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Introduction: Hepatocellular carcinoma (HCC) has a high mortality rate

worldwide. The dysregulation of RNA splicing is a major event leading to the

occurrence, progression, and drug resistance of cancer. Therefore, it is

important to identify new biomarkers of HCC from the RNA splicing pathway.

Methods: We performed the differential expression and prognostic analyses of

RNA splicing-related genes (RRGs) using The Cancer Genome Atlas-liver

hepatocellular carcinoma (LIHC). The International Cancer Genome

Consortium (ICGC)-LIHC dataset was used to construct and validate

prognostic models, and the PubMed database was used to explore genes in

the models to identify new markers. The screened genes were subjected to

genomic analyses, including differential, prognostic, enrichment, and

immunocorrelation analyses. Single-cell RNA (scRNA) data were used to

further validate the immunogenetic relationship.

Results: Of 215 RRGs, we identified 75 differentially expressed prognosis-related

genes, and a prognostic model incorporating thioredoxin like 4A (TXNL4A) was

identified using least absolute shrinkage and selection operator regression

analysis. ICGC-LIHC was used as a validation dataset to confirm the validity of

the model. PubMed failed to retrieve HCC-related studies on TXNL4A. TXNL4A

was highly expressed in most tumors and was associated with HCC survival. Chi-

squared analyses indicated that TXNL4A expression positively correlated

positively with the clinical features of HCC. Multivariate analyses revealed that

high TXNL4A expression was an independent risk factor for HCC.

Immunocorrelation and scRNA data analyses indicated that TXNL4A was

correlated with CD8 T cell infiltration in HCC.
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Conclusion: Therefore, we identified a prognostic and immune-related marker

for HCC from the RNA splicing pathway.
KEYWORDS

RNA splicing pathway, TXNL4A, hepatocellular carcinoma, tumor immune, single-
cell RNA
Introduction

Hepatocellular carcinoma (HCC) is among the causes of high

morbidity and mortality rates because it manifests with high

heterogeneity and early diagnosis is difficult (1, 2). Surgery and

targeted therapy can treat certain patients with HCC; however,

many patients present with metastases, postoperative recurrence,

and chemoresistance, making prognosis unsatisfactory for them (3,

4). Therefore, the search for HCC biomarkers has important

implications in its diagnosis and treatment.

Abnormal gene expression results in abnormal RNA splicing,

resulting in disease development (5–7). Studies on genetic and

functional data report that RNA splicing factors can affect the

tumor process, suggesting that RNA splicing is a crucial target for

cancer therapy (8–10). Moreover, abnormal RNA splicing can

promote antiapoptotic activity and protect tumor cells from

chemotherapy drugs (11). Aberrant RNA shearing can also affect

the regulation of tumor immunity (12).

Single-cell RNA (scRNA) sequencing can be used to

comprehensively analyze tissue heterogeneity (13). Recently,

scRNA sequencing importantly contributed to improving the

resolution of identifying the unique characteristics of each cell

(13). scRNA sequencing can effectively analyze tumor immune

infiltration (14). Therefore, we used scRNA analyses in this study

to evaluate the genetic abundance in HCC immune cells.

We aimed to identify a novel biomarker for HCC from the RNA

splicing pathway, which could help explore the potential

mechanisms underlying the effects of abnormal RNA splicing

on HCC.
Data and methods

Data acquisition

A total of 215 RNA splicing-related genes (RRGs) were obtained

from Genecards. Gene expression profiles for The Cancer Genome

Atlas (TCGA)-liver hepatocellular carcinoma (LIHC) (cancer = 374;

normal = 50) and the corresponding clinical data were obtained from

Genomic Data Commons TCGA (https://portal.gdc.cancer.gov/).

GSE64041 (cancer = 60; normal = 60) and GSE39791 (cancer = 72;

normal = 72) were obtained from the Gene Expression Omnibus

database (https://www.ncbi.nlm.nih.gov/geo/). The International

Cancer Genome Consortium (ICGC)-HCC-Japan (cancer = 241)
02
procured patient gene expression data from the ICGC database

(https://dcc.icgc.org/) as well as clinical information. Other

databases used in this study included Gene Expression Profiling

Interactive Analysis (GEPIA) (http://gepia.cancer-pku.cn/detail.php?

clicktag=matrix), The University of Alabama at Birmingham Cancer

data analysis Portal (UALCAN) (https://ualcan.path.uab.edu/

index.html), Tumor Immune Estimator Resource (TIMER) https://

cistrome.shinyapps.io/timer/), and Kaplan–Meier Plotter (https://

kmplot.com/analysis/). The single-cell datasets GSE140228 and

GSE166635 for HCC were obtained from the Tumor Immune

Single Cell Hub 2 (TISCH2) database (http://tisch.comp-

genomics.org/home/). Data analysis and visualization tools

included R software (version 4.3.2) and the Xiantao tool (https://

www.xiantao.love/).
Genetic screening of RRGs for a novel
HCC biomarker

First, R was used to analyze the differential expression and

prognosis of RRGs. Subsequently, it was used to analyze differential

prognosis-related RRGs (|logFC| > 1; hazard ratio [HR] > 1; p <

0.05). The risk model was constructed using least absolute shrinkage

and selection operator (Lasso) regression analysis, and studies on

genes related to HCC were searched using the PubMed database.
Expression of thioredoxin-like 4A in HCC

