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A B S T R A C T   

Identification of genes dysregulated during the hepatitis B virus (HBV)-host cell interaction adds to the under
standing of underlying molecular mechanisms and aids in discovering effective therapies to improve prognosis in 
hepatitis B virus (HBV)-infected individuals. Through bioinformatics analyses of transcriptomics data, this study 
aimed to identify potential genes involved in the cross-talk of human hepatocytes expressing the HBV viral 
protein HBx with endothelial cells. Transient transfection of HBV viral gene X (HBx) was performed in THLE2 
cells using pcDNA3 constructs. Through mRNA Sequencing (RNA Seq) analysis, differentially expressed genes 
(DEGs) were identified. THLE2 cells transfected with HBx (THLE2x) were further treated with conditioned 
medium from cultured human umbilical vein derived endothelial cells (HUVEC-CM). Gene Ontology (GO) 
enrichment analysis revealed that interferon and cytokine signaling pathways were primarily enriched for the 
downregulated DEGs in THLE2x cells treated with HUVEC-CM. One significant module was selected following 
protein-protein interaction (PPI) network generation, and thirteen hub genes were identified from the module. 
The prognostic values of the hub genes were evaluated using Kaplan–Meier (KM) plotter, and three genes (IRF7, 
IFIT1, and IFITM1) correlated with poor disease specific survival (DSS) in HCC patients with chronic hepatitis. A 
comparison of the DEGs identified in HUVEC-stimulated THLE2x cells with four publicly available HBV-related 
HCC microarray datasets revealed that PLAC8 was consistently downregulated in all four HCC datasets as well as 
in HUVEC-CM treated THLE2x cells. KM plots revealed that PLAC8 correlated with worse relapse free survival 
and progression free survival in HCC patients with hepatitis B virus infection. This study provided molecular 
insights which may help develop a deeper understanding of HBV–host stromal cell interaction and open avenues 
for future research.   

1. Introduction 

The hepatitis B virus (HBV) is a major human pathogen affecting 
>240 million patients worldwide and leading to cycles of liver inflam
mation and significant deaths from liver failure and hepatocellular 
carcinoma (HCC) [1]. Upon entering hepatocytes, the partially double- 
stranded viral DNA genome is converted into covalently closed circu
lar DNA (cccDNA), which serves as the template for transcription of viral 
genes. cccDNA is very stable and is considered a major cause of viral 

persistence. Integration of HBV DNA can result in chromosomal insta
bility and insertional mutagenesis [2,3]. Viral proteins interfere strongly 
with cell signaling and transcription in host hepatocytes, affecting cell 
cycle and growth. Moreover, HBV patients often develop chronic liver 
inflammation resulting from immune responses against infected hepa
tocytes. This persistent inflammation may lead to hepatocellular dam
age and fibrosis, resulting in liver cirrhosis, a major risk factor for HCC 
[4]. The HBV genome comprises four open reading frames, including the 
preS/S, P, C, and X genes. The HBV X (HBx) gene guides the HBx protein 
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synthesis that interacts with many host proteins and plays important 
roles in virus replication, apoptosis induction, and the triggering of in
flammatory responses. Although HBx has been demonstrated to exert 
effects on the regulation of cell proliferation, the detailed regulatory 
mechanisms of the HBx protein are yet to be established. 

Liver sinusoidal endothelial cells (LSECs) form the wall of the hepatic 
sinusoids and comprise the highest proportion of non-parenchymal cells 
in the liver. LSECs are fenestrated and lack a basement membrane in 
their native state. However, they do not allow the passage of large 
molecules while physically separating the sinusoidal blood from the 
hepatocytes. Hepatotropic viruses pass through the protective filter 
constructed by LSECs to the liver parenchyma by passive diffusion or 
active transport. In addition to forming an anatomical barrier, LSECs 
also exert scavenger functions clearing macromolecules from the sinu
soidal blood. C-type lectin receptors present on LSECs have a role in 
facilitating viral clearance and reducing liver inflammation. The 
absence of LSEC lectin led to the accumulation of intrahepatic effector 
cytotoxic T lymphocytes in a mouse model of HBV infection. However, 
experiments with fluorescence-tagged viral particles and coated gold 
particles revealed that LSECs can efficiently uptake specific hepatitis B 
viruses from the bloodstream and release them into adjacent hepato
cytes via transcytosis [5]. It has been argued that the virus in LSECs may 
serve as a reservoir for endogenous reinfection, as indicated by a study 
where non-cytopathic clearance of lymphocytic choriomeningitis virus 
(LCMV) infection was observed only in hepatocytes but not in non- 
parenchymal liver cells [6]. Processing of viral proteins for major his
tocompatibility class I presentation in LSEC may further help the virus 
escape the immune system. LSECs cross-present exogenous antigens to 
naïve CD4+ cells [7] and CD8+ T cells [8] in a unique manner that shifts 
the hepatic immune balance towards tolerance rather than immunity. 
On the contrary, viral infections may also disrupt the tolerance induc
tion by LSECs [9]. S Huang and coworkers showed that LSEC maturation 
following nucleotide-binding oligomerization domain (NOD1) activa
tion promotes HBV-specific T cell responses and controls HBV replica
tion in immunocompetent models. Diaminopimelic acid (DAP) 
treatment has been shown to stimulate the Ag-presenting ability of 
LSECs. It triggered the activation of CD4+ and CD8+ T cells in the liver, 
suggesting that NOD-like receptor (NLR) agonists may be used as 
immunomodulatory agents to control viral infection. Importantly, the 
DAP-induced anti-HBV effect was impaired in the LSEC-depleted mice 
[10]. 

