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Introduction: Hepatocellular carcinoma (HCC) is a solid tumor with a rich blood supply, and anti-angiogenesis has important clinical
significance. Hepatitis B Virus-Encoded MicroRNA 3 (HBV-miR-3) has recently been reported to be involved in HCC development.
In this study, we aim to elucidate the role of HBV-miR-3 in promoting HBV-related HCC angiogenesis through Factor Inhibiting
Hypoxia-inducible factor 1 (FIH-1).

Results: By analyzing HBV-related HCC tissue samples, we found that high expression of HBV-miR-3 was associated with poor
overall survival and HBV-miR-3 expression was significantly correlated with VEGFR2 and FIH-1 expressions. In vitro, HBV-miR-3
agomir repressed FIH-1 expression and promoted HIF-10/VEGFA signaling activation in HepG2 cells, resulting in increased HUVEC
lumen formation in HepG2-HUVEC co-culture model. Conversely, HBV-miR-3 antagomir induced FIH-1 expression and inhibited
HIF-1a/VEGFA signaling activation in HepG2.2.15 cells, resulting in decreased HUVEC lumen formation in HepG2.2.15-HUVEC
co-culture model. The effect of HBV-miR-3 to HCC angiogenesis was also confirmed by a mouse tumor bearing model. We also
confirmed that HBV-miR-3 repressed FIH-1 expression via targeting the 3°-UTR of FIH-1 mRNA by luciferase activity assay.
Conclusion: HBV-miR-3 was related to HCC patients' overall survival and it promoted angiogenesis by repressing FIH-1 expression.
HBV-miR-3 may be a new marker for predicting prognosis and a novel target for anti-angiogenic treatment of HBV-related HCC.
Keywords: HBV-miR-3, FIH-1, HBV-related HCC, angiogenesis

Introduction
Hepatocellular carcinoma (HCC) is a solid tumor with abundant blood supply, and angiogenesis is involved in the
process of HCC development.' Most HCCs in China are related to hepatitis B virus infection.® In previous studies,
hepatitis B virus (HBV) was confirmed to promote the progression of angiogenesis of HCC by the HBV X protein (HBx)
and small protein of hepatitis B virus surface antigens (SHBs).* HBx increases the protein level of HIF-1a by direct
binding with HIF-1a, thus leading to the decrease of interaction with pVHL, resulting in inhibiting the ubiquitin-
dependent degradation of HIF-1o.”> HBx could also enhance Histone deacetylase 1 (HDAC]1) transcription, which leads
to increased deacetylation of the oxygen-dependent degradation (ODD) domain of HIF-1aq, inhibiting its degradation.®
Small protein of hepatitis B virus surface antigens (SHBs) could also promote HCC angiogenesis via endoplasmic
reticulum stress signaling to upregulate the expression of VEGFA.” However, whether HBV modulates HCC angiogen-
esis in other methods remains unknown.

HBV-encoded miRNAs (HBV-miRs) were first discovered by deep sequencing in 2016, which are a group of v-miRs
generated from 3.5-kb, 2.4-kb, and 2.1-kb transcripts.® Among all the HBV-miRs, HBV-miR-3 was mostly studied. HBV-
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miR-3 is located at nucleotides (nt) 373 to 393 of the HBV genome. HBV-miR-3 could be detected in the serum of

chronic hepatitis B patients with high viral load.” HBV-miR-3 could control viral replication®'°

and promote HCC cell
proliferation by regulating post-transcription of Phosphatase and tensin homolog (PTEN), Protein phosphatase 1A
(PPM1A) and DIX domain containing 1 (DIXDC1) of the hosts.'""'* Thus, the role of HBV-miR-3 in HCC development
should be further revealed.

