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Simple Summary

Swine hepatitis E (SHE), caused by the swine hepatitis E virus (SHEV), is a significant
zoonotic disease which is often associated with disrupted bile secretion. This study focused
on the role of the SHEV ORF3 protein in this pathological process. Using bioinformatics
approaches on HepG2 cells expressing genotype IV SHEV ORF3, we identified three
specific long non-coding RNAs (lncRNAs) linked to the bile secretion pathway. We further
constructed their potential regulatory networks with target mRNAs and characterized
putative molecular binding sites. These findings could offer novel insights into the functions
of the ORF3 protein and the infection mechanism of SHEV.

Abstract

(1) Background: Swine hepatitis E (SHE) is an emerging zoonotic disease caused by the
swine hepatitis E virus (SHEV). The open reading frame 3 (ORF3) protein is a recognized
virulence factor of SHEV. Jaundice, the typical clinical sign of SHE, primarily results from
disruptions in bile production, secretion, and excretion. However, the mechanism by which
SHEV ORF3 influences bile metabolism remains unclear. (2) Methods: Building on our
previous work involving adenovirus-mediated overexpression of genotype IV SHEV ORF3
in HepG2 cells and subsequent high-throughput lncRNA/transcriptome sequencing, this
study performed KEGG enrichment analysis on differentially expressed lncRNAs. Can-
didate lncRNAs were validated via qRT-PCR. Cis-regulated target genes were predicted
by integrating differentially expressed mRNA data. Furthermore, AlphaFold 3.0 was
employed to analyze the molecular binding sites between lncRNA UBC (MSTRG.6881.4)
and its target, UBC protein. (3) Results: We identified three lncRNAs associated with the
bile secretion pathway (ko 04976) in HepG2 cells expressing genotype IV SHEV ORF3,
which were further confirmed by qRT-PCR: lncRNA UBC (MSTRG.6881.4), lncRNA UBC
(MSTRG.6881.9), and lncRNA UBC (MSTRG.6881.12). Bioinformatics prediction suggested
six lncRNA-mRNA regulatory networks involved these lncRNAs and two downregulated
UBC mRNA transcripts (ENST00000540700 and ENST00000536769). Molecular docking
indicated that nucleotides 395U and 41C of lncRNA UBC (MSTRG.6881.4) could potentially
bind to residues 82Lys, 88Thr, and 90Thr of the UBC protein, with predicted binding ener-
gies ranging from −4.73 to −0.75 kcal/mol. (4) Conclusions: The successful identification
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of bile secretion-related lncRNAs, coupled with the prediction of their regulatory networks
and molecular interaction sites, has advanced our understanding of SHEV ORF3 function
and the pathogenesis of SHEV infection.

Keywords: SHE; SHEV ORF3; HepG2; bile secretion; lncRNA-mRNA network

1. Introduction
The hepatitis E virus (HEV) is the most common pathogen causing acute viral hepatitis

worldwide. Hepatitis E (HE) is an important public health problem in developing countries,
causing a serious economic burden [1–3]. Swine are natural hosts of HEV, and their infection
rate is much higher than other animals. Mainly infecting swine aged 2–6 months, it can
be detected in the small intestine, liver, colon, etc. But HEV has weak resistance to the
outside world, and HEV in pork products can be killed by frying or boiling for 5 min. As a
zoonotic disease, swine infected with the swine hepatitis E virus (SHEV) are the main hosts
of human HEV contamination after fecal–oral transmission [4–6].

The HEV genome, approximately 7.2 kb in length, comprises three open reading
frames (ORF1, ORF2, and ORF3). ORF1 encodes non-structural proteins, including enzymes
involved in viral replication and transcription. ORF2 encodes the viral capsid protein,
while ORF3 encodes a small phosphoprotein. Although the ORF2 protein, as a key viral
antigen and structural component, has been extensively characterized, research on the
ORF3 protein has intensified in recent years. ORF3 is recognized as a multifunctional
protein essential for viral infectivity and egress, and it participates in modulating host cell
signaling pathways [7–9].

A defining clinical manifestation of swine hepatitis E (SHE) is jaundice accompanied
by hepatitis-related pathological alterations in the liver. Jaundice, also known as cholestasis,
can be caused by two main reasons: disorders in the production, secretion, and excretion
of bile, and disorders in the production and metabolism of bilirubin. The formation
process of jaundice is very complex, and its molecular regulatory mechanism is not fully
understood [10,11]. Studies are being conducted into how the HEV (especially genotype
3/4) interacts with the complex material transport network (uptake, intracellular transport,
excretion) of liver cells during infection to complete its lifecycle; at the same time, research
is also being conducted on how therapeutic drugs reach their targets through this network,
as well as the possible “transport competition” relationship between viruses and drugs.

Long non-coding RNAs (lncRNAs), transcripts longer than 200 nucleotides with lim-
ited protein-coding potential, play crucial roles in diverse physiological and pathological
processes, including disease progression, autophagy, apoptosis, and cell differentiation.
Consequently, they have become a focal point in transcriptional regulation research [12–14].
This study leverages transcriptomic data from HepG2 cells with adenovirus-mediated
overexpression of genotype IV SHEV ORF3. Through Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) enrichment analyses, we have identified,
for the first time, lncRNAs exhibiting significant differential expressions within the bile
secretion pathway and predicted their target genes. Given that bile secretion dysfunc-
tion is a direct cause of jaundice—the primary clinical symptom of SHEV infection—this
work aims to delineate the lncRNA-mRNA regulatory networks within the bile secretion
pathway modulated by SHEV ORF3 in HepG2 cells. Our findings can establish a foun-
dation for future investigations into the functional role of SHEV ORF3 and the infectious
mechanism of SHEV.
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2. Materials and Methods
2.1. ORF3 Overexpression and RNA Sequencing

HepG2 cells (Shanghai Cell Bank, Chinese Academy of Sciences) were infected with
recombinant adenoviruses AD-ORF3 or AD-GFP (constructed by Shanghai GenePharma
Co., Ltd., Shanghai, China, as referenced in our previous study) at a multiplicity of infec-
tion (MOI) of 10. The overexpression of SHEV ORF3 protein was confirmed by Western
blot analysis as described in our previous study. Total RNA was extracted 48 h post-
infectionusing TRIzol™ Reagent (Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA)
for high-throughput sequencing of lncRNA and transcriptome [15,16].

