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Abstract: Objectives: To evaluate the role and biological function of nucleic acid binding protein 2 (NABP2) in hepato-
cellular carcinoma (HCC). Methods: Our study was based on comprehensive bioinformatics methods and functional
analysis experiments using HCC cells to reveal the expression of NABP2, the prognostic role of NABP2, the relation-
ship between NABP2 and the infiltration of immune cells and the expression of immune-related cytokines, potential
effective drugs against HCC, and the biological function of NABP2 in HCC. Results: Our results indicated that NABP2
expression was markedly elevated in HCC, which suggested a worse prognosis and shorter survival time in HCC
patients. Moreover, NABP2 was an independent prognostic factor and was associated with cancer-related signal
pathways in HCC. Further functional analysis showed that knockdown of NABP2 dramatically inhibited proliferation
and migration, and promoted apoptosis of HCC cells. Subsequently, we identified NABP2-related genes and NABP2-
related clusters. Next, we constructed a NABP2-related risk signature based on differentially expressed genes that
were responsible for NABP2-related clusters. We found that the risk signature was an independent prognostic factor
for patients with HCC that was associated with dysregulated immune infiltration. Finally, drug sensitivity analysis
revealed eight potentially effective drugs for beneficial treatment options for HCC patients with high-risk scores.
Conclusions: These findings indicated that NABP2 is a prognostic biomarker and therapeutic target for HCC, and
a NABP2-related risk signature could guide clinicians to judge the prognosis and suggest drug treatments for HCC
patients.
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Introduction at the time of their first presentation and, with
currently no effective treatment, their progno-
sis is poor. With progress in biotechnology and
new insights into the mechanism of cancer
initiation, molecular-targeted therapy is being
developed for HCC treatment [4]. Therefore, the

search for novel therapeutic targets and prog-

Hepatocellular carcinoma is the most common
type of liver cancer and the world’s second
leading etiology for cancer-associated death
[1, 2]. HCC patients have a poor prognosis and
high morbidity rate, with a median survival time

of only a few months and a 3-year survival rate
of 12.7% [3]. For early-stage HCC, surgical
resection followed by chemotherapy may be
the most effective treatment. However, most
patients are diagnosed at an advanced stage

nostic indicators for patients with HCC is
imperative.

Single-strand DNA (ssDNA)-binding proteins
(SSBs) are widespread in cells and are essen-
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tial for cellular metabolism. SSPs have been
implicated in processes such as DNA replica-
tion, recombination, DNA damage detection,
DNA repair, and RNA transcription [5]. Appro-
priate DNA manipulation is essential for main-
taining genomic integrity and tumor suppres-
sion by SSBs [6, 7]. Recently, the novel human
single-stranded DNA binding protein NABP2
has been shown to play a critical role in main-
taining genomic stability [8]. Notably, NABP2
has been importantly implicated in regulating
DNA damage checkpoints and the cell cycle by
binding and protecting p53 and p21 proteins
from ubiquitin-mediated degradation [9, 10].
Nevertheless, a more comprehensive under-
standing of NABP2's expression and role in
HCC is needed.

In our study, the expression, biological function,
and prognostic role of NABP2 in HCC were
intensively studied using comprehensive bio-
informatics techniques and functional analy-
sis experiments. Moreover, we developed a
NABP2-related risk signature based on NABP2
cluster-related genes and established a sensi-
tive and specific nomogram for HCC prognosis
predictions. Drug sensitivity analysis was uti-
lized to screen out potentially effective drugs
targeting NABP2 for treating HCC patients with
high risk. In summary, NABP2 is a novel candi-
date for a prognostic biomarker as well as a
therapeutic target for HCC.

Materials and methods
NABP2 expression and survival analysis

Data on the expression of NABP2 in HCC were
obtained from the International Cancer Geno-
me Consortium (ICGC) datasets and the Can-
cer Genome Atlas (TCGA) using R software. To
confirm transcription levels of NABP2 genes
in HCC, samples from the Genotype-Tissue
Expression (GTEx) project and TCGA project
were also evaluated in the Gene Expression
Profiling Interactive Analysis (GEPIA) database.
Moreover, the Gene Expression Omnibus (GEO)
datasets with both HCC tissues and normal
liver tissues detected by Affymetrix Human
Genome Array were selected as validation sets
for NABP2 expression (GSE45436, GSE62232).

GTEx samples were obtained from the UCSC
Xena project [phenotype (n = 9,783) and TOIL
RSEM from fpm (n = 7,862)] (http://xena.ucsc.
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edu/). The official symbol of the gene was
derived from the ensembl number of the gene
in RNAseq data by our own Perl script, which
was applied to obtain NABP2 expression in
many normal organs of different genders.
Based on the GitHub website R package,
gganatogram and ggpubr visualization were
conducted.

