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Abstract
Background: Hepatitis B Virus (HBV) is considered as a “metabolic virus” and affects the hepatic
metabolism homeostasis, while except for the anti-virus therapy the principle of HBV-negtive
hepatocellular carcinoma (HCC) and HBV-positive HCC is exactly the same until now. Exploration of the
unique characteristics of HBV-associated HCC will provide new metabolic targets against HBV-associated
HCC to gain survial advantage, and �nally inhibit cancer progression.

Methods: To systematically assess the metabolic changes, we assessed the transcriptomic and
proteomic data from public database, additionally veri�ed the accordingly changes in our own test cohort
on proteome and transcriptome level. Additionally, the tissue metabolomics pro�le, lipidomics and the
activity of PI3K/AKT/mTOR signaling pathway which play critical role in metabolism reprogramming,
were analyzed to con�rm the aforementioned changes.

Results: By multi-omics approaches, we presented the metabolic dysfunction experienced during HBV-
associated HCC, represented by upregulated the steroid hormone biosynthesis, primary bile acid, and
sphingolipid metabolism which related to a poor prognosis. Metabolites in linoleic acid metabolism and
primary bile acid metabolism were closely correlated with HBV replication in HBV-positive HCC patients.
Further tissue metabolomics and lipidomics validate the serum metabolic changes, namely changing in
lipid composition and unsaturated fatty acid accumulation. By antibody array, a hyperactive
PI3K/AKT/mTOR signaling transduction in HBV-positive biopsy compared with HBV-negative patients
was observed, indicating a key role of this pathway in metabolic reprogramming of HBV-associate HCC.

Conclusion: HBV plays a critical role in the metabolism of HBV-associated HCC and activated a unique
metabolism pathway to gain survival advantages. HBV-positive HCC showed obviously difference
compared to HBV-negative HCC in metabolism at least and should be treated according to its
characteristics in the clinic.

Background
As one of the most malignant cancers worldwide, hepatocellular carcinoma ranked as the fourth leading
cause of cancer-related death, with an estimated incidence of more than 1 million by 2025 [1]. Recent
advances in early diagnosis and treatment have improved the short-term prognosis of patients with HCC,
but the long-term prognosis remains poor even after curative treatment [2, 3]. HBV is the predominant risk
factor for developing HCC, which accounts for 85% HCC cases in Asia. HBV induced metabolic
dysregulation in heptitis has been investigated for many years, while the role of HBV in HCC metabolism
remains unclear. It becomes more and more widely accepted that oncogenic DNA virus could hijack the
cell metabolic machinery caused metabolic rearrangement sequentially [4].

Moreover, aside from the anti-virus treatment for HBV-associated HCC, the recommended interventions
for HBV-negtive HCC and HBV-positive HCC is exactly the same. Exploration of the unique characteristics
of HBV-associated HCC will provide new metabolic targets against HBV-associated HCC to gain survial
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advantage, and �nally inhibit cancer progression. HBV is considered a “metabolic virus” and affects
many hepatic metabolic pathways, especially the lipid metabolism including fatty acid metabolism,
phospholipids and cholesterol [5]. The large-sample prospective cohort study showed that HBsAg
positivity was inversely correlated with fatty liver [6]. For example, HBsAg seropositivity was associated
with a lower risk of developing nonalcoholic fatty liver disease during an approximately 10-year follow-up
of 83,339 non-NAFLD Korean adults with normal alanine aminotransferase levels at baseline [7].

The studies on the metabolism characteristics of HBV-associated HCC are limited [8]. The most well-
studied metabolic change is the Warburg effect and glutamine metabolism [6, 9]. Metabolites in�uenced
by metabolic reprogramming also exert cancer-promoting functions by modulating signaling pathways,
epigenetic states, and cellular differentiation. Lipid metabolic reprogramming in carcinogenesis has been
considered as an alternative treatment target in HCC [10]. In a preliminary cell experiments, total fatty
acids were found increased in HepG2 cells [11]. Studies using an HBV infection cell model showed that
lipid metabolites such as N-acetyl aspartate and choline were reduced in HepG2 cells [12]. Using an in
vitro HBV infection model, researchers identi�ed metabolic signatures, the hexosamine and the
phosphatidylcholine biosynthesis disruption, was associated with HBV replication [13]. Therefore, a multi-
omics study based on patients is needed to clarify the landscape of metabolic dysfunction of HBV
associated HCC.

In this study, a multi-omics study involved with 318 HCC patients were performed based on
transcriptome, proteomics and metabolomics technique to investigate the implication of HBV on the
metabolism of HCC. Firstly, the transcriptional and proteomic characteristics of 224 HCC tissue of
patients were analyzed by using public database included The Cancer Genome Atlas program (TCGA)
and Chinese Human Proteome Project (CNHPP) liver data portal. 92 HCC patients’ serum protein
signature by protein array, as well as the plasma metabolites pro�le by ultra-performance liquid
chromatography coupled with electrospray ionization/quadrupole time-of-�ight mass spectrometry
(UPLC-ESI-Q-TOF-MS) to summarize the metabolites pro�le in patients as well as to con�rm the results
from public database. Furtherly, the biopsies collected from clinical HBV-positive/negative HCC patients
was analyzed to verify the metabolic and lipidomic pro�le. Eventually, the related metabolic signaling
cascade was probed in situ. This study indicated that HBV-associated HCC showed unique metabolism
processes to gain survival advantage and should be treated individually, which also provides potential
targets for treatments.

