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Objective: This study aims to integrate bulk and single-cell RNA sequencing data to construct a risk score model based on HOXC9-related
immune genes (HRIGs) and evaluate its prognostic value in hepatocellular carcinoma (HCC).

Materials and Methods: RNA sequencing data and clinical information of HCC were obtained from TCGA and GEO databases.
HRIGs were identified and a risk score model was constructed using LASSO-Cox regression analysis. The association between the
risk score and tumor microenvironment was analyzed using CIBERSORT and ESTIMATE algorithms. Single-cell RNA sequencing
(scRNA-seq) data were used to assess cell type distribution. Cell experiments were conducted to verify the effects of HOXC9
knockdown on HCC cell proliferation and invasion.

Results: HOXC9 is highly expressed in HCC and associated with poor prognosis (p=0.031). The risk score model based on four
HRIGs (EGLN3, IMPDHI1, LPCAT1, and MARCKSL1) showed good prognostic discrimination in both TCGA and GEO cohorts,
with significantly lower overall survival in the high-risk group (p<0.0001). The high-risk group exhibited higher immune scores and
increased immune cell infiltration, as well as elevated immune checkpoint expression. scRNA-seq revealed increased hepatocytes and
fibroblasts but decreased T/NK cells in HCC tissues. HOXC9 knockdown significantly inhibited HCC cell proliferation and invasion.
Conclusion: HOXC9 is overexpressed in HCC and correlates with poor prognosis. The HRIG-based risk score model effectively
evaluates the prognosis and immune response in HCC patients, providing new insights for risk assessment and immunotherapy
prediction.
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Introduction
Hepatocellular carcinoma (HCC) ranks sixth in incidence and third in mortality rates across various cancer types
worldwide, thus imposing a substantial healthcare burden on the population.' Although HCC treatments like hepa-
tectomy, liver transplantation, interventional therapy, targeted therapy, and immunotherapy have made significant
progress in precision and personalized therapy, the 5-year survival rate for patients has stagnated at approximately
18%.>° A significant amount of research has confirmed that the early symptoms of HCC are atypical, and the lack of
early diagnostic methods is the main reason why the disease often progresses to an advanced stage, leading to poor
prognosis.”'°

In recent years, immunotherapy, both as monotherapy and in combination, has played an increasingly important role
in treating advanced HCC.'"' The combination of Atezolizumab and Bevacizumab for HCC patients undergoing
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transcatheter arterial chemoembolization (TACE) has significantly improved progression-free survival (PFS), with
manageable safety.'”'> In addition, Durvalumab combined with Tremelimumab treatment has a significant survival
benefit compared with Sorafenib, but the median overall survival (OS) is close to Durvalumab monotherapy, and the
survival benefit is limited.'* However, increasing evidence has shown that severe immune-related adverse events (irAEs),
such as hypertransaminasemia, can not only limit the benefits patients receive from immunotherapy but also pose a life-
threatening risk.'®'” Therefore, monitoring irAEs in patients with advanced HCC undergoing immunotherapy is of
significant clinical importance. Guven et al found that patients with lower albumin levels had a significantly increased
risk of death, suggesting that albumin may be a prognostic biomarker for patients with advanced cancer receiving
immunotherapy.'®

The homeobox genes were first detected in Drosophila melanogaster, where they are referred to as homeotic complex
(HOM-C) genes and are categorized within the homeobox gene family.'” ' In mammals, homeobox genes are
segregated into two subfamilies. The initial subfamily—the A—P type—is closely situated on chromosomes and exhibits
an anterior—posterior (A—P) expression pattern, encompassing the HOX genes. The second subfamily comprises homeo-
box genes that are not the A—P type and are not clustered but distributed across different chromosomes.*? These genes are
grouped into specific clusters, such as empty spiracles (EMX), paired-box (PAX), muscle segment homeobox (MSH),
and orthodenticle-related (OTX) families based on sequence similarities. The complex network of homeobox genes in
various organisms emphasizes the evolutionary conservation and functional importance of these genetic components.
Studies suggest that HOXC9 is a pivotal transcription factor in embryonic development, contributing to essential
biological processes like cell growth, differentiation, and apoptosis. Abnormalities in the expression of HOXC9 have
been related to different cancer types, demonstrating both tumorigenic and tumor-suppressive features. Moreover,
HOXC9 expression level is closely associated with the clinical features and OS of patients with cancer.

