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Abstract

Background: Hepatocellular carcinoma (HCC) is a major contributor to cancer-related mortality worldwide. Store-operated calcium
(Ca®") entry (SOCE), the principal Ca®" influx pathway in non-excitable cells, has been implicated in regulating tumor cell prolifera-
tion, migration, and survival. Although annexin A5 (ANXAS) has been implicated in several malignancies, its mechanistic contribution
to Ca®" signaling in HCC remains unclear. Methods: SOCE-related differentially expressed genes were identified through integrated
bioinformatics analyses of The Cancer Genome Atlas and the Gene Expression Omnibus datasets. Huh-7 and HepG2 cells with stable
ANXAS knockdown were established using lentiviral transduction. Molecular interactions and functional alterations were examined by
co-immunoprecipitation, enzymatic activity assays, inositol 1,4,5-trisphosphate (IP3) quantification, Ca®>* imaging, western blotting,
quantitative polymerase chain reaction (PCR), and flow cytometry. Cellular phenotypes were assessed using proliferation and migration
assays, whereas tumor growth was evaluated in subcutaneous xenograft models using nude mice. Notably, all in vitro experiments in
this study were validated using both Huh-7 and HepG2 cells, whereas only Huh-7 cells were employed for in vivo experiments. Results:
ANXAS was identified as an SOCE-associated gene whose elevated expression correlated with poor prognosis in HCC. Functional as-
says demonstrated that ANXAS depletion significantly suppressed HCC cell proliferation and migration. Co-immunoprecipitation assays
showed reduced levels of GAPDH co-precipitating with ANXAS in ANXAS-deficient cells, suggesting impaired association between
ANXAS and GAPDH. Although ANXAS knockdown did not alter GAPDH expression, it markedly reduced GAPDH enzymatic activity,
leading to decreased IP3 production, impaired endoplasmic reticulum Ca®* release, and attenuated SOCE-mediated Ca®* influx. Impor-
tantly, pharmacological modulation of phospholipase C (PLC) activity with U73122 and its inactive analog U73443 further supported
the involvement of PLC—IP3 signaling in SOCE impairment and malignant phenotypes following ANXAS depletion. /n vivo, ANXAS
silencing significantly inhibited tumor growth and was accompanied by reduced expression of Ki-67, vimentin, and the M2 macrophage
marker cluster of differentiation 206 (CD206). Conclusion: These findings support a working model in which ANXAS interacts with
GAPDH and is associated with altered IP3 production and SOCE-dependent Ca®T signaling, potentially contributing to HCC progression
and immune modulation. Collectively, this ANXAS/GAPDH/IP3/SOCE axis may provide a mechanistic framework for understanding
HCC development and suggests ANXAS as a potential therapeutic target.
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1. Introduction genic mutations that drive malignant transformation [4].
Over the past decades, treatment options for HCC have ex-
panded substantially, encompassing surgery, locoregional
interventions, immunotherapy, molecularly targeted ther-
apy, radiotherapy, and chemotherapy, which together have
led to improved survival outcomes and a decreased over-
all cancer burden [2,5,6]. Nevertheless, HCC continues
to pose major therapeutic challenges, as reflected by unfa-
vorable long-term prognosis, frequent postoperative recur-
rence and metastasis, and a 5-year survival rate of approxi-
mately 60-80% [7,8]. Nevertheless, HCC continues to pose
major therapeutic challenges, as reflected by unfavorable

Liver cancer ranks sixth in global cancer incidence and
is the third most common cause of cancer-related mortality
worldwide, reflecting its substantial fatal burden [1]. Hep-
atocellular carcinoma (HCC) constitutes the predominant
histological subtype, accounting for approximately 85% of
primary liver cancers [2]. The development of HCC in-
volves multiple etiological factors, including viral infec-
tions, toxin exposure, excessive alcohol consumption, and
metabolic disorders [3]. In essence, persistent exposure to
these insults subjects hepatocytes to repeated cycles of in-
jury and regeneration, leading to the accumulation of onco-

Copyright: © 2026 The Author(s). Published by IMR Press.
BY This is an open access article under the CC BY 4.0 license.

Publisher’s Note: IMR Press stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.


https://www.imrpress.com/journal/FBL
https://doi.org/10.31083/FBL49504
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0009-0007-6118-3866
https://orcid.org/0009-0005-7608-7717
https://orcid.org/0009-0003-3421-5421
https://orcid.org/0009-0008-3506-5054
https://orcid.org/0009-0009-6792-931X

long-term prognosis, frequent postoperative recurrence and
metastasis, and a 5-year survival rate of approximately 60—
80%.

Annexin A proteins are a family of calcium (Ca?*)-
dependent phospholipid-binding proteins that are evolu-
tionarily conserved and present in nearly all eukaryotic or-
ganisms. They function by reversibly binding to anionic
phospholipids on membrane surfaces in a Ca?*-dependent
manner. This fundamental property allows annexins to reg-
ulate diverse cellular processes, including inflammation,
signal transduction, adhesion, migration, differentiation,
proliferation, and apoptosis [9,10]. In vertebrates, annexins
are designated annexin A and comprise 12 subtypes (an-
nexins A1-Al1l and A13) [11]. Among these, human an-
nexin A5 (ANXAS) is widely expressed in cells and body
fluids. It reversibly and specifically binds phosphatidylser-
ine in a Ca?*-dependent manner, performing multiple bio-
logical functions. This characteristic is essential for a wide
range of physiological and pathological processes, but also
enables ANXAS to serve as a potential targeting agent for
cancer therapy [12,13]. ANXAS has been implicated in tu-
mor metastasis and invasion, promoting cancer progression
and angiogenesis [14]. HCC is associated with frequent re-
currence, strong metastatic capacity, and unfavorable clin-
ical outcomes. HCC frequently infiltrates the portal vein,
forming macroscopic tumor thrombi, which represents a
prominent growth pattern in patients with intermediate to
advanced-stage disease [14—16]. Notably, ANXAS is re-
portedly upregulated in tumor thrombus samples and may
represent a candidate biomarker associated with portal vein
tumor thrombus formation. Moreover, ANXAS expression
has been associated with lymphatic metastasis [17].

As aubiquitous intracellular signaling molecule, Ca?*
participates in diverse cellular processes such as prolifer-
ation, apoptosis, migration, and immune regulation [18,
19].  Consequently, the ability of cancer cells to ex-
ecute malignant functions critically depends on dysreg-
ulated intracellular Ca?* homeostasis, which is a well-
established driver of tumor initiation, progression, and
treatment response [20,21]. Unlike excitable cells, can-
cer cells lack voltage-gated Ca?t channels and therefore
rely on store-operated calcium (Ca®*t) entry (SOCE) as
the primary pathway for Ca®* influx to support numer-
ous pro-tumorigenic processes [22-24]. SOCE occurs
at specialized junctions between the plasma membrane
and the endoplasmic reticulum (PM—ER), where the local
lipid composition—specifically phosphatidylinositol-(4,5)-
bisphosphate (PI1(4,5)P2, PIPy)—plays a critical role in
maintaining structural stability [25,26]. The activation of
SOCE is initiated by the cleavage of PIPy by phospholi-
pase C (PLC) to generate inositol 1,4,5-trisphosphate (IP3),
which binds to IP3 receptors on the ER membrane, deplet-
ing ER Ca?" stores and triggering Ca®*t influx [27,28].
Dysregulation of this pathway has been implicated in tumor
progression; however, the upstream regulators of SOCE,

including annexins, remain incompletely understood. No-
tably, ANXAS5 can form a complex with phosphatidylinosi-
tol phosphate kinase gamma (PIPKI~) to control local PIP,
abundance [29-32]. By modulating PIP, levels, ANXAS is
positioned to influence both the structural integrity of PM—
ER junctions and the generation of IP3, thereby regulating
SOCE-mediated Ca®* entry.

