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Purpose: Hepatocellular carcinoma (HCC) is a malignancy with high incidence, but its prognosis is not optimistic. KRBA1 is a member of
the KRAB family and participates in the regulation of gene transcription. However, no studies have focused on the role of KRBA1 in HCC.
Patients and Methods: In this study, we first analyzed the expression of KRBA1 in HCC using TCGA and ICGC databases and
validated by Immunohistochemistry in clinical HCC samples. The Wilcoxon rank-sum test was used to determine the relationship
between KRBA1 expression and clinicopathological features. Subsequently, we used Kaplan-Meier online website analysis and Cox
regression model to predict the prognostic value of KRBA1 in HCC patients. Furthermore, the functions of KRBA1 were identified by
enrichment analysis. TIMER and GSCALite were used to investigate the relationship between KRBA1 expression in HCC and
immune infiltration and drug targets, respectively. Finally, the relationship between KRBA1 expression and m6A modification in HCC
was analyzed using the TCGA and ICGA datasets.
Results: The results showed that KRBA1 was upregulated in HCC and was associated with many clinicopathological features. High
KRBA1 causes poor overall survival and may be an independent risk factor for HCC. KRBA1 tends to be hypermethylated and associated
with poor prognosis in HCC compared with normal tissues. Enrichment analysis indicates that KRBA1 is associated with cell cycle and
immune processes, and TIMER analysis shows that KRBA1 expression is associated with infiltration levels and immune characteristics of
various immune cells. Silenced KRBA1 evidently reduced three chemokine expression in HCC cells. Drug sensitivity analysis showed that
KRBA1 was sensitive to 39 drug small molecules. KRBA1 showed a strong positive correlation with five m6A related genes.
Conclusion: KRBA1 is a prognostic biomarker associated with HCC immunity and m6a modification, serving as an effective target
for the diagnosis and treatment of HCC.
Keywords: KRBA1, prognosis, biomarker, immune infiltration, hepatocellular carcinoma, m6A modification

Introduction
Primary liver cancer (PLC) is a type of malignant tumor of the digestive system, among which hepatocellular carcinoma
(HCC) is the main histological type of PLC.1 HCC is the fifth most common cancer worldwide and ranks second in
cancer-related deaths.2,3 For the past few years, the morbidity and death rate of HCC have been rising in many regions
due to the hidden incidence and rapid development of HCC, and most patients have reached an advanced stage when they
are diagnosed.4 The detection of Alpha-fetoprotein (AFP), B-ultrasound sound, and computed tomography imaging are
the main methods for the diagnosis of HCC at present, but the rate of misdiagnosis and missed diagnosis are still high.5–7

While the identification of useful biomarkers for surveillance and early diagnosis of HCC is still insufficient.
Accordingly, there is an urgent need to explore advanced early diagnostic markers and treatment targets to improve
the prognosis of HCC patients.
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It was reported that the KRAB domain acts as a platform for the recruitment of a transcriptional inhibitory complex
(including histone deacetylase), involved in the maintenance of nucleoli, cell differentiation, cell proliferation, apoptosis,
deacetylase, and tumor transformation.8 According to the NCBI database, we know that KRBA1 (as a gene containing the
KRAB-A domain) is located on human chromosome 7. The KRAB domain is generally associated with the transcriptional
regulation of gene expression, and the gene KRBA2 containing the KRAB domain has been shown to be a transcription
factor.9,10 However, based on existing reports, our knowledge of KRBA1 is very limited. It has been reported that KRBA1
plays a role as a novel stop-gain mutation in familial neurodegenerative diseases,11 but no study has reported whether KRBA1
affects tumor progression. Therefore, we conducted this study to discover the effect of KRBA1 on HCC.

In this study, we evaluated KRBA1 expression in HCC by using two public databases and clinical samples. To
explore the relationship between the expression of KRBA1 and the clinicopathological characteristics of HCC, we used
the Wilcoxon rank sum test. To determine the effect of KRBA1 expression on the prognosis of HCC, we used the
Kaplan-Meier method. We investigated the transcriptomic alterations and functional networks associated with KRBA1 in
HCC and explored the relationship of KRBA1 with immune infiltration, m6A modification, and drug sensitivity in HCC.
Our work demonstrates that KRBA1 is a novel HCC biomarker that can contribute to prognosis and treatment.

Materials and Methods
Data Source and Processing
The Cancer Genome Atlas (TCGA) database (https://cancergenome.nih.gov) was used to obtain the expression profiles of
different genes in LIHC and corresponding clinical information.12 In terms of gene expression, this study contains 374 cancer
samples and 50 normal samples. The file type is HTSeq-FPKM. We got clinical information from 377 clinical samples. In
addition, RNA-seq data and clinical information were also acquired from the ICGC website. [LINC-JP] Liver Cancer - NCC,
JP datasets included 202 normal samples and 243 tumor samples, as well as 260 clinical information samples.

