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Abstract. Liver cancer, including hepatocellular carcinoma 
(HCC), is a malignant tumor that has high rates of metas‑
tasis and mortality worldwide. Upstream transcription factor 
1 (USF1) is a canonical transcription factor (TF) and is 
associated with the pathogenesis of several cancers, but its 
biological functions and molecular targets in HCC remain 
unclear. Huh7 cells that overexpress USF1 were used with 
whole transcriptome profiling through RNA sequencing and 
chromatin immunoprecipitation (ChIP) sequencing methods 
to investigate the downstream targets of USF1. Reverse 
transcription‑quantitative PCR was then used to validate the 
downstream targets. The results showed that USF1 signifi‑
cantly regulates 350 differentially expressed genes (DEGs). 
The upregulated DEGs were primarily protein‑coding genes 
enriched in immune and inflammation response pathways, 
while the downregulated DEGs were mainly coding long 
non‑coding (lnc)RNAs, indicating the regulatory function of 
USF1. It was also demonstrated that USF1 directly binds to 
the promoter region of 2,492 genes, which may be involved in 
the viral progression and cell proliferation pathways. By inte‑
grating these two datasets, 16 overlapped genes were detected, 
including downregulated lncRNA‑NEAT1 and upregulated 
TF‑ETV5. The downregulated lncRNA‑NEAT1 showed 
reverse expression pattern and prognosis result compared with 
that of USF1 in patients with liver cancer, while upregulated 
TF‑ETV5 showed consistent results with USF1. Promoter 
region motif analysis indicated that ETV5 has more binding 
motifs and genes than USF1 itself for USF1‑regulated DEGs, 

indicating that USF1 may indirectly modulate gene expres‑
sion by regulating ETV5 expression in Huh7 cells. The study 
also validated the direct interaction between USF1 and the 
promoter of ETV5 using ChIP‑qPCR. In summary, the results 
demonstrated that USF1 binds to the promoter region of thou‑
sands of genes and affects a large part of DEGs indirectly. 
Downstream genes, including lncRNA‑NEAT1 and TF‑ETV5, 
may also have potential functions in the regulated network by 
USF1 and have potential functions in the progression of HCC. 
The present findings suggested that USF1 and its downstream 
targets could be potential targets for HCC therapy in the future.

Introduction

Liver cancer is one of the tumors with the highest mortality rate 
worldwide. According to the latest Cancer Statistical yearbook, 
830,000 individuals succumbed to liver cancer worldwide in 
2020, accounting for 8.3% of all cancer deaths, second only 
to lung cancer (1). Likewise, China is also characterized by a 
high incidence of liver cancer and related mortality. Among all 
the new cases of liver cancer and liver cancer‑related deaths 
registered worldwide, ~50% of them occurred in China, 
accounting for 409,000 and 391,000, respectively, and ranking 
second only to lung cancer in China (2). The high incidence 
and mortality of liver cancer pose a serious disease burden on 
the country and its population. Tumor resection, local ablation 
or liver transplantation can be used for the early treatment of 
liver cancer, while there is no effective treatment for advanced 
liver cancer due to liver metastasis. Although chemotherapy or 
multikinase inhibitors show some positive effects on patient 
survival, the prognosis remains poor (3); therefore, it is urgent 
to deeply analyze the pathogenesis and treatment of liver 
cancer (4).

Upstream transcription factor (USF) 1 belongs to the basic 
helix‑loop‑helix leucine zipper family and serves as a cellular 
transcription factor (TF). As a TF, USF1 has a bidirectional 
regulatory function, being able to regulate gene expression 
by activating or suppressing the promoter region of target 
genes (5,6). For instance, a previous study by the authors vali‑
dated that USF1 binds to the core promoter of APOBEC3G 
and increases its transcription level in hepatocytes  (7). 
Furthermore, it has been demonstrated that the binding of 
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USF1 to the Chitinase 3‑Like 1 (Chi3L1) promoter region 
can enhance the transcriptional activity of Chi3L1. However, 
paradoxically, USF1 reduces the expression of Chi3L1 in 
both mouse lung tissue and human lung cancer cells  (8). 
USF (including USF1 and USF2) is a negative transcrip‑
tional suppressor of human telomerase reverse transcriptase 
(hTERT) in oral cancer cells, which exerts its inhibitory effect 
by directly binding to the E‑box site of the hTERT promoter. 
Loss of USF's inhibitory effect on hTERT expression may 
induce the reactivation of telomerase and the occurrence of 
oral cancer (9). The defective expression of USF1 in gastric 
cancer could drive p53 degradation during Helicobacter pylori 
infection and is associated with gastric carcinogenesis (10). 
USF1 is involved in signaling pathways, including NF‑κB and 
inflammatory signaling (11,12). In addition to regulating the 
expression of protein‑coding genes, USF1 can also regulate 
long non‑coding (lnc)RNA and micro (mi)RNA that are 
involved in cancer development and other diseases (13,14). 
For example, USF1 can directly bind to the promoter region 
of lncRNA GAS6‑AS2 and overexpress GAS6‑AS2, thereby 
promoting the progression of osteosarcoma  (13). Single 
nucleotide polymorphism of rs2516839 in the 5' untranslated 
region of USF1 is significantly associated with an increased 
risk of liver cancer (15). LncRNA TUG1 could recruit USF1 
protein and enhance its transcriptional function activity to 
increase ROMO1 expression and finally promote the growth 
and metastasis of Huh7 cells (16). Meanwhile, USF1 promotes 
the expression of lncRNA‑FASRL by super‑enhancer, and the 
latter could promote de novo fatty acid biosynthesis to exacer‑
bate hepatocellular carcinoma (HCC) (17). USF1 expression is 
increased in patients with liver cirrhosis, poorly differentiated 
tissues, advanced stage and metastatic recurrence, suggesting 
its potential as a novel marker for metastatic recurrence in 
patients with liver cancer (18).