Based on our study and current mechanistic knowl-
edge, we propose a model where ANXAS regulates SOCE-
mediated Ca?" signaling in HCC. Specifically, decreased
GAPDH activity is expected to impair the production of
phosphoinositides (PPIs), as their synthesis depends on
metabolic pathways (glycolysis, gluconeogenesis, and the
pentose phosphate pathway) driven by GAPDH’s catalytic
function [33-36]. ANXAS may modulate PIP; synthesis
by regulating GAPDH enzymatic activity, which in turn af-
fects the Warburg effect—the primary metabolic pathway in
tumor cells—thereby altering PPI availability. In addition,
ANXAS can interact with PIPKI~y to further control PIP,
abundance at the PM. These coordinated interactions are
hypothesized to facilitate the assembly and stabilization of
PM-ER junctions, ultimately promoting SOCE-dependent
Ca?* influx.

Our observations support a model in which ANXAS5
regulates HCC malignancy by bridging metabolism, Ca?*
signaling pathways, and tumor-related immunity. In this
study, we investigated the molecular framework linking
ANXAS5 to GAPDH activity, PIP, metabolism, PM-ER
junction formation, and SOCE function, as well as its po-
tential impact on macrophage polarization. Understanding
these mechanisms may provide novel insights into HCC bi-
ology, positioning ANXAS as a promising target for thera-
peutic intervention. The proposed mechanism is illustrated
in Fig. 1.

2. Materials and Methods
2.1 Data Acquisition

Data acquisition involved three steps. First, HCC
gene expression profiles and matched clinical data were
acquired from The Cancer Genome Atlas (TCGA; https:
/lwww.cancer.gov), including 424 tissue samples (374 tu-
mor, 50 normal) and corresponding clinical data for 377
patients. Second, survival-specific expression data for 118
HCC cases were independently obtained from the Gene Ex-
pression Omnibus (GEO) dataset (GSE10186; https://ww
w.ncbi.nlm.nih.gov). Third, a list of 246 SRGs was gen-
erated by screening the GeneCards database (https:/www.
genecards.org), retaining only genes with a relevance score
>15[37]. The matrix data pertaining to TCGA, GEO, and
SRGs are comprehensively detailed in the Appendix.

2.2 Differentially Expressed Genes Associated With
Survival

Bioinformatics analysis was conducted using Perl
(v5.30.0) and R (v4.3.2). Gene expression data were for-
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Fig. 1. ANXAS regulates the SOCE pathway. ANXAS5, annexin A5; SOCE, store-operated calcium (Ca®™) entry. This figure was

created using Adobe Illustrator 2023.

matted into a matrix, featuring genes as rows and samples
as columns. For genes with multiple probes, expression
values were averaged to produce a single value per gene.
Genes with zero mean expression across all samples were
removed. Finally, the analysis was limited to the inter-
section of this filtered expression matrix and the curated
SRG set. Differential expression analysis between normal
and tumor tissues was conducted using the Wilcoxon rank-
sum test. Differentially expressed genes (DEGs) were de-
fined as those with a false discovery rate (FDR) <0.05 and
logFC >1. These DEGs were subsequently subjected to
downstream functional and prognostic evaluations. Uni-
variate Cox proportional hazards regression analysis was
used to evaluate the impact of gene expression on overall
survival (OS). Genes with a Cox p-value < 0.05 were con-
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sidered significantly associated with prognosis. Hazard ra-
tios (HRs) and 95% confidence intervals (Cls) were calcu-
lated for each. Results were visualized using forest plots,
with HR >1 indicating risk factors and HR <1 indicating
protective factors.

2.3 Cluster Analysis

Tumor transcriptomic data from TCGA (https://www.
cancer.gov) and GEO (https://www.ncbi.nlm.nih.gov), en-
compassing survival-associated gene expression profiles,
were subjected to molecular subtyping using an unsuper-
vised consensus clustering approach. This was imple-
mented via the ConsensusClusterPlus R package with the
following parameters: clusterAlg="“km”, 80% pltem=0.8,
pFeature = 1, and reps = 500 to ensure robustness. The con-
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sensus matrix and cumulative distribution function (CDF)
were evaluated across a predefined range of cluster num-
bers (k = 2 to 9) to determine the optimal k value. The op-
timal number of stable clusters (k = 2) was selected based
on the criteria of maximal intercluster divergence and intr-
acluster concordance, as reflected by the consensus matrix
heatmap and relative change in area under the CDF curve.
The resulting subtypes were designated Cluster A and Clus-
ter B. Subsequently, to evaluate the prognostic value of the
identified subtypes, we integrated OS data. Survival dif-
ferences between clusters were visualized using Kaplan—
Meier analysis and statistically compared via the log-rank
(Mantel-Cox) test. Furthermore, HRs and their Cls were
also determined using a univariate Cox proportional haz-
ards model, with all analyses conducted using the survival
and survminer R packages.

2.4 Construction of a Prognostic Risk Model

To develop a prognostic risk signature based on SRGs,
a combination of least absolute shrinkage and selection op-
erator (LASSO) regression and multivariate Cox propor-
tional hazards regression was employed. The data were ran-
domly divided into training (70%) and testing (30%) sets
using the caret package in R, which was used for all sta-
tistical analyses. To identify genes linked to survival, a
LASSO-penalized Cox proportional hazards model was ap-
plied to the training cohort using the glmnet package. The
optimal regularization parameter (A\) was selected based
on the minimum criteria within a 10-fold cross-validation
framework. Genes with non-zero coefficients at optimal
A (lambda.min) were selected to refine the list. Multivari-
ate Cox proportional hazards regression analysis was per-
formed on these retained genes to construct the definitive
prognostic model. To refine the model, bidirectional step-
wise regression (in both directions) was performed, and the
resulting final multivariate Cox model was used to calcu-
late a prognostic risk score for each patient (Mathematical
Components 1).

Risk score = Zﬁ_l Coef; x x; (1)

Coef; represents the correlation coefficient of prog-
nostic genes; x; represents the expression of prognostic
genes. Ultimately, multivariate Cox regression analysis
was conducted to determine significant clinical prognostic
genes.

Surv(futime, fustat) = Age + Sex + Stage + RiskScore

2

GAPD H,iviey (U /mg prot) = % %10° % V‘I/%IC " %
sample pr

3)

The absorbance at 340 nm was recorded immediately
(A1), and again after a 5-min incubation at 37 °C (4s).
AA = A; — As; e = molar extinction coefficient of NADH
at 340 nm (6.22 x 103 L/mol/cm); d = light-path length
(0.6 cm for a 96-well UV plate); Vi, = total reaction vol-
ume (0.2 mL); Viample = volume of sample added to the reac-
tion (0.006 mL); C',; = protein concentration of the sample
(mg/mL); T = reaction time (5 min); 10° = 1 mol = 10°
nmol.

Fy

F/Fy = 7y

“4)

Here, Fy represents the baseline fluorescence intensity
prior to stimulation, and F; represents the fluorescence in-
tensity at time t. The resulting F/Fy versus time curves were
used to characterize dynamic intracellular Ca?* responses.

Using the median training set risk score as a cut-
off, patients in both the training and testing cohorts were
stratified into high- and low-risk groups. Survival differ-
ences between these groups were assessed using the log-
rank test. Time-dependent receiver operating characteris-
tic (ROC) analysis (timeROC package) was conducted to
assess the 3-year prognostic accuracy of the model. The
model was validated across both cohorts based on specific
performance metrics: training set (log-rank p < 0.01, AUC
>0.68) and testing set (p < 0.05, AUC >0.65).

2.5 Survival and ROC Analyses

The prognostic capacity of the risk score was as-
sessed separately in the training, testing, and combined co-
horts. For each cohort, OS probabilities between the pre-
defined high- and low-risk groups were estimated via the
Kaplan—Meier method. To evaluate the statistical signif-
icance of survival differences, the log-rank (Mantel-Cox)
test was employed, with survival curves visualized with the
survminer package. To quantify the time-dependent predic-
tive accuracy of the risk score, a time-dependent ROC anal-
ysis was performed using the timeROC package. This anal-
ysis was conducted at three clinically relevant time points:
1, 3, and 5 years post-diagnosis. To evaluate the model’s
discriminative power, the area under the curve (AUC) and
its 95% Cls were calculated for each time point. A custom
function was used to plot all three ROC curves on a single
graph.

2.6 Independent Prognostic Analysis

To assess whether the SRG-derived risk score serves
as an independent predictor of OS, multivariate Cox propor-
tional hazards regression analysis was performed. Clinical
covariates (including age, sex and tumor stage) were incor-
porated alongside the continuous risk score. Prior to analy-
sis, samples with any missing clinical information (coded
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Table 1. Negative control and three experimental control gene sequences.