Hypoxia-inducible factor 1 (HIF-1a) is the most important regulator of hypoxia signaling pathway. HIF-1a stabiliza-
tion requires the inhibition of molecules including von Hippel-Lindau protein (pVHL) ubiquitin E3 ligase complex,
prolyl hydroxylases (PHDs), or Hypoxia Inducible Factor 1 Subunit Alpha Inhibitor (HIF1AN), which is also named
Factor Inhibiting HIF-1 (FIH-1)."> FIH-1 was recently reported to be a tumor suppressor and target of many tumor
promoters. For example, MicroRNA-31 contributes to colorectal cancer development by targeting FIH-1."*'> MiR-H16
which was encoded by herpes simplex virus-1 (HSV-1) induced NOTCH activation in HSV-1 infected glioma cells by

downregulating FIH-1 expression.'® Long noncoding RNA (IncRNA) Cancer Susceptibility 2 (CASC2) inhibits the
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growth, migration, and invasion of thyroid cancer cells through sponging miR-18a-5p/FIH] axis.'” Exosomal miR-135b
enhances angiogenesis by targeting FIH-1 in myeloma cells.'® Therefore, how FIH-1 participates in tumor progression
was worth studying. Here, we report that HBV-miR-3 promotes angiogenesis via FIH-1 in HCC, which suggests that
HBV-miR-3 may be a new marker and therapeutic target for HBV-related HCC.

Materials and Methods

Clinical Samples

A total 108 HCC tissues were obtained after obtaining informed consent from patients who underwent liver resection at
Western China Hospital of Sichuan University from 2018 to 2019. All subjects gave their informed consent for inclusion
before they participated in the study in which the tissue would be used for future study. The study was conducted in
accordance with the Declaration of Helsinki, and the protocols were approved by the Ethics Committee of Western China
Hospital of Sichuan University (2016-91).

Cell Lines and Reagents

The HCC cell line HepG2 was purchased from Procell Life Science & Technology (Wuhan, China). HepG2.2.15 and HUVECs
were purchased from Cellcook (Guangzhou, China). HCC cells were maintained in Dulbecco’s modified Eagle medium
(DMEM; Gibeo, Grand Island, NY, USA) supplemented with fetal bovine serum (FBS; Gibco) at 37°C, 5% CO,. HUVECs
were maintained in an endothelial cell growth medium-2 (EGM-2 BulletKit; Lonza, Basel, Switzerland) at 37°C, 5% CO,.

MicroRNA and Plasmid Transfection

The HBV-miR-3 agomir, agomir Mut, antagomir, and their negative controls were purchased from GenePharma
(Shanghai, China). Cells were cultured in culture medium without FBS or antibiotics for 24 hr prior to transfection.
The agomir and antagomir were transfected using Lipofectamine RNAIMAX (Invitrogen) in accordance with the
manufacturer’s protocol. At 4—6 hr post-transfection, the cells were washed with PBS to completely remove the agomir
or antagomir constructs in the medium and were then cultured in DMEM with 10% FBS. Transfected cells were
harvested at 48 hr, total cellular RNA, protein, and supernatants were isolated for RT-qPCR, western blot, ELISA
analyses, or lumen formation assay. All transfections were performed in triplicate.

Real-Time Quantitative PCR

Total RNA isolated using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) was then subjected to cDNA synthesis using
Prime ScriptTM RT reagent Kit (Takara, Japan). MiRNA was extracted and purified with miRNeasy®™ Mini kit (Hilden,
Germany) according to the manufacturer’s instructions. ACTB, HIF-1a, VEGFA, FIH-1, and VEGFR2 quantitative PCR
probes were synthesized from Tsingke Biotechnology (Beijing, China). The expression of selected genes was determined
in triplicate using LightCycler®96 (Roche, Rotkreuz, Switzerland). HBV-miR-3 RT, U6 RT for cDNA reverse transcrip-
tion and HBV-miR-3 Forward primer, U6 Forward primer, miRNA Reverse primer designed for stem-loop RT-PCR were
synthesized from Tsingke Biotechnology (Beijing, China). The expression of selected genes was determined in triplicate
using C1000™ Thermal Cycler (Bio-rad, USA). The relative fold changes were calculated by 2 **“T method.

