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Abstract. Hepatocellular carcinoma (HCC) is characterized by 
a poor prognosis globally. PAX‑interacting protein 1 (PAXIP1) 
serves a key role in the development of numerous human cancer 
types. Nevertheless, its specific involvement in HCC remains 
poorly understood. Public repository systems (Integrative 
Molecular Database of HCC, Gene Expression Omnibus, The 
Cancer Genome Atlas, University of Alabama at Birmingham 
Cancer Data Analysis Portal, Tumor Immune Estimation 
Resource and Human Protein Atlas) were utilized to explore 
PAXIP1 expression in HCC and evaluate the prognostic value of 
PAXIP1 in patients with HCC. PAXIP1 expression was inves‑
tigated, and a notable relationship between PAXIP1 expression 
and various cancer types was found through analysis of The 
Cancer Genome Atlas data. More specifically, patients with 
HCC and lower PAXIP1 levels had improved survival rates. 
Furthermore, using LinkedOmics, the co‑expression network 
of PAXIP1 in HCC was determined. Colocalization analysis 
of PAXIP1 using chromatin immunoprecipitation‑sequencing 
data suggested that PAXIP1 might act as a cofactor for MYB 
proto‑oncogene like 2 or FOXO1 in HCC. In addition, by 
predicting and analyzing the potential transcription factors 
related to PAXIP1, nuclear respiratory factor 1 was identified as 

a factor upstream of PAXIP1 in HCC. Notably, PAXIP1 expres‑
sion exhibited a positive association with the infiltration of 
CD4+ and CD8+ T cells, macrophages, neutrophils and myeloid 
dendritic cells. Furthermore, PAXIP1 expression was associ‑
ated with a range of immune markers such as programmed 
cell death protein 1, programmed death‑ligand 1 and cytotoxic 
T‑lymphocyte associated protein 4 in HCC. The findings of the 
present study highlighted the prognostic relevance of PAXIP1 
and its function in modulating immune cell recruitment in HCC.

Introduction

Hepatocellular carcinoma (HCC) is the predominant form 
of primary liver cancer, as well as the third leading cause of 
cancer‑associated deaths worldwide (1,2). The prognosis of 
advanced HCC is particularly concerning because of high 
rates of recurrence and metastasis, which result in a poor 
5‑year survival rate worldwide (3). There are still gaps in the 
understanding of the molecular mechanisms that trigger HCC 
and facilitate its development, posing challenges for effective 
treatment (4). Consequently, a comprehensive understanding 
of these underlying mechanisms is crucial for advancing 
therapeutic strategies and improving patient outcomes.

PAX‑interacting protein 1 (PAXIP1) was initially iden‑
tified due to its interaction with paired box 2 (5) and other 
transcription factors (TFs) (6). Previous studies have high‑
lighted the involvement of PAXIP1 in the DNA damage 
response and the regulation of histone modifications (7‑10). 
Specifically, during the repair of double‑stranded DNA breaks, 
PAXIP1, in conjunction with p53‑binding protein 1 (53BP1), 
enhances non‑homologous end‑joining repair processes (10). 
Furthermore, PAXIP1 is crucial for the assembly of the 
histone methyltransferase complex at a Pax DNA‑binding site, 
which is a significant aspect of mammalian development (6,9). 
PAXIP1 also interacts with the histone methyltransferase 
complex, suggesting that it serves a role in histone methylation 
and demethylation (7,9,11,12).
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As a tandem BRCA1 C‑terminal domain protein (5,13), 
PAXIP1 is associated with multiple types of cancer. For 
instance, PAXIP1 has been shown to function as a prognostic 
biomarker in ovarian cancer (14,15). Additionally, reduced 
PAXIP1 levels have been observed in patients diagnosed with 
breast cancer and an unfavorable prognosis  (16). PAXIP1 
has been demonstrated to modulate the cell response in 
lung cancer  (17). Our previous study also demonstrated 
that PAXIP1 inhibited cell invasion via modulation of EPH 
receptor A2 (EphA2) expression in esophageal squamous cell 
carcinoma (18). Despite these findings, the expression patterns 
and precise role of PAXIP1 in HCC remain inadequately 
explored. Therefore, the protein and mRNA expression levels, 
prognostic significance and potential functions of PAXIP1 
in HCC were assessed. Using multidimensional analysis and 
various public databases, an in‑depth examination of the 
genomic alterations and functional networks pertaining to the 
role of PAXIP1 in HCC was conducted, thereby elucidating its 
involvement in tumor immunity.

Materials and methods

Cell culture and small interfering RNA (siRNA) transfection. 
The HuH‑7 and PLC‑PRF‑5 human liver cancer cell lines were 
obtained from FuHeng Biology. HuH‑7 cells were cultured in 
DMEM (cat. no. C11995500BT; Gibco; Thermo Fisher Scientific, 
Inc.) and PLC‑PRF‑5 cells were cultured in Minimum Essential 
Medium (MEM; cat. no. C11095500BT; Gibco; Thermo Fisher 
Scientific, Inc.). Cell media were supplemented with 10% FBS 
(cat. no. FBS500‑S; Ausgenex Pty, Ltd.) and 1% penicillin/strep‑
tomycin (cat. no. 15140122; Gibco; Thermo Fisher Scientific, 
Inc.). Cells were kept at 37˚C in a humidity‑controlled incubator 
with 5% CO2 supplementation. All cell lines underwent rigorous 
verification for mycoplasma contamination and were confirmed 
to be free of contamination. The cells were authenticated using 
short tandem repeat analysis.

siRNA transfection was conducted using Lipofectam ine™ 
2000 transfection reagent (cat. no. 52887; Invitrogen; Thermo 
Fisher Scientific, Inc.). All siRNA transfections were performed 
for 48 h at room temperature. HuH‑7 and PLC‑PRF‑5 cells 
were cultured in 6‑well plates to allow for adhesion and prolif‑
eration overnight. Before the introduction of the transfection 
agent, 1 ml serum‑free DMEM/MEM was used to replace 
the medium. The scrambled control, CCCTC binding factor 
(CTCF) and nuclear respiratory factor 1 (NRF1) siRNA 
molecules were chemically synthesized by Nanjing GenScript 
Biotech Co., Ltd. For 6‑well plates, 10 µl siRNA (20 µM) was 
dissolved in 5 µl siRNA transfection reagent and incubated for 
5 min at room temperature. The aforementioned mixture was 
then introduced to the cells. After 12 h, 1 ml DMEM/MEM 
supplemented with 10% FBS was added to each well. Cells 
were seeded at a density of 6x105 cells/well in 6‑well culture 
plates. After 24 h, the cells were transfected with the siRNA 
for 48 h and then RNA was extracted. The siRNA sequences 
used were as follows: NRF1, 5'‑GGA​AAC​UUC​GAG​CCA​
CGU​U‑3'; CTCF, 5'‑GCG​AAA​GCA​GCA​UUC​CUA​UAU‑3'; 
and control, 5'‑UUC​UCC​GAA​CGU​GUC​ACG​U‑3'.

