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Background: Complement factor H-related 4 (CFHR4) is a protein-coding gene that
plays an essential role in multiple diseases. However, the prognostic value of CFHR4 in
hepatocellular carcinoma (HCC) is unknown.

Methods: Using multiple databases, we investigated CFHR4 expression levels in HCC
and multiple cancers. The relationship between CFHR4 expression levels and
clinicopathological variables was further analyzed. Various potential biological functions
and regulatory pathways of CFHR4 in HCCwere identified by performing a Gene Ontology
(GO) analysis, Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis and Gene Set
Enrichment Analysis (GSEA). Single-sample gene set enrichment analysis (ssGSEA) was
performed to confirm the correlation between CFHR4 expression and immune cell
infiltration. The correlations between CFHR4 expression levels in HCC and N6-
methyladenosine (m6A) modifications and the competing endogenous RNA (ceRNA)
regulatory networks were confirmed in TCGA cohort.

Results: CFHR4 expression levels were significantly decreased in HCC tissues. Low
CFHR4 expression in HCC tissues was significantly correlated with the patients’ sex, race,
age, TNM stage, pathological stage, tumor status, residual tumor, histologic grade and
alpha fetal protein (AFP) level. GO and KEGG analyses revealed that differentially
expressed genes related to CFHR4 may be involved in the synaptic membrane,
transmembrane transporter complex, gated channel activity, chemical carcinogenesis,
retinol metabolism, calcium signaling pathway, PPAR signaling pathway, insulin and
gastric acid secretion. GSEA revealed that the FCGR-activated reaction, PLK1
pathway, ATR pathway, MCM pathway, cascade reactions of PI3K and FGFR1,
reactant-mediated MAPK activation and FOXM1 pathway were significantly enriched in
org June 2022 | Volume 13 | Article 8927501
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HCC with low CFHR4 expression. Moreover, CFHR4 expression was inversely correlated
the levels of infiltrating Th2 cells, NK CD56bright cells and Tfh cells. In contrast, we
observed positive correlations with the levels of infiltrating DCs, neutrophils, Th17 cells and
mast cells. CFHR4 expression showed a strong correlation with various immunomarker
groups in HCC. In addition, high CFHR4 expression significantly prolonged the overall
survival (OS), disease-specific survival (DSS) and progression-free interval (PFI). We
observed a substantial correlation between the expression of CFHR4 and multiple N6-
methyladenosine genes in HCC and constructed potential CFHR4-related ceRNA
regulatory networks.

Conclusions: CFHR4 might be a potential therapeutic target for improving the HCC
prognosis and is closely related to immune cell infiltration.
Keywords: CFHR4, prognosis, biomarker, immune Infiltrate, hepatocellular carcinoma
INTRODUCTION

HCC is the sixth most common cancer worldwide. Over 900,000
new cases of HCC are confirmed each year, and approximately
800,000 people die of HCC annually, making it the third most
common cause of cancer-related death. The morbidity and
mortality rates of HCC are 2 to 3 times higher in men than in
women in most areas (1). In China, the death rate of HCC is the
highest amongmen over 60 years of age. The number of new cases
of liver cancer diagnosed each year accounts for approximately
50% of all cases worldwide. The key determinants of liver cancer
are chronic HBV infection, aflatoxin exposure or both (1, 2). The
development of surgical procedures has improved the survival rate
of patients with early-phase HCC, but many patients already have
advanced HCC at the diagnosis, resulting in a poor overall survival
rate. Therefore, the identification of new, relevant biomarkers is
urgently needed to improve the early diagnosis, prognostic
assessment and treatment of HCC (3–5).

Research shows that the complement system is a vitally
important component of innate immunity and is extensively
involved in innate immune recognition, adaptive cell stimulation
and proinflammatory effector responses. The complement system
exerts a regulatory effect on the tumor microenvironment,
influencing the outcome of the immune response (6, 7). The
factor H/CFHR family includes five complement F factor H-
related proteins (CFHR1/2/3/4/5), factor H and complement
factor H‐like protein (CFHL1) (8, 9). CFHRs are secreted
plasma proteins synthesized mainly by hepatocytes. CFHR4 is a
key component of the innate immune system, and its expression is
restricted to the liver (10). To date, numerous studies have
suggested a role for CFHR4 in immune system disorders, such
as age-related macular degeneration (AMD) (10, 11), systemic
lupus erythematosus (12) and atypical hemolytic uremic
syndrome (AHUS) (13, 14). However, the association of CFHR4
with HCC has not yet been characterized.

The N6-methyladenosine (m6A) RNA and competing
endogenous RNA (ceRNA) regulatory network is currently a
new direction in cancer therapy, and the mechanisms have been
extensively studied in HCC (15). Current studies mainly focus on
org 2
methyltransferases, demethylases and binding proteins (16, 17).
Although the mechanism of the m6A regulatory factor requires
further study, the roles of the m6A regulatory factor in tumor
proliferation, invasion and metastasis have been confirmed (18).
In addition, ceRNA regulatory networks are also crucial for the
emergence and development of multiple cancers, including
ovarian cancer (19), esophageal cancer (20) and gastric cancer
(21). However, no studies have examined the ceRNA regulatory
network of CFHR4 in HCC or reported on its association with
m6A regulators.

In the present study, we analyzed CFHR4 expression levels in
HCC tumors and normal liver tissue from multiple datasets. An
analysis of RNA sequencing (RNA-seq) data from TCGA
revealed the clinical relevance and potential diagnostic and
prognostic roles of CFHR4 in HCC. In addition, we further
explored the biological significance of CFHR4 by performing
enrichment analyses and a protein–protein interaction (PPI)
network analysis and determining the correlation with immune
cell infiltration. After analyzing the correlation of CFHR4 and
m6A, we constructed ceRNA regulatory networks involving
CFHR4 in HCC.
MATERIALS AND METHODS

RNA-Seq Data Source
We first collected gene expression data and clinical data from 424
patients with HCC in TCGA (https://portal.gdc.cancer.gov). In
addition, the RNA sequencing data (GSE14520) were downloaded
from the Gene Expression Omnibus (GEO) database. HTSeq-
FPKM of level 3 format was converted into transcripts per million
(TPM). Screening was performed to exclude patients with
incomplete information, and the TPM data from 374 patients
were used in subsequent analyses (Supplementary Table 1). The
evolution process used the “ggplot2” R package.