Immunohistochemistry (IHC) from the Human
Protein Atlas (HPA) database was used to ana-
lyze NABP2 protein expression levels in HCC.
The protein levels of NABP2 from the Clinical
Proteomic Tumor Analysis Consortium (CPTAC)
proteomics database were applied to the
expression of NABP2 protein and prognosis in
HCC via the “Limma” package and “survival”
package of R software.

From 2015 to 2019, a group of 15 formalin-
fixed, paraffin-embedded HCCs with adjacent
liver tissue samples was provided by the
Xiangya Hospital of Central South University.
Study approval was received from the Ethics
Committee of Xiangya Hospital, Central South
University.

Formalin-fixed and paraffin-embedded tissue
sections were subjected to IHC and immunore-
active scoring for NABP2 (Affinity Biosciences,
DF13202, 1:100), as described previously [31].

The TCGA database was analyzed using Kaplan-
Meier plotter and GEPIA for NABP2 prognostic
values in HCC, and the R “survival” package
(version 3.5.2) was conducted to validate the
prognostic value of NABP2 for HCC from the
ICGC database. For the GEPIA and ICGC data-
bases, the Kaplan-Meier curves were split at
the median, and for the Kaplan-Meier plotter,
the Kaplan-Meier curves were split at the best
cutoff.

Clinical and pathological characteristics as-
sociated with NABP2 expression in HCC

Analyses of NABP2 expression and clinical
characteristics in patients with HCC were con-
ducted using the R “ggpubr” package, followed
by validation via UALCAN (http://ualcan.path.
uab.edu). Moreover, the major difference in
NABP2 between the two experimental groups
was analyzed with a t-test, and comparisons
with more than two groups were conducted
with an ANOVA.

Am J Transl Res 2023;15(6):4203-4227



NABP2 is an oncogene in HCC

Assays of cell viability, apoptosis, the cell cycle,
and cell migration

Huh7 and LM3 cells in the exponential growth
phase were grown for 6 h and transfected with
NABP2 siRNA using Lipofectamine 2000
(Thermo Fisher Scientific, USA). The final con-
centration of siRNA was determined at 100
nM. The sequence of NABP2 siRNA1 was
“GAACCAGAATGGGAATGGA”, and siRNA2 was
“CCCTGTTAGTAACGGCAAA". As previously des-
cribed, Western blotting was used to detect
NABP2 levels in HCC cells. This experiment
was repeated three times. The primary anti-
bodies were anti-NABP2 (Affinity Biosciences,
DF13202, 1:1000) and anti-Tubbulin B (Bio-
world, BS1482MH, 1:10000) [9].

Cell proliferation and viability were detected
with a CCK8 assay (Vazyme; A31101AA), as
previously described [32]. In conjunction with
flow-cytometry analysis, cell cycle and cell
apoptosis assays were performed as previously
described [33]. Cell migration was detected
using wound healing and a transwell migration
assay, as described previously [34].

Consensus clustering analysis

Using the “ConsensusClusterPlus” package of
R programming language, a hierarchical clus-
tering algorithm was used to categorize HCC
patients into the optimal number of clusters
based on the expression of NABP2-related
intersection genes [35].

LinkedOmics database analyses

NABP2 co-expression genes were statistically
analyzed using Pearson’s correlation coeffi-
cient. KEGG pathway, Gene Ontology biologi-
cal process (GO_BP) analysis, transcription fac-
tors (TF), and kinase-target enrichment were
obtained with gene set enrichment analysis
(GSEA) in LinkedOmics functional modules.

GSEAs

Based on correlations between NABP2 expres-
sion and GSEAs, a comparison of different
pathways between high-and low-NABP2 groups
was performed. As the gene set database, we
selected c2.cp.kegg.v7.0.symbols. Normalized
enrichment scores (NESs) and P values were
used to identify pathways enriched in each phe-
notype. The pathways with the following criteria
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were regarded as significantly enriched: g-value
and normalized enrichment score (NES) > 1
correspond to a false discovery rate of 0.05,
respectively.

WGCNA analysis

Weightedgene co-expression Network Analy-
sis (WGCNA) was used to construct weighted
gene co-expression networks. The R package
“WGCNA” was used to analyze 20% of the
genes in TCGA, ICGA, and GEO datasets with
the largest variance. The power (B) = 10 (R? =
0.98) in TCGA, power (B) = 14 (R? = 0.86) in
ICGC and power (B) = 12 (R? = 0.91) in GEO
were selected to build a co-expression network.
We then selected module 0.2 to merge similar
modules.

Model construction and validation for clinical
prognoses

A potential independent risk factor for HCC sur-
vival was examined using univariate and multi-
variate analyses of data from TCGA, GSE14520,
and ICGC databases. Moreover, the clinical
application value of the risk score model was
also determined by calculating the net benefits
at each risk threshold by applying a decision
curve analysis (DCA) [36]. With the help of the
“regplot” package, a nomogram integrating
risk signature, stage, age, sex, and grade for
survival prediction was developed. Using the
nomogram, a calibration curve was evaluated
for predictive accuracy.

