. 5D). Us-
ing predefined expression thresholds, we evaluated the cor-
relation between CENPI expression and TNM stage, revealing
that high CENPI expression correlated with advanced disease
(Fig. 5E). Moreover, survival analysis revealed that patients
with elevated CENPI expression exhibited poorer OS (Fig.
5F and G). Gene set enrichment analysis demonstrated that
CENPI overexpression was closely related to HCC prolifera-
tion, metastasis, and EMT (Fig. 5H).

CENPI facilitated HCC cell proliferation

To investigate the functional role of CENPI in tumor cell be-
havior, we selected Hep3B (TP53-null) and HCCLM3 (highly
metastatic) cell lines for silencing experiments, given their
relatively high endogenous CENPI expression. Efficient
CENPI knockdown was achieved in both cell lines, as con-
firmed by experimental validation (Fig. 6A and B). The two
clones with the strongest knockdown efficiency from each
cell line were selected for subsequent experiments. A series
of in vitro assays, including CCK-8 proliferation, EdU incor-
poration, and colony formation, consistently revealed that
CENPI silencing significantly impaired proliferative capacity
and clonogenic potential, consistent with the bioinformatics
analyses (Fig. 6C-J). Furthermore, flow cytometry showed
that CENPI knockdown induced apoptosis in HCC cells, sup-
porting its pro-tumorigenic role (Fig. 6K-N). In an in vivo
subcutaneous xenograft model, CENPI knockdown markedly
suppressed tumor growth, as evidenced by significantly re-
duced tumor weight and volume compared to controls (Fig.
60 and P).

CENPI promoted HCC cell migration, invasion, and
EMT

To assess the effects of CENPI knockdown on tumor cell
motility and invasiveness, we performed wound healing
and transwell assays. The wound healing assay revealed a
significant reduction in migratory capacity in CENPI knock-
down groups compared to controls (Fig. 7A-D). Similarly,
transwell invasion assays demonstrated markedly reduced
invasive potential, with fewer cells traversing the membrane
in knockdown groups versus controls (Fig. 7E and F). Addi-
tionally, CENPI suppression significantly altered EMT marker
expression, downregulating mesenchymal markers while up-
regulating epithelial markers, indicating impaired metastatic
potential (Fig. 7G-J).

CENPI promoted the malignant biological behavior of
HCC cells via the Hippo pathway

We investigated the molecular mechanisms underlying CEN-
PI's role in HCC proliferation and metastasis. Gene set vari-
ation analysis of CENPI confirmed its significant enrichment
in the Hippo pathway (Fig. 8A). The Hippo pathway played
a pivotal role in regulating liver size, regeneration, stem cell
self-renewal, and HCC progression.38 Extensive previous re-
search has demonstrated a close association between the
Hippo pathway and HCC proliferation and metastasis.3940
For example, reduced succinate dehydrogenase (SDH) activ-
ity has been linked to succinate accumulation and poor HCC
prognosis, with SDHA and SDHB downregulation promoting
HCC progression via the YAP1/TAZ oncogenic signaling axis
through impaired proteasomal degradation pathways.*! In
our study, CENPI knockdown significantly increased phos-
phorylated YAP levels while decreasing total YAP expression
in HCC cells (Fig. 8B-E). Furthermore, CENPI suppression
reduced nuclear localization of YAP (Fig. 8F and G). These
findings suggest that CENPI regulates the Hippo signaling
pathway by inhibiting YAP phosphorylation and facilitating its
nuclear translocation, thereby promoting HCC cell prolifera-
tion and metastatic potential.