Cell Lines and Cell Culture
Normal human liver cells (WRL68) were purchased from
AcceGen (Fairfield, USA), and HCC cell lines (BEL7402, SK-
June 2022 | Volume 13 | Article 892750
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hep1, HCCLM3, HepG2 and Huh7) were purchased from the
Chinese Academy of Science (Shanghai, China). WRL68 cells
were cultured in RPMI-1640 medium, and other cell lines were
cultured in DMEM supplemented with 10% FBS and 1%
penicillin-streptomycin. All cells were incubated in a 37°C
incubator with 5% CO2.

HCC Tissue Collection
We collected 30 pairs of HCC tissues and adjacent liver tissues at
the First Affiliated Hospital of Harbin Medical University from
2006 to 2013 after obtaining informed consent from patients.
The research project was conducted under the supervision of the
Ethics Committee of the First Affiliated Hospital of Harbin
Medical University.

Quantitative Real-Time PCR
Quantitative real-time PCR was performed on the samples as
described previously (5). The following primers were used:
CFHR4-F, 5’-TGCGGTTTAAGCTCCATGACA -3’; CFHR4-R,
5’-CCCATCTTCACCACACACTATG-3’; GAPDH-F, 5’ -TGA
CTTCAACAGCGACACCCA-3’ and GAPDH-R, 5’-CACCCT
GTTGCTGTAGCCAAA-3’. GAPDH was used as a control to
determine changes in mRNA levels using the 2-DDCT method.

Identification of Differentially
Expressed Genes
The differentially expressed genes (DEGs) between high CFHR4
expression and low CFHR4 expression samples from TCGA
database were analyzed using the DEseq2 (1.26.0) R package (22)
with Student’s t test. Differences were considered statistically
significant for an adjusted p value < 0.05 and absolute log2-fold
change > 1.5. Moreover, volcano plots and heatmaps were
constructed to visualize the DEGs.

Gene Set Enrichment Analysis (GSEA)
Pathway enrichment analyses were performed with the
“clusterProfiler” R package (23, 24). The c2.cp.v7.2.symbols.gmt
curated gene sets were retrieved from the Molecular Signatures
Database (MSigDB). Each analytical technique was conducted
repeatedly a thousand times. An FDR-corrected q value < 0.25 and
adjusted p value< 0.05 were considered statistically significant.

ssGSEA of Immune Cell Infiltration
We analyzed the levels of infiltration of 24 types of immune cells
in HCC using the ssGSEA method with the GSVA package in R.
We then quantified the enrichment score for each immune cell
by performing gene expression profiling of each HCC sample
based on the signature of immune cells (25, 26).

Construction and Evaluation of
the Nomogram
The univariate Cox regression analysis of the correlation between
CFHR4 expression and the values multiple clinical prognostic
parameters in patients with HCC was performed using R software
with the “survival” package. Using the RMS package (version 6.2-
0) and survival package (version 3.2-10), nomograms including
important clinical features and calibration plots were constructed.
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The 45° line represents the best-predicted value, and calibration
curves were graphically evaluated by mapping the nomogram-
predicted probability against observed occurrences. The
consistency index (C-index) was used to measure the
discriminative capability of the nomogram and to compare the
predictive accuracy of nomograms and individual prognostic
indicators. This process was calculated using the bootstrap
method and repeated 1000 times. In the present study, one-way
analysis of variance (ANOVA) and two-tailed Student’s t test were
used to analyze the data. A P value < 0.05 was considered
statistically significant.

Prediction and Construction of
ceRNA Networks
The TargetScan (http://www.targetscan.org), DIANA-microT
(http://diana.imis.athena-innovation.gr/DianaTools/index) and
RNAinter (http://www.rnainter.org) online sites were used together
to predict and analyze the target miRNAs of CFHR4, compare the
correlations between the expression of CFHR4 and target miRNAs
and screen miRNAs that were more compatible with ceRNA
networks. The target lncRNAs of the screened miRNAs were
predicted and analyzed using miRNet2.0 (www.mirnet.ca/miRNet/
home.xhtml) and starBase3.0 (www.starbase.sysu.edu.cn), and the
correlation between the two was further analyzed to screen for
additional eligible ceRNAs. A comprehensive analysis of negatively
correlated miRNA–mRNA and miRNA-lncRNA expression levels
was performed to establish an HCC-related lncRNA-miRNA–
mRNA (CFHR4) ceRNA network.

Statistical Analysis
The R package (version 3.6.3) was used for statistical analyses
and plotting. CFHR4 expression in unpaired and paired samples
was analyzed using the Wilcoxon rank sum test and Wilcoxon
signed rank test, respectively, with the pROC (1.17.0.1) package
for ROC analysis. In addition, the Kruskal–Wallis test and
univariate Cox analysis were applied to investigate whether
CFHR4 expression was associated with clinicopathological
factors. Using the KM method and log-rank test, we compared
the differences in 10-year OS, DSS and PFI between patients with
high CFHR4 expression and those with low CFHR4 expression
in TCGA. In all studies, a P value < 0.05 was defined as
statistically significant.
RESULTS