Nomogram construction and assessment

To measure risk and predict clinical outcomes
in HCC patients, the nomogram was construct-
ed with the “regplot” R package based on the
independent clinical factors and risk scores.
Calibration plots were used to evaluate the abil-
ity of the nomogram to predict HCC survival
rates over the course of one, three, and five
years. Nomogram clinical practicability was
assessed using DCA.

Correlations of NABP2 expression and immune
cells

For HCC, the CIBERSORT and Tumor Immune
Estimation Resource (TIMER) databases were
applied to study the association between
NABP2 gene expression and immune cell infil-
tration. Then, a correlation analysis was per-
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formed using the Gene Expression Profiling
Interactive Analysis (GEPIA) and TIMER data-
bases to identify the correlation between
NABP2 expression and immune marker genes.

Drug response analysis

The “pRRophetic” package was used to screen
the drug responses of patients with high or low
risk. CellMiner was used to provide the drug
sensitivity for NABP2-related signature genes.
We downloaded immune therapy data from the
TCIA database (https://tcia.at/home) and ana-
lyzed the correlation between risk scores and
immune therapy by applying R “ggpubr”.

Statistical analysis

Statistical analysis was acquired with the TCGA
and was determined with R-3.6.1. “Limma” and
“vioplot” packages were applied to visualize
the differences in NABP2 expression among
the TCGA, ICGC, and CPTAC cohorts. ICGC’s
survival analysis was conducted using Kaplan-
Meier Plotter. Spearman’s correlation analysis
between NABP2 gene expression in the GEPIA
databases and TIMER was used to assess the
association with NABP2 gene expression.

Results

The expression of NABP2 was upregulated in
HCC

NABP2 expression was increased in HCC com-
pared to normal tissues using data from the
TCGA (Figure 1A), ICGC (Figure 1B), GCPIA
(Figure 1C and 1D), and GEO (Figure 1E) datas-
ets. Meanwhile, there was a significant increase
in NABP2 protein expression in HCC using the
HPA database (Figure 1F) and CPTAC database
(Figure 1G). Moreover, HCC patient with the
low protein expression level of NABP2 had a
higher survival rate of (p=0.049) (Figure 1H).
Furthermore, we detected NABP2 expression in
20 pairs of HCC tissue and compared normal
tissue by using IHC. As shown in Figure 1l,
NABP2 expression increased significantly in
HCC compared to adjacent normal tissue. Then,
according to Oncomine analyses, a higher level
of NABP2 expression was observed in cancer
tissues than in normal counterparts in the kid-
ney, lung, and liver, while it was significantly
lower in pancreatic cancers and brain cancers
compared with the corresponding normal tis-
sues (Figure S1). Moreover, several cancers
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were found to express NABP2 mRNA more
strongly in the GEPIA database (Figure S1). The
inconsistent data on NABP2 expression from
Oncomine and GEPIA databases might be
attributed to heterogeneity in the cancer popu-
lations of the two databases.

Prognostic role of NABP2 expression in HCC

GEPIA data revealed the prognostic role of
NABP2 in HCC. We found that an increased
expression of NABP2 in HCC was correlated
with poor disease-free survival (DFS) and over-
all survival (0S) of HCC patients in the GEPIA
database (Figure 2A). Subsequently, the ICGC
database showed that the high expression of
NABP2 was associated with poor OS among
patients with HCC (Figure 2B). Furthermore, the
Kaplan-Meier Plotter database analysis indi-
cated high levels of NABP2 resulted in lower
OS, Progression Free Survival (PFS), Relapse
Free Survival (RFS), and Disease Specific
Survival (DSS) rates (Figure 2C). To further
reveal the prognostic value of NABP2, we per-
formed univariate and multivariate Cox regres-
sion analyses using the HCC data from the
TCGA and ICGC databases (Figure 2D and 2E).
The results showed that NABP2 was an inde-
pendent prognostic factor for OS in HCC. In con-
clusion, these results implied that NABP2 could
serve as a potential prognostic indicator for
HCC.

The correlation of NABP2 expression levels
with the regulation of the cell cycle signal
pathway and infiltrating immune cells

Next, GSEA analysis was performed to reveal
the pathways regulated by NABP2. Figure S2A
shows Alzheimer’s disease and cell cycle abnor-
malities related to NABP2. On the contrary,
changes in fatty acid metabolism and the per-
oxisome proliferator-activated receptor (PPAR)
signaling pathway were observed to be associ-
ated with low expression of NABP2 (Figure
S2B).