To investigate the clinical role of USF1 and elucidate the 
mechanisms involving genome‑wide USF1 binding sites and 
downstream gene alterations in cancer, the present study 
followed a comprehensive research approach. The study 
first examined the correlation between USF1 expression 
and patient prognosis within a tissue microarray cohort. 
This initial analysis was aimed to determine whether a 
significant association exists between USF1 expression 
levels and clinical outcomes in cancer. Subsequently, chro‑
matin immunoprecipitation followed by high‑throughput 
sequencing (ChIP‑seq), a cutting‑edge technique enabling the 
high‑resolution, genome‑wide identification of DNA‑binding 
protein sites was employed to precisely pinpoint the binding 
sites of the USF1 protein throughout the entire genome. 
To further advance the present research, cellular models 
involving USF1 overexpression (USF1‑OE) were established. 
Finally, RNA‑sequencing (RNA‑seq) was used to obtain 
transcriptomic data. This approach allowed a comprehensive 
investigation of the impact of USF1 on gene expression and 
function at the genomic level.

Materials and methods

Cloning and plasmid construction. The pcDNA3.1‑USF1 (cat. 
no. NM_007122) plasmid was purchased from Youbio Biotech 
(Changsha, China).

Cell culture and transfections. Huh7 cells, an adult HCC cell 
line (cat. no. CL‑0120; Procell Life Science & Technology 
Co., Ltd.), were cultured at 37˚C with 5% CO2 in DMEM 
(cat. no.  PM150210; Procell Life Science & Technology 
Co., Ltd.) with 10% FBS (cat. no. 10091148; Gibco; Thermo 
Fisher Scientific, Inc.), 100 µg/ml streptomycin and 100 U/ml 
penicillin (cat. no. SV30010, HyClone; Cytiva). For USF1‑OE, 
500 ng empty plasmid or USF1 overexpression plasmid were 
transfected into Huh7 cells at 37˚C using Lipofectamine™ 
2000 (cat. no. 11668019; Invitrogen; Thermo Fisher Scientific, 
Inc.) for 48 h, according to the manufacturer's protocol. The 
plasmid backbone used was pcDNA 3.1‑C‑FLAG, purchased 
from Youbio. The transfected cells were harvested for reverse 
transcription‑quantitative (RT‑q) PCR and western blotting 
analyses 1 week after transfection.

Western blotting. Huh7 cells were lysed in ice‑cold RIPA 
buffer (cat. no. PR20001; Wuhan Sanying Biotechnology) 
supplemented with a protease inhibitor cocktail (cat. 
no.  4693116001; Sigma‑Aldrich; Merck KGaA) and incu‑
bated on ice for 30 min. Samples were kept for 10 min in 
boiling water with protein loading buffer (cat. no. P1040; 
Beijing Solarbio Science & Technology Co., Ltd.). A total 
of 25 µg protein (as determined by the BCA method) was 
loaded per lane of a 10% gel and the proteins were sepa‑
rated by SDS‑PAGE, then transferred onto 0.45‑mm PVDF 
membranes (cat. no. ISEQ00010; MilliporeSigma). The PVDF 
membranes were then blocked using 5% skim milk for 1 h 
at room temperature and incubated overnight at 4˚C with 
primary antibody against FLAG tag (anti‑FLAG; 1:2,000; 
antibody produced in rabbit; cat. no. F7425; Sigma‑Aldrich; 
Merck KGaA) and GAPDH (1:1,000; antibody produced in 
rabbit; cat. no. A19056; ABclonal Biotech Co., Ltd.), followed 
by an incubation with horseradish peroxidase‑conjugated 
secondary antibody (anti‑rabbit; 1:5,000, cat. no. SA00001‑2; 
Wuhan Sanying Biotechnology) or anti‑mouse, 1:5,000; 
cat. no. AS003; ABclonal Biotech Co., Ltd.) for 45 min at 
room temperature. Subsequently, the protein bands on the 
membranes were visualized through chemiluminescence 
using ECL reagent (cat. no. P0018FM; Beyotime Institute of 
Biotechnology).