CFHR4 Expression Is Downregulated
in HCC
By analyzing GTEx and TCGA datasets, we investigated the CFHR4
mRNA levels across cancer types using theWilcoxon rank sum test,
including adrenocortical carcinoma (ACC), bladder urothelial
carcinoma (BLCA), breast invasive carcinoma (BRCA), cervical
squamous cell carcinoma and endocervical adenocarcinoma
(CESC), cholangiocarcinoma (CHOL), colon adenocarcinoma
(COAD), esophageal carcinoma (ESCA), glioblastoma multiforme
(GBM), head and neck squamous cell carcinoma (HNSC), kidney
June 2022 | Volume 13 | Article 892750
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chromophobe (KICH), kidney renal clear cell carcinoma (KIRC),
kidney renal papillary cell carcinoma (KIRP), acute myeloid
leukemia (LAML), brain lower grade glioma (LGG), liver
hepatocellular carcinoma (LIHC), lung adenocarcinoma (LUAD),
lung squamous cell carcinoma (LUSC), mesothelioma (MESO),
ovarian serous cystadenocarcinoma (OV), pancreatic
adenocarc inoma (PAAD), pheochromocytoma and
paraganglioma (PCPG), prostate adenocarcinoma (PRAD),
rectum adenocarcinoma (READ), stomach adenocarcinoma
(STAD), skin cutaneous melanoma (SKCM), testicular germ cell
tumors (TGCT), thyroid carcinoma (THCA), uterine corpus
endometrial carcinoma (UCEC) and uterine carcinosarcoma
(UCS). We found that CFHR4 expression was significantly
decreased in LIHC and CHOL compared with normal tissues
(Figure 1A). We obtained similar results from the Timer and
GEPIA databases (Supplementary Figures 1A, B). According to
the expression of CFHR4 in 374 HCC tissues and 50 normal liver
tissues, we confirmed that the CFHR4 expression level was also
noticeably decreased in HCC tissues (P<0.001) (Figure 1B).
Furthermore, CFHR4 was underexpressed in the GSE14520 HCC
cohort (P<0.001) (Figure 1C). Similar results were obtained for
adjacent HCC tissues among the 50 matched HCC tissues and
adjacent HCC tissues (P<0.05) (Figure 1D). We extracted protein
from human normal hepatic cells (WRL68) and HCC cells
(BEL7402, SK-hep1, HCCLM3, HepG2 and Huh7) and
confirmed the low expression of CFHR4 in HCC cells using
Western blot (Figure 1E). Subsequently, 30 pairs of HCC samples
were validated, and similar conclusions were reached (Figure 1F).
CFHR4 mRNA expression levels were further validated using
quantitative real-time PCR analyses (P<0.001) (Figures 1G, H).
In addition, we constructed the receiver operating characteristic
(ROC) curve. The area under the curve (AUC) for CFHR4 was
0.698, and it has a significant diagnostic value for HCC (Figure 1I).

Identification of DEGs in HCC
According to the CFHR4 expression level, we divided the data
from patients with HCC into high and low CFHR4 expression
groups for comparison. The DESeq2 package was used to infer
CFHR4-associated genes and analyze the DEGs between the high
and low expression groups. An adjusted p value < 0.05 and
absolute log2-fold change > 1.5 were considered statistically
significant. A total of 721 significant DEGs were identified. 113
DEGs were associated with the high CFHR4 expression group,
and 608 DEGs were associated with the low CFHR4 expression
group (Figure 1J and Supplementary Table 2). The top 10
DEGs were identified, further analyzed using HTSeq-Counts and
sorted by relative expression (Figure 1K).

GO and KEGG Enrichment Analyses
GO and KEGG enrichment analyses were performed using the
“clusterProfiler” R package to further analyze the potential
biological functions of CFHR4-related DEGs. The GO analysis
indicated that CFHR4-related DEGs may be involved in gated
channel activity, regulation of signal release, regulation of ion
transmembrane transport, metal ion transmembrane transporter
activity, synaptic membrane, transmembrane transporter
complex and passive transmembrane transporter activity
Frontiers in Immunology | www.frontiersin.org 4
(Figures 2A, B; Supplementary Table 3). In the KEGG
enrichment analysis, CFHR4-related DEGs were mainly
involved in chemical carcinogenesis, retinol metabolism, the
calcium signaling pathway, the PPAR signaling pathway, bile
secretion, insulin secretion and gastric acid secretion
(Figures 2C, D).

CFHR4-Related Signaling Pathways Based
on GSEA
GSEA was conducted between the high and low CFHR4 expression
groups to further reveal CFHR4-related signaling pathways in
HCC. The following pathways were significantly enriched in
patients with low CFHR4 expression: FCGR-activated reaction,
PLK1 pathway, reactant FCERI-mediated MAPK activation, ATR
pathway, MCM pathway, cascade reaction of PI3K and FGFR1,
reactant-mediated MAPK activation and FOXM1 pathway
(Figures 2E–J; Supplementary Table 4).

PPI Network Analysis
We explored the association between 721 DEGs in the HCC group
using the STRING database by setting the interaction threshold to
0.70 and constructed a PPI network to further investigate the
underlying mechanisms (Figure 3A; Supplementary Table 5).
Subsequently, 301 proteins and 420 edges were screened, and five
central gene clusters were identified using a total score ≥5000
(Figures 3B–F). In addition, the top 7 central genes were screened,
including CENPA, CDC20, UBE2C, CEP55, BIRC5, FAM64A and
TRIP13 (Figure 3G). By analyzing the GeneMANIA and STRING
online datasets, potential CFHR4-interacting target genes were
identified (Supplementary Figures 2A, B). CFHR4-related genes
were selected by performing a crossover analysis, including C3,
CRP, CFHR1, CFHR3 and CFHR5 (Supplementary Figure 2C).
We subsequently analyzed the association between CFHR4 and
the 5 intersecting genes (Supplementary Figures 2D–H).

