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ARTICLE INFO ABSTRACT

Keywords: Background: The involvement of molecules associated with PANoptosis in hepatocellular carci-
PANoptosis noma (HCC) is still not well understood.

CASP2

Methods: Various R packages were utilized to analyze within the R software. Data that was freely

I}rllfriune accessible was obtained from the databases of The Cancer Genome Atlas (TCGA) and the Inter-
I national Cancer Genome Consortium (ICGC).
mmunotherapy

Results: Here, we comprehensively explored the role of PANoptosis-related genes in HCC. The
caspase 2 (CASP2) was identified as the interest gene for further analysis. We found that CASP2 is
related to the poor prognosis and worse clinical features of HCC patients. Moreover, we explored
the biological pathway CASP2 is involved in and found that CASP2 is associated with multiple
carcinogenic pathways. Also, we noticed that CASP2 can significantly reshape the HCC immune
microenvironment and affect the response rate of immunotherapy. Analysis of drug sensitivity
suggested that individuals exhibiting elevated CASP2 levels may display increased susceptibility
to doxorubicin and vorinostat while demonstrating resistance towards erlotinib, lapatinib, suni-
tinib, and temsirolimus. Meanwhile, we explored the single-cell distribution of CASP2 in the HCC
microenvironment. To enhance the clinical application of CASP2 in HCC, we constructed a
prognosis model using the molecules derived from CASP2, which demonstrated good efficiency in
predicting patients prognosis. Moreover, in vitro experiments indicated that CASP2 can signifi-
cantly inhibits cell proliferation, invasion and migration ability of HCC cells.

Conclusions: Our study comprehensively explored the role of PANoptosis-related molecule CASP2
in HCC, which can provide directions for future studies.

1. Introduction

Hepatocellular carcinoma (HCC), the most prevalent form of liver cancer, is ranked fifth worldwide [1,2]. The prognosis for many
individuals with HCC is unfavorable because of the restricted ability to detect it early and the limited availability of effective treat-
ments for advanced HCC [3]. Despite the implementation of curative treatments like liver transplantation, resection, percutaneous
ablation, and transcatheter arterial chemoembolization, HCC can still experience recurrence and metastasis, resulting in a 5-year
survival rate of below 20% [4]. Furthermore, tumor heterogeneity and the presence of both inherent and acquired drug resistance
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can impede the effectiveness of conventional chemotherapy and molecularly targeted medications [5,6]. The effectiveness of systemic
treatment in patients with HCC is constrained by these attributes. Hence, it is imperative to investigate novel approaches for enhancing
the medical results of individuals with HCC.

PANoptosis is a distinctive, immunoregulatory form of programmed cellular demise, incorporating elements of pyroptosis,
apoptosis, and necroptosis [7,8]. It serves as an important regulatory mechanism, orchestrating cell responses to various stimuli, such
as inflammation and infection [9]. Recent studies have pinpointed PANoptosis as an essential overseer of immune cell functionality,
and any disruption to this process could lead to pathologies, including cancer [10]. Concerning cancer, the function of PANoptosis is
intricate and multifactorial [11]. On one end of the spectrum, PANoptosis can function as a deterrent to tumor formation [12]. By
facilitating the swift elimination of damaged or aberrant cells, it contributes to tissue homeostasis and acts as a bulwark against the
emergence of malignancies [13]. Conversely, the undue activation of PANoptosis within the tumor microenvironment could inad-
vertently support cancer progression by inducing the demise of immune cells tasked with tumor suppression, thereby aiding immune
evasion and inciting inflammation-induced tumorigenesis [14].