RNA‑seq and data analysis. RNA‑seq assays were performed 
by Wuhan Ruixing Biotechnology Co., Ltd. (http://www.rxbio.
cc). The collected Huh7 cells were subjected to total RNA 
extraction using TRIzol® (cat. no. 15596‑018, Ambion; Thermo 
Fisher Scientific, Inc.). The total RNA was further purified with 
two phenol‑chloroform treatments and then treated with RQ1 
DNase (cat. no. M6101; Promega Corporation) to remove DNA. 
The quality and quantity of the purified RNA were determined 
by measuring the ratio of the absorbances measured at 260 
and 280 nm (A260/A280=1.9‑2.1) using an Ultrafine spectro‑
photometer (N50 touch; Implen GmbH). The integrity of RNA 
was further verified using 1.5% agarose gel electrophoresis 
followed by staining with gel red (cat. no. GR501‑01; Vazyme 
Biotech Co., Ltd.) for visualization. For each sample, 1 µg 
of the total RNA was used for RNA‑seq library preparation 
using the VAHTS Stranded mRNA‑seq Library Prep kit (cat. 
no. NR605‑02, Vazyme Biotech Co., Ltd.). Polyadenylated 
mRNAs were purified and fragmented, and then converted 
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into double‑strand cDNA. After end repair and A tailing, 
the DNAs were ligated to VAHTS RNA Adapters. Purified 
ligation products corresponding to 200‑500 bps were digested 
with heat‑labile uracil‑DNA glycosylase and the single‑strand 
cDNA was amplified, purified, quantified and stored at ‑80˚C 
before sequencing. For high‑throughput sequencing, the 
libraries were prepared following the manufacturer's instruc‑
tions and applied to the Illumina Nova6000 system (Illumina, 
Inc.) for 150 nt paired‑end sequencing.

For data analysis, raw reads containing >2‑N bases were 
first discarded, and then adaptors and low‑quality bases were 
trimmed from raw sequencing reads using the FASTX Toolkit 
(Version 0.0.13; hannonlab.cshl.edu/fastx_toolkit/). The 
short reads <16 nt were also dropped. After that, clean reads 
were aligned to the human GRCh38 genome using HISAT2 
(version 2.2.1) (19) allowing no more than four mismatches. 
Uniquely mapped reads were used for gene reads number 
counting and fragments per kilobase of transcript per million 
fragments mapped (FPKM) (20). The R Bioconductor package 
‘edgeR’  (21) was utilized to screen out the differentially 
expressed genes (DEGs). P<0.01 and fold change >2 or <0.5 
were set as the cut‑off criteria for identifying DEGs.

ChIP‑seq and data analysis. ChIP assay was performed by 
Wuhan Ruixing Biotechnology Co., Ltd. (http://www.rxbio.cc). 
A total of ~1x107 cells were crosslinked in 1% formaldehyde for 
10 min and the reaction was quenched with 0.125 M glycine for 
5 min at room temperature. The cross‑linked cells were lysed in 
Lysis buffer (1X PBS, 0.1% SDS, 0.5% NP‑40 and 0.5% sodium 
deoxycholate) and sonicated to generate DNA fragments of 
200‑1,000 bp in length. For immunoprecipitation, protein‑DNA 
complex was immunoprecipitated by incubating with ChIP‑grade 
Protein A/G Magnetic Beads (50 µl for IP and 10 µl for IgG; 
cat. no. 26162; Invitrogen; Thermo Fisher Scientific, Inc.) conju‑
gated with anti‑FLAG antibody (cat. no. F7425; Sigma‑Aldrich; 
Merck KGaA), or IgG (cat. no.  B900610; Wuhan Sanying 
Biotechnology) at 4˚C for 2 h. The beads were washed with LiCl 
Immune Complex wash buffer (0.5 M LiCl) five times, and TE 
buffer [10 mM Tris (pH 8.0), 1 mM EDTA (pH 8.0)] for one 
time. The beads were resuspended with 100 µl Elution Buffer 
(100 mM NaHCO3 and 1% SDS) and reverse cross‑linked by 
overnight incubation at 65˚C. After sequential RNase A and 
proteinase K treatments, DNA fragments were purified through 
phenol extraction and ethanol precipitation. The libraries were 
performed by using VAHTS Universal DNA Library Prep Kit 
for Illumina V3 (cat. no. ND607; Vazyme Biotech Co., Ltd.), 
according to the manufacturer's instructions, and PCR products 
corresponding to 200‑500 bps were enriched, quantified and 
finally sequenced on Novaseq 6000 sequencer (Illumina, Inc.) 
with PE150 model. Reads were aligned to the human GRCh38 
genome using bowtie2 (22). Only uniquely mapped reads were 
used for the following analysis. To identify the binding sites of 
USF1, Model‑based Analysis for ChIP‑seq (MACS version 1.4; 
https://github.com/macs3‑project/MACS/blob/macs_v1) was 
employed (23). The input samples without immunoprecipita‑
tion were used as controls. DeepTools (Version 3.4.3) (24) was 
used for the assignment of genomic features, such as relative 
location to the transcription start site (TSS) to the peaks and 
visualization of binding profiles. Hypergeometric Optimization 
of Motif Enrichment (HOMER) software (http://homer.ucsd.

edu/homer/motif/) (25) was used to search the enriched binding 
motifs in peaks.