Correlation Between CFHR4 Expression
and Immune Cell Infiltration
Based on the ssGSEA algorithm, we confirmed and quantified the
correlations between CFHR4 expression and the immune cell
infiltration levels (Figure 4A). The expression of CFHR4 was
negatively correlated with aDCs, TFH cells, NK CD56bright cells
and Th2 cells, and it has positive correlations with Th17 cells, DCs,
neutrophils, mast cells, Tgd cells, Tcm cells, cytotoxic cells, Tregs,
NK cells, pDCs, eosinophils, iDCs, B cells, T cells, CD8 T cells,
Tems, NK CD56dim cells, T helper cells, macrophages and Th1
cells (Figures 4B–H). We further confirmed the correlation
between CFHR4 expression with immunomarker of various
immune cells in HCC. The results showed that CFHR4
expression was significantly correlated with the immunomarkers
IRF5 and INOS of M1 macrophages in HCC (Table 1). It indicated
that CFHR4 may induce macrophages to M1 polarization in HCC.
This analysis of immune markers of different functions T cells
showed that CFHR4 expression was highly correlated with the
most immunomarkers (CD8B, CD3D, STAT1, IFN-g, STAT5A,
IL21, TGFb, PD-1, CTLA4, LAG3 and TIM-3) of T cells in HCC
(Table 1). It turns out that CFHR4 may perform an indispensable
role in the T cells’ immune response to HCC. Especially for T cells
June 2022 | Volume 13 | Article 892750
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FIGURE 1 | Differences in the expression of CFHR4 and CFHR4-associated DEGs. (A) CFHR4 expression levels in different cancer tissues compared to normal
tissues (TCGA). (B–D) CFHR4 expression in HCC samples. (E) CFHR4 expression was detected in WRL68, BEL7402, SK-Hep1, HCCLM3, HepG2, and Huh7 cell
lines using Western blotting. (F) CFHR4 protein expression in 30 paired adjacent noncancerous tissues and HCC tissues. (G) CFHR4 expression was detected in
WRL68, BEL7402, SK-Hep1, HCCLM3, HepG2, and Huh7 cell lines using PCR. (H) CFHR4 mRNA expression in 30 paired adjacent noncancerous tissues and
HCC tissues. (I) ROC curves were created to investigate the value of CFHR4 in identifying HCC tissues. (J, K) Volcano plots of the DEGs and heatmap showing the
top 10 DEGs. *p < 0.05, **p < 0.01, ***p < 0.001, NS, no significance.
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E

FIGURE 2 | Functional enrichment analyses of CFHR4-related genes in HCC. (A, B) The enriched terms in GO categories in HCC. (C, D) KEGG pathway analysis
based on CFHR4-associated DEGs. (E–J) GSEA enrichment plots, including FCGR, activated reaction, PLK1 pathway, reactant FCERI-mediated MAPK activation,
ATR pathway, MCM pathway, cascade reactions of PI3K and FGFR1, reactant-mediated MAPK activation and FOXM1 pathway.
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A

B C D

E F G

FIGURE 3 | PPI network enrichment analysis. (A) The PPI network was built based on PPI pairs identified by the STRING dataset. (B–F) Hub gene clusters were
selected from the PPI network (criteria of total scores ≥ 5,000). (G) Top 7 hub genes in the PPI network.
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exhaustion, consistent results with the GISTIC analysis were
obtained. The somatic copy number alteration (SCNA) module
demonstrated that the arm-level deletion of CFHR4 was markedly
associated with immune cell infiltration levels in HCC
(Figure 4I). In addition, the results also showed a correlation
between CFHR4 expression and the immunomarkers of TAMs,
neutrophils and dendritic cells (Table 1). Subsequently, according
to the expression level of CFHR4, HCC samples were
dichotomized into CFHR4-high and low expression groups, we
Frontiers in Immunology | www.frontiersin.org 8
aimed to reveal whether different expression groups of CFHR4
differ in the tumor immune microenvironment of HCC
(Figure 4J). We found that cytotoxic cells, DCs, iDCs, mast
cells, neutrophils, NK cells, pDCs, Tcm cells, Tem cells, Tgd
cells, Th17 cells and Tregs were increased in the CFHR4 high
expression group (P < 0.05), while the NK CD56bright cells, TFH
cells and Th2 cells decreased (P < 0.05). These findings confirmed
that reduced expression of CFHR4 in HCC was closely associated
with immune cell infiltration.
A B C

D E

F G

H

I

J

FIGURE 4 | Integrative analysis of CFHR4 expression in the infiltrating immune microenvironment. (A) The forest plot depicts the relationship between the level of
CFHR4 expression and the relative abundances of 24 immune cells. (B–H) Scatter plots showing the differentiation of Th17 cells, Th2 cells, DCs, NK CD56bright
cells, neutrophils, TFH cells and mast cells infiltration levels between high and low groups of CFHR4 expression. (I) The SCNA showed that CFHR4 expression
correlated with the level of immune cell infiltration. (J) Scatter plots showing the correlations between 24 immune cells and CFHR4 expression levels. *p < 0.05, **p <
0.01, ***p < 0.001, NS, no significance.
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Correlation Between the
CFHR4 Expression Level and
Clinical Characteristics
The clinical data from patients with HCC in TCGA database
were obtained to investigate the clinical characteristics of patients
with different CFHR4 expression levels. After removing patients
with incomplete clinical data, 374 patients remained for
further analysis; the average age was 61.5 years (49.25 to 70.00
years), and 67% were male. Table 2 provides a detailed
description of the clinical data. We evaluated the differences in
clinicopathological variables after stratifying patients based on
CFHR4 expression using the Kruskal–Wallis test, and the level of
CFHR4 was strongly correlated with age, sex, race, TNM stage,
histologic grade, pathological stage, tumor status, residual tumor,
TABLE 1 | Correlation analysis between CFHR4 expression and biomarkers of
immune cells.

Description Gene markers LIHC

Cor P value

CD8+ T cell CD8A −0.074 0.152
CD8B −0.120 0.017

T cell (general) CD3D −0.200 < 0.001
CD3E −0.054 0.301
CD2 −0.089 0.087

B cell CD19 −0.140 0.006
CD79A −0.072 0.165

Monocyte CD86 −0.170 0.001
CD115 (CSF1R) −0.072 0.165

TAM CCL2 −0.005 0.922
CD68 −0.210 < 0.001
IL10 −0.110 0.04

M1 Macrophage INOS (NOS2) 0.22 < 0.001
IRF5 −0.230 < 0.001
COX2 (PTGS2) 0.006 0.9

M2 Macrophage CD163 0.079 0.129
VSIG4 0.03 0.564
MS4A4A 0.063 0.223

Neutrophils CD66b (CEACAM8) −0.120 0.021
CD11b (ITGAM) −0.130 0.009
CCR7 0.12 0.023

Natural killer cell KIR2DL1 0.064 0.215
KIR2DL3 −0.047 0.367
KIR2DL4 −0.069 0.183
KIR3DL1 −0.009 0.866
KIR3DL2 0.026 0.612
KIR3DL3 −0.065 0.209
KIR2DS4 0.005 0.929
HLA-DPB1 −0.110 0.038
HLA-DQB1 −0.043 0.411
HLA-DRA −0.003 0.956
HLA-DPA1 0.051 0.327
BDCA-1 (CD1C) 0.005 0.926

