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Abstract

Background and objective: Liver regeneration (LR) is a complex process influenced by various genes and pathways, the majority
of the of research on LR focus on the initiation and proliferation phase while studies on termination phase is lacking. We aimed to
identify potential genes and reveal the underlying the molecular mechanisms involved in the precise regulation of liver size during the
termination phase of LR. Materials and methods: We obtained the rat liver tissue gene datasets (GSE63742) collected following partial
hepatectomy (PH) from the Gene Expression Omnibus (GEO) of the National Center for Biotechnology Information (NCBI), from which,
this study screened the late stage LR samples (7 days post-PH) using the R/Bioconductor packages for the identification of differentially
expressed genes (DEGs). Afterwards, we performed enrichment analysis using the database for annotation visualization and integrated
discovery (DAVID) online tool. Moreover, the Search Tool for the Retrieval of Interacting proteins (STRING) database was employed
to construct protein-protein interaction (PPI) networks based on those identified DEGs; the PPI network was then used by Cytoscape
software to predict hub genes and nodes. Animal experimentation (Rat PH model) was performed to acquire liver tissues which were
then used for western blot analysis to verify our results. Results: The present study identified together 74 significant DEGs, among
which, 51 showed up-regulation while 23 presented as down-regulated. As revealed by KEGG pathway enrichment analysis, DEGs
were mostly related to pathways such as retinol metabolism, steroid hormone synthesis, transforming growth factor-5 (TGF-/) and
mitogen-activated protein kinase (MAPK) signaling. In addition, as suggested by GO enrichment analysis, DEGs were mostly related
to the cyclooxygenase P450 pathway, negative regulation of Notch signaling pathway, aromatase activity, steroid hydroxylase activity,
exosomes, and extracellular domain. Analyses based on STRING database and Cytoscape software identified genes like Ste2 and Btg2 as
the hub genes in the termination stage LR. The obtained results were confirmed by Western blot analysis. Conclusions: Taken together,
the microarray analysis in this study suggests that DEGs such as Ste2 and Btg2 are the hub genes, which are associated with the regulation
of termination stage LR, while the molecular mechanisms are possibly related to the MAPK and TGF-/3 signal transduction pathways.
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1. Introduction regeneration concentrate on the initiation signal in the early
phase of regeneration, while the research on the termination
signal in the late phase of regeneration remains relatively
few. Therefore, an in-depth study of the negative regulatory
signals and key genes involved in the late phase of liver re-
generation will not only help to deepen the understanding of
the process of liver regeneration, but also provide great sig-
nificance in explaining the regulatory mechanism of liver
tumor growth and screening potential therapeutic targets. In
recent years, with the unprecedentedly rapid development
of high-throughput sequencing and computer science and
technology, it is possible to comprehensively utilize life sci-
ence, computer and information technology to analyze the
potential significance behind massive and complex biolog-
ical data. In the current work, bioinformatics analysis was
used to select the microarrays related to the termination of
liver regeneration. Differentially expressed genes (DEGs)
with statistical significance were selected and analyzed to
find out the key genes and pathways that exert an important
role in the process.

When injury occurs, a series of signaling pathways in
the liver are activated to initiate liver regeneration (LR), and
the body’s metabolic needs are satisfied by the rapid expan-
sion of the remaining liver tissue. In 1931, Higgins et al. [1]
first demonstrated its unique characteristics by performing
animal experiments. After approximately 70% partial hep-
atectomy (PH), the remaining liver in rats could basically
recover to the weight, volume and function before operation
within 5-7 days, and then the cells returned to static state.
It is considered that the whole process of liver regeneration
includes three phases including initiation, proliferation and
termination [2]. Atthe initiation phase, a series of cytokines
including TNF-« and IL-6 act on hepatocytes to enhance
their sensitivity to growth factors. Stimulation of various
growth factors makes hepatocytes re-enter G1 phase and
then enter proliferation phase [3]. When the function of
liver tissue is sufficient to maintain the normal metabolic
needs of the body, hepatocytes re-enter GO phase and stop
proliferation [4]. Currently, most of the researches on liver
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2. Microarray analysis
2.1 Data sources

The gene expression data set (GSE63742) of rat liver
tissue after PH operation was selected and downloaded by
gene expression omnibus (GEO), a high-throughput gene
expression database of the National Center for Biotechnol-
ogy Information (NCBI), with “liver regeneration” as the
key word. The data set contained altogether 57 samples at
9 time points after PH operation. In the present study, 6
samples (3 in sham-operation group and 3 in PH late phase
group) were selected as the original data of gene expression
at the termination phase of liver regeneration in rats.