RT‑qPCR and ChIP‑qPCR. cDNA synthesis was performed 
using a reverse transcription kit (cat. no. R323‑01; Vazyme 
Biotech Co., Ltd.) in the thermocycler T100 (Bio‑Rad 
Laboratories, Inc.) with the following thermocycling condi‑
tions: 42˚C for 5 min, 37˚C for 15 min, 85˚C for 5 sec. ChIP 
assay was performed according to the aforementioned method. 
The qPCR was performed on an ABI QuantStudio 5 (Thermo 
Fisher Scientific, Inc.) with Hieff™ qPCR SYBR® Green 
Master Mix (Low Rox Plus) (cat. no.  Q431‑02; Shanghai 
Yeasen Biotechnology Co., Ltd.) and the following thermo‑
cycler conditions: Denaturing at 95˚C for 10 min, 40 cycles 
of denaturing at 95˚C for 15 sec and annealing and exten‑
sion at 60˚C for 1 min. Each sample was analyzed in three 
technical replicates. The concentration of each transcript was 
then normalized to the internal reference gene GAPDH and 
mRNA levels were quantified using the 2‑ΔΔCq method (26). 
Comparisons were performed with the paired Student's t‑test 
by using GraphPad Prism software (version 8.0; Dotmatics). 
The primer sequences for PCR experiments were provided 
in Table SI. Comparisons were performed with the paired 
Student's t‑test and two‑way ANOVA by using GraphPad 
Prism software (Version 8.0; Dotmatics). The data analyzed 
in the present study are available under Gene Expression 
Omnibus database series accession no. GSE232263.

Statistical analysis. Expression and prognosis analyses of 
genes from patients with liver hepatocellular carcinoma (LIHC) 
were performed using Gene Expression Profiling Interactive 
Analysis 2 (GEPIA2) online server (27) and Kaplan‑Meier 
(K‑M) Plotter webpage, respectively (28). Principal compo‑
nent analysis (PCA) was performed with the R package 
‘factoextra’ (https://cloud.r‑project.org/package=factoextra). 
The ‘pheatmap’ and ‘ggplot2’ packages (https://cran.r‑project.
org/web/packages/) in R were used to generate figures.

Results

USF1 is highly expressed in patients with liver cancer and is 
associated with prognosis. To explore the clinical influence 
of USF1 in liver cancer, its expression pattern and prognostic 
effect were investigated by analyzing data retrieved from The 
Cancer Genome Atlas (TCGA) database using GEPIA2 and 
K‑M Plotter software, respectively. A significant increase in 
USF1 expression level was observed in LIHC compared with 
that in normal samples (Fig. 1A). Expression pattern sorted by 
tumor stages showed that the USF1 expression level was high in 
stage I‑III while it decreased in stage IV (Fig. 1C). Meanwhile, 
patients with higher expression of USF1 showed worse prog‑
nosis than patients with a lower level of USF1 (Fig. 1B). These 
results indicate that USF1 influences the clinical features of 
patients with liver cancer and the underlying mechanisms 
should be further investigated.

Construction of Huh7 cell line overexpressing USF1 and 
following RNA‑seq analysis. To further explore the molecular 
mechanisms of USF1 in liver cancer cells, Huh7 cells were 
transiently transfected with USF1‑OE plasmid to construct 
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USF1‑OE Huh7 cells. The overexpression efficiency was 
confirmed using RT‑qPCR and western blotting. The 
RT‑qPCR results showed that the mRNA levels of USF1 
in USF1‑OE Huh7 cells were >15 times higher than that in 
normal Huh7 cells (Fig. 2A) and the western blotting results 
revealed that the protein levels of USF1 were also increased 

(Fig.  2B). RNA‑seq experiments were then performed to 
identify the genes differentially expressed by USF1‑OE in 
Huh7 cells. After aligning quality‑filtered reads onto the 
human genome, the expression levels of all detected genes 
were obtained. Compared with the control cells, the FPKM 
value of USF1 in USF1‑OE cells significantly increased from 

Figure 1. USF1 is highly expressed in patients with LIHC and associated with poor prognosis of LIHC patients. (A) Box plot showing the expression level of 
USF1 in LIHC patients. ***P<0.001 by t‑test. (B) Line plot showing the prognostic results by dividing LIHC patients into two groups according to USF1 expres‑
sion levels. (C) Violin plot showing the expression level change of USF1 by the LIHC stages. USF1, upstream transcription factor 1; LIHC, liver hepatocellular 
carcinoma.

Figure 2. USF1‑OE globally modulates the transcriptome profile of Huh7 cells. (A) Bar plot showing the reverse‑transcription quantitative PCR result for 
USF1‑OE in Huh7 cells. (B) Western blotting result showing the successful overexpression of USF1 in Huh7 cells. (C) Bar plot showing the FPKM values of 
USF1 in Huh7 cells. (D) PCA result showing the clear separation between USF1‑OE and control samples. ***P<0.001 by two‑way ANOVA. USF1, upstream 
transcription factor 1; OE, overexpression; FPKM, fragments per kilobase of transcript per million fragments mapped; PCA, Principal component analysis; 
NC, negative control.
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18.80 to 678.38 (Fig. 2C), indicating that the experiment was 
successful. PCA of all expressed genes demonstrated the clear 
separation between USF1‑OE and control cells (Fig.  2D). 
These results demonstrated that the USF1‑OE cell line was 
successfully constructed, and it was found that USF1‑OE glob‑
ally regulates the transcriptome profile of Huh7 cells.

