
R E S E A R C H Open Access

© The Author(s) 2024. Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, 
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included 
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/. The 
Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available 
in this article, unless otherwise stated in a credit line to the data.

Du et al. BMC Cancer          (2024) 24:624 
https://doi.org/10.1186/s12885-024-12364-w

BMC Cancer

†Yuanxiao Du and Yuqiu Xu contributed equally to this work.

*Correspondence:
Chunhua Bei
chunhuabei@glmc.edu.cn

Full list of author information is available at the end of the article

Abstract
Background  Hepatocellular carcinoma (HCC) has a high mortality rate, and the mechanisms underlying tumor 
development and progression remain unclear. However, inactivated tumor suppressor genes might play key roles. 
DNA methylation is a critical regulatory mechanism for inactivating tumor suppressor genes in HCC. Therefore, this 
study investigated methylation-related tumor suppressors in HCC to identify potential biomarkers and therapeutic 
targets.

Methods  We assessed genome-wide DNA methylation in HCC using whole genome bisulfite sequencing (WGBS) 
and RNA sequencing, respectively, and identified the differential expression of methylation-related genes, and 
finally screened phosphodiesterase 7B (PDE7B) for the study. The correlation between PDE7B expression and clinical 
features was then assessed. We then analyzed the changes of PDE7B expression in HCC cells before and after DNA 
methyltransferase inhibitor treatment by MassArray nucleic acid mass spectrometry. Furthermore, HCC cell lines 
overexpressing PDE7B were constructed to investigate its effect on HCC cell function. Finally, GO and KEGG were 
applied for the enrichment analysis of PDE7B-related pathways, and their effects on the expression of pathway 
proteins and EMT-related factors in HCC cells were preliminarily explored.

Results  HCC exhibited a genome-wide hypomethylation pattern. We screened 713 hypomethylated and 362 
hypermethylated mCG regions in HCC and adjacent normal tissues. GO analysis showed that the main molecular 
functions of hypermethylation and hypomethylation were “DNA-binding transcriptional activator activity” and 
“structural component of ribosomes”, respectively, whereas KEGG analysis showed that they were enriched in “bile 
secretion” and “Ras-associated protein-1 (Rap1) signaling pathway”, respectively. PDE7B expression was significantly 
down-regulated in HCC tissues, and this low expression was negatively correlated with recurrence and prognosis 
of HCC. In addition, DNA methylation regulates PDE7B expression in HCC. On the contrary, overexpression of PDE7B 
inhibited tumor proliferation and metastasis in vitro. In addition, PDE7B-related genes were mainly enriched in the 
PI3K/ATK signaling pathway, and PDE7B overexpression inhibited the progression of PI3K/ATK signaling pathway-
related proteins and EMT.
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Introduction
Primary liver cancer, one of the most prevalent malignan-
cies in the digestive system. Among them, hepatocellular 
carcinoma (HCC) accounts for 75–85%, and the mortal-
ity rate ranks second among malignant tumors. Approxi-
mately 422,100 people die of liver cancer each year [1], 
creating severe economic and social burdens. The early 
detection of HCC and comprehensive treatment, primar-
ily surgical resection, can improve treatment outcomes. 
However, the five-year survival rate of patients with 
advanced HCC and metastasis is less than 10% [2]. For 
patients with HCC, recurrence and metastasis are the 
main causes of death and the most difficult aspects to 
treat, partially because the exact mechanisms underlying 
HCC metastasis have not yet been fully elucidated.

Epigenetics refers to reversible and heritable changes 
in gene function that occur without DNA sequence 
alterations. Epigenetic regulation is a critical role in dis-
ease onset and progression, and restoring the epigen-
etic genome can prevent disease progression [3]. DNA 
methylation, an important epigenetic regulatory path-
way, is catalyzed by DNA methyltransferases. The active 
methyl group is transferred from S-adenosylmethionine 
to the 5-carbon position of cytosine to form 5-methyl-
cytosine, changing the DNA conformation, stability, and 
protein interactions, thereby regulating gene expression 
[4]. Abnormally high methylation of CpG islands in the 
promotor regions of tumor suppressor genes is an impor-
tant gene inactivation mechanism in cancer cells [5–7]. 
For instance, demethylation therapy, which targets the 
hypermethylation of tumor suppressor genes, prolongs 
the overall survival of patients with advanced tumors 
[8]. Currently, 5-aza-CdR is the most widely used meth-
ylation inhibitor, which has good prospects for clini-
cal application since it causes demethylation of most 
highly-methylated tumor-suppressor genes, inhibit-
ing tumor progression in vitro and in vivo [9]. In recent 
decades, molecular targeted therapies have become the 
focus of cancer treatment, and targeted therapy remains 
the primary treatment for patients with advanced HCC. 
Liu et al. Ras-associated nuclear proteins are in a state 
of high expression and promoter hypomethylation in 
HCC and portend a poor survival prognosis [10]. Addi-
tionally, Chalasani et al. found that the combination of 
DNA methylation markers (HOXA1, EMX1, TSPYL5 and 
B3GALT6) and protein markers (AFP and AFP-L3) could 
improve the accuracy of detecting early HCC [11]. There-
fore, exploring the regulatory mechanisms of DNA meth-
ylation in HCC metastasis could result in new molecular 

targets for targeted therapy, improving the treatment’s 
clinical efficacy and survival prognosis of patients with 
HCC.

Phosphodiesterase 7B (PDE7B) is a member of the 
phosphodiesterase (PDE) family that hydrolyzes intracel-
lular cyclic adenosine monophosphate (cAMP) and cyclic 
guanosine monophosphate (cGMP). PDE7B participates 
in various physiological processes by hydrolyzing cAMP 
and cGMP, such as cell proliferation, differentiation, 
inflammation, and metabolic functions [12]. The PDE7 
family consists of two subtypes, PDE7A and PDE7B, 
which have high affinity and specificity for cAMP [13]. 
PDE7B, located on chromosome 6q23-24, has a protein 
kinase A phosphorylation site [14] and regulates the 
cAMP signal transduction pathway by reducing intracel-
lular cAMP concentrations through hydrolysis. Earlier 
studies have found that PDE7B acts in cells to reduce 
intracellular cAMP concentration through hydrolysis, 
as shown by Brooks et al [15]. Additionally, Zhang et al. 
found that PDE7B plays an oncogenic role in regulating 
cell growth and tumor development by knocking down 
PDE7B and regulating the cellular cAMP concentra-
tion in triple-negative breast cancer cells [16]. However, 
more recent studies have shown the opposite, indicating 
that PDE7B is downregulated in renal tumors and has a 
tumor-suppressive role [17, 18]. Specifically, Sun et al. 
reported that PDE7B was downregulated in renal clear 
cell carcinoma, and knocking down PDE7B boosted the 
growth, metastasis and infiltrative capacities of renal 
clear cell carcinoma cells [17]. Additionally, Liu et al. 
reported lower PDE7B expression in osteosarcoma tis-
sues than in normal tissues and that PDE7B overexpres-
sion inhibited the proliferation, migration, and invasion 
abilities of osteosarcoma cells [18]. Therefore, the func-
tion of PDE7B may differ among tumor tissues and cells. 
However, how PDE7B affects the development of HCC 
and its mechanism of action has not been investigated.

In addition, invasion and metastasis are the main fea-
tures of malignant progression of tumors, and EMT is 
one of its early markers and an important direction in 
the current research of malignant progression of tumors. 
EMT is a process in which the epithelial cells lose their 
cellular polarity and adhesion and acquire a mesenchy-
mal cell phenotype such as a higher ability to migrate 
and invade, resistance to apoptosis, and the ability to 
degrade extracellular matrix [19, 20]. Cells undergoing 
the EMT process also undergo changes at the molecular 
level, which are mainly characterized by the downregula-
tion of the expression of epithelial markers (E-cadherin, 
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β-catenin, ZO-1, etc.) and the upregulation of mesen-
chymal markers (N-cadherin, Vimentin, etc.) [21]. Fur-
thermore, zinc finger proteins such as the transcription 
factor Snail can promote the EMT process by inhibiting 
the transcription of epithelial markers such as E-cadherin 
and upregulating the expression of mesenchymal cell 
markers such as Vimentin. And a large number of studies 
have shown that the EMT process in hepatocellular car-
cinoma is associated with the invasive metastatic ability 
of hepatocellular carcinoma cells [22, 23]. Therefore, the 
potential mechanism of action of PDE7B on HCC inva-
sive migration can be determined by observing its effect 
on the expression of relevant proteins during EMT.