Materials And Methods
Patient recruitment and sample collection

Ninety-two participants who administered in the department of integrative medicine in Fudan a�liated
cancer center from 1 January 2016 and 31 May 2017 were enrolled in this study, 28 health controls, 49
HBV-positive HCC, and 15 HBV-negative HCC, characteristics of the patients were listed in Table. 1. To
avoid the gender difference on metabolites, only male was enrolled in this study. Patients’ information,
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serum, plasma, and biospecimens of patients were collected from the minimally invasive therapy center
in Fudan University Shanghai Cancer Center with informed consent as per the approval of the IRB (No.
1904200-13). Blood samples were collected in anti-coagulation tubes containing potassium-EDTA
(Becton Dickinson, Franklin Lakes, NJ, USA), which transported to the laboratory for processing. Serum
was prepared by collecting blood in a serum separator tube by centrifuging (1000 g) at 4 degree for 10
minutes after clotting. Plasma was separated by collecting blood into purple top EDTA tubes and
centrifuged (2000 rpm) at 4 degree for 20 minutes. The supernatants were then collected, aliquoted and
stored in -80℃ for further analysis. Biopsies were obtained via 18G diagnostic needle and stored in
MACS® Tissue Storage Solution (Miltenyi Biotec) at -80℃ for further use.
Data source and bioinformatic analysis

Data from TCGA-Liver Hepatocellular Carcinoma (HCC) cohort
(https://portal.gdc.cancer.gov/projects/TCGA-LIHC) and CNHPP liver data portal
(http://liver.cnhpp.ncpsb.org/) was retrieved for this study. The gene expression data was collected as
raw count values from TCGA data set (135 cases of HBV-positive HCC, 89 cases with no HBV virus
infected history). The gene expression, protein and phosphoprotein expression data retrieved from
CNHPP liver data portal. R package (edge R) were used for transcriptional pro�le. The Gene expression
data of mRNA, proteome and phosphor-proteome levels were analyzed by t-test. Genes with FDR<0.1 and
fold change >1.5 were visualized by TB tool. Pathway enrichment and biological function annotation
were performed using Kyoto Encyclopedia of Genes and Genome (KEGG). The differentially expressed
gene were analyzed through limma and carried out Gene Set Enrichment Analysis (GSEA) with p < 0.05
using the cluster �le R package. Data for signi�cant metabolism pathway gene sets were acquired from
Molecular Signatures Database (MSigDB https://www.gsea-msigdb.org/) and KEGG, and the HCC related
activity levels were calculated using ssGSEA. To evaluate the differences in prognosis between the high-
risk and low-risk groups, a Kaplan–Meier survival curve was constructed based on the log-rank test.

Protein microarray Fabrication and data processing

The HuProtTM array was constructed from a protein library composed of over 20000 unique human open
reading frames using the Saccharomyces cerevisiae expression system, each recombinant protein had a
GST-His6 tag at the N-terminal [14]. The serum after dilution was added to the array surface.
Subsequently, washed with Tris-buffered saline containing 0.1% Tween 20 detergent (TBS-T) for 3 times
after incubation for 1 hour. Proceed to the secondary antibodies (anti-human IgG, IgM), after incubation
the array was washed and dried in a slide washer (Capital Bio, Inc., Beijing, China), the array was washed
and detected with microarray scanner (Capital Bio, Inc., Beijing, China). The raw data, de�ned as the
median foreground and background intensities of every spot in the microarray were download from
Scanner. The ratio of foreground to background was regarded as the raw intensity of the spot. The mean
signal-to-noise ratio (SNR) was used to represent the signal of the protein. The normalization was carried
out by normalize between arrays package in limma [15]. Differentially expressed markers with fold
change≥1.2, and p<0.05, were identi�ed as protein candidates and recruited for further investigation.
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Metabolomic analysis

Plasma metabolites separation

Plasma samples (200 µL) were extracted with 800 µL of 1:1 (v/v) acetonitrile/methanol. The samples
were vortexed and, sonicated for 5 min in ice-water bath. After protein precipitation and centrifuge, the
supernatant was collected and driedby vacuum freeze drier (FD-1A-50, Bilon, Shanghai). Reconstituted
with 200 µL acetonitrile/water (1:1, v/v), then processed to LC-MS analysis. Detection of metabolite
pro�le was performed by an AB SCIEX Q-TOF mass spectrometer (X500B) coupled to an ExionLCTM-Ultra
High Performance Liquid Chromatography (UHPLC) system (AB SCIEX, Concord, ON, Canada) in both
positive and negative ionization. To evaluate the repeatability and robustness of the instrumental system,
the quality control process identical to that of the metabolomic analysis was also applied, which was
injected every 6 samples. All samples above were maintained at 4°C during preparation and analysis.
Tissue metabolomics and lipidomics sample separation 

Tissue metabolites extraction was followed the previous publication [16]. 1.5 mL prechilled
methanol/water was added to ~10 mg biopsy for homogenization for 5 min. Centrifuged the mixture at
10000 g for 10 min at 4°C, then collected the supernatant as aqueous extracts. The left pellet was used
for organic extracts. Brie�y, 1.6 mL prechilled sicholoromethane/methanol (3:1) was added to the pellet.
After homogenization, the mixture was centrifuged at 10000 g for 10 min, the supernatant was collected
as organic extracts. As for the lipidomic smple preparation, biopsy were extracted by liquid-liquid
extraction with the MTBE/MeOH/H2O [17]. 300 µL cold MeOH was added to each sample followed by
homogenization for 2 min, and then 1 mL MTBE was added. The mixture was vibrated then proceed to
equilibration at 4°C for 10 mins. Supernatant after centrifuge was collected for further analysis.