2.2. Bioinformatics Analysis

Sequencing reads were assembled using the StringTie software (v2.2.1). Known mRNA
transcripts and those shorter than 200 bp were subsequently filtered out. Transcripts
predicted to have coding potential by the Coding Potential Calculator 2 (CPC2) and Pfam
database scans were also removed. The remaining transcripts were classified as lncRNAs.
Following a series of filtering steps, a final set of significantly differentially expressed
lncRNAs was obtained [15]. KEGG pathway enrichment analysis was performed on these
lncRNAs, with the top 24 significantly enriched pathways (p ≤ 0.05) displayed. The bile
secretion pathway diagram was analyzed in the context of other differentially enriched
pathways. In these diagrams (Figure 1A), red denotes significantly differentially expressed
genes annotated to a specific KEGG orthology (ko) node that are upregulated; blue indicates
downregulated genes; and yellow represents genes within the same node showing both
up- and downregulation. In addition, boxes contain Enzyme Commission (EC) numbers,
hollow circles signify small molecules, solid arrows depict biochemical reaction directions,
and dashed arrows link to associated metabolic pathways (Figure 1B).

Cluster analysis was performed on significantly differentially expressed lncRNAs
within the bile secretion pathway, based on gene expression profiles from six samples
(Ad_GFP1, Ad_GFP2, Ad_GFP3, Ad_ORF3_1, Ad_ORF3_2, Ad_ORF3_3). Their expression
patterns across samples were visualized using a heatmap. The horizontal axis represents
samples, and the vertical axis represents lncRNAs and mRNAs. A color gradient indicates
expression levels, with red representing high expression and dark blue representing low
expression (Figure 2).

2.3. qRT-PCR Validation

Design primers were based on the sequence of six lncRNAs of the bile secretion (ko
04976) pathway and qRT-PCR was performed to validate the six lncRNAs; the validation
method was described before [16]. Briefly, cDNA was synthesized using the PrimeScript
RT Reagent Kit (Takara Bio, Kusatsu, Japan). qRT-PCR was then performed using TB
Green Premix Ex Taq II (Takara Bio) on a QuantStudio 3 Real-Time PCR System (Applied
Biosystems, Waltham, MA, USA), with UBC (Ubiquitin C) used as the internal reference
gene.

The primer sequences used in this study are listed in Table 1.
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(A) 

 
(B) 

Figure 1. Identification of the bile secretion pathway (ko 04976) in genotype IV swine hepatitis E
virus ORF3-expressing HepG2 cells. (A) KEGG functional cycle enrichment plot displays the top
24 pathways (p ≤ 0.05) and reveals the bile secretion pathway (ko 04976). (B) Diagram of the bile
secretion pathway (ko 04976).
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Figure 2. Identification of bile secretion pathway-associated lncRNAs from transcriptomic sequencing
data in ORF3-expressing HepG2 cells.

Table 1. Primer sequences for qRT-PCR validation.

lncRNA Gene ID lncRNA Gene Name Primers Primer Sequences

ENST00000369491 ATP1A1-AS1 Forward primer
Reverse primer

5′-TGTGAGGGCCGAGTGAAATC-3′

5′-GAAGACCAACGCACATACGC-3′

ENST00000642063 AL139011 Forward primer
Reverse primer

5′-CCAACGGAAAACAGAGCGAG-3′

5′-CGGCAAAACTGGCCATCATC-3′

MSTRG.6881.9 UBC Forward primer
Reverse primer

5′-TCGGCTCCACTTCGAGA-3′

5′-ATGGGCGCACCCTGTC-3′

MSTRG.6881.1 UBC Forward primer
Reverse primer

5′-GATGCCTTCCTTGTCTTG-3′

5′-ATGGTCGTACCCTGTCTG-3′

MSTRG.6881.4 UBC Forward primer
Reverse primer

5′-GCAGGGTGGACTCTTTCT-3′

5′-AGAGGCTGATCTTTGCTG-3′

MSTRG.6881.12 UBC Forward primer
Reverse primer

5′-CCCACCTCTAAGACGGAGCA-3′

5′-CTGGAAGATGGACGCACC-3′

2.4. Cis-Regulatory lncRNA-mRNA Network Analysis in Bile Secretion

This study focused on cis-regulatory analysis of lncRNAs, which involved the regula-
tion of neighboring genes. The prediction of cis-target genes was based on the differential
expressions of lncRNAs and mRNAs within a 100 kbp genomic window upstream and
downstream. As reported previously [16], transcriptome sequencing identified 217 differ-
entially expressed genes (1379 transcripts) in HepG2 cells expressing genotype IV SHEV
ORF3. Therefore, we integrated the analysis of lncRNAs within the bile secretion pathway
with these transcriptome sequencing results to predict cis-target genes for the lncRNAs and
to explore potential lncRNA-mRNA regulatory networks.