Dendritic cell BDCA-4 (NRP1) −0.110 0.028
CD11c (ITGAX) −0.160 0.002

Th1 T-bet (TBX21) 0.061 0.239
STAT4 −0.091 0.078
STAT1 −0.120 0.016
IFN-g (IFNG) −0.110 0.03
TNF-a (TNF) −0.069 0.182

Th2 GATA3 −0.094 0.069
STAT6 0.03 0.568
STAT5A −0.190 < 0.001
IL13 −0.013 0.802

Tfh BCL6 −0.022 0.669
IL21 −0.110 0.041
STAT3 0.082 0.113
IL17A 0.035 0.496

Th17 FOXP3 0.08 0.123
CCR8 −0.081 0.116
STAT5B −0.016 0.763
TGFb (TGFB1) −0.260 < 0.001

T cell exhaustion PD-1 (PDCD1) −0.220 < 0.001
CTLA4 −0.200 < 0.001
LAG3 −0.240 < 0.001
TIM-3 (HAVCR2) −0.190 < 0.001
GZMB −0.086 0.098

Treg FOXP3 0.08 0.123
The bold values indicates that the correlation analysis between CFHR4 and biomarker of
immune cell is statistically significant.
TABLE 2 | The correlations between clinicopathological variables and
CFHR4 expression.

Characteristic Low expression
of CFHR4

High expression
of CFHR4

p

n 187 187
Gender, n (%) 0.122
Female 68 (18.2%) 53 (14.2%)
Male 119 (31.8%) 134 (35.8%)

Race, n (%) < 0.001
Asian 100 (27.6%) 60 (16.6%)
Black or African American 6 (1.7%) 11 (3%)
White 78 (21.5%) 107 (29.6%)

Age, n (%) 0.011
<=60 101 (27.1%) 76 (20.4%)
>60 85 (22.8%) 111 (29.8%)

T stage, n (%) 0.017
T1 78 (21%) 105 (28.3%)
T2 51 (13.7%) 44 (11.9%)
T3 50 (13.5%) 30 (8.1%)
T4 8 (2.2%) 5 (1.3%)

N stage, n (%) 0.128
N0 136 (52.7%) 118 (45.7%)
N1 4 (1.6%) 0 (0%)

M stage, n (%) 0.628
M0 145 (53.3%) 123 (45.2%)
M1 3 (1.1%) 1 (0.4%)

Pathologic stage, n (%) 0.004
Stage I 74 (21.1%) 99 (28.3%)
Stage II 45 (12.9%) 42 (12%)
Stage III 55 (15.7%) 30 (8.6%)
Stage IV 4 (1.1%) 1 (0.3%)

Tumor status, n (%) 0.001
Tumor free 85 (23.9%) 117 (33%)
With tumor 92 (25.9%) 61 (17.2%)

Residual tumor, n (%) 0.321
R0 164 (47.5%) 163 (47.2%)
R1 11 (3.2%) 6 (1.7%)
R2 0 (0%) 1 (0.3%)

Histologic grade, n (%) < 0.001
G1 17 (4.6%) 38 (10.3%)
G2 77 (20.9%) 101 (27.4%)
G3 80 (21.7%) 44 (11.9%)
G4 11 (3%) 1 (0.3%)

AFP (ng/ml), n (%) < 0.001
<=400 87 (31.1%) 128 (45.7%)
>400 46 (16.4%) 19 (6.8%)
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vascular invasion and AFP level (Figures 5A–L). Notably,
CFHR4 was expressed at higher levels in the older age group
(age>60 years) than in the younger age group (age ≤ 60 years)
(P<0.05). Significant differences in CFHR4 expression levels were
also noted in different races (P<0.001). Moreover, a higher
histological grade, TNM grade, pathological stage and tumor
status were also significantly associated with low CFHR4
expression. Subsequently, we further confirmed the lower
CFHR4 expression level in the group with a high AFP level
(>400 ng/mL) (P<0.001). Based on these results, patients with
HCC presenting lower CFHR4 expression seemed to have a more
advanced tumor stage.

Prognostic Potential of CFHR4 in HCC
Afterward, we performed a series of studies to determine the
association of CFHR4 expression levels with the prognosis of
patients with HCC. The Kaplan–Meier Plotter analysis revealed
an association between low CFHR4 expression and a poor
prognosis (Figures 6A–C). Moreover, we performed subgroup
Frontiers in Immunology | www.frontiersin.org 10
analyses of OS, DSS and PFI. Patients with high CFHR4
expression had a correspondingly better prognosis for OS, DSS
and PFI in the Asian group (Figures 6D–F). However, OS, DSS
and PFI in the white and black or African–American subgroups
were not significantly different (Supplementary Figures 3A–C).
In addition, patients with HCC presenting high CFHR4
expression who were aged ≤ 60 years experienced longer OS
and DSS but had a worse prognosis in terms of PFI
(Figure 6G–I). However, no significant differences were
observed in the younger age subgroups for OS, DSS and PFI
(age ≤ 60 years) (Supplementary Figures 3D–F). We further
confirmed that the T3 and T4 subgroups and the stage III and
stage IV subgroups experienced poorer OS (Supplementary
Figures 3G, H).