UPLC-Q-TOF-MS instrumentation and measurement conditions

Both the hydrophilic interaction liquid chromatography (HILIC) and reverse-phase liquid chromatography
were adopted. For reversed-phase separation, a Waters XSelect HSS T3 C18 column (2.1*150 mm, 2.5
µm) was adopted, while the autosampler and column oven temperature were maintained at 4°C and 40°C,
respectively. Mobile phases for C18 consisted of 2 mM ammonium acetate in 0.05/99.95 formic
acid/water (A) and 1/1 acetonitrile/isopropanol (B). The column was eluted at 0.3ml/min using a 5-100%
phase B, and the injection volume is 1µL. Additionally, an ACQUITY UPLC BEH hilic column (2.1*100 mm,
1.7 µm, Waters, Milford, MA, USA) was adopted. The column elution process was run at 0.3 mL/min with
10 mM ammonium acetate in 0.1/99.9 formic acid/water as phase A, and 95/5 acetonitrile/water
containing 10 mM ammonium acetate and 0.1% formic acid as phase B. The autosampler and column
oven temperature were maintained at 4°C and 45°C, the injection volume for all samples is 2 µL.

A reversed-phase C18 column (2.1 mm*100 mm, 2.6 µm, Kinetex) was used for the chromatographic
separation of lipids. The column temperature was kept at 55°C. A gradient of (A) water/acetonitrile
(40:60, v/v) and (B) acetonitrile/2-propanol (10:90, v/v), both containing 10 mM ammonium formate at a
�ow rate of 0.3 mL/min was used. The elution gradient started with 32% B then linearly increased to 85%
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B at 15.5 min, and then 97% B at 15.6 min held for 2.4 min. The gradient was back to 32% B at 18.1 min.
The temperature of the sample manager was kept at 10°C. The mass spectrometer was opertated with a
caplillary voltage of 3.5 kV in positive mode and 3.0 kV in negative mode. The capillary temperature was
set as 300°C. Aux gas heater temperature was 350°C. IDA auto-MS mode was used for MS/MS spectra
collection. Combined using strategies, such as comparing the separated peaks from previous MS runs,
mass match from information provided by public available databases, as well as molecular structure
prediction based on relationships between metabolites and their corresponding M2 features, the
metabolites identi�cation was accomplished. The lipids were identi�ed by automated comparison to
chemical reference library standard via software MS-DIAL 4.38.

Antibody array

Protein was extracted from the tissue by using RIPA buffer containing proteinase inhibitor. After
homogenize, the mixture was centrifuged at 13000 g for 20 min at 4°C. The supernatant containing the
soluble protein was collected. The protein expression of PI3K/AKT/mTOR signaling pathway was
detected by Human AKT pathway phosphorylation array C1(RayBio/AAH-AKT-1-8). The raw data, de�ned
as the median foreground and background intensities of every spot in the microarray were download
from Scanner. The ratio of foreground to background was regarded as the raw intensity of the spot.

Results
1. Multi-omics validation of the HBV induced lipid metabolism alterations in HCC

Although 738 genes from the retrieved TCGA transcriptional matrix showed statistical differences among
the two groups (135 HBV-positive HCC patients vs. 89 HBV-negative patients), the PCA analysis showed
no obvious separation correlated with HBV infection (data not shown) consistent with the widely
accepted cognition that hepatocarcinoma is genetically and biologically heterogeneous (Fig. S1a, Table.
S1). As Table. 2 showed, among the most differentially expressed gene sets, the top 20 of 738
differentially expressed genes including LGALS14, BPIFA1, MDBT1, HHATL, PCSK1, SST, CLCA1,
ZNF385D-AS2, SOX1 have been reported the correlation with overall survival. The gene annotation
analysis for these differentially expressed genes indicated that steroid metabolic process (-log
10(P)=8.4), cholesterol metabolic process (-log 10(P)=8.3), sterol metabolic process (-log 10(P)=7.9), lipid
biosynthetic process (-log 10(P)=7) were mainly invovled pathways (Fig. 1a), as well as glycerolipid
metabolism (log10P=-15.4) observed by protein-protein interaction (Fig. S1b). It is widely accepted that
proteomics is superior to transcriptomic data in re�ecting gene function. Therefore the proteomic
characteristics of HBV-associated HCC were analyzed by data matrix from CNHPP
(http://liver.cnhpp.ncpsb.org/) hepatocellular carcinoma data portal [18] (Fig. 1b). By comparing 1380
human genes from 55 metabolic pathway of the KEGG database (Table. S2), 104 metabolic genes
showed signi�cant difference (Table. S3). Combined the transcriptomic and proteomic level of those
metabolic genes, the fatty acid metabolism was signi�cantly in�uenced (as illustrated in Fig. 1c). The
dysregulated metabolism of glucose, glycerolipid and amino acids metabolism was also disturbed by
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HBV infection (Fig. S1c-e, Table. S4). The metabolic enzymes involved in fatty acid metabolism, including
fatty acid desaturase 1 (FADS1), fatty acid desaturase 2 (FADS2), acyl-CoA thioesterase 1 (ACOT1),
acetyl-CoA acyltransferase 1 (ACAA1), also enzymes involved in glycolysis, such as phosphofructokinase
(PFKM), fructose-bisphosphate aldolase C (ALDOC), enolase 3 (ENO3), showed a different metabolic
phenotype of HBV-positive patients compared with HBV-negative patients.