Patients and Tumor Specimens
Human HCC tissues and matched adjacent tissues were obtained from 40 patients undergoing nephrectomy in the Second
Affiliated Hospital of NanchangUniversity from January 2018 to January 2021. The patient’s informed consent was obtained. At
the same time, the research ethics committee of the Second Affiliated Hospital of Nanchang University agreed to experiment.

GEPIA Database Analysis
The Gene expression profiling interactive analysis (GEPIA) database (http://gepia.cancer-pku.cn/) was employed to
visualize clinicopathological features, overall survival (OS) and disease-free survival (DFS) curves.13 The overall
survival of the m6A correlation genes IGF2BP2, RBM15B, YTHDF1, HNRNPA2B1, and METTL3 in the HCC was
also generated through this site.

Immunohistochemistry
Cut formalin-fixed, paraffin-embedded HCC tissue into 4 μm-thick sections. After deparaffinization, rehydration, and
microwave heating in microwave-heated antigen unmasking solution (EDTA, pH8.0) to repair the antigen, 30 minutes in
total was used to seal the sections with goat serum. Next, incubate the sections overnight with anti-KRBA1 monoclonal
antibody (KRBA1-Novus Biologicals-Catalog number: NBP2-58786) at 4°C. After that, HRP-conjugated secondary antibody
(Boster) was allowed to stand at room temperature for 2 hours. Subsequently, the two-step method (catalog no: PV-9000;
ZSGB-BIO Co., Ltd., Beijing, China) were used for immunostaining. Finally, three pathologists who were unaware of the
clinical parameters assessed the staining intensity and the percentage of positive cells semi-quantitatively.14

UALCAN Database Analysis
UALCAN (http://ualcan.path.uab.edu/) is an integrated and accessible online website for analyzing cancer OMICS
data.15 We employed the UALCAN database to study the transcription, expression, methylation, and prognosis of
genes in TCGA LIHC datasets.
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MethSurv Tool
MethSurv (https://biit.cs.ut.ee/methsurv/) is an interactive and amicable site furnishing univariable and multivariable
survival analysis based on DNA methylation biomarkers.16 We investigated the prognostic value and expression level of
CpG methylation of KRBA1 in HCC.

LinkedOmics Analysis
LinkedOmics (http://www.linkedomics.org/login.php) database was employed to explore co-expressed genes of KRBA1
in LIHC.17 The generating volcano plots, heat maps, and scatter plots could display the co-expressed genes which were
analyzed by statistical methods. Gene set enrichment analysis (GSEA) can also be found in LinkedOmics functional
modules to execute Gene Ontology (GO) term annotation, Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
analysis. The Spearman correlation test was used for statistical analysis.

GeneMANIA Analysis
GeneMANIA (http://www.genemania.org) is an analytical tool to analyze the interaction of gene clusters including
physical interactions, gene co-expression, gene co-localization, gene enrichment analysis, and website prediction.18

Interactions between KRBA1 and the top 4 positive correlation genes were analyzed. In the displayed results, the
protein is represented by a small circle, and the strength of the interaction is represented by the size of the circle.

Gene Set Enrichment Analysis (GSEA)
GSEA can be used to analyze and explain genome-wide expression profiles based on biological background.19 GSEA
v4.1.0 software was used to conduct a group study on the RNA-sequencing data of 374 TCGA LIHC patients down-
loaded from Genomic Data Commons (https://portal.gdc.cancer.gov/). We divided the sample into high and low
expression groups and set the following parameters: gene set database: h. All. V7.4 Symbols. gmt (Hallmarks); the
number of permutations: 1000; P value <0.05; false discovery rate (FDR) <0.25.

TIMER Database Analysis
TIMER is a comprehensive web using to analyze the levels of immune invasion in diverse cancers (https://cistrome.
shinyapps.io/timer/).20 “Diff Exp” module was employed to determine the expression of KRBA1 in diverse tumors. The
correlation of tumor infiltrating immune cells (B cells, CD4+ Tcells, CD8+ Tcells, Neutrophils, Macrophages, and Dendritic
cells) with mRNA expression and copy number variation of KRBA1 in LIHC was evaluated by “Gene” and “ SCNA”
module. The pertinence between KRBA1 and immune cells’ gene markers in LIHC were verified using the “Correlation”.

HCMDB Database Analysis
The Hepatocellular Cancer Database (HCCDB) (http://lifeome.net/database/hccdb/home.html) is a database of HCC
expression maps containing 15 open HCC gene expression datasets amount to 3917 samples.21 We used HCCDB to study
the difference of KRBA1 expression between tumors and adjacent tissues.

TISIDB
TISIDB (http://cis.hku.hk/TISIDB/) is a compositive repository online website probing of interactions between tumors
and the immune system.22 We employed it to dissect KRBA1 expression of different immune subtypes in LIHC.