A univariate Cox regression analysis was performed with
TNM stage, pathological grade, tumor status and CFHR4
expression levels to further identify factors associated with
different prognoses (Supplementary Table 6). The forest plot
illustrated that low expression of CFHR4 was a risk factor for the
A B C D

E F G H

I J K L

FIGURE 5 | Correlation of CFHR4 expression with clinicopathological characteristics. (A) Sex. (B) Age. (C) Race. (D) Histologic grade. (E) T stage. (F) N stage.
(G) M stage. (H) AFP level. (I) Pathological stage. (J) Tumor status. (K) Residual tumor. (L) Vascular invasion. *p < 0.05, **p < 0.01, ***p < 0.001.
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FIGURE 6 | The prognostic value of CFHR4 in HCC. (A–C) Survival curves showing a comparison of OS, DSS and PFI between patients with HCC presenting
high and low CFHR4 expression. (D–F) OS, DSS and PFI survival curves for Asian patients with HCC presenting high and low CFHR4 expression. (G–I) OS,
DSS and PFI survival curves for patients with HCC aged ≤60 years presenting with high and low CFHR4 expression. (J–L) Univariate survival analysis of OS,
PFI, and DSS in patients from different subgroups stratified according to TNM stage, pathological grade, tumor status, and CFHR4 expression levels. (M) For
patients with HCC, a nomogram was constructed to estimate the probability of 1-, 3-, and 5-year OS. (N) Nomogram calibration plots for determining the
probability of OS at 1, 3, and 5 years.
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OS (Figure 6J; Supplementary Table 7), DSS (Figure 6K;
Supplementary Table 6) and PFI (Figure 6L; Supplementary
Table 8) of patients with HCC. According to the results of the
univariate Cox regression analysis, CFHR4 expression and other
independent clinicopathological factors were used to construct
the point scale of the nomogram. Each variable was scored with
reference to the scale of the nomogram, and the total scores were
dispatched to the outcome line and predicted the prognosis of
patients with at 1, 3 and 5 years. The C-index of the nomogram
was 0.706 (95% confidence interval: 0.671-0.741). This result
suggested that the prognostic nomogram of CFHR4 had good
discriminatory power (Figure 6M). The deviation correction line
in the calibration analysis approached the ideal curve, indicating
that the predicted values were consistent with the observed
values (Figure 6N). Consistent results were obtained with the
univariate Cox regression analysis.

CFHR4 Expression Is in Associated With
m6A RNA Methylation Regulators in HCC
As reported in previous studies, m6A RNAmethylation exerts an
important effect on the development of HCC (27–29). The
correlations between CFHR4 expression and the expression of
23 m6A-related genes were analyzed in TCGA (Figure 7A). The
correlation analysis showed significant negative correlations
between the expression of CFHR4 (P < 0.05) and 15 m6A-
related genes in HCC (Figures 7B–P). Furthermore, groups were
established based on the median CFHR4 expression, and 211
patients were assigned to the high expression group and 210
patients were assigned to in the low expression group. We
determined the relationship between the CFHR4 expression
level and m6A modification level in HCC by analyzing the
differential expression of 23 m6A-related genes in different
expression groups (Figure 7Q). The expression of YTHDC1,
IGF2BP1, IGF2BP2, IGF2BP3, YTHDF1, YTHDF2,
HNRNPA2B1, LRPPRC, HNRNPC, RBMX, METTL16,
METTL3, RBM15, RBM15B, VIRMA, WTAP and ALKBH5
was reduced in the high CFHR4 expression group (P < 0.05).
In summary, a strong correlation was observed between m6A
RNA methylation in HCC and the CFHR4 expression level.

Construction of a CFHR4-Related ceRNA
Triple Regulatory Network
Accumulating evidence highlights the regulatory role of
lncRNA–miRNA–mRNA ceRNA networks in cancers.
Therefore, we analyzed and constructed a ceRNA regulatory
network for CFHR4 in HCC. Through TargetScan, DIANA-
microT and RNAinter database predictions, the following 11
miRNAs were jointly predicted: hsa-miR-32-3p, hsa-miR-142-
5p, hsa-miR-146a-5p, hsa-miR-302c-5p, hsa-miR-361-5p, hsa-
miR-4775, hsa-miR-4786-5p, hsa-miR-4795-3p, hsa-miR-5590-
3p, hsa-miR-580-3p and hsa-miR-590-3p (Figure 8A). Based on
the regulatory relationship in the ceRNA network, a negative
correlation was observed between mRNAs and miRNAs. Four
miRNAs negatively correlated with CFHR4 expression were
identified and screened by performing a correlation analysis.
The scatter plots showed the correlation between CFHR4
Frontiers in Immunology | www.frontiersin.org 12
expression and the target miRNAs, and the TargetScan
database was used to predict the potential binding sites in
CFHR4 for target miRNAs (Figures 8B–E). Subsequently, the
lncRNAs that may interact with the target miRNAs (hsa-miR-
146a-5p, hsa-miR-361-5p and hsa-miR-580-3p) were further
predicted using the miRNet and starBase databases
(Figures 8F–H). This interaction is due to the negative
correlation between the expression of lncRNAs and miRNAs.
Consequently, using the starBase database, we further screened
and confirmed the lncRNAs in HCC that were negatively
correlated with the three target miRNAs. Based on these
results, the following 10 ceRNA regulatory networks that play
a role in HCC were constructed: TMEM161B-AS1-hsa-miR-
146a-5p-CFHR4, CCDC183-AS1-hsa-miR-146a-5p-CFHR4,
NEAT1-hsa-miR-146a-5p-CFHR4, MALAT1-hsa-miR-146a-
5p-CFHR4, XIST-hsa-miR-146a-5p-CFHR4, DNAAF4-
CCPG1-hsa-miR-361-5p-CFHR4, NEAT1-hsa-miR-580-3p-
CFHR4, LINC00641-hsa-miR-580-3p-CFHR4, DNAAF4-
CCPG1-hsa-miR-580-3p-CFHR4 and DSCAM-AS1-hsa-miR-
580-3p-CFHR4 (Figure 8I).
DISCUSSION

The CFHR family consists of five highly related proteins. Each
CFHR gene has a completely duplicated structural domain in the
plasma proteins, and they share high sequence identity (8, 9).
Members of the CFHR family of proteins play key roles in the
progression of multiple diseases through multiple mechanisms.
For example, CFHR1 exacerbates atherosclerotic cardiovascular
disease by altering the expression levels of C-reactive protein
apolipoprotein and serum amyloid protein A (30). All CFHR
genes are genetic risk factors for AMD (31). The CFHR family of
genes is also important in AHUS and C3 glomerulopathy (11,
13, 32). In addition, some members of the CFHR family of
proteins have been proven to exert a marked effect on the
progression of a variety of cancers (33–35). However, few
studies on CFHR4 have been conducted, and no studies have
determined its role in cancer.