Here, we comprehensively explored the role of PANoptosis-related genes in HCC. The caspase 2 (CASP2) was identified as the
interest gene for further analysis. We found that CASP2 is related to the poor prognosis and worse clinical features of HCC patients.
Moreover, we explored the biological pathway CASP2 is involved in and found that CASP2 is associated with multiple carcinogenic
pathways. Also, we noticed that CASP2 can significantly reshape the HCC immune microenvironment and affect the response rate of
immunotherapy. Analysis of drug sensitivity suggested that individuals exhibiting elevated CASP2 levels may display increased sus-
ceptibility to doxorubicin and vorinostat, while demonstrating resistance towards erlotinib, lapatinib, sunitinib, and temsirolimus.
Meanwhile, we explored the single-cell distribution of CASP2 in the HCC microenvironment. To enhance the clinical application of
CASP2 in HCC, we constructed a prognosis model using the molecules derived from CASP2, which demonstrated good efficiency in
predicting patients prognosis. Moreover, in vitro experiments indicated that CASP2 can significantly inhibit cell proliferation, invasion
and migration ability of HCC cells.

2. Methods
2.1. Data acquisition and download

The standardized genomic, and associated clinical data of HCC patients were directly downloaded from The Cancer Genome Atlas
(TCGA) and International Cancer Genome Consortium (ICGC) databases [15]. Transcript profile data is downloaded in raw Star-Counts
format and eventually converted to TPM format. Clinical data is downloaded in the ber-xml format and collated using Perl code. For
raw transcript profiles, the R code was used for log 2 transformation and gene symbols with mean values less than 0.5 were removed.
The list of PANoptosis-related genes was collected from the previous studies [16]. Publicly available cellular subcellular localization
data were obtained from the Human Protein Atlas (HPA) database [17]. Sva package was used to combine data from different cohort
and remove batch effects [18].

2.2. Pathway enrichment analysis

Significantly enriched pathways were identified based on a corrected p-value below 0.05. The Gene Set Enrichment Analysis
(GSEA) was employed to detect gene sets exhibiting notable and consistent disparities between two biological conditions. This analysis
involved 1000 permutations of gene sets and a cut-off of <0.25 for the false discovery rate (FDR) g-value [19]. The GSEA analysis
utilized reference sets from Gene Ontology (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG), and Hallmark. To display the
functionally grouped network of large gene clusters, ClueGO, a plug-in for Cytoscape, was utilized for visualizing the non-duplicate
biological terms [20].

2.3. Prognosis analysis

Survival rates were calculated utilizing the Kaplan-Meier (KM) technique, and distinctions among groups were evaluated through
the log-rank examination. To determine the factor that significantly impacts patients’ survival, both univariate and multivariate lo-
gistic regression analyses were performed. The combination of CASP2 and clinical characteristics was used to create a nomogram plot.
The calibration plot was employed to assess the agreement between observed and predicted survival using a nomogram. To construct
the prognosis model, we initially used univariate Cox regression to assess the correlation between each predictor variable and the
outcome of survival.

2.4. Immune microenvironment analysis

The immune microenvironment of the tissue samples was assessed through an array of computational methodologies designed to
provide an in-depth understanding of immune cell composition and immune state. To estimate the relative proportions of infiltrating
immune cell types, we utilized several deconvolution algorithms, including CIBERSORT, EPIC, MCPCOUNTER, QUANTISEQ, TIMER
and XCell [21-26]. Following the quantification of immune cell infiltrates, we utilized single-sample Gene Set Enrichment Analysis
(ssGSEA) to quantify the immune status of the tissue [27]. Furthermore, LASSO regression analysis was used to minimize overfitting
and perform variable selection. For the variables identified by LASSO regression analysis, multivariate Cox regression was used to
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identify the final variables for model construction.
2.5. Immunotherapy and drug sensitivity

The Tumor Immune Dysfunction and Exclusion (TIDE) analysis evaluates the sensitivity of cancer patients to immune checkpoint
blockade therapy based on computational modeling of tumor-immune interaction dynamics [28]. The Genomics of Drug Sensitivity in
Cancer (GDSC) database is used to assess drug sensitivity, providing a rich resource of large-scale drug response biomarker data, and
allowing for the exploration of potential therapeutic targets based on genomic features [29].