CENPI mediated immune escape in HCC patients

We analyzed the impact of CENPI on the TIME in HCC pa-
tients by extracting all tumor samples from the single-cell
sequencing dataset GSE149614. Using PC = 30, we per-
formed UMAP dimensionality reduction on cells passing QC
and identified 62 subgroups at a resolution of 3 (Supple-
mentary Fig. 4A and B). These 62 clusters were classified
as "B cell”, “"CD4* T cell”, "CD8* T cell”, "DC", “endothelial
cell”, “fibroblast”, “HCC"”, “macrophage”, “monocyte”, and
“NK cell” (Fig. 9A). Characteristic gene expressions for each
cell type are depicted in Supplementary Figure 4C and D.
To exclude the influence of CENPI expression in other cell
types, we extracted the HCC subset from the tumor samples
and analyzed CENPI expression. Patients were classified into
low- and high-CENPI expression groups based on their ex-
pression profiles (Fig. 9B). Figure 9C shows the proportion
of different cell types in the two groups. A notable rise in the
percentage of HCC cells was observed in the high-expression
cohort, consistent with the finding that CENPI enhanced tu-
mor proliferation. Furthermore, the low-expression group
exhibited increased proportions of endothelial cells and fi-
broblasts. Notably, several immune cell types, including NK
cells, DCs, and CD4* T cells, were markedly reduced in the
high-expression group. Multiparametric immune profiling
revealed significant associations between CENPI expression
and infiltration of 28 immune cell subsets within the TCGA-
LIHC cohort (Fig. 9D and E). Most cell types showed reduced
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Fig. 5. CENPI expression levels in HCC and associations with unfavorable prognosis. (A) UMAP visualization delineating distinct cellular clusters. (B) Expres-
sion patterns of CENPI across various cell types. (C) Expression patterns of CENPI across tissues from different patients. (D) CENPI protein expression in HCC tissues
and cell lines. (E) Correlation between CENPI expression level and disease stage in patients. (F, G) The correlation between CENPI expression level and patient survival.
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infiltration in the high-CENPI group, including monocytes,
central memory CD4* T cells, CD569™m NK cells, plasmacytoid
DCs, central memory CD8* T cells, immature DCs, NK cells,
gamma delta T cells, activated CD8* T cells, effector memory
CD8* T cells, type 1 T helper cells, eosinophils, and neutro-
phils. Given the critical roles of these cells in antitumor im-

munity, these findings suggested that CENPI might promote
immune escape in HCC. Furthermore, patients were stratified
into high- and low-CENPI expression groups based on their
tumor tissue CENPI levels. Immunohistochemical analysis of
corresponding paraffin-embedded sections revealed signifi-
cantly reduced CD8* T cell infiltration in tumors with elevated
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Fig. 6. The effect of CENPI knockdown on proliferation and apoptosis of HCC cells. (A, B) The knockdown efficiency of CENPI protein in Hep3B and HCCLM3
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hairpin negative control.

CENPI expression (Fig. 9F). Analysis of immune exhaustion
markers and T cell exhaustion status showed that the high-
CENPI group exhibited higher levels of exhaustion markers
and a greater number of exhausted T cells (Fig. 9G-I). The
distribution of exhaustion markers is depicted in Supplemen-
tary Figure 5.

CENPI affected cell-to-cell interactions in the TIME

To elucidate the mechanisms of CENPI-mediated immune
escape in HCC, we conducted a comprehensive analysis
of intercellular communication networks. While no signifi-
cant differences were observed in the total number of cell-
cell interactions between high- and low-CENPI groups, the
strength of these interactions was notably diminished in the
high-expression cohort (Fig. 10A). Supplementary Figure 6A

Journal of Clinical and Translational Hepatology 2025

and B provide detailed visualizations of intercellular interac-
tions, with line thickness indicating interaction frequency and
intensity. We integrated interaction data from both groups to
highlight differences, using red to denote stronger interac-
tions in the CENPI-overexpressing group and blue for weaker
interactions (Fig. 10B). Figure 10C and Supplementary Fig-
ure 6C and D show the activation status of signaling path-
ways, while Supplementary Figure 6E displays the senders
and receivers of cell signals in both groups. Given the piv-
otal role of MHC-I, CXCL, and CCL signaling pathways in im-
mune cell recruitment, we focused on these pathways. In the
high-CENPI group, MHC-I signaling was significantly weaker,
indicating that antigen-presenting cells presented tumor an-
tigens to effector cells less frequently. For CXCL signaling,
enhanced CD8* T cell recruitment by other cell types was ob-
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Fig. 7. The effect of CENPI knockdown on migration, invasion, and EMT of HCC cells.