Western Blotting

Cell lysates were extracted using RIPA buffer (Cell Signaling Technology), and the following primary antibodies were
used for Western blotting: anti-VEGFA monoclonal, ab214424 (Abcam); anti-HIF-1a monoclonal, ab51608 (Abcam);
Anti-HIF1AN/FIH-1 monoclonal, ab233141 (Abcam), and anti-B-actin monoclonal (Zsbio, Beijing, China). Immune
complexes were visualized using enhanced chemiluminescence detection reagents (4A BIOTECH, Beijing, China).

ELISA for VEGFA Detection

At 4-6 hr post-transfection, the cells were washed with PBS to completely remove the agomir or antagomir constructs in
the medium and were then cultured in DMEM with 0.5% FBS. At 48 hr the supernatants of HepG2 and HepG2.2.15 cells
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were harvested for ELISA or lumen formation assay. VEGFA using RayBio™ Human VEGF-A ELISA Kit (RayBiotech,
USA) was used to examine VEGFA expression in cell culture medium following the manufacturer’s protocol.
Absorbance was determined in a microtiter plate reader (Bio-rad, USA) with dual-wavelength measurement (450 nm).

Lumen Formation Assay

The lumen formation assay was assessed in 96-well plates coated with a growth factor reduced Matrigel (Corning, NY,
USA) as described previously.'"” HUVECs (3 x 10* cells/well) were seeded on top of Matrigel (50 uL/well)-coated wells
in EGM-2 medium. When capillary-like structures (lumens) are formed, the upper medium is replaced by different kinds
of HepG2 or HepG2.2.15 cell culture supernatants. After 6 hr, lumens were taken photos by phase-contrast microscopy
OLYMPUS CKX53 (Olympus, Japan). Junctions and lumen lengths of HUVEC were analyzed by Image J.

Dual-Luciferase® Reporter Assay

The segments of HBV-miR-3 binding sites WT or MUT in the 3’-UTR of FIH-1 were separately constructed into the luciferase
pmirGLO reporter vector (Promega, USA) containing firefly luciferase (Luc2) as a reporter and Renilla luciferase (RLuc) as
a control. The plasmids were transfected using Lipofectamine 3000 or co-transfected with HBV-miR-3 antagomir using
Lipofectamine 2000. At 48 h post-transfection, cell lysates were collected and the luciferase activity was measured using the
Dual-Luciferase Reporter Assay System (Promega) according to the manufacturer’s protocol.

Animal Studies

NOD/ShiLtJGpt-Prkdc?5“%? [12rg*™?°“4?2/Gpt Coisogenic Genetically Engineered Immunodeficient mice (NCG mice)
were purchased from GemPharmatech Co. Ltd (Nanjing, China). Mice were housed under specific pathogen-free
conditions with a 12-h light/dark cycle and provided ad libitum access to tap water and food. HepG2 or HepG2.2.15
cells (10° cells) were resuspended in 200 pL of a 1:1 DMEM: Matrigel (Corning, BD Biosciences) mixture and
subcutaneously injected into 4- to 6-week-old NCG mice. Once tumors had reached a measurable size, mice were
randomly divided into two groups (each n = 4). Each HepG2 xenograft was injected with Snmol HBV-miR-3 agomir or
agomir NC dissolved in PBS for 12 days, and each HepG2.2.15 xenograft was injected with 15pg HBV-miR-3 antagomir
or antagomir NC dissolved in PBS for 16 days. The size of subcutaneous tumors was recorded twice a week. The
experimental protocol was approved by the Sichuan University Animal Care and Use Committee and conformed to the
Guide for the Care and Use of Laboratory Animals prepared by the National Academy of Sciences.

Statistical Analysis
Overall survival analysis, Student’s ¢-test, one-way ANOVA, and Pearson correlation analysis were performed using
GraphPad Prism 8 (GraphPad Software, San Diego, CA, USA). A p value of less than 0.05 was considered significant.