We conducted pan-cancer analyses using the TIMER database

to identify the expression of TXNL4A. Differences in the expression

of TXNL4A in normal and HCC tissues in TCGA-LIHC were

analyzed using the R packages and validated in the same way as in

the GSE64041 and GSE39791 datasets. The UALCAN and GEPIA

online databases were further used to analyze differences in

biomarker expression.
Analysis of TXNL4A and its
clinicopathological correlation
with survival

R was used to analyze the relationship between TXNL4A

expression in TCGA-LIHC and ICGC and overall HCC survival.
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Furthermore, GEPIA and UALCAN databases were used to analyze

the correlation between biomarkers and HCC survival and to plot

Kaplan–Meier curves. Using clinical data from TCGA-LIHC, Cardinal

and Fisher tests were performed to identify the relationship between

TXNL4A and clinical characteristics (TNM stage, pathologic stage,

histologic grade, vascular invasion, and overall survival [OS]).
TXNL4A as an independent
prognostic factor

We performed univariate and multivariate Cox regression analyses

to identify independent prognostic factors for HCC and to determine

the prognostic impact of TXNL4A and clinical characteristics.
Functional enrichment analyses
of biomarkers

To further explore the biological role of biomarker expression in

HCC, TCGA-LIHC samples were divided into high- and low-TXNL4A

groups based on median TXNL4A expression, and gene set enrichment

analysis (GSEA) was performed using all differentially expressed genes

(DEGs) between groups. For this step, the GSEA software (version 4.2.3)

with the parameters “c2.all.v2022.1.Hs.symbols.gmt,” “500 times,” and

“no collapse” were used.
Relationship between TXNL4A and HCC
immune infiltration

Because RNA splicing plays a crucial role in cancer immunity

(15, 16), the relationship between the expression of TXNL4A and

HCC immune infiltration was analyzed using TIMER database and

validated using the CIBERSORT algorithm along with the gene set

cancer analysis (GSCA) database.
Frontiers in Oncology 03
Analysis of single-cell sequencing
RNA material

The scRNA sequencing technology is an effective tool for

analyzing immune infiltration (17–19) Therefore, two scRNA

sequencing datasets (GSE140228_10X and GSE166635) were

analyzed to investigate TXNL4A expression in each cell cluster

using the TISCH2 database (20).
Statistical analyses

All statistical analyses in this study (Wilcoxon’s rank sum test,

t-test, Chi-squared test, and Fisher’s test) were conducted using R

software and the Xiantao tool. P-values were two-tailed, and

p < 0.05 was considered statistically significant.
Results

TXNL4A was screened as a new biomarker
for HCC

The flow chart of this study is shown in Figure 1. Of 215

RRGs, we identified 114 DEGs. Of these DEGS, we identified 74

PRGs (Figure 2A). Thereafter, 100 differential prognosis-related

genes were obtained by integrating the previous results

(Figure 2B). An HCC risk model with nine RRGs (NCBP2,

PHF5A, POLR2L RBM17, RBM22, SF3A3, SF3B4, TXNL4A,

and UPF3B) was obtained using Lasso regression analyses. We

also analyzed the plausibility of the model (Figures 2C–I). The list

of RRGs, gene coefficients, a scoring formula, and risk group

details are provided in the Supplementary Material. The PubMed

database was searched for articles related to genes and HCC, and

the results revealed that TXNL4A might be a new biomarker

for HCC.
FIGURE 1

Flow chart of the study.
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Expression of TXNL4A in HCC

The results of the TIMER database differential analyses indicated

that TXNL4A was highly expressed in HCC, BLCA, BRCA, CHOL,

COAD, ESCA, KICH, LUAD, LUSC, PRAD, and UCEC datasets

(Figure 3A). The analyses of differential gene expression in HCC

using R resulted in high TXNL4A expression in the tumor samples

(Figure 3B) The same results were replicated in the GSE64041 and

GSE39791 datasets (Figures 3C, D). GEPIA and UALCAN databases

were used for further validation, and the difference in TXNL4A

expression remained significant (Figures 3E, F).
Survival analyses

The relationship between TXNL4A and HCC with regard to OS

and progression-free interval (PFI) was analyzed using log-rank

tests, and all survival analyses revealed that patients with high HCC

expression exhibited worse survival than those with low HCC

expression (Figures 4A, B) (OS: p < 0.001; PFI: p = 0.002). The
Frontiers in Oncology 04
ICGC data revealed that patients with low TXNL4A expression had

better OS rates (Figure 4C) (p < 0.001). The effects of TXNL4A on

the survival of patients with HCC was further validated by analyzing

the results on the GEPIA, UALCAN, and Kaplan–Meier plotter

databases. All database results revealed that patients with high

TXNL4A expression experienced worse prognosis than those with

low TXNL4A expression (Figures 4D–F) (GEPIA: p = 0.00013;

UALCAN: p < 0.0001; Kaplan–Meier: p = 0.023).
Correlation analyses between TXNL4A
expression and clinical characteristics

Results of the Chi-squared test revealed that TXNL4A

expression correlated with grade (p < 0.001), T stage (p < 0.001),

pathologic stage (p<0.001), levels of serum alpha-fetoprotein (AFP)

(p = 0.006), vascular invasion (p = 0.022), OS (p < 0.001), and

Disease free survival (p = 0.022). TXNL4A expression showed no

correlation with the N-stage (p = 0.648) or M-stage (p = 0.523). The

detailed results of all analyses are shown in Table 1.
B C

D E F

A

G H I

FIGURE 2

Prognostic model for hepatocellular carcinoma (HCC): (A) Heat map of differentially expressed genes (DEGs) (B) 74 DEGs exhibiting unfavorable
prognoses for HCC (C) Lasso Cox regression model plotting partial likelihood deviation versus log(l) (D) High-risk rating score resulting in poor
overall survival (E) Model exhibiting good predictive performance (F) Risk scores as independent risk factors (G–I) International Cancer Genome
Consortium dataset validates the scoring model.
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TXNL4A as an independent risk factor
for HCC