Currently, only a few studies have reported on the 
expression and role of PDE7B in HCC. Therefore, this 
study used whole-genome methylation sequencing and 
transcriptome sequencing in HCC and adjacent normal 
tissues to investigate methylation-related tumor suppres-
sors in HCC and identify potential biomarkers and thera-
peutic targets.

Materials and methods
Patients and tissue samples
Paired HCC and adjacent non-tumor tissues were col-
lected for immunohistochemistry test from the Affili-
ated Hospital of Guilin Medical University. A total of 
84 paired tissue samples were placed in liquid nitrogen 
for long-term storage shortly after surgery, from HCC 
patients who received no any chemotherapy or radiation 
therapy other than surgery. This find out about was once 
performed beneath knowledgeable consent from all suf-
ferers and the endorsement of the Ethics Committee of 
the First Affiliated Hospital of Guilin Medical University 
(Guangxi, China), and it used to be carried out following 
the Helsinki Declaration.

Clinical information for these three patients was 
acquired from the hospital’s electronic medical record 
system. A pathological diagnosis of HCC was made in 
all patients, and all tested positive for hepatitis B virus 
(HBV). The mean age of these patients was 54.67 years. 
The clinical stage was I or II, and the case grading was 
around medium (Supplementary Table 1).

Genomic DNA extraction and WGBS library construction
Genomic DNA (gDNA) retrieved from samples of three 
sets of paired HCC tissues and normal tissues was used 
to prepare the library. For WGBS library construction, 
it is a combination of heavy sulfite treatment and high-
throughput sequencing, using heavy sulfite treatment of 
sample DNA to convert all unmethylated cytosine (C) to 
uracil (U) on the genome, and unmethylated cytosine (C) 
to thymine (T) on the genome after PCR amplification, 
and then combined with high-throughput sequencing 

technology to map single-base resolution whole genomic 
DNA methylation profiles at single-base resolution.

WGBS data processing
Data screening is the elimination of polluted, sequenced 
junction and low-quality base over-represented reads 
out of the original data. Any reads that meet the follow-
ing conditions are considered low quality reads: (1) more 
than 10% unknown bases and (2) more than 10% bases 
with quality below 20. Next the clean data were plotted 
onto the standard reference genome by BSMAP and the 
plotting rate and bisulfite transition rate were measured 
for an individual sample.

Methylation level and differentialy methylated region 
(DMR) detection
Methylation level was determined by dividing the num-
ber of reads covering each mC by the total reads covering 
that cytosine [24], which was also equal the mC/C ratio 
at each reference cytosine [25]. The formula is showed as 
following figure:

	
Rmaverage =

Nmall

Nmall +Nnmall
∗ 100%

Nm represents the reads numberof mC, whileNnm rep-
resents the reads number of nonmethylationreads.

The criterion established by DMR was a more than 
2-fold difference in methylation levels of at least 5 CpG 
loci between the two groups with P < 0.05. When a 2-fold 
difference in methylation levels of gene regions between 
the starting region of one segment of DMR to the end 
point of another segment of DMR was also encountered 
with a P value < 0.05, then a continuous segment of DMR 
was combined.

RNA sequencing
A certain amount of genomic DNA is taken for fragmen-
tation. The DNA fragments are size-selected. The reac-
tion system is configured, and the reaction program is set 
up to repair the end of DNA and add A base to the 3 ‘end. 
The adaptors ligation reaction system is configured, and 
the reaction program is set up to connect the adaptors 
with the DNA fragments. The reaction system is con-
figured, and the reaction program is set up for Bisulfite 
treatment and purification. The PCR reaction system and 
program are configured and set up to amplify the prod-
uct. The corresponding library quality control protocol 
will be selected depending upon product requirements.
The reaction system and program for circularization 
are subsequently configured and set up. Circular DNA 
molecules are circularly amplified into DNA nanoballs 
(DNBs), which are then sequenced using nanochip tech-
nology and combinatorial probe synthesis.
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Identification of differentially expressed methylated genes
DMR data were downloaded from BGI online (https://
biosys.bgi.com/). Then, the annotation information was 
sorted, and the duplicates were removed, resulting in 
two gene sets with hypermethylated and hypomethylated 
modifications. The definition of differentially expressed 
genes (DEGs) was determined by the criterion of P < 0.05. 
The criterion for downregulated genes was a log2FC 
value of ≤–1, while the criterion for upregulated genes 
was a log2FC value of ≥ 1. The crossover genes between 
the downregulated and hypermethylated genes were 
considered hypomethylated, low-expression genes. In 
contrast, crossover genes between the upregulated and 
hypermethylated genes were considered hypermethyl-
ated, highly expressed genes. Venn and volcano diagrams 
were plotted using the ggplot2 package on the Venn dia-
gram website (https://bioinformatics.psb.ugent.be/webt-
ools/Venn/) and in R (R Core Team, Vienna, Austria), 
respectively.

Cell lines
Human hepatocytes (L02) had been bought from the Cell 
Library (Chinese Academy of Sciences, Shanghai, China), 
while hepatic tumor cell lineages (SMMC-7721, HCC-
97  H, Huh-7, SK-Hep-1) had been bought from ATCC 
(Manassas, VA, USA). Throughout the experiments, all 
cells were cultured in an incubator (37 °C, 5% CO2).

Immunohistochemical staining
Briefly, tissue sections were deparaffinized, rehydrated, 
and subjected to antigen retrieval by boiling in citrate 
buffer (pH = 6, ZSGB-Bio, Beijing, China). The sections 
were then incubated overnight with anti-protein X anti-
body (Proteintech, Wuhan, China) at 4 °C. Following that, 
the sections were washed 3 times with PBS (ZSGB-Bio, 
Beijing, China) and incubated with secondary antibody 
(ZSGB-Bio, Beijing, China) for 1 h at ambient tempera-
ture. After three washes with PBS (ZSGB-Bio, Beijing, 
China), the sections were incubated with streptavidin-
biotin-peroxidase complex (ZSGB-Bio, Beijing, China) 
for 1 h. Finally, the sections were visualized with domain 
antibodies and counterstained with hematoxylin (sigma 
inc., USA). Negative controls were prepared by omit-
ting the primary antibody. Immunohistochemical results 
were scored by two independent pathologists using a 
semi-quantitative system based on staining intensity and 
percentage of positively stained cells.

Quantitative reverse-transcription polymerase chain 
reaction (qRT-PCR)
Total RNA of the cell lines was extracted using the 
precipitation approach and the concentration was 
determined using NanoDrop2000 (ThermoFisher Sci-
entific). Then reverse RNA to cDNA by using reverse 

transcription reagent (Takara, code RR047A), accom-
panied via way of the addition of TB Green Mixture 
(Takara, code RR820A) in accordance to the directions to 
begin the PCR reaction. GAPDH (BGI, China) was set as 
an internal reference control. The primers utilized in the 
work are listed below:

PDE7B Forward primer: 5’-​T​G​G​G​A​G​A​T​A​T​A​C​G​A​C​
T​A​A​G​G​G​G​T-3’;
PDE7B Reverse primer: 5’-​C​G​G​A​A​G​T​C​A​A​T​G​A​A​T​
G​G​G​T​A​G​G-3’;
GAPDH Forward primer: 5’-​A​C​A​A​C​T​T​T​G​G​T​A​T​C​
G​T​G​G​A​A​G​G-3’;
GAPDH Reverse primer: 5’-​G​C​C​A​T​C​A​C​G​C​C​A​C​A​
G​T​T​T​C-3’.

CCK8 assay
To notice cell proliferation activity, cells were inoculated 
in 96-well plates at 5 × 103 cells/well, with 5 replicate wells 
for every crew of cells. After 12 h, 24 h, 48 h and 72 h of 
cultivation, the cells were handled with 10ul CCK8 (Med-
ChemExpress, USA) in 96-well plates and cultivated in 
an incubator for 2 h, followed by measurement of OD at 
450 nm.

Formation of cell colony
Cells were inoculated in six-well plates at 600 cells/well 
in 3 replicate wells for each cell group and incubated for 
2 weeks. After washing the cells 3 times with PBS, fixed 
with 4% paraformaldehyde (Solarbio Technology Co., 
Ltd., Beijing, China) for 30  min and dyed with crystal 
violet (Solarbio Science & Technology Co., Ltd., Beijing, 
China) for 30  min. Following ultra-pure water washing, 
the cell colonies were pictured, tallied and analyzed.