Results
High HBV-miR-3 Expression is Associated with Poor Prognosis of HBV-Related HCC

Patients and HCC Angiogenesis

By exploring the levels of HBV-miR-3 in HBV-related HCC, we found that HBV-miR-3 can only be detected in HCC
tissues of HBsAg(+)HBcAb(+) patients (n=108), not detected in HCC tissues of HBsAg(-)HBcAb(+) patients (n=23,
Figure 1A). Next, we analyzed HBV-miR-3 expressions in these HBsAg(+)HBcAb(+) patients by RT-qPCR. Sequences
of the primers and HBV-miR-3-related microRNAs used in this study are detailed in Table S1. The relative HBV-miR-3
expressions in HCC tissues were normalized to Patient 1 and listed in Table S2. We ranked HBV-miR-3 expressions in
HCC tissues of the 108 patients and divided them equally into 2 groups (HBV-miR-3 High and HBV-miR-3 Low).
Patients with high HCC tissue HBV-miR-3 (n=54) showed poorer overall survival than patients with low HCC tissue
HBV-miR-3 (n=54, P =0.0308, R=0.2815, Figure 1B). We also evaluated the clinicopathological characteristics of HBV-
miR-3 at high and low HCC, and again, HBV-miR-3 high HCC was positively associated with microscopic portal vein
invasion (MVI), advanced BCLC stages, and tumor size (Table 1).
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Figure | High HBV-miR-3 expression is associated with poor prognosis of HBV-related HCC patients and HCC angiogenesis. (A) HBV-miR-3 levels in HBsAg(-)HBcAb(+)
patients (n=23) and HBsAg(+)HBcAb(+) patients (n=108). (B) Kaplan—Meier survival curves according to HBV-miR-3 expression in the tissue of HBV-related HCC patients
(classified as low or high using the median value of all patients normalized to patient I). Survival curves of two groups were compared using the Log rank test. (C) Pearson
Correlation analysis of HBV-miR-3 and VEGFR2 gene expression.

To further explore the involvement of HBV-miR-3 in HBV-related HCC process, we next analyzed the correlation between
HBV-miR-3 and the specific angiogenetic marker vascular endothelial growth factor receptor 2 (VEGFR2) by RT-qPCR. The
relative VEGFR2 expression levels of HCC tissues were also normalized to Patient 1 and listed in Table S2. We found that
HBV-miR-3 was correlated with VEGFR2 (P =0.0032, Figure 1C). These data indicate that high HBV-miR-3 in tumor tissues
is related to dismal overall survival and involved in angiogenesis process of HBV-related HCC, so it could be regarded as
a prognostic biomarker of HBV-related HCC.

HBV-miR-3 Can Be Detected in HBV Infected HCC Cell Line and Negatively

Correlated with FIH-1

We next investigate the role of HBV-miR-3 in angiogenic signaling in HCC. First, we analyzed HBV-miR-3 level in
HepG2 and HepG2.2.15 cells. HepG2.2.15 cell line is derived from HCC cell line HepG2 with stable transfection HBV
expression.”’ We found that HBV-miR-3 can only be detected in HepG2.2.15 not in HepG2 (Figure 2A). We also
explored the protein expression of HIF-1a, VEGFA, and FIH-1, which are in classical hypoxia signaling. Interestingly,
we found that HIF-1a and VEGFA expression were higher in HepG2.2.15 cells than HepG2 cells but on the contrary
FIH-1 expression was lower in HepG2.2.15 cells than HepG2 cells (Figure 2B). This indicated that HBV was involved in
hypoxia signaling of HCC. To clarify whether HBV-miR-3 regulates hypoxia signaling, we searched the potential HBV-

Table | Clinical Characteristics of HBV-miR-3 High and Low HCC Patients in Cohort

Parameter HBV-miR-3 High (n=54) HBV-miR-3 low (n=54) p-value*
Age(years, mean, SEM) 50.00,1.59 52.02,1.59 0.9709
Sex(M/F) 41/13 46/8 0.2241
AFP(ng/mL, median) 427.2 37.68 0.1764
PIVKA-lI(ng/mL, mean, SEM) 12,199,2700 5918,2133 0.0708
Histologic grade (0-2/3—4) 12/42 16/38 0.3798
Liver cirrhosis (Yes/no) 52/2 50/4 0.6785
Microscopic PV invasion (yes/no) 35/19 24/30 0.0335
CD34 (Positive/Negative) 45/9 43/12 0.4953
BCLC stage (0-B/C-D) 41/13 30/24 0.0257
Tumor size (mm3, mean, SEM) 365.8,80.5 178.6,41.3 0.0411