Reverse transcription‑quantitative PCR (RT‑qPCR). Total 
RNA was extracted from HCC cells using RNeasy Kits 

(cat. no. 74104; Qiagen GmbH) according to the manufac‑
turer's instructions. cDNA synthesis was conducted with the 
Primescript RT‑reagent kit (cat. no. RR047A; Takara Bio, Inc.). 
The temperature and duration of reverse transcription were: 
37˚C for 15 min and 85˚C for 5 sec. qPCR was performed 
using SYBR Premix Ex Taq (Takara Biotechnology Co., 
Ltd.) on an ABI7500 system (Applied Biosystems; Thermo 
Fisher Scientific, Inc.). The 2‑ΔΔCq method was utilized for data 
analysis, using β‑actin for normalization (19,20). The thermo‑
cycling conditions were as follows: 95˚C for 5 min; 40 cycles of 
95˚C for 15 sec and 60˚C for 30 sec; 1 cycle of 95˚C for 15 sec, 
60˚C for 60 sec and 95˚C for 15 sec. The primer sequences 
used for qPCR were as follows: NRF1 forward, 5'‑CCG​GAA​
GAG​GCA​ACA​AAC​AC‑3' and reverse, 5'‑CTT​GCT​GTC​CCA​
CAC​GAG​TAG​T‑3'; CTCF forward, 5'‑CAT​CCA​GCA​TCA​
GAA​GTC​ACA​CA‑3' and reverse, 5'‑GCC​TCT​CCT​GTC​TAC​
AAG​CGT​AA‑3'; PAXIP1 forward, 5'‑CCA​GCT​GTA​CGG​
ACA​CTG​AGG‑3' and reverse, 5'‑TTG​TAT​GTC​CCT​GCT​
GGC​TGT‑3'; and β‑actin forward, 5'‑CAC​TCT​TCC​AGC​CTT​
CCT​TC‑3' and reverse, 5'‑GTA​CAG​GTC​TTT​GCG​GAT​GT‑3'.

Chromatin immunoprecipitation‑sequencing (ChIP‑seq) 
analysis. ChIP‑seq data for PAXIP1, MYB proto‑oncogene 
like 2 (MYBL2) and FOXO1 were retrieved from the 
ChIP‑Atlas database (http://chip‑atlas.org/). The cutoff of 
broad peak call was q<1x10‑5 (transcription start site ±1 kb). 
These datasets (GSE32465 and GSE104247) (21,22) under‑
went further analysis using the ChIP‑seq pipeline, mainly 
using the open‑source BEDTools and deepTools software 
suites. BEDTools (version 2.29.2) (23) was employed for the 
genome arithmetic. The computeMatrix program within deep‑
Tools (version 3.4.3) (24) facilitated the calculation of scores 
across genome regions and generated intermediate files for 
subsequent visualization with plotHeatmap in deepTools. For 
genome annotation, R (version 4.1.0; http://www.r‑project.org/) 
was used to analyze ChIPseeker (25). Gene Ontology (GO) 
analysis was implemented using Database for Annotation, 
Visualization and Integrated Discovery (DAVID) functional 
annotation tools (https://david.ncifcrf.gov/) (26). Metascape 
(https://metascape.org/) (27) was also employed to perform 
DisGeNET and PaGenBase enrichment analyses for PAXIP1 
target genes.

Integrative molecular database of HCC (HCCDB) analysis. 
HCCDB (http://lifeome.net/database/hccdb/) is a comprehen‑
sive HCC expression atlas encompassing 15 publicly available 
HCC gene expression datasets, which collectively include 
3,917 samples (28). This repository integrates data from prom‑
inent sources such as Gene Expression Omnibus, The Cancer 
Genome Atlas (TCGA) Liver HCC Project (TCGA‑LIHC) and 
Liver Cancer‑RIKEN, Japan Project from the International 
Cancer Genome Consortium. The HCCDB provides a 
platform for visualizing outcomes of various computational 
analyses, including differential expression analysis, as well 
as tissue‑ and tumor‑specific expression assessments. The 15 
HCC datasets were searched with the keyword ‘PAXIP1’.

Cancer cell line encyclopedia, human protein atlas (HPA) 
and cBioPortal database analysis. The mRNA and protein 
expression profiles were downloaded from the Cancer Cell 
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Line Encyclopedia (https://depmap.org/portal/interactive/) 
and the HPA (https://www.proteinatlas.org/) (29,30). cBio‑
Portal (https://www.cbioportal.org/), an open‑source cancer 
genomics data platform, was used to analyze the mutations, 
copy‑number alterations and gene expression of PAXIP1 in 
patients with HCC (31,32). Liver studies were selected and 
the keyword ‘PAXIP1’ was searched on the query page of the 
cBioPortal website (33‑42).

LinkedOmics database analysis. Analysis of PAXIP1 
expression in TCGA LIHC cohort was performed using the 
LinkedOmics database (http://www.linkedomics.org/) (43). 
Statistical analysis of PAXIP1 co‑expression was conducted 
using Pearson's correlation coefficient, with results visual‑
ized using volcano plots, heatmaps and scatter plots. The 
functional module of the platform facilitates the examina‑
tion of GO biological processes, Kyoto Encyclopedia of 
Genes and Genomes (KEGG) pathways, kinase‑target 
enrichment, microRNA (miRNA)‑target enrichment and 
TF‑target enrichment via gene set enrichment analysis 
(GSEA).