Cell scratch detection
Cells could be scratched 6 ∼ 8  h after transfection. That 
is, the cells were scratched vertically along a straightedge 
with a 10 µL white tip on a monolayer of adherent cells, 
washed 2 ∼ 3 times with PBS and incubated by adding 
medium (Gibco, Thermo Fisher Scientific, Virginia, USA) 
containing no serum. The migration of cells at the iden-
tical scratch location at 0 h and 24 h was then recorded 
under the microscope.

Migration and invasion assays
Transwell assays are used to detect cell migration and 
invasion ability. All 8  μm pore size chambers need to 
be activated by adding serum-free medium (Gibco, 
Thermo Fisher Scientific, Virginia, USA) in an incuba-
tor for 30  min. For the invasion assay, 100ul of matrix-
gel (Corning, USA) was added to the chambers for 2  h 
before inoculation and excess matrix gel was removed. 

https://biosys.bgi.com/
https://biosys.bgi.com/
https://bioinformatics.psb.ugent.be/webtools/Venn/
https://bioinformatics.psb.ugent.be/webtools/Venn/
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Then 200 ul of serum-free medium cell suspension at a 
density of 2 × 104 and 600 ul of medium containing 10% 
serum (Tianhang Biotechnology Co., Zhejiang, China) 
were added to the upper and lower chambers, respec-
tively. After 30 h of incubation, the cells were fixed and 
stained using 4% paraformaldehyde (Solarbio Science & 
Technology Co., Ltd., Beijing, China) and crystalline vio-
let stain (Solarbio Science & Technology Co., Ltd., Bei-
jing, China), respectively. Excess stain was washed off 
with PBS, and cells in the upper chamber were wiped off 
and pictured and tallied below microscope.

In vitro cell line demethylation assay
Cells in logarithmic growth phase and with good growth 
status were prepared into a cell suspension and diluted to 
a concentration of 1.5 × 105 cells/ml. Then, 1mL of diluted 
cell suspension was added to each well of a six-well 
plate, along with an additional 1mL of complete culture 
medium. Control and treatment groups were labeled and 
placed in a cell incubator for cultivation. After 24 h, 2mL 
of 0.1% dimethyl sulfoxide solution (Sigma inc., USA) 
was added to the control group, and 10µM working con-
centration of 5-azacytidine (Sigma inc., USA) was added 
to the treatment group. During the culturing process, cell 
morphology and growth rate were observed, and fresh 
drugs were replaced every 24  h. Control and treatment 
group cells were harvested for DNA and RNA extraction 
after treatment for 72 h.

DNA methylation sequencing
Massarray DNA methylation quantitative detection 
employs matrix-assisted laser desorption/ionization 
time-of-flight mass spectrometry (MALDI-TOF MS) 
to detect and quantify methylated DNA sequences. The 
process involves the use of bisulfite treatment to convert 
unmethylated cytosine residues to uracil, leaving meth-
ylated cytosine residues intact. The converted DNA is 
then amplified using PCR and analyzed by mass spec-
trometry. The mass signal obtained is proportional to the 
number of copies of each DNA sequence, thus allowing 

quantification of the degree of methylation at individual 
CpG sites.

Bioinformatics prediction and database analysis
RNA sequencing data of 33 cancers was downloaded 
from the Cancer Genome Atlas Program (TCGA). Perl 
(version 5.32.1, https://www.perl.org) scripts were used 
to extract gene expression matrices from the dataset, and 
R (version 4.1.0, https://mirrors.tuna.tsinghua.edu.cn/
CRAN/) was used to analyze the differential expression 
of PDE7B in the 33 cancers. Differential analysis results 
were then visualized using the “ggplot2” package. Addi-
tional online datasets including ICGC-LIRI-JP, CNHPP, 
GSE14520, GSE102079, GSE107170 were also analyzed.

Methylation sequencing data of TCGA-LIHC cohort 
was downloaded from TCGA database. Perl scripts were 
used to extract gene methylation matrices from the data-
set, and the differential methylation of PDE7B in liver 
cancer and the methylation differences at PDE7B meth-
ylation sites in liver cancer were analyzed with the R 
software. The genes related to PDE7B (Spearman corre-
lation ≥ 0.3) were analyzed through the cBioPortal data-
base. Then, the “clusterProfiler” R package was used to 
obtain Gene Ontology (GO) and Kyoto Encyclopedia of 
Genes and Genomes (KEGG) pathway information. And 
the results were visualized using the “ggplot2” package.

Statistical analyses
The prognostic value was delineated with the aid of 
Kaplan-Meier survival curve which was checked for sta-
tistical significance based on log-rank test. Student’s 
t-test, one-way ANOVA, or Pearson chi-square test were 
utilized in this study to determine differences in all inter-
group variables. The criterion for meaningful difference 
for all analyses was P < 0.05.

Results
DNA methylation characteristics and differentially 
methylated regions in HCC and adjacent normal tissue
WGBS analysis of three pairs of HCC and adjacent nor-
mal tissues yielded an average of 145.823 G of original 
data per sample. With reference to the human genome 
[19], clean reads and mapping rates were screened 
for each sample original data as illustrated in Table  1. 
Although the whole-gene hypomethylation status was 
present in both HCC tissues and paracancerous tis-
sues (Supplementary material 1, Fig.  1), the proportion 
of genomic CpG site methylation in HCC tissues was 
4.246%, which was slightly higher than that in paracan-
cerous tissues (Table 1). In addition, an average of about 
46,945,755 and 48135939.67 methylated cytosines (mC) 
were measured in each sample in both groups (Table 2). 
The human methylation profile includes three variable 
sequence states: CG, CHG, and CHH. Sequencing results 

Table 1  Genomic methylation profile
Sample 
ID

mC (%) mCG (%) mCHG (%) mCHH (%)

C1a 3.705 54.088 0.860 0.916
C2a 4.457 64.147 0.926 0.992
C3a 4.429 72.570 0.836 0.819
P1b 4.748 73.928 0.877 0.932
P2b 3.137 42.606 0.825 0.904
P3b 4.853 75.389 0.919 0.908
Cac 4.197 ± 0.666 63.602 ± 9.253 0.874 ± 0.047 0.909 ± 0.087
Pbc 4.246 ± 0.962 63.974 ± 18.520 0.874 ± 0.047 0.915 ± 0.015
ALLc 4.222 ± 0.666 63.788 ± 13.095 0.874 ± 0.042 0.912 ± 0.056
Notes: aParaneoplastic tissue, bHepatocellular carcinoma tissue; cData are 
mean ± standard deviation

https://www.perl.org
https://mirrors.tuna.tsinghua.edu.cn/CRAN/
https://mirrors.tuna.tsinghua.edu.cn/CRAN/
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showed that mCG accounted for the largest proportion 
of methylation types in both groups (Supplementary 
material 1, Fig. 2A, B). Furthermore the methylation lev-
els varied in different regions, and it was observed that 
CG methylation levels were significantly higher in HCC 
than in paracancerous tissues in the gene regions (Sup-
plementary material 1, Fig. 2C, D).

To reveal the potential functions of DMGs in HCC. 713 
hypomethylated and 362 hypermethylated genes under 
mCG type in HCC tissues and adjacent normal tissues 
were screened from differentially methylated regions 
(DMRs). GO analysis revealed that we found that the 
major molecular function terms of hyper-DMGs and 
hypo-DMGs were “DNA-binding transcriptional activa-
tor activity” and “structural components of ribosomes”, 
respectively. The major cellular component terms for 
hyper-DMGs were “synaptic membrane composition” 
and “actin cytoskeleton,” whereas the major cellular com-
ponent term for hypo-DMGs was “ribosome composi-
tion.” The main biological process terms for high and 
low DMGs were “embryonic organ development” and 
“cytoplasmic translation”, respectively (Supplementary 
material 1, Fig. 3A, B). Whereas KEGG analysis showed 
that high DMGs were mainly enriched in “bile secretion” 
and various other metabolic pathways, low DMGs were 
mainly enriched in “ribosomes,” “adherens junctions,” 
and “Ras-related protein-1 (Rap1) signaling pathway” 
(Supplementary material 1, Fig. 4A, B).