Cell Culture
We bought the Human HCC cell lines LM3 from the Shanghai Institute of Cell Biology in China. Transfection Human HCC cell
lines LM3 were maintained with 5% CO2 at 37◦C in DMEM (HyClone Germany) with 10% fetal bovine serum (GIBCOUSA).

Real-Time RT-PCR Analyses
Total RNAs were extracted using the QIAGEN RNeasy mini kit, and reverse transcription reactions were performed
using the ABI Taqman Reverse Transcription Reagents. After mixing the generated cDNA templates with primers/
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probes and ABI Taqman Fast Universal PCR Master Mix, reactions were performed with the ABI-7900 Fast Real-
time PCR system and SYBR green qPCR Mastermix from Agilent Technologies Stratagene.

Kaplan-Meier Plotter Database Analysis
The prognostic value of KRBA1 was analyzed in liver cancer using the KM Plotter database (http://kmplot.com). The
patients’ specimens were split into two groups according to the median value of expression level to analyze the overall
survival (OS), replace-free survival (RFS), progression-free survival (PFS), and disease special survival (DSS).

GSCALite Analysis
GSCALite (http://bioinfo.life.hust.edu.cn/web/GSCALite/) is a multifunctional genomics online portal for analyzing
gene expression, methylation, single nucleotide variation, pathway activity and drug susceptibility.23 In this research,
the GSCALite tool was used to analyze the pathway activities and drug sensitivity of KRBA1, KCTD17, TRIM17,
ARHGEF2, and WNK2.

Statistical Analysis
All statistical analysis in this research was completed by R software (version 3.6.3). The “limma” and “beeswarm”
packages of “R” and the rank-sum test were used for detecting the different expressions of KRBA1 between LIHC
samples and normal samples.24 Wilcoxon signed-rank test or Kruskal–Wallis test and logistic regression were used to
scrutinize the relevancy between KRBA1 expression and clinicopathological features. Then generating Kaplan-Meier
survival curve and using Log rank test to explore the survival distribution of patients with different expression levels and
to evaluate whether differential gene expression had a significant impact on the prognosis of patients (P <0.05). The
“survival” and “survminer” packages of “R” were used to construct Cox models, and the factors significantly correlated
with prognosis were screened out by Univariate and Multivariate Cox regression analysis (P <0.05). Finally, the ROC
curve generated by “survival ROC” was used to evaluate the predictive ability of KRBA1 expression levels on one-year,
three-year, or five-year survival.

Results
The Expression of KRBA1 in LIHC and Other Cancers
To investigate the differential expression of KRBA1, we first studied the expression of KRBA1 in LIHC and other
tumors by using the TIMER database. As shown in Figure 1A, the mRNA expression of KRBA1 was significantly
elevated in tumor tissues. Meanwhile, we also found a higher expression level of KRBA1 mRNA in more than 10 tumors
than in corresponding adjacent tissues. Then 10 HCC cohorts from the HCCDB database were used for our analysis, and
the results also confirmed that KRBA1 mRNA expression was significantly increased in HCC tissues compared with
adjacent normal groups (Figure 1B). However, not all the results in each group were meaningful, so we downloaded 374
LIHC tissue samples and 50 paracancerous normal tissue samples from the TCGA database for further study. The results
showed that KRBA1 was highly expressed in LIHC tissues compared with paracarcinoma tissues (Figure 1C). In
addition, we analyzed the expression of KRBA1 by utilizing 50 pairs of matched cancer and paracancerous tissue
samples in the TCGA database. Similarly, KRBA1 was overexpressed in HCC tissues (Figure 1D). Recordset LIRI-JP
(Liver Cancer RIKEN, JP) downloaded from the ICGC database again verified our previous results are credible
(Figure 1E). Next, we obtained the immunohistochemistry (IHC) results from clinical samples to verify the difference
in KRBA1 protein expression (Figure 1F). We found that the expression of KRBA1 protein in HCC tissues was higher
than that in normal tissues. All in all, our results demonstrated that KRBA1 mRNA and protein expression are
overexpressed in HCC.

Correlation Between KRBA1 Expression and Clinicopathological Features in LIHC
Analysis of data for 377 clinical samples downloaded from the TCGA database with the Wilcoxon rank-sum test indicated that
the expression of KRBA1 was significantly associated with clinical characteristics such as stage (p =5.392e−04), grade
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(p =0.043), tumor size (p =4.045e−04) and sex (p =0.023) (Figure 2). Subsequently, we obtained the same results through logistic
regression analysis: upregulation of KRBA1 expression was associated with age, sex, clinical stage, and T classification but not
with clinicopathological N stage or M stage (Supplementary Table 1). In addition, we obtained similar results by analysis of the
UALCAN andGEPIA databases and further found that KRBA1 expressionwas correlatedwith clinicopathological features such
as TP53 mutation status and histological subtype (Supplementary Figure 1). Collectively, our findings show that the expression
level of KRBA1 in LIHC patients is consistent with the basic clinicopathological features.