The most crucial function of LSECs in chronic liver disease and tumor 
development is angiogenesis, which is particularly relevant to hyper
vascular HCC tumors. Chronic HBV infection is a significant risk factor 
for cirrhosis and hepatocellular carcinoma. The viral gene encoding the 
regulatory X protein (HBx) of the HBV genome has gained much 
attention as it is required for viral replication and is strongly implicated 
in hepatocarcinogenesis [11,12]. Moreover, the X gene is the most 
frequently integrated portion of HBV DNA found in hepatocyte chro
mosomes during HCC development [13]. Previous studies have 
demonstrated that viral HBx protein induces the synthesis of pro- 
angiogenic molecules such as nitric oxide (NO) [14], vascular endo
thelial growth factor (VEGF) [15,16], and Ang-2 [17]. HBx stimulated 
angiogenesis-related factors primarily through the stabilization and 
transcriptional activation of the hypoxia inducible factor 1α (HIF-1α) 
[18,19]. Furthermore, in the context of HBV-associated HCC, endothe
lial cells also play a role in developing a particularly malicious form of 
intrahepatic metastasis, the portal vein tumor thrombus (PVT). HBV 
infection potentially predisposes HCC patients to develop PVTT, 
possibly through creating an immune-subversive microenvironment 
[20]. 

The clinical complexity of HBV infection due to heterogeneity in 
disease stages and individual patients poses a challenge to comprehen
sively understanding the HBV-induced molecular signaling. However, 
several investigations have been carried out in cell-based HBV replica
tion systems. A plasmid-based replicative HBV genome can be 

introduced in various types of cells by transient transfection followed by 
analyzing the cellular response as a consequence [21]. The protein 
profiling of rat primary hepatocytes (RPHs) and HCC-derived HepG2 
cells transfected with the replicative HBV genome indicated that 
fumarate hydratase (FH) was down-regulated in both RPHs and HepG2 
cells. At the same time, tryptophanyl-tRNA synthetase (TrpRS) was only 
upregulated in HepG2 transfected with the replicative HBV genome. 
[22] 

Using a transwell co-culture system of induced pluripotent cell 
(iPSC)- derived hepatocytes and LSECs, paracrine regulation for HBV 
receptor during HBV infection was studied. Chen et al. showed that 
LSECs secreted EGF that enhanced HBV infection at a low dose, whereas 
EGF at a high dose suppressed HBV infection. EGFR is co-receptor of 
NTCP and EGF and is known to be internalized by clathrin-mediated 
endocytosis (CME) and clathrin-independent endocytosis (CIE) path
ways depending on the dose of EGF. At a high dose, the EGFR is endo
cytosed via clathrin-independent endocytosis (CIE), which is degraded 
in the lysosome [23]. 

In this study, we did a transient transfection of an immortalized 
normal liver epithelial cell line (THLE-2) with the HBx viral gene. In
direct co-culture of the hepatocyte derived THLE-2 expressing HBx gene 
with primary human endothelial cells derived from the umbilical cords 
was then performed. To analyze how endothelial cells communicate 
with HBx-expressing hepatocytes, we analysed the RNA Seq profile of 
the HBx-transfected human hepatocytes treated with HUVEC condi
tioned medium. This was followed by evaluating differentially expressed 
genes and signaling pathways in the HBx expressing hepatocytes stim
ulated by endothelial cell conditioned culture medium. Our findings 
provide insights into hepatitis B viral gene–host cell interaction that may 
add to understanding the mechanisms underlying the development and 
progression of HBV-associated HCC. 

2. Material and methods 

2.1. Cell lines and cell culture 

Human Umbilical Vein Endothelial Cells were purchased from Lonza 
and were propagated in EGM-2 Bullet kit. Briefly, EBM-2 basal medium 
was supplemented with 2% fetal bovine serum (FBS-10 ml), human 
epidermal growth factor (hEGF-0.5 ml), hydrocortisone (0.2 ml), 
vascular endothelial growth factor (VEGF-0.5 ml), antibiotic (genta
mycin, amphotericin B-0.5 ml), human fibroblast growth factor-beta 
(hFGFβ-2 ml), insulin-like growth factor-1 (R3-IGF-1-0.5 ml), ascorbic 
acid (0.5 ml), and heparin (0.5 ml), according to the manufacturer's 
protocols. Human normal hepatocyte cell line THLE-2 was purchased 
from ATCC and cultured in LHC-8 medium (Thermo Fisher Scientific) 
supplemented with 10% FBS (HiMedia), 70 ng/ml of phosphoethanol
amine (TCI), 5 ng/ml of epidermal growth factor (Thermo Fisher Sci
entific), and insulin-transferrin‑selenium solution diluted to 1× (Gibco). 
HepG2 cells were obtained from the Institute of Liver and Biliary Sci
ences, New Delhi, India. HepG2 cells were routinely cultured in Dul
becco Modified Eagle Medium (DMEM) which was supplemented with 
10% FBS. All cell cultures were maintained at 37 ◦C in a humidified 
chamber (humidity-95%) with 5% CO2 in a CO2 incubator (Thermo 
Fisher Scientific) with 100 IU/ml penicillin and 100 μg/ml streptomycin 
at the cell culture laboratory at Amity Institute of Molecular Medicine 
and Stem Cell Research. HUVEC conditioned medium (HUVEC-CM) was 
collected by incubating HUVECs in EGM2 for 24 h. Unconditioned 
EGM2 incubated at 37 ◦C for 24 h was used as a negative control. 