In the present study, we measured the expression level and
prognostic value of CFHR4. We confirmed that CFHR4 mRNA
expression was markedly downregulated in HCC and CHOL
tissues, and these results were validated in multiple databases.
The ROC curve analysis suggested that CFHR4 may be a
promising diagnostic biomarker for differentiating HCC from
normal tissue.

We confirmed the reduced expression of CFHR4 in HCC cell
lines and HCC samples by performing in vitro experiments. We
analyzed the DEGs related to CFHR4 to further assess the role of
CFHR4 in HCC. By conducting GO and KEGG analyses, we
found that differences in CFHR4 expression were significantly
correlated with regulating signal release, regulation of ion
transmembrane transport, gated channel activity, metal ion
transmembrane transporter activity, calcium signaling pathway
and the PPAR signaling pathway. Using GSEA, we also revealed
that low CFHR4 expression was significantly associated with
FCGR-activated reactions, the PLK1 pathway, reactant FCERI-
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mediated MAPK activation, the ATR pathway, the MCM
pathway, the cascade reactions of PI3K and FGFR1, reactant-
mediated MAPK activation and the FOXM1 pathway in patients.
PLK1 (36), MAPK (37), ATR (38), MCM (39), PI3K and FGFR1
(40) have been shown to play increasingly crucial regulatory roles
in HCC, and these studies and our results indicated that CFHR4
may inhibit the development and progression of HCC by
regulating these signaling pathways. However, the association
of CFHR4 with these signaling pathways was first discovered
Frontiers in Immunology | www.frontiersin.org 13
here, and the regulatory mechanisms require further exploration.
Furthermore, based on the DEGs, we constructed the PPI
networks using the Cytoscape tool. Five central gene clusters
(a total score ≥ 5000) and the top 7 central genes were screened,
including CENPA, CDC20, UBE2C, CEP55, BIRC5, FAM64A
and TRIP13. The CFHR4-interacting genes were generated using
STRING and GeneMANIA online databases, and we observed
five intersecting genes, including C3, CRP, CFHR1, CFHR3 and
CFHR5. Existing studies have confirmed that CFHR4 regulates
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FIGURE 7 | Analysis of the association between the CFHR4 expression level and the expression of m6A-related genes in HCC. (A) Correlation of CFHR4 expression
levels with m6A gene expression in HCC. (B–P) Scatter plot showing the relationship between CFHR4 and m6A genes. (Q) Correlation of m6A genes in the CFHR4
high and low expression groups of HCC tumor samples. **p < 0.01, ***p < 0.001, NS, no significance.
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complement activation and opsonization on biological surfaces
by interacting with native CRP (Hebecker et al., 2010). CFHR4
interacts with C3b (C3 activation fragment) (Hellwage et al.,
1999, Hebecker and Jozsi, 2012). These conclusions promote the
credibility of the predictions from the STRING database and will
provide critical insights into the design of follow-up studies and
experimental validation.
Frontiers in Immunology | www.frontiersin.org 14
Among the results, tumor infiltrating immune cells (TIICs)
were recently shown to play a pivotal regulatory role in tumor
progression (41). The substantial accumulation of TIICs in HCC
affects the prognosis of HCC (42). By revealing the relationship
between CFHR4 expression and the level of immune cell
infiltration in HCC, CFHR4 expression was clearly associated
with the infiltration of Th17 cells, DCs, neutrophils and Th2
A
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FIGURE 8 | Prediction of the ceRNA network in HCC. (A) Venn diagram showing the results for CFHR4 targets predicted using the TargetScan, DIANA-microT and
RNAinter databases. (B–E) Scatter plots were generated to show miRNAs-mRNAs with significant correlations. TargetScan prediction of the potential binding sites in
CFHR4 for the target miRNAs. (F–H) The lncRNAs that bind to target miRNAs were predicted using the miRNet and starBase online databases and displayed in a
Venn diagram, including hsa−miR−146−5p, hsa−miR−361−5p and hsa−miR−580−3p. (I) Sankey diagram showing the CFHR4-related ceRNA regulatory network.
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cells. Th17 cells are a major effector subset of CD4+ T cells that
play a vital role in host protection and autoinflammatory
disorders (43, 44). The differentiation of Th17 cells into Th1
and Th2 cell subsets participates in regulating the response to
intracellular pathogens and extracellular organisms (45). Th1/17
cells produce IFN-g to drive antitumor immune responses (46).
Multiple studies reported that increased infiltration of Th17 cells
inhibits the progression of breast cancer (47). Moreover, DCs are
specialized antigen-presenting cells that play important roles in
the initiation and regulation of innate and adaptive immune
responses (48). The antitumor effect of DCs has been confirmed
(49). Neutrophils have also been proven to exert bidirectional
regulatory effects on the tumor immune microenvironment (50).
Our studies indicated that high CFHR4 expression activated
Th17 cells, DCs and neutrophils to promote antitumor immune
responses. In addition, antigen-presenting cells might promote
the polarization of CD4+ T cells toward Th1 and Th2 cell
subsets. Th1 cells are mainly involved in cellular immunity and
tumor clearance, and Th2 cells are involved in the stimulation of
antibody production (51). Th2 cells have also been confirmed as
an independent risk factor for cancer growth and progression
(52, 53). The number of NK CD56bright cells is significantly
increased in various cancers (54–56). Multiple studies reported
that Tfh cells are a specialized subset of CD4+ T cells that
support the germinal centers, which secrete high-affinity
antibodies and provide help for memory B cells (57, 58).
Additionally, Tfh cells were confirmed to be involved in
human autoimmune responses and cancers (59, 60). Based on
this information, CFHR4 modulates immune responses
mediated by Th2 cells, NK CD56bright cells and Tfh cells in
HCC. We also found that the CFHR4 CNV was significantly
correlated with the levels of infiltrating CD8+ T cells,
macrophages, neutrophils, and dendritic cells. In addition,
CFHR4 expression is strongly correlated with various
immunomarker groups in HCC. We confirmed significant
correlations between CFHR4 expression and CD8+ T cells
(CD8B), monocytes (CD86), TAMs (CD68 and IL10), M1
macrophages (NOS2 and IRF5), neutrophils (CD66b, CD11b,
and CCR7), natural killer cells (HLA-DPB1), dendritic cells
(NRP1 and ITGAX), Th1 cells (STAT1 and IFN-g), Th2 cells
(STAT5A), Tfh cells (IL21), Th17 cells (TGFb) and exhausted
T cells (PD-1, CTLA4, LAG3, and TIM-3). Our identified a
potentially indispensable role for CFHR4 in regulating immune
cell infiltration in HCC. We explored the relationship between
CFHR4 expression with OS, PFI, DSS and clinical characteristics
(TNM stage, residual tumor, and histological grade) by
performing univariate Cox regression analysis. Calibration
plots showed good agreement between predicted values of
CFHR4-related column line plots and forecasted and observed
values for 1-, 3- and 5-year OS probabilities. These results were
consistent with those of the univariate Cox regression analysis.