2.2 Analysis methods
2.2.1 Quality verification

The “aftyPLM” package of R language (https://www.
r-project.org/) was employed to verify the quality of regres-
sion calculation of original data. Meanwhile, the results
were evaluated and displayed using Relative log expres-
sion (RLE) box plot, normalized unscaled standard errors
(NUSE) box plot and RNA degradation plot [5].

2.2.2 Data processing and differential gene screening

The “affy” and “limma” [6,7] packages of R language
were used to process the original chip data as follows: (D
Background correction and quantile homogenization; 2
Screening differently expressed gene (DEGs) under the fol-
lowing conditions: Absolute value of Log2 (fold change,
FC) >1.5 and adjusted p < 0.001; 3 Match the probe ID
to gene name through the chip platform file. The analysis
results were visualized by employing “ggplot2” package of
R language.

2.2.3 KEGG and GO enrichment analysis

On-line tool DAVID database (https://david.ncifcrf.
gov/home.jsp) [8] was adopted to analyze the enrichment
of DEGs by Kyoto Encyclopedia of Genes and Genomes
(KEGG) and Gene ontology (GO) [9,10]. GO enrichment
analysis included Biological process (BP), Cellular compo-
nent (CC) and Molecular function (MF). In addition, the
analysis results were visualized by “ggplot2” package of R

language.

2.2.4 Construction of protein-protein interaction network
and screening of key genes

The DEGs obtained in the above steps was input into
the STRING database (https://string-db.org/). At the same
time, the protein-protein interaction network (PPI) was con-
structed on the condition of medium confidence of 0.400.
PPI network information was downloaded and imported
into the Cytoscape software. The key nodes (hub nodes)
and key genes (hub genes) in the network were analyzed
and predicted by using the cytohubba plug-in [11,12].

3. Animal experiment models and western
blot assay verification

3.1 Animal experiment models

A total of 6 Rats (male, 8-week-old, 260-280 g, SD)
acquired from Experimental Animal Center of Chongqing
Medical university (Chongqing, China) and were main-
tained in specific pathogen free (SPF) barrier (sterile poly-
carbonate cages, sustained at 24 £+ 2 °C with a 12-h
light/dark cycle) with free access to water and food. Animal
Management Rules of the Ministry of Health of the People’s
Republic of China were compiled and experimental models
were approved by the Animal Care and Use Committee of
Second affiliated Hospital of Chongqing Medical univer-
sity.

PH Group underwent the procedure described by Hig-
gins et al. [1]. Firstly, rats were given intraperitoneal in-
jection of sodium pentobarbital (50 mg/kg) for anesthesia,
then the left and middle lobes of the liver were ligated and
resected (approx. 70% of rat liver weight). The same pro-
tocol was performed on the sham groups but without under-
going PH. At 7 days postoperatively (late phase of liver re-
generation), rats were anesthetized and sacrificed, then the
liver tissues were collected for Western blotting analysis.

3.2 Western blot analysis

The acquired liver tissues were lysed (RIPA lysis
buffer and PMSF (Beyotime, Shanghai)), which were quan-
tified using BCA protein quantitative kit (Beyotime, Shang-
hai). Protein samples was separated by electrophoresis
of SDS-PAGE and then transferred to polyvinylidene di-
fluoride (PVDF) membranes. The membranes were first
blocked in 5% skim milk (37 °C, 1 h), incubated with pri-
mary antibodies against A1GB, (Invitrogen Product # PAS5-
88154) and CYP2C11 (Abcam product # ab3571) (4 °C,
overnight) and then washed before being incubated with
secondary antibodies (room temp, 1 h). Band visualization
was obtained through the use of an enhanced chemilumines-
cence system (Thermo Scientific, USA). Comparisons be-
tween groups were undertaken on the basis of the unpaired
Student ¢ test. Results are expressed as means + SD. p <
0.05 was considered statistically significant.