(A-D) The wound healing assay. (E, F) The statistical graph of the

transwell assay. (G-J) Western blot detection of EMT-related protein expression. *p < 0.05; **p < 0.01; ***p < 0.001. EMT, Epithelial-mesenchymal transition; HCC,

Hepatocellular carcinoma; shNC, short hairpin negative control.

served in the low-CENPI group (Fig. 10D and E). In contrast,
CCL signaling analysis revealed no significant differences in
effector cell recruitment (Supplementary Fig. 6F). Further
analysis of signaling pathway-associated molecules revealed
that CENPI knockdown in HCC cells significantly upregulated
B2M (a key component of MHC-I) and the chemokines CXCL9
and CXCL10 (Fig. 10F). These findings provide mechanistic
insight into CENPI's role in immune escape.

Discussion

In clinical practice, pathological staging remains the corner-
stone for predicting long-term survival and guiding treat-
ment decisions in HCC patients. However, due to the inherent
heterogeneity of HCC, patients within the same pathological
stage often exhibit divergent clinical outcomes, highlighting
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the limitations of traditional staging systems for personal-
ized prognosis and therapy. The advent of next-generation
sequencing has revolutionized cancer prognosis prediction,42
with an increasing number of mMRNA- and non-coding RNA-
based prognostic biomarkers being developed to forecast
patient survival outcomes.*344 CCCs play a critical role in
maintaining genomic stability by ensuring accurate DNA
replication and proper chromosome segregation during eu-
karyotic cell division. Within the various stages of the cell
cycle, CCCs include DNA damage response checkpoints, DNA
replication stress response checkpoints, and mitotic check-
points. Dysregulation of CCCRGs at any of these stages can
disrupt genetic material transmission, potentially leading to
uncontrolled cell proliferation or cell death.4> In this study,
we systematically analyzed mRNA expression profiles of 292
CCCRGs in HCC. We subsequently developed and rigorous-
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ly validated a prognostic model incorporating 22 CCCRGs.
Comprehensive evaluation demonstrated that this model
effectively predicts OS in HCC patients, providing valuable
insights to inform personalized treatment strategies. This
approach addresses the limitations of conventional staging
systems by capturing molecular heterogeneity within HCC,
offering a more precise tool for clinical decision-making and
patient stratification.

Over the past decades, accumulating evidence has high-
lighted the critical role of the CENP family in regulating cancer
initiation and progression.46-48 Among its members, CENPI
exhibits aberrant expression across multiple malignancies.
For example, studies have demonstrated its upregulation
in gastric cancer, where it promotes tumor proliferation and
migration.4® Similarly, elevated CENPI expression in lung ad-
enocarcinoma (LUAD) has been shown to drive tumor growth
while suppressing apoptosis, with the added finding that
CENPI modulates immune cell infiltration in the LUAD tumor
microenvironment, a previously unreported observation.26
Despite these insights, the precise functions of CENPI in HCC

Journal of Clinical and Translational Hepatology 2025

remain poorly characterized. In this study, we addressed this
knowledge gap through a comprehensive investigation com-
bining multi-omics analysis of TCGA-LIHC and GSE149614
datasets with extensive in vitro and in vivo experimental
validation. Our findings provide novel mechanistic insights
into CENPI’s role in HCC pathogenesis and tumor immune
regulation, establishing a foundation for future therapeutic
targeting strategies.

Initially, we observed significantly elevated CENPI protein
expression in both HCC tumor tissues and cell lines com-
pared to normal controls. Subsequent functional experi-
ments demonstrated that CENPI knockdown markedly sup-
pressed malignant phenotypes, including reduced tumor cell
proliferation, migration, invasion, and EMT, while simulta-
neously enhancing apoptotic susceptibility. Mechanistically,
CENPI facilitated the malignant biological behaviors of HCC
by regulating the Hippo pathway. Given that immunotherapy
has emerged as a vital treatment modality for HCC,11.50 and
the well-established influence of the TIME on therapeutic re-
sponse and clinical outcomes, we further investigated the ef-