2.6. Single-cell analysis

The Tumor Immune Single-cell Hub (TISCH) database serves as a comprehensive resource for the analysis of single-cell data in the
context of tumor immunology. It allows researchers to explore, visualize, and compare single-cell RNA sequencing data across a
multitude of cancer types, providing detailed insights into the cellular composition and interactions within the tumor microenvi-
ronment. This includes the identification of distinct cell types, states, and potential intercellular communication networks [30]. The
cohorts with single-cell data obtained from the TISCH project were: GSE98638, GSE125449, GSE140228, GSE166635, GSE146115 and
GSE146409 [31-36].

2.7. Cell lines

The THLE-2 human liver cell line, along with liver cancer cell lines HepG2 and Huh7, were acquired from the Shanghai Academy of
Chinese Sciences Cell Bank and lab inventory. These cells were cultured in a controlled environment at 37 °C and 5% CO2, with
medium replenishment every 2-3 days. The cells were then propagated when approximately 80-90% confluence was achieved.

2.8. Cell transfection

CASP2 small interfering RNAs (siRNAs) were designed and synthesized by Shanghai GenePharma. Cell transfection was executed
using Lipofectamine 2000, following the standard procedure. The siRNA sequence is as follows: siRNA#1: 5-GCACTTCACTGGA-
GAGAAA-3/, siRNA#2: 5“GGAGAGTGATGCCGGTAAA-3’, siRNA#3, 5-GGGCTTGTGATATGCACGT-3’.

2.9. Quantitative real-time PCR (qRT-PCR)

RNA was initially extracted using an RNA extraction kit, adhering to the provided protocol. Following this, RNA samples under-
went DNase I treatment to eliminate potential gDNA, and total RNA samples were converted into cDNA via reverse transcriptase.
Finally, qRT-PCR experiments were carried out using cDNA as a template and adding specific PCR primers (sybr green system). The
specific primers used are as follows: CASP2, forward, 5-~AGCTGTTGTTGAGCGAATTGT-3, reverse, 5-AGCAAGTTGAGGAGTTCCACA-
3’; GAPDH, forward, 5-GGAGCGAGATCCCTCCAAAAT-3’.

2.10. Cell counting Kit-8 (CCK-8) assay

The cells were seeded onto a 96-well plate at an appropriate density in a culture medium and incubated at 37 °C and 5% CO2 to
facilitate cell attachment and recovery. Post-specific treatments, in alignment with experimental needs, the CCK-8 reagent was
introduced to each well. The plate was subsequently incubated for 2 h to allow the reaction to occur. Post incubation, absorbance was
measured at 450 nm using a microplate reader.

2.11. 5-Ethynyl-2-deoxyuridine (EAU) assay

Cells were seeded on appropriate plates and incubated under 37 °C and 5% CO2 to facilitate attachment and recuperation. After
implementing experimental treatments, EAU (a thymidine analog) was incorporated into the culture medium for a certain duration,
usually a few hours, allowing it to be assimilated during active DNA synthesis (S phase of the cell cycle). Post EQU incubation, cells
were fixed, typically with paraformaldehyde, to preserve cell morphology and secure the incorporation of EAU. Subsequently, cells
underwent permeabilization using an appropriate agent, such as Triton X-100, enabling the entry of detection reagents. DAPI was
utilized for nuclear staining. Images were subsequently captured using fluorescence microscopy, and the percentage of EdU-positive
cells (cells undergoing DNA synthesis) was determined by counting the number of fluorescent cells relative to the total cell count.

2.12. Transwell assay

Cells were initially prepared in serum-free media and placed onto the upper chamber of a transwell insert (8.0 pm), which was
situated in a well of a 24-well plate. The lower chamber of the well was filled with serum-containing media, serving as a chemo-
attractant. The plate was then incubated under standard conditions for a specific 24-h period, enabling cell migration or invasion
through the semi-permeable membrane towards the chemoattractant in the lower chamber. At the end of the incubation period, non-
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migrated or non-invaded cells on the upper side of the membrane were eliminated. Cells that migrated or invaded to the underside of
the membrane were fixed and stained with crystal violet.