To further explore the effect of TXNL4A on HCC,

we performed univariate and multivariate Cox regression analyses
Frontiers in Oncology 05
using R. The results revealed that TXNL4A could be

an independent prognostic factor for HCC (univariate: HR

(95% confidence interval [CI]): 1.947 (1.364–2.780), p < 0.001;

multivariate: HR (95% CI): 1.833 (1.130–2.976), p =

0.014) (Table 2).
B C

D E F

A

FIGURE 4

Effect of TXNL4A on the overall survival (OS) of patients with hepatocellular carcinoma (HCC): (A) In The Cancer Genome Atlas-Liver Hepatocellular
Carcinoma, high TXNL4A expression resulted in a poorer OS (B) High TXNL4A expression resulted in a poor disease-free survival (C) Effect of
TXNL4A on the OS of International Cancer Genome Consortium samples (D) Validation of differential expression in the Gene Expression Profiling
Interactive Analysis database (E) Validation of differential expression in the University of Alabama at Birmingham Cancer data analysis Portal database
(F) Effect of Kaplan–Meier plotter to validate the effect of TXNL4A on OS of patients with HCC.
B

C D E F

A

FIGURE 3

Differences in the expression of TXNL4A among different datasets: (A) Tumor Immune Estimator Resource database reveals the expression landscape of
TXNL4A in pan-cancer analyses (B) The Cancer Genome Atlas-Liver Hepatocellular Carcinoma revealed high TXNL4A expression in cancer tissues (C)
TXNL4A expression in the GSE64041 dataset (D) Differential expression of TXNL4A in the GSE39791 dataset (E) Validation of differential expression in the
Gene Expression Profiling Interactive Analysis database (F) Validation of differential expression in the University of Alabama at Birmingham Cancer data
analysis Portal database. *p < 0.05; **p < 0.01; ***p < 0.001.
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Enrichment analysis of TXNL4A

We unveiled the DEG pathways in six groups with high TXNL4A

expression. The results revealed that the group with high TXNL4A

expression exhibited increased docetaxel tolerance, embryonic stem

cells, ROBO receptor signaling pathway dysregulation, tumor

invasion, undifferentiated carcinoma, DNA damage, replication, and

dysregulation of other pathways (Figures 5A–F).
Relationship between TXNL4A and
tumor immunity

TIMER database analyses revealed that TXNL4A expression in

HCC was positively correlated with the levels of B cells, CD4 T cells,
Frontiers in Oncology 06
CD8 T cells, macrophages, neutrophils, and dendritic cells (DCs)

(Figure 6A). CIBERSORT algorithm analyses revealed high levels of

CD8 cells, regulatory T cells, and macrophages M0 in the group

with high TXNL4A expression (Figure 6B). The GSCA database

revealed that TXNL4A expression was positively correlated with

levels of B cells, CD8 T cells, and DCs (Figure 6C) Therefore,

TXNL4A may be immunologically correlated with HCC, especially

with levels of CD8 T cells.
Single-cell sequencing data analyses

The expression of TXNL4A in immune cells (GSE140228_10X

and GSE166635) in HCC were analyzed using three scRNA cohorts

in the TISCH2 database. In GSE140228_10X, TXNL4A was highly
TABLE 1 The relationship between TXNL4A and clinical features of hepatocellular carcinoma.

Characteristic Low-TXNL4A High-TXNL4A p statistic method

n 187 187

T stage, n (%) < 0.001 19.11 Chisq.test

T1 111 (29.9%) 72 (19.4%)

T2 35 (9.4%) 60 (16.2%)

T3 37 (10%) 43 (11.6%)

T4 3 (0.8%) 10 (2.7%)

N stage, n (%) 0.648 0.21 Chisq.test

N0 125 (48.4%) 129 (50%)

N1 1 (0.4%) 3 (1.2%)

M stage, n (%) 0.523 0.41 Chisq.test

M0 124 (45.6%) 144 (52.9%)

M1 3 (1.1%) 1 (0.4%)

Pathologic stage, n (%) < 0.001 16.41 Chisq.test

Stage I 105 (30%) 68 (19.4%)

Stage II 34 (9.7%) 53 (15.1%)

Stage III 35 (10%) 50 (14.3%)

Stage IV 4 (1.1%) 1 (0.3%)

Histologic grade, n (%) < 0.001 17.12 Chisq.test

G1 38 (10.3%) 17 (4.6%)

G2 94 (25.5%) 84 (22.8%)

G3 52 (14.1%) 72 (19.5%)

G4 2 (0.5%) 10 (2.7%)

Vascular invasion, n (%) 0.022 5.21 Chisq.test

No 122 (38.4%) 86 (27%)

Yes 49 (15.4%) 61 (19.2%)

OS event, n (%) < 0.001 11.33 Chisq.test

Alive 138 (36.9%) 106 (28.3%)

Dead 49 (13.1%) 81 (21.7%)
fro
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expressed in B, CD4, and CD8 cells (Figures 7A–D). In GSE166635,

TXNL4A was highly expressed in CD8 T cells and monocytes/

macrophages (Figures 7E–H). Previous immune infiltration

analyses revealed a positive correlation between TXNL4A and the

degree of infiltration of CD4 T cells, CD8 T cells, and DCs in HCC.