PDE7B was identified as a potential methylation-related 
tumor suppressor of HCC after data integration
Volcano plots were used to depict DEGs screened from 
the transcriptome sequencing data (Supplementary 
material 1, Fig.  5A); there were 711 genes up-regulated, 
while 757 genes were down-regulated. Besides, 27 hyper-
methylated/low-expression tumor suppressor genes were 
identified through the cross-tabulation analysis of the 
DMRs and DEGs (Supplementary material 1, Fig.  5B). 
Then the transcriptomic and clinical data of patients in 
the TCGA database were analyzed, and six DNA hyper-
methylation-regulated genes (PDE7B, RORA, OBSCN, 
APCDD1, SLC22A1, and PNPLA7) with different degrees 
of underexpression were found to be significantly 

underexpressed in HCC. By Kaplan-Meier survival analy-
sis, we found that they all had a significant impact on the 
prognosis of HCC (Supplementary material 1, Fig.  5C). 
By reviewing the published literature, we chose PDE7B 
for further study to determine its effect on HCC.

Validation the decreased expression of PDE7B and 
associated with HCC
The expression of PDE7B in tumor tissues (n = 84) and 
neighbouring normal tissues (n = 84) was detected using 
immunohistochemistry, and the tissues were obtained 
from the Affiliated Hospital of Guilin Medical College. It 
was found that decreased expression of PDE7B in HCC 
tissues compared to adjacent normal tissues (Figs.  1 
and 2A). PDE7B was mainly expressed in the cyto-
plasm, which was generally consistent with the results 
of the The Human Protein Atlas database. The results 
of paired t-test also showed that PDE7B in HCC tissues 
had a significantly lower H-Score than that of adjacent 
normal tissues (Fig.  2A). Moreover, on the online data-
set (TCGA-LIHC, ICGC-LIRI-JP, CNHPP, GSE14520, 
GSE102079 and GSE107170) for HCC analysis, the 
expression of PDE7B in tumors was also generally lower 
than that in normal tissues (Fig. 2B, C).

Based on the PDE7B immunohistochemistry results, 
we divided 84 HCC patients into PDE7B high expres-
sion and low expression groups. It was found that 
PDE7B expression was associated with clinical charac-
teristics, including serum Alpha-fetoprotein (AFP) level 
and recurrence (Tables  3 and 4). Kaplan-Meier results 
showed that the expression of PDE7B affected the over-
all survival (OS) and Disease free survival (DFS) of HCC 
patients. Log-rank test revealed that the OS and DFS 
time of patients in the low PDE7B expression group were 
significantly lower than those in the high expression 
group (Fig. 2D, E).The prognostic value of PDE7B in HCC 
patients was further assessed by cox regression analysis. 
It was showed that low PDE7B expression was an inde-
pendent risk factor of HCC(Tables 5 and 6).

Table 2  Proportion of CG, CHG and CHH in the distribution of methylated C bases
Sample ID mCG mCHG mCHH

Nc % Nc % Nc %
C1a 41,790,212 94.272 476,562 1.075 2,062,475 4.653
C2a 46,708,686 92.799 692,944 1.377 2,931,324 5.824
C3a 46,694,978 93.868 726,390 1.46 2,324,248 4.672
P1b 47,915,941 92.972 679,326 1.318 2,942,882 5.71
P2b 35,290,706 92.487 504,073 1.321 2,362,538 6.192
P3b 47,761,272 93.39 759,053 1.484 2,621,474 5.126
Notes: aParaneoplastic tissue, bHepatocellular carcinoma tissue, cmC number
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PDE7B suppresses proliferation, migration, invasive ability 
of HCC cell
The expression of PDE7B in SMMC-7721, MHCC-97 H, 
Huh7 and SK-hep-1 cells was detected by qRT-PCR. 
Compared with the expression of L02 in human HCC cell 
lines, the expression of PDE7B was reduced in SMMC-
7721, MHCC-97  H, Huh7 and SK-hep-1. The two low-
est PDE7B-expressing cell lines compared to L02 cellls 
were SK-hep-1 cellls and Huh7 cellls(Fig. 3A). Therefore, 

SK-hep-1 cells and Huh7 cells were screened to study the 
effect of PDE7B on the phenotype of HCC cells.

To verify the effect of exogenous PDE7B overexpression 
(PDE7B-OE) on the biological function of HCC cell lines, 
SK-hep-1 cells and Huh7 cells were grouped and trans-
fected with PDE7B gene overexpression plasmid and null 
plasmid, respectively (Fig. 3B). The expression of mRNA 
level of PDE7B-OE was significantly increased by qRT-
PCR, and the mRNA expression levels were increased 

Fig. 1  Immunohistochemical results of six cases of HCC tissues and their corresponding adjacent cancerous tissues
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60-fold in the SK-hep-1 cells and 42.7-fold in the Huh7 
cells, respectively (Fig.  3B). The plate cloning assay 
showed that the number of cells formed by SK-hep-1 cell 
clones of PDE7B-OE was significantly reduced, and the 
same result was observed in Huh7 (Fig. 3C). CCK8 assay 
showed that the proliferative activity of SK-hep-1 and 
Huh7 of PDE7B-OE was significantly reduced (Fig. 3D). 
Transwell results showed that the number of cells pen-
etrating into both matrix gel-free and matrix gel cham-
bers in PDE7B-OE group was obviously weaker than the 

control (Fig. 4A). After scratch assay, the scratch healing 
rate of cells in PDE7B-OE group was found to be sig-
nificantly lower than that in the control group (Fig. 4B). 
These results suggested that PDE7B inhibited the prolif-
eration, migration and invasion of HCC cells.

PDE7B expression was regulated by DNA methylation 
modifications in Human HCC Cell lines
Methylome and transcriptome data of the LIHC cohort 
was downloaded from the TCGA database. The DNA 

Fig. 2  H-score for immunohistochemical detection of PDE7B expression results in HCC tissues and paracancerous tissues (A); Bioinformatics analysis of 
PDE7B expression in HCC and normal tissues in online datasets (TCGA, B; ICGC-LIRI-JP, CNHPP, GSE14520, GSE102079, GSE107170, C); analysis of overall 
survival (D) and Disease free survival (E) of HCC patients with high and low PDE7B expression. (***, P < 0.001)
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Variable n PDE7B expression χ2 P
High(n = 42) low(n = 42)

Age at onset of diagnosis (years)
< 60 64 31 33 0.263 0.608
≥ 60 20 11 9
Gender
Male 75 37 38 0.000 1.000
Female 9 5 4
Tumor size(cm)
< 5 53 29 24 1.278 0.258
≥ 5 31 13 18
Number of tumors
Single shot 74 36 38 0.114 0.736
Multi-incidence (≥ 2) 10 6 4
Pathological grading
I+II 62 32 30 0.246 0.620
III 22 10 12
Clinical Staging
I+II 83 42 41 -- 1.000
III + IV 1 0 1
T Staging
T1 + T2 82 42 40 -- 0.494
T3 + T4 2 0 2
Is cirrhosis of the liver
Yes 77 37 40 0.623 0.430
No 7 5 2
Number of cirrhotic nodules
Single shot 9 4 5 0.000 1.000
Multi-incidence (≥ 2) 75 38 37
Whether relapse
Yes 32 18 28 4.805 0.028
No 52 24 14
Whether the tumor envelope is intact
Yes 37 21 16 1.208 0.272
No 47 21 26
HBsAg
Positive 68 35 33 0.309 0.578
Negative 16 7 9
HBcAb
Positive 76 38 38 0.000 1.000
Negative 8 4 4
AntiHCV
Positive 1 1 0 -- 1.000
Negative 83 41 42
TB (µmol/L)
< 17.1 62 29 33 0.985 0.321
≥ 17.1 22 13 9
ALT (U/L)
< 40 47 25 22 0.435 0.510
≥ 40 37 17 20
ALB (g/dl)
< 4.0 19 13 6 3.333 0.068
≥ 4.0 65 29 36
AFP (ug/L)

Table 3  Association between the expression of PDE7B and clinicopathological features of HCC
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methylation level of PDE7B in liver cancer was found 
to be significantly higher than that of controls (Fig. 5A), 
especially in cg14623715, cg3984009 and cg041521966 
locus (Fig.  5B). Moreover, the degree of PDE7B expres-
sion was negatively linked to the three CpG loci men-
tioned above (Fig.  5C). In addition, it was showed that 
the above three locus methylation modifications were 
higher in SK-hep-1 than those in L02 cells (Fig.  6A). 
When SK-hep-1 was treated with 5-Aza (DNA methyl-
transferase inhibitor), it was found that the methylation 
level was reduced, with the highest decrease of 47.1% 
on the cg03984009 (Fig.  6B; Table  7), while mRNA and 

protein expression of PDE7B were significantly up-regu-
lated (Fig. 6C, D).