2.13. Statistical analysis

The R software was utilized for all statistical analysis. For the initial data exploration, we utilized descriptive statistics such as the
average, and middle value, and measures of variability like standard deviation for continuous variables. Additionally, we examined
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Fig. 1. Identification of PANoptosis-related genes in HCC. Notes: A: The PANoptosis-related molecules collected from previous studies; B: GO and
KEGG analysis of these PANoptosis-related genes; C: Univariate Cox regression of these PANoptosis-related genes to identify the molecules
significantly associated with patients survival; D: The expression level of MLKL, CASP6, APAF1, DIABLO, MEFV, CASP5, CASP10, BAX, ADAR,
CASP7, NLRC4, CASP8, GSDMC, NLRP6. CASP2 in tumor and normal tissue.
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frequencies and percentages for categorical variables. Comparisons were made using Student’s t-tests (or Mann-Whitney U tests for
data that is not normally distributed) and chi-square tests (or Fisher’s exact tests when applicable). The analysis of differentially
expressed genes (DEGs) was performed using the Limma package [37]. The performance of the prognosis model was assessed using
Kaplan-Meier (KM) survival and receiver operating characteristic (ROC) curves.

3. Results
3.1. Identification of the PANoptosis-related genes in HCC

The flow chart was shown in Fig. S1. Based on the previous studies, we collected genes involved in the PANoptosis process (Fig. 1A).
Then, we performed the GO and KEGG analysis. The results indicated that these PANoptosis-related genes were mainly involved in the
regulation of endopeptidase activity (Fig. 1B). Univariate Cox regression analysis indicated that among these molecules, CASP2,
NLRP6, GSDMC, CASP8, NLRC4, CASP7, ADAR, BAX, CASP10, CASP5, MEFV, DIABLO, APAF1, CASP6 and MLKL were significantly
correlated with patient survival (Fig. 1C). Among them, CASP2 has the most significant P value and is therefore selected for further
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Fig. 2. Clinical role and expression pattern of CASP2 in HCC. Notes: A-B: Subcellular localization of FADD of SiHa cells from the data obtained from
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analysis. Moreover, we noticed that most of these prognosis-significant molecules were differentially expressed in HCC and normal
tissue (Fig. 1D).

3.2. Expression pattern and clinical role of CASP2 in HCC

Subcellular localization results indicate that the CASP2 is mainly localized in the mitochondria (Fig. 2A-B; HPA database, SiHa).
The KM survival curves indicated that individuals with elevated CASP2 levels exhibited unfavorable survival outcomes (Fig. 2C-E,
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overall survival, HR = 1.69, P = 0.003; disease-specific survival, HR = 2.05, P = 0.002; progression-free survival, HR = 1.59, P =
0.002). Meanwhile, we noticed that CASP2 is associated with worse clinical features (Fig. 2F-1, T3&4, stage III&IV, >60 years old and
G3&4). Moreover, both univariate and multivariate analysis demonstrated that CASP2 serves as an autonomous prognostic indicator
for HCC (Fig. 2J-K).

3.3. Biological enrichment analysis

To illustrate the biological role of CASP2 in HCC, an initial analysis was conducted on patients with varying levels of CASP2
expression to identify DEGs (Fig. 3A). ClueGO analysis indicated that CASP2 is mainly involved in lung epithelium development,
cochlea development, pituitary gland development, DNA alkylation, O-glycan processing, antibiotic catabolic process, antibacterial
humoral response and intracellular ligand-gated ion channel activity (Fig. 3B). GSEA analysis based on the Hallmark gene set showed
epithelial-mesenchymal transition, estrogen response early, TNF-a signaling via NFKB, apical junction, late estrogen response and
inflammatory response (Fig. 3C). Meanwhile, GSEA analysis based on GO terms indicated that the top three upregulated terms in
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patients with high CASP2 expression are immunoglobulin complex, immunoglobulin complex circulating and immunoglobulin re-
ceptor binding (Fig. 3D), yet the top three downregulated terms were organic acid catabolic process, electron transfer activity and
cellular amino acid catabolic process (Fig. 3E). Moreover. GSEA analysis based on KEGG terms showed that the top three upregulated
terms in patients with high CASP2 expression are axon guidance, cell cycle and neuroactive ligand-receptor interaction (Fig. 3F), yet
the top three downregulated terms were complement and coagulation cascades, fatty acid metabolism and retinol metabolism
(Fig. 3G).