NABP2 expression in HCC was correlated with
the number of infiltrating immune cells accord-
ing to a TIMER database analysis (Figure S3).
Figure S3A shows that NABP2 expression lev-
els were associated with CD8* T cell levels and
the infiltration levels of B cells in HCC tissues.
Next, we used CIBERSORT to predict immune
cell infiltration in HCC using the TCGA dataset.
Correlations between NABP2 expression and
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Figure 1. Expression levels of NABP2 in hepatocellular carcinoma (HCC). A comparison of NABP2 expression between HCC tissues and normal tissues via the TCGA
(A) and ICGC databases (B). A comparison of NABP2 expression in HCC tissues and normal tissues via the GCPIA database (C, D) and GTEx data (E). NABP2 protein
expression in (F) the HPA database and (G) the CPTAC database. (H) The correlation between protein levels of NABP2 with the overall survival ratio of HCC patients.
(I) Protein levels of NABP2 in HCC using IHC from xiangya hospital. The t test was to analyze the prominent of difference in NABP2 between 2 experimental groups.
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Figure 2. NABP2 expression predicted the prognosis of hepatocellular carcinoma (HCC). (A) A correlation analysis of NABP2 and overall survival (0S), disease-free
survival (DFS) in HCC using the Gene Expression Profiling Interactive Analysis database. (B) Correlation between NABP2 expression and OS from the International
Cancer Genome Consortium (ICGC) database. (C) The correlation between NABP2 expression and OS, PFS, RFS, and DSS in HCC using the Kaplan-Meier Plotter
database. Cox regression and ROC curve analyses showed associations between NABP2 expression and clinical factors in HCC survival in (D) the Cancer Genome
Atlas database and (E) the ICGC database.
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the infiltration levels of neutrophils and eosino-
phils were observed in HCC (Figure S3B).
Furthermore, we found that CD4 memory rest-
ing T cells and naive B cells were significantly
reduced in the group with high expression of
NABP2 (Figure S3C). The results indicated that
NABP2 regulated immune cell infiltration in
HCC.

NABP2 is an oncogene in HCC

To assess the role of NABP2 in HCC cells, a
siRNA targeting NABP2 was transfected into
LM3 and Huh7 cells. The results showed that
silencing of NABP2 inhibited cell proliferation
(Figure 3A and 3B), induced apoptosis (Figure
3C), and blocked the cell cycle in S phase in
LM3 cells, and blocked the cell cycle in GO/G1
phase in Huh7 cells (Figure 3D). Moreover, tran-
swell and wound-healing assays showed that
silencing NABP2 inhibited HCC cell migration
(Figure 3E and 3F). These results indicated
that NABP2 promoted HCC progression by
increasing cell viability and repressing cell
apoptosis in HCC.

To further reveal the role of NABP2 in immuno-
regulation in HCC, we explored the expression
of chemokines and cytokines in NABP2-
silenced HCC cells. As shown in Figure 3G, IL4,
IL9, and IL23 were significantly decreased in
LM3 and Huh7 cells by silencing NABP2. IL17B
was down-regulated by silencing NABP2 in
Huh7 cells (IL17B expression was not detected
in LM3 cells). Together, according to these
results, NABP2 could play a critical role in
immunoregulation by regulating 1L4, IL9, IL23,
and IL17B expression in HCC cells.

Identifying hub modules and enrichment
analysis

To further reveal the mechanisms of NABP2-
associated regulations, we analyzed the
NABP2-associated core module in HCC using
WGCNA datasets. As shown in Figure 4A,
seven, six modules, and eight modules were
obtained for HCC from the GEO, ICGC, and
TCGA databases, respectively. The turquoise
module was statistically associated with
NABP2 in the TCGA cohort dataset, the grey
module was statistically correlated with NABP2
in the ICGC cohort dataset, and the yellow mod-
ule was statistically associated with NABP2 in
the GEO cohort dataset, as shown in Figure 4A.

4210

Considering that the focus of our study was
NABP2, 668 hub genes were obtained in tur-
quoise modules from the TCGA-LIHC dataset,
2,995 hub genes were obtained in grey mod-
ules from the ICGC dataset, and 169 hub genes
were obtained in yellow modules from the GEO
dataset. Subsequently, a Venn diagram illus-
trated 45 overlapped NABP2-related genes
from the TCGA, ICGC, and GEO cohort datasets
(Figure 4B). Moreover, GO and KEGG pathway
analyses showed that 45 NABP2-related com-
mon genes were related to the p53 signaling
pathway, cell cycle, and DNA replication (Figure
4C and 4D).

NABP2-related gene cluster biological charac-
teristics

Subsequently, an unsupervised consensus
analysis was conducted based on the 45
NABP2-related genes. Two subtypes of HCC
were identified, and the patients in cluster A
showed poorer prognoses than those in cluster
B (Figure 5A-C).

To further explore the heterogeneity of two clus-
ters, differential expression and immune cell-
infiltration analyses were performed using the
TCGA, ICGC, and GEO databases (Figure 6). The
45 NABP2-related genes were more prevalent
in cluster A than in cluster B (Figure 6).
Moreover, the activated CD4 T cells and T help-
er cells were increased in cluster A, while eosin-
ophils were decreased in cluster A in the TCGA,
ICGC, and GEO databases (Figure 6).