PDE7B inhibits EMT by regulating the PI3K/AKT signaling 
pathway
Transcriptome data of the TCGA-LIHC cohort were 
downloaded from the TCGA database and screened 
for genes associated with PDE7B (|r|>0.3, P < 0). GO 
enrichment analysis showed that PDE7B-related genes 
were mainly enriched in the extracellular matrix, bio-
logical processes were mainly enriched in cell migration, 
and molecular functions were mainly enriched in the 

Table 4  Multivariable logistic regression analysis of PDE7B expression in HCC
Variable B SE Waldχ2 P OR 95% CI for OR
Recurrence 1.057 0.477 4.901 0.027 2.877 1.129 ∼ 7.331
ALB (g/dl) 1.000 0.583 2.948 0.086 2.720 0.868 ∼ 8.522
AFP (ug/L) 0.988 0.495 3.987 0.046 2.687 1.018 ∼ 7.089
Abbreviations: ALB, albumin; AFP, alpha-fetoprotein

Table 5  Univariate and multifactor COX regression analysis of OS in HCC
Variable Univariable analysis multivariable analysis

HR 95% CI P HR 95% CI P
PDE7B expression 2.662 1.207 ∼ 5.869 0.015 2.449 1.129 ∼ 5.529 0.024
Age at onset of diagnosis (years) 1.288 0.569 ∼ 2.914 0.543
Gender 3.670 0.499 ∼ 26.993 0.202
Tumor size(cm) 1.562 0.749 ∼ 3.261 0.235
Number of tumors 1.560 0.593 ∼ 4.106 0.368
Pathological grading 2.015 0.950 ∼ 4.275 0.068 1.760 0.810 ∼ 3.827 0.154
Clinical Staging 2.954 0.400 ∼ 21.845 0.289
T Staging 2.960 0.699 ∼ 12.534 0.141
Cirrhosis of the liver 3.074 0.418 ∼ 22.601 0.270
Number of cirrhotic nodules 3.792 0.515 ∼ 27.946 0.191
Whether the tumor envelope is intact 2.181 0.992 ∼ 4.799 0.053 1.746 0.769 ∼ 3.962 0.183
HBsAg 0.945 0.381 ∼ 2.343 0.903
HBcAb 0.125 0.179 ∼ 1.232 0.125
AntiHCV 0.670 0.00 ∼ 53483.37 0.670
TB 1.297 0.591 ∼ 2.850 0.517
ALT 1.237 0.597 ∼ 2.565 0.567
ALB 1.507 0.429 ∼ 2.609 0.904
AFP 1.102 0.520 ∼ 2.334 0.779
GGT 1.559 0.744 ∼ 3.267 0.239
Abbreviations: HBsAg, hepatitis B surface antigen; HBcAb, hepatitis B core antibody; AntiHCV, hepatitis C virus antibody; TB, total bilirubin; ALT, alanine transaminase; 
ALB, albumin; AFP, alpha-fetoprotein; GGT, gamma-glutamyl transferase

Variable n PDE7B expression χ2 P
High(n = 42) low(n = 42)

< 400 53 31 22 4.141 0.042
≥ 400 31 11 20
GGT (U/L)
< 50 42 24 18 1.714 0.190
≥ 50 42 18 24
Abbreviations: HBsAg, hepatitis B surface antigen; HBcAb, hepatitis B core antibody; AntiHCV, hepatitis C virus antibody; TB, total bilirubin; ALT, alanine transaminase; 
ALB, albumin; AFP, alpha-fetoprotein; GGT, gamma-glutamyl transferase

Table 3  (continued) 
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regulation of nucleoside-triphosphate and GTPase activi-
ties (Fig.  7A). Moreover, KEGG analysis showed that 
these genes were mainly enriched in cancer-associated 
pathway, PI3K/AKT signaling pathway (Fig. 7B).

We selected SK-hep-1 for the validation of downstream 
mechanisms, and found that the protein expression of 
epithelial markers E-cadherin, β-catenin and ZO-1 was 
significantly elevated in the PDE7B overexpression group, 
whereas the protein expression of mesenchymal mark-
ers N-cadherin, Vimentin and the transcription factor 
Snail was significantly reduced (Fig. 7C, D). Meanwhile, 
the detection revealed that the expression levels of PI3K, 
AKT, and p-AKT, the key proteins of the PI3K/AKT sig-
naling pathway, were significantly reduced in the PDE7B 
overexpression group (Fig. 7E).

Discussion
HCC is a complex disease associated with risk factors, 
such as HBV infection, AFP exposure, environmental 
factors, and genetic or epigenetic changes. DNA meth-
ylation, the most common epigenetic modification in 
cancer, prompts gene regulation changes that promote 
oncogenesis [5]. For example, CpG methylation is an epi-
genetic regulator of gene expression that typically results 
in gene silencing [7, 26]. Gaining an understanding of 
underlying epigenetic biomarkers can lead to a greater 
comprehension of the mechanisms of HCC onset and 
progression. Recent whole-genome sequencing technol-
ogy studies have found that many genes in HCC tissues 
exhibit abnormal DNA methylation characteristics, and 

these abnormal changes can be used for subtype classifi-
cations and outcome predictions in patients with HCC [6, 
27]. However, despite the recent progress, the exact role 
of DNA methylation in HCC remains unclear. Addition-
ally, PDE7B, a member of the PDE family, is capable of 
hydrolyzing phosphate moieties and decreasing cytosolic 
cAMP concentrations. cAMP signaling is significant for 
tumor progression and treatment [28–30]. Several inves-
tigations have illustrated that the expression of PDE7B is 
dysregulated in pan-cancer [15–17, 31–33]. For instance, 
Brooks et al. noted that high levels of PDE7B expression 
were connected with stem cell subpopulation expan-
sion and enhanced proliferation rate and invasiveness of 
tumors [15]. Zhang et al. also discovered that knockdown 
of PDE7B inhibited the proliferation and progression of 
triple-negative breast cancer cells [16]. PDE7B is also 
upregulated in chronic lymphocytic leukemia and set cell 
lymphoma and serves as a factor in the inferior survival 
of patients with these cancers [31–33]. Together, these 
findings demonstrated that PDE7B is predominantly an 
oncogene that drives the progression of tumors. How-
ever, the role of PDE7B in the development of HCC has 
not been investigated.

Within this research, we generated genome-wide DNA 
methylation profiles at the single-base level to identify 
variations in HCC tissue compared with adjacent normal 
tissue. In addition, we screened a series of DMRs in our 
HCC samples for the differentially expressed gene PDE7B 
in conjunction with transcriptomic data, and then ana-
lyzed the correlation between PDE7B expression and 

Table 6  Univariate and multifactorial COX regression analysis of DFS in HCC
Variable Univariable analysis multivariable analysis

HR 95% CI P HR 95% CI P
PDE7B expression 1.939 1.071 ∼ 3.510 0.029 2.028 1.116 ∼ 3.685 0.020
Age at onset of diagnosis (years) 1.629 0.869 ∼ 3.054 0.128
Gender 1.327 0.476 ∼ 3.703 0.588
Tumor size(cm) 1.502 0.838 ∼ 2.692 0.172
Number of tumors 1.776 0.826 ∼ 3.819 0.141
Pathological grading 1.752 0.945 ∼ 3.251 0.075 1.868 1.003 ∼ 3.479 0.051
Clinical Staging 2.460 0.335 ∼ 18.089 0.377
T Staging 2.001 0.482 ∼ 8.314 0.340
Cirrhosis of the liver 2.307 0.559 ∼ 9.522 0.248
Number of cirrhotic nodules 1.421 0.509 ∼ 3.965 0.502
Whether the tumor envelope is intact 1.406 0.777 ∼ 2.543 0.260
HBsAg 1.006 0.485 ∼ 2.086 0.987
HBcAb 0.666 0.282 ∼ 1.571 0.353
AntiHCV 0.048 0.000 ∼ 1055.202 0.552
TB 0.922 0.477 ∼ 1.783 0.810
ALT 1.118 0.627 ∼ 1.995 0.705
ALB 1.041 0.517 ∼ 2.100 0.910
AFP 1.010 0.555 ∼ 1.838 0.975
GGT 1.516 0.845 ∼ 2.718 0.163
Abbreviations: HBsAg, hepatitis B surface antigen; HBcAb, hepatitis B core antibody; AntiHCV, hepatitis C virus antibody; TB, total bilirubin; ALT, alanine transaminase; 
ALB, albumin; AFP, alpha-fetoprotein; GGT, gamma-glutamyl transferase
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various clinical features. We also validated the expres-
sion of PDE7B in HCC and assessed its prognostic value 
using our hospital samples and online databases (TCGA, 
ICGC-LIRI-JP, CNHPP, GSE14520, GSE102079 and 
GSE107170,). We discovered that differential expres-
sion of PDE7B in HCC tissues was associated with HCC 
recurrence and that PDE7B was hypermethylated in HCC 

cells, which may be regulated by methylation of its pro-
moter, CpG. Our results suggest that hypermethylation 
and downregulation of PDE7B are positively associated 
with the prognosis of HCC. In addition, PDE7B overex-
pression was found to inhibit the proliferation, migration 
and invasion of HCC cells in vitro, suggesting that PDE7B 
has a tumor-suppressive role in HCC.