The serum protein pro�le of HBV-positive/negative HCC patients were next determined. 165 protein
candidates related to gastrointestinal cancers designed to the array were listed (Table. S5), which mainly
involved in cell membrane formation, cell adhesion, cellular apparatus membrane of Golgi, endoplasmic
reticulum membrane, and exosomes (Fig. S2a). 76 of 165 protein candidates showed a statistical
difference among HBV-positive HCC with the HBV-negative patients (Fig. 2a, Table. S6). The protein
abundance mainly enriched in membrane signaling transduction (JAK-STAT, tyrosine kinase), also
metabolism related pathways such as sphingolipid signaling pathway, phospholipase D signaling,
regulation of hormone levels (shown in Fig. 2b). Protein such as HRAS, GCK, DHCR7, which involved in
the primary metabolism pathways ranked as the top candidate proteins when compared HBV-positive
patients with HBV-negative counterparts. Gene ontology analysis (Fig. S2b) showed that except for
membrane signalling and transduction, the metabolic process and immune response also in�uced by
HBV infection. Metabolomics pro�le of 36 HCC patients was sequentially determined, 399 of 802
metabolites showed statistically signi�cant compared the HBV-positive patients with HBV-negative
counterparts (p<0.05, as shown in Fig. 2c). The metabolite features of 4 modes were illustrated in Fig. S3.
Fig. 2d showed that the differentially expressed metabolites involved in pathways, such as primary bile
acid biosynthesis (p=3.41e-22), steroid hormone biosynthesis (p=1.03e-21), sphingolipid metabolism
(p=0.000167). Consistent with the results from bioinformatic analysis based on transcriptomic and
proteomic databases that HBV-associated HCC presented lipids metabolic perturbation, majority of lipid
species were altered (as Fig. 2c illustrated).
2. HBV in�uenced sphingolipid metabolism predicted a poor prognosis of HCC

As the lipids perturbation in HBV-positive HCC (shown in Fig. 2c), we next compared the metabolites
changes of each pathways from enrichment analysis separately. Fig. 3a depicted the metabolites
changes involved in the primary bile acid biosynthesis, particularly the metabolic process of 7-
hydroxycholesterol convert to cholic acid or chenodeoxycholic acid were signi�cantly changed. Most
metabolites in the HBV-positive group were upregulated compared with the HBV-negative counterparts. In
Fig. 3b metabolites involved in sphingolipids biosynthesis was signi�cantly changed between HBV-
positive HCC and HBV-negative HCC. Sphingosine-1-phosphate was elevated signi�cantly in HBV-positive
HCC patients, indicated its potential as a biomarker for HBV-positive HCC (Fig. 3c). During the steroid
hormone biosynthesis, the producing of aldosterone, cortisol, estradiol, and androsterone were enhanced
obviously. Next, the correlation of pathway activity and overal survival were evaluated by ssGSEA. With
the median value of risk score as cutoff, HCC patients retrieved from TCGA were divided into a high-risk
group (n = 211) and a low-risk group (n = 156). The activity of primary bile acid biosynthesis pathway
and steroid hormone biosynthesis pathway showed a better overall survival (P < 0.001, Fig. 3d, Fig. S4).



Page 8/27

The sphingolipid metabolism pathway, on the other hand, was correlated with a poor prognosis of HCC
(Fig. 3e).

3. Primary bile acid and linoleic acid metabolism were in�uenced by HBV replication.

By comparing serum protein expression pro�le among HBV-positive patients who possessing higher virus
load (shorted as h-HBV-positive) with patients with lower virus titer (l-HBV-positive patients), 8 proteins
with the statistical difference were identi�ed (Fig. 4a). Most of the candidate proteins were involved in the
membrane, metabolism, particularly the HRAS in choline metabolism, MUC15 in O-glycan processing,
GCK in central carbon metabolism. Those discrimination further pointed out the HBV replication could
aggravate the dysregulated metabolic environment of HCC patients, compared to patients with lower
virus load. In general, the metabolites belongs to primary bile acid biosynthesis, and linoleic acid
metabolism pathways were signi�cantly changed in a virus load dependent manner (Fig. 4b,c).
Metabolites in bile acid such as cholic acid, glycocholic acid, taurocholic acid were higher in patients with
higher virus load. The secondary metabolites in linoleic acid metabolism, particularly metabolites of
linoleate, such as 8(R)-HPODE, 9(S)-HPODE, 10(R)-HPODE, 11(S)-HPODE, 13(S)-HPODE were
downregulated in the HBV-positive patients possessing higher virus load (as Fig. 4d&e showed), indicated
that HBV replication in�uenced the bie acid and linoleic acid metabolism.

4. Unsaturated fatty acids were signi�cantly accumulated and the hyperactive PI3K/AKT/mTOR was
partially responsible for the metabolic rearrangement in HBV-associated HCC.