Kaplan‑Meier (KM) survival and nomogram analysis. KM 
survival analysis and plotting were performed using the R 
packages survival and survminer (https://CRAN.R‑project.
org/package=survminer). Analysis was performed using default 
parameters. The area under the curve (AUC) was analyzed 
using the R package timeROC (https://CRAN.R‑project.
org/package=timeROC). Based on prognostic clinical 
indicators and the survival analysis of the Cox regression 
model, age and pT_stage were entered into the risk model. 
The points against each factor were counted, and 1‑, 3‑ and 
5‑year survival rates were also calculated. The nomogram was 
constructed using the rms package (https://CRAN.R‑project.
org/package=rms)  (44). Additionally, the risk score was 
calculated as follows: Risk score=0.278 x PAXIP1 + 0.1718 x 
MYBL2 + 0.0175 x NRF1‑0.2226 x FOXO1. Based on the risk 
score, patients with HCC were divided into the low‑risk group 
and the high‑risk group using the median risk score as the 
cutoff (45).

Prediction of TFs of PAXIP1. The human TF (hTF) target 
database (http://bioinfo.life.hust.edu.cn/hTFtarget#!/) repre‑
sents an extensive resource dedicated to the regulation of 
hTFs and their respective targets (46). In the present study, 
this database was used to predict potential upstream TFs 
of PAXIP1. These TFs were then ranked according to their 
R‑ and P‑value, providing a systematic evaluation of their 
potential regulatory roles. Find Individual Motif Occurrences 
(v4.10.0; https://meme‑suite.org/meme/tools/fimo) was used 
to scan both the test and control sets, and then the numbers 
of recurrent motifs within the two sets were used to evaluate 
the significance of motifs for the TF (t‑test with Bonferroni 
correction P<0.01) (46).

Tumor immune estimation resource (TIMER) database. The 
TIMER database (https://cistrome.shinyapps.io/timer/) was 
used to analyze the expression profile of PAXIP1 and immune 
cell presence in HCC. For gene expression levels, log2 trans‑
formed transcripts per million values were used.

Analysis of cancer data using the University of alabama 
at birmingham cancer data analysis portal (UALCAN) 
database and gene expression profiling interactive analysis 
(GEPIA). UALCAN (http://ualcan.path.uab.edu) uses level 
3 RNA‑sequencing and clinical data from TCGA data of 
HCC. This platform facilitates a comprehensive analysis 
of gene expression, comparing tumor samples with healthy 
control tissues and examining variations across diverse 
tumor subgroups classified by cancer stage, tumor grade or 
other clinicopathological parameters. UALCAN was used 
to examine mRNA expression levels according to the online 
instructions. GEPIA (http://gepia.cancer‑pku.cn/) was used to 
investigate MYBL2 and FOXO1 expression in LIHC.

Visualization. Integrative Genomics Viewer (v2.17.0; 
http://software.broadinstitute.org/software/igv/home) was 
adopted to visualize ChIP‑seq tracks, while ChIP‑seq heat 
maps were generated using deepTools (47).

Drug sensitivity analysis. The Genomics of Drug Sensitivity in 
Cancer (GDSC; https://www.cancerrxgene.org/) database was 
utilized to evaluate the sensitivity of various chemotherapeutic 
agents. The pRRophetic package was employed to estimate the 
IC50 of these drugs (48).

Statistical analysis. All experiments were performed in trip‑
licate and repeated three times. All statistical analyses and 
subsequent visualization were implemented using R software 
(version 4.1.0). The data were assessed for normal distribution 
using the Shapiro‑Wilk method and for homogeneity of vari‑
ance using the Levene method. All two‑group comparisons 
of normally distributed data were performed using unpaired 
Student's t test. For multigroup comparisons, one‑way ANOVA 
with Tukey's post hoc test was used. Data that were not 
normally distributed or without homogeneity of variance were 
compared using Kruskal‑Wallis with Dunn's post hoc test and 
Wilcoxon rank sum nonparametric tests. Data are presented 
as the mean ± SEM (error bars). All survival analyses were 
conducted using KM analysis, the log‑rank test and the Cox 
proportional hazards model or the two‑stage method  (49). 
Pearson's test or Spearman's test was used to analyze the corre‑
lation of two variables. P<0.05 was considered to indicate a 
statistically significant difference.

Results

Upregulation of PAXIP1 in HCC. To ascertain the potential 
involvement of PAXIP1 in HCC, the transcriptional levels of 
PAXIP1 across HCC studies were assessed using HCCDB. 
Analysis of 11 HCC cohorts from this database demon‑
strated that PAXIP1 mRNA was upregulated in HCC tissues 
compared with adjacent non‑tumor tissues (Fig. 1A). A more 
granular examination of TCGA‑LIHC samples using the 
UALCAN database further demonstrated a marked increase 
in PAXIP1 expression compared with that in healthy controls 
across all tumor grades (Fig. 1B and C). In addition, analysis 
of subgroups stratified by sex, age and ethnicity indicated that 
PAXIP1 expression was higher in patients with HCC compared 
with healthy controls (Fig. S1A‑C). The methylation level of the 
PAXIP1 promoter region varied across groups based on sex, 
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Figure 1. Increased PAXIP1 expression in HCC. (A) Expression levels of PAXIP1 in tumor tissues vs. adjacent non‑tumor tissues in HCCDB, as analyzed 
using an unpaired Student's t‑test. For HCCDB3, tumor tissues were compared with adjacent non‑tumor tissues using an unpaired Student's t‑test. The sample 
sizes (n) were as indicated. Boxplots illustrating the relative expression levels of PAXIP1 in healthy controls and HCC samples based on (B) sample types 
and (C) tumor grade in The Cancer Genome Atlas. (B) Unpaired two‑tailed Student's t‑test. ***P<0.001. (C) One‑way ANOVA. *P<0.05, ***P<0.001. The 
sample sizes (n) were as indicated. (D) Analysis of the expression profile of PAXIP1 mRNA across 23 distinct HCC cell lines based on the Cancer Cell Line 
Encyclopedia database. Protein expression levels of PAXIP1 according to immunohistochemical staining (HPA006694) in (E) adjacent non‑tumor tissues and 
(F) LIHC tissues from the HPA database. Magnification, x40. HCC, hepatocellular carcinoma; HCCDB, Integrative Molecular Database of HCC; HPA, Human 
Protein Atlas; IQR, interquartile range; LIHC, liver hepatocellular carcinoma; PAXIP1, PAX‑interacting protein 1; STD, standard deviation.
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age and ethnicity (Fig. S1D‑F). The mRNA expression matrix 
from the Cancer Cell Line Encyclopedia dataset corroborated 
these findings, showing that PAXIP1 was highly expressed in 
HCC cell lines (Fig. 1D). Furthermore, immunohistochemical 
analysis from the HPA database showed an absence of PAXIP1 
protein in adjacent non‑tumor liver tissues, while its expression 
was elevated in HCC tumor tissues (Fig. 1E and F). Therefore, 
the aforementioned results suggested that PAXIP1 expression 
was upregulated in HCC.