13



He R. et al: CENPI promotes HCC growth and immune escape

Main_cell_type CENPI sampe eorssionieel
o | | Hoowr
10: 3 Main_cell_type
® NKcel 0 S low B el
Il ® Monocyte ) Il Morocyte
N ® Macrophage . g [ Vacrophage
| ® HCe 5 W e
% 0 ® Fibroblast HCC0sT X [l Fiorovast
) [l Encotheialcell
S 4 ® Endothelial cell | B
5 ‘m e DC g COB+ Teel
Endol | o CD8+Tcel o D4+ Teel
£ CD4+T cell Hecorr O high Boel
10 ® Beel N -
O | oowr
10 )
¢ a0 025 0% o35 o
— count
Monocyte 14 7
Cenlra\y‘memory CD4 T cell 8 % s '3
CDS6dim natural Kiler cell = 7o
E Plasmacytoid dendrtic cell S o050 # ST U
Central memory CD8 T cell [=% . . -
Natural killer cell o M © eg =
Activated dendritc cell S s . IS
Immature dendtic cell PPRS

Gamma delta T cll 0.0254
CDS6bright natural kiler cel
Memory B cell

DS

4
T follicular helper cell
Acivated CDB T cell " 0.0001

b
=
)y
o

Effector memeory CD8 T cell
Type 1 T helper cell
Regulatory T cell -2
Type 2T helper cel

Natural kiler T cell

Effector memeory CD4 T cell
Activated CD4 T cel

Type 17T helper cel

Macrophage

Immature B cell 5 &
Eosroptt cell type

e group & low & high

cell

Monocyte

Natural iler cel
Memory B cell
Type 1 T helper cell
Immature B cell
Acivated B cel

feclor memeory CDB T cel

Ceniral memory CD4

g
£

Eflector memeory CD4 T cel

F DAPI Merged

- )
CD4* T cell CD8* T cell

exhaustion exhaustion cytotoxicity

- . - - 0.75 ns
06 } .
e .

400 X

Immune cells infiltration number

400 X

CENPI high

CENPI low
o
o
@
. . |
o]
®

group =low e high

ko

Gene expression

—_
(11
L]
(L1

e

~ ¥ ¥ o &

9 & 4 >

0 N 9 Y
8 & ¢ voooR o & o '

T Identity Identity Identity

Fig. 9. The influence of CENPI on the immune microenvironment in HCC. (A) UMAP visualization delineating distinct cellular clusters in HCC tissue. (B) Patients
grouped according to CENPI expression in HCC cells. (C) The proportion of each cell type within the tumor tissues of the two groups. (D, E) Infiltration levels of 28 immune
cell subtypes in the two groups. (F) Immunofluorescence staining of CD8* T cells in tumor tissue sections from patients stratified by CENPI expression (low vs. high). (G)
Expression of exhaustion markers in the two groups. (H, I) The status of CD4* T cells and CD8* T cells in the two groups. *p < 0.05; **p < 0.01; ***p < 0.001; ****p <
0.0001. DAPI, 4’,6-diamidino-2-phenylindole; DC, Dendritic cell; HCC, Hepatocellular carcinoma; MDSC, Myeloid-derived suppressor cell; NK, Natural killer; UMAP, Uniform
manifold approximation and projection.