Construction and verification of a NABP2-relat-
ed gene risk signature

We analyzed the 440 differentially expressed
genes between two clusters that overlapped
among the three databases (Figure 7A). The
KEGG and GO enrichment analyses showed
that the 440 genes were associated with DNA
replication and the cell cycle (Figure 7B and
7C). We then used the 440 cluster-related dif-
ferential genes to establish a prognostic signa-
ture by employing the LASSO Cox regression
analysis based on the TCGA datasets (Figure
7D). Considering the median of the risk scores,
patients with HCC were then classified into low-
risk and high-risk groups.

Risk score = PSRC1 x 0.0789 + KIF20A x
0.0665 + GINS1 x 0.0057 + HDAC2 x 0.0052.
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Figure 3. NABP2 siRNA influenced NABP2 expression, LM3 and Huh7 cell proliferation, apoptosis, cell cycle, and cell migration (n = 3). (A) Protein expression of
NABP2 in Huh7 and LM3 cells. (B) Silencing NABP2 inhibited cell proliferation, (C) induced hepatocellular carcinoma cell apoptosis, (D) regulated the cell cycle, and
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t-tests were used to analyze comparisons between groups. Statistical significance: *P < 0.05, P < 0.01, "P < 0.001, """P < 0.0001.

4212 Am J Transl Res 2023;15(6):4203-4227



A TCGA

Module-trait relationships

MEred 0083 02 021 -0023 0042 -0056 -0066
(01) (1e-04) (1e-04) (07) (04) (03) (0.2)
MEblue -0091 0015 025 004 011 -016 -0099
(009) (08) (3e-06) (0.5 (0.05) (0.002) (0.07)
MEyoliow -01 0027 019 0092 015 -012 -0084
(006) (06) (3e-04) (0.09) (0.006) (0.03) (0.1)
MEgreon -0043 0069 0077 0092 012 -0086 -0075
g 04) (02 (02 (009 (002) ©1) (0.2)
MEbrown -009 0063 015 014 016 -0.054 —0.059
(009) (02) (0004) (001) (0.002) (03) (0.3)
MEturquoise -0091 007 03 018 023 041 -0091
“ (009) (02) (2e-08) (5e-04) (1e-05) (0.05) (0.09)
MEgre -0054 0044 029 016 019 014 —0.11
orey (03) (04) (3e-08) (0.003) (5e-04) (0.01) (0.05)
T R
Ka 0?(\ @’b y

TCGA turquoise

ICGgrey

NABP2 is an oncogene in HCC

ICGC

Module-trait relationships

MEgreen -003  -0004 022 -0015 0024 038 1
g (0.6) 02) (0.002) (0.8) 07) | (2e-08)
MEturquoise 0.11 -0.052 025 0033  -0015 024
1) (05  (2e-04)  (06) (08)  (4e-04) 05
MEbrown 0.031 0.002 017  -00047 0037 028
0.7) ) (0.02) (0.9) (06)  (4e-05)
0
MEblue -0.018 0.1 0.15 -0024 00016 026
(0:8) 01 (0.04) 07) ) (1e-04)
MEyelion 0.034 0.1 0.063 0.044 0.08 018 05
Y (0.6) (01) (0.4) (0.5) (03) (0.01)
MEgre: 0.069 -0.067 029 0.0042 0073 039
grey 0.3) (0.3) (2e-05) ) 0.3) (1e-08) -1
5 @ @ o v
afba ® 5}'& (\'”Qd &° ?"g
E; S N <
& &
&

A f ¢
«® \“ onroLoey
» = Biological Process
= Molecuiar Function
Cellular Component
- . % -
- 7 s 8 togiO(Pvalue)
2 Lo ©2
2 @4
B

iumber of Gene: = (6
= Nmber of oot — - ®n
‘ A Rieh Factor(0-1) ’ B - @10
00 * (10,15
® (1520]
\ w10
>

/
S——g®

\,’“"

\’/ o 4
o . ,,,b

= ™
Ll el

GEO

Module-trait relationships

MEbiue 0.048 015 -002 -034  -0065 .
(©5) 002) 08 (07  (03)
JP— -0.039 018 0018 -031 -0.033
urquoise (0.6) (0.006) (0.8) (3e-06) (0.6)
MEred 012 0034 0048 018 -023 05
(0.08) ©6) 05) 0007)  (7e-04)
MEbrown 006 -0068 004 0014 015
©4) 03) (06) ©8) (0.03) 0
MEgreen 0.058 -012  -0021 00023 027
g ©4) (007) (08) ) (4e-05)
-0.11 -0.029 012 0.048 015
MEblack ©n  ©n  ©0 ©5  ©003) |||l-0s
Evel -0025  -013 -001 02 039
yellow ©.7) (0.05) (0.9) (0.003)  (1e-09)
Eare -0.04 019  -00065  -03 -005 »
grey (06) (0.004) (09)  (8e-08)  (05)
. Y . 2
& & & o o £
& & . B &
© (o)