No. Lentiviral vector name

Gene sequence

1 shRNA-NC
2 shRNA-ANXAS(h)-1
3 shRNA-ANXAS(h)-2
4 shRNA-ANXAS5(h)-3

5-GGGTGAACTCACGTCAGAA-3’
5'-GCATCCTGACTCTGTTGACAT-3'
5'-GCCATCAAACAAGTTTATGAA-3'
5'-CGCGAGACTTCTGGCAATTTA-3'

shRNA, short hairpin RNA; NC, negative control.

as “unknown”) were excluded. To ensure a consistent,
matched cohort, only samples present in both the risk score
and complete clinical datasets were retained. The Cox pro-
portional hazards model, defined by Mathematical Compo-
nents 2, was then fitted using a combined dataframe that
included survival time (futime), status (fustat), all clinical
variables, and the riskScore (Mathematical Components 2).
HRs, 95% CIs, and Wald test p were extracted for each vari-
able from the fitted model, and then summarized and ex-
ported. Finally, a forest plot was generated using the ggfor-
est function from the survminer package to visually present
the HRs and 95% CIs of all covariates, with the risk score
highlighted.

To visually depict the expression profiles of the sig-
nature genes across the patient cohort, a heatmap was con-
structed using the pheatmap package. Patients were sorted
by ascending risk order, after which the model gene expres-
sion matrix was extracted and transposed to align genes as
rows and ordered patients as columns. To visualize relative
expression patterns, row-wise z-score normalization (scale
= “row”) was applied and mapped to a continuous blue-
white-red color scale.

2.7 Nomogram Construction and Calibration

A prognostic nomogram was developed using the reg-
plot package to provide quantitative estimates of 1-, 3-,
and 5-year OS. This tool was based on a final multivariate
Cox proportional hazards model that incorporated all sig-
nificant independent predictors, including clinical variables
and the continuous risk score. To assess the accuracy of
the nomogram’s predictions, calibration curves were gener-
ated for the same three time points using the rms::calibrate
function with 1000 bootstrap iterations. This method com-
pares the predicted survival probabilities against the ob-
served Kaplan—Meier estimates to determine performance.
The model’s goodness-of-fit was visually verified by the
proximity of the calibration curves to the 45-degree line.
Cumulative hazard curves (via survminer::ggsurvplot with
fun = “cumhaz”) were used to compare risk over time be-
tween groups divided by their median nomogram score.
Prior to all analyses, data integrity was ensured by exclud-
ing samples with any missing clinical information and re-
taining only those patients present in both the risk score and
clinical datasets.
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2.8 Key Gene Filtration

To explore the immune microenvironment associated
with high-risk genes, immune cell enrichment analysis
was performed leveraging the Tumor Immune Single Cell
Hub 2 (TISCH2) database (https://tisch.compbio.cn/galle
ry/). Separately, to elucidate the functional interactions
among these genes, a protein—protein interaction network
was constructed. The network data were retrieved from
the STRING database (version 12.0; https://cn.string-db.or
g/), applying a minimum required interaction confidence
score threshold to filter for high-confidence interactions.
The resulting network was subsequently imported into Cy-
toscape software (version 3.9.0) for advanced visualization
and topological analysis, enabling clearer representation of
molecular interaction hubs and modules [38].

2.9 Cell Culture

The human HCC cell lines Huh-7 (STCC10102;
Servicebio, Wuhan, China) and HepG2 (STCC10114P;
Servicebio) were cultured in Dulbecco’s Modified Ea-
gle Medium (DMEM, G4511-500ML; Servicebio) supple-
mented with 10% fetal bovine serum (FBS, FSP500; Ex-
Cell Bio, Shanghai, China) and 1% penicillin—streptomycin
(G4003; Servicebio). Cells were maintained under standard
conditions at 37 °C in a 5% CO2 humidified atmosphere,
with daily monitoring of confluence and morphology, en-
suring optimal growth before subsequent experimental use.
Both Huh-7 and HepG2 cell lines have been authenti-
cated by STR profiling and confirmed to be mycoplasma-
negative.

2.10 Cell Transfection

To investigate the functional impact of ANXAS, Huh-
7 and HepG2 cells were transduced with a recombinant
lentiviral vector targeting ANXAS (single hairpin RNA
[shRNAJ-ANXAS; Genebio, Shanghai, China). A non-
targeting, scrambled shRNA lentivirus (shRNA-negative
control [NC]) was used as the NC.

The specific shRNA sequences are listed in Table 1.
Briefly, Huh-7 and HepG2 cells were seeded in 6-well
plates; at approximately 80% confluence, they were trans-
duced with lentiviruses in a mixture of DMEM and poly-
brene (40804ES76; Yeasen, Shanghai, China). After 12 h,
the transduction mixture was replaced with fresh complete
culture medium. Following an additional 3—4 days of cul-
ture, stable cell pools were selected using puromycin (HY-
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Table 2. qPCR primers used in this study.

Species Gene Forward primer (5’ to 3") Reverse primer (5' to 3')

Human  ACTIN CACCCAGCACAATGAAGATCAAGAT CCAGTTTTTAAATCCTGAGTCAAGC
Human  ANXAS GACTTCCCTGGATTTGATGAGC GAGGGTTTCATCAGAGCCACAA
Human GAPDH  GGAAGCTTGTCATCAATGGAAATC TGATGACCCTTTTGGCTCCC

qPCR, quantitative Polymerase Chain Reaction.

K1057; MedChemExpress, Shanghai, China) over a 3- to 4-
day period. Transduction efficiency was initially assessed
by observing green fluorescent protein expression under a
fluorescence microscope. The knockdown (KD) efficiency
of ANXAS was subsequently confirmed at the mRNA and
protein levels using quantitative PCR (qQPCR) and Western
blotting, respectively. All procedures were performed ac-
cording to the manufacturer’s protocol (Genebio) and es-
tablished laboratory methods [39,40].

2.11 Western Blot Analysis

Total protein was isolated from control and transfected
cells (Huh-7 and HepG2) with RIPA lysis buffer (G2002-
100ML; Servicebio). Following extraction, lysates were
clarified by centrifugation at 12,000 rpm for 10 min at 4
°C. The protein concentration in the supernatants was quan-
tified using a BCA assay kit (G2026-200T; Servicebio).
Equal protein concentrations were resolved by 10% sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) and electrotransferred onto PVDF membranes. Af-
ter blocking in 5% non-fat milk for 30 min at room tem-
perature, the membranes were probed overnight at 4 °C
with primary antibodies against ANXAS5 (1:1000, 11060-1-
AP; Sanying, Wuhan, China), GAPDH (1:1000, GB15004;
Servicebio), and $-actin (1:5000, GB15003; Servicebio).
Post-incubation, membranes were washed three times with
Tris-buffered saline with Tween 20 and then incubated with
horseradish-peroxidase (HRP)-conjugated goat anti-rabbit
secondary antibody (1:5000, GB23303; Servicebio). Sig-
nal detection was performed using an enhanced chemilumi-
nescence substrate, and bands were imaged on X-ray film.

2.12 Co-Immunoprecipitation Assays

Co-immunoprecipitation (Co-IP) assays were per-
formed to assess the interaction between ANXAS and
GAPDH under different ANXAS expression conditions.
Huh-7 and HepG2 cells from the wild-type (WT), NC,
and ANXAS5-KD groups were lysed using ice-cold IP ly-
sis buffer supplemented with protease inhibitors. After
centrifugation at 12,000 xg for 15 min at 4 °C, the clar-
ified supernatants were collected, and protein concentra-
tions were quantified by the BCA assay. Equal amounts
of total protein from each group were incubated overnight
at 4 °C with an anti-ANXAS5 antibody (IP-grade) or con-
trol IgG under gentle rotation. Protein A/G agarose beads
were then added and incubated for an additional 2—4 h to
capture immune complexes. The beads were washed re-

peatedly with lysis buffer to reduce nonspecific binding.
IP’d proteins were eluted by boiling in SDS sample buffer
and subjected to SDS-PAGE, followed by electrotransfer to
PVDF membranes. Western blotting was performed using
an anti-GAPDH antibody (Western blot-grade) to detect co-
precipitated proteins. A fraction of whole cell lysate (input)
was included to verify protein expression levels across dif-
ferent groups.