2.2. Transient transfection of HBx in THLE-2 or HepG2cells 

pcDNA3, pcDNA3-HBx and pEGFP-C3 constructs were kindly gifted 
by Dr. Syed Kazim Naqvi, Centre for Interdisciplinary Research in Basic 
Sciences, Jamia Millia Islamia, New Delhi, India [24], Supplementary 
Fig. S1a-c). According to manufacturer's protocol, Lipofectamine 3000 

S.M. Ghufran et al.                                                                                                                                                                                                                             



Genomics 115 (2023) 110642

3

(Invitrogen) was used to transiently transfect pcDNA3 or pEGFP con
structs in THLE2 or HepG2cells. The HBx expression by cytomegalovirus 
promoter-enhancer, used by pcDNA3 is reported to be within the 
physiological limits of HBV-infected cells [25,26]. 

2.3. Flow cytometry 

THLE2 cells harvested 24 h following co-transfection with pcDNA3- 
HBx and pEGF-C3 were trypsinised, collected, and analysed for GFP 
positive cells at 488 nm using FACS Aria-III flow cytometer (BD 
Bioscience, US). 

2.4. Western blot analysis 

Cells were washed with ice-cold PBS and harvested in cell lysis RIPA 
(Radioimmunoprecipitation assay) buffer [50 mM Tris-HCl - pH 8, 150 
mM NaCl, 0.25% Sodium deoxycholate, 1 mM EDTA, 1% NP-40] sup
plemented with protease inhibitor cocktail (Roche, Mannheim, Ger
many). Cells in RIPA were incubated on ice with intermittent vortexing 
for 50 min. The homogenate was then centrifuged for 30 min at 12,000g 
at 4 ◦C. The supernatant was removed and collected as whole-cell pro
tein. Total protein content was determined by the Bradford protein 
estimation procedure with bovine serum albumin (HiMedia) as the 
standard. 50 μg of protein samples with 1× Laemmli buffer were heated 
at 95 ◦C for 5 min. Protein samples were resolved in 10% SDS (sodium 
dodecyl sulphate)-polyacrylamide gel electrophoresis under reducing 
conditions, and electro-transferred to polyvinyl difluoride (PVDF) 
membrane (BioRad). After blocking with 5% non-fat milk in TBS (tris 
buffer saline) containing 0.05% Tween-20 (TBS-Tween) for 2 h, the 
membrane was incubated with the specific primary antibodies over
night. After washing with TBS-Tween, the membrane was incubated for 
2 h at room temperature with horseradish peroxidase-conjugated goat 
anti-mouse or anti-rabbit IgG antibodies (ImmunoJackson). Chemilu
minescent signals were detected using Pierce ECL western blotting 
substrate according to the manufacturer's protocol. Bands were quanti
tatively analysed by using ImageJ software. GAPDH (Cell Signaling 
Technology) was used as loading control. 

2.5. RNA library construction and sequencing 

Total RNA was isolated using Trizol according to manufacturer's 
instructions. mRNA quality control (QC) was done using Qubit, gel 
electrophoresis, and Bioanalyser. mRNA library kit (Qiagen) was used 
for library preparation. Briefly, RNA was fragmented, converted to DNA, 
and adapters/barcodes were ligated. Libraries that passed QC through 
Bioanalyser and Qubit were sequenced on Illumina Novaseq/HiSeq 
4500 platform. Read Length was 150 × 2. The RNA-Seq analysis was 
done with a pipeline consisting of: QC of raw reads > trimming >
aligning > counting > normalization > DEG analysis across conditions. 

2.6. Identification of DEGs 

Genes with |log2 fold change (FC)| >1 and adj P-value <0.05 (<0.01 for 
GEO datasets including human tissue samples) were identified using the 
limma package of R software and categorized as differentially expressed 
genes (DEGs) between different comparative groups in a pairwise 
manner. Ggplot2 package of R was applied to make volcano plots to 
visualize the identified DEGs in all datasets. The online tool Venny2.1.0 
(https:/bioinfogp.cnb.csic.es/tools/venny/) was used to generate com
mon DEGs by overlapping different datasets. 

2.7. Functional enrichment analysis 

To classify the DEGs based on their function and understand their 
biological characteristics, GO (Gene Ontology) function was executed 
using FunRich [27] and ShinyGO software that offer a broad set of 

functional annotations. 

2.8. PPI network construction and module analysis 

The Search Tool for the Retrieval of Interacting Genes (STRING; htt 
p://string.embl.de/) was employed to build a PPI network of genes 
based on known and predicted PPIs followed by analyzing the functional 
associations among proteins [28]. After providing a gene list on the 
STRING online tool, PPI networks with a high confidence score (≥ 0.7) 
were selected. The PPI network was then visualized using Cytoscape 
software (version 3.5.1), and the Molecular Complex Detection 
(MCODE) plugin [29] was applied to generate the significant modules. 
The advanced options were set as follows: degree cutoff = 2, K-Core = 2, 
and Node Score Cutoff = 0.2. The connectivity degree of each protein 
node was determined by computing the total number of nodes that 
interact directly with one specific node using the CytoHubba plugin 
[30]. Finally, the top genes with the maximum connectivity degrees 
were selected as hub genes. 