The present study mainly aimed to explore the prognostic gene HOXC9 and investigate how it relates to immune
infiltration levels and pathological conditions in individuals with HCC. A risk-scoring model for HRIGs was developed
and verified, resulting in the construction of a nomogram. Furthermore, this study also examined the correlations among
risk score, TME, and immune infiltration. This study provides novel insights for risk assessment and immune response
prediction in patients with HCC.

Methods

Data Acquisition

The RNA-seq data and the corresponding clinicopathological data of the HCC project were obtained from The Cancer
Genome Atlas (TCGA) website. The transcripts per million (TPM) expression levels for all genes were collected and
aggregated across the entire set of samples. Subsequently, the GSE14520 matrix file was procured from the Gene
Expression Omnibus (GEO) database. The cohort from TCGA comprised 374 hCC samples and 50 normal samples. By
integrating RNA-seq data and clinical data, a total of 365 hCC patient data were obtained. The GEO cohort (GSE14520)
was composed of 242 hCC samples and 246 normal samples. A Kaplan-Meier (KM) curve was generated to assess the
prognostic significance of HOXC9 in patients with HCC. This study chose the single-cell RNA-seq (scRNA-seq) dataset
GSE149614 from the GEO database. This dataset comprises 10 samples of primary tumors, 2 samples of portal vein
tumor thrombi, 1 sample of metastatic lymph node, and 8 samples of non-tumor liver. Following the analysis of the
scRNA-seq data of 10 hCC samples and 8 normal samples, the R package “Seurat” was used to address the batch effects
among these samples. Cells with a gene count ranging from 200 to 7,500 and a mitochondrial gene proportion < 15%
were included in the analysis, whereas cells identified as low quality were excluded from the dataset. Ultimately, a total
of 61,706 cells were retained for further investigation.

Relationship Between HOXC9 Expression, TME, and Immune Infiltration

The study investigated the correlation between HOXC9 and immune cells by determining the infiltration scores of 22
immune cell types in HCC tissues through the cell-type identification by estimating relative subsets of RNA transcripts
(CIBERSORT) algorithm.?** The Spearman method was used to evaluate the association between HOXC9 expression
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and the above 22 immune cell types. Additionally, the immune cell infiltration levels in groups with varying levels of
HOXCO9 expression were also analyzed. The estimation of stromal and immune cells in malignant tumor tissues using
expression data (ESTIMATE) algorithm was used to determine the StromalScore, ImmuneScore, and ESTIMATEScore
for individual tumor samples.”> Subsequently, a detailed examination was conducted to investigate the potential
correlations between HOXC9 expression and these scores.

Construction and Validation of an HRIG Risk Score Model
According to the screening criteria of p < 0.05 and correlation coefficient (cor) > 0.25, a total of 743 genes related to
HOXC9 and 3,190 genes related to immune score were identified. Subsequently, 171 hub genes were determined.
Following this, the genes were subjected to the least absolute shrinkage and selection operator (LASSO)-Cox regression
analysis. Ultimately, a set of four genes (EGLN3, IMPDHI1, LPCAT1, and MARCKSLI1) were selected to construct the
prognostic risk model. The following formula was utilized to calculate the risk score:

Risk score = Coefficient (Coefi) EGLN3 x EGLN3 mRNA expression + Coefi IMPDH1 x IMPDHI mRNA
expression + Coefi LPCAT1 x LPCAT1 mRNA expression + Coefi MARCKSL1 x MARCKSL1 mRNA expression.

The z-score function was applied to compute the z-score for each sample, whereby samples with a z-score > 0 were
designated as the high-risk group, whereas those with a z-score < 0 were classified as the low-risk group. Subsequently,
KM curves were analyzed to compare the survival difference between the high-risk and low-risk groups. The R package
“timeROC” was used to evaluate the predictive ability of the prognostic risk signature by analyzing the receiver
operating characteristic (ROC) curves for survival rates at 1, 3, and 5 years.