Therefore, TXNL4A may be a potential factor influencing immune

infiltration in HCC.
Discussion

Patients with HCC have a high mortality rate because of disease

heterogeneity and difficulty in early diagnosis. Furthermore, the

metastasis, recurrence, and chemoresistance of HCC make the

prognosis of patients with HCC poor (21–23). Therefore, a novel

biomarker for HCC would be of great significance to patient health.

Imbalanced RNA splicing significantly threatens human health,

often resulting in abnormal glucose metabolism, stroke,
Frontiers in Oncology 07
cardiovascular disease, and cancer (24). Targeting RNA shear

factors is emerging as a potential antitumor therapeutic modality

(25–27). Therefore, in this study, we screened HCC marker genes

from the RNA splicing pathway. A novel marker gene for HCC,

TXNL4A, was identified by constructing a prognostic model for

RRGs. TXNL4A is a member of the RNA splicing body U5 snp and

exerts oncogenic effects by affecting the homeostasis of RNA splicing

(28). During carcinogenesis, the involvement of RNA splicing

imbalances is necessary for changes in cellular metabolism, the

achievement of growth factor independence, angiogenesis, and the

onset of apoptotic resistance (29). TXNL4A expression in HCC, its

effects on survival, enrichment analysis of positively and DEGs, and

immunoassay results were comprehensively analyzed.

TXNL4A contributes to RNA splicing as a component of the U5

snRNP and U4/U6-U5 tri-snRNP complexes that are involved in

spliceosome assembly, and also as a component of the precatalytic

spliceosome (28, 30, 31). **Changes in RNA splicing are a source of

functional diversity of proteins (32–34).The aberration of RNA
TABLE 2 TXNL4A is an independent prognostic factor for hepatocellular carcinoma.

Characteristics Total(N)
HR(95% CI) Univariate
analysis

P
Univariate HR(95% CI) Multivariate analysis

P
Multivariate

T stage 370

T1&T2 277

T3&T4 93 2.598 (1.826-3.697) <0.001 1.724 (0.234-12.723) 0.593

N stage 258

N0 254

N1 4 2.029 (0.497-8.281) 0.324

M stage 272

M0 268

M1 4 4.077 (1.281-12.973) 0.017 1.342 (0.319-5.644) 0.688

Pathologic stage 349

Stage I & Stage II 259

Stage III & Stage IV 90 2.504 (1.727-3.631) <0.001 1.332 (0.181-9.805) 0.778

Tumor status 354

Tumor free 202

With tumor 152 2.317 (1.590-3.376) <0.001 1.830 (1.141-2.937) 0.012

Gender 373

Female 121

Male 252 0.793 (0.557-1.130) 0.200

Histologic grade 368

G1 & G2 233

G3 & G4 135 1.091 (0.761-1.564) 0.636

TXNL4A 373

Low 187

High 186 1.947 (1.364-2.780) <0.001 1.833 (1.130-2.976) 0.014
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splicing can affect HCC progression by altering E3 ubiquitin ligase

activity, intercellular adhesion, and DNAmethyltransferases (35–37).

Abnormal RNA splicing has been reported to reduce cell death and

thus affect HCC sensitivity to sorafenib (32). Immunity is primarily

regulated by altering the efficiency of cytokine signaling (38).

We analyzed the effect of TXNL4A on survival, where patients

with high TXNL4A expression experienced worse OS than those

with low TXNL4A expression. The same results were replicated in

the ICGC-HCC, GEPIA, and UALCAN databases. On analyzing

the relationship between TXNL4A and the pathological HCC
Frontiers in Oncology 08
features, TXNL4A expression was found to be correlated with T-

stage (p < 0.001), pathologic stage (p < 0.001), serum AFP level (p =

0.006), vascular invasion (p = 0.022), and mortality events. In this

study, TXNL4A was identified as a prognostic biomarker for HCC

and was closely correlated with T-stage, pathologic stage, and serum

AFP level. However, TXNL4A did not correlate with N and M

stages, which may be because lymph node and distant metastases

are not the primary metastatic pathways in HCC (39). TXNL4A

may be correlated with vascular invasion because the primary

metastatic pathway in HCC is intrahepatic metastasis, and one of
A B

D E F

C

FIGURE 5

Pathways of DEGs in the high-TXNL4A group (A) Docetaxel resistance-related pathway (B) Embryonic stem cell-related pathway (C) ROBO receptor-
related pathway (D, E) Tumor invasion-related pathway (F) Tumor-related pathway.
B C D E

A

FIGURE 6

The immune analysis: (A) TIMER: TXNL4A correlated with tumor immune infiltration (B) CIBERSORT: reveals a close relationship between TXNL4A
and CD8 T cells (C–E) Gene Set Cancer Analysis: TXNL4A expression positively correlates with the degree of infiltration of B cells, CD8 T cells,
natural killer cells, and dendritic cells.
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the mechanisms underlying metastasis is microvascular infiltration

(40–43). Multiple regression analyses revealed that TXNL4A is an

independent prognostic factor for HCC. Therefore, we believe that

high TXNL4A expression is a potential factor in promoting HCC

proliferation and worse OS.

Gene enrichment analyses can better indicate pathways where

the genes may be located and allow the exploration of pathways via

which they might function (44–46). As mentioned above, high

TXNL4A expression is associated with the vascular invasion of

HCC. The enrichment analyses also revealed similar results, and the

genes in the group with high TXNL4A expression were enriched in

tumor invasion-related pathways. Furthermore, GSEA revealed that

genes in the group with high TXNL4A expression were highly

enriched in pathways of stem cells and undifferentiated cancers.