DNA replication i qvalue

001
Cell cycle
. 002
Pyrimidine metabolism [ ] 003
004
p53 signaling pathway [ ]
Count

Oocyte meiosis [ ]

~

Mismatch repair 1@

Base excision repair 1@

o o~ w

Nucleotide excision repair 1@

~

o

Glutathione metabolism 1@

0.100.150.200.250.300.35
GeneRatio
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Figure 7. Construction of a NABP2-related risk signature for hepatocellular carcinoma. (A) An intersection gene clus-
ter diagram displaying NABP2-related genes from the Cancer Genome Atlas (TCGA), International Cancer Genome
Consortium (ICGC), and GSE14520 datasets. The cluster plot of the GO (B) and KEGG (C) intersection genes from
TCGA, ICGC, and GSE14520 datasets. (D) LASSO Cox regression analysis. (E) Survival analysis. (F) t-SNE analysis.
(G) ROC curve. (H) Distribution of the risk scores and heat map of NABP2-related signature genes.

Based on these results, we found that the prog-
noses were worse in the high-risk group than in
the low-risk group (Figure 7E). A t-SNE analysis
showed a distinct distribution of genes in the
high- and low-risk groups (Figure 7F), and the
AUC was 0.766 for 1-year, 0.696 for 2-year, and
0.671 for 3-year survival (Figure 7G). As shown
in Figure 7H, the survival rate was decreased
and the expression levels of risk genes (i.e.,
PCRC1, HDAC2, KIF20A, and GINS1) were
increased with increases in the risk score.

Next, the ICGC and GEO datasets were used to
verify the accuracy of the NABP2-related risk
signature in HCC. We found that the high-risk
group had a significantly higher death rate than
the low-risk group in both the ICGC and GEO
datasets (Figure 8A and 8E). A t-SNE analysis
showed a distinct distribution between the
high- and low-risk groups (Figure 8B and 8F).
The AUC was 0.724 and 0.622 for 1-year, 0.700
and 0.638 for 2-year, and 0.735 and 0.623 for
3-year survival, respectively (Figure 8C and
8G). As shown in Figure 8D and 8H, the HCC
patients with high risk had a poor survival rate
and increased expression of PCRC1, HDAC2,
KIF20A, and GINS1.

Prognostic value of the NABP2-related risk
signature

Next, we analyzed the prognostic role of the
NABP2-related risk signature. A Cox regression
analysis showed that risk score and stage were
independently associated with better out-
comes in HCC in both the TCGA (Figure 9A) and
ICGC databases (Figure 9C) and GEO database
(Figure 9E), respectively. To estimate the clini-
cal utility of the risk signature, ROC curves indi-
cated that the AUCs of stages were 0.638,
0.814, and 0.691 using the TCGA database
(Figure 9B), ICGC database (Figure 9D), and
GEO database (Figure 9F), respectively. The
results indicated that NABP2-related risk was a
highly reliable signature.

According to a gene set variation analysis
(GSVA), NABP2-related genes were primarily
enriched in the cell cycle, p53 signaling path-
way, and pyrimidine metabolism (Figure S4A). A

4218

GO analysis showed that NABP2-related genes
had a strong association with tubulin binding,
nuclear division, spindle, chromosomal region,
organelle fission, and microtubule binding vital
biological processes (Figure S4B). Results from
a KEGG analysis showed that NABP2-related
genes were primarily associated with DNA repli-
cation, regulation of the mitotic cell cycle phase
transition, and humoral immune responses

(Figure S4C).

Nomogram construction and prediction evalu-
ation

Based on independent prognostic factors, we
developed a nomogram to predict outcomes in
HCC over one, three, and five years (Figure 10).
Nomogram scores were calculated by adding
the points from all variables. Then, HCC patient
survival rates were predicted by drawing a verti-
cal line from the total points to the survival pre-
diction axis. In the calibration plot, nomograms
with 1-, 3-, and 5-year predictions indicated
that the nomograms performed well. To further
assess the net clinical benefits of multiple
prognostic factors, we used a DCA. According
to the concordance index curves, risk score
was a more accurate predictor of HCC survival
when compared to other clinical factors.