KRBA1 Expression is an Independent Prognostic Factor Correlated with Poor
Prognosis in LIHC Patients
Multiple databases were used to evaluate the value of differential KRBA1 expression in predicting HCC prognosis.
We first used the GEPIA database to analyze the relationship between KRBA1 expression and prognosis, and the
results showed that in the LIHC dataset, patients with high KRBA1 expression had shorter overall survival (OS) and
disease-free survival (DFS) times than patients with low KRBA1 expression (Supplementary Figure 2A and B).
Next, we reverified the survival of HCC patients in the Kaplan–Meier Plotter database and found that patients with
high KRBA1 expression had shorter OS, DFS, PFS, and DSS times (Figure 3A–D). In addition, the results from
UALCAN database analysis showed that high KRBA1 expression was significantly associated with short survival

A B

C D

E F

Figure 1 KRBA1 expression levels in LIHC and Other Cancers. (A) The mRNA expression levels of KRBA1 in pan-cancers based on the TIMER database. (B) The mRNA
expression levels of KRBA1 in HCC and normal tissues based on the HCCDB database. (C) The mRNA expression levels of KRBA1 in 374 tumor cases and 50 normal tissues cases
based on TCGA database. (D) The mRNA expression levels of KRBA1 in 50 pairs of matched tumor and normal tissue cases based on TCGA database. (E) The mRNA expression
levels of KRBA1 based on ICGC database. (F) Typical images of IHC in 40 pairs of HCC tissues showing the protein expression of KRBA1 in HCC and adjacent tissues.
Abbreviations: LIHC, liver hepatocellular carcinoma; IHC, immunohistochemistry.
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times in the subgroup analysis of HCC patients stratified by tumor grade, sex, and race (Supplementary
Figure 2C–F).

Then, Kaplan–Meier analysis was performed on 240 patients whose information was downloaded from the ICGC
Data Portal and the TCGA database, and survival curves were constructed. In addition, ROC curves were constructed to
further explore the prognostic value of KRBA1. The results showed that high KRBA1 expression was significantly
correlated with a low OS rate (Figure 3E and F), and the AUC values of the ROC curve indicated significant accuracy
(1-year AUC: 0.652, 3-year AUC: 0.592, and 5-year AUC: 0.558), suggesting that KRBA1 expression was an effective
predictor of survival in HCC patients (Figure 3G). Finally, univariate and multivariate Cox regression models were used
to analyze the relationship between clinical features and prognosis in patients with LIHC. Multivariate analysis showed
that KRBA1 expression was an independent prognostic factor (Figure 3H). Taken together, these results suggest that
KRBA1 expression is an independent prognostic marker in LIHC and that high KRBA1 expression is associated with
poor prognosis in LIHC.

The Promoter Methylation Level of KRBA1 in LIHC
Methylation is considered an important epigenetic modification mechanism that plays an important role in gene
expression and is thus closely related to the development of tumors.25,26 We first detected the methylation level of
the KRBA1 promoter using the UALCAN database to explore its correlation with the high expression of KRBA1 in
tumor tissues to explain the possible mechanism of its involvement in hepatocellular carcinogenesis. We found that
the KRBA1 promoter was hypermethylated in LIHC tissues compared to normal tissues (Figure 4A). In addition,
promoter methylation in KRBA1 expression subgroups was analyzed according to different clinical characteristics.
We found that promoter methylation levels in patients were positively correlated with age and body weight
(Figure 4B and C). Then, we used MethSurv to further explore the methylation of KRBA1 by evaluating the
prognostic value of each CpG in TCGA data. Overall, KRBA1 methylation levels were high in LIHC (Figure 4D).
We found that 4 of the 14 CpG sites associated with hypermethylation were positively associated with poor
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Figure 2 Relationship between KRBA1 expression and clinicopathological features. (A) stage; (B) grade; (C) T classification; (D) gender.
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Figure 3 KRBA1 expression is an independent prognostic factor correlated with poorer prognosis of LIHC patients. (A–D) Relationship between KRBA1 expression and
OS, DFS, PFS and DSS based on Kaplan-Meier Plotter database. (E) Relationship between KRBA1 expression and Survival based on ICGC database. (F) HCC patients with
lower expression level of KRBA1 had favorable prognosis based on 240 patients downloaded from TCGA. (G) ROC curves for the 1-, 3-, and 5-year survival according to
the expression level of KRBA1. (H) A forest plot of the results of the multivariate analysis. *p< 0.05; **p< 0.01; ***p< 0.001.
Abbreviations: AUC, area under the curve; ROC, receiver operating characteristic; HR, hazard ratio; CI, confidence interval; T, tumor; N, node, M, metastasis; OS, overall
survival; AIC, Akaike’s information criterion.
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prognosis (P< 0.05): cg23371350, cg05997116, cg24501315, and cg04468334 (Figure 4E–H). These results suggest
that hypermethylation may be associated with the abnormal expression of KRBA1.