Relationship Between the HRIG Model and Tumor Immunity

The CIBERSORT and microenvironment cell population-counter (MCP-counter) methods were used to explore the
variation in immune cell infiltrations between the low- and high-risk groups.”® Additionally, the differences in immune
checkpoint expression between individuals classified as high-risk and low-risk were also examined. The IMvigor210
dataset comprised transcriptomic and clinical information derived from patients diagnosed with bladder cancer (BLCA)
who underwent anti-programmed death-ligand 1 (anti-PD-L1) therapy. The importance of the HRIG signatures in
predicting the efficacy of immune checkpoint inhibitors (ICIs) in the IMvigor210 cohort.

Development and Verification of a Nomogram Scoring Model

A predictive nomogram was developed using the R package “rms”, incorporating risk score, age, gender, T stage, and
pathological stage. Each patient’s overall score was determined by summing up the individual scores associated with
each variable. The calibration curves confirmed the nomogram to be reliable and accurate in predicting 1-, 3-, and
S-year OS.

Cell Culture

The HUH7 and SKHEP1 cell lines were acquired from the Cell Bank of the Chinese Academy of Sciences in Shanghai,
China. HUH7 and SKHEP1 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) consisting of 10%
fetal bovine serum (FBS) and 1% penicillin/streptomycin, which were then incubated at 37°C with 5% CO,.

Cell Proliferative Capacity Detection

Cell viability and colony formation assays were conducted to assess the proliferative capacity of HCC cell lines
following HOXC9 knockdown. The cell counting kit-8 (CCKS8) was utilized to monitor cell viability at designated
intervals. In the colony formation test, cells transfected with control and small interfering-HOXC9 (si-HOXC9) were
grown in six-well plates, and the colonies were stained with crystal violet after two weeks of incubation.

Cell Invasive Capacity Detection
Diluted Matrigel was placed in the upper chamber of the transwell and incubated at 37°C for 2 hours. After that, it was
hydrated with 100 pL of serum-free 1640 medium for 30 minutes. The upper chamber of a transwell plate was seeded
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with a total of 20,000 lung adenocarcinoma (LUAD) cells. After incubating for 2 days at 37°C and 5% CO,, the cells on
the membrane surface were immobilized using 0.4% paraformaldehyde and stained with 0.1% crystal violet dye for
20 minutes. Then, the cells were rinsed with phosphate-buffered saline (PBS), and randomly selected, examined, and

captured using a light microscope.

Statistical Analysis

The t-test and Wilcoxon test were employed for differential expression analysis. The prognostic importance of HOXC9
expression in HCC was assessed utilizing univariate and multivariate Cox regression models and KM curves. A p-value
< 0.05 was considered statistically significant.

Results

Correlation of HOXC9 Expression with Prognosis and Immune Infiltration in HCC
Pan-cancer analysis disclosed that HOXC9 is upregulated in various malignant tumors, such as HCC (Figure 1A). KM curves
revealed a notable association between increased HOXC9 levels and poor prognosis in patients with HCC (p = 0.031)
(Figure 1B). HOXC9 expression demonstrated a significant positive relationship with regulatory T (Treg) cells (Figure 1C).
The group with high HOXC9 expression showed a significant decrease in M1 macrophages and monocytes compared to the
group with low expression (Figure 1D). Furthermore, we investigated the associations between HOXC9 expression levels and
various clinicopathological characteristics, including TNM stage, pathologic stage, tumor status, gender, age, histologic grade,
AFP levels, and Child-Pugh grade (Supplementary Table 1).
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Figure | Expression levels of HOXC9 in HCC. (A) Human HOXC9 expression levels in different cancer types from TCGA database. (B) KM curves of OS for high- and
low-HOXC9 expression subpopulations. (C) Correlation analysis between HOXC9 gene expression and immune cell infiltration. (D) Box plot of 22 immune cells based on
CIBERSORT between the high- and low-HOXC9 expression groups in TCGA database. *p < 0.05, **p < 0.01, ***p < 0.001, ns-not statistically significant.
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Construction of an HRIG Risk Score Model