2.5. LncRNA-mRNA Molecular Docking Analysis

RNA-RNA interaction prediction was performed using IntaRNA 2.0 via the Freiburg
RNA Tools webserver (https://rna.informatik.uni-freiburg.de/ (accessed on 22 January
2026)). IntaRNA 2.0 was run with default parameters, evaluating interaction stability
while considering the accessibility of interacting subsequences. Following validation,
IntaRNA 2.0 has proven to be a rapid and accurate tool for such predictions. The binding
affinities (in kcal/mol) reported for RNA-RNA complexes were derived directly from
the IntaRNA 2.0 predictions. For RNA–protein interaction analysis, AlphaFold 3.0 (https:
//alphafoldserver.com (accessed on 20 January 2026)) was employed primarily to predict
the three-dimensional binding conformation between the selected lncRNAs and their target
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proteins. The resulting complex structures were visualized using PyMOL (v3.1.4.1). The
predicted binding affinities (in kcal/mol) for the RNA–protein complexes were obtained
from the interface scores provided by AlphaFold 3.0. The binding affinities for RNA–
protein complexes were reported in kcal/mol, as provided by the interface scoring function
of AlphaFold 3.0.

3. Results
3.1. Identification of the Bile Secretion Pathway Through KEGG Analysis

KEGG functional enrichment analysis revealed the top 24 significantly enriched path-
ways (p ≤ 0.05), including systemic lupus erythematosus (ko 05322); Staphylococcus aureus
infection (ko 05150); signaling pathways regulating stem cell pluripotency (ko 04550);
PPAR signaling pathway (ko 03320); platinum drug resistance (ko 01524), pentose and
glucuronate interconversions (ko 00040); pancreatic cancer (ko 05212); N-glycan biosyn-
thesis (ko 00510); homologous recombination (ko 03440); herpes simplex virus 1 infection
(ko 05168); fat digestion and absorption (ko 04975); Fanconi anemia pathway (ko 03460);
complement and coagulation cascades (ko 04610); central carbon metabolism in cancer
(ko 05230); cardiac muscle contraction (ko 04260); carbohydrate digestion and absorption
(ko 04973); cAMP signaling pathway (ko 04024); bile secretion (ko 04976); base excision
repair (ko 03410); ascorbate and aldarate metabolism (ko 00053); chronic myeloid leukemia
(ko 05220); proximal tubule bicarbonate reclamation (ko 04964); graft-versus-host disease
(ko 05332); and maturity-onset diabetes of the young (ko 04950) (Figure 1A and Table 2).
Consequently, KEGG analysis of potential target genes for differentially expressed lncRNAs
identified the bile secretion pathway (ko 04976) as one significantly associated with lncRNA
activity in HepG2 cells expressing genotype IV SHEV ORF3.

Table 2. Top 24 pathways identified by KEGG functional enrichment analysis (p ≤ 0.05), including
the bile secretion pathway (ko 04976).

Pathway_ID Pathway_Name

ko05322 Systemic lupus erythematosus
ko05150 Staphylococcus aureus infection
ko04550 Signaling pathways regulating pluripotency of stem cells
ko03320 PPAR signaling pathway
ko01524 Platinum drug resistance
ko00040 Pentose and glucuronate interconversions
ko05212 Pancreatic cancer
ko00510 N-glycan biosynthesis
ko03440 Homologous recombination
ko05168 Herpes simplex virus 1 infection
ko04975 Fat digestion and absorption
ko03460 Fanconi anemia pathway
ko04610 Complement and coagulation cascades
ko05230 Central carbon metabolism in cancer
ko04260 Cardiac muscle contraction
ko04973 Carbohydrate digestion and absorption
ko04024 cAMP signaling pathway
ko04976 Bile secretion
ko03410 Base excision repair
ko00053 Ascorbate and aldarate metabolism
ko05220 Chronic myeloid leukemia
ko04964 Proximal tubule bicarbonate reclamation
ko05332 Graft-versus-host disease
ko04950 Maturity-onset diabetes of the young
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During the formation of bile acid, as shown by the bile secretion pathway (ko 04976)
diagram in Figure 1B, the expression of mEH, OATPs, NTCP, OATs, OCT1, and CYP7A1
were significantly reduced in genotype IV SHEV ORF3-expressing HepG2 cells. The
significant decrease in FXR gene expression can affect the regulation of bile acid synthesis,
transport, and detoxification, as well as the clearance of bile from genotype IV SHEV
ORF3-expressing HepG2 cells. When bile acids moved towards the bile duct and secrete
bile, the expression levels of BSEP and MRP2 genes were significantly downregulated.

3.2. Screening of lncRNAs with Significant Differential Expression in the Bile Secretion
Pathways (ko 04976)

In HepG2 cells, we revealed 62 significantly differentially expressed mRNAs (6564 tran-
scripts) and 319 lncRNAs (124 known lncRNAs and 195 novel lncRNAs) which were medi-
ated by genotype IV SHEV ORF3, as described before [15]. KEGG functional enrichment
analysis performed on the potential cis-target genes of these differentially expressed lncR-
NAs identified six lncRNAs associated with the bile secretion pathway (ko04976): lncRNA
ATP1A1-AS1 (ENST00000369491); lncRNA UBC (MSTRG.6881.9); lncRNA AL139011
(ENST00000642063); lncRNA UBC (MSTRG.6881.1); lncRNA UBC (MSTRG.6881.4); and
lncRNA UBC (MSTRG.6881.12) (Figure 2 and Table 3).

Table 3. Sequencing data of the six lncRNAs of the bile secretion pathway (ko 04976).

lncRNA Gene ID lncRNA Gene Name Known/Novel Cis/Trans Log2 (Fold Change)

ENST00000369491 ATP1A1-AS1 Known cis −1.20
MSTRG.6881.9 UBC Novel cis 1.27

ENST00000642063 AL139011 Known cis −1.88
MSTRG.6881.1 UBC Novel cis −1.64
MSTRG.6881.4 UBC Novel cis 3.62

MSTRG.6881.12 UBC Novel cis 1.70

The genomic coordinates (GRCh38/hg38) for these six candidate lncRNAs are
as follows: ATP1A1-AS1 (ENST00000369491): chr1:116405509–116418536 (−); UBC
(MSTRG.6881.1): chr12:124911832–124913709 (+); UBC (MSTRG.6881.4): chr12:124912060–
124913707 (+); UBC (MSTRG.6881.9): chr12:124911832–124913707 (+); UBC (MSTRG.6881.12):
chr12:124911832–124913709 (+); and AL139011 (ENST00000642063): chr1:160262015–
160262720 (+).