Potential Pathway Regulated by KRBA1 in LIHC
Since the high expression levels of KRBA1 have significant prognostic value in LIHC, we decided to explore which
regulatory pathways KRBA1 is involved in. We explored the co-expressed genes of KRBA1 in LIHC with the
LinkedOmics database. Based on the Spearman test, 6526 genes (dark red dots) revealed positive associations with
KRBA1, whereas 2590 genes (dark green dots) indicated negative associations (false discovery rate, FDR< 0.01)
(Figure 5A). The top 50 genes that were positively and negatively associated with KRBA1 are shown by heatmap
(Figure 5B and C). Moreover, KRBA1 and the top 4 significant genes, including KCTD17, TRIM17, ARHGEF2, and
WNK2, were significantly positively related to KRBA1 in LIHC. They were considered to be important influencing
genes that play a role in KRBA1, namely, hub genes (Figure 5D–G).

Next, Gene Ontology (GO) enrichment analysis suggested that KRBA1 might participate in chromosome segregation,
cell cycle G2/M phase transition, cell cycle checkpoint, and G0 to G1 transition (Figure 5H). Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway analysis suggested that KRBA1 may be related to the regulation of DNA replication, and
cell cycle, etc. (Figure 5I). These results suggest that KRBA1 may have a marked effect on the cell cycle in LIHC.

To further investigate the potential regulatory pathway of KRBA1 in LIHC, we used Gene Set Enrichment Analysis
(GSEA) to evaluate the different KRBA1 expression groups based on TCGA LIHC data sets. The GSEA analysis showed
that ubiquitin-mediated proteolysis, cell cycle pathways in cancer, Wnt signaling pathway, mTOR signaling pathway, Fc

Figure 4 The KRBA1 DNA methylation levels and its prognostic value. (A) Sample type; (B) Patient’s age; (C) Patient’s weight; (D) The visualization between the
methylation level and the KRBA1 expression. (E–H) The Kaplan-Meier survival curve of the promoter methylation of KRBA1. *p < 0.05; **p < 0.01; ***p < 0.001.
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gamma R-mediated phagocytosis, Notch signaling pathway, DNA replication, melanoma, regulation of autophagy, p53
signaling pathway, and apoptosis were enriched in the KRBA1 high expression group (Supplementary Figure 3)
(Supplementary Table 2). On the contrary, the metabolism of various substances and amino acids was enriched in the
KRBA1 low expression group (Supplementary Table 3).

Figure 5 The potential KRBA1-regulated pathway. (A) The volcano plot of KRBA1 co-expressed genes in LIHC. (B and C) Heat maps showing genes positively and
negatively related to KRBA1 in the LIHC (TOP 50). (D–G) The scatter plot showed correlation between the hub genes and KRBA1 in LIHC. (H and I) GO analysis
(biological process) and KEGG pathways of KRBA1 in the LIHC cohort.
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Association Between KRBA1 and Immune Infiltration in LIHC
In view of the close relationship between immunological features and tumor development, we explored the relationship
between KRBA1 and infiltrating immune cells using the TIMER database. The KRBA1 expression was positively related
to the infiltration of B cells, CD8+ T cells, CD4+ T cells, macrophages, neutrophils, and dendritic cells (Figure 6A, P<
0.05). Afterwards, the correlation between the copy number variation (CNV) of KRBA1 and the level of immune cell
infiltration was considered for our study. The results demonstrated that KRBA1 CNV was correlated with neutrophil
infiltration (Figure 6B). To deeply study the associations between KRBA1 and a variety of immune cells, the relationship
between KRBA1 expression and markers of relevant immune cell genes was considered in our study. We detected the
expression of KRBA1 in different immune subgroups by LIHC using TISIDB (Figure 6C). We found higher KRBA1
expression in the C1 (wound healing) and C2 (IFN-gamma dominant) subgroups, whereas lower in the C6 (TGF-β
dominant) subgroup. In addition, KRBA1 was positively correlated with chemokines CXCL1, CXCL3, and CCL20
(Figure 6D). Furthermore, our experiments using immune-related chemokine expression in HCCLM3 cells revealed that
CXCL1, CXCL3, and CCL20 expression were all down-regulated in shKRBA1 cells (Figure 6E). We speculated that the
high expression of KRBA1 could promote the expression of CXCL1, CXCL3, and CCL20 and then regulate HCC
development.

Furthermore, we adjusted the correlation coefficient according to tumor purity. For the above-mentioned results,
KRBA1 was positively correlated with most of the gene markers that we selected for immune cells, including gene
markers of B cells, T cells (general), CD8+ T cells, etc. (Figure 7). More detailed information about KRBA1 and immune
cell marker genes is shown in Supplementary Table 4.