High PAXIP1 expression is associated with poor prognosis 
in patients with HCC. To elucidate the relationship between 
PAXIP1 expression and HCC prognosis, PAXIP1 genomic 
alterations were first analyzed in HCC using the cBioPortal 
website. The results showed that genomic alterations in 
PAXIP1 were present in 1.2% of patients (Fig. 2A). These 
alterations were diverse in nature (Fig. 2B). Among patients 
with HCC, amplification was one of the major types of 
PAXIP1 copy number variation (Fig. 2C). The prognostic 
significance of PAXIP1 expression was further analyzed in 
HCC. Analysis of the overall survival (OS) rate showed that 
patients with high PAXIP1 expression had a low survival rate 
(Fig. 3A). For the receiver operating characteristic (ROC) 
curves, the AUC value range was 0.66‑0.59 for 1‑, 3‑ and 
5‑year prognoses (Fig. 3B). To determine whether PAXIP1 
could be used as an independent prognostic factor, univariate 
and multivariate Cox regression analyses were performed. 
Univariate Cox regression analysis indicated that PAXIP1 
was a significant risk factor for OS in patients with HCC 
(Fig. 3C; P=0.03328).

However, further multivariate Cox regression analysis 
and nomogram results showed that PAXIP1 was not an inde‑
pendent risk factor for HCC (Fig. 3D‑F). Collectively, these 
findings indicated that a high level of PAXIP1 may predict a 
low survival rate of patients with HCC.

PAXIP1 co‑expression networks in HCC. To investigate 
the biological significance of PAXIP1 in HCC, PAXIP1 
co-expression was examined in an HCC cohort using the 
LinkedOmics function module. It was shown that 5,710 genes 
were positively correlated with PAXIP1, while 3,317 genes 
were negatively correlated with PAXIP1 (false discovery 
rate <0.01; Fig. 4A). The heatmap further illustrates these 
correlations, highlighting the top 50 most significant 
genes, which were positively and negatively correlated with 
PAXIP1 expression (Fig. 4B and C). Subsequent GSEA was 
conducted to clarify the principal GO terms associated with 
PAXIP1 co‑expressed genes. The analysis of GO biological 
process categories showed that the genes co‑expressed with 
PAXIP1 were predominantly involved in processes such 
as ‘Protein alkylation’, ‘Covalent chromatin modification’, 
‘Non‑recombinational repair’ and ‘Maintenance of cell 
number’, whereas ‘Mitochondrial respiratory chain complex 
assembly’, ‘NADH dehydrogenase complex assembly’, 
‘Translational elongation’, ‘mitochondrial gene expression’ 
and multiple metabolic processes were found to be downreg‑
ulated (Fig. 4D; Table SI). KEGG pathway analysis indicated 
notable enrichment in pathways such as ‘MicroRNAs in 
cancer’, ‘Cell cycle’, ‘Complement and coagulation cascades’ 
and ‘Metabolism of xenobiotics by cytochrome P450’ 

(Fig. 4E; Table SII). These findings suggested the extensive 
impact of PAXIP1 on the global transcriptome, highlighting 
its potential role in HCC pathogenesis.

Functional analysis of PAXIP1 target genes in HCC. PAXIP1 
was associated with the survival rate of patients with HCC. 
Therefore, a functional analysis of PAXIP1 target genes was 
performed. Using ChIP‑seq data, 2,370 target genes were 
identified based on their binding scores (Table SIII). Using 
DAVID (26,50) and Metascape (27), functional annotation 
of the 2,370 PAXIP1 target genes was performed. The most 
enriched terms in the GO (Fig. 5A) and KEGG (Fig. 5B) 
analyses are shown. Notably, metabolism‑related pathways or 
processes showed a high frequency of occurrence, including 
‘Oxocarboxylic acid metabolism’, ‘Carbon metabolism’ and 
‘Propanoate metabolism’, indicating a potential role of PAXIP1 
in the metabolic mechanisms during HCC tumorigenesis.

The network of enriched terms elucidated the intricate 
interactions among the terms with considerable detail (Fig. 5C). 
To further understand the biological functions of the 2,370 
PAXIP1 targets, the Metascape database (https://metascape.
org/) was also employed to perform DisGeNET and PaGenBase 
enrichment analyses. The summary of enrichment analysis 
in DisGeNET and PaGenBase showed that the differentially 
expressed genes were mainly enriched in ‘Hepatomegaly’ 
(Fig. 5D) and ‘liver’ (Fig. 5E). These results suggested a tissue‑ 
or cell‑specific role for PAXIP1 and its target genes in HCC. 
Therefore, PAXIP1 may be associated with HCC tumorigen‑
esis via dysregulation of multiple pathways.

Special regions in HCC co‑occupied by PAXIP1, MYBL2 
and FOXO1. To understand the involvement of PAXIP1 in 
HCC and to expand the investigation to a genomic scale, 
the binding features of PAXIP1 in HCC cells were exam‑
ined. By performing co‑localization analysis of PAXIP1 
ChIP‑seq data (GSE104247) derived from HepG2 cells (22), 
19 potential genes were identified and a multi‑gene summary 
was performed using HCCDB. These genes were separated 
into two groups (upregulated and downregulated) based 
on their expression levels in HCC (Fig. 6A). Analysis using 
the GEPIA database revealed a marked increase in MYBL2 
expression and a notable decrease in FOXO1 expression in 
HCC (Fig. 6B and C). Notably, FOXO1 expression was not 
significantly changed when combining TCGA data with 
Genotype‑Tissue Expression data (Fig. 6C).