3.3. qRT-PCR Validation of Six lncRNAs in the Bile Secretion Pathway (ko 04976)

We performed qRT-PCR to validate the six lncRNAs in bile secretion pathway (ko
04976), FPKM (fragments per kilobase of exon model per million mapped reads) value
can be equivalent to the expression level of genes in different samples. Log2 (fold change)
was the FPKM value of AD_ORF3 divided by the FPKM value of AD_GFP. The validation
results indicated that three lncRNAs were consistent with the lncRNA sequencing data,
they were lncRNA UBC (MSTRG.6881.4), lncRNA UBC (MSTRG.6881.9) and lncRNA UBC
(MSTRG.6881.12) (Figure 3).
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Figure 3. The six lncRNAs of the bile secretion (ko 04976) pathway were validated by qRT-PCR and
three of them were consistent with the lncRNA transcriptomic results. ** p < 0.01 versus the Ad_GFP
control group.

3.4. Prediction of lncRNA-mRNA Networks

Target gene prediction was conducted for the three validated lncRNAs: lncRNA
UBC (MSTRG.6881.4), lncRNA UBC (MSTRG.6881.9), and lncRNA UBC (MSTRG.6881.12).
As noted earlier [16], transcriptome sequencing identified 217 differentially expressed
genes (1379 transcripts) in the experimental cells. Prediction analysis indicated 19 mR-
NAs as potential targets of these three lncRNAs (Figure 4A), with two mRNAs—ENS-
T00000540700 and ENST00000536769—exhibiting significant differential expression (Table 4).
Consequently, six potential lncRNA-mRNA regulatory networks were predicted: lncRNA
UBC (MSTRG.6881.4)-ENST00000540700; lncRNA UBC (MSTRG.6881.4)-ENST00000536769;
lncRNA UBC (MSTRG.6881.9)-ENST00000540700; lncRNA UBC (MSTRG.6881.9)-ENST00-
000536769; lncRNA UBC (MSTRG.6881.12)-ENST00000540700; and lncRNA UBC (MSTRG.
6881.12)-ENST00000536769 (Figure 4B).
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(A) 

(B) 

Figure 4. The three validated lncRNAs of the bile secretion (ko 04976) pathway were predicted from
their target mRNA from transcriptome sequencing. (A) The three validated lncRNAs were predicted
from the lncRNA-mRNA networks and their target mRNAs from transcriptome sequencing. (B) The
three validated lncRNAs were predicted from the lncRNA-mRNA networks and their significantly
differentially expressed target mRNAs from transcriptome sequencing.
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Table 4. Sequencing data of two target mRNAs of the validated three lncRNAs of the bile secretion
pathway (ko 04976).

mRNA Transcript Description Regulation Significant Log2 (Fold Change)

ENST00000540700 ubiquitin C down yes −15.97
ENST00000536769 ubiquitin C down yes −6.18

3.5. Molecular Docking Analysis

Molecular docking analysis was performed on the highest expressed lncRNA, UBC
(MSTRG.6881.4), and its potential target gene, UBC mRNA (ENST00000540700). Based on
their nucleotide sequences, the Freiburg RNA Tools software predicted two RNA-RNA
binding sites, nucleotides 345–493 and 171–320 of lncRNA UBC (MSTRG.6881.4), potentially
interacting with nucleotides 305–453, 599–639, and 478–627 of UBC mRNA. The minimum
binding energy for these interactions ranged from −233.35 to −180.83 cal/mol (Table 5,
Figure 5A). The lncRNA UBC (MSTRG.6881.4)-UBC mRNA complex was modeled, and a
binding energy heatmap illustrated the lowest energy distribution.

Table 5. IntaRNA2.0 prediction of lncRNA UBC (MSTRG.6881.4)-UBC mRNA RNA-RNA bin-
ding site.

Transcript Start (Q) End (Q) Gene Start (Q) End (Q) Energy (cal/mol)

MSTRG.6881.4
345 493

ENST00000540700
305 453 −233.35

171 320 478 627 −180.83

For RNA–protein interaction, AlphaFold 3.0 predicted binding between lncRNA UBC
(MSTRG.6881.4) and the UBC protein. Modeling suggested three binding sites, with
nucleotides 395U and 41C of the lncRNA potentially targeting residues 82Lys, 88Thr, and
90Thr of the UBC protein. The predicted minimum binding energy for these interactions
ranged from −4.73 to −0.75 kcal/mol (Table 6, Figure 5B). Interaction types were classified
as hydrophobic (D) and hydrogen bonding (H). The comprehensive prediction results
propose specific molecular binding sites through which lncRNA UBC (MSTRG.6881.4) may
target and regulate UBC.

Table 6. AlphaFold 3.0 prediction of lncRNA UBC (MSTRG.6881.4)-UBC RNA–protein binding site.