Estimation of the immune microenvironment
and tumor mutational burden according to the
risk signature

To confirm the accuracy of the cluster scheme
described above, we compared the immune
infiltration and immune-related pathways
between the high and low groups. Based on the
gene expression profiles, we determined the
stromal score, estimate score, tumor purity,
and immune score for each HCC sample using
the ESTIMATE algorithm. Compared to the low-
risk group, the high-risk group had significantly
lower stromal scores and significantly higher
estimate scores (Figure 11A). Based on these
results, it was clear that these two groups had
completely different characteristics in terms of
immune cell infiltration and immune-related
functions. Th2_cells, aDCs, macrophages, and
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Figure 8. NABP2-related gene prognostic signature of hepatocellular carcinoma (HCC) in the International Cancer
Genome Consortium (ICGC) dataset and verified in the GEO dataset. (A) Survival analysis, (B) t-SNE analysis, and
(C) ROC curve of HCC patients with low- or high-risk scores using the ICGC dataset. (D) Survival analysis, (E) t-SNE
analysis, and (F) ROC curve of HCC patients with high- or low-risk scores using the GEO dataset. Risk score distribu-
tion and signature gene heatmap for CRGs using the Cancer Genome Atlas dataset (G) and GEO dataset (H).

Treg cells were enriched in the high-risk group, riched in the low-risk group (Figure 11B). As
but cytolytic_activity, mast_cells, neutrophils, shown in Figure 11C, aDCs and MHC_class_|
NK_cells and type_IlI_IFN_responses were en- had a positive and significant correlation with
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the NABP2-related risk signature, while type_
II_IFN_responses, mast_cells, and NK_cells
had a negative correlation with the NABP2-
related risk signature. Finally, we compared
chemokines, cytokines, and immune check-
point expressions between the groups (Figure
Chemokines CCL3, CXCL6, CCL20,
CXCL8, CCL4L2, CCL28, CCL13, CXCL1,
CX3CL1, CXCL10, CXCL3, CXCL13, CXCL5,
CCL4, CCL3L1, CCL26, CXCL11, and CXCL9
exhibited high expression levels and chemo-
kines CCL14, CCL16, CXCL2, and CCL21 exhib-
ited low expression levels in the high-risk
group. A high level of expression for some
cytokine genes (IL23A, IL7, IL18, IL12A, IL10,

11D).
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IL17D, IL15, and IL1B) was detected in high-
risk individuals, while high expression levels
of IL27, IL32, and IL32 were observed in low-
risk individuals. Furthermore, there was high
expression of immune checkpoints (CD200R1,
CD160, TNFRSF14, CTLA4, PDCD1, and others)
in high-risk individuals.

We next analyzed the mutation rate and tumor
mutation burden (TMB) between the high- and
low-risk groups. Waterfall plots showed the
mutation distribution of the top 20 most fre-
quently mutated genes in HCC patients with
low or high risk (Eigure S5A). Patients in the
high-risk group had a higher mutation frequen-
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cy. The patients with high risk had a significant-
ly higher mutation frequency for TP53 than
patients with low risk, while the mutation fre-
quency of AXIN1 in the low-risk group was com-
parable to that in the high-risk group. A TMB
analysis indicated that no significant TMB dif-
ference was observed between the high and
low groups, but the H-TMB with high-risk group
had poor survival probability (Figure S5B).

Predictions for HCC drug treatments

To test if NABP2 could be used to treat HCC
patients individually, we compared the IC_ val-
ues of different chemotherapy agents between
NABP2-related risk signature groups. Drug sus-
ceptibility results showed that patients with
high risk had lower IC_ values for A-443654,
BI-2536, gemcitabine, GW843682X, JW-7-52-
1, paclitaxel, rapamycin, and vinorelbine than
patients with low risk, implying that the above
therapy may be more beneficial to these
patients (Figure 12).

Discussion

With high morbidity and mortality, HCC is a
growing burden on global health [11]. Despite
the approval of new drugs for HCC treatment,
the effectiveness in advanced HCC patients
remains unsatisfactory and the 5-year survival
rate remains low [12]. Hence, in order to diag-
nose and treat HCC as early as possible, new
targets are urgently needed. To our knowledge,
this is the first study in which NABP2 has been
identified as an oncogene in HCC patients
and a NABP2-related prognosis signature was
described.