The genomic distribution of PAXIP1, MYBL2 (GSE32465) 
and FOXO1 (GSE104247) was then analyzed using data from 
previous studies (21,22). To visualize the overlap of PAXIP1, 
MYBL2 and FOXO1 binding sites, chromosomal folding was 
represented using a Hilbert curve, which preserves the spatial 
proximity of linearly adjacent regions (51). The distributions 
of PAXIP1, MYBL2 and FOXO1 exhibited similar patterns at 
the whole‑genome scale (Fig. 6D). It was further revealed that 
PAXIP1 shares 14,324 peaks with MYBL2 and 6,991 peaks 
with FOXO1 (Fig. 6E and F). To further analyze the relation‑
ship between PAXIP1, MYBL2 and FOXO1, the signals of 
PAXIP1, MYBL2 and FOXO1 were plotted in descending 
order in the PAXIP1/MYBL2‑ and PAXIP1/FOXO1‑cobound 
regions. PAXIP1 occupancy showed a similar pattern 
with MYBL2 and FOXO1 in their co‑bound regions 
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(Fig. 6G and H). Survival analysis revealed that in patients 
with HCC, elevated MYBL2 expression was associated with 
poorer OS, while reduced FOXO1 expression was also associ‑
ated with worse OS outcomes. However, only the difference in 
OS related to MYBL2 expression was statistically significant, 
whereas the difference associated with FOXO1 expression 
was not significant (Fig. 6I and J). Taken together, these find‑
ings demonstrated that PAXIP1 functioned as a cofactor for 
MYBL2 or FOXO1 in HCC.

Prediction and analysis of potential TFs of PAXIP1 in HCC. 
TFs are responsible for regulating gene expression in HCC 
development (52). To assess whether PAXIP1 was modulated 
by TFs, the upstream TFs of PAXIP1 were first predicted and 
the top 10 predicted TFs were identified using the hTF target 

database (Fig. 7A). Subsequently, survival analysis for all 10 
TFs was performed (Figs. 7B, C and S2). Among these TFs, 
CTCF and NRF1 have been demonstrated to be prognostic 
markers in liver cancer (53,54), according to the HPA database. 
No statistically significant differences were found; however, 
there was a tendency that elevated CTCF and NRF1 expres‑
sion levels were associated with poorer patient outcomes in 
HCC (Fig. 7B and C). To confirm the role of NRF1 and CTCF 
in the regulation of PAXIP1 in HCC, NRF1 and CTCF were 
knocked down with targeted siRNA. Decreased expression of 
NRF1 resulted in decreased PAXIP1 expression in HuH‑7 and 
PLC‑PRF‑5 cells; however, CTCF knockdown did not affect 
PAXIP1 expression (Fig. 7D). The aforementioned findings 
suggested that NRF1 may regulate PAXIP1 expression during 
the development of liver cancer.

Figure 2. PAXIP1 genomic alterations in fourteen studies of liver carcinomas analyzed using the cBioPortal database. (A) OncoPrint analysis of PAXIP1 gene 
alterations in cancer cohorts. (B) Diverse alterations of the PAXIP1 gene in cancer cohorts. (C) Characterization of PAXIP1 Gene Alteration Types in Cancer 
Cohorts. INSERM, French National Institute of Health and Medical Research; CLCA, Chinese Liver Cancer Atlas; MERiC/Basel, Meric Ataman University 
of Basel; MSK, Memorial Sloan Kettering Cancer Center; TCGA, The Cancer Genome Atlas; AMC, Asan Medical Center; RIKEN, RIKEN Yokohama Japan; 
N.S., not significant; PAXIP1, PAX‑interacting protein 1; VUS, variants of uncertain significance.



BIOMEDICAL REPORTS  22:  38,  2025 7

Figure 3. PAXIP1 is associated with survival in HCC. (A) Survival probability of the PAXIP1‑high and PAXIP1‑low groups. The P‑value and HR with the 95% 
CI were calculated using log‑rank tests. The sample sizes (n) were as indicated. (B) Time‑dependent receiver operating characteristic curve analysis of PAXIP1 
for 1, 3 and 5 years. P‑value, risk coefficient (HR) and CI as determined using (C) univariate and (D) multivariate Cox regression analysis. (E) Nomogram for 
the survival of patients with HCC (1‑, 2‑ and 3‑year overall survival). (F) Calibration curve for the overall survival nomogram model in predicting 1‑, 3‑ and 
5‑year overall survival in patients with HCC. AUC, area under the curve; C‑index, concordance index; HCC, hepatocellular carcinoma; HR, hazard ratio; 
PAXIP1, PAX‑interacting protein 1.

https://www.spandidos-publications.com/10.3892/br.2024.1916
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Since potential cofactors and regulators of PAXIP1 
were identified, the prognostic significance of these genes 
in HCC was assessed. Patients with HCC were redivided 

into the high‑risk (n=185) and low‑risk groups (n=185) 
according to the median risk score (Fig.  7E‑G). Those 
in the high‑risk group exhibited worse outcomes than 

Figure 4. PAXIP1 co‑expression genes in HCC analyzed using the LinkedOmics database. (A) Genes associated with PAXIP1 expression were identified using 
Pearson correlation analysis in the HCC cohort. (B) Heatmap depicting the top 50 genes showing a positive correlation with PAXIP1 in HCC. (C) Heatmap 
depicting the top 50 genes showing a negative correlation with PAXIP1 in HCC. (D) Gene Ontology biological process terms enriched in PAXIP1‑associated 
genes in the HCC cohort. (E) Kyoto Encyclopedia of Genes and Genomes pathways enriched in PAXIP1‑associated genes in the HCC cohort. FDR, false 
discovery rate; HCC, hepatocellular carcinoma; NAFLD, non‑alcoholic fatty liver disease; PAXIP1, PAX‑interacting protein 1.
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their low‑risk counterparts (Fig. 7H). For the ROC curve, 
the AUC range was 0.735‑0.649 for the 1‑, 3‑ and 5‑year 
prognoses (Fig. 7I). The results indicated that the combined 

expression of four genes, PAXIP1, MYBL2, FOXO1 and 
NRF1, could serve as an effective prognostic marker for 
HCC.