Fig. 3  Expression levels of PDE7B in normal hepatocytes as well as hepatocarcinoma cell lines (A); observation of transfection efficiency of SK-hep-1 
cells under fluorescence microscope and qRT-PCR to verify the transfection efficiency (B); plate clone-formation assay to detect the clonogenic ability of 
SK-hep-1 cells and Huh7 cells after PDE7B overexpression (C); CCK8 assay to detect the proliferation ability of SK-hep-1 cells and Huh7 cells after PDE7B 
overexpression (D). (*, P < 0.05;**, P < 0.01;***, P < 0.001)
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WGBS is an effective and intuitive method for study-
ing genome-wide DNA methylation abnormalities [34]. 
However, it is relatively rare to find studies to analyze 
HCC through the use of WGBS. In our study, We found 
that there were higher methylation levels in the exon and 
intron areas relative to the promoter areas in HCC tissues 
compared to adjacent normal tissues. Moreover, More 
widespread DNA hypomethylation was observed in HCC 
tissues than in normal tissues. Overall, DNA methyla-
tion occurred mainly in CG sequences, consistent with 

the findings of Yan et al. [27]. Furthermore, previous 
studies have reported global genomic DNA hypomethyl-
ation and gene-specific DNA hypermethylation or hypo-
methylation as epigenetic characteristics of HCC, which 
altered gene expression and contributed to the onset and 
progression of HCC [35, 36]; these findings are consistent 
with those of our study.

To reveal the potential functions of DMGs in HCC, we 
performed GO and KEGG pathway analyses of 713 hypo-
DMGs and 362 hyper-DMGs. Huang et al. discovered 

Fig. 4  Transwell assay to detect the migration ability of SK-hep-1 cells and Huh7 cells after overexpression of PDE7B (A); scratch assay to detect the migra-
tion ability of SK-hep-1 cells and Huh7 cells after PDE7B overexpression (B). (*, P < 0.05;**, P < 0.01;***, P < 0.001)
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that low capping protein (actin filament) muscle Z-line, 
alpha 1 (CAPZA1) expression drives the epithelial to 
mesenchymal transition by regulating actin cytoskeleton 
remodeling, thereby promoting HCC cell invasion and 
migration in vitro and in vivo [37]. In addition, numer-
ous studies have shown that ribosomes play an important 
role in the development of HCC. For example, Cao et al. 
identified ribosome biogenesis regulator 1 (RRS1), a ribo-
somal biogenesis regulatory protein, as a key oncogene 
involved in HCC progression [38]. Additionally, Pang 
et al. identified a long non-coding RNA (SMIM30) that 
binds to ribosomal protein S6 (RPS6), which regulates 
cell proliferation and migration to promote HCC devel-
opment [39]. Han et al. found that adhesive junction-
associated protein 1 (AJAP1) oversubscription restrained 
tumor initiation and pulmonary metastasis in HCC and 
that heterotopic expressed of AJAP1 reduced the mul-
tiplication, oncogenicity and transfer of HCC cells [40]. 
Finally, Zha et al. determined that Rap1 micro RNA 

enhanced the sensitivity of HepG2 cells to 5-fluoroura-
cil chemotherapy in vitro and in vivo, which promoted 
apoptosis [41]. Thus, all these functional enrichments 
observed in screened DMGs suggest an important role in 
the progression of HCC.

Moreover, through a combined WGBS and RNA 
sequencing analysis, we determined that PDE7B expres-
sion, a potential methylation-related tumor suppressor, 
was downregulated and associated with HCC prognosis. 
In this study, we found that PDE7B expression was sig-
nificantly downregulated in HCC tissues and that low 
expression was positively associated with HCC recur-
rence, the serum AFP level, and survival. Additionally, 
the multivariate regression model identified PDE7B as an 
independent factor influencing HCC prognosis. Further-
more, PDE7B overexpression inhibits tumor prolifera-
tion and metastasis in vitro. Together, our results suggest 
that PDE7B may inhibit HCC progression. Sun et al. 
also showed that PDE7B was frequently downregulated 

Fig. 5  DNA methylation levels of PDE7B in HCC tissues from the TCGA database (A); significant differential DNA methylation sites for PDE7B in HCC tissues 
from the TCGA database (B); expression of PDE7B in the TCGA-LIHC cohort in relation to the methylation levels of cg sites (C). (*, P < 0.05;**, P < 0.01;***, 
P < 0.001;****, P < 0.0001)
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Fig. 6  DNA methylation levels of PDE7B promoter CpG islands in LO2 and Sk-hep-1 cells detected by MassARRAY method (A). DNA methylation levels 
of PDE7B promoter CpG islands in sk-hep-1 cells before and after 5-Aza treatment by MassARRAY (B); mRNA and protein expression levels of PDE7B in 
hepatocarcinoma cell lines after 5-Aza treatment (C, D). (*, P < 0.05;**, P < 0.01;***, P < 0.001)
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in clear cell renal cell carcinoma (ccRCC) cells, which 
increased cell viability and migration, suggesting that 
PDE7B exerts anti-tumorigenic effects in cancers [17], 
consistent with our results.

DNA methylation, the most common epigenetic modi-
fication in cancer, causes gene regulation changes that 
promote oncogenesis [5]. DNA methylation frequently 
occurs in solid tumors, such as colorectal, gastric, and 
lung cancer [42–44]. One study demonstrated that high 
methylation levels of the Ras association domain-con-
taining protein 1 (RASSF1A) promoter in the serum 
could predict early-stage HCC [45]. Additionally, Wei et 
al. [46] reported that the promoter region methylation 
status of suppressor of cytokine signaling 3 (SOCS3) was 
associated with AFP, tumor size, and the degree of tumor 
differentiation, serving as a biomarker for a poor HCC 
prognosis. In this study, we found a hypermethylated 
condition in the initiator area of PDE7B in HCC cells, and 
DNA methylation of PDE7B was negatively associated 
with PDE7B mRNA levels and HCC prognosis. Addition-
ally, with the aid of DNA methylation sequencing, we 
determined the methylation of CpG islands in the initia-
tor area of PDE7B, and the outcomes demonstrated that 
the methylation degrees of cg14623715, cg3984009 and 
cg04152196 loci have been amongst HCC cells than L02 
cells. Finally, 5-Aza stimulation diminished the methyla-
tion level of CpG islands of the target, while enhancing 
the production of PDE7B mRNA and protein expression. 
Therefore, we speculate that the methylation status of 
PDE7B could be used to predict HCC progression.

Previous studies have found that abnormally frequent 
methylation of genes with crucial roles in regulating the 
cell cycle, cell death, DNA damage repair, cell prolifera-
tion, invasion, and metastasis are associated with HCC, 
such as RASSF1, adenomatous polyposis coli (APC), 
cyclin-dependent kinase inhibitor 1  A (CDKN1A), and 
cadherin-1 (CDH1) [45, 47, 48]. Furthermore, PDE7B 
might be a tumor suppressor in ccRCCs [17], and our 
study suggests that PDE7B could have a similar role in 
HCC. PDE7B overexpression in HCC cells inhibited cell 
proliferation, colony formation, and invasion. Moreover, 
EMT serves as one of the early markers of tumor inva-
sion and metastasis. We found that PDE7B overexpres-
sion upregulated the expression of the epithelial markers 
E-cadherin, β-catenin, and ZO-1, while downregulat-
ing the expression of the mesenchymal markers N-cad-
herin and Vimentin, and the transcription factor Snail. 

Moreover, PDE7B-related genes were mainly clustered in 
the PI3K-AKT pathway, and the expression of PI3K-AKT 
pathway-related proteins decreased with the increase 
of PDE7B expression. This suggests that the increased 
expression of PDE7B, as a potential oncogene, may 
inhibit the EMT process of hepatocellular carcinoma 
cells by suppressing the PI3K-AKT pathway, and thus 
play a tumor-suppressive role.