2.13 Quantitative PCR (qPCR)

Total RNA extraction was performed using TRIzol
Reagent (G3013; Servicebio) on control and transfected
cells samples (Huh-7 and HepG2). RNA quality was de-
termined by spectrophotometry. Subsequently, cDNA was
synthesized from the RNA templates with the SweScript
All-in-One RT SuperMix Kit (G3337; Servicebio). Gene
expression was quantified by qPCR using the 2x Universal
Blue SYBR Green qPCR Master Mix (G3326; Servicebio)
and the 2724CT calculation method. The specific primers
utilized are listed in Table 2.

2.14 Cell Counting Kit-8

Following trypsinization and resuspension in com-
plete medium, control and transfected cells (Huh-7 and
HepG2) were plated in 96-well plates at a density ranging
from 5 x 103 to 5 x 10* cells per well. After a 24-h incuba-
tion under standard conditions (37 °C, 5% COs), 10 pL of
Cell Counting Kit-8 (CCK-8, G4103-5; Servicebio) reagent
was added to each well. Then the plates were incubated for
an additional 4 h, after which the absorbance at 450 nm was
recorded using a microplate reader to assess cell viability.

2.15 Enzyme-Linked Immunosorbent Assay

The enzymatic activity of GAPDH in cultured control
and transfected cells (Huh-7 and HepG2) were measured
using a commercial GAPDH activity assay kit (BC2215;
Solarbio) according to the manufacturer’s instructions [41].
GAPDH activity was expressed as units per mg of protein,
where one unit was defined as the amount of enzyme that
oxidizes 1 nmol of NADH per minute under the assay con-
ditions. For measurements performed in a 96-well ultravio-
let (UV) plate (light path = 0.6 cm), activity was calculated
using Mathematical Components 3.

For IP3 quantification, control and transfected cells
(Huh-7 and HepG2) lysates were prepared, and a standard
curve was established using serial dilutions of the supplied
standard. The biotinylated detection antibody and HRP
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conjugate were diluted to 1x working solutions according
to the manufacturer’s instructions. The enzyme-linked im-
munosorbent assay (ELISA) assay was conducted using a
commercial kit (E-EL-0059; Elabscience, Wuhan, China)
following the recommended protocol. Briefly, 50 pL of
standards or cell lysates were added to a 48-well plate, fol-
lowed by 50 uL of 1x biotinylated antibody. Following a
45-min incubation, the wells were washed three times with
phosphate-buffered saline (PBS). Next, 100 uL of diluted
HRP conjugate was added and incubated for 30 min, af-
ter which the plate was washed five times. Following the
addition of 90 pL of substrate solution, the reaction was
incubated for 30 min and then terminated with the stop so-
lution. The absorbance was subsequently measured at 450
nm using a microplate reader [42].

2.16 PLC-IPs Pathway Modulation Assay

For rescue and inhibition assays, Huh-7-WT and
HepG2-WT cells were assigned to three groups: vehicle
control (dimethyl sulfoxide [DMSO] (GC203006-10 mL;
Servicebio), PLC inhibitor-treated (U73122, HY-13419;
MedChemExpress) and inactive analog-treated (U73343,
HY-108630; MedChemExpress), However ANXAS5-KD
(Huh-7-ANXAS and HepG2-ANXAS5) was another group.
For pharmacological modulation, above three groups WT
cells were pretreated with U73122 or U73443 (5 uM) for
30 min prior to subsequent analyses, whereas control cells
received an equivalent volume of DMSO (<0.1%). After
treatment, intracellular IP3 levels of four were quantified
by ELISA according to the manufacturer’s instructions.

2.17 Intracellular Ca®+ Measurement

Control and transfected cells (Huh-7 and HepG2) were
seeded into black 96-well clear-bottom plates at a density of
1 x 10° cells per well and cultured for 24 h. After two
to three washes with PBS, cells were loaded with 5 pM
Rhod-4 AM (indicator used to detect intracellular Ca%t,
MX4508-50UG; Maokangbio, Shanghai, China) premixed
1:1 (v/v) with 20% (w/v) Pluronic F-127 (MS4301-1G;
Maokangbio), resulting in a final Pluronic concentration of
0.02%. Cells were incubated with this solution at 37 °C for
30 min, followed by three washes with Ca®*-free Ringer
solution.

Fluorescence measurements were recorded using the
SpectraMax iD3 multi-mode microplate reader (MD Spec-
traMax iD3; Molecular Devices, Shanghai, China) with a
540 + 10 nm excitation filter and a 590 nm emission filter,
acquiring signals every 2 s. Baseline fluorescence (£) was
recorded for 0-60 s. At 60 s, ATP (D7378-2ml; Beyotime,
Shanghai, China) (100 pM) in Ca?*-free Ringer solution
(155 mM NaCl, 4.5 mM KCl, 3 mM MgCl;, 10 mM D-
glucose, 5 mM Na-HEPES) was applied to induce ER Ca?*
store depletion, and fluorescence was monitored from 60 to
154 s. Subsequently, 2 mM CaCl, was added (final [Ca®*]
=1 mM) to trigger SOCE, which was recorded from 154 to
430 s. The total recording duration was 0—600 s.
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For each well, time-dependent fluorescence intensity
(Fy) was collected, and intracellular Ca%* changes were ex-
pressed as the ratio (Mathematical Components 4).

2.18 Wound Healing Assay

Cell migratory capacity was evaluated using a wound
healing assay. WT, NC, and ANXAS5-KD cells (Huh-7 and
HepG2) were plated in 6-well plates at a density of 5 x 10°
cells per well and grown to complete confluence. A straight
scratch was generated across the cell monolayer using a
sterile 200 pL pipette tip. After gentle washing to remove
detached cells, cultures were maintained in medium con-
taining a reduced serum concentration. Images of identical
wound regions were acquired immediately after scratching
and again at 48 h. Cell migration was quantified by cal-
culating the change in wound width with ImagelJ software
(National Institutes of Health, Bethesda, MD, USA).

2.19 Cell Apoptosis by Flow Cytometry

Apoptosis was evaluated by flow cytometry using
an Annexin V-FITC/PI apoptosis detection kit (BL107B;
Biosharp, Guangzhou, China). To ensure inclusion of de-
tached apoptotic cells, both culture supernatants and ad-
herent cells were collected. Control and transfected cells
(Huh-7 and HepG2) were detached with EDTA-free trypsin
(G4002-100ML; Servicebio) to avoid nonspecific staining,
followed by centrifugation at 2000 x g for 5 min. After re-
moval of the supernatant, cell pellets were washed twice
with ice-cold PBS and resuspended in 500 pL of 1x bind-
ing buffer at a final concentration of 1 x 10 cells/mL. Then
cells were incubated with Annexin V-FITC and propidium
iodide for 15 min at room temperature in the dark in accor-
dance with the manufacturer’s instructions. Flow cytometry
was conducted immediately after staining.

2.20 Nude Mouse Xenograft Model

All animal procedures were reviewed and approved
by the Animal Care and Use Committee of Bengbu Med-
ical University (Approval No. [2025]514), and conducted
in compliance with relevant institutional and national reg-
ulations. Fifteen male BALB/c nude mice (3 weeks old)
obtained from Jiangsu Cavens Biotechnology (Shanghai,
China) were randomly assigned to three groups (n = 5 per
group): Huh-7-WT, Huh-7-NC, and Huh-7-ANXAS5. Due
to constraints in time and resources, the study was con-
ducted exclusively with Huh-7 cells, representing a poten-
tial experimental limitation. For xenograft establishment,
mice were anesthetized with isoflurane (induction at 3—
4% and maintenance at 1.5-2% in oxygen, administered
via inhalation; Hengfeng Qiang Biotechnology Co., Ltd.,
Jiangsu, China, batch No. 2401) and 5 x 108 correspond-
ing cells suspended in 100 pL of DMEM were injected sub-
cutaneously into the right flank. Tumor growth and body
weight were monitored daily. After a 3-week experimental
period, animals were deeply anesthetized with isoflurane
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(4-5%, inhalation) and euthanized by cervical dislocation.
Death was confirmed by cessation of respiration and heart-
beat. Tumors were subsequently excised and weighed for
further analyses.