Figure 5. Enrichment analysis of PAXIP1 target genes in the GSE32465 and GSE104247 datasets. (A) Top 10 GO‑BP, GO‑CC and GO‑MF terms enriched 
in the GO analysis of the HepG2 cell line. (B) Top 10 pathways enriched in the KEGG analysis in HepG2 cells. (C) Metascape network of enriched terms 
for PAXIP1 target genes. (D) Enrichment analysis of DisGeNET using Metascape. (E) Enrichment analysis of PaGenBase using Metascape. BP, biological 
process; CC, cellular component; CTCAE, Common Terminology Criteria for Adverse Events; GO, Gene Ontology; HCC, hepatocellular carcinoma; KEGG, 
Kyoto Encyclopedia of Genes and Genomes; MF, molecular function.

https://www.spandidos-publications.com/10.3892/br.2024.1916
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Figure 6. Identification of cofactors of PAXIP1 in HCC. (A) PAXIP1‑associated multi‑gene summary in the Integrative Molecular Database of HCC. 
(B) MYBL2 and (C) FOXO1 expression in LIHC tissues compared with corresponding TCGA and GTEx tissues from healthy controls. Unpaired two‑tailed 
Student's t‑test. *P<0.01. The sample sizes (n) were as indicated. (D) Hilbert curve plots showing the similarity of distribution of PAXIP1, MYBL2 and 
FOXO1 in human genomes. (E) Venn diagram showing the overlapping peaks between PAXIP1 and MYBL2. (F) Venn diagram showing the overlapping 
peaks between PAXIP1 and FOXO1. (G) Average occupancy plots and heatmaps (lower panel) depicting ChIP‑seq enrichment patterns for PAXIP1 and 
MYBL2 within 5 Kb of the center of the PAXIP1 peaks at PAXIP1/MYBL2‑cobound regions (n=14,324). (H) Average occupancy plots and heatmaps (lower 
panel) depicting ChIP‑seq enrichment patterns for PAXIP1 and FOXO1 within 5 Kb of the center of the PAXIP1 peaks at PAXIP1/FOXO1‑cobound regions 
(n=6,991). Prognostic value of (I) MYBL2 and (J) FOXO1 in HCC determined using the Gene Expression Profiling Interactive Analysis database. The P‑value 
was calculated using the (I) two‑stage method or (J) log‑rank test (n=364). ChIP‑seq, chromatin immunoprecipitation‑sequencing; GTEx, Genotype‑Tissue 
Expression; HCC, hepatocellular carcinoma; HR, hazard ratio; LIHC, liver hepatocellular carcinoma; LRPV, P‑value of the log‑rank test; MTPV, P‑value of 
the suggested stage‑II test; MYBL2, MYB proto‑oncogene like 2; N, healthy controls; PAXIP1, PAX‑interacting protein 1; T, tumor; TCGA, The Cancer 
Genome Atlas; TPM, transcripts per million; TSPV, P‑value of the two‑stage test (TSPV <0.05 represent a statistically significant difference); Diff, number of 
differentially expressed datasets.
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Figure 7. Identification of upstream factors of PAXIP1 in HCC. (A) List of top 10 predicted upstream TFs of PAXIP1. The P‑value was calculated using 
Student's t‑test. (B) Overall survival rate of patients with HCC with low and high CTCF expression. The P‑value was calculated using the log‑rank test (n=362). 
(C) Overall survival rate of patients with HCC with low and high NRF1 expression. The P‑value was calculated using the log‑rank test (n=361). (D) Reverse 
transcription‑quantitative PCR analysis demonstrated that NRF1 knockdown downregulated PAXIP1 expression, while CTCF knockdown did not change 
the expression of PAXIP1 in HCC cells. Mean ± SEM of three independent experiments. Unpaired two‑tailed Student's t‑test. *P<0.05, **P<0.01, ***P<0.001. 
(E) Coefficients of PAXIP1, MYBL2, FOXO1 and NRF1 were determined using the lambda parameter. The x‑axis represents the lambda values, while the 
y‑axis denotes the coefficients of the independent variables. (F) Relationship between partial likelihood bias and log(λ) plotted through the application of 
the least absolute shrinkage and selection operator Cox regression model. (G) Risk score, survival time and survival status of selected high‑risk and low‑risk 
groups. The top section displays a scatter plot of risk scores arranged from low to high, with different colors representing different risk groups. The middle 
section shows the scatter plot distribution of risk scores corresponding to survival time and survival status for different samples. The bottom section presents 
a heatmap of the expression of genes included in the signature. (H) Kaplan‑Meier survival analysis was conducted to assess the risk model derived from the 
dataset, and comparisons between different groups were performed using the two‑stage method. (I) Receiver operating characteristic curve and AUC of 
PAXIP1‑related genes. The data in (B, C and E‑I) were from The Cancer Genome Atlas. AUC, area under the curve; CTCF, CCCTC binding factor; Ctrl, 
control; HCC, hepatocellular carcinoma; HR, hazard ratio; LRPV, P‑value of the log‑rank test; MTPV, P‑value of the suggested stage‑II test; MYBL2, MYB 
proto‑oncogene like 2; NRF1, nuclear respiratory factor 1; NS, not significant; PAXIP1, PAX‑interacting protein 1; si, small interfering RNA; TF, transcription 
factor; TPM, transcripts per million; TSPV, P‑value of the two‑stage test.

https://www.spandidos-publications.com/10.3892/br.2024.1916
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Relationship between PAXIP1 and tumor immunity in HCC. 
To elucidate the molecular mechanisms underlying the role of 
PAXIP1 in HCC, patients were stratified into two subgroups 
based on PAXIP1 expression levels: i)  The PAXIP1‑high 
group (PAXIP1‑High; n=186); and ii) the PAXIP1‑low group 
(PAXIP1‑Low; n=185), determined by the median expression 
value. Differential expression analysis between these two 
subgroups was conducted (Fig. 8A and B). The subsequent GO 
and KEGG results revealed that the upregulated genes in the 
PAXIP1‑High group were predominantly associated with ‘cell 
cycle’ pathways (Fig. 8C), as well as with processes related 
to ‘organelle fission’, ‘nuclear division’ and ‘chromosome 
segregation’ (Fig. 8D). Conversely, the downregulated genes 
in the PAXIP1‑High group were involved in ‘PPAR signaling 
pathway’, ‘metabolism of xenobiotics by cytochrome P450’ 
and ‘complement and coagulation cascades’ (Fig. 8E), and in 
‘lipid localization’, ‘glycerolipid metabolic process’ and ‘acute 
inflammatory response’ (Fig. 8F). These findings indicated 
that the differential expression of PAXIP1 target genes may 
result in the dysregulation of cell division, immune responses 
and metabolic processes.