Therefore, this finding suggests that high TXNL4A expression is a

risk factor for carcinogenesis.

HCC development has been reported to be highly correlated

with tumor immune infiltration. Imbalanced RNA splicing

generates recognizable neoantigens by altering the major

histocompatibility complex I-binding immunopeptide, which

triggers an antitumor immune response in T cells, including CD8

T cells, in the body (47). The RNA splicing pathway affects tumor

immunity and is a potential target for tumor immunotherapy (12).

TXNL4A is involved in the immune infiltration of pancreatic

cancer; therefore, it was hypothesized that TXNL4A might

influence the immune infiltration of HCC (15, 48, 49). A series of

analyses and validations revealed that TXNL4A expression was

positively correlated with levels of CD8 T cells. Targeting CD8 cells

is a promising immunotherapeutic strategy for HCC; therefore,

TXNL4A may serve as a novel therapeutic target (50–53).

In conclusion, we identified TXNL4A as a novel biomarker for

HCC in the RNA splicing pathway for the first time. TXNL4A is

highly expressed in HCC, suggesting that TXNL4A is an oncogene
Frontiers in Oncology 09
in HCC. Using survival analyses, high TXNL4A expression was

found to be a potential risk factor for worse HCC prognosis. This

study revealed using bioinformatic analyses that TXNL4A can be

used as a novel biomarker for prognosis and immune correlation in

HCC. Considering TXNL4A is a gene in the RNA splicing pathway,

TXNL4A is a promising novel target for RNA shear-targeting drugs

or RNA vaccines (24, 54, 55).
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FIGURE 7

TXNL4A in different cell clusters: (A) GSE140228 was identified as 21 cell clusters (B) Cell cluster annotation of GSE140228 (C) Distribution of TXNL4A
abundance in immune cell clusters (D) Differential expression of TXNL4A in cell clusters of GSE140228_10X. (E) GSE166635 is identified as 21 cell
clusters (F) Cell cluster annotation of GSE166635 (G) Distribution of TXNL4A abundance in immune cell clusters (H) TXNL4A expression in various cell
clusters was not significantly different; however, it was predominantly highly expressed in immune cells.
frontiersin.org

https://doi.org/10.3389/fonc.2023.1202732
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Li et al. 10.3389/fonc.2023.1202732
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated
Frontiers in Oncology 10
organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fonc.2023.1202732/

full#supplementary-material
References
1. Bruix J, Sherman MDAmerican Association for the study of liver. Management of
hepatocellular carcinoma: an update. Hepatology (2011) 53(3):1020–2. doi: 10.1002/
hep.24199

2. Park JW, Chen M, Colombo M, Roberts LR, Schwartz M, Chen PJ, et al. Global
patterns of hepatocellular carcinoma management from diagnosis to death: the
BRIDGE study. Liver Int (2015) 35(9):2155–66. doi: 10.1111/liv.12818

3. Forner A, Reig M, Bruix J. Hepatocellular carcinoma. Lancet (2018) 391
(10127):1301–14. doi: 10.1016/S0140-6736(18)30010-2

4. European Association For The Study Of The, L and R. European Organisation
For and C. Treatment Of. EASL-EORTC clinical practice guidelines: management of
hepatocellular carcinoma. J Hepatol (2012) 56(4):908–43. doi: 10.1016/
j.jhep.2011.12.001

5. Li Z, He Z, Wang J, Kong G. RNA Splicing factors in normal hematopoiesis and
hematologic malignancies: novel therapeutic targets and strategies. J Leukoc Biol (2023)
113(2):149–63. doi: 10.1093/jleuko/qiac015

6. Ren Y, Huang Z, Zhou L, Xiao P, Song J, He P, et al. Spatial transcriptomics
reveals niche-specific enrichment and vulnerabilities of radial glial stem-like cells in
malignant gliomas. Nat Commun (2023) 14(1):1028. doi: 10.1038/s41467-023-
36707-6

7. Nishimura K, Yamazaki H, ZangW, Inoue D. Dysregulated minor intron splicing
in cancer. Cancer Sci (2022) 113(9):2934–42. doi: 10.1111/cas.15476

8. Onyango DO, Lee G, Stark JM. PRPF8 is important for BRCA1-mediated
homologous recombination. Oncotarget (2017) 8(55):93319–37. doi: 10.18632/
oncotarget.21555

9. Yu X, Luo B, Lin J, Zhu Y. Alternative splicing event associated with
immunological features in bladder cancer. Front Oncol (2022) 12:966088. doi:
10.3389/fonc.2022.966088

10. Dvinge H, Kim E, Abdel-Wahab O, Bradley RK. RNA Splicing factors as
oncoproteins and tumour suppressors. Nat Rev Cancer (2016) 16(7):413–30. doi:
10.1038/nrc.2016.51

11. Wang BD, Lee NH. Aberrant RNA splicing in cancer and drug resistance.
Cancers (Basel) (2018) 10(11). doi: 10.3390/cancers10110458

12. Foronda M. RNA Splicing meets anti-tumor immunity. Nat Cancer (2021) 2
(12):1287. doi: 10.1038/s43018-021-00309-2

13. Hovestadt V, Smith KS, Bihannic L, Filbin MG, Shaw ML, Baumgartner A, et al.
Resolving medulloblastoma cellular architecture by single-cell genomics. Nature (2019)
572(7767):74–9. doi: 10.1038/s41586-019-1434-6