3.4. Immune microenvironment analysis

Tumor progression is significantly influenced by the immune microenvironment. Consequently, we explored the effect of CASP2 on
HCC microenvironment. The findings suggested that individuals exhibiting elevated CASP2 expression are more likely to experience
increased levels of M2 macrophage, monocyte, endothelial cell, B cell, CD4" T cell, and common lymphoid progenitor (Fig. 4A-H).

3.5. Immunotherapy, genomic features and drug sensitivity analysis

To improve the prognostic prediction ability of CASP2, we developed a nomogram by combining CASP2 expression and clinical
parameters (Fig. 5A). Moreover, the calibration graphs demonstrated that the projected survival from the nomogram plot aligns well
with the observed survival (Fig. 5B). Immunotherapy is an emerging therapy for liver cancer. Hence, we aimed to investigate the
impact of CASP2 on the responsiveness of liver cancer to immunotherapy. Notably, it was found that the majority of immune
checkpoints exhibited distinct expression patterns in individuals with varying levels of CASP2 expression (Fig. 5C). Moreover, there

0 20

Points L s N L f L 1 L f s
T

o
L

T[T

Pathologic T stage

. Stage Ill&Stage IV 0.8
Pathologic stage r i |
Stage | Stage Il
> 60
Age
“Ho 0.6
Female
Gender
Male
CASP2 T T
05 15 25 35 45 55 0.4
Total Points r T T T T T r . .

Linear Predictor

TakT4

0 40

Observed fraction survival probability

o
[N
L

: . — 1-year
1-year Survival Probability ——T—T—T — 3
year
09 08 070605 — 5-year
3-year Survival Probability —TT, 0.0 Ideal line
08 06 04 02 r r T r r r
0.0 0.2 0.4 06 0.8 1.0

5-year Survival Probability

08

—T— T
06 04 02

Nomogram predicted survival probability

RN e JLEn e
P LR S O T RV
L L i Dlanllet L N9 hik e
S ; S \»V: i‘i,ﬁipf@{ ;\ﬂ%‘?}\c‘s\\ \V&\v@é‘sg JS’ e@@{y& & &if"o&é‘@ «\0\& «V‘:;é:;ég ‘:\g‘é‘“\&&:@é«}@\ & Lié%a‘\;ﬁ s \,\»&\ & Cc”@
& &
o o 24 ':L'
54
.O.& :. .. }. :3
.
o . (3 1 W)
o~ & ®
é g : g) 04 ‘ ° qu
[®) 5 3 5 ® High
2 -1 ° h:. .' 7
.
- oes) ° ] 2
-2 -1 0 1 2 T T T T
TIDE Responders Non-responders Dysfunction Exclusion

Fig. 5. Nomogram plot and immunotherapy response of CASP2. Notes: A: A nomogram plot was constructed based on clinical features and CASP2;
B: Calibration curves of the nomogram plot; C: The level of immune checkpoint points molecules in patients with high and low CASP2 expression; D:
Correlation between TIDE score and CASP2; E: The expression level of CASP2 in immunotherapy responders and non-responders; F: The immune
dysfunction and exclusion in patients with high and low CASP2 expression.



Y. Lou et al. Heliyon 10 (2024) e27302
was a significant association observed between the expression of CASP2 and TIDE score (Fig. 5D, R = 0.292, P < 0.001). In the
meantime, it was observed that the individuals who did not respond to immunotherapy exhibited an increased expression of CASP2
(Fig. 5E). To be noted, the patients with high immune dysfunction status have lower CASP2 expression, but the immune exclusion was
contrary (Fig. 5F). Next, we illustrated the overall mutation state of HCC based on the data from the TCGA database (Fig. 6A). Fig. 6B
demonstrated that individuals exhibiting elevated CASP2 expression have a higher susceptibility to TP53 mutations. Furthermore, the
analysis of drug sensitivity suggested that individuals exhibiting elevated CASP2 levels could potentially have a heightened response to
doxorubicin and vorinostat. However, they may display resistance towards erlotinib, lapatinib, sunitinib and temsirolimus (Fig. 6C).