A risk-scoring system was created by conducting LASSO-Cox analyses on 171 hRIGs (Figure 2A and B). The HCC
samples were categorized into high- and low-risk groups using Z-score values, with the KM curve being utilized to
evaluate the differences in survival outcomes. The findings suggest that the patients with high risk demonstrated reduced
OS rates in TCGA (p < 0.0001) and the GSE14520 cohort (p = 0.01) (Figure 2C and D). Within TCGA cohort, the risk-
scoring model yielded an area under the curve (AUC) of 0.69, 0.69, and 0.68 for 1-, 3-, and 5-year survival rates,
respectively, as shown in Figure 2E. Within the D group, this model yielded AUC values of 0.67, 0.67, and 0.6 for 1-, 3-,
and 5-year survival rates, respectively, as shown in Figure 2F. Moreover, we generated box plots to illustrate the
differential expression of the four HRIGs (EGLN3, IMPDH1, LPCAT1, and MARCKSL1) between liver cancer tissues
and adjacent non-tumor tissues using data from the TCGA database (Supplementary Figure 1).

Linking the Risk Model to TME, Immune Cells, and Immune Checkpoints

The CIBERSORT algorithm was employed to evaluate variations in immune cell infiltration among high- and low-risk
categories (Figure 3A). The findings showed increased levels of Treg cells and M0 macrophages in the high-risk
category. Furthermore, the MCPcounter algorithm indicated elevated levels of fibroblasts and monocytic lineage in the
high-risk group (Figure 3B). Figure 3C shows that the high-risk group had higher StromalScore, ImmuneScore, and
ESTIMATEScore compared to the low-risk group. Additionally, there was an increased immune checkpoint expression in
the high-risk category (Figure 3D).

Immunotherapy Response Prediction

Immunotherapy holds immense potential in anticancer treatments, significantly prolonging the OS and improving the quality
of life for patients. Evaluating the relationship between risk models and immunotherapy can offer novel insights into
immunotherapy in HCC. The variations in immune response between high-risk and low-risk groups were evaluated using
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Figure 2 Construction of an HRIG-based risk score model. (A) Venn diagram identifying the 169 hRIGs shared by 743 hOXC9-related genes and 3,190 ImmuneScore-
related genes. (B) LASSO regression analysis of HRIGs. (C) Survival analysis of patients in TCGA cohort using HRIG-based risk score model. (D) Survival analysis of patients
in the GSE14520 cohort based on HRIG-based risk score model. (E) Time-dependent ROC curve of HRIG-based risk score model in TCGA dataset. (F) Time-dependent
ROC curve of HRIG-based risk score model in the GSEI14520 dataset.
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the IMvigor210 dataset. The findings indicated a lower proportion of immune responses in the high-risk group and a higher
proportion of patients in advanced stages, with the chi-squared test results showing significance (Figure 4A and B). KM curves
also indicated that individuals classified as high-risk had a reduced OS time (Figure 4C). As shown in Figure 4D, the risk
scores for the complete response/partial response (CR/PR) group were notably lower compared to the stable disease/
progressive disease (SD/PD) group. Furthermore, patients in advanced stages had notably elevated risk scores compared to
those in the early stages (Figure 4E).

Establishment of a Reliable Nomogram for Predicting HCC Prognosis

Univariate and multivariate regression analyses were utilized to evaluate the possibility of HRIG signatures as an
independent risk factor. Univariate analysis indicated that T stage, pathological stage, and risk score could serve as
independent risk factors, whereas multivariate analysis demonstrated that only risk score could function as an indepen-
dent risk factor (hazard ratio (HR) = 2.302) (Figure 5A and B). A nomogram was generated to evaluate the potential of
risk score and pathological stage in predicting the survival period of patients with HCC. The nomogram accurately
forecasted the survival rates of patients at 1, 3, and 5 years according to the calibration curves (Figure 5C and D).