Notes: *Unpaired t-test (Age, PIVKA-II, Tumor size), Mann—Whitney test (AFP), Fisher’s exact test (Liver cirrhosis), or chi-square test
(sex, histologic grade, microscopic PV invasion, CD34, BCLC stage).
Abbreviation: AFP, alpha-fetoprotein; PIVKA-II, protein induced by vitamin K absence or antagonist-Il; PV, portal vein; BCLC, Barcelona

clinic liver cancer.
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miR-3 binding sites in the 3’-UTR of a lot of proteins’ mRNA in TargetScan (https://www.targetscan.org/vert 80/). We
found that FIH-1 was among the candidates. Next, we checked the 3'-UTR sequence of FIH-1 by NCBI Gene (https://
www.ncbi.nlm.nih.gov/gene/) and found two possible HBV-miR-3 binding sites. We found that the two possible binding
sites 5’-ACATCC-3’ were located in 3319-3324 and 4735-4740 in 3'-UTR FIH-1 (Figure 2C). We also verified that
there are no possible binding sites in mRNAs of pVHL, PHDI1-3, HIF-1a, and VEGFA. To confirm the correlation
between HBV-miR-3 and FIH-1, we first investigated FIH-1 expression by Western blot in those 108 patients (Figure
S1A). The relative FIH-1 expression levels were normalized to Patient 1 and listed in Table S2.We found that FIH-1
expressions were negatively correlated with HBV-miR-3 levels (Figure 2D). Also, we explored whether HBx affects
FIH-1 and the results showed that HBx could not affect FIH-1 expression (Figure S1B). These data indicate that HBV-
miR-3 may regulate FIH-1 protein expression in HCC by interacting with the 3'-UTR in mRNA of FIH-1.

HBV-miR-3 Promotes VEGFA Secretion from HCC Cells by Regulating FIH-I/HIF-1a/
VEGFA Signaling

Hypoxia signaling pathway plays a crucial role in tumor development. We then investigated the mechanism by which
HBV-miR-3 regulating hypoxia signaling in HCC. HepG2 cells were transfected with different doses of HBV-miR-3
agomir. The qPCR results showed that the mRNAs of FIH-1and HIF-1a were not changed but VEGFA mRNA levels
were increased in a dose-dependent manner (Figure 3A, B, and C). Next, we explored the protein expressions of hypoxia
signaling. Western blot results showed that the protein expression of FIH-1 was reduced, while HIF-1a and VEGFA were
induced in a dose-dependent manner following the transfection of HBV-miR-3 agomir (Figure 3D). In addition, we
confirmed that HBV-miR-3 did not affect PHDs in HepG2 cells (Figure S2A). The ELISA results also showed that
VEGFA levels in the supernatant of HepG2 cells were increased in a dose-dependent manner (Figure 3E). To examine
the angiogenetic effect of HBV-miR-3, we tested the lumen formation of human umbilical vein endothelial cell
(HUVEC) by transferring HBV-miR-3 agomir-transfected HepG2 cell culture medium to HUVECs (Figure 3F). In the
lumen formation assay, the conditioned medium of HBV-miR-3 agomir-transfected HepG2 cells induced junctions and
lumen lengths of HUVECsS in an agomir-dose-dependent manner (Figure 3G-I). These results suggest that HBV-miR-3
inhibits FIH-1 expression and promotes VEGFA secretion from HCC. It is involved in angiogenesis of HBV-related HCC
by up-regulating HIF-10/VEGFA expression.

To confirm whether HBV-miR-3 directly affects lumen formation of HUVECs, we transfected HUVECs with HBV-miR-3
and lumen formation assay was performed. Western blot results showed that tip cell marker VEGFR2 and DLL4 were
inhibited by HBV-miR-3, while stalk cell marker Jaggedl was increased but Notch-1 was not changed (Figure S3A). The
lumen formation assay showed no differences among HUVECs transfected with different concentrations of HBV-miR-3
agomir (Figure S3B). These data indicate that HBV-miR-3 does not have a direct angiogenetic effect on HUVECs.