3.6. Single-cell analysis of CASP2 and prognosis model derived from CASP2-related genes

Next, we investigated the cellular expression level of CASP2 at the individual cell level. The results indicated that CASP2 was
distributed in various cells (Fig. 7A-F, GSE98638, GSE125449, GSE140228, GSE166635, GSE146115, GSE146409 cohorts). To
maximize the clinical utility of CASP2, we additionally developed a prognostic model utilizing genes associated with CASP2. The top
100 molecules with positive or negative correlation with CASP2 are shown in Fig. 8A and B, respectively. Afterward, a univariate Cox
regression analysis was conducted to determine the molecules that showed a significant correlation with the survival of patients
(Fig. 8C). LASSO regression analysis is used for data dimensionality reduction (Fig. 8D-E). In the end, the construction of the prognosis
model involved three molecules, namely TAF3, EZH2, and FTCD, as identified by multivariate Cox regression analysis (Fig. 8F). The
risk score was computed using the equation “Risk score = TAF3 * 0.373 + EZH2 * 0.230 + FTCD * —0.105”. ROC survival curves
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showed the good prognosis prediction efficiency of our model in the training cohort (Fig. 9A-C, TCGA cohort, 1-year AUC = 0.741, 3-
year AUC = 0.698, 5-year AUC = 0.681). According to Fig. 9D, the KM survival curves indicated that individuals with elevated CASP2
levels could potentially experience a more unfavorable prognosis. Furthermore, we combined the ICGC data as the validation cohort
using the Sva package (Fig. 9E-F). Moreover, our model also performed well in the validation cohort (Fig. 9G-J).

3.7. Knockdown of CASP2 remarkably promotes the proliferation, invasion and migration ability of HCC cells

Then, we tried to explore the effect of CASP2 on the biological behavior of HCC cells. Results of qRT-PCR showed that CASP2 is
overexpressed in the HCC cells compared with the normal cells (Fig. 10A). Next, we knocked down the CASP2 for further experiments.
The siRNA#2 has the best knockdown efficiency and is therefore selected for the next steps (Fig. 10B). CCK-8 and EdU assays showed
that the inhibition of CASP2 can significantly promotes the cell proliferation ability of HCC cells (Fig. 10C-F). Transwell assay
indicated that the knockdown of CASP2 can remarkably enhance the invasion and migration ability of HCC cells (Fig. 10G-I).

4. Discussion

In our study, we comprehensively explored the role of PANoptosis-related genes in HCC. The CASP2 was identified as the interest
gene for further analysis. We found that CASP2 is related to the poor prognosis and worse clinical features of HCC patients. Moreover,
we explored the biological pathway CASP2 is involved in and found that CASP2 is associated with multiple carcinogenic pathways.
Also, we noticed that CASP2 can significantly reshape the HCC immune microenvironment and affect the response rate of immuno-
therapy. Analysis of drug sensitivity suggested that individuals exhibiting elevated CASP2 levels may display increased susceptibility
to doxorubicin and vorinostat, while demonstrating resistance towards erlotinib, lapatinib, sunitinib, and temsirolimus. Meanwhile,
we explored the single-cell distribution of CASP2 in the HCC microenvironment. To enhance the clinical application of CASP2 in HCC,
we constructed a prognosis model using the molecules derived from CASP2, which demonstrated good efficiency in predicting patients
prognosis. Moreover, in vitro experiments indicated that CASP2 can significantly inhibits cell proliferation, invasion and migration
ability of HCC cells.