Since the expression of KRBA1 is clearly related to immune infiltration and poor prognosis in LIHC, we investigated
whether the expression of KRBA1 affects the prognosis of LIHC due to immune invasion. We used KM Plotter to
analyze the expression of KRBA1 in LIHC-related immune cell subgroups (Figure 8). We found that whether B cells,
CD4+ memory T cells, CD8+ T cells, Macrophages, and Natural killer T cells were enriched or not, high expression of
KRBA1 will lead to poor prognosis in HCC patients. However, the high expression level of KRBA1 in enriched Treg,
Th1, and Th2 was associated with poor prognosis, but there was no significant correlation between its decreased
subgroups. These results suggest that the effect of KRBA1 on the prognosis of LIHC patients may be due to the immune
infiltration of Treg, Th1, and Th2 cells. Overall, our study suggests that KRBA1 is feasible to influence the development
of LIHC and lead to poor prognosis by modulating immune infiltration.

Correlation of KRBA1 Expression with m6A Modification in LIHC
The function of the m6Amodification in HCC has been extensively studied in recent years, and it plays a significant role in the
development of HCC. The relationship between KRBA1 expression and 21 m6A-related genes expression in HCC was
investigated by analyzing the TCGA-LIHC and ICGC datasets. The results showed that, except for FTO and METTL14,
KRBA1 expression was positively associated with other m6A-related genes in both the TCGA-LIHC and ICGC datasets
(Figure 9A and B, P< 0.05). Scatterplots show correlations between some of these genes and KRBA1 expression (Figure 9C).
Meanwhile, we attempted to analyze the expression differences of m6A-related genes between the high and low expression
groups of KRBA1 in TCGA LIHC samples to determine whether there were differences in m6A modification between the
high and low expression groups of KRBA1 in LIHC (Figure 9D). Interestingly, all of the 21 m6A-related genes showed higher
expression in the KRBA1 high expression group (P< 0.05). The Venn plots showed the correlation of genes in the TCGA and
ICGC datasets were not less than 0.45 (Figure 9E), which are IGF2BP2, RBM15B, YTHDF1, HNRNPA2B1, and METTL3,
respectively. The Kaplan-Meier curves obtained from GEPIA showed that the high expression of RBM15B, YTHDF1,
HNRNPA2B1, and METTL3 was strongly related to the poor prognosis of LIHC (P< 0.01), while the IGF2BP2 expression
was not related to the poor prognosis of LIHC except for IGF2BP2 (Figure 9F). These results indicated that KRBA1 might be
strongly linked to the m6A modification of LIHC, especially through its regulation of RBM15B, YTHDF1, HNRNPA2B1,
and METTL3, which ultimately affects LIHC progression and prognosis.
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Figure 6 KRBA1 is associated with immune cell infiltration. (A) The correlation between the tumor infiltrating immune cells and the expression of KRBA1 in LIHC. (B) The
connection between the CNVof KRBA1 and the immune cell infiltration level in LIHC. (C) Associations between KRBA1 expression and immune subtypes in LIHC. (D) The
connection between the expression of KRBA1 and three chemokines. (E) Immune-related chemokines expression in KRBA1 silenced HCC cells. *p < 0.05, **p < 0.01,
***p < 0.001.
Abbreviation: CNV, copy number variation.
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Figure 7 Correlations between KRBA1 expression and immune cells’ gene markers in LIHC. (A) B cell; (B) T cell (general); (C) CD8+ T cell; (D) Monocyte; (E)
TAM; (F) M1; (G) M2; (H) Neutrophils; (I) Natural killer cell; (J) Dendritic cell; (K) Th1; (L) Th2; (M) Treg; (N) Tfh; (O) Th17; (P) Effector T-cell; (Q) Memory
T-cell; (R) Exhausted T-cell.
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The Interrelationship, Cancer Pathway and Drug Susceptibility Analysis of KRBA1 and
4 Hub Genes
KRBA1 and the top 4 positive correlation genes, including WNK2, TRIM17, KCTD17, and ARHGEF2 were chosen as
the hub genes for interrelationship, cancer pathway, and drug susceptibility analysis. We constructed these 5 genes
interaction networks using GeneMANIA online tools to identify possible interactions between these five genes and other