Transcript Position Set (dNTP) Protein Position Set (AA) Energy (kcal/mol) Type

MSTRG.6881.4
395 U

UBC
82 Lys −4.73 DH

41 C 88 Thr −2.94 DH
41 C 90 Thr −0.75 DH

3.6. Potential Impact of ORF3 Expression on the m6A Modification Landscape

To investigate whether the dysregulation of the identified bile secretion-associated
lncRNAs involved upstream epigenetic regulation, we analyzed parallel transcriptomic
data from the same ORF3-overexpressing cellular model [17]. The data revealed a down-
regulation trend in the expression of the m6A demethylase FTO [18,19]. Given that FTO
is a key “eraser” of m6A, its functional suppression can lead to aberrant accumulation of
m6A modification on RNA molecules [18,19]. The significant downregulation of key bile
secretion pathway gene transcripts, such as UBC as observed in this study, may be partly
attributed to increased m6A modification levels mediated by FTO inhibition, which confers
transcript instability. This can provide a potential epigenetic explanatory dimension for
how ORF3 disrupts bile acid metabolism.
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Figure 5. Prediction and molecular modeling of lncRNA UBC (MSTRG.6881.4)-UBC complex.
(A) RNA-RNA binding site prediction of lncRNA UBC (MSTRG.6881.4)-UBC mRNA based on
IntaRNA2.0. (B) RNA–protein binding site prediction and molecular modeling of lncRNA UBC
(MSTRG.6881.4)-UBC protein based on AlphaFold 3.0.

4. Discussion
Swine hepatitis E (SHE), first identified by Meng et al. [20] and caused by the swine

hepatitis E virus (SHEV), has shown a trend toward global dissemination, with cases
reported in an increasing number of developed countries and regions. Consequently, SHE

https://doi.org/10.3390/vetsci13030276

https://doi.org/10.3390/vetsci13030276


Vet. Sci. 2026, 13, 276 12 of 15

has emerged as a public health concern worldwide [21–23]. SHEV is categorized into
four genotypes, with genotype IV first detected in the Chinese population in 1993 and
predominant in Chinese swine farms—often termed the “Chinese genotype” [24]. The
ORF3 gene, approximately 365 bp in length and partially overlapping with ORF2, encodes a
phosphoprotein implicated in regulating viral-specific immune responses and cytoskeleton
organization [25].

The formation of hepatocellular cholestasis may be caused by defects in the bile
production function of hepatocytes, or by dysfunction in bile duct secretion. After the
formation of hepatocytes, bile can be regulated and modified by the absorptive and se-
cretory transport system of the bile duct epithelial cell cavity facial mask, which is then
transported by the ion pump and dynamic molecular system to complete the secretion
process of bile. This process is quite complex, and its molecular regulation mechanism is
still unclear [26–28]. Infection with swine hepatitis E virus (SHEV) can lead to jaundice in
pigs, primarily through virus-induced liver damage that disrupts bilirubin metabolism.
Swine are natural hosts of HEV as they have a higher infection rate, especially during the
piglet stage. HEV can mainly infect the small intestine, liver, and colon of swine. After
infection, swine may experience jaundice symptoms, manifested as yellowing of the skin
and conjunctiva [29,30].

Long non-coding RNAs (lncRNAs) are crucial regulators of diverse physiological
and pathological processes [31]; however, their role in SHEV infection remains largely
unexplored. This study was the first to identify key lncRNAs—UBC (MSTRG.6881.4,
MSTRG.6881.9, and MSTRG.6881.12)—whose potential target genes were associated with
the bile secretion pathway (ko 04976) in the context of genotype IV SHEV ORF3 expression.
Ubiquitin C (UBC), a core component of the ubiquitin–proteasome system, is a small protein
that tags target proteins for degradation via a cascade of enzymatic reactions, a process
known as ubiquitination [32–34]. To our knowledge, no prior studies have reported a
connection between UBC and SHE. Thus, our discovery can offer a novel perspective for
investigating the mechanisms of SHE infection and the function of the SHEV ORF3 protein.

It is important to note that KEGG pathway enrichment analysis is based on the coding
genes (mRNAs) associated with the differentially expressed lncRNAs, not the lncRNAs
themselves. The identification of UBC, a core component of the ubiquitination system,
within the context of the bile secretion pathway suggests a potential crosstalk between
ubiquitin-mediated protein degradation/signaling and bile acid metabolism/transport.
Although the dramatic downregulation of specific UBC transcripts (e.g., ENST00000540700
with log2FC of −15.97) was consistently observed across biological replicates in our se-
quencing data, its biological significance and whether it reflects a genuine phenomenon or
potential technical artifact require further experimental validation, such as independent
qRT-PCR for these specific UBC transcripts and functional assays.

It should be noted that the findings of this study were primarily based on bioinformat-
ics prediction and molecular docking analysis. The predicted lncRNA-mRNA regulatory
networks and binding sites require further experimental validation through functional
gain- or loss-of-assays (e.g., overexpression, knockdown, dual-luciferase reporter assays) in
cellular or animal models.

This study revealed the association between ORF3 and bile secretion-related lncRNA
UBC networks. In light of the parallel research trend showing that ORF3 expression corre-
lates with the downregulation of FTO [17], we proposed an integrated two-tier “epigenetic–
transcriptional” regulatory hypothesis. At the epigenetic level, ORF3 may inhibit FTO,
leading to global or transcriptome-specific m6A hypermethylation, thereby creating a back-
ground of “metabolic gene mRNA instability.” At the transcriptional/post-transcriptional
level, specific lncRNA networks, such as UBC, can be activated or suppressed in this
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context [18], further fine-tuning the expression of downstream genes involved in bile acid
synthesis and transport (e.g., BSEP, MRP2) through mechanisms like cis-regulation [35].
ORF3 may therefore disrupt bile acid homeostasis, ultimately leading to bile secretory dys-
function, via the synergistic dual mechanisms of “m6A-mediated global disturbance” and
“lncRNA-mediated targeted regulation.” Future studies could employ techniques such as
MeRIP-qPCR to directly validate changes in m6A modification on key gene transcripts [35],
thereby clarifying the specific details of this regulatory pathway.