2.9. Real-time quantitative polymerase chain reaction (RT-qPCR) 

For RT-qPCR analysis, cDNA was synthesized from the total RNA 
templates by using RevertAid First Strand cDNA Synthesis Kit (Thermo 
Fisher Scientific). cDNA templates diluted to 0.1× were used for RT- 
qPCR, which was performed using the SYBR Green PCR Master Mix 
(Thermo Fisher Scientific) and the ABI Prism 7500 (Applied Bio
systems). The PCR conditions were as follows: 95 ◦C for 3 min, then 30 
cycles of 95 ◦C for 30 s followed by 52.9 ◦C for 30 s, and 72 ◦C for 30 s. 
The final extension was performed at 72 ◦C for 10 min. Beta-actin gene 
(ACTB) was taken as the internal control. Relative quantitation was done 
by comparing the threshold cycle (Ct) values of each sample gene to the 
Ct values of ACTB. ΔCt corresponds to the difference between the Ct of 
the gene of interest and the Ct of ACTB. Data is presented in terms of the 
fold change of mRNA expression, which was calculated from the 2-ΔΔCt 

method. The gene specific primers were designed using Primer3 Plus 
[31] (Supplementary Table. S6). 

2.10. Survival analysis of Hub genes 

The Kaplan–Meier plotter (http://kmplot.com/analysis/) can 
calculate the outcome of submitted genes on overall as well as relapse- 
free survival with information from GEO, TCGA, and EGA databases 
[32]. This tool allows the comparison of survival rates between patient 
cohorts with low and high expression of a specific gene (as compared to 
the median value of expression in the cohort), and it estimates the log 
rank value and hazard ratio (HR) with 95% confidence intervals. In liver 
cancer patients with hepatitis infection, the Kaplan-Meier plotter mRNA 
liver cancer database [33] was applied to predict prognostic values for 
the hub genes identified. Patients were divided based on auto-select best 
cutoff (all potential cutoff values as assessed from lower to upper 
quartiles, and the most effective threshold was used as a cutoff). Hep
atitis virus as a risk factor was incorporated in the analysis, whereas the 
alcohol consumption factor was disregarded. The survival rates of in
dividual hub genes were examined through the Kaplan–Meier plotter in 
HCC patients. 

2.11. Statistics 

All data were presented as mean ± S.D. (standard deviation) from at 
least three separate experiments. Student's t-test was applied to evaluate 
the differences between treated and control groups. Data from multiple 
groups were analysed by one-way ANOVA; multiple groups with 
different conditions were analysed by two-way ANOVA. For all the tests, 
significant values were P < 0.05. 
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3. Results 

3.1. Intracellular expression of HBx in THLE2 cells from pcDNA3 
constructs 

Transient transfection of pcDNA3 and pcDNA3-HBx in THLE2 cells 
was performed as previously described. THLE2 cells transfected with 
pcDNA3-HBx gene are referred to as THLE2x cells from here onwards. 
Transfection efficiency in THLE2x cells was anlysed by co-transfecting 
with pEGFP-C3. Approximately 60% of the cells were found positive 
for GFP signal using flow cytometry (Fig. 1a). Amplicons of 465 bp were 
successfully PCR amplified using HBx-specific primers and cDNA from 
THLE2x transfectants. No amplification was observed from cDNA 
derived from THLE2 cells transfected with empty-pcDNA3 (Fig. 1b). 
Real time mRNA expression of HBx gene in THLE2x cells was confirmed 
by RT-qPCR (Fig. 1c). HBx-specific bands in whole cell lysates of 
THLE2x were observed by western blotting (Fig. 1d). Empty pcDNA3 
transfected cells served as control for all experiments. The pcDNA3-HBx 
construct was confirmed by sequencing by Eurofins Genomics (Banga
lore, India) using M13 reverse primers (Supplementary Fig. S2). These 
results confirmed the successful intracellular expression of HBx from 
pcDNA3 constructs in THLE2 cells. 

3.2. Overview of the transcriptome fragment libraries 

A total of six transcriptome fragment libraries were constructed from 
THLE2-pcDNA3, THLE2x, and HUVEC-conditioned THLE2x cells, with 
two repeats assigned to each group. These were sequenced by Illumina 
Hiseq3000 (150 bp paired end read length) sequencing platform. >140 
million paired end reads were generated from all the samples, ranging 
from 19 to 30 million reads from the individual sample libraries. >90% 
high-quality reads were satisfactorily mapped in each library. Mapping 
rates ranged from 91.70% to 95.10% for the six libraries, and the unique 
mapping rates ranged from 82.7% to 87.10%, respectively (Supple
mentary Table. S1). The raw sequence data can be downloaded from 
SRA database using PRJNA960847 BioProject accession number. 

3.3. Transcriptome difference in THLE2-pcDNA3 cells and THLE2x cells 

Differential gene expression between different groups was analysed 
pairwise using the limma package of R and represented in Supplemen
tary Tables. S2 and S3a-c. With adjusted p value <0.05 as the threshold 
and |log2 fold change (FC)| >1, 148 DEGs were identified in the THLE2x 
group compared to THLE2-pcDNA3. These included 48 up-regulated 
genes and 100 downregulated genes (Supplementary Table. S3 a) that 
are represented in the volcano plot and heat map in Fig. 2a-b. 
CTNND1and ZBED6 genes were found to be up-regulated in the THLE2x 

Fig. 1. Intracellular expression of HBx gene in THLE2 cells from pcDNA3 constructs. a. Transfection efficiency was measured to be around 60% by analyzing the 
percent of GFP positive THLE2 cells co-transfected with pcDNA3-HBx and pEGFP-C3 b. PCR product from THLE2 cells transfected with empty-pcDNA3 and pcDNA3- 
HBx analysed by gel electrophoresis on 2% agarose. HBx gene (465 bp long) corresponding to 0.5-kb band of marker was successfully amplified from cells transfected 
with pcDNA3-HBx. c. Graph representing the real time expression of HBx gene in cells transfected with pcDNA3-HBx. d. Western blot representing HBx-specific bands 
in protein samples from THLE2 cells transfected with pcDNA3-HBx. 
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group. These genes have a potential role in malignant transformation of 
the hepatocytes. On the other hand, MT1A and RPS27 genes were 
downregulated in the THLE2x group. TMC4 was also found to be 
downregulated in the THLE2x group, but its role in liver disease is 
controversial [34]. The potential implications of these genes in liver 
disease has been elaborated in the discussion section. 