The metabolic characteristics within the HCC biopsies were determined. The detailed list of metabolites
was included in Fig. 5a, Table S7. Table 3 listed the metabolites abundance between tumor and non-
tumor adjacent tissue of HBV-positive HCC patients. Metabolites belongs to bile acid
(glycohyodeoxycholic acid, glycocholate, glycodeoxycholic acid) and linolei acid were consistent with
previous observation in serum metabolomics (Fig. 3a). Unsaturated fatty acids, such as linoleic acid,
vaccenic acid showed a reducing trend in tumor region of HBV-positive patients compared with nontumor
region. Compared the metabolites discripencies in HBV-positive tumor and HBV-negative tumor, long
chain unsaturated fatty acids (trans-vaccenic acid, 9-trans-palmitelaidic acid) were higher compared with
HBV-negative tumor tissue. Additionally, palmitoylcarnitine were lower in HBV-positive tumor, indicating
that HBV downregulated palmitoylcarnitine abundance (Table. 4). As Table 5 listed, hapatic unsaturated
fatty acids content was also higher in HBV-positive HCC non-cancerous tissue compared with HBV-
negative NT. Namely, 9Z,12Z-linoleic acid, α-linolenic acid, trans-vaccenic acid, oleic acid, 9-Trans-
Palmitelaidic acid, nervonic acid were increased in HBV-positive hepatic compared with that of HBV-
negative. Together, by tissue metaboliomics the perturbation in bile acid metabolism and linoleic acid
caused by HBV was con�rmed. Metabolites belong to unsaturated fatty acids were higher in HBV-positive
group both tumor (T) and nontumor (NT) -adjacent tissue compared with patients do not have HBV
infection history (Fig. 5b).

As the lipids perturbation observed from serum metabolites, lipidomic approach was adopted to observe
the metabolic changes within tumor. In detail, lipids belongs to glycerophospholipids showed a distinct
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pro�le in HBV-positive tumor compared with HBV-negative counterpart (Fig. 5c). Other than glycerolipids,
the abundance of fatty acids, sphingolipids also showed different changes between the two groups.
Brie�y, metabolites from phosphatidyl-choline was severely decreased in HBV-positive tumor as well as
the paratumor tissue which consistent with the trends in serum, indicating the highly consuming of
glycerophospholipids during virus replication (Fig. 5d). Metabolites belongs to phosphoethanolamine
were increased in HBV-positive tumor. Ceramides were higher in HBV-positive tumor compared to the
adjacent tissue. Previous research reported fatty acids exacerabation HCC tumorigenesis mainly via
phosphatidylinositol 3-kinase pathway. Therefore we determined the PI3K/Akt/mTOR in metabolic
regulation by the antibody array approach. As illustrated in Fig. 6a, the expression of proteins in
PI3K/Akt/mTOR signaling of tumor biopsies was probed by antibody array. The fold change of 4E-BP1,
GSK3a, GSK3b, PDK1 in HBV-positive tumor was higher compared with the HBV-negative counterparts.
We proposed that HBV could probably in�uced the signaling cascades, such Raf-1, PDK1, 4E-BP1,
eventually activate the transcription of lipogenic genes, therefore enhance the lipogenesis and lipid
metabolism (Fig. 6b).

Discussion
In the current study, combined the transcriptomics and proteomics data from two databases, namely
TCGA and CNHPP, with the protein abundance and metabolomic signature from our own datasets of
HBV-associated HCC corhort, we determined the metabolic reprogramming taking place in HBV-
associated HCC, such as activated sphingolipid metabolism which correlated with poor prognosis of
HCC, and the perturbation in linoleic acid metabolism and primary bile acid metabolism signaling
pathway in a virus load dependent manner. The tissue metabolome partially veri�ed the results from
serum metabolome, and identi�ed the signi�cant elevated unsaturated fatty acids. Additionally, the
protein array probed the major energy metabolism signaling pathway showed a signi�cant changes
along the PI3/AKT/mTOR signaling cascade (as shown in Fig. 7).

Firstly, HBV resulted in a distinct metabolic signature of HCC to gain survival advantage. And HBV
positive and negtive HCC should be treated with different interventions. With the development in
sequencing-based studies, the genetic landscape of HBV-related HCC has been uncovered
comprehensively [19]. However, the effect of HBV on the cancer progression remains unclear. By using the
transcriptomic data from TCGA, we obtained 738 DEGs compared HBV-positive HCC patients with HBV-
negative HCC patients. Upregulated genes such as LGALS14, BPIFA1, MDBT1, HHATL have been reported
for their correlation with the overall survival of HCC patients [20–23], while the decreased PCSK1, SST,
CLCA1, ZNF385D-AS2, SOX1 predicted a poor overall survival as previous publications reported [24–26].
Previous publication claimed that the metabolic alterations in all primary liver cancer might be
metabolically similar, involved metabolic pathways such as glucose metabolism, nucleotide metabolism,
amino acid metabolism and lipid metabolism [27]. Our pathway annotation based on metabolic pro�le
(HBV-positive HCC vs HBV-negative HCC) showed that the metabolic alterations mainly attributed to
cholesterol metabolic process (-log 10(P)=8.3), lipid biosynthetic process (-log 10(P)=7). By observing the
in vitro metabolites pro�le, the in�uence of HBV on tumorgenesis was attributed to induction of central
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carbon metabolism, including the hexosamine biosynthesis pathway, phosphatidylcholine synthesis,
activation of de novo lipogenesis [28].