The chemotherapeutic response of each sample was 
assessed using the GDSC database. The 50% maximal inhibi‑
tory concentrations for the samples were estimated via ridge 
regression, and all the involved parameters were set to their 
default values. To eliminate batch effects, combat normaliza‑
tion was applied, and duplicate gene expression values were 
summarized by taking their mean. The results showed that the 
sensitivities to the chemotherapeutic drugs axitinib, lenalido‑
mide, pazopanib, sorafenib and XL‑184 (Fig. 9A‑E; P<0.001) 
were significantly negatively correlated with PAXIP1 expres‑
sion in HCC. These analyses indicated that upregulation of 
PAXIP1 expression may increase sensitivity to the aforemen‑
tioned chemotherapy drugs in HCC treatment.

Given the possible oncogenic function of PAXIP1 in HCC, 
it is imperative to explore the relationship between PAXIP1 
and immune events in HCC. Utilizing the TIMER database, 
the correlation between PAXIP1 expression and immune cell 
infiltration was evaluated. The analysis revealed a positive 
association between PAXIP1 expression and the presence 
of CD4+ T cells, neutrophils, macrophages, B cells and 
myeloid dendritic cells within HCC tissues (Fig. 10A and B). 
Immune checkpoints such as programmed cell death protein 
1 (PD1/PDCD1)/programmed death‑ligand 1 (PD‑L1/CD274) 
and cytotoxic T‑lymphocyte associated protein 4 (CTLA4) are 
crucial for the modulation of immune responses and tumor 
immune evasion (55). The current study demonstrated a signif‑
icant positive correlation between PAXIP1 expression and the 
levels of PDCD1, CD274 and CTLA4 (Fig. S3A‑C; P<0.05). 
Further analysis using the GEPIA database corroborated 
these findings, revealing a weak positive correlation between 
PAXIP1 and PDCD1, CD274 and CTLA4 expression in HCC 
(Fig. S3D‑F). Therefore, PAXIP1 may contribute to carcino‑
genesis in HCC through mechanisms involving immune cell 
infiltration and tumor immune escape.

Discussion

HCC is a common and aggressive malignancy found in several 
countries. A total of 80‑90% of liver cancer cases develop 

because of underlying conditions such as hepatitis B/C virus 
infection and alcohol‑induced liver cirrhosis (56). The exact 
etiology of liver cancer is under investigation; however, its 
development originates from a complex interplay of genetic 
and environmental factors  (56). The present study high‑
lighted the significant role of the epigenetic factor PAXIP1 
in the pathogenesis and progression of HCC. The results 
demonstrated that PAXIP1 may be a critical node in HCC 
development, subject to transcriptional regulation, and may act 
together with other cofactors to exert its functions. A model of 
the NRF1‑PAXIP1 axis in HCC is shown in Fig. 10C. It was 
shown that PAXIP1 serves as a prognostic biomarker closely 
linked to immune infiltration in HCC. This demonstrates that 
PAXIP1 may be the key in controlling immune cell infiltra‑
tion, thereby highlighting its potential as a valuable prognostic 
marker for patients with HCC. Further prospective cohort 
studies are warranted to elucidate this association, and further 
research is necessary to identify the prognostic significance of 
PAXIP1 in HCC.

Research on PAXIP1 as an epigenetic factor has primarily 
focused on four areas: Developmental biology, DNA damage 
repair, immune‑related functions and tumor develop‑
ment (18,57‑62). In 2003, Cho et al (13), using PAXIP1 gene 
knockout mice, found that these mice exhibited delayed 
development, culminating in embryonic lethality around 
embryonic day 9.5. Although subsequent analysis revealed 
that knockout cells were capable of DNA replication, mitotic 
division was decreased (13). A recent study has also indicated 
that PAXIP1 is crucial for maintaining mitotic integrity, with 
PAXIP1 inactivation leading to increased cell death during 
mitotic exit (57). The results of the present study suggested 
that PAXIP1 and co‑expression genes were involved in 
multiple processes related to cell division in HCC, including 
DNA replication and covalent chromatin modifications. 
PAXIP1 is part of the myeloid/lymphoid or mixed‑lineage 
leukemia 3 (MLL3)/myeloid/lymphoid or mixed‑lineage 
leukemia 4 (MLL4)‑complex proteins associated with Set1 
(COMPASS)‑like complex, which serves a critical role in 
maintaining DNA modifications and structure  (63). These 
complexes deposit H3K4me1 marks on enhancers to regulate 
gene transcription (63). The interaction of PAXIP1 with DNA 
is not solely dependent on the COMPASS‑like complex; it 
also interacts with 53BP1 and participates in DNA damage 
repair (64).

In the current study, upregulation of PAXIP1 was associated 
with poor outcomes in patients with HCC. It has been demon‑
strated that multi‑gene prognostic models were more effective 
and comprehensive than single‑gene prognostic models in 
predicting cancer outcomes (65). FOXK1 (66), FOXO1 (67), 
histone deacetylase 2 (68), MYBL2 (69) and SWI/SNF related 
BAF chromatin remodeling complex subunit C1 (70) were 
previously reported to be favorable or unfavorable prognostic 
markers in liver cancer, and were associated with PAXIP1 
in HCC. The present results were consistent with the afore‑
mentioned conclusion. In the present study, using PAXIP1, 
MYBL2, FOXO1 and NRF1 as a four‑gene prognostic marker 
for HCC had a strong capacity for predicting prognosis.