Analyses of DEGs in USF1‑OE Huh7 cells. To explore genes 
that USF1 may regulate, RNA‑seq was used to characterize 
the changes in gene expression in Huh7 cells after USF1 
OE. The results showed that there were 350 DEGs after 

USF1‑OE, including 171 upregulated and 179 downregulated 
genes (Fig. 3A). From the numbers of upregulated and down‑
regulated genes, there were no significant differences in USF1 
promoting or restraining gene expression. However, regarding 
the types of genes, there were significant differences. The most 
upregulated genes were protein‑coding genes, and TFs, while 
the most downregulated genes were long intergenic non‑coding 
(linc)RNAs and other types (Fig. 3B), indicating that USF1 
could activate the expression of protein‑coding genes. The 
changes in the expression level of the top 10 upregulated and 
downregulated genes were then shown. USF1 displayed the 

Figure 3. USF1‑regulated DEGs are enriched in immune and cell proliferation associated pathways. (A) The DEGs were presented by volcano plot. Red 
and blue points were upregulated and downregulated DEGs, respectively. (B) Bar plot showing the RNA types of upregulated and downregulated DEGs. 
(C) Hierarchical clustering heatmap showing the expression pattern of top 10 upregulated DEGs and downregulated DEGs that were sorted by adjusted 
P‑value. (D) Bubble plot showing the top ten enriched BP pathways for upregulated DEGs regulated by USF1‑OE. (E) Bubble plot showing the only one 
enriched BP pathway for down DEGs regulated by USF1‑OE. (F) Bubble plot showing the top ten enriched KEGG pathways for upregulated DEGs regulated 
by USF1‑OE. (G) Bubble plot showing the top ten KEGG pathways for downregulated DEGs regulated by USF1‑OE. USF1, upstream transcription factor 1; 
DEGs, differentially expressed genes; OE, overexpression; BP, Biological Process; KEGG, Kyoto Encyclopedia of Genes and Genomes; GO, Gene Ontology.
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most significant upregulation, whereas the lincRNA NEAT1 
exhibited the most pronounced downregulation. Notably, the 
extent of change in NEAT1 expression was comparatively less 
than that observed for USF1 (Fig. 3C).

Subsequently, the enriched functions of upregulated and 
downregulated DEGs which were found following USF1‑OE 
were analyzed. USF1‑OE led to the upregulation of several 
inflammation and immune‑associated pathways, including 
inflammatory response, immune response, signal transduc‑
tion and negative regulation of cell proliferation (Fig. 3D). 
Surprisingly, most of the downregulated genes were only 
enriched in one biological process pathway (small molecule 
metabolic process; Fig. 3E), which may be attributed to the 
less protein‑coding genes among downregulated DEGs. 
Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis 
showed that upregulated genes were also mainly related to 
signaling pathways, including the TNF signaling pathway, 
AGE‑RAGE signaling pathway and Toll‑like receptor 

signaling pathway (Fig. 3F). The downregulated genes were 
enriched in ABC transporters, Chagas disease, T cell receptor 
signaling pathway and other pathways (Fig. 3G). These results 
demonstrated that USF1‑OE mainly regulates the expression 
of immune/inflammation‑associated genes, as well as cell 
proliferation‑associated genes.

Analyses of the potential gene targets of USF1. To identify the 
potential gene targets of USF1, ChIP‑seq was used to char‑
acterize all DNA directly bound by USF1 and two replicate 
libraries were constructed to improve accuracy. The results 
demonstrated that most of the binding sites were in the TSS, 
intergenic and intron regions (Fig. 4A). The binding profile 
around the TSS region demonstrated that the binding peaks of 
USF1 were highly enriched in the TSS region (Fig. 4B). A total 
of 10,891 genes were involved in binding with USF1, indicating 
that the USF1 binding to target genes is extensive (Fig. 4C). 
The subsequent analysis focused on the 2,718 genes which 

Figure 4. USF1 extensively binds to the promoter of genes that are associated with cancer development. (A) Pie chart showing the genomic region distribution 
of mapped reads from USF1 Chromatin Immunoprecipitation‑sequencing data. (B) Density and heatmap plot showing the binding profiles around TSS region 
for all genes in Input and USF1 IP samples. (C) Venn diagram showing the overlapped genes between IP1 and IP2 samples. (D) Pie chart showing the RNA 
types for the transcripts of USF1‑bound genes. (E) Bubble plot showing the enriched GO BP (top panel) and KEGG (bottom panel) pathways for USF1‑bound 
genes. (F) The detected motifs from the two USF1 IP samples. USF1, upstream transcription factor 1; TSS, transcription start site; IP, immunoprecipitation; 
GO, Gene Ontology; BP, Biological Process; KEGG, Kyoto Encyclopedia of Genes and Genomes.
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were detected in both sets of experiments (Fig. 4B). There was 
a variety of gene types in these 2,718 genes, including protein 
coding genes, lincRNA, microRNA, small nucleolar RNA and 
others, indicating that the USF1 binding targeted an exten‑
sive range of genes (Fig. 4D). Gene Ontology (GO) analysis 
showed that these genes were mainly related to the biological 
processes associated with the occurrence and development of 
cancer, such as apoptotic process, cell death and mitotic cell 
cycle (Fig. 4E). KEGG analysis showed that these genes were 
mainly related to signaling pathway (Sphingolipid and FoxO 
signaling pathways), cancer and protein processing (Fig. 4E). 
Subsequently, HOMER identified the potential motifs in the 
target sequences, revealing that the motif G(C)GTC​ACG​
TGA(G), G(A)TCA​CG(A)TGG​T and G(A)T(A)CAC​GTG 
were the top three most frequent sequences overexpressed 
among the USF1‑binding sites (Fig. 4F). The identified motifs 
were canonical cognate E‑box regulatory elements of USF 
proteins (29).