Primary bile acid metabolism, steroid hermone and the sphingolipid metabolism were in�uenced by HBV.
Previous studies have reported not only the elevation of bile acid in HCC patients compared with cirrhosis
counterparts, also the induction in HBV-infected mice, showed positive correlation of bile acid with HCC,
and the HBV-infected animal model [29, 30]. Pathway annotation of metabolites pro�le in our studies
also suggested that the primary bile acid biosynthesis was of higher activity compared to the HBV-
negative group. Moreover, in HBV-positive subgroup possessing higher virus load, the metabolites in the
primary bile acid biosynthesis pathway were increased compared to HBV-positive patients who possess
lower virus load. Metabolic pro�le from HBV-positive HCC biopsies also showed the abundance of
metabolites in bile acid biosynthesis process, including cholic acid, chenodeoxycholic acid, and related
intermittent metabolites (T vs. NT). Moreover, the transportation of bile acids within hepatocyte is highly
dependent on Na+-taurocholate Co-transporting Polypeptide (NTCP), which was initially known as HBV
entry receptor (Molecular regulation of the hepatic bile acid uptake transporter and HBV entry receptor
NTCP). All together, these results pointed that bile acid metabolism could be a promising target for HBV-
positive HCC patients.

Steroid hormones such as androgens, estrogens has been reported play a pivotal role in the progression
of HBV infection and the development of HBV-related HCC, mainly via inducing epigenetic regulation
such as the regulation of mRNA levels by microRNAs, DNA methylation [31]. Moreover, liver could
regulated the synthesis and bioactivity of steroid hormones, which reversely contribute to the proper liver
function [32]. For example, testosterone can in�uence the hepatic lipid deposition, via regulating lipogenic
enzyme [33].

Sphingolipids have been reported could help form cellular membrane, contribute to its �exibity and
membrane tra�cking [34]. The changes of serum sphingolipids in HBV infection and cancer progression
was controversial. Some claimed that the increase of sphingolipid in HBV infection and cancer
progression, however others reported that most of the sphingolipids were decreased in HBV-positive HCC
patients compared with HBV-associated cirrhosis [35, 36]. In our study, not only the upregulation of
sphingolipids was observed in HBV-positive HCC compared with HBV-negative HCC, also the activation of
spingolipid metabolism pathway was correlated with a poor prognosis shown by ssGSEA analysis.
Moreover, tissue metabolomics showed that the sphingomyelin was higher in biopsies from HBV infected
patients (Fig. 6a), so as the lipid pro�le showed the perturbation of ceramides (Fig. 6d). The upregulation
of sphingolipids might contribute to the HBV-related HCC progression. Elevated PDK1 which has been
reported corrleated with radiation-resistant of HCC [37], thus the activation of PDK1 in HBV-positive HCC
patients probably indicated a poor prognosis.

HBV-positive HCC patients showed an altered lipid composition, and accumulation of unsaturated fatty
acids. The up-regulated hexosamine and phosphatidylcholine from a cell model (hepG2.2.15) was
observed as the HBV stimulated metabolic changes. However, how liver injury and HCC may be
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accelerated in patients with HBV infection, and which metabolic pathways are being identi�ed as
potential targets to counteract or treat cancer remains unclear. Our results indicated that HBV-positive
HCC patients bearing a unique characteristic particularly in lipids categories, such as fatty acyl,
glycerophospholipids, steorl lipids, spingolipids. The abundance of lipid metabolites belongs to primary
bile acid, sphingolipids has been discussed above. Aside from the bile acids and sphingolipids, the
glycerophospholipids, such as lysophosphocholine 18:2 was higher in HBV-positive HCC biopsy
compared with either the non-cancerous tissue from same patients, or the HBV-negative HCC biopsy.
Additionally, phosphorylethanolamine 18 showed decrease in HBV-positive NT compared with HBV-
negative NT. The accumulation of unsaturated fatty acids has been reported correlated with
tumorogenesis, also could interact with immune regulators, thus predicted a poor prognosis in HCC [38,
39]. As our data showed that unsaturated fatty acids, such as linoleic acid, vaccenic acid showed a
reducing trend in biopsy of HBV-positive patients compared with the adjacent noncancerous tissue.
Additionally, 9z,12z-linoleic acid, α-linolenic acid, trans-vaccenic acid, oleic acid, 9-trans-palmitelaidic acid,
nervonic acid were increased in HBV-positive hepatic compared with that of HBV-negative, indicated that
the unsaturated fatty acid in tumor microenvironment is essential for cancer progression [40].

PI3K/Akt/mTOR resulted lipogenesis partially reponsible for metabolic alteration in HCC.As one of the
most frequently dysregulated signalling pathway, PI3K/AKT signaling, could stimulate growth,
proliferation and survival. The intricate regulation of lipid homoestasis of PI3K/AKT has been reported,
not only limited to intracellular process, such as membrane synthesis, but also remodeling the tumor
microenvironment by paracine mechanism [41]. Upon PI3Kα recruited to plasma membrane, sequentially
phosphorylated phosphatidylinositol (4,5)-bisphosphate and phosphatidylinositol (3, 4,5)-bisphosphate,
and subsequent activation of AKT, which ultimately promote the stability of SREBP1c and lipogenesis. As
the antibody array showed a hyperactivated PI3K/AKT signaling, particulary the upregulation of 4E-BP1
which involved in the mTORC1 dependent glycolytic pathway, consistent with previous publication about
Hepatitis B virus (HBV) pre-S2 mutant transgenic HCC mice model (4E-BP1, a multifactor regulated
multifunctional protein). Additionally, the alternative regulation of mTOR, was the GSK3β promoted 4E-
BP1 phosphorylation [42]. The induction of Raf1 by HBV has been reported previously, the activation of
Raf/MEK/ERK signaling play a key role in HCC tumorgenesis and development [43, 44]. Our results
showed upregulation of Raf1 in biopsy of HBV-positive HCC further indicated Raf1 as a promisng target
for HBV-HCC patients.