Metabolic reprogramming is a defining characteristic of 
numerous cancer types, including HCC. Changes in metabolic 
processes provide advantages for tumor expansion, tumor 
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growth and survival by increasing energy production, macro‑
molecular synthesis and redox equilibrium maintenance (71). 
In the present study, ChIP‑seq data were analyzed and it 

was revealed that PAXIP1 binds to genes associated with 
metabolism, indicating its potential role in regulating meta‑
bolic processes in HCC development. Deficiency of UTX, a 

Figure 8. Differential gene expression analysis based on the expression levels of PAXIP1 in hepatocellular carcinoma. (A) Volcano plot indicating upregulated 
and downregulated genes when comparing PAXIP1‑high and PAXIP1‑low patients. (B) Heatmap showing the top 50 upregulated genes and top 50 down‑
regulated genes in PAXIP1‑high and PAXIP1‑low patients. Significantly enriched (C) KEGG pathways and (D) GO annotations of upregulated target genes. 
Significantly enriched (E) KEGG pathways and (F) GO annotations of downregulated target genes. The data were obtained from The Cancer Genome Atlas. 
ECM, extracellular matrix; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; p.adjust, adjusted P‑value; PAXIP1, PAX‑interacting 
protein 1; PPAR, peroxisome proliferator‑activated receptor.
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Figure 9. Spearman correlation analysis of the IC50 values of compounds from the Genomics of Drug Sensitivity in Cancer database and PAXIP1 gene 
expression. Distribution of IC50 scores, and Spearman correlation analysis of PAXIP1 expression and the IC50 of different cancer medicines. (A) Axitinib. 
(B) Lenalidomide. (C) Pazopanib. (D) Sorafenib. (E) XL‑184. For correlation analysis, the horizontal axis illustrates the distribution of PAXIP1 expression 
levels, while the vertical axis represents the distribution of IC50 scores. The density curve on the right represents the trend in the distribution of IC50 scores. The 
density curve at the top represents PAXIP1 expression levels. Kruskal‑Wallis test with Dunn's post hoc test. **P<0.01, ***P<0.001, ****P<0.0001. The Spearman 
correlation coefficient and P‑value based on Spearman's test are indicated. The sample sizes (n) were as indicated. PAXIP1, PAX‑interacting protein 1.
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Figure 10. Potential role of PAXIP1 in regulating immune cell infiltration. (A) Heatmap illustrating the correlation between PAXIP1 expression and the extent 
of immune cell infiltration based on the Tumor Immune Estimation Resource database. Kolmogorov‑Smirnov and Wilcoxon rank sum tests. The P‑value 
represents the comparison between PAXIP1‑high group and PAXIP1‑low group. **P<0.01, ***P<0.001. (B) Heatmap analysis revealed a positive correlation 
between PAXIP1 expression and various immune cells, including CD4+ T cells, neutrophils, macrophages, B cells and myeloid dendritic cells in HCC. 
(C) Proposed model of the role of the NRF1‑PAXIP1 axis in the carcinogenesis of HCC. HCC, hepatocellular carcinoma; MYBL2, MYB proto‑oncogene like 
2; NRF1, nuclear respiratory factor 1; PAXIP1, PAX‑interacting protein 1.

https://www.spandidos-publications.com/10.3892/br.2024.1916
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PAXIP1‑interacting protein, in adipocytes leads to metabolic 
dysfunction in the liver (72). Further evidence is needed to 
clarify whether UTX is required for PAXIP1 to affect liver 
cancer metabolism.

Our previous study in Drosophila suggested that PAXIP1 
mediated a molecular switch between histone modifica‑
tions, namely H3K4me3/H3K27ac and H3K27me3, in 
Trithorax‑related or polycomb‑occupied regions (59). However, 
to the best of our knowledge, the precise mechanism by which 
PAXIP1 is specifically recruited to the promoter regions 
of target genes is yet to be understood. Typically, PAXIP1 
specifically binds to target genes through interaction with 
other specific TFs and recruits them to the promoter region (5). 
Our previous study indicated that PAXIP1 interacted with 
Fosl2 or YY1 to be recruited to the EphA2 promoter region in 
esophageal squamous cell carcinoma (18). The present analysis 
revealed that PAXIP1, MYBL2 and FOXO1 exhibited similar 
genomic distributions, and the expression levels of these 
factors were associated with survival rates in HCC except for 
those of FOXO1. Therefore, PAXIP1 may be recruited to the 
promoter regions of its target genes via MYBL2 or FOXO1 in 
HCC cells.

A pharmacological screen involving 17 kinases found that 
PAXIP1 enhanced sensitivity to AZD1775 in combination with 
platinum‑based treatment in lung cancer (17). Consistent with 
a previous study (17), elevated PAXIP1 expression was associ‑
ated with heightened sensitivity of hepatocellular carcinoma to 
chemotherapeutic drugs. Further studies are needed to explore 
the mechanisms underlying the observed associations.

PAXIP1 serves a crucial yet inadequately understood role 
within the immune system. PAXIP1 participates in immu‑
noglobulin class switching and variable‑diversity‑joining 
rearrangement recombination, which depend on MLL3‑MLL4 
complex activity  (73). Another study demonstrated that 
PAXIP1 regulated thymocyte development in the thymus (74). 
In Paxip1 knockout mice, a marked increase the population of 
CD4+ and CD8+ single‑positive T cells was observed compared 
with that in wild‑type mice (74). The present analysis revealed 
a positive association between the expression of PAXIP1 and 
various immune cell types within the tumor microenviron‑
ment, including CD4+ T cells, neutrophils, macrophages, 
B cells and myeloid dendritic cells. Studies have shown that 
the infiltration of CD4+ T cells, especially certain subsets such 
as regulatory T cells and effector memory T cells, is associ‑
ated with the immune response in HCC (75,76). The results of 
the present study suggested that PAXIP1 may be implicated 
in the tumor immune response, potentially offering novel 
insights for HCC treatment. Overall, the results of the present 
study revealed a key role of PAXIP1 in HCC development, and 
provided a novel index for the clinical diagnosis of HCC.
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