USF1 binds to the promoter of a few genes and regulates 
their expression in Huh7 cells. To identify the genes which 
were bound and regulated by USF1, the data of RNA‑seq 
and ChIP‑seq were combined for further analysis. Only 16 
genes could be bound by USF1 in 350 DGEs, including 10 
protein‑coding genes, three antisense genes, two lincRNA and 
one sense intronic gene (Fig. 5A; Table SII). The expression 
levels of these overlapped genes were investigated and it was 
found that there were only two downregulated genes, while all 
the remaining genes were upregulated (Fig. 5B). The results 
revealed that USF1 significantly binds to the promoter region 
of NEAT1 by exhibiting the reads density of ChIP‑seq data 
(Fig. 5C). Meanwhile, the expression level of NEAT1 was 
significantly decreased by USF1 (Fig. 5D). NEAT1 is a canon‑
ical lincRNA and a novel target for diagnosis and therapy 
in human tumors  (30). The present study further explored 
the expression level and prognostic influence of NEAT1 in 
liver cancer. Based on the TCGA LIHC RNA‑seq data, the 
tumor samples exhibited a lower expression level of NEAT1 
compared with that in normal samples (Fig. 5E). Meanwhile, 
the overall survival analysis by the K‑M method demonstrated 
that patients with higher NEAT1 expression levels showed 
improved prognostic results compared with those patients 
with lower NEAT1 expression level (Fig. 5F). These results 
were consistent with those of USF1 demonstrated in Fig. 1 
after considering that USF1 negatively regulated NEAT1 
expression. In summary, the aforementioned results indicated 
that USF1 regulates the expression of several genes by directly 
binding to their promoter region and this regulation may be 
associated with its biological functions in liver cancer.

USF1 modulates gene expression by regulating TFs in Huh7 
cells. Very few overlapped genes between USF1‑bound genes 
and DEGs were detected, which were not significant after 
calculation (P=0.97, hypergeometric test). This result indi‑
cated that USF1 may indirectly regulate gene expression in 
Huh7 cells. To confirm this hypothesis, TFs were extracted 
from DEGs. Several genes among the overlapped genes were 
TFs, including GBX2, FOSB, ETV5 and EGR1. Among these 
TFs, ETV5 had the highest expression level and a significant 
expression increase after USF1‑OE (Fig. 6A), indicating that 

ETV5 may have important roles in Huh7 cells and HCC. The 
expression level and prognostic effect of ETV5 in patients with 
LIHC were investigated and it was found that the EVT5 expres‑
sion was significantly increased in tumor samples (Fig. 6B), 
while patients with higher ETV5 expression showed worse 
prognosis results (Fig. 6C). ChIP‑qPCR experiments validated 
that USF1 significantly binds to the promoter region of ETV5 
(Fig. 6D and E). To further explore the underlying mechanisms 
of the differentially expressed TFs (DETFs), the occurrence of 
the motif sites of these four TFs within the promoter region of 
DEGs in USF1‑OE Huh7 cells were analyzed to identify which 
TF had the highest frequency of motif sites and the number of 
DEGs. This analysis was also performed for USF1. The results 
demonstrated that EGR1 and ETV5 have the highest frequency 
of their motifs, which was markedly higher than that of USF1 
(Fig. 6F). Although EGR1 had more motif sites than ETV5, 
the expression level of EGR1 in LIHC tumor samples was 
lower than that in normal samples (Fig. S1A), and patients with 
higher EGR1 expression level showed improved prognosis 
compared with that in patients with lower EGR1 expression 
level (Fig. S1B), indicating that USF1 may not promote HCC 
progression by mediating EGR1 expression. Furthermore, 
DEG number analysis of these identified motifs demonstrated 
that ETV5 occupies more DEGs than other TFs and USF1 
(Fig. 6G), suggesting that ETV5 may regulate the expression of 
these DEGs and USF1 may indirectly affect gene expression 
by ETV5 in Huh7 cells.