By multi-omics platforms, the metabolic phenotype of HCC, has been extensively investigated [45, 46].
Recently, by linking the metabolites and protein interaction two HCC subtypes were identi�ed, the poor
prognostic subtype showed more fatty acid accumulation, however there is no signi�cant difference of
HBV infection history among the two groups [39]. These development on omics based approaches have
improved our recognition in cancer metabolism, but existing tecnnique can not quantitatively and
qualitatively reveal the whole landscape of the metabolism until now. Further experiments should be
carried out in the future to validate the detailed metabolic reprogramming and the regulation mechanism.
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Conclusion
We investigated the role of HBV replication for promoting HCC progression. The transcriptomic and
proteomic results from database combined with our comprehensively protein and metabolome
observation, determined the effect of HBV on HCC except for the conventional notion of DNA insertion but
also epigentic regulation, as well as metabolic reprogramming. Taken together, our work pointed out that
the role of HBV on hepatocarcinogenesis and tumor progression, particularly related to lipid metabolism
(steroid hormone biosynthesis, primary bile acid metabolism, linoleic acid metabolism). The replication of
HBV probably in�uenced metabolites belongs to bile acid metaoblism and linoleic acid. Aside from the
consistent trend in metabolic pro�le of biopsy from HBV-positive HCC patients, the lipid composition
showed a dramatic changes in biopsies, parcularly changes in saturated fatty acid. Ultimately, the
changes of lipid metabolism could partially attributed to the hyperactivated PI3K/AKT/mTOR signaling
cascade.
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Tables
Table 1

Clinical characteristics of recruited subjects.
Characteristics Health Control HBV-positive HCC HBV-negative HCC

n 28 49 15

age 45.04±12.06 56.82±11.70 53.60±9.78

Sex (male) 28 49 15

AFP - 226±34.46 116.1±58.36

HBV - 49 -

AST - 69.28±11.03 28.6±3.704

ALT - 86.27±9.627 38.31±6.110

CA-199 - 66.56±24.58 132.4±63.94
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Table 2

Top 20 upregulated and downregulated genes.
Upregulated Downregulated

Gene names logFC p-value Gene names logFC p-value

MT1B 10.2328 2.62E-16 PCSK1 -7.53782 3.68E-62

GPR50 7.780407 1.64E-14 SST -7.33738 2.78E-14

TNP1 6.892576 1.18E-10 CLCA1 -7.25852 2.92E-18

STRC 6.230527 6.87E-24 AC152010.1 -6.30304 1.67E-17

TRARG1 6.143218 7.01E-15 PHOX2A -6.24551 1.24E-17

RNU6ATAC 5.890879 8.29E-22 NELL1 -6.00629 2.86E-16

RNU6-554P 5.266137 1.84E-11 ZNF385D-AS2 -5.55186 9.45E-12

AC009312.1 5.045021 7.25E-10 PAK5 -5.43078 9.87E-17

LGALS14 5.022113 3.75E-09 SOX1 -5.41698 2.14E-16

LINC02054 4.988967 1.92E-14 MOS -5.37088 6.73E-14

BPIFA1 4.969714 4.54E-08 MUC2 -5.22148 9.12E-25

EDDM3B 4.891035 6.70E-09 FADS2B -5.1755 1.73E-13

PNLIP 4.888525 9.37E-10 FGF4 -5.09179 2.01E-12

AC009646.2 4.738481 1.09E-06 METTL21C -5.00554 5.92E-13

KC877982.1 4.709765 5.33E-07 DLGAP1-AS5 -5.00535 3.68E-16

MT1CP 4.704529 1.25E-15 AL136140.1 -4.9734 1.28E-11

AC021393.1 4.699334 2.62E-08 AC109780.1 -4.89645 1.30E-17

C16orf89 4.528714 1.70E-21 DMRTB1 -4.88103 8.39E-13

TPRKBP1 4.496049 1.03E-09 AC104793.1 -4.86705 4.86E-14

AC243972.2 4.362346 1.74E-10 LINC02583 -4.80742 4.33E-12
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Table 3
Metabolites changes in HBV-positive HCC

patients (T vs. NT).
Metabolites Fold change

Myristic acid 1.22 1.14

9Z,12Z-Linoleic acid 0.91 0.62

Trans-Vaccenic acid 0.56 0.72

LPC 18:2 1.29 1.75

Palmitoylcarnitine 0.75 0.27

Cholic acid 0.80 0.73

Glycohyodeoxycholic acid 4.08 3.01

Glycocholate 3.51 1.28

Glycodeoxycholic acid 3.77 2.82

 
Table 4

Metabolites changes between tumor tissue of
HBV-positive patients and HBV- negative

counterparts.
Metabolites Fold change

Trans-Vaccenic acid 1.78 1.15

LPC 18:2 1.93 1.13

Phosphatidylethanolamine 16 0.51 0.93

Cholesterol 5.18 2.67

Palmitoylcarnitine 0.45 0.15

9-Trans-Palmitelaidic acid 3.28 1.19
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Table 5
Metabolites changes between paratumor tissue of

HBV-positive patients and HBV-negative
counterparts.