3.4. RNA-seq analysis reveals differentially expressed genes in HBx- 
transfected hepatocytes stimulated with HUVEC-CM 

To investigate the genes and pathways stimulated by the cross-talk 
between endothelial cells and hepatocytes expressing HBx viral gene 
of HBV, THLE2x cells were incubated with HUVEC conditioned culture 
media for 24 h. HUVEC culture stimulated THLE2x cells, referred to as 
THLE2x-CM, were then analysed for differential gene expression 
compared to non-treated THLE2x cells. A total of 180 DEGs were iden
tified, including 74 up-regulated genes and 106 downregulated genes 
represented in volcano plot and heat map in Fig. 3a-b (Supplementary 
Table. S3b). 

3.5. Functional enrichment of genes in THLE2x regulated by the treatment 
of HUVEC-CM 

To further elucidate the functional roles of the 180 DEGs, GO 
pathway enrichment analyses were performed by FunRich software and 
ShinyGO tool to search for significantly overrepresented categories. Up- 
regulated genes in the THLE2x-CM group compared to THLE2x were not 
found to be significantly enriched for GO terms. GO terms for down
regulated genes belonged to three categories: cellular component, mo
lecular function, and biological pathways (Fig. 4, Supplementary 
Fig. S2a-d, Supplementary Table. S4a-d). The downregulated DEGs were 
principally enriched in the extracellular space and their molecular 
function enrichment term was mainly correlated with the cytokine ac
tivity (Fig. 4a-b). In addition, it was found that the downregulated DEGs 
in THLE2×-CM, compared to the THLEx group, were enriched in the 
biological pathways that regulate interferon signaling and cytokine 
signaling (Fig. 4c). 

3.6. PPI analysis revealed a significant cluster of genes downregulated in 
THLE2× cells by HUVEC-CM treatment 

PPI analysis of the DEGs in the HUVEC-CM stimulated THLE-2x cells 

Fig. 2. Identification of genes differentially regulated in THLE2x cells compared to control THLE2-pcDNA3 cells. a. Volcano plot of the total expression of genes in a 
THLE2x vs THLE2-pcDNA3 group. The x-axis represents the log2 (fold change) values, and the y-axis represents the -log10 (adjusted p values) values for gene 
expression. Each dot represents a gene identified from the RNA-seq data. Red dots indicate 48 up-regulated DEGs, blue dots indicate 100 downregulated DEGs, and 
black dots indicate nondifferential expressed genes. b. Heatmap of 148 DEGs in the THLE2x cells compared to THLE2-pcDNA3 cells. The output thresholds were | 
log2FC| > 1 and p-value<0.05. 
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revealed 148 nodes and 106 interactions in total (Fig. 5a). These pro
teins were chosen on the basis of their collective high confidence score 
(≥ 0.7) in STRING analysis. One significant module (module-1) with a 
score ≥ 5 was selected through MCODE where ISG15, IFITM1, IFI44L, 
IFIH1, MX1, USP18, IRF7, OAS2, MX2, XAF1, RTP4, IFIT1, and OAS1 
were identified as hub nodes (Fig. 5b, Supplementary Table. S5). An 
additional module (module-2) with a score ≥ 3 was also determined by 
MCODE, represented in Fig. 5c. All the identified nodes were down
regulated DEGs in the network. The hub genes from module-1 were 
chosen for further analysis due to their higher connectivity degree. 

3.7. RT-qPCR validation of the identified hub genes identified in THLE2×
cells downregulated by HUVEC-CM treatment 

To verify the RNA-seq expression results of the 13 hub genes iden
tified by PPI analysis, we further determined the expression levels of 
these genes by RT-qPCR analysis. RT-qPCR results confirmed that 
HUVEC conditioned culture medium treatment significantly down
regulated the expression of ISG15, IFITM1, IFI44L, IFIH1, USP18, IRF7, 
OAS2, MX2, XAF1, RTP4, IFIT1, and OAS1 genes in THLE-2× cells 
expressing the HBx gene of the HBV. However, MX1 gene expression in 
our RT-qPCR results was found to be non-significant (Fig. 6a). The 

expression levels of these 13 genes were also investigated in HepG2cells 
transfected with pcDNA3-HBx expression vector (referred to as HepG2x 
cells) that were treated with HUVEC-CM compared to non-treated 
HepG2x cells. All 13 genes were found to be consistently and signifi
cantly downregulated in HepG2x cells treated with HUVEC-CM 
compared to control HepG2x cells (Fig. 6 b). The downregulation of 
all genes by HUVEC-CM in HepG2x cells was substantially higher than 
THLE2x cells. The RT-qPCR data validate the gene expression results 
obtained by RNA-Seq analysis of THLE2x-CM cells. 

3.8. Disease specific survival analysis of the hub genes revealed that low 
expression of IRF7, IFITM1, and IFIT1 is implicated in hepatitis-related 
HCC 

Using the Kaplan-Meier plotter, the prognostic significance of the 13 
hub genes was examined in liver cancer patients. The analysis included 
the hepatitis virus infection as a risk factor while leaving out the influ
ence of alcohol consumption. A comparison of survival status between 
groups with high expression and those with low expression revealed that 
low expression of 3 out of the 13 genes, i.e., IRF7, IFITM1, IFIT1 showed 
a significant decrease in disease specific survival (DSS) in HCC patients 
with chronic hepatitis infection (Fig. 7 a-m, Supplementary Table S7). 