The m6A methylation exerts a substantial effect on tumor cell
proliferation, invasion and migration (61). Currently, m6A RNA
and ceRNA regulatory networks are widely studied to determine
HCC mechanisms (15). We further analyzed the relationship
between CFHR4 expression and m6A modifications and
Frontiers in Immunology | www.frontiersin.org 15
determined that CFHR4 expression had inseparable relationships
with IGF2BP2, IGF2BP3, YTHDF1, HNRNPA2B1, LRPPRC,
HNRNPC, RBMX, RBM15B and WTAP expression. We also
observed significant correlations between high CFHR4 expression
andYTHDC1, IGF2BP1, IGF2BP2, IGF2BP3, YTHDF1,YTHDF2,
HNRNPA2B1, LRPPRC,HNRNPC, RBMX,METTL16,METTL3,
RBM15, RBM15B, VIRMA, WTAP and ALKBH5 expression.
Multiple studies have now reported that IGF2BP1 (62), IGF2BP2
(28), IGF2BP3 (63), YTHDF1 (64), YTHDF2 (29), BRMX (65),
RBM15 (66), METTL3 (67) and WTAP (27) are significantly
upregulated in HCC, and their overexpression promotes HCC
progression and is associated with a poor prognosis for patients
with HCC. These discussions further supported our results. Thus,
these findings suggested that the CFHR4 gene may be modified by
m6Ato increase the stabilityof itsmRNA,which further inhibits the
proliferation, invasion and migration of HCC. Subsequently, we
constructed ceRNA regulatory networks based on the prediction.
Because the ceRNA regulatory networks of CFHR4 were derived
from a bioinformatics analysis, more experiments are needed to
validate this network in future studies.

Although we increased our awareness of the regulatory
mechanism of CFHR4 in HCC, the study had several
limitations. Initially, the expression levels of CFHR4 and the
important regulatory mechanisms and pathways related to
CFHR4 in HCC should be further validated and evaluated by
analyzing clinical samples from more centers. Secondly,
However, the potential diagnostic value of the circulating
CFHR4 content in HCC patients is not clear, and the clinical
significance of circulating tumor markers remains to be further
explored. In addition, the relationship between CFHR4 and
interacting genes and m6A genes in HCC should be further
explored and validated. In future studies, we will further
elucidate the potential regulatory mechanisms of CFHR4 in
HCC by performing more experiments.
CONCLUSIONS

In summary, this study represents the first in-depth analysis of
CFHR4 in HCC. Our study suggested that CFHR4 was
abnormally downregulated in HCC and that its reduced
expression was correlated with a poorer prognosis. We
confirmed the correlation between CFHR4 expression and the
m6A modification, indicating that CFHR4 may be modified by
m6A to improve mRNA stability. The construction of ceRNA
networks suggested that CFHR4 may be involved in multiple
molecular regulatory mechanisms of HCC. More importantly,
CFHR4 expression was associated with multiple immune cells
and may affect HCC tumor immunity by inducing M1
macrophage polarization and altering the infiltration of
exhausted T cells. These findings provide additional insights
into the mechanism by which CFHR4 may represent an
important independent prognostic marker for HCC. The
potential molecular mechanisms and regulatory networks of
CFRH4 provide a basis for follow-up studies. The study also
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provides important insights into the treatment of HCC based
on genomics.
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Supplementary Figure 1 | CFHR4 expression levels in different cancer tissues
compared to normal tissues. (A)CFHR4 expression levels in different cancer tissues
compared to normal tissues in the Timer database. (B) CFHR4 expression levels in
different cancer tissues compared to normal tissues in the GEPIA database.
*p < 0.05, **p < 0.01, ***p < 0.001, NS, no significance.

Supplementary Figure 2 | PPI network and potential CFHR4-interacting target
genes. (A) PPI networks were built using the STRING database. (B) PPI networks
were built using the GeneMANIA database. (C) The intersecting genes identified by
the STRING and GeneMANIA online databases are displayed in a Venn diagram.
(D) Scatter plot showing the correlation between CFHR1 and CFHR4 expression.
(E) Scatter plot showing the correlation between CFHR3 and CFHR4
expression. (F) Scatter plot showing the correlation between CFHR5 and
CFHR4 expression. (G) Scatter plot showing the correlation between C3
and CFHR4 expression. (H) Scatter plot showing the correlation between CRP
and CFHR4 expression.

Supplementary Figure 3 | The prognostic value of CFHR4 in HCC. (A–C) OS,
DSS and PFI survival curves for white, black or African–American patients with HCC
presenting high and low CFHR4 expression. (D-F) OS, DSS and PFI survival curves
for patients with HCC aged > 60 years presenting with high and low CFHR4
expression. (G) OS curves for patients with stage T3 and T4 HCC presenting with
high and low CFHR4 expression. (H) OS curves for patients with pathological stage
III and IV HCC presenting with high and low CFHR4 expression.

Supplementary Table 1 | Characteristics of patients with HCC in TCGA.

Supplementary Table 2 | CFHR4-related DEGs.

Supplementary Table 3 | GO enrichment analysis of CFHR4.

Supplementary Table 4 | GSEA enrichment analysis of CFHR4.

Supplementary Table 5 | PPI network of CFHR4.

Supplementary Table 6 | OS of patients with HCC based on
prognostic covariates.

Supplementary Table 7 | DSS patients with HCC based on
prognostic covariates.

Supplementary Table 8 | PFI of patients with HCC based on
prognostic covariates.
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