In conclusion, the present study provides evidence that 
PDE7B has a tumor-suppressive role in HCC and that its 
downregulation is associated with hypermethylation of 
its promoter region with the ability to regulate the EMT 
process in HCC through the PI3K-AKT pathway. Based 
on all our findings, we suggest that PDE7B may present 
as a potential therapeutic target for the therapy of HCC.

Table 7  Methylation levels of HCC and normal hepatocytes before and after 5-Aza treatment
Gene name: PDE7B CpG Sk-hep-1 DNA Sk-hep-1 (5-Aza) L02 DNA
PDE7B_CpG_1 0.81 1 0.12
PDE7B _CpG_2 0.51 0.27 0.22
PDE7B _CpG_3 0.61 0.61 0.37
PDE7B _CpG_4 0.96 0.89 0.35
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Fig. 7  GO (A) and KEGG (B) pathway enrichment analysis of PDE7B-related genes in HCC; western blot to detect the expression of EMT-related markers 
(C, D) and PI3K-AKT signaling pathway proteins (E) in SK-hep-1 cell after PDE7B overexpression. (*, P < 0.05;**, P < 0.01;***, P < 0.001)

 



Page 18 of 19Du et al. BMC Cancer          (2024) 24:624 

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s12885-024-12364-w.

Supplementary Material 1

Supplementary Material 2

Supplementary Material 3

Acknowledgements
Not applicable.

Author contributions
YXD and YQX designed and performed the experiments. YXD, YQX, GYL, XL 
implemented the experiments and analyzed the data. XFG, XNZ, CT and LYL 
collected and statistically analyzed the clinical data. YXD and YQX organized 
the data and wrote the first draft. CHB reviewed the manuscript. All authors 
read and approved the final manuscript.

Funding
This study was supported by the Natural Science Foundation of Guangxi 
Province (Project Assignment No. 2024GXNSFAA010036), the National Natural 
Science Foundation of China (Grant No. 82260664) and the Innovation Project 
of Guangxi Graduate Education (No.YCSW2023407).

Data availability
These sequence data have been submitted to the NCBI Sequence Read 
Archive (SRA) under accession number: PRJNA1103867. http://www.ncbi.nlm.
nih.gov/bioproject/1103867.

Declarations

Ethics approval and consent to participate
This study was conducted under informed consent from all patients and 
approval from the Ethics Committee (Audit Number: GYLL2022037) of the 
First Affiliated Hospital of Guilin Medical University (Guangxi, China), and it was 
implemented following the Helsinki Declaration.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1Department of Epidemiology and Health Statistics, School of Public 
Health, Guilin Medical University, Huan Cheng North 2nd Road 109, 
Guilin, Guangxi 541004, China
2Guangxi Key Laboratory of Environmental Exposomics and Entire 
Lifecycle Heath, Guangxi Health Commission Key Laboratory of Entire 
Lifecycle Health and Care, School of Public Health, Guilin Medical 
University, Guilin, China

Received: 4 October 2023 / Accepted: 10 May 2024

References
1.	 Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, et 

al. Global Cancer statistics 2020: GLOBOCAN estimates of incidence and 
Mortality Worldwide for 36 cancers in 185 countries. CA Cancer J Clin. 
2021;71(3):209–49.

2.	 EASL Clinical Practice Guidelines. Management of hepatocellular carcinoma. J 
Hepatol. 2018;69(1):182–236.

3.	 Mancarella D, Plass C. Epigenetic signatures in cancer: proper controls, 
current challenges and the potential for clinical translation. Genome Med. 
2021;13(1):23.

4.	 Kim M, Costello J. DNA methylation: an epigenetic mark of cellular memory. 
Exp Mol Med. 2017;49(4):e322.

5.	 Bates SE. Epigenetic therapies for Cancer. N Engl J Med. 2020;383(7):650–63.
6.	 Hanieh H, Ahmed EA, Vishnubalaji R, Alajez NM. SOX4: Epigenetic regulation 

and role in tumorigenesis. Semin Cancer Biol. 2020;67(Pt 1).
7.	 Chen G, Fan X, Li Y, He L, Wang S, Dai Y, et al. Promoter aberrant methylation 

status of ADRA1A is associated with hepatocellular carcinoma. Epigenetics. 
2020;15(6–7):684–701.

8.	 Hogg SJ, Beavis PA, Dawson MA, Johnstone RW. Targeting the epigenetic reg-
ulation of antitumour immunity. Nat Rev Drug Discov. 2020;19(11):776–800.

9.	 Füller M, Klein M, Schmidt E, Rohde C, Göllner S, Schulze I, et al. 5-azacytidine 
enhances efficacy of multiple chemotherapy drugs in AML and lung cancer 
with modulation of CpG methylation. Int J Oncol. 2015;46(3):1192–204.

10.	 Liu H-H, Wang J, Zhang Y, Fan Y-C, Wang K. Prognostic potential of the small 
GTPase ran and its methylation in hepatocellular carcinoma. Hepatobiliary 
Pancreat Dis Int. 2022;21(3):248–56.

11.	 Chalasani NP, Ramasubramanian TS, Bhattacharya A, Olson MC, Edwards 
VDK, Roberts LR et al. A novel blood-based panel of methylated DNA and 
Protein Markers for Detection of Early-Stage Hepatocellular Carcinoma. Clin 
Gastroenterol Hepatol. 2021;19(12).

12.	 Maurice DH, Ke H, Ahmad F, Wang Y, Chung J, Manganiello VC. Advances 
in targeting cyclic nucleotide phosphodiesterases. Nat Rev Drug Discov. 
2014;13(4):290–314.

13.	 Michaeli T, Bloom TJ, Martins T, Loughney K, Ferguson K, Riggs M, et al. 
Isolation and characterization of a previously undetected human cAMP phos-
phodiesterase by complementation of cAMP phosphodiesterase-deficient 
Saccharomyces cerevisiae. J Biol Chem. 1993;268(17):12925–32.

14.	 Han P, Sonati P, Rubin C, Michaeli T. PDE7A1, a cAMP-specific phosphodiester-
ase, inhibits cAMP-dependent protein kinase by a direct interaction with C. J 
Biol Chem. 2006;281(22):15050–7.

15.	 Brooks MD, Jackson E, Warrington NM, Luo J, Forys JT, Taylor S, et al. PDE7B is 
a novel, prognostically significant mediator of Glioblastoma growth whose 
expression is regulated by endothelial cells. PLoS ONE. 2014;9(9):e107397.

16.	 Zhang D-D, Li Y, Xu Y, Kim J, Huang S. Phosphodiesterase 7B/microRNA-200c 
relationship regulates triple-negative breast cancer cell growth. Oncogene. 
2019;38(7):1106–20.

17.	 Sun Y, Zou J, Ouyang W, Chen K. Identification of PDE7B as a potential core 
gene involved in the Metastasis of Clear Cell Renal Cell Carcinoma. Cancer 
Manag Res. 2020;12:5701–12.

18.	 Liu S, Zhang J, Zheng T, Mou X, Xin W. Circ_WWC3 overexpression deceler-
ates the progression of osteosarcoma by regulating miR-421/PDE7B axis. 
Open Life Sci. 2021;16(1):229–41.

19.	 Coopman P, Djiane A. Adherens Junction and E-Cadherin complex regulation 
by epithelial polarity. Cell Mol Life Sci. 2016;73(18):3535–53.

20.	 Founounou N, Loyer N, Le Borgne R. Septins regulate the contractility of the 
actomyosin ring to enable adherens junction remodeling during cytokinesis 
of epithelial cells. Dev Cell. 2013;24(3):242–55.

21.	 Lamouille S, Xu J, Derynck R. Molecular mechanisms of epithelial-mesenchy-
mal transition. Nat Rev Mol Cell Biol. 2014;15(3):178–96.

22.	 Yuan K, Xie K, Lan T, Xu L, Chen X, Li X, et al. TXNDC12 promotes EMT and 
metastasis of hepatocellular carcinoma cells via activation of β-catenin. Cell 
Death Differ. 2020;27(4):1355–68.

23.	 Yan Y-Q, Xie J, Wang J-F, Shi Z-F, Zhang X, Du Y-P, et al. Scorpion inhibits 
epithelial-mesenchymal transition and metastasis of hepatocellular carci-
noma. Exp Biol Med (Maywood). 2018;243(7):645–54.

24.	 Xiang H, Zhu J, Chen Q, Dai F, Li X, Li M, et al. Single base-resolution methy-
lome of the silkworm reveals a sparse epigenomic map. Nat Biotechnol. 
2010;28(5):516–20.