Fig. 3. Identification of genes differentially regulated in THLE2x cells treated with HUVEC-CM (THLE2x-CM) compared to THLE2x cells. a. Volcano plot of the total 
expression of genes in THLE2x-CM group vs THLE2-x group. The x-axis represents the log2 (fold change) values, and the y-axis represents the -log10 (adjusted p 
values) values for gene expression. Red dots indicate 74 up-regulated DEGs, blue dots indicate 106 downregulated DEGs, and black dots indicate nondifferential 
expressed genes. b. Heatmap of 180 DEGs in the THLE2x-CM cells compared to THLE2x cells. The output thresholds were |log2FC| > 1 and p-value<0.05. 
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Kaplan-Meier plots revealed that low expression of IRF7, IFITM1, and 
IFIT1 is related to worse outcomes in DSS of hepatitis associated HCC 
patients. 

3.9. PLAC8 gene was found significantly downregulated in four HBV- 
related HCC datasets, and HUVEC-CM treated THLE2x cells 

Four datasets (GSE47197, GSE121248, GSE55092, and GSE62232) 
were analysed to identify genes that were differentially expressed be
tween HBV-associated HCC and non-HCC liver tissues. Altogether from 
these datasets, a total of 191 non-tumoral samples and 180 HBV- 
infected HCC samples were analysed (Supplementary Table. S8). 
Following the cutoff criteria as mentioned before, 638 DEGs (135 up- 
regulated, 503 down-regulated) in GSE47197, 1020 DEGs (373 up- 

regulated and 647 down-regulated) in GSE121248, 1950 DEGs (814 
up-regulated and 1136 down-regulated) in GSE55092, and 2076 DEGs 
(1267 up-regulated and 809 down-regulated) in GSE62232 were found 
between non-tumor tissues and HBV-associated HCC tissues as repre
sented in volcano plots (Supplementary Fig. S4a-d). Further analysis of 
these DEGs using Venn diagrams revealed that 273 DEGs, including 60 
up-regulated and 213 down-regulated genes, were consistently found in 
all four HBV-associated datasets (Supplementary Fig. S4 e-f). All 273 
DEGs are listed in Supplementary Table. S9. Among the genes common 
to all four HBV-associated HCC datasets, only PLAC8 was also found 
differentially downregulated in THLE2x cells when treated by HUVEC- 
CM (Fig. 8 a-b). Kaplan-Meier plots revealed that low expression of 
PLAC8 did not correlate with a significant decrease in disease specific 
survival (DSS) in HCC patients with chronic hepatitis infection (figure 

Fig. 4. GO (Gene Ontology) enrichment analysis for DEGs in THLE2x-CM cells compared THLE2x using FunRich Downregulated DEGs in THLE2x cells when treated 
with HUVEC-CM were enriched in the GO categories “cellular component” (a), “molecular function” (b), and “biological pathways”(c). p values <0.05 were sta
tistically significant. 
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not shown). However, low expression of PLAC8 is related to worse 
outcomes in relapse free survival (RFS) and progression free survival 
(PFS) in hepatitis associated HCC patients (Fig. 8 c-d). 

4. Discussion 

HBV and HCV infection are major risk factors for developing HCC. 
Although the relationship between HCC and persistent HBV infection is 
well documented, a comprehensive understanding of the underlying 

Fig. 5. Protein-protein interaction (PPI) network and identification of protein clusters with significant modules. a. PPI network was generated by STRING with up- 
regulated and downregulated DEGs identified in THLE2x cells treated with HUVEC-CM compared to THLE2x cells. b. One significant module, Cluster 1 (MCODE 
score = 12) was identified using the molecular complex detection (MCODE) method. c. Protein cluster with MCODE score = 3 was identified as Cluster 2. Red nodes 
in the protein clusters indicate downregulated genes. 
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mechanisms leading to HCC is difficult to establish as HBV-associated 
carcinogenesis can be seen as a multifactorial process that includes 
both direct and indirect mechanisms that might act synergistically [35]. 

The clearance of HBV is noncytopathic, i.e., the infection does not 
trigger innate immunity at a detectable level due to initial replication 
not involving hepatocytes [36] but requires T-lymphocytes to activate 
cell death. In fact, adaptive immune responses make or break the fate of 
infected hepatocytes by mediating viral clearance as well as progression 
of the disease to cirrhosis and HCC [37]. Specifically, robust CD8+ T cell 
response is required to kill infected cells and secrete antiviral lympho
kines such as interferon gamma, a member of a class of cytokines named 
for their capability to interfere with viral replication [38]. CD4+ T 
lymphocytes activate and maintain CD8+ T cell pools as well as induce 
the production of neutralizing antibodies to target residual infection. 
Chronic infection occurs due to viral persistence as a result of failure of 
this adaptive immune response, the functional restoration of which may 
lead to rare but spontaneous resolution of the infection. Meanwhile, 
chronic infection triggers necroinflammatory liver disease that can 
progress to hepatocellular carcinoma (HCC) [39]. 

During sustained antigen stimulation, HBV-specific CD8+ T cells fail 
to differentiate into cytolytic effector T cells that secrete cytotoxic 
signaling molecules such as TNF and IFNg, a phenomenon known as T- 
cell exhaustion [37]. Such an exhausted T-lymphocyte milieu is more 
common in HBV-associated HCC as compared to nonviral etiologies of 
HCC, [40] and the tumor microenvironment is dominated by regulatory 
T cells (Tregs). 