4. Results
4.1 Quality verification

As shown in Fig. 1, the RLE values in each group
were relatively uniform and close to 0, while the NUSE
values in each group were relatively uniform and close to
1. Typically, a greater deviation from the corresponding
center implies a larger variability of supposed sample, thus
meaning that the sample was invalid for further analysis.
RNA degradation plot indicated that the degradation of 5’
end was more significant than that of 3’ end in each group,
and the trend among each group was relatively parallel. All
the above results demonstrated that the chip had excellent
quality and stable detection results, which provided reliable
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Fig. 1. Quality verification of Microarray. (A) In the RLE box plot, the boxes centered at 0 low quality arrays had great variability

with large deviation from 0. (B) In the NEUS box plot, median standard errors from the PLM scaled to 1, the boxes centered at 1, median

standard error >1 in low quality arrays. (C) RNA degradation plot of the microarray samples used.

data for subsequent analysis.
4.2 DEGs screening

Principal component analysis (PCA) was performed
on the chip samples, and the results showed a significant
difference between the two groups, with different charac-
teristics (Fig. 2A). Cluster analysis of DEGs showed that
the differences within the group were small and the repeata-
bility was good. The gene expression pattern in PH group
was significantly different from that in SHAM group. After
normalizing the chip data, 51 genes were up-regulated and
23 genes were down-regulated, with a total of 74 DEGs.
The results were displayed by volcano map (Fig. 2B). Gene
expression across the samples can be visualized through
the heatmap (Fig. 2C), green denotes up-regulation and red
signifies down-regulation. Full details of the 74 expressed
genes along with their fold change and ID given can be ob-
served in the Supplementary Table 1 along with p-values,
average expression and gene title (Supplementary Table

1.

4.3 Enrichment analysis of KEGG and GO pathways of
DEGs

The results of KEGG visualization analysis of DEGs
(Fig. 3) showed that a large number of DEGs in LR ter-
mination phase were closely related to seven signaling and
metabolic pathways, including steroid hormone synthesis,
retinol metabolism, mitogen activated protein kinase sig-
naling pathway and transforming growth factor-3. The re-
sults of GO enrichment analysis (Fig. 3) showed that in
terms of biological process, DEGs was mainly associated
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with the negative regulation of Notch signaling pathway,
and the positive regulation of cyclooxygenase P450 path-
way and IL-8 secretion. In terms of cell components, it
was mainly related to the extracellular region, basolateral
membrane, exosomes and organelle membranes. Regard-
ing molecular function, it was mainly related to aromatic
enzyme activity, small molecule binding, arachidonic acid
epoxidase activity and steroid hydroxylase activity.

4.4 PPI network construction and analysis

PPI network constructed by STRING database and
analysis by Cytoscape software could further clarify the
protein interactions involved in DEGs and the key genes
involved in regulation. The results showed that (Fig. 4)
the PPI network contained 46 relationships of 67 node pro-
teins, among which most proteins had interaction relation-
ships. The cytohubba plug-in was used to screen key nodes
and genes in the PPI network. The top 10 key genes in-
cluded Cyp2c13, Ste2, Mup5, LOC259244, Rup2, Hsd3b5,
UST4r, Btg2, Cyp2cll and Myc.

4.5 Western blot verification

A total of 74 genes were identified as differentially
expressed through microarray analysis. Two genes, cy-
tochrome P450, subfamily 2, polypeptide 11 (Cyp2cll)
, alpha-1-B glycoprotein (Albg) were chosen, due to the
fact that they were the most up and down-regulated genes
respectively in our analysis. In the western blot analy-
sis, glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
was used as loading control. Western blotting showed that
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Fig. 2. PCA and DEGs screening at the termination phase of liver regeneration and in sham operation control group. (A) PCA
on sham-operation group and PH group. (B) Volcano plot. Black represents non-DEGs, red stands for up-regulated DEGs, and green
represents down-regulated DEGs. (C) Hierarchical clustering heatmap of the 74 up- and down-regulated DEGs screened in the GSE63742
dataset. Each row represents one gene, the right column represents for PH samples, the left column represents SHAM samples.
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Fig. 3. KEGG and GO enrichment analyses on DEGs. (A) Distribution of DEGs associated with the termination phase of LR in
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category. (C) Distribution of DEGs associated with the termination phase of LR in the cell component (CC) of GO category. (D)
Distribution of DEGs associated with the termination phase of LR in molecular function (MF) of GO category.
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Fig. 4. Construction of protein-protein interaction (PPI) network and hub gene analysis on DEGs associated with the termination
phase of liver regeneration. (A) Construction of PPI network using the STRING tool (medium confidence of 0.400. PPI). (B) The top
10 hub genes predicted using the Cytoscape software by adopting the cytohubba plug-in.
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Fig. 5. Western blotting Verification results. (A) Representative Western blotting analysis on the expression of A1GB, Cyp2cll
and GAPDH (loading control) in the liver of male rats at 6 days after PH. (B) Relative staining intensity ratios of A1GB and Cyp2cl11
compared between PH group and SHAM group. Data represent mean + SD. for PH group. *p < 0.05, versus SHAM group.