Metabolites Fold change

Palmitic acid 2.82 1.23

9Z,12Z-Linoleic acid 1.56 1.48

Trans-Vaccenic acid 4.05 1.67

Lignoceric acid 0.51 0.50

Phosphatidylethanolamine 18 0.11 0.59

α-Linolenic acid 0.75 0.89

Cholesterol 11.22 1.42

Deoxycholic acid 1.16 1.21

Palmitoylcarnitine 0.64 0.66

Oleic acid 3.61 1.46

9-Trans-Palmitelaidic acid 2.28 1.39

Nervonic acid 6.87 1.91

Glycohyodeoxycholic acid 0.20 0.08

Glycocholate 0.23 0.16

Glycodeoxycholic acid 0.18 0.11

Inosine 0.43 0.46

Figures
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Figure 1

Transcriptional differences between HBV-positive HCC and HBV-negative HCC patients. a. Gene
annotation analysis for thees differentially expressed genes (DEGs) between HBV-positive and HBV-
negative HCC patients that retrieved from TCGA database (HBV-positive HCC=135, HBV-negative
HCC=89). b. The chord diagram indicated the top differentially expressed mRNAs (HBV-positive vs. HBV-
negative) from CNHPP and the accordingly biolological functions involved. c. Changes of fatty acid
metabolism based on the expression of mRNAs, protein and phosphopeptide data of CNHPP matrix.
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Figure 2

Protein pro�le of HCC patients with different HBV infection status. a. The volcano plot illustrated the
differentially expressed serum protein candidates between HBV-positive HCC and HBV-negative
counterparts. Green dots indicated the downregulated proteins, red dots stand for the upregulated. b.
Heatmap showed the function annotation of the 74 signi�cantly different protein candidates among HBV
infected HCC and HCC without HBV by metascape, as indicated that most proteins participated in
signaling transduciton, such as JAK-STAT, Tyrosine kinase signaling pathway. c. Metabolites heatmap
showed the metabolites pro�le discrimination mainly attributed to lipid species, particularly fatty acyl,
glycerolipids. d. Metabolomic pathway analysis via MetaboAnalyst. Circle stands for the enriched
pathway. The radius of the circle represented the impact of the pathway.
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Figure 3

The discrepancy of metabolic processes and its in�uence on overall survival. a. Discremination of
metabolites involved in primary bile acid biosynthesis (HBV-positive vs. HBV-negative). b. The
metabolites discrepancies took place in sphingolipid biosynthesis pathways (HBV-positive vs. HBV-
negative). c. The different metabolites belongs to steroid hormone biosynthesis pathway (HBV-positive
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vs. HBV-negative). d&e. Kaplan–Meier survival analyses of high-risk and low-risk groups in the TCGA
cohort associated with fatty acid metabolism (d), sphingolipid metabolism (e).

Figure 4

In�uence of lipid metabolism between HBV-negative and HBV-positive patients. a.Heatmap showed the
differential of protein abundance between h-HBV-positive patients and l-HBV-positive patients. b&c. The
illustration showed the changes of metabolites that belongs to priamry bile acid biosynthesis process (b)
and linoleic acid metabolic process (c). d&e. Statistical analysis of the metabolites discrepancies in the
priamry bile acid biosynthesis process (d) and linoleic acid metabolism (e).
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Figure 5

The metabolites change of HCC patients. a.The metabolic characteristics of tumor biopsies of HBV-
positive HCC patients compared with adjacent tissue (NT), and the HBV-negative HCC patients. b. Paired
changes of metabolites (relative expression T vs.NT) between HBV-positive patients and HBV-negative. c.
Lipids changes in HBV-positive HCC patients compared with their counterparts, both the abundance in
tumor biopsies (T), as well as the adjacent region (NT). d. Paired lipid changes (relative expression T
vs.NT) in HBV-positive patients and their counterparts.
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Figure 6

The PI3/Akt/mTOR pathway changes in HBV-related HCC probed by antibody array. a.Image and
statistical analysis of antibody array to show the changes of PI3/Akt/mTOR signaling cascade of
biopsies obtained from HBV-related HCC patients. b. Illustration the major changes probed of
PI3/Akt/mTOR.



Page 26/27

Figure 7

Schematic diagram of the study. a. The design of the study, �rstly the transcriptomics and proteomics
data from public database were used to observed the metabolic discrimination between HBV-positive and
HBV-negative HCC patients, then by proteome and metabolome screening of our own cohort, the
dysregulated metabolic pathways was com�rmed. Next, the biopsies was probed using antibody array,
which furtherly veri�ed the underlying mechanism. b. The HBV replication induced metabolism changes
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within HCC patients, including the upregulation in fatty acid biosynthesis, increased bile acid, enhanced
lipogenesis and the down regulation of linoleic acid, which probably regulated by the activated PI3K/AKT
signaling cascades. The upregulated fatty acid biosynthesis, resulted in the elevated
glycerophospholipids and sphingolipids which could promote the membrane formation sequentially HBV
replication, and signaling transduction.
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