There is emerging evidence that several proinflammatory cytokines, 
such as interferon-γ, IL-1β, and tumor necrosis factor, stabilize HIF-1α, 
even in the absence of hypoxia [41,42]and the same cytokines can 
induce HBx expression. Ideally, any viral nucleic acids, such as HBV's 
relaxed circular DNA, covalently closed circular DNA (cccDNA), and 
RNA intermediates should be detected by pattern recognition receptors 
(PRRs) to induce interferon (IFN) responses. However, as a “stealth” 
virus, little or no IFN production is detected during HBV infection, 
regardless of the viral load. IFN and IFN-stimulated gene (ISG) expres
sion are in fact downregulated in HBV-infected individuals due to the 
virus having developed strategies to counteract innate immunity by 
interfering with either PRRs or their downstream signals, and due to 
progressive T-cell exhaustion in chronic infection. [43] Therefore, it 

makes sense that many of the differentially regulated genes in our 
RNASeq data of our in vitro model of HBV-associated HCC are ISGs. 

IFN-stimulated 15 kDa protein (ISG15) is a ubiquitin-like molecule 
that acts as a direct anti-HBV effector of Type I IFN-inducible response s 
[44] and has been reported to be a biomarker for HBV HCC [45–47] 
wherein it promotes the proliferation and migration of HCC through 
stabilizing Survivin protein by sequestering XIAP and preventing it from 
interacting with Survivin [46]. 

IFITM1 (interferon-induced transmembrane protein 1) is down
regulated during HCV [48] and HBV [49] infection. IFN signaling 
mediated by IFITM1 is known to also downregulate proliferation in 
both, hepatocellular carcinoma cells as well as non-malignant hepato
cytes [50–52]. Additionally, IFITM1 is the downstream target of the 
tumor suppressing chromatin remodeling gene, ARID2, which is 
commonly mutated in HCV-associated HCC, as well as hepatitis B virus 
(HBV)-associated HCC, alcohol-associated HCC and HCC with no known 
etiology. [52,53] However, while hypermethylation of the IFITM1 
promoter has been reported in HCC [54], the molecular mechanisms by 
which IFITM1 influences the development and progression of HCC in 
general and HBV-associated HCC specifically are largely under- 
researched. A series of in vitro experiments by Wu et al. suggest that 
IFITM1 influences EMT and stem cell-like properties in hepatoma cells 
by modulating important genes regulating HCC development and pro
gression, such as STAT3, membrane metalloproteases, p53, and caspases 
[50]. 

The interferon-induced protein 44-like gene in HBV-HCC acts as a 
tumor suppressor by downregulating cancer stemness, drug resistance, 
and metastasis [55] However, it is up-regulated in monocytic myeloid- 
derived suppressor cells (MDSCs) of patients with a high viral load 
[56]. It is hypothesized that IFI44L methylation may play an important 
role in phase transition and pathogenesis of virus-host interaction, and it 
has been established that IFI44L methylation in DNA of WBCs can be a 
biomarker for predicting risk of HCC development [57,58]. 

The gene IFIH1 (FN induced with helicase C domain 1) encodes 
MDA5, that senses intracellular RNA intermediates generated during the 
HBV life cycle [43]. Chronic HBV-infected (CHB) patients are unable to 
properly respond to hepatitis B virus (HBV) due to significant down
regulation of MDA5 activity [59]. 

MX1 (myxovirus resistance protein 1), also known as interferon- 

Fig. 6. Relative fold change expression of 13 hub genes by RT-qPCR in THLE2x and HepG2x cells after treatment with HUVEC-CM. Relative fold change in mRNA 
expression of ISG15, IFITM1, IFI44L, IFIH1, MX1, USP18, IRF7, OAS2, MX2, XAF1, RTP4, IFIT1, and OAS1 analysed in THLE2x cells (a), and HepG2x cells (b) treated 
with HUVEC-CM compared to non-treated control cells. The expression levels of the genes were normalised to the expression of ACTB. *p < 0.05; **p < 0.01; *** <
0.001; ns, non-significant. 
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Fig. 7. Kaplan–Meier survival curves of the 13 hub genes. a-m. Graph representing disease specific survival (DSS) in HCC patients grouped according to low and high expression of ISG15, IFITM1, IFI44L, IFIH1, MX1, 
USP18, IRF7, OAS2, MX2, XAF1, RTP4, IFIT1, and OAS1 genes. p values <0.05 were considered as statistically significant. 
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induced GTP-binding protein 1, is one of the IFN-stimulated genes (ISG). 
In humans, it is a cytoplasmic protein that is active against many viruses 
that have a cytoplasmic replication phase, such as the HBV virions 
[44,60]. As an antiviral ISG, it is conventionally used as a marker for the 
induction of cellular countermeasures to combat viral infection [61,62]. 
MX2 is similar to MX1 in function but the molecular basis of its antiviral 
activity is underexplored, with some evidence suggesting it impairs the 
conversion of relaxed circular DNA of HBV to cccDNA. [63] 

Ubiquitin-specific peptidase 18 (USP18) is yet another ISG closely 
associated with hepatitis B virus (HBV) [64] and is up-regulated during 
the tumorigenesis and progression of HBV-associated HCC [65–68]. It 
promotes HBV replication by inhibiting type I IFN signaling, which is 
independent of its activity as a cysteine protease that deconjugates IFN 
stimulated gene 15 (ISG15) from host or pathogen proteins. 