5. Conclusions
Our KEGG analysis initially identified six lncRNAs potentially linked to the bile secre-

tion pathway (ko 04976) in HepG2 cells expressing genotype IV SHEV ORF3. qRT-PCR vali-
dation confirmed the differential expression of three novel lncRNAs: UBC (MSTRG.6881.4),
UBC (MSTRG.6881.9), and UBC (MSTRG.6881.12). We predicted six regulatory networks
between these lncRNAs and two significantly downregulated UBC mRNA transcripts.
Molecular docking analysis suggested that nucleotides 395U and 41C of lncRNA UBC
(MSTRG.6881.4) may bind to residues 82Lys, 88Thr, and 90Thr of the UBC protein. These
results have provided a foundation for elucidating the function of SHEV ORF3 and the
infection mechanism of SHEV.

Author Contributions: H.J., J.L., S.W. and L.W.(Lingjie Wang) contributed to the conception and
design of the study. H.J., J.L. and Y.Z. contributed to data acquisition and data analysis. H.J. and X.C.
contributed to the interpretation of the data. H.J., J.L. and L.W.(Leli Wang) drafted the manuscript.
The manuscript was revised by H.J. and Y.Y. All authors have read and agreed to the published
version of the manuscript.

Funding: This study was financially supported by the National Natural Science Foundation of China
(32472943), Changsha Science and Technology Plan Natural Science Foundation (kq2402188), Science
and Technology Projects of Xizang Autonomous Region (XZ202501ZY0143), the General Fund of
Guizhou Agricultural Science and Technology (2024-27), the Fundamental Research Funds for the
Central Universities (SWU-KT22013) and the Science and Technology Innovation Program of Hunan
Province (2025RC3231).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Yang, Y.; Liu, B.; Tian, J.; Teng, X.; Liu, T. Vital role of autophagy flux inhibition of placental trophoblast cells in pregnancy

disorders induced by HEV infection. Emerg. Microbes Infect. 2023, 12, 2276336. [CrossRef] [PubMed]
2. Alatortseva, G.I.; Bakirova, Z.; Lukhverchik, L.N.; Nurmatov, A.Z.; Nurmatov, Z.S.; Tashov, K.E.; Nesterenko, L.N.; Malinnikova,

E.Y.; Kasymov, O.T.; Mikhailov, M.I.; et al. Seroprevalence of hepatitis E virus (Hepeviridae: Orthohepevirus: Orthohepevirus A)
among pregnant women in the highly endemic region of Kyrgyzstan. Probl. Virol. 2020, 65, 218–227. [CrossRef] [PubMed]

3. Zhang, F.; Xu, L.D.; Wu, S.; Wu, Q.; Wang, A.; Liu, S.; Zhang, Q.; Yu, X.; Wang, B.; Pan, Y.; et al. Proteasomal processing of the viral
replicase ORF1 facilitates HEV-induced liver fibrosis. Proc. Natl. Acad. Sci. USA 2025, 122, e2419946122. [CrossRef] [PubMed]

4. Rogée, S.; Le Gall, M.; Chafey, P.; Bouquet, J.; Cordonnier, N.; Frederici, C.; Pavio, N. Quantitative proteomics identifies host
factors modulated during acute hepatitis E virus infection in the swine model. J. Virol. 2015, 89, 129–143. [CrossRef]

5. Xu, K.; Guo, S.; Zhao, T.; Zhu, H.; Jiao, H.; Shi, Q.; Pang, F.; Li, Y.; Li, G.; Peng, D.; et al. Transcriptome Analysis of HepG2 Cells
Expressing ORF3 from Swine Hepatitis E Virus to Determine the Effects of ORF3 on Host Cells. BioMed Res. Int. 2016, 2016,
1648030. [CrossRef]

https://doi.org/10.3390/vetsci13030276

https://doi.org/10.1080/22221751.2023.2276336
https://www.ncbi.nlm.nih.gov/pubmed/37882369
https://doi.org/10.36233/0507-4088-2020-65-4-218-227
https://www.ncbi.nlm.nih.gov/pubmed/33533225
https://doi.org/10.1073/pnas.2419946122
https://www.ncbi.nlm.nih.gov/pubmed/40073055
https://doi.org/10.1128/JVI.02208-14
https://doi.org/10.1155/2016/1648030
https://doi.org/10.3390/vetsci13030276


Vet. Sci. 2026, 13, 276 14 of 15

6. Kardena, I.M.; Dharmayudha, A.A.G.O.; Gunawan, I.W.N.F.; Jayanti, P.D.; Astawa, I.N.M.; Adi, A.A.A.M.; Suarsana, I.N.;
Dargantes, A.P. Seroprevalence of swine hepatitis E virus and the farmers’ potential risk of infection in the Province of Bali,
Indonesia. Vet. World 2024, 17, 1810–1820. [CrossRef]

7. Pezzoni, G.; Stercoli, L.; Pegoiani, E.; Brocchi, E. Antigenic Characterization of ORF2 and ORF3 Proteins of Hepatitis E Virus
(HEV). Viruses 2021, 13, 1385. [CrossRef]

8. Tian, D.; Yugo, D.M.; Kenney, S.P.; Lynn Heffron, C.; Opriessnig, T.; Karuppannan, A.K.; Bayne, J.; Halbur, P.G.; Meng, X.
Dissecting the potential role of hepatitis E virus ORF1 nonstructural gene in cross-species infection by using intergenotypic
chimeric viruses. J. Med. Virol. 2020, 92, 3563–3571. [CrossRef]

9. Kenney, S.P.; Pudupakam, R.S.; Huang, Y.W.; Pierson, F.W.; LeRoith, T.; Meng, X.J. The PSAP motif within the ORF3 protein of an
avian strain of the hepatitis E virus is not critical for viral infectivity in vivo but plays a role in virus release. J. Virol. 2012, 86,
5637–5646. [CrossRef]

10. Haider, N.; Khan, M.S.U.; Hossain, M.B.; Sazzad, H.M.S.; Rahman, M.Z.; Ahmed, F.; Zeidner, N.S. Serological evidence of hepatitis
E virus infection in pigs and jaundice among pig handlers in Bangladesh. Zoonoses Public Health 2017, 64, 572–577. [CrossRef]