ScRNA-Seq

scRNA-seq offers unparalleled resolution and detail compared to bulk RNA sequencing, enabling the identification of
distinct cell types and subtypes, analysis of cell type-specific gene expression patterns, and assessment of immune
infiltration. These capabilities are essential for unraveling the cellular complexity of tissues and advancing our under-
standing of disease mechanisms and therapeutic targets. In the present study, after preprocessing the GSE149614 dataset,
scRNA-seq data from HCC and adjacent healthy tissues were merged and subjected to uniform manifold approximation
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and projection (UMAP) non-linear dimension reduction. Based on previous research, six major cell types were identified,
including T/NK cells, myeloid cells, endothelial cells, hepatocytes, fibroblasts, and B cells (Figure 6A). The study further
evaluated the proportion of these cell types in HCC and healthy tissues, revealing that hepatocytes and fibroblasts were
notably increased, while T/NK cells were significantly reduced in HCC tissues compared to normal tissues. Additionally,
HOXC9 expression was specifically detected in fibroblasts and hepatocytes within HCC tissues (Figure 6B and C).

Inhibition of HCC Cell Viability, Colony Formation, and Invasion Following HOXC9
Knockdown

Specific siRNAs targeting HOXC9 were utilized to reduce the expression levels of HOXC9 in HCC cells (Supplementary
Figure 2). The results from CCKS8 and colony formation assays indicated that the decrease in HOXC9 levels suppressed
the proliferation of HUH7 and SKHEP1 cells (Figure 7A and B). Additionally, the transwell test showed that blocking
HOXC9 reduced the invasive abilities of HCC cells (Figure 7C). Consequently, downregulating HOXC9 could poten-
tially hinder the malignant phenotype of HCC cells.
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Figure 5 Establishment of a reliable nomogram for predicting HCC prognosis. (A and B) Univariate and multivariate Cox regression models were utilized to uncover the
association of clinical features and HRIG risk score with HCC survival outcome. (C) A prognostic nomogram was exploited by integrating independent prognostic indicators
(pathological stage and risk score) to estimate |-, 3-, and 5-year survival probability. (D) Calibration plots show the association of predicted |-, 3-, and 5-year OS with actual
survival duration. ***p < 0.001.

Discussion

Epidemiological studies have indicated a steady increase in the morbidity of HCC cases over time, which has been linked
to various factors, such as hepatitis B virus infection, alcohol consumption, and genetic predisposition.”” >’ Despite
advancements in diagnosing and treating HCC that have improved long-term outcomes and survival rates, the 5-year
survival rate remains < 20%, which is unsatisfactory.>* > The lack of reliable diagnostic techniques for detecting early-
stage HCC results has led to several patients being diagnosed only at advanced stages, thereby missing the window for
potentially curative surgical interventions.>*>’ Therefore, it is crucial to discover new diagnostic biomarkers and
therapeutic targets for early detection and improvement of patient prognosis.

Research indicates that HOXC9 is a vital transcription factor in embryonic development, impacting essential
biological functions like cellular growth, differentiation, and apoptosis.”*** Multiple studies have highlighted abnorm-
alities in the expression patterns of HOXC9 in different cancer types, demonstrating its dual role as an oncogene and
a tumor suppressor.””*® Additionally, a significant relationship exists between the HOXC9 expression levels and the
clinical and pathological characteristics of patients with cancer, suggesting its potential as a prognostic indicator in cancer
treatment.

An analysis of TCGA database revealed that HOXC9 is upregulated in HCC tissues, leading to decreased OS in
patients with HCC who exhibit elevated HOXC9 expression. Further research indicated that HOXC9 demonstrates
a significant positive correlation with various immune cells. Through LASSO-Cox regression analysis, this study
identified four genes—EGLN3, IMPDH1, LPCAT1, and MARCKSL1—and constructed an HRIG risk score model to
stratify patients with HCC and predict their immune responses. The present research indicates that individuals classified
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Figure 6 Cellular composition of the HCC tissue microenvironment. (A) Annotation of each cell type in HCC tissues and adjacent normal tissues. (B) Expression
distribution of the HOXC9 gene in each cell type. (C) UMAP projections show the expression and distribution of HOXC9 in each cell type.

as high-risk have a decreased OS, and the nomogram accurately forecasted the survival rates at 1, 3, and 5 years for
patients with HCC. In the GSE14520 cohort, the HRIG risk score model presented higher diagnostic efficacy, implying
that the model has high clinical applicability. This study then evaluated the relationship between the model, TME, and
immune cell infiltration. The findings indicate that individuals in the high-risk category exhibit elevated immune scores
and increased immune cell infiltration. Hence, this study hypothesizes that immune cells play a crucial biological
function in patients with high risk, potentially impacting the immune response.