Being a regulator of DNA replication, recombi-
nation, and repair, NABP2 has recently been
identified as related to cancer susceptibility in
mice [13]. Through bioinformatics and IHC anal-
ysis, we found that higher levels of NABP2
MmRNA and protein were notably associated
with poorer DSS, OS, PFS, and RFS of patients
with HCC. Therefore, NABP2 could function as a
prognostic biomarker of HCC. During stalled
DNA replication forks, NABP2 functions by bind-
ing to ssDNA to facilitate the repair of double-
strand DNA breaks and oxidized DNA adducts
[8, 14-18]. A recent study showed that NABP2
might be related to the integrator complex, RNA
polymerase Il, and transcriptional termination
factors to promote mRNA transcriptional termi-
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nation [19]. Also, NABP2 could protect p53
against ubiquitin-mediated degradation in DNA
damage events and activate p53-mediated
expression of p21 [10], which was consistent
with our findings. In our study, pathways such
as the cell cycle, p53 signaling pathway, blad-
der cancer, pyrimidine metabolism, and gluta-
thione metabolism were enriched in cells with
NABP2 high expression in HCC. As a further
evidence for NABP2's tumor-promoting role in
HCC, we found that silencing NABP2 sup-
pressed cell apoptosis, cell proliferation, and
cell migration in HCC cell lines. Recently, evi-
dence has been growing that suggests tumor
suppressor genes or oncogenes can modulate
the immune system to inhibit or enhance tumor
growth [20, 21]. In our research, there was a
correlation between NABP2 expression and the
infiltration of neutrophils, B cells, CD4" cells,
CD8* TDCs, and macrophages, which implied
that NABP2 participated in regulating cancer
immunity. NABP2 was also related to Th2 mark-
er genes (STAT6 and STAT5A), which contribute
markedly to the infiltration of T helper cells. Our
study further showed a strong relationship
between NABP2 and T cell exhaustion. CTLA4
is an inhibitory T cell receptor and negatively
regulated the survival, proliferation, and cyto-
kine production of T cells [22, 23]. Higher
NABP2 expression levels were associated with
more exhausted T cell markers (CTLA4 and
LAG3) and inhibitory immune checkpoint pro-
teins. The progression of various types of can-
cer is influenced by chemokines and cytokines
by recruiting immune cells to the tumor [24].
Our study identified a positive correlation
between NABP2 expressions and IL-4, IL-9,
IL-17B, and IL23 levels, while silencing NABP2
drastically reduced expression of these cyto-
kines in HCC cells. Thus, we hypothesized that
over-expression of NABP2 was involved in HCC
progression by regulating the p53 signaling
pathway, cell cycle process, and recruitment of
immune cells.

Accumulating evidence has shown that gene
expression signals are precise predictors of
the prognosis in HCC patients. Huang et al.
developed and validated a prognostic signature
based on eight genes related to NOL12 [25].
This study provided additional evidence that
prognostic biomarkers and therapeutic targets
can be identified in HCC based on a prognostic
signature [25]. Given our results, which showed
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Figure 12. Drug sensitivity analysis of NABP2-related genes and risk scores showed an association with chemo-
therapeutic sensitivity in hepatocellular carcinoma. A. Differential chemotherapeutic responses in high- or low-risk
patients according to the gene signature model. B. Relationship between drug sensitivity and risk scores according

to the gene signature model.

that NABP2 had the potential to be a valuable
diagnostic and prognostic biomarker, the
NABP2-related gene signature was capable
of predicting patient outcomes with accuracy.
We obtained 440 cluster-related differential
genes that were both related to the cell cycle
and DNA replication. Then, based on screening
four NABP2-related genes, we constructed a
NABP2-related gene risk signature. The risk sig-
nature showed excellent performance with a
high level of accuracy in predicting 1-, 2-, and
3-year survival rates. In addition, the risk signa-
ture was independently determined through
independent prognostic analysis. As confirmed
by the DCA, ROC curve, and calibration curve,
our nomogram could provide clinicians with
an effective, convenient, and practical tool for
predicting prognoses in HCC patients. Immune
cell infiltration in the tumor microenvironment
(TME) critically influenced tumor metastasis,
cell survival, and resistance to therapy [26-29].
Our study indicated that the TME infiltration
characteristics, immune cell functions, and
expression of chemokines and cytokines were
different between high-risk and low-risk pati-
ents. Moreover, high-risk patients expressed
higher levels of immune checkpoint molecules,
indicating that they may benefit more from
immune checkpoint inhibitor treatment.

To some extent, drug repurposing can identify
“old drugs for new use”, which drives drug
development [30]. The correlation of a NABP2-
related signature with the efficacy of drugs was
analyzed using the TCGA-LIHC dataset. A total
of eight potential chemicals with a lower IC_
had a significant association with high-risk
NABP2. These results indicated that the eight
drugs might be candidates for treating HCC
patients with high-risk NABP2.

Conclusions

In conclusion, our study provided comprehen-
sive and strong evidence suggesting that
NABP2 can serve as a potential prognostic and
therapeutic biomarker for hepatocarcinogene-
sis. Additionally, the NABP2-related risk signa-
ture can function as a prognostic factor in HCC
treatment.
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Figure S1. The differential NABP2 expression between multi-tumor tissues and normal tissues using the Oncomine database and GEPIA database.
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Figure S2. Analyses of GSEA indicated pathways enriched in high expression phenotype (A) and low expression phenotype of NABP2 (B).
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Figure S3. Analysis of tumor immune cell infiltration relative to NABP2 expression in HCC. A. Correlation of immune cells with NABP2 expression using the TIMER
database. B. The relationship between immune cell infiltration from TCGA using CIBERSORT and NABP2 expression identified by Pearson test. C. The infiltration
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A Altered in 154 (87.01%) of 177 samples. Altered in 142 (79.78%) of 178 samples.
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Figure S5. Different NABP2-related risk signature groups for tumor mutation analysis. A. The waterfall plot of muta-
tion analysis. B. A comparison of the tumor mutation burden of NABP2-related genes in HCC patients with low-/
high-risk.