Discussion

USF1 is a canonical TF that affects the expression of numerous 
genes by binding to their promoter region or super‑enhancers 
to control the transcription process. Previous studies demon‑
strated the critical roles of USF1 in HCC exacerbation and 
identified several downstream targets of USF1 (16,17), while 
the global binding profile on DNA and the downstream‑regu‑
lated genes of USF1 have not been deeply investigated in liver 
cancer. In the present study, whole transcriptome sequencing 
and ChIP‑seq experiments were performed to systematically 
explore how USF1 affects gene expression and the biological 
functions of USF1 in HCC Huh7 cells. USF1 globally enhanced 
the expression level of immune and inflammatory‑associated 
genes, while the downregulated genes by USF1‑OE were 
mainly non‑coding. By integrating the ChIP‑seq data, it was 
found that USF1 may regulate the expression of a few genes 
by binding to their promoters, while a larger number of DEGs 
were not bound by USF1 and may be regulated by other 
DETFs, suggesting a novel regulatory mechanism of USF1 in 
liver cancer cells.

Consistent with a previous study (17), USF1 was upregulated 
and associated with a worse prognosis in patients with LIHC. 
To explore the underlying mechanisms, USF1 was overex‑
pressed in Huh7 cells and DEGs were identified. Interestingly, 
DEGs upregulated by USF1‑OE were significantly enriched 
in inflammatory and immune response pathways. It was also 
demonstrated that USF1 promotes TNFAIP3/A20 expression, 
and thus inhibits inflammatory NF‑κB pathway activity; this 
regulatory axis is a potential anti‑inflammatory strategy for the 
treatment of several diseases (31). The USF1/A20 regulatory 
axis was also validated in mitigating vascular inflammation 

https://www.spandidos-publications.com/10.3892/ol.2023.14119
https://www.spandidos-publications.com/10.3892/ol.2023.14119
https://www.spandidos-publications.com/10.3892/ol.2023.14119
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by NF‑κB inactivation (32). In HCC, the inflammation can 
be orchestrated by the tumor itself by secreting factors that 
recruit inflammatory cells to the tumor favoring the buildup of 

a microenvironment, and inflammation promotes HCC devel‑
opment by promoting a series of cancer‑promoting biological 
processes (33). At present, immunotherapies have shown their 

Figure 5. USF1 binds to genes to regulate their expression levels in liver cancer cells. (A) Venn diagram showing the overlapped genes between DEGs and 
USF1‑bound genes. (B) Hierarchical clustering heatmap plot showing the changed expression levels of overlapped genes from A. (C) Sequenced reads density 
plot showing the Chromatin Immunoprecipitation‑sequencing signal of USF1 on NEAT1 genomic location. (D) Bar plot showing the suppressed expression 
level of NEAT1 by USF1‑overexpression in Huh7 cells. ***P<0.001. (E) Box plot showing the expression level of NEAT1 in LIHC patients. *P<0.05. (F) Line 
plot showing the prognostic results by dividing patients with LIHC into two groups according to NEAT1 expression levels. USF1, upstream transcription factor 
1; DEGs, differentially expressed genes; LIHC, liver hepatocellular carcinoma; FPKM, fragments per kilobase of transcript per million fragments mapped.
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Figure 6. USF1 modulates gene expression by regulating TFs in Huh7 cells. (A) Bar plot showing the expression levels of four differentially expressed TFs 
bound by USF1. (B) Box plot showing the expression level of ETV5 in patients with LIHC. (C) Line plot showing the prognostic results by dividing patients 
with LIHC into two groups according to ETV5 expression levels. (D) Sequenced reads density plot showing the ChIP‑sequencing signal of USF1 on ETV5 
genomic location. (E) Bar plot showing the ChIP‑qPCR validation result for USF1 binding site on the promoter region of ETV5. (F) Bar plot showing the motif 
number on the promoter region of USF1‑regulated DEGs for the five TFs. (G) Bar plot showing the DEG number with binding motifs from Fig. 6F for the 
five TFs. *P<0.05 and ***P<0.001 using Student's t‑test. USF1, upstream transcription factor 1; TFs, transcription factor; LIHC, liver hepatocellular carcinoma; 
ChIP, Chromatin Immunoprecipitation; qPCR, quantitative PCR; DEGs, differentially expressed genes.

https://www.spandidos-publications.com/10.3892/ol.2023.14119
https://www.spandidos-publications.com/10.3892/ol.2023.14119
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advantages in HCC treatment and several other cancer immuno‑
therapies are also in early‑stage clinical trials for the treatment 
of advanced HCC (34). Among the upregulated DEGs, several 
chemokine and interleukin genes were detected, including 
CXCL1, CXCL3, CXCL10, CXCL11, IL1A, IL1B and IL6, 
several of which were associated with the progression of HCC. 
A previous study demonstrated that in HCC cells, CXCL1 is 
secreted in response to metabolic syndrome signals and may 
promote the progression of HCC through apoptosis recovery 
or the metastasis pathway (35). IL6 cooperates with IL6R and 
triggers the activation of the JAK‑STAT3 signaling pathway, 
which could participate in the processes of anti‑apoptosis, 
angiogenesis, proliferation, invasion, metastasis and drug 
resistance of cancer cells (36). In HCC cells, it was found that 
CXCL3 and CD133 form a positive feedback loop to maintain 
the CD133+ cancer stem cell populations via Erk1/2 activation, 
indicating the potential of CXCL13 as a therapeutic target for 
HCC (37). It was hypothesized that USF1 could promote HCC 
progression by upregulating the expression of these genes and 
modulating the immune microenvironment of tumor. Further 
studies are necessary to deeply explore how USF1 regulates 
the proportion and infiltration dysregulation, as well as gene 
expression alteration of immune cells in HCC.