Moreover, the study found that EGLN3, IMPDHI1, LPCAT1, and MARCKSLI play important roles in cancer biology
and are closely related to immune responses and tumor progression. EGLN3 is a proline hydroxylase that affects tumor
cell metabolism and hypoxic responses by regulating the HIF signaling pathway. Abnormal expression of EGLN3 is
associated with increased tumor malignancy and may indirectly regulate immune cell function through the HIF signaling
pathway.*” IMPDHI is a key enzyme in the synthesis of guanylate. Its overexpression in tumors promotes cell
proliferation and survival, and its metabolic products may affect the activity of immune cells, thereby modulating the
tumor microenvironment.’® LPCAT1 is involved in phospholipid metabolism. Its overexpression in various cancers is
associated with tumor proliferation, migration, and inhibition of apoptosis, and is closely related to immune cell
infiltration and the expression of immune checkpoint genes, making it a potential predictive biomarker for immune
therapy response.”’ MARCKSLI regulates tumor cell migration and invasion by modulating cytoskeletal dynamics and
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Figure 7 HOXC9 promotes HCC cell viability, colony formation, and invasion. (A) Cell viability of HUH7 cells or SKHEP| cells that were transfected with control or si-
HOXC9 was assessed using the CCK8 assay. (B) Colony formation assay was conducted to detect the proliferation of HUH7 cells and SKHEP| cells. (C) Transwell assay was
employed to examine cell invasion in control and HOXC9 knockdown cells. *p < 0.01, ***p < 0.0001.

may also affect the migration and function of immune cells through similar mechanisms, although its specific role in
immune responses requires further investigation.’> Overall, the complex roles of these genes in tumor progression and
immune responses provide new perspectives and potential targets for the diagnosis and treatment of cancer.

In the IMvigor210 BLCA cohort, patients classified as high-risk showed a decreased immune response rate, whereas
individuals in the SD/PD group had elevated risk scores. The group at high risk had more patients in advanced stages.
KM curves demonstrated notable variations in survival rates among the high-risk and low-risk groups. Prior research
indicates that individuals with tumors exhibiting increased immune cell infiltration are more inclined to respond
positively to immunotherapy.>> However, in the IMvigor210 cohort, patients with high risk exhibited lowered immune
response. This could be due to the differences in tumor types, tumor heterogeneity, and smaller sample sizes. Hence,
further investigation is required to clarify the potential molecular pathways. SCRNA-seq uncovered a notable augmenta-
tion in the levels of infiltrating hepatocytes and fibroblasts, alongside a reduction in the levels of T/NK cells in HCC
tissue compared to adjacent normal tissues. Additionally, HOXC9 exhibited a significant upregulation in fibroblasts and
hepatocytes within HCC tissues. These findings indicate that HCC tumorigenesis is linked to changes in immune cell
infiltration levels and HOXC9 expression. In vitro experiments have confirmed that HOXC9 knockdown can significantly
inhibit the viability, colony formation ability, and invasive capacity of HCC cells. Hence, HOXC9 functions as an
oncogene and can be employed as an independent risk factor for individuals with HCC.

Although the current study provides valuable insights, there are still certain limitations. Firstly, the specific molecular
mechanism by which HOXC9 promotes the malignant progression of HCC has not been fully understood, necessitating
further research. Secondly, the association between HOXC9 and the TME requires further exploration.

However, although the current study provides valuable insights, there are still certain limitations. First, the specific
molecular mechanism by which HOXC9 promotes the malignant progression of HCC still needs more in-depth study.
Second, the association between HOXC9 and the TME still needs further exploration.
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Conclusion

HOXC?9 is overexpressed in HCC tissues and correlates with a reduced OS. This study constructed an HRIG risk score
model using LASSO-Cox regression analysis for assessing the risk and predicting the immune response in patients with
HCC. The results indicate that the high-risk group exhibits lowered immune responses and a higher proportion of patients
in the advanced stage. In vitro experiments confirmed that HOXC9 downregulation can significantly inhibit the
malignant phenotype of HCC cells.
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