2.21 Histopathological Analysis

Tumor and adjacent tissue specimens were fixed in
4% polyoxymethylene (G1101; Servicebio) at 37 °C with
gentle agitation overnight. Following fixation, tissues were
dehydrated, paraffin-embedded, and cut into sections with
a thickness of 4-5 um. Histological evaluation was car-
ried out by hematoxylin and eosin (H&E) staining using a
commercial H&E staining kit (G1076; Servicebio) in ac-
cordance with the manufacturer’s instructions.

Immunohistochemical staining was performed on
paraffin sections following deparaffinization and antigen
retrieval. To reduce nonspecific binding, sections were
blocked in 10% bovine serum albumin at 37 °C for 1 h.
Slides were subsequently incubated with primary antibod-
ies at 4 °C overnight and then treated with the correspond-
ing HRP-conjugated secondary antibodies for 30 min at 37
°C. Signal development was carried out using the GTvision
IHC detection system (Gene Tech Company Ltd., Shang-
hai, China) in accordance with the manufacturer’s protocol,
with PBS washes performed between steps.

2.22 Statistical Analyses

Statistical analyses were conducted using Origin
2022, ImageJ, and R Studio. Quantitative data obtained
from qPCR and Western blot analyses are expressed as the
mean =+ standard deviation. Differences between the two
groups were evaluated using a two-tailed Student’s ¢-test,
whereas one-way analysis of variance was applied for com-
parisons involving more than two groups. Statistical signif-
icance was defined as p < 0.05.

3. Results
3.1 DEGs With Prognosis Value

The bioinformatics analysis workflow of this study
is summarized in Fig. 2A. To explore the involvement of
SRGs in HCC, we compared their expression profiles be-
tween tumor and adjacent normal tissues. Among the 106
differentially expressed SRGs (FDR <0.05, |logFC| >1),
92 were upregulated in tumor samples, and 14 were down-
regulated (Fig. 2B). To assess the prognostic relevance of
these genes, univariate Cox regression analysis was con-
ducted. The resulting forest plot (Fig. 2C) highlighted
32 genes significantly correlated with OS in patients with
HCC, which were subsequently selected for model con-
struction. Of these, 28 genes functioned as risk factors (HR
>1). Then, consensus clustering analysis was conducted to
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further validate the prognostic impact of these genes. The
CDF curve, evaluated for K = 2 to K = 9, indicated that
K = 2 was the optimal number to define two distinct sub-
groups (Fig. 2D). The consensus matrix at K =2 confirmed
clear separation between the two clusters with high consen-
sus, which demonstrated clear segregation between the two
clusters (Fig. 2E). The clinical relevance of these two gene
clusters was assessed using Kaplan—Meier survival analy-
sis, which revealed a significant difference in OS between
the clusters (p < 0.001). Patients in Cluster B exhibited a
more favorable prognosis than those in Cluster A (Fig. 2F).

In summary, differential expression and univariate
Cox regression analyses identified a subset of SRGs asso-
ciated with HCC prognosis, including 28 risk genes. Con-
sensus clustering based on these prognostic SRGs divided
patients into two distinct subgroups with significantly dif-
ferent OS, indicating that these gene clusters may serve as
robust indicators of clinical outcomes in HCC.

3.2 Identification of a 17-Gene Signature

To optimize the gene set, minimize overfitting, and se-
lect the most informative prognostic markers, we applied
the LASSO regression. Based on the optimal penalty pa-
rameter (A) determined by the minimum criteria, a 17-gene
prognostic signature was established (Fig. 3A,B). The indi-
vidual risk scores for patients were calculated using a for-
mula combining the LASSO coefficients with the expres-
sion levels of these 17 genes.

In summary, LASSO regression enabled the identifi-
cation of a concise 17-gene signature, and the derived risk
scores provide a quantitative measure of patient prognosis
in HCC.
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3.3 Validation of the Risk Signature

To evaluate the prognostic value of the refined SRG
signature, a risk score was calculated for each patient in
the TCGA and GEO cohorts. Patients were stratified into
low- and high-risk groups based on the median risk score.
Kaplan—Meier analysis revealed a significant difference in
OS, with patients in the low-risk group exhibiting markedly
longer survival times than those in the high-risk group (p <
0.001; Fig. 4A). To assess the robustness of the prognostic
model, the cohort was randomly split into a training set and
testing set. In the training cohort, survival analysis revealed
a significantly better outcome for patients classified as low
risk (p < 0.001; Fig. 4B). The predictive performance of
the risk score was further evaluated using time-dependent
ROC analysis. In the whole cohort, the AUC for predict-
ing OS was 0.755 at 1 year, 0.692 at 3 years, and 0.723 at
5 years (Fig. 4C). Similarly, in the training set, the AUC
values were 0.821, 0.720, and 0.749 for 1-, 3-, and 5-year
survival, respectively (Fig. 4D).

Overall, the SOCE-related prognostic signature suc-
cessfully categorized patients into distinct risk groups that
exhibited significant differences in clinical outcomes.

3.4 Refinement of the Prognostic Signature and
Construction of a Nomogram

Multivariate Cox regression analysis was conducted to
identify which genes within the 17-gene LASSO-derived
prognostic signature had independent prognostic signifi-
cance. This analysis identified nine genes as factors with
independent prognostic value. A heatmap illustrating the
expression patterns of these nine genes was created to visu-
alize their relationship with patient outcomes (Fig. 5A).
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Subsequently, the relationship between these nine
genes and key clinicopathological factors was evaluated us-
ing multivariate analysis, and the results were visualized as
a forest plot (Fig. 5B). The analysis revealed significant cor-
relations between these genes and tumor T stage and N stage
(p < 0.001 and p < 0.05, respectively), suggesting a poten-
tial role in local tumor invasion and progression. No sta-
tistically significant associations were observed with age or
sex (p > 0.05). Age was retained in the subsequent model
to reflect its established clinical relevance to cancer inci-
dence, whereas sex was excluded due to lack of statistical
significance, resulting in a more concise predictive tool.

By integrating the remaining variables, an individu-
alized prognostic nomogram was generated to predict 1-,
3-, and 5-year OS probabilities (Fig. 5C). Curve analysis
demonstrated strong concordance between the model’s pre-
dicted and actual survival outcomes (Fig. 5D). Closer ex-
amination of the heatmap focused on risk-associated genes,
and found that six (rearranged during transfection [RET],
secreted phosphoprotein 1/osteopontin [SPP1], vitamin D
receptor [VDR], annexin A5 [ANXAS5], menin 1 [MEN1],
and GNAS complex locus [GNAS]) were upregulated in
the high-risk group, marking them as candidates for further
analysis.
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In summary, multivariate Cox regression identified
nine genes with independent prognostic value, and their ex-
pression patterns were associated with key clinicopatholog-
ical features such as tumor T and N stages. An individual-
ized nomogram incorporating these variables reliably pre-
dicted 1-, 3-, and 5-year OS, with calibration curves con-
firming strong agreement between predicted and observed
outcomes. Among the risk-associated genes, six (RET,
SPP1, VDR, ANXAS, MENI1, and GNAS) were notably
upregulated in the high-risk group, highlighting their poten-
tial relevance in HCC progression and patient prognosis.