Cyp2c11 was upregulated and Albg was downregulated in
the PH group compared with the SHAM groups, (*p <
0.05), which is consistent with the results of our microar-
ray analysis (Fig. 5).

5. Discussion

Before extracting data, it is of necessity to verify the
chip quality at first and then find and reject the problem-
atic chips to ensure the reliability of subsequent analysis.
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RLE and NUES can reflect the consistency of parallel ex-
periments. An RLE plot exhibits the difference between a
gene’s expression level and the median for that gene, as-
suming that most genes are not differentially expressed.
The boxes should be close to 0. A NUSE plot however is
scaled so that the median standard error across arrays is 1
for each gene and thus boxes should be close to 1 [13]. If
there is a large deviation in the box plot of a chip, it indicates
that there is a problem with the chip [14]. RNA degradation
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is another important factor which can affect chip quality.
Since RNA degradation starts from the 5’ end, the fluores-
cence intensity at the 5” end is much lower than that at the 3’
end [15]. To assess the viability of the microarray using the
RNA degradation plot, we look at the parallelism and simi-
larities between samples slopes in which an extreme differ-
ence in one or more of the samples slopes means that the
sample is not viable for use. The detection results of the
above three indicators show that the chips included in this
analysis are reliable in quality, and the batch difference of
detection results is small, thus providing credible original
data for performing subsequent analysis.

In the proliferation phase, both the regenerated liver
and liver tumors show the strong proliferation ability of
liver cells. However, because tumor cells lack the nega-
tive regulation mechanism for termination, their cells can
divide indefinitely. Liver regeneration is a complex and
delicate process regulated by multiple factors. When the
regeneration level can satisfy the body’s metabolic needs,
it will trigger a termination signal to stop cell proliferation.
In the present study, altogether 74 DEGs were selected from
the rat liver microarray at the termination phase of liver re-
generation, further validated by Western blotting assay, and
analyzed by KEGG and GO enrichment analyses, so as to
reveal the roles of these genes at the termination phase of
liver regeneration. Among the seven pathways screened by
KEGG analysis, MAPK and TGF-{ signal pathways were
the most noteworthy. MAPK family is a group of serine-
threonine protein kinases which can be activated by var-
ious extracellular stimuli, and is mainly involved in a lot
of important physiological/pathological processes such as
cell growth, differentiation, stress and inflammatory reac-
tion. However, it has been reported that p38, as a MAPK
subfamily, exert an important role in proliferation, which
is closely related to the pathophysiological environment in
which hepatocytes live. Studies conducted by Campbell et
al. [16] showed that p38« is a negative regulator of hepato-
cyte proliferation. In the liver regeneration model of mice
after PH operation with specific liver cell knockout, the
early phase of hepatocyte regeneration exhibits enhanced
proliferation activity, and its mechanism may be related to
the antagonism of p38« against INK-c-Jun pathway activ-
ity. In the model of chronic biliary cirrhosis, the specific
knocking out of liver cells p38« will lead to mitotic retarda-
tion and cytokinesis failure, thus reducing the proliferation
of liver cells and ultimately lowering the life span of mice
[17].

Fortier et al. [18] confirmed through the CCl4-
induced acute liver injury model that specific knockout of
p38a of hepatocytes altered the immune microenvironment
after injury, enhanced the infiltration of inflammatory cells,
and mediated the formation of immune microenvironment
conducive to liver tissue repair through the chemotaxis of
CCL2/CCLS5 cytokines. Studies have proved that TGF-8
signaling pathway is an important signal to inhibit the pro-