14 Journal of Clinical and Translational Hepatology 2025



He R. et al: CENPI promotes HCC growth and immune escape

>
w

1340 0.023

172 Differential number of interactions Differential interaction strength

0.020

1000

0.015

0.010

Interaction strength

0.005

0.001

Number of inferred interactions

o

0.000

low high low high

Information flow

0.20
T low
B high
0.15
0.10
) ‘ ‘ ii ‘ii ‘l ‘l'
0.00
<< = (&) L =
& PEEEoE s

ESAM{ EEmm——

=
=
=
=
5

ANNEXINY  —

T hmacrRZowzoon E=w B T T EEP TR [ S HINL P e A A AL P THITHIP
A ahihe M FRRR Rtk i PR e L P I R
= ® o a frw} = = o = 122} S = =
= g = & = a
= S
o
(&)
D E
MHC-I signaling pathway network CXCL signaling pathway network
NK. CD4+T Macro NK NK CD4+T
o ° ] *
Macm. N\ CD8+T Macm. :DB*T
Moﬂo. Mono. @ Hee
[ ] [ ] @Fibro
oc oc
° ) . ° [ ] [
B E e Fibro B EC
low high low high
F
B2M CXCL9 CXCL10 CXCL11
z- R i B
@ — @ — Q@ I @ ns
<3 < ?° <* < !
= = 1.8 = 3 =Z 1.0
o 2 o [v'4 14
S € ., £, £
[ o [<] D o5
=1 = = o =
= B % 5 =
o, 2 00 2, 2 oo
S SO SO S
S & B> S L S L
BN By S Y

Fig. 10. Differential cell-to-cell interactions between CENPI-high and CENPI-low groups. (A) Number and strength of interactions between the two groups.
(B) The network diagram showing differential interactions (Red: upregulated in CENPI-high group; Blue: downregulated in CENPI-high group). (C) The bar graph show-
ing signaling pathways between the two groups. (D, E) Network plots of MHC-I and CXCL signaling pathways. (F) Relative mRNA levels of B2M, CXCL9, CXCL10, and
CXCL11 in Hep3B cells transfected with shNC or shCENPI. ***p < 0.001. EC, Endothelial cell; HCC, Hepatocellular carcinoma; MHC-I, Major histocompatibility complex
class I; shNC, short hairpin negative control.

Journal of Clinical and Translational Hepatology 2025 15



fects of CENPI on the infiltration and exhaustion status of im-
mune cells within HCC tumor tissue. Patients with high CENPI
expression frequently exhibited reduced presence of immune
effector cells, such as effector CD8* T cells and NK cells,
within their tumors. Moreover, these immune cells were of-
ten in a more advanced state of exhaustion, suggesting that
elevated CENPI expression may contribute to immune eva-
sion by weakening antitumor immune responses. The under-
lying mechanisms appear to involve two key processes: (1)
impaired antigen presentation by antigen-presenting cells in
CENPI-high tumors and (2) diminished chemokine-mediated
recruitment of CD8* T cells to the tumor site. Nevertheless,
further in-depth research and experimental validation are
required. These findings partially align with observations in
LUAD, where high CENPI expression was associated with de-
creased CD8* T cell and NKT cell infiltration, coupled with
increased myeloid-derived suppressor cell accumulation.
Collectively, our results and existing literature indicate that
CENPI functions as an oncogenic driver across multiple ma-
lignancies by fostering an immunosuppressive tumor micro-
environment that hinders effective immune surveillance and
clearance of cancer cells. These insights position CENPI as a
potential therapeutic target for reversing immune suppres-
sion and enhancing immunotherapy efficacy in HCC.

Conclusions

This study presents a comprehensive investigation into the
prognostic significance of CCCRGs in HCC. Notably, our re-
search provides the first mechanistic evidence that CENPI
promotes HCC malignant progression through dysregulation
of the Hippo pathway, while also revealing its novel role in
mediating immune evasion by inhibiting the recruitment of
antitumor effector cells, including CD8* T cells and NK cells,
to the tumor microenvironment. Although our findings es-
tablish a correlation between CENPI overexpression and im-
paired immune cell infiltration in HCC, the precise molecular
mechanisms underlying CENPI-driven immune suppression
remain to be fully elucidated. Future studies should focus on
dissecting the upstream regulators of CENPI expression, its
interactions with immune checkpoint pathways, and its po-
tential role in shaping the tumor immune landscape through
metabolic reprogramming or cytokine modulation. Given its
dual role in promoting tumor aggressiveness and facilitating
immune escape, CENPI represents a promising therapeutic
target for HCC treatment. Strategies targeting CENPI, either
directly through gene silencing or indirectly via modulation
of its regulatory networks, may offer a novel approach to
simultaneously inhibit tumor growth and enhance antitumor
immunity, potentially improving clinical outcomes for HCC
patients.
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