14. Liu Z, Li H, Dang Q, Weng S, Duo M, Lv J, et al. Integrative insights and clinical
applications of single-cell sequencing in cancer immunotherapy. Cell Mol Life Sci
(2022) 79(11):577. doi: 10.1007/s00018-022-04608-4

15. Zhang D, Yue T, Choi JH, Nair-Gill E, Zhong X, Wang KW, et al. Syndromic
immune disorder caused by a viable hypomorphic allele of spliceosome component
Snrnp40. Nat Immunol (2019) 20(10):1322–34. doi: 10.1038/s41590-019-0464-4

16. Liu X, Chen B, Chen J, Sun S. A novel tp53-associated nomogram to predict the
overall survival in patients with pancreatic cancer. BMC Cancer (2021) 21(1):335. doi:
10.1186/s12885-021-08066-2

17. He J, Shen J, Luo W, Han Z, Xie F, Pang T, et al. Research progress on
application of single-cell TCR/BCR sequencing technology to the tumor immune
microenvironment, autoimmune diseases, and infectious diseases. Front Immunol
(2022) 13:969808. doi: 10.3389/fimmu.2022.969808

18. Ren X, Zhang L, Zhang Y, Li Z, Siemers N, Zhang Z. Insights gained from single-
cell analysis of immune cells in the tumor microenvironment. Annu Rev Immunol
(2021) 39:583–609. doi: 10.1146/annurev-immunol-110519-071134
19. Sugimura R, Chao Y. Deciphering innate immune cel l- tumor
microenvironment crosstalk at a single-cell level. Front Cell Dev Biol (2022)
10:803947. doi: 10.3389/fcell.2022.803947

20. Han Y, Wang Y, Dong X, Sun D, Liu Z, Yue J, et al. TISCH2: expanded datasets
and new tools for single-cell transcriptome analyses of the tumor microenvironment.
Nucleic Acids Res (2023) 51(D1):D1425–31. doi: 10.1093/nar/gkac959

21. Wang L, Tsutsumi S, Kawaguchi T, Nagasaki K, Tatsuno K, Yamamoto S, et al.
Whole-exome sequencing of human pancreatic cancers and characterization of
genomic instability caused by MLH1 haploinsufficiency and complete deficiency.
Genome Res (2012) 22(2):208–19. doi: 10.1101/gr.123109.111

22. Park DJ, Sung PS, Kim JH, Lee GW, Jang JW, Jung ES, et al. EpCAM-high liver
cancer stem cells resist natural killer cell-mediated cytotoxicity by upregulating
CEACAM1. J Immunother Cancer (2020) 8(1). doi: 10.1136/jitc-2019-000301

23. Cho YA, Choi S, Park S, Park CK, Ha SY. Expression of pregnancy up-regulated
non-ubiquitous calmodulin kinase (PNCK) in hepatocellular carcinoma. Cancer
Genomics Proteomics (2020) 17(6):747–55. doi: 10.21873/cgp.20229

24. Kashyap A, Tripathi G, Tripathi A, Rao R, Kashyap M, Bhat A, et al. RNA
Splicing: a dual-edged sword for hepatocellular carcinoma. Med Oncol (2022) 39
(11):173. doi: 10.1007/s12032-022-01726-8

25. Dong X, Chen R. Understanding aberrant RNA splicing to facilitate cancer
diagnosis and therapy. Oncogene (2020) 39(11):2231–42. doi: 10.1038/s41388-019-
1138-2

26. Montes M, Sanford BL, Comiskey DF, Chandler DS. RNA Splicing and disease:
animal models to therapies. Trends Genet (2019) 35(1):68–87. doi: 10.1016/
j.tig.2018.10.002

27. Abou Faycal C, Gazzeri S, Eymin B. RNA Splicing, cell signaling, and response
to therap ies . Curr Op in Onco l (2016) 28(1 ) :58–64 . doi : 10 .1097/
CCO.0000000000000254

28. Reuter K, Nottrott S, Fabrizio P, Lührmann R, Ficner R. Identification,
characterization and crystal structure analysis of the human spliceosomal U5
snRNP-specific 15 kD protein. J Mol Biol (1999) 294(2):515–25. doi: 10.1006/
jmbi.1999.3258

29. Wood KA, Eadsforth MA, NewmanWG, O'Keefe RT. The role of the U5 snRNP
in genetic disorders and cancer. Front Genet (2021) 12:636620. doi: 10.3389/
fgene.2021.636620

30. Agafonov DE, Kastner B, Dybkov O, Hofele RV, Liu WT, Urlaub H, et al.
Molecular architecture of the human U4/U6.U5 tri-snRNP. Science (2016) 351
(6280):1416–20. doi: 10.1126/science.aad2085

31. Bertram K, Agafonov DE, Dybkov O, Haselbach D, LeelaramMN,Will CL, et al.
Cryo-EM structure of a pre-catalytic human spliceosome primed for activation. Cell
(2017) 170(4):701–713 e11. doi: 10.1016/j.cell.2017.07.011

32. Wojtuszkiewicz A, Assaraf YG, Maas MJ, Kaspers GJ, Jansen G, Cloos J. Pre-
mRNA splicing in cancer: the relevance in oncogenesis, treatment and drug resistance.
Expert Opin Drug Metab Toxicol (2015) 11(5):673–89. doi: 10.1517/
17425255.2015.993316

33. Berasain C, Goñi S, Castillo J, Latasa MU, Prieto J, Avila MA. Impairment of
pre-mRNA splicing in liver disease: mechanisms and consequences. World J
Gastroenterol (2010) 16(25):3091–102. doi: 10.3748/wjg.v16.i25.3091