CASP2 is a key player in the regulation of cell death and is one of the earliest discovered members of the caspase family [38]. In
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diverse diseases, particularly cancer, the role of CASP2 is complex and multifaceted. CASP2 can function as a tumor suppressor by
inducing apoptosis in response to genotoxic stress and preventing genomic instability, a key factor in tumorigenesis [39]. However,
some studies suggest that CASP2 may also contribute to chemotherapy resistance in certain cancer types, demonstrating its potential
dual role in cancer progression [40]. Huang et al. discovered that IncRNA TPT1-AS1 enhances the sensitivity of breast cancer cells to
paclitaxel and suppresses cell growth through the miR-3156-5p/CASP2 pathway [41]. Chen et al. observed that Zingiberene can
hinder the advancement of colon cancer by suppressing the PI3K/AKT/mTOR pathway and causing the deactivation of CASP2 [42].
While its function in cancer biology is not fully understood, the involvement of CASP2 in regulating cell death and its potential link to
cancer makes it a significant area of interest in the ongoing search for effective cancer therapies.

Our results indicated that CAPS2 can regulate EMT signaling in the HCC based on the biological enrichment analysis. EMT is a
biological phenomenon where epithelial cells acquire a mesenchymal phenotype, resulting in enhanced cell motility and invasiveness
[43]. In the context of cancer, EMT plays a critical role in tumor progression, particularly in the metastasis process [44]. EMT enables
the separation of cancer cells from the main tumor, infiltration into neighboring tissues, and dissemination to remote locations, ul-
timately promoting the metastasis of cancer throughout the body [45]. Additionally, EMT is implicated in therapeutic resistance, as
cells undergoing EMT often exhibit increased resistance to chemotherapy and radiation therapy [46]. However, the precise mecha-
nisms and regulatory pathways of EMT in cancer are still under active investigation.

Meanwhile, we found that CASP2 can affect the immune microenvironment of HCC. The results indicated that the patients with
high CASP2 expression tend to have a higher infiltration level of M2 macrophage, monocyte, endothelial cell, B cell, CD4" T cell, and
common lymphoid progenitor. Monocytes and macrophages are critical components of the immune system and play diverse roles in
various diseases, including cancer [47,48]. Monocytes can differentiate into a variety of cell types, including M2 macrophages,
depending on the tissue environment and specific signals. M2 macrophages, often referred to as “tumor-associated macrophages,” are
known to play a significant role in cancer progression [49]. Unlike their M1 counterparts, which have anti-tumor properties, M2
macrophages promote tumor growth, invasiveness, and metastasis by secreting growth factors and anti-inflammatory cytokines [50].
They also contribute to angiogenesis, immune suppression, and therapeutic resistance. Monocytes in the tumor microenvironment can
be recruited and polarized into M2 macrophages, thereby supporting tumor growth and progression. Therefore, strategies targeting the
monocyte-M2 macrophage axis represent a promising area of cancer therapy research.

This study is not without limitations. Firstly, while bioinformatics data analysis has been an invaluable tool in exploring biological
mechanisms and patterns, it is important to acknowledge that computational predictions might not fully represent the complex
biological reality. Experimental validation is required to confirm our bioinformatically derived findings. Secondly, our study is pri-
marily based on patient data from Western populations. Given the known genetic and lifestyle differences among different ethnic
groups, our findings may not be fully generalizable to non-Western populations. Thus, the results should be interpreted with caution
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Fig. 9. Assessment of the prognosis signature in HCC. Notes: A-D: The performance of our signature in the training cohort; E-F: Two ICGC cohorts
were combined as the validation cohorts; G-J: The performance of our signature in the external validation cohort.

when applied to diverse ethnic groups, and further studies involving different ethnicities are needed to validate and expand our
findings. Lastly, the lack of complete clinical data for some patients may affect the robustness of our conclusions. Missing data could
potentially introduce bias and limit the statistical power of the study, thereby affecting the reliability and validity of our results. Future
studies with more comprehensive and complete datasets will be required to confirm our findings and further understand the complex
mechanisms at play.
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