11. Dao Thi, V.L.; Wu, X.; Belote, R.L.; Andreo, U.; Takacs, C.N.; Fernandez, J.P.; Vale-Silva, L.A.; Prallet, S.; Decker, C.C.; Fu, R.M.;
et al. Stem cell-derived polarized hepatocytes. Nat. Commun. 2020, 11, 1677. [CrossRef] [PubMed]

12. Engreitz, J.M.; Haines, J.E.; Perez, E.M.; Munson, G.; Chen, J.; Kane, M.; McDonel, P.E.; Guttman, M.; Lander, E.S. Local regulation
of gene expression by lncRNA promoters, transcription and splicing. Nature 2016, 539, 452–455. [CrossRef]

13. Mattick, J.S.; Amaral, P.P.; Carninci, P.; Carpenter, S.; Chang, H.Y.; Chen, L.L.; Chen, R.; Dean, C.; Dinger, M.E.; Fitzgerald, K.A.;
et al. Long non-coding RNAs: Definitions, functions, challenges and recommendations. Nat. Rev. Mol. Cell Biol. 2023, 24, 430–447.
[CrossRef] [PubMed]

14. Lee, J.T. Epigenetic regulation by long noncoding RNAs. Science 2012, 338, 1435–1439. [CrossRef] [PubMed]
15. Jiao, H.; Shuai, X.; Luo, Y.; Zhou, Z.; Zhao, Y.; Li, B.; Gu, G.; Li, W.; Li, M.; Zeng, H.; et al. Deep Insight Into Long Non-coding

RNA and mRNA Transcriptome Profiling in HepG2 Cells Expressing Genotype IV Swine Hepatitis E Virus ORF3. Front. Vet. Sci.
2021, 8, 625609. [CrossRef]

16. Jiao, H.; Meng, C.; Jiao, F.; Zhou, G.; Wang, L.; Wu, S.; Fan, C.; Li, J.; Cao, L.; Zhao, Y.; et al. Descriptive Comparative
Transcriptomic Analysis of Genotype IV SHEV ORF3-Expressing HepG2 Cells. Microorganisms 2025, 13, 412. [CrossRef]

17. Luo, W.; Li, J.; Wu, S.; Wang, L.; Yin, Y.; Cao, X.; Wang, L.; Jiao, H. Integrated Transcriptomics Reveals a SHEV ORF3-Mediated
circRNA Network That Disrupts Riboflavin Metabolism and Activates the ko05212 Pathway. Vet. Sci. 2026, 13, 253. [CrossRef]

18. Jiang, X.; Liu, B.; Nie, Z.; Duan, L.; Xiong, Q.; Jin, Z.; Yang, C.; Chen, Y. The role of m6A modification in the biological functions
and diseases. Signal Transduct. Target. Ther. 2021, 6, 74. [CrossRef]

19. Yi, Q.; Liao, Y.; Sun, W.; Li, J.; Yang, D.; Shang, H.; Sun, W. m6A modification of non-coding RNA: Mechanisms, functions and
potential values in human diseases (Review). Int. J. Mol. Med. 2025, 56, 164. [CrossRef]

20. Meng, X.J.; Purcell, R.H.; Halbur, P.G.; Lehman, J.R.; Webb, D.M.; Tsareva, T.S.; Haynes, J.S.; Thacker, B.J.; Emerson, S.U. A novel
virus in swine is closely related to the human hepatitis E virus. Proc. Natl. Acad. Sci. USA 1997, 94, 9860–9865. [CrossRef]

21. Nan, Y.; Wu, C.; Zhao, Q.; Zhou, E.M. Zoonotic Hepatitis E Virus: An Ignored Risk for Public Health. Front. Microbiol. 2017, 8,
2396. [CrossRef] [PubMed]

22. Himmelsbach, K.; Bender, D.; Hildt, E. Life cycle and morphogenesis of the hepatitis E virus. Emerg. Microbes Infect. 2018, 7, 196.
[CrossRef] [PubMed]

23. Nan, Y.; Wu, C.; Zhao, Q.; Sun, Y.; Zhang, Y.J.; Zhou, E.M. Vaccine Development against Zoonotic Hepatitis E Virus: Open
Questions and Remaining Challenges. Front. Microbiol. 2018, 9, 266. [CrossRef]

24. Zhou, J.H.; Shang, Y.; Cao, X.A.; Wang, Y.N.; Liu, Y.; Hu, Y.; Lan, X. Potential effects of hepatitis E virus infection in swine on
public health in China. Infect. Genet. Evol. 2019, 68, 113–118. [CrossRef] [PubMed]

25. Ding, Q.; Heller, B.; Capuccino, J.M.; Song, B.; Nimgaonkar, I.; Hrebikova, G.; Contreras, J.E.; Ploss, A. Hepatitis E virus ORF3 is a
functional ion channel required for release of infectious particles. Proc. Natl. Acad. Sci. USA 2017, 114, 1147–1152. [CrossRef]

26. Overeem, A.W.; Li, Q.; Qiu, Y.L.; Cartón-García, F.; Leng, C.; Klappe, K.; Dronkers, J.; Hsiao, N.; Wang, J.; Arango, D.; et al. A
Molecular Mechanism Underlying Genotype-Specific Intrahepatic Cholestasis Resulting From MYO5B Mutations. Hepatology
2020, 72, 213–229. [CrossRef]

27. Wakasa, Y.; Kimura, N.; Yamada, T.; Shimizu, T.; Hakamada, K.; Tsuchida, S. Delay in hepatocyte proliferation and prostaglandin
D2 synthase expression for cholestasis due to endotoxin during partial hepatectomy in rats. Mol. Med. Rep. 2019, 20, 4367–4375.
[CrossRef]