3.5 Key Gene Filtration

To systematically investigate the enrichment patterns
of the aforementioned six high-risk genes within the tumor
immune microenvironment, we conducted a detailed anal-
ysis of each gene using the TISCH2 database, with repre-
sentative results illustrated using the HCC dataset LIHC-
GSE140228 (Fig. 6A). The analysis revealed that the key
gene ANXAS is highly expressed across multiple immune
cell types, with notable enrichment particularly in dendritic
cells and macrophages (Fig. 6B,C), suggesting its poten-
tial involvement in antigen presentation and innate immune
regulation. In contrast, the other five genes showed gen-
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erally low expression levels across various immune cells
without significant enrichment. Although GNAS exhib-
ited relatively high expression in certain cell populations,
its expression pattern lacked cell type specificity and ap-
peared diffuse, and thus was not pursued further. Based on
these findings and established evidence linking ANXAS to
tumor progression, metastasis, and poor clinical outcomes
in diverse cancers—including HCC—we selected it as a
key gene for subsequent mechanistic investigation. Studies
have shown that overexpressed ANXAS5 in HCC is linked
to malignant phenotypes and poor prognoses in in vitro and
in vivo models [14,43—45]. Furthermore, high ANXAS5 ex-
pression is significantly correlated with aggressive clini-
copathological features and poor survival in various solid
tumors [46—49]. To further elucidate the biological func-
tions and regulatory networks of ANXAS, we constructed
a protein—protein interaction network. Our analysis demon-
strated a high-confidence interaction between ANXAS and
GAPDH (Fig. 6D), indicating their potential synergy in cel-
lular metabolic regulation and immune responses. This
finding provides a critical molecular clue for future func-
tional studies.
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In summary, while ANXAS5 expression was
detected in immune cell subsets within the tumor
microenvironment—a topic for future research—this
study primarily focused on investigating its functional role
in key HCC malignant phenotypes, including proliferation,
invasion, and metastatic potential.

3.6 Western Blotting and qPCR Analysis of ANXAS5 and
GAPDH Expression

To assess transfection efficiency, ANXAS expres-
sion was evaluated in WT, NC, and three ANXAS5-
targeting ShRNA groups (shRNA-ANXAS5(h)-1, shRNA-
ANXAS5(h)-2, shRNA-ANXAS5(h)-3) using Western blot-
ting and qPCR. The results demonstrated that shRNA-
ANXAS5(h)-1 was the most effective sequence for KD
(Fig. 7A—C), whereas no significant difference was ob-
served between the WT and NC groups (p > 0.05). Conse-
quently, we renamed shRNA-NC and shRNA-ANXAS5(h)-
1 to NC and ANXAS5-KD, respectively, for simplicity.

Western blotting and qPCR analyses across WT, NC,
and ANXAS-KD groups consistently demonstrated that
ANXAS KD did not significantly alter GAPDH expression
levels (p > 0.05; Fig. 7D-F).
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(version 12.0; https://cn.string-db.org/) and visualized using Cytoscape (v3.9.0).

3.7 Co-IP Analysis of ANXAS5 and GAPDH Interaction

To determine whether the interaction between
ANXAS and GAPDH depends on ANXAS expression
levels, co-IP assays were conducted in WT, NC, and
ANXAS5-KD cells. Input analysis confirmed comparable
GAPDH expression levels across all groups, whereas
ANXAS-KD cells exhibited a significant reduction in
ANXAS levels. Co-IP using an anti-ANXAS5 antibody fol-
lowed by immunoblotting for GAPDH revealed a notable
ANXAS5-GAPDH interaction in WT and NC cells, which
was substantially diminished in the ANXAS-KD group.
No GAPDH signal was detected in the IgG control IP
(Fig. 8A). Quantitative analysis of input samples showed
no significant differences in GAPDH expression among
the groups (p > 0.05), whereas ANXAS5 levels were
significantly reduced in the ANXAS5-KD group (p < 0.05;
Fig. 8B). Quantitative analysis of IP’d samples revealed
a significant difference in GAPDH levels between the
ANXAS-KD group and both the WT and NC groups (p <
0.05), with no detectable GAPDH signal in the IgG control
group (Fig. 8C).
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In summary, these findings indicate that ANXAS5
forms a specific complex with GAPDH in HCC cells in
an ANXAS5-dependent manner. Importantly, ANXAS de-
pletion markedly weakened the ANXAS—-GAPDH interac-
tion without altering total GAPDH protein levels, suggest-
ing that ANXAS5 regulates GAPDH primarily via protein—
protein interaction rather than expression control. This
observation provides a mechanistic basis for subsequent
analyses exploring how ANXAS5 modulates GAPDH enzy-
matic activity and downstream metabolic and Ca®* signal-
ing pathways.

3.8 ANXAS5 Regulates HCC Cell Proliferation, Migration,
and Apoptosis In Vitro

To systematically investigate the role of ANXAS in
the malignant behavior of HCC cells, functional assays
including wound healing, CCK-8 proliferation, and flow
cytometry-based apoptosis analysis were performed.

In the wound healing assay, ANXAS5-KD cells exhib-
ited significantly slower wound closure compared with WT
and NC cells (Fig. 9A). Quantitative analysis confirmed a
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marked reduction in cell migration rate in the KD group (p
< 0.05; Fig. 9B), indicating that ANXAS depletion effec-
tively inhibited HCC cell motility.

Cell proliferation was assessed using the CCK-8 assay,
which showed that absorbance values in the ANXAS5-KD
group showed significantly decreased levels relative to the
control groups (p < 0.05; Fig. 9C), suggesting substantially
suppressed proliferative activity and highlighting the role of
ANXAS in maintaining HCC cell proliferation.

Flow cytometry with Annexin V-FITC/PI staining was
used to measure the apoptosis level. Scatter plots revealed a
notable increase in the proportions of apoptotic cells in the
ANXAS5-KD groups (Fig. 9D). Quantitative analysis con-
firmed that the proportion of apoptotic cells was markedly
increased in the KD group relative to the control groups (p
< 0.05; Fig. 9E), indicating a pronounced pro-apoptotic ef-
fect of ANXAS KD.

Together, these findings establish that ANXAS5 plays a
critical role in regulating migration, proliferation, and apop-
tosis in HCC cells. ANXAS KD led to reduced cell mi-
gration and growth while significantly increasing apoptosis,
highlighting its potential as a therapeutic target for HCC.
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3.9 ANXAS5 Modulates Ca** Signaling Through the
GAPDH/IPs Pathway

Based on prior evidence indicating a strong interac-
tion between ANXAS and GAPDH, and having confirmed
that ANXAS does not alter GAPDH expression, we inves-
tigated whether ANXAS influences GAPDH enzymatic ac-
tivity. An ELISA-based assay revealed a positive corre-
lation between ANXAS levels and GAPDH activity (p <
0.05; Fig. 10A).

To investigate the potential mechanism, we examined
whether ANXAS may influence PIP; metabolism through
GAPDH enzymatic activity. Since direct quantification of
PIP;, was technically challenging, we measured the levels of
its downstream metabolite, IP3, as an indirect indicator of
PIP;, hydrolysis. ELISA analysis showed a significant de-
crease in IP3 concentration following ANXAS knockdown
(p < 0.05; Fig. 10B).

To investigate whether ANXAS regulates intracellular
IP3 levels via the PLC pathway, we performed pharmaco-
logical inhibition and genetic KD experiments. Cells were
divided into four groups: vehicle control, ANXAS5-KD,
U73122, and U73343 (Fig. 10C). Measurement of intracel-
lular IP5 revealed that U73122 treatment and ANXAS-KD
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nificant. Co-IP bands were imaged using a chemiluminescence imaging system (SCG-W3000, Servicebio, Wuhan, China). Quantitative

bar graphs were generated using GraphPad Prism 10.

both significantly reduced IP3 levels compared with vehi-
cle control (p < 0.05), whereas U73343 had no significant
effect (p > 0.05). Notably, U73122 exhibited the strongest
inhibition of IP3 production, consistent with its role as a
PLC inhibitor. These results indicate that ANXAS5 con-
tributes to IP3 generation in HCC cells, likely via the PLC
pathway, and that pharmacological PLC inhibition mimics
the effect of ANXAS5 depletion, supporting the proposed
ANXAS5/GAPDH/IP3/SOCE working model.

To further examine the functional impact, cytosolic
Ca?* dynamics were assessed using a fluorescent Ca?* in-
dicator in Huh-7 and HepG2 cells with ANXAS5-KD. Ca?*
oscillation curves showed that ANXAS5-KD attenuated both
ER Ca?* release and the SOCE peak compared with WT
and NC groups (Fig. 10D). The AUC for ER release and
SOCE peak was quantified from the Ca?* oscillation curves
(Fig. 10E), confirming that decreased ANXAS expression
compromised ER Ca®* release and consequently dimin-
ished SOCE (p < 0.05).