34. Blaustein M, Pelisch F, Srebrow A. Signals, pathways and splicing regulation. Int
J Biochem Cell Biol (2007) 39(11):2031–48. doi: 10.1016/j.biocel.2007.04.004

35. Kanai Y, Saito Y, Ushijima S, Hirohashi S. Alterations in gene expression
associated with the overexpression of a splice variant of DNA methyltransferase 3b,
DNMT3b4, during human hepatocarcinogenesis. J Cancer Res Clin Oncol (2004) 130
(11):636–44. doi: 10.1007/s00432-004-0586-3
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fonc.2023.1202732/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2023.1202732/full#supplementary-material
https://doi.org/10.1002/hep.24199
https://doi.org/10.1002/hep.24199
https://doi.org/10.1111/liv.12818
https://doi.org/10.1016/S0140-6736(18)30010-2
https://doi.org/10.1016/j.jhep.2011.12.001
https://doi.org/10.1016/j.jhep.2011.12.001
https://doi.org/10.1093/jleuko/qiac015
https://doi.org/10.1038/s41467-023-36707-6
https://doi.org/10.1038/s41467-023-36707-6
https://doi.org/10.1111/cas.15476
https://doi.org/10.18632/oncotarget.21555
https://doi.org/10.18632/oncotarget.21555
https://doi.org/10.3389/fonc.2022.966088
https://doi.org/10.1038/nrc.2016.51
https://doi.org/10.3390/cancers10110458
https://doi.org/10.1038/s43018-021-00309-2
https://doi.org/10.1038/s41586-019-1434-6
https://doi.org/10.1007/s00018-022-04608-4
https://doi.org/10.1038/s41590-019-0464-4
https://doi.org/10.1186/s12885-021-08066-2
https://doi.org/10.3389/fimmu.2022.969808
https://doi.org/10.1146/annurev-immunol-110519-071134
https://doi.org/10.3389/fcell.2022.803947
https://doi.org/10.1093/nar/gkac959
https://doi.org/10.1101/gr.123109.111
https://doi.org/10.1136/jitc-2019-000301
https://doi.org/10.21873/cgp.20229
https://doi.org/10.1007/s12032-022-01726-8
https://doi.org/10.1038/s41388-019-1138-2
https://doi.org/10.1038/s41388-019-1138-2
https://doi.org/10.1016/j.tig.2018.10.002
https://doi.org/10.1016/j.tig.2018.10.002
https://doi.org/10.1097/CCO.0000000000000254
https://doi.org/10.1097/CCO.0000000000000254
https://doi.org/10.1006/jmbi.1999.3258
https://doi.org/10.1006/jmbi.1999.3258
https://doi.org/10.3389/fgene.2021.636620
https://doi.org/10.3389/fgene.2021.636620
https://doi.org/10.1126/science.aad2085
https://doi.org/10.1016/j.cell.2017.07.011
https://doi.org/10.1517/17425255.2015.993316
https://doi.org/10.1517/17425255.2015.993316
https://doi.org/10.3748/wjg.v16.i25.3091
https://doi.org/10.1016/j.biocel.2007.04.004
https://doi.org/10.1007/s00432-004-0586-3
https://doi.org/10.3389/fonc.2023.1202732
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Li et al. 10.3389/fonc.2023.1202732
36. Schlott T, Scharf JG, Gorzel C, Middel P, Spring H. Cirrhotic livers reveal genetic
changes in the MDM2-P14ARF system of cell cycle regulators. Br J Cancer (2002) 86
(8):1290–6. doi: 10.1038/sj.bjc.6600238

37. Yam JW, Ko FC, Chan CY, Yau TO, Tung EK, Leung TH, et al. Tensin2 variant
3 is associated with aggressive tumor behavior in human hepatocellular carcinoma.
Hepatology (2006) 44(4):881–90. doi: 10.1002/hep.21339

38. Lynch KW. Consequences of regulated pre-mRNA splicing in the immune
system. Nat Rev Immunol (2004) 4(12):931–40. doi: 10.1038/nri1497

39. Maki H, Hasegawa K. Advances in the surgical treatment of liver cancer. Biosci
Trends (2022) 16(3):178–88. doi: 10.5582/bst.2022.01245

40. Global Burden of Disease Cancer Collaboration; Fitzmaurice C, Abate D,
Abbasi N, Abbastabar H, Abd-Allah F, Abdel-Rahman O, et al. Global, regional, and
national cancer incidence, mortality, years of life lost, years lived with disability, and
disability-adjusted life-years for 29 cancer groups, 1990 to 2017: a systematic analysis
for the global burden of disease study. JAMA Oncol (2019) 5(12):1749–68. doi:
10.1001/jamaoncol.2019.2996

41. Karanikiotis C, Tentes AA, Markakidis S, Vafiadis K. Large Bilateral adrenal
metastases in non-small cell lung cancer.World J Surg Oncol (2004) 2:37. doi: 10.1186/
1477-7819-2-37

42. Rastogi A. Changing role of histopathology in the diagnosis and management of
hepatocellular carcinoma. World J Gastroenterol (2018) 24(35):4000–13. doi: 10.3748/
wjg.v24.i35.4000

43. Qin LX, Tang ZY. The prognostic significance of clinical and pathological
features in hepatocellular carcinoma. World J Gastroenterol (2002) 8(2):193–9. doi:
10.3748/wjg.v8.i2.193

44. Zhao K, Rhee SY. Interpreting omics data with pathway enrichment analysis.
Trends Genet (2023) 39(4):308–19. doi: 10.1016/j.tig.2023.01.003