Inhibition of HBV-miR-3 Decreases VEGFA Secretion from HCC Cells by Regulating
FIH-1/HIF-10/VEGFA Signaling

We further confirm the effect of HBV-miR-3 in regulating angiogenesis. HepG2.2.15 cells were transfected with different
doses of HBV-miR-3 antagomir for silencing the effect of HBV-miR-3. The qPCR results showed that the mRNAs of FIH-1
and HIF-1a were not altered but VEGFA mRNA levels were decreased in a dose-dependent manner (Figure 4A-C). Western
blot results showed that the protein expression of FIH-1 was induced, while HIF-1a and VEGFA were reduced in a dose-
dependent manner following the transfection of HBV-miR-3 antagomir (Figure 4D). We also confirmed that inhibition of
HBV-miR-3 did not affect PHDs in HepG2.2.15 cells (Figure S2B). Also, ELISA result indicated that VEGFA levels in the
supernatants of HepG2.2.15 cells were decreased in a dose-dependent manner (Figure 4E). In the lumen formation assay, the
conditioned medium of HBV-miR-3 antagomir-transfected HepG2.2.15 cells reduced junctions and lumen lengths of
HUVEC:s in an antagomir-dose-dependent manner (Figure 4F-I). These results suggest that silencing HBV-miR-3 promotes
FIH-1 expression, resulting in inhibition of angiogenesis in HCC.

Next, we confirmed whether HBV-miR-3 antagomir can affect HIF-10/VEGFA signaling in non-HBV-related HCC
cells such as Huh7. We transfected Huh7 cells with HBV-miR-3 antagomir and Western blot analysis revealed that HBV-
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Figure 3 HBV-miR-3 promotes VEGFA secretion from HCC cells by regulating FIH-1/HIF-10/VEGFA signaling. (A—C) Gene expression of FIH-1, HIF-1a and VEGFA in
HepG2 cells after been transfected with different concentration of HBV-miR-3 agomir and negative control. (D) Western blot analysis of FIH-1, HIF-1a and VEGFA protein
expression of HepG2 cells after been transfected with different concentration of HBV-miR-3 agomir. (E) ELISA analysis of VEGFA levels of supernatant of HepG2 cells
transfected with different concentration of HBV-miR-3 agomir and negative control. (F) Schematic of lumen formation assay. Culture supernatants were collected from HBV-
miR-3 agomir transfected HepG2 cells at 48 h. HUVEC were treated with the supernatants from HepG2 for 6h. (G) Representative pictures of lumen formation assay. Scale
bar=200 pm. (H) Junction numbers of HUVEC of lumen formation assay. (n=3). (I) Total lumen lengths of HUVEC for lumen formation assay. (n=3). The error bars
represent the SD from at least three independent biological replicates. ANOVA was used to calculate p values, represented as * p< 0.05; ** p < 0.01; ¥ p < 0.00|; ¥ p <
0.0001; n.s, not significant.
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miR-3 antagomir does not have biological effect on HIF-10/VEGFA signaling (Figure S4). The inhibition of HIF-1o/
VEGFA signaling in HBV-miR-3 antagomir-transfected HepG2.2.15 cells may be due to the suppression of HBV-miR-3.

HBV-miR-3 Promotes Angiogenesis by Repression FIH-1 and Inducing HIF-10/VEGFA
Signaling in vivo

Based on all the in vitro findings, we thus assessed the angiogenic effect of HBV-miR-3 on HCC xenografts. Compared
with agomir NC, HBV-miR-3 agomir significantly promoted the growth of tumors derived from HepG2 cells (Figure SA-
C) and HBV-miR-3 antagomir significantly inhibited the growth of tumors derived from HepG2.2.15 cells (Figure 5D-F).
In addition, HBV-miR-3 reduced FIH-1 and induced HIF-1a, VEGFA, and VEGFR2 expression of tumors derived from
HepG2 cells (Figure 5G-I). While inhibiting HBV-miR-3-induced FIH-1 and reduced HIF-1a, VEGFA, and VEGFR2
expression of tumors derived from HepG2.2.15 cells (Figure 5J-L), suggesting that HBV-miR-3 is an angiogenetic factor
of HBV-related HCC and it could be a promising therapeutic target option for HCC patients.