14

In summary, our findings suggest that ANXAS may
positively influence GAPDH enzymatic activity without af-
fecting its expression levels. Moreover, ANXAS knock-
down was associated with a marked reduction in the down-
stream metabolite IP3, which may reflect indirect alter-
ations in PIP; metabolism. Pharmacological inhibition
of PLC with U73122 mimicked the effects of ANXAS
depletion, supporting the involvement of the PLC path-
way in ANXAS5-mediated IP3 generation. Functionally,
ANXAS5 deficiency impaired intracellular Ca?* signal-
ing, as evidenced by diminished ER Ca?" release and
reduced SOCE in Huh-7 and HepG2 cells. Collec-
tively, these results suggest that ANXAS regulates HCC
cell Ca?* dynamics through GAPDH-dependent modula-
tion of the PLC/IP3 axis, consistent with the proposed
ANXAS5/GAPDH/IP3/SOCE working model.
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Fig. 9. ANXAS regulates HCC cells in vitro. (A) Micrographs of wound healing assays: (i) Huh-7, (ii) HepG2. (B) Quantification of
cell migration in the wound healing assay: (i) Huh-7, (i) HepG2. (C) CCK-8 assay quantifying cell proliferation: (i) Huh-7, (ii) HepG2.
(D) Flow cytometry scatter plots of apoptosis detection. The quadrants represent: lower left (viable cells), upper left (mechanically
damaged cells), upper right (late apoptotic cells), and lower right (early apoptotic cells); (i) Quantitative analysis of Huh-7-WT, (ii)
Huh-7-NC, (iii) Huh-7-ANXAS, (iv) Huh-7 cells. (E) Flow cytometry scatter plots of apoptosis detection. (i) Quantitative analysis of
HepG2-WT, (ii) HepG2-NC, (iii) HepG2-ANXAS, (iv) HepG2 cells. Statistical significance is indicated as follows: **, p < 0.01; ***,
p < 0.001; ns, not significant. Scale bar = 50 um. Wound healing images were captured using a microscope (model: XSP-C204), and

apoptosis data were analyzed using FlowJo (v10.8.1). Quantitative bar graphs were generated using GraphPad Prism 10.

3.10 ANXAS5 Promotes Tumor Growth and Malignancy In
Vivo

To evaluate the in vivo function of ANXAS5, nude mice
were subcutaneously inoculated with WT, NC, or ANXAS-
KD cells (Huh-7) in the right flank. Measurement of re-
sected tumors showed that knocking down ANXAS signifi-
cantly reduced tumor volumes compared to the WT and NC
groups (Fig. 11A,B). Quantitative analysis further demon-
strated that ANXAS KD markedly reduced the rate of tu-
mor progression (Fig. 11C) and tumor burden at sacrifice
(Fig. 11D), and was associated with a slower decline in
mouse body weight (Fig. 11E), suggesting a less aggressive
tumor burden.

Histological examination using H&E staining showed
that tumors from the control groups exhibited more com-
pact and dense architecture compared with the more loos-
ened structure observed in ANXAS-KD tumors (Fig. 11F).
Immunohistochemical analysis of Ki-67, a proliferation
marker, and vimentin, a marker of epithelial-mesenchymal
transition (EMT), revealed substantially higher expression
levels in the WT and NC groups than in the ANXAS-
KD group. Additionally, staining for the M2 macrophage
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marker CD206 showed denser positive signals in control
tumors. These findings suggest a potential association be-
tween ANXAS expression and M2 macrophage—related sig-
nals within the tumor microenvironment (Fig. 11F). Quan-
titative analysis of staining intensity confirmed significant
reductions in proliferation, malignancy, and M2 marker ex-
pression upon ANXAS KD (p < 0.05; Fig. 11G-I). Col-
lectively, these findings indicate that ANXAS5 contributes
to tumor growth, malignancy, and the M2-polarized tumor
microenvironment in vivo.

In summary, the in vivo experiments demonstrated
that ANXAS depletion significantly suppressed tumor
growth and progression. Tumors derived from ANXAS-
KD cells exhibited smaller volumes, slower growth kinet-
ics, and reduced tumor burden at the endpoint compared
with WT and NC controls. Histological assessment re-
vealed a less compact tumor architecture in ANXAS-KD
tumors, accompanied by decreased Ki-67 and vimentin ex-
pression, indicating diminished proliferation and EMT ac-
tivity. Furthermore, reduced CD206 staining suggested a
decrease in M2-associated macrophage signals within the
tumor tissue. Taken together, these findings indicate that
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Fig. 10. ANXAS5 modulates Ca>" signaling through the GAPDH/IP; pathway. (A) GAPDH enzyme activity was determined by
spectrophotometrically monitoring the rate of NADH consumption during the reaction. (B) Measurement of IP3 level. (C) IP3 rescue
experiment. There were no significant differences between the vehicle and U73443 groups (p > 0.05), unlike the comparison between the
ANXAS-KD and U73122 groups (p < 0.05). The rescue assay shows that U73122 (a PLC inhibitor) and ANXAS5-KD similarly impair
IP3 production. (D) In the Ca®" oscillation curve, the first peak represents ER Ca®™ release, whereas the second peak corresponds to the
SOCE. The first dashed line indicates the time point of ATP stimulation, and the second dashed line marks the addition of extracellular
Ca®". (E) AUC of ER Ca*" release and SOCE peak. (i) Huh-7, (ii) HepG2. IP3, inositol 1,4,5-trisphosphate; PLC, phospholipase C;
AUC, area under the curve. Statistical significance is indicated as follows: *, p < 0.05; **, p < 0.01; *** p < 0.001; ns, not significant.

This panel was generated using GraphPad Prism 10.

ANXAS expression is associated with tumor growth, ma-
lignant phenotypes, and changes in immune-related mark-
ers in vivo.

4. Discussion

The development and progression of HCC involves a
complex interplay of diverse biological and environmental
factors, including genetic alterations, viral infections, and
aflatoxin exposure, among others.

Tumor metastasis and postoperative recurrence are
widely acknowledged as key determinants of unfavorable
outcomes in patients with HCC. HCC therefore remains a
formidable global health challenge due to its strong propen-
sity for recurrence and metastasis [50-55].

We identified a working model in which ANXAS
drives HCC progression through functional engagement
of the SOCE signaling pathway. Our findings suggest a
potential association between ANXAS-related changes in
GAPDH activity and alterations in PPI metabolism, includ-
ing PIP2. Although PIP; was not directly quantified, the
observed changes in downstream signaling are consistent
with indirect modulation of PPI hydrolysis. These alter-
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ations were accompanied by changes in SOCE-dependent
Ca?* influx, which may contribute to the regulation of ma-
lignant phenotypes of HCC cells, such as proliferation, mi-
gration, and survival.

The most significant and novel finding of our study
was the identification of a functional link between ANXAS
and GAPDH. While GAPDH has long been recognized as
a central mediator of the Warburg effect, a key metabolic
reprogramming event in cancer, its regulation by annexin
family proteins, particularly ANXAS5, remained largely un-
explored. Through integrated approaches including West-
ern blotting, qPCR, ELISA, and co-IP, we provided ini-
tial evidence of a robust interaction between ANXAS5 and
GAPDH. Interestingly, while ANXAS5 depletion did not
affect GAPDH expression at either the transcriptional or
protein level, it significantly reduced its enzymatic activ-
ity. Consistently, Co-IP assays revealed a physical as-
sociation between ANXAS and GAPDH, supporting the
notion that ANXAS modulates GAPDH function through
protein—protein interaction rather than expression control.
Together, these findings suggest that ANXAS influences
glycolysis and adds a metabolic regulatory layer by con-
trolling GAPDH through post-translational mechanisms.
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Fig. 11. ANXAS promotes tumor growth and malignancy in vivo. (A) Images of tumors in situ. (B) Excised tumor specimens from
each group. (C) Tumor growth curves over time. (D) Bar graph showing final tumor mass. (E) Body weight changes of mice during the
study. (F) Histological, cross-sectional analysis (top to bottom respectively) of Huh-7-WT, Huh-7-NC, and Huh-7-ANXAS cells; (left
to right respectively) H&E staining of Ki-67, vimentin, and CD206. Scale bar = 50 um. (G) Quantification of Ki-67-positive cells. (H)
Quantification of vimentin expression. (I) Quantification of CD206-positive cells. H&E, hematoxylin and eosin. Statistical significance
is indicated as follows: ** p < 0.01; *** p < 0.001; ns, not significant. Line graphs and bar charts in this panel were generated using

GraphPad Prism 10, and HE and IHC images were acquired using CaseViewer.