The global interacting DNA targets of USF1 were then 
identified using ChIP‑seq data and 2,492 target genes were 
detected. The canonical binding motifs of USF1 were iden‑
tified, consistently with the previous result in the HepG2 
cell line, a hepatoblastoma cell line, using the ChIP‑chip 
method (5), indicating the high confidence of the ChIP‑seq 
result. For the overlapped peak genes in the two replicates, it 
was found that they were enriched in several types of cancer 
and cancer‑associated pathways, suggesting that USF1 may 
modulate HCC progression by affecting the transcription of 
cancer‑associated genes. The most enriched GO Biological 
Process subontology pathway was the viral process; mean‑
while, the pathogenesis of HCC is tightly associated with 
hepatitis B and C viral infections, especially for hepatitis 
B virus infection (38). The viral process‑associated genes 
bound by USF1 indicated that USF1 may modulate the 
replication and functions of the hepatitis B or C virus to 
accelerate the progression of HCC. Multiple transcription 
regulation and RNA splicing pathways were also enriched, 
implying that USF1 binds to the promoter regions of TFs 
and splicing regulators. A previous study demonstrated that 
USF1 epigenetically modulates TF‑HoxB4 transcription 
to control the lineage differentiation of embryonic stem 
cells  (39). These downstream regulators of USF1 could 
also regulate their downstream targets, thus forming a 
multiple‑level regulatory network of USF1; this regulatory 
network was reflected in the RNA‑seq data of USF1. In addi‑
tion to these pathways, autophagy, lysosome and apoptosis 
KEGG pathways were enriched by USF1‑bound genes. USF1 
was reported to suppress autophagy‑related gene expression 
via positive regulation of mTOR transcription in HepG2 
cells (40). In multiple cancer cell lines, including HepG2, 
USF1 could cooperate with RAD51 to regulate transcription 
of genes associated with the autophagy pathway, such as 
ATG3 and ATG5, by binding to their promoter regions (41), 
which was consistent with the present results. In summary, 
the present results suggested that USF1 could broadly bind to 

the promoters of various cancer‑associated genes in multiple 
cancer cell lines and USF1 probably plays important roles 
in the progression of multiple liver cancer types, including 
HCC and hepatoblastoma. As for the spatial and functional 
relationship between USFs and H3ac at protein‑coding 
gene promoters (5), it was hypothesized that the inhibitors 
of histone deacetylase may modulate the functions of USF1 
and thus these could be drug candidates in HCC by targeting 
USF1.

Lastly, an interaction analysis between DEGs and bound 
genes by USF1 was performed. However, only a few genes 
passed the criteria of both DEGs and USF1‑bound genes, 
suggesting that USF1 may also indirectly regulate gene 
expression. Among the directly bound DEGs by USF1, several 
TFs were detected and focused on ETV5, which acts as an 
oncoprotein and is implicated in numerous cancers (42). ETV5 
gene fusions with TMPRSS2 and SLC45A3 were detected 
in patients with prostate cancer, and ETV5 overexpression 
promoted the invasion of RWPE cells, indicating the biomarker 
potential of ETV5 in prostate cancer  (43). In hepatocytes, 
ETV5 regulates hepatic fatty acid metabolism by binding to 
the PPAR response element region of downstream genes (44), 
indicating the critical role of ETV5 in liver diseases. In the 
present study, a dramatic increase in ETV5 expression by 
USF1‑OE was detected. Meanwhile, the binding motif of 
ETV5 was presented in more DEGs than that of USF1 and 
other USF1‑bound TFs, suggesting that ETV5 may directly 
regulate the expression of DEGs obtained through USF1‑OE. 
These results could indicate that ETV5 is a target of USF1 
and participates in the USF1‑induced progression of HCC. 
The USF1‑ETV5 regulatory axis may be treated as a target for 
HCC therapy in future.

There were certain limitations to the present study. 
Experiments performed on other HCC cell lines would 
strengthen the significance of the present results and conclu‑
sion. The experiments using in vivo animal models or more 
clinical cases could also provide more robust results for the 
important functions of USF1 in HCC. At the same time, 
the exact functions and molecular mechanisms of USF1 
downstream targets, including NEAT1 and ETV5, could be 
identified using additional experiments in HCC cell lines, 
although there are several studies summarizing their functions 
in cancers. Thus, deeper studies are necessary to solve the 
aforementioned questions in future.

In conclusion, the present deeply investigated the down‑
stream targets of USF1 and their potential functions associated 
with HCC in Huh7 cells. The present results demonstrated 
that USF1 binds to the promoter region of thousands of genes 
and significantly affects the expression of part genes. The 
downstream genes, including lncRNA‑NEAT1 and TF‑ETV5, 
may have essential regulatory functions in the USF1‑regulated 
network and be involved in the progression of HCC. Further 
studies are also needed to deeply explore the underlying 
molecular mechanism and biological functions of USF1 and 
identify the potential value of USF1 for clinical treatment of 
HCC.
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