A

C

E

G H

F

B

D

Figure 8 Comparison of Kaplan-Meier survival curves of KRBA1 in LIHC based on enriched or decreased immune cell subgroups. (A) B cells; (B) CD4+ memory T-cells;
(C) CD8+ T-cells; (D) Macrophages; (E) Natural killer T-cells; (F) Regulatory T-cells; (G) Type 1 T-helper cells; (H) Type 2 T-helper cells; *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 9 Correlations of KRBA1 Expression with m6Amodification in LIHC. (A andB) TCGA LIHC and ICGC data sets analyzed the correlation between the KRBA1 and 21 m6A-
related genes expression in LIHC. (C) Draw a scatter plot to show the correlation between the KRBA1 and the m6A related genes expression, include IGF2BP2, RBM15B, YTHDF1,
HNRNPA2B1 and METTL3. (D) The differential expression of m6A related genes between high and low KRBA1 expression groups in LIHC tumor samples. (E) Venn diagram showed
both expression correlation and differential expression of genes, including IGF2BP2, RBM15B, YTHDF1, HNRNPA2B1 and METTL3. (F) Kaplan-Meier curve of RBM15B, YTHDF1,
HNRNPA2B1 and METTL3. *p < 0.05; **p < 0.01; ***p < 0.001.
Abbreviation: ns, not significant.
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Figure 10 The interrelationship, cancer pathway and drug susceptibility analysis of 5 hub genes. (A) Interaction network of KRBA1 networks (GeneMANIA). The different
colors at the edges of the network represent the applied enrichment methods: physical interactions, co-expression, predicted, co-localization, pathways, genetic interactions,
and shared protein domains. (B) The role of KRBA1 in cancer related pathways. (C) Drug susceptibility analysis of KRBA1 and 3 hub genes according to The Cancer
Therapeutics Response Portal (CTRP) database.
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cancer-related genes. The outcomes indicated that these five genes were closely related to 20 genes (Figure 10A).
Subsequently, the GSCALite tool was employed to describe the potential effects of these five genes on the classical
cancer pathways. The outcome showed that these five genes, particularly KRBA1, could perform regulatory functions in
the cancer process via activating DNA Damage Response, EMT, PI3K/AKT, RAS/MAPK, TSC/mTOR pathways and
inhibiting Apoptosis, Cell Cycle, Hormone AR, Hormone ER, RTK pathways (Figure 10B). Since drug sensitivity has an
important clinical value, the GSCALite tool was used to probe the correlation between KRBA1 expression and multiple
drug sensitivities on the basis of the The Cancer Therapeutics Response Portal (CTRP). As shown in the results, the cells
with high expression of KRBA1 were sensitive to 39 drugs or small molecules. Moreover, we caught sight of the cells
with high expression of KRBA1 being resistant to trametinib and abiraterone drugs (Figure 10C). Therefore, these
outcomes offer fresh and alternative treatment strategies for the sick suffering from LIHC with high KRBA1 expression.

Discussion
Hepatocellular carcinoma (HCC) accounts for more than 90% of primary liver tumors and usually occurs after cirrhosis
is established.27 Due to its characteristics of slow detection and rapid progression, the 5-year survival rate of HCC is only
18%.28 Early detection and treatment of HCC will greatly improve the patient survival rate. Recently, a number of studies
have been conducted on the diagnostic and prognostic assessment of cancer patients by using biomarkers. The detection
of tumor-related molecular characteristics is a feasible approach for monitoring the development and progression of
tumors.29 However, due to the reliability and effectiveness of their measurement, most biomarkers for liver cancer cannot
currently be used in clinical settings, and research on these biomarkers still faces challenges. Consequently, it is
important to confirm more potential biomarkers to guide the clinical diagnosis and treatment of HCC patients. In this
study, we used bioinformatic analysis and in vitro experiments to study the expression and prognostic value of KRBA1
and its relationship with cell cycle progression, immune infiltration, m6A modification, and drug sensitivity in HCC.

In our study, KRBA1 was found to be overexpressed in liver cancer databases and clinical samples, and this abnormal
expression was widespread across more than 10 cancers. Subsequently, we found that in HCC patients, there was
a correlation of KRBA1 expression with prognosis and clinicopathological features. Higher KRBA1 expression tended to
be associated with older age, higher clinical stage, and higher T stage, and high KRBA1 expression independently
predicted poor prognosis in HCC patients. There is a strong link between epigenetic changes and hepatoma development,
and many studies have reported that epigenetic dysregulation may be responsible for the molecular and clinicopatholo-
gical heterogeneity of HCC;30–32 for example, DNA hypermethylation is considered an early event in HCC.33 Our study
showed that the KRBA1 promoter was also hypermethylated in HCC and was positively associated with age and body
weight. Moreover, for many CpG sites, we observed that hypermethylation is correlated with poor prognosis in HCC
patients. These findings suggest that both high expression and hypermethylation of KRBA1 predict poor prognosis in
HCC patients.