25.	 Lister R, Pelizzola M, Dowen RH, Hawkins RD, Hon G, Tonti-Filippini J, et al. 
Human DNA methylomes at base resolution show widespread epigenomic 
differences. Nature. 2009;462(7271):315–22.

26.	 Song G, Zhu X, Xuan Z, Zhao L, Dong H, Chen J, et al. Hypermethylation of 
GNA14 and its tumor-suppressive role in hepatitis B virus-related hepatocel-
lular carcinoma. Theranostics. 2021;11(5):2318–33.

27.	 Yan Q, Tang Y, He F, Xue J, Zhou R, Zhang X, et al. Global analysis of DNA 
methylation in hepatocellular carcinoma via a whole-genome bisulfite 
sequencing approach. Genomics. 2021;113(6):3618–34.

28.	 Dicitore A, Grassi ES, Caraglia M, Borghi MO, Gaudenzi G, Hofland LJ, et al. The 
cAMP analogs have potent anti-proliferative effects on medullary thyroid 
cancer cell lines. Endocrine. 2016;51(1):101–12.

29.	 McEwan DG, Brunton VG, Baillie GS, Leslie NR, Houslay MD, Frame MC. 
Chemoresistant KM12C colon cancer cells are addicted to low cyclic AMP 

https://doi.org/10.1186/s12885-024-12364-w
https://doi.org/10.1186/s12885-024-12364-w
http://www.ncbi.nlm.nih.gov/bioproject/1103867
http://www.ncbi.nlm.nih.gov/bioproject/1103867


Page 19 of 19Du et al. BMC Cancer          (2024) 24:624 

levels in a phosphodiesterase 4-regulated compartment via effects on phos-
phoinositide 3-kinase. Cancer Res. 2007;67(11):5248–57.

30.	 Wang W, Li Y, Zhu JY, Fang D, Ding H-F, Dong Z, et al. Triple negative breast 
cancer development can be selectively suppressed by sustaining an elevated 
level of cellular cyclic AMP through simultaneously blocking its efflux and 
decomposition. Oncotarget. 2016;7(52):87232–45.

31.	 Zhang L, Murray F, Zahno A, Kanter JR, Chou D, Suda R, et al. Cyclic nucleotide 
phosphodiesterase profiling reveals increased expression of phospho-
diesterase 7B in chronic lymphocytic leukemia. Proc Natl Acad Sci U S A. 
2008;105(49):19532–7.

32.	 Zhang L, Murray F, Rassenti LZ, Pu M, Kelly C, Kanter JR, et al. Cyclic nucleotide 
phosphodiesterase 7B mRNA: an unfavorable characteristic in chronic lym-
phocytic leukemia. Int J Cancer. 2011;129(5):1162–9.

33.	 Fang C, Dong H-J, Zou Z-J, Fan L, Wang L, Zhang R, et al. High expression of 
cyclic nucleotide phosphodiesterase 7B mRNA predicts poor prognosis in 
mantle cell lymphoma. Leuk Res. 2013;37(5):536–40.

34.	 Adusumalli S, Mohd Omar MF, Soong R, Benoukraf T. Methodological 
aspects of whole-genome bisulfite sequencing analysis. Brief Bioinform. 
2015;16(3):369–79.

35.	 Ye C, Tao R, Cao Q, Zhu D, Wang Y, Wang J, et al. Whole-genome DNA 
methylation and hydroxymethylation profiling for HBV-related hepatocellular 
carcinoma. Int J Oncol. 2016;49(2):589–602.

36.	 Ferlay J, Soerjomataram I, Dikshit R, Eser S, Mathers C, Rebelo M, et al. Cancer 
incidence and mortality worldwide: sources, methods and major patterns in 
GLOBOCAN 2012. Int J Cancer. 2015;136(5):E359–86.

37.	 Huang D, Cao L, Xiao L, Song J-X, Zhang Y-J, Zheng P, et al. Hypoxia induces 
actin cytoskeleton remodeling by regulating the binding of CAPZA1 to 
F-actin via PIP2 to drive EMT in hepatocellular carcinoma. Cancer Lett. 
2019;448:117–27.

38.	 Cao P, Yang A, Li P, Xia X, Han Y, Zhou G et al. Genomic gain of RRS1 promotes 
hepatocellular carcinoma through reducing the RPL11-MDM2-p53 signaling. 
Sci Adv. 2021;7(35).

39.	 Pang Y, Liu Z, Han H, Wang B, Li W, Mao C, et al. Peptide SMIM30 promotes 
HCC development by inducing SRC/YES1 membrane anchoring and MAPK 
pathway activation. J Hepatol. 2020;73(5):1155–69.

40.	 Han J, Xie C, Pei T, Wang J, Lan Y, Huang K, et al. Deregulated AJAP1/β-
catenin/ZEB1 signaling promotes hepatocellular carcinoma carcinogenesis 
and metastasis. Cell Death Dis. 2017;8(4):e2736.

41.	 Zha Y, Gan P, Yao Q, Ran F-M, Tan J. Downregulation of Rap1 promotes 
5-fluorouracil-induced apoptosis in hepatocellular carcinoma cell line HepG2. 
Oncol Rep. 2014;31(4):1691–8.

42.	 Okugawa Y, Grady WM, Goel A. Epigenetic alterations in Colorectal Cancer: 
emerging biomarkers. Gastroenterology. 2015;149(5).

43.	 Dai J, Nishi A, Li Z-X, Zhang Y, Zhou T, You W-C, et al. DNA methylation signa-
tures associated with prognosis of gastric cancer. BMC Cancer. 2021;21(1):610.

44.	 Liang W, Zhao Y, Huang W, Gao Y, Xu W, Tao J, et al. Non-invasive diag-
nosis of early-stage lung cancer using high-throughput targeted DNA 
methylation sequencing of circulating tumor DNA (ctDNA). Theranostics. 
2019;9(7):2056–70.

45.	 Liu ZJ, Huang Y, Wei L, He JY, Liu QY, Yu XQ, et al. Combination of LINE-1 
hypomethylation and RASSF1A promoter hypermethylation in serum DNA 
is a non-invasion prognostic biomarker for early recurrence of hepatocellular 
carcinoma after curative resection. Neoplasma. 2017;64(5):795–802.

46.	 Wei L, Huang Y, Zhao R, Zhang J, Liu Q, Liang W, et al. Detection of promoter 
methylation status of suppressor of cytokine signaling 3 (SOCS3) in tissue 
and plasma from Chinese patients with different hepatic diseases. Clin Exp 
Med. 2018;18(1):79–87.

47.	 Csepregi A, Ebert MP, Röcken C, Schneider-Stock R, Hoffmann J, Schulz H-U, 
et al. Promoter methylation of CDKN2A and lack of p16 expression character-
ize patients with hepatocellular carcinoma. BMC Cancer. 2010;10:317.

48.	 Nagaraju GP, Dariya B, Kasa P, Peela S, El-Rayes BF. Epigenetics in hepatocel-
lular carcinoma. Semin Cancer Biol. 2022;86(Pt 3):622–32.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.


	﻿Methylation-regulated tumor suppressor gene ﻿PDE7B﻿ promotes HCC invasion and metastasis through the ﻿PI3K/AKT﻿ signaling pathway
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Patients and tissue samples
	﻿Genomic DNA extraction and WGBS library construction
	﻿WGBS data processing
	﻿Methylation level and differentialy methylated region (DMR) detection
	﻿RNA sequencing
	﻿Identification of differentially expressed methylated genes
	﻿Cell lines
	﻿Immunohistochemical staining
	﻿Quantitative reverse-transcription polymerase chain reaction (qRT-PCR)
	﻿CCK8 assay
	﻿Formation of cell colony
	﻿Cell scratch detection
	﻿Migration and invasion assays
	﻿In vitro cell line demethylation assay
	﻿DNA methylation sequencing
	﻿Bioinformatics prediction and database analysis
	﻿Statistical analyses

	﻿Results
	﻿DNA methylation characteristics and differentially methylated regions in HCC and adjacent normal tissue
	﻿﻿PDE7B﻿ was identified as a potential methylation-related tumor suppressor of HCC after data integration
	﻿Validation the decreased expression of ﻿PDE7B﻿ and associated with HCC
	﻿﻿PDE7B﻿ suppresses proliferation, migration, invasive ability of HCC cell
	﻿﻿PDE7B﻿ expression was regulated by DNA methylation modifications in Human HCC Cell lines
	﻿﻿PDE7B﻿ inhibits EMT by regulating the ﻿PI3K/AKT﻿ signaling pathway

	﻿Discussion
	﻿References