liferation of hepatocytes for the reason that it is closely
related to the activation of hepatic stellate cells (HSCs).
As the most important non parenchymal cells in the liver
microenvironment, HSCs are involved in the pathophys-
iological processes of liver fibrosis, hepatocellular carci-
noma and liver regeneration after transdifferentiate into my-
ofibroblasts (MFS). Inhibition of TGF-5 pathway inter-
feres with epithelial mesenchymal transition of HSCs dur-
ing liver regeneration and reduces the nuclear aggregation
of B-Catenin and the expression of cytochrome P450, re-
sulting in delayed proliferation. The activation of this path-
way can directly promote liver fibrosis [19,20]. A transcrip-
tome analysis of HCC indicated that 40% of samples have
TGF-{ signaling pathway gene mutation, and up-regulation
of this pathway will promote inflammation and fibrosis,
while down-regulation will reduce tumor inhibitory activ-
ity and significantly shorten the survival time of patients
[21]. In addition, recent research results also confirm our
GO enrichment analysis results. Notch signaling pathway
can promote the proliferation of hepatocytes. Overexpres-
sion of Notch-1 can up-regulate the expression of cyclin
Al, DI, E and other cyclins [22]. The activation of Notch
pathway in hepatocytes is the key condition of liver home-
ostasis, metabolism, regeneration, vascular physiology and
biliary tract morphogenesis [23]. Notch pathway in liver
is significantly activated after PH operation, and inhibition
of this pathway can lead to the imbalance of cell cycle and
its related proteins, and the mechanism involved may be
in association with NICD/Akt/HIF-1« pathway [24]. Ex-
osomes derived from hepatocytes can promote intercellu-
lar communication during regeneration, and exosomes de-
rived from bone marrow mesenchymal stem cells can in-
hibit HSCs activation through Wnt/3-catenin pathway, con-
sequently alleviating CCl4-induced liver fibrosis [25,26].
At the end of liver regeneration, the molecular function of
DEGs is enriched in the activities of various metabolic re-
lated enzymes including aromatase and steroid hydroxy-
lase, also indicating that the most important metabolic func-
tion of liver has been restored.

In comparison with the control group, the top 10 hub
genes related to the termination phase of liver regenera-
tion screened from PPI network were all up-regulated. Ste2
gene regulates the expression of estrogen sulfotransferase
2, maintaining the steady state of estrogen by sulfonating
and inactivating estrogen. It has been reported that this en-
zyme is the direct transcription target of Nrf2. The latest
research shows that Nrf2 is activated in the early phase of
tumorigenesis in rat model of fatty hepatitis with fibrosis,
and knockout of Nrf2 gene can inhibit the amplification of
initial cell clone, which can thus prevent the occurrence of
HCC [27,28]. This may be the reason for the increased ex-
pression of the gene in the late phase of liver regeneration.
A study conducted by Zhao et al. [29] showed that tumor-
like growth in the early phase of liver development is pos-
itively and negatively coordinated by «-2u globulin (extra-
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cellular domain)/ppp2r2a-pik3c3 (MAPK signaling path-
way)/Hsd3b5 (metabolic pathway), evidently showing that
Hsd3b5 gene plays an important role in the biosynthesis of
all steroid hormones. In addition, another article by Xiu et
al. [30] also showed a significant expression decrease in
Hsd3b5 after lowering serum testosterone and estrogen. It
is of note that the expression level of Myc, as a oncogene,
is still up-regulated at the termination phase of liver regen-
eration. The sustained overexpression of c-Myc caused by
the deletion of hepatocyte nuclear factor 4o (HNF4 «) will
eventually lead to the non-functional continuous prolifer-
ation of liver after PH operation [31]. Moreover, it also
indirectly confirmed that there must be a series of negative
modulation signals against its proliferation-promoting ef-
fect at this phase. In liver cells, Btg2 as a cell cycle inhibitor
can prevent FoxM1 activation and inhibit DNA synthesis
[32]. MiR-6875-3p can directly inhibit Btg2 expression and
up-regulate FAK/Akt pathway activity, which can thus pro-
mote HCC invasion and metastasis [33]. PRMTS5 can pro-
mote tumor proliferation by down-regulating Btg2 expres-
sion through ERK pathway [34]. The above results confirm
the positive and negative effects of some hub genes in the
termination phase of liver regeneration. However, there are
no related reports concerning the roles of Mup5, Rup2 and
UST4r genes in liver regeneration and HCC, which need to
be further explored.

6. Conclusions

To conclude, liver regeneration is a complex biologi-
cal process regulated by multiple factors. The main feature
of liver regeneration is that it can stop proliferation and pro-
duce functional hepatocytes in accordance with the needs
of the body at the end phase. In this study, we success-
fully screened and analyzed the DEGs in rat liver tissue at
the end phase of liver regeneration, and preliminarily un-
derstood its related functions and signal pathways. In the
meanwhile, we also analyzed the hub genes with negative
regulatory effect, such as Ste2, Btg2, and Hsd3b5, thus pro-
viding a new idea for the screening of liver tumor research
targets and the exploration of pathological mechanism.
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