Given that PPI synthesis (including PIP;) relies on
GAPDH-dependent glycolytic pathways [33-36,56], the re-
duced IP3 levels observed after ANXAS KD likely stem
from compromised GAPDH activity.

Our results indicate that ANXAS positively regulates
GAPDH enzymatic activity without altering its expression
level. Depletion of ANXAS led to a marked reduction in
the downstream metabolite IP3, suggesting a potential role
for ANXAS in PIP; metabolism. Pharmacological inhi-
bition of PLC using U73122 recapitulated the effects of
ANXAS loss, supporting the involvement of the PLC path-
way in ANXAS5-mediated IP3 generation. Collectively,
these findings suggest that ANXAS modulates Ca?t dy-
namics in HCC cells through a GAPDH-dependent regu-
lation of the PLC/IP3 axis, consistent with the proposed
ANXAS5/GAPDH/IP3/SOCE working model.

Taken together, our data suggest a potential signaling
framework in which ANXAS may be associated with en-
hanced GAPDH-related glycolytic activity, potentially in-
fluencing PPI metabolism, including PIP5 [57]. Although
PIP, was not directly measured, the observed changes in
IP3 levels are consistent with indirect modulation of PLC-
dependent PIP; hydrolysis. These alterations were accom-
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panied by changes in ER Ca®*t release and subsequent
SOCE activation.

Moreover, through its interaction with PIPKI~y,
ANXAS5 may facilitate PIP» production and contribute
to stabilizing ER-PM junctions, which are essential for
SOCE channel assembly and function [25,26]. Thus,
ANXAS5 occupies a critical position at the intersection of
metabolism and Ca®* signaling, simultaneously regulating
both the initiator (IP3 production) and structural platform
(PIP;-enriched junctions) of SOCE. This dual role estab-
lishes a feed-forward mechanism that robustly sustains pro-
tumorigenic Ca?* signaling in HCC.

SOCE is the principal pathway for Ca?* influx in non-
excitable cells, including HCC cells [58—60]. Disruption of
this pathway through ANXAS KD produced profound phe-
notypic consequences, as evidenced by suppressed prolif-
eration and migration, alongside increased apoptosis. The
induction of apoptosis upon ANXAS depletion revealed an
additional dimension of its pro-tumorigenic function. Be-
yond its role in the GAPDH/IP3/SOCE axis, we hypothe-
size that ANXAS may directly enhance the expression of
cell survival-promoting proteins such as B-cell lymphoma
2 (Bcl-2), a hypothesis supported by preliminary data.
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This hypothesis is consistent with ANXAS’s estab-
lished ability to bind phosphatidylserine on the apop-
totic cell surface, thereby masking “eat-me” signals and
conferring a survival advantage [61,62]. Bcl-2, a well-
characterized anti-apoptotic protein, promotes cell survival
by directly targeting Bcl-2-associated X protein (BAX) and
Bcl-2 homologous antagonist/killer (BAK) to antagonize
their pro-apoptotic roles [62,63]. This interaction prevents
BAX/BAK oligomerization, preserves mitochondrial mem-
brane integrity, and suppresses the initiation of intrinsic
apoptosis [64—66]. Thus, ANXAS likely promotes HCC
cell survival through a dual mechanism: first, by sustain-
ing pro-survival Ca™ signaling via SOCE; and second, by
potentially upregulating anti-apoptotic proteins.

These mechanistic insights were strongly corrobo-
rated by our in vivo experiments. Significant reductions
in tumor volume, weight, and expression of the prolifera-
tion marker Ki-67 and the mesenchymal marker vimentin
upon ANXAS5 KD, highlight its critical role in driving tu-
mor growth and malignancy. Moreover, the attenuated de-
cline in body weight among mice bearing ANXAS5-deficient
tumors suggested a reduced overall tumor burden, high-
lighting the therapeutic potential of targeting ANXAS in
HCC.

Our bioinformatic analyses suggested a potential im-
munomodulatory role for ANXAS in shaping the tumor
microenvironment. Numerous studies have reported that
metabolic processes within the tumor microenvironment
are extensively reprogrammed to support cancer cell sur-
vival and progression [67,68]. Cancer cells frequently shift
toward the Warburg effect, a metabolic adaptation charac-
terized by increased glucose uptake and elevated lactate
production [69-71]. This reprogramming enables tumor
cells to thrive under nutrient-limited and hypoxic condi-
tions, thereby facilitating tumor progression [72].

Significant overrepresentation of ANXAS5 was de-
tected in dendritic cells and macrophages, two pivotal
antigen-presenting cell populations that constitute the im-
mune system’s first line of defense [73]. This cellular dis-
tribution indicates that ANXAS might interfere with the
early steps of cancer cell recognition, potentially contribut-
ing to immune evasion. More intriguingly, our prelimi-
nary data suggest that ANXAS expression may be associ-
ated with increased markers of M2-like macrophage polar-
ization. Given that M2 macrophages are well-established
mediators of immunosuppression, angiogenesis, and tumor-
supportive tissue remodeling [74], this observation raises
the possibility that ANXAS could contribute to shaping an
immunosuppressive tumor microenvironment.

Taken together, these findings support the hypoth-
esis that ANXAS may contribute to HCC progression
not only through tumor-intrinsic mechanisms—namely the
GAPDH/SOCE axis—but also through tumor-extrinsic
pathways. ANXAS expression was associated with in-
creased markers of M2-like macrophages, suggesting a po-
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tential link to features of an immunosuppressive tumor mi-
croenvironment. These observations may correlate with re-
duced anti-tumor immune activity, which could contribute
to tumor growth and survival, although direct functional
validation is needed. Based on current literature and our
experimental results [75—78], We preliminarily propose
that ANXAS expression may be associated with M2-like
macrophage characteristics and may contribute to features
of the tumor microenvironment, a hypothesis that will be
further explored in future studies [79].

In conclusion, our work supports a model wherein the
ANXAS/GAPDH/IP3/SOCE pathway drives HCC progres-
sion by linking metabolic reprogramming with sustained
oncogenic Ca?t signaling. Moving beyond correlative ob-
servations, we established a definitive mechanistic cascade
linking a membrane-associated protein (ANXAS) to a key
glycolytic enzyme (GAPDH) and ultimately to a fundamen-
tal second-messenger system (Ca?*).

Furthermore, our computational analyses suggest that
ANXAS expression may be associated with features of an
immunosuppressive tumor microenvironment, potentially
linked to M2-like macrophage characteristics. These mul-
tifaceted findings not only advance our understanding of
HCC pathogenesis but also position ANXAS as a promising
therapeutic target.

Future research should focus on developing specific
ANXAS inhibitors to assess their impact on immune regu-
lation and tumor microenvironment remodeling in vivo. In
addition, exploring combination strategies that target this
newly identified signaling axis alongside current standard
therapies may ultimately offer innovative and more effec-
tive treatment options for this aggressive malignancy.

5. Limitations

This study has several limitations that should be ac-
knowledged. First, although our findings suggest a poten-
tial mechanistic link between ANXAS, GAPDH activity,
and the IP3/SOCE signaling axis, the direct causal relation-
ship and detailed molecular interactions remain to be fur-
ther elucidated. Second, while both Huh-7 and HepG2 cell
lines were used for in vitro validation, the in vivo experi-
ments were conducted using only one cell line, which may
limit the generalizability of the findings. Third, the regu-
latory effects of ANXAS on phosphoinositide metabolism
were inferred based on functional assays, and more direct
evidence, such as lipidomics or metabolic flux analysis, is
still needed. In addition, the sample size in animal experi-
ments was relatively limited, and further studies with larger
cohorts are required to strengthen the conclusions. Finally,
the clinical relevance of the ANXA5/GAPDH/IP3/SOCE
axis warrants further validation in patient-derived samples
and prospective studies.
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6. Conclusions

ANXAS5 may enhance HCC malignancy by pro-
moting GAPDH activity, leading to increased IPs pro-
duction and strengthened SOCE-mediated Ca?* influx.
Our results support a working model in which the
ANXAS5/GAPDH/IP3/SOCE axis contributes to HCC pro-
gression, highlighting ANXAS as a potential therapeutic
target.
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