IRF7 (Interferon regulatory factor 7) is a virus-inducible transcrip
tion factor which modulates type I IFN secretion activated by the 
pathogen recognition receptor (PRR) TLR9 in plasmacytoid dendritic 
cells (pDCs) [69]. Meanwhile, in hepatocytes, in hepatocytes, IRF7 
switches on the retinoic acid-inducible gene-I (RIG-I)/mitochondrial 
antiviral protein (MAVS) pathway [70] that also involves another of our 
hits, IFIH1/MDA5. HBV has coevolved a few measures to combat the 
antiviral activity switched on by IRF7. The Hepatitis B X antigen (HBx) 
acts as a deubiquitinating enzyme to inhibit ubiquitination of IRF7, and 
therefore suppressing its antiviral activity [71]. Additionally, HBV 

surface antigen (HBsAg) reduces the stability IRF7 mRNA to decrease 
transcription of the inflammasome component AIM2 in Kupffer cells. 
[72] 

The genes OAS1 and OAS2 encodes the enzyme and viral sensor, 2′- 
5′-oligoadenylate synthetase 1 and 2, respectively, that activate RNase 
L, responsible for viral RNA degradation and therefore the inhibition of 
viral replication. OAS2 is a tumor suppressor not just in virus-mediated 
cancers, but also those not involving any viral infection [73]. In HBV- 
associated HCC, OAS1 and 2 act as effectors of type I IFN-mediated 
antiviral signaling [74]. They are also up-regulated in HCV-associated 
HCC [75]. 

The tumor suppressor gene X-linked inhibitor of apoptosis (XIAP)- 
associated factor 1 (XAF1) is known to induce apoptosis, inhibit 
angiogenesis, as well as tumor growth in hepatocellular carcinoma [76]. 
Its downregulation or promoter hypermethylation can be used as a 
biomarker to differentiate HCC from noncancerous tissue [77] or to 
predict recurrence of the tumor [78]. 

RTP4 (Receptor Transporter Protein 4) is one of the ISGs suppressed 
during HCV [79] and HBV infections [80]. However, its role in HBV- 
associated HCC remains to be explored. 

IFIT1 encodes the cytoplasmic interferon induced protein with tet
ratricopeptide repeats 1. Sequestration by IFIT1 impairs the translation 
of 2′O-unmethylated capped RNA generated by HBV, thereby impairing 
its ability to use host translational machinery. [81] Not much is known 

Fig. 8. PLAC8 was differentially downregulated in THLE2x-CM group and in HBV-related HCC datasets. a-b. Venn diagram showing that PLAC8 gene is down
regulated in HBV associated HCC datasets and in THLE2x cells treated by HUVEC CM c-d. Graph representing relapse free survival (RFS), (c), and progression free 
survival (PFS), (d) in HCC patients grouped according to low and high expression of PLAC8 gene. p values <0.05 were considered as statistically significant. 
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about its role in the progression of chronic HBV infection to HBV- 
associated HCC, but our study suggests it might play a role during 
tumorigenesis and disease progression. 

PLAC8, also known as Onzin, is significantly decreased in HCC, and 
higher expression is correlated with poor prognosis [82]. Its down
regulation is known to promote cell viability, proliferation and tumor 
formation, both in vitro and in vivo [83]. The molecular mechanism 
behind its tumor-suppressing effects involves the inhibition of PI3K/ 
Akt/GSK3β and Wnt/β-catenin signaling. Interestingly, PLAC8 is known 
to be regulated by miR-1228-3p, which is transferred from Cancer- 
associated fibroblasts (CAFs) into HCC cells by CAF-derived extracel
lular vesicles [84]. Since our study found it to be up-regulated in HUVEC 
CM-treated HCC, it is possible that a similar mechanism is responsible 
for the modulation of PLAC8. Interestingly, PLAC8 inhibits interferon 
gamma production by T cells [85], but on the other hand up-regulates 
PD-L1 in the presence of IFN-γ [86] in triple negative breast cancer. 

Based on these studies, we suggest that IFITM1 and PLAC8 may be 
promising markers and predictors for clinical drug selection, immuno
therapy response and tumor prognosis. Their underlying mechanisms 
should be determined in the future. 

To the best of our knowledge, this is the first transcriptome analysis 
of an in vitro model of the interaction between endothelial cells and 
HBV-infected hepatocytes which may later undergo oncogenic trans
formation. Many known HBV-associated signatures were identified in 
our RNASeq data comparing THLE2 transfected with HBx as compared 
to empty vector-transfected THLE2. These include CTNND1 that regu
lates EMT via modulation of Wnt signaling [87–89], the transcription 
factor ZBED6 [90], the cell proliferation and apoptosis-regulating gene 
MT1A [91],the chloride channel TMC4 [92]and the ribosomal protein 
RPS27 [93]. Therefore, this model may be used to simulate HBV infec
tion for the purpose of developing and testing therapeutic strategies.We 
acknowledge that the cell signaling pathways involved in the interaction 
between LSECs and hepatocytes during HBV infection and associated 
tumorigenesis may be very complicated and not easily replicated by a 
more limited protein milieu represented in our in vitro attempt to 
recapitulate the disease (HUVEC CM-treated THLE2x). In that case, 
concentrated solutions of the complete secretome or partial secretomal 
size fractions should be studied for their therapeutic potential. 

5. Conclusion 

Our findings provide molecular insights into cross-talk between 
endothelial cells and hepatocytes with HBV X protein expression. The 
study may help in the deeper understanding of the hepatitis B virus–host 
interaction and open avenues for future research. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.ygeno.2023.110642. 
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