45. Fabris F, Palmer D, de Magalhães JP, Freitas AA. Comparing enrichment
analysis and machine learning for identifying gene properties that discriminate
between gene classes. Brief Bioinform (2020) 21(3):803–14. doi: 10.1093/bib/
bbz028
Frontiers in Oncology 11
46. Hung JH, Yang TH, Hu Z, Weng Z, DeLisi C. Gene set enrichment analysis:
performance evaluation and usage guidelines. Brief Bioinform (2012) 13(3):281–91. doi:
10.1093/bib/bbr049

47. Lu SX, De Neef E, Thomas JD, Sabio E, Rousseau B, Gigoux M, et al.
Pharmacologic modulation of RNA splicing enhances anti-tumor immunity. Cell
(2021) 184(15):4032–4047.e31. doi: 10.1016/j.cell.2021.05.038

48. Bonaventure B, Goujon C. DExH/D-box helicases at the frontline of intrinsic and
innate immunity against viral infections. J Gen Virol (2022) 103(8). doi: 10.1099/jgv.0.001766

49. Wang L, Zhou W, Li H, Yang H, Shan N. Clinical significance, cellular function,
and potential molecular pathways of CCT7 in endometrial cancer. Front Oncol (2020)
10:1468. doi: 10.3389/fonc.2020.01468

50. Zhang H, Zhang Y, Dong J, Zuo S, Meng G, Wu J, et al. Recombinant adenovirus
expressing the fusion protein PD1PVR improves CD8(+) T cell-mediated antitumor
efficacy with long-term tumor-specific immune surveillance in hepatocellular carcinoma.
Cell Oncol (Dordr) (2021) 44(6):1243–55. doi: 10.1007/s13402-021-00633-w

51. Cheng CC, Ho AS, Peng CL, Chang J, Sie ZL, Wang CL, et al. Sorafenib
suppresses radioresistance and synergizes radiotherapy-mediated CD8(+) T cell
activation to eradicate hepatocellular carcinoma. Int Immunopharmacol (2022)
112:109110. doi: 10.1016/j.intimp.2022.109110

52. Zaghloul A, Rashad K, Gabr H, Nabil A, Abdel-Moneim A. Therapeutic efficacy of
dendritic cell injection in advanced hepatocellular carcinoma: the role of natural killer and T
lymphocytes. Clin Exp Hepatol (2022) 8(2):153–60. doi: 10.5114/ceh.2022.116999

53. Jeng LB, Liao LY, Shih FY, Teng CF. Dendritic-Cell-Vaccine-Based
immunotherapy for hepatocellular carcinoma: clinical trials and recent preclinical
studies. Cancers (Basel) (2022) 14(18). doi: 10.3390/cancers14184380

54. Kiyose H, Nakagawa H, Ono A, Aikata H, Ueno M, Hayami S, et al.
Comprehensive analysis of full-length transcripts reveals novel splicing abnormalities
and oncogenic transcripts in liver cancer. PloS Genet (2022) 18(8):e1010342. doi:
10.1371/journal.pgen.1010342

55. Meng H, Niu R, Huang C, Li J. Circular RNA as a novel biomarker and
therapeutic target for HCC. Cells (2022) 11(12). doi: 10.3390/cells11121948
frontiersin.org

https://doi.org/10.1038/sj.bjc.6600238
https://doi.org/10.1002/hep.21339
https://doi.org/10.1038/nri1497
https://doi.org/10.5582/bst.2022.01245
https://doi.org/10.1001/jamaoncol.2019.2996
https://doi.org/10.1186/1477-7819-2-37
https://doi.org/10.1186/1477-7819-2-37
https://doi.org/10.3748/wjg.v24.i35.4000
https://doi.org/10.3748/wjg.v24.i35.4000
https://doi.org/10.3748/wjg.v8.i2.193
https://doi.org/10.1016/j.tig.2023.01.003
https://doi.org/10.1093/bib/bbz028
https://doi.org/10.1093/bib/bbz028
https://doi.org/10.1093/bib/bbr049
https://doi.org/10.1016/j.cell.2021.05.038
https://doi.org/10.1099/jgv.0.001766
https://doi.org/10.3389/fonc.2020.01468
https://doi.org/10.1007/s13402-021-00633-w
https://doi.org/10.1016/j.intimp.2022.109110
https://doi.org/10.5114/ceh.2022.116999
https://doi.org/10.3390/cancers14184380
https://doi.org/10.1371/journal.pgen.1010342
https://doi.org/10.3390/cells11121948
https://doi.org/10.3389/fonc.2023.1202732
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	Combined bulk RNA and single-cell RNA analyses reveal TXNL4A as a new biomarker for hepatocellular carcinoma
	Introduction
	Data and methods
	Data acquisition
	Genetic screening of RRGs for a novel HCC biomarker
	Expression of thioredoxin-like 4A in HCC
	Analysis of TXNL4A and its clinicopathological correlation with survival
	TXNL4A as an independent prognostic factor
	Functional enrichment analyses of biomarkers
	Relationship between TXNL4A and HCC immune infiltration
	Analysis of single-cell sequencing RNA material
	Statistical analyses

	Results
	TXNL4A was screened as a new biomarker for HCC
	Expression of TXNL4A in HCC
	Survival analyses
	Correlation analyses between TXNL4A expression and clinical characteristics
	TXNL4A as an independent risk factor for HCC
	Enrichment analysis of TXNL4A
	Relationship between TXNL4A and tumor immunity
	Single-cell sequencing data analyses

	Discussion
	Data availability statement
	Author contributions
	Funding
	Supplementary material
	References