28. Yang, J.; Lu, X.; Liu, S.; Zhao, S. The involvement of genes related to bile secretion pathway in rat tooth germ development. J. Mol.
Histol. 2020, 51, 99–107. [CrossRef]

29. Pérez-Gracia, M.T.; Suay, B.; Mateos-Lindemann, M.L. Hepatitis E: An emerging disease. Infect. Genet. Evol. 2014, 22, 40–59.
[CrossRef]

https://doi.org/10.3390/vetsci13030276

https://doi.org/10.14202/vetworld.2024.1810-1820
https://doi.org/10.3390/v13071385
https://doi.org/10.1002/jmv.26226
https://doi.org/10.1128/JVI.06711-11
https://doi.org/10.1111/zph.12372
https://doi.org/10.1038/s41467-020-15337-2
https://www.ncbi.nlm.nih.gov/pubmed/32245952
https://doi.org/10.1038/nature20149
https://doi.org/10.1038/s41580-022-00566-8
https://www.ncbi.nlm.nih.gov/pubmed/36596869
https://doi.org/10.1126/science.1231776
https://www.ncbi.nlm.nih.gov/pubmed/23239728
https://doi.org/10.3389/fvets.2021.625609
https://doi.org/10.3390/microorganisms13020412
https://doi.org/10.3390/vetsci13030253
https://doi.org/10.1038/s41392-020-00450-x
https://doi.org/10.3892/ijmm.2025.5605
https://doi.org/10.1073/pnas.94.18.9860
https://doi.org/10.3389/fmicb.2017.02396
https://www.ncbi.nlm.nih.gov/pubmed/29255453
https://doi.org/10.1038/s41426-018-0198-7
https://www.ncbi.nlm.nih.gov/pubmed/30498191
https://doi.org/10.3389/fmicb.2018.00266
https://doi.org/10.1016/j.meegid.2018.12.017
https://www.ncbi.nlm.nih.gov/pubmed/30562577
https://doi.org/10.1073/pnas.1614955114
https://doi.org/10.1002/hep.31002
https://doi.org/10.3892/mmr.2019.10681
https://doi.org/10.1007/s10735-020-09861-0
https://doi.org/10.1016/j.meegid.2014.01.002
https://doi.org/10.3390/vetsci13030276


Vet. Sci. 2026, 13, 276 15 of 15

30. Xiang, Z.; He, X.L.; Zhu, C.W.; Yang, J.J.; Huang, L.; Jiang, C.; Wu, J.; Chinese Consortium for the Study of Hepatitis E (CCSHE).
Animal models of hepatitis E infection: Advances and challenges. Hepatobiliary Pancreat. Dis. Int. 2024, 23, 171–180. [CrossRef]

31. Chodurska, B.; Kunej, T. Long non-coding RNAs in humans: Classification, genomic organization and function. Noncoding RNA
Res. 2025, 11, 313–327. [CrossRef]

32. Csecsei, P.; Acs, P.; Gottschal, M.; Imre, P.; Miklos, E.; Simon, D.; Erdo-Bonyar, S.; Berki, T.; Zavori, L.; Varnai, R. The relevance of
combined testing of cerebrospinal fluid glial fibrillary acidic protein and ubiquitin C-terminal hydrolase L1 in multiple sclerosis
and peripheral neuropathy. Neurol. Sci. 2025, 46, 1301–1312. [CrossRef] [PubMed]

33. Kim, Y.J.; Jeong, I.H.; Ha, J.H.; Kim, Y.S.; Sung, S.; Jang, J.H.; Choung, Y.-H. The Suppression of Ubiquitin C-Terminal Hydrolase
L1 Promotes the Transdifferentiation of Auditory Supporting Cells into Hair Cells by Regulating the mTOR Pathway. Cells 2024,
13, 737. [CrossRef]

34. Zhang, C.; Zhang, S.; Kong, F.; Xiao, Y.; She, K.; Jin, Y.; Li, J.; Qadeer, A.; Zheng, X.; Ji, S.; et al. Ubiquitin C-Terminal Hydrolase L5
Plays an Essential Role in the Fly Innate Immune Defense against Bacterial Infection. Front. Biosci. (Landmark Ed). 2023, 28, 294.
[CrossRef] [PubMed]

35. Tao, L.; Li, D.; Mu, S.; Tian, G.; Yan, G. LncRNA MAPKAPK5_AS1 facilitates cell proliferation in hepatitis B virus -related
hepatocellular carcinoma. Lab. Invest. 2022, 102, 494–504. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/vetsci13030276

https://doi.org/10.1016/j.hbpd.2023.10.001
https://doi.org/10.1016/j.ncrna.2025.01.004
https://doi.org/10.1007/s10072-024-07790-4
https://www.ncbi.nlm.nih.gov/pubmed/39565457
https://doi.org/10.3390/cells13090737
https://doi.org/10.31083/j.fbl2811294
https://www.ncbi.nlm.nih.gov/pubmed/38062818
https://doi.org/10.1038/s41374-022-00731-9
https://doi.org/10.3390/vetsci13030276

	Introduction 
	Materials and Methods 
	ORF3 Overexpression and RNA Sequencing 
	Bioinformatics Analysis 
	qRT-PCR Validation 
	Cis-Regulatory lncRNA-mRNA Network Analysis in Bile Secretion 
	LncRNA-mRNA Molecular Docking Analysis 

	Results 
	Identification of the Bile Secretion Pathway Through KEGG Analysis 
	Screening of lncRNAs with Significant Differential Expression in the Bile Secretion Pathways (ko 04976) 
	qRT-PCR Validation of Six lncRNAs in the Bile Secretion Pathway (ko 04976) 
	Prediction of lncRNA-mRNA Networks 
	Molecular Docking Analysis 
	Potential Impact of ORF3 Expression on the m6A Modification Landscape 

	Discussion 
	Conclusions 
	References