To further elucidate the molecular functions and unknown mechanisms by which KRBA1 affects the development
of HCC, we investigated the enrichment of its coexpressed genes. We found that KRBA1 has biological functions such
as regulating cell cycle progression and immune-related responses. Many genes have been reported to enhance
hepatocyte proliferation by controlling the cell cycle to lead to the initiation of liver cancer.34 For example, PCK1
inhibits cell cycle progression and hepatoma cell proliferation through AMPK/P27.35 As a latent target for HCC
diagnosis and therapy, SNHG1 inhibits the transcription of CDKN1A and CDKN2B, which leads to cell cycle
inhibition.36 MAPRE1 expression is significantly increased in HCC tissues and binds to CDK2, leading to its
hyperphosphorylation and thus promoting HCC cell proliferation.37 In addition, the Hedgehog signaling pathway,
which is significantly associated with KRBA1, has been proposed to be a vital pathway in the establishment and
progression of HCC. In the setting of chronic liver injury, hedgehog signaling molecules participate in transforming
precancerous lesions into malignant lesions and activating GLI target genes are responsible for the drug resistance of
hepatoma cells, and play a role in matrix metalloproteinase upregulation.38 Whether KRBA1 can promote hepatocyte
transformation by regulating the Hedgehog signaling pathway remains to be further explored by molecular
experiments.
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HCC is a typical immune-related tumor because the liver can stimulate the immune response.39 One of the features during
HCC initiation and progression is immune escape.40 Studies have suggested that many immunosuppressive mechanisms, such
as intracellular accumulation of immunosuppressive cell masses, antigen expression, and activation of numerous suppressive
receptor–ligand pathways, promote the persistence of HCC, which facilitates the mechanism of HCC.41 The degree of
immunosuppression in the tumor microenvironment (TME) is tightly connected with poor prognosis in HCC patients.42 Our
study found that infiltration of B cells, CD4+ T cells, CD8+ T cells, neutrophils, macrophages, and dendritic cells positively
correlated with KRBA1 expression, suggesting a relationship between KRBA1 expression and immune cells. Cell experi-
ments confirmed that interfering with KRBA1 significantly reduced the expression of the chemokines CXCL1, CXCL3, and
CCL20, whose expression is positively correlated with KRBA1 expression. Immune checkpoints that have been studied over
the past few years include cytotoxic T lymphocyte protein-4 (CTLA-4),43 programmed cell death protein-1 and its ligands
(PD-1 and PD-L1, respectively),44 which function as key regulators of cancer immune escape and are closely related to the
development and progression of liver cancer. We first found a significant correlation of KRBA1 expression with various
T cells. Then, gene markers in various T cells were found to be positively associated with KRBA1 expression, and high
expression levels of KRBA1 in the enriched Treg, Th1, and Th2 cells were correlated with poor prognosis. These results
suggest that KRBA1 may regulate the development and prognosis of HCC by regulating T-cell infiltration.

As the most common form of mRNAmodification, m6A is currently a hot topic in cancer therapy.45,46 The impact of m6A
modification on the prognosis and progression of HCC has also been widely studied in the last few years, and a large number
of m6A-related genes participate in promoting the progression of HCC.47 Many studies have pointed out that some m6A
regulators are mutated and dysregulated in hepatocellular carcinoma and are closely associated with the clinicopathological
features as well as the prognosis of patients with hepatocellular carcinoma.48 In the process of HCC carcinogenesis, m6A-
related genes have been reported to be involved in various aspects including tumour formation, angiogenesis, proliferation,
invasion, metastasis and tumour microenvironment, and immune regulation.49,50 Based on the available reports, we found that
different m6A-related factors are differentially expressed or functionally inconsistent in HCC, which may stem from the
different biological functions triggered by the signalling pathways affected by the different downstream targets of m6A.51

However, there is no research on the relationship between KRBA1 and m6A in tumors. Our results found a strong positive
correlation between KRBA1 m6A modification and gene expression, especially for the five genes IGF2BP2, METTL3,
YTHDF1, RBM15B, and HNRNPA2B1. Studies have shown that these five genes are correlated with the development of
HCC. For instance, IGF2BP2 can disrupt the normal cell cycle and tumor microenvironment, promoting the progression of
HCC.52 METTL3 is upregulated in HCC and contributes to the progression of HCC through an m6A-YTHDF2-dependent
mechanism.53 The expression of YTHDF1, RBM15B and HNRNPA2B1 is also high in HCC and leads to poor prognosis in
patients with HCC.54–56 These results suggest that the oncogenic effect of the KRBA1 gene is related to its m6Amodification,
which may affect mRNA methylation levels in HCC cells through its association with IGF2BP2, METTL3, YTHDF1,
RBM15B, and HNRNPA2B1 and ultimately affect the progression of HCC.

The effect of drug therapy in the treatment of HCC cannot be ignored.57 However, patients with advanced stages often
develop drug resistance. Currently, there are still problems with low specificity and high resistance to targeted drugs for HCC.
In our study, KRBA1ʹs significant expression was sensitive to 39 drugs or micro-molecules. In particular, increased KRBA1
expression is resistant to trametinib and abiraterone, which might provide a new therapeutic method for HCC patients.

Conclusion
In conclusion, the overexpression and hypermethylation of KRBA1 are found in HCC and clearly correlated with
clinicopathological stage and poor prognosis, which affects the cell cycle and immune cell infiltration levels of HCC and
is strongly linked to m6A modification. These suggest that KRBA1 can serve as an inchoate diagnostic marker and
immune-related therapeutic object, with the opportunity to update diagnostic and treatment options, while providing
a new reference for further exploration of cancer immunotherapy.

Data Sharing Statement
All data was obtained from The Cancer Genome Atlas (TCGA, https://tcga-data.nci.nih.gov/tcga/) and International
Cancer Genome Consortium (ICGC, https://dcc.icgc.org).
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