HBV-miR-3 Represses the Expression of FIH-1 by Targeting the 3’-UTR of FIH-1
mRNA

To further confirm the mechanism of how HBV-miR-3 regulates angiogenesis in HCC, we constructed the mutation of HBV-
miR-3 by replacing the conservative binding sites in HBV-miR-3 agomir (Figure 6A). Next, HepG2 cells were transfected
with 10nM HBV-miR-3 agomir, HBV-miR-3 Mut agomir, or agomir control. Western blot results showed that compared to
control, the protein expression of FIH-1 was reduced in HBV-miR-3 agomir transfected cells but not in HBV-miR-3 Mut
agomir transfected cells, while HIF-1a and VEGFA were induced in HBV-miR-3 agomir transfected HpG2 cells but not in
HBV-miR-3 Mut agomir transfected HepG2 cells (Figure 6B). ELISA results indicated that VEGFA levels in the supernatants
of HepG2 cells transfected with 10nM HBV-miR-3 agomir were decreased but not changed in the supernatants of HepG2 cells
transfected with 10nM HBV-miR-3 Mut agomir (Figure 6C). Moreover, in lumen formation assay, the junctions and lumen
lengths of HUVECSs were induced by supernatants of HBV-miR-3 agomir transfected HpG2 cells but not by supernatants of
HBV-miR-3 Mut agomir transfected HepG2 cells (Figure 6D-F). These data verified the functional sequences of HBV-miR-3.

We also constructed luciferase reporter vectors containing the mutations of 3’-UTR the wild-type (WT) or mutant®'
forms of the HBV-miR-3-binding sequence on the FIH-1 3’-UTR. To control for specificity in this assay, 6 nt mutations
were introduced into the candidate binding sites at the 3'-UTR of FIH-1 (Figure 6G). HepG2.2.15 cells were transfected
with luciferase reporter plasmids carrying each FIH-1-WT or FIH-1-MUT 3'-UTR segments. The luciferase activities of
the MUT groups were higher than those of the WT groups (Figure 6H and I). Next, HepG2.2.15 cells were co-transfected
with HBV-miR-3 antagomir/NC together with luciferase reporter vectors carrying 2 FIH-1-WT segments (3°’UTR-1 and
3’UTR-2). The luciferase activity of antagomir co-transfected groups was higher than that of NC groups (Figure 6J).
These data indicate that the predicted candidate binding sites are specific and critical for HBV-miR-3 to interact with
mRNA of FIH-1.

Discussion

HBYV is the most common pathogen for HCC with 55% of worldwide HCC cases reported in China.*? The mechanisms of
HBV inducing liver cancer include integration of HBV genome to host genome, accumulation of HBV genome
mutations, expression of HBx protein, expression of the truncated mutant HBsAg and inflammatory response.”*
Although anti-HBV therapy with nucleoside analogues (NAs) can significantly reduce the risk of liver cancer and the
recurrence rate of liver cancer after surgery, the occurrence and recurrence of liver cancer cannot be completely avoided.
An investigation of the mechanisms of HBV regulating the occurrence and development of liver cancer has clinical
significance.

Viral microRNAs (v-miR) regulate multiple transcripts of a virus or host.*®*” It was found that many viruses encoded
v-miRs, suggesting that viruses also exploit this basic model of gene regulation. For example, Epstein—Barr virus (EBV)
encoded 24 kinds of v-miRs, which can modulate various biological processes including viral replication, latency
maintenance, immune escape, cell proliferation, apoptosis, metabolism, and tumor metastasis;”® Kaposi sarcoma
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herpesvirus (KSHV) encoded miRNAs could affect the differentiation status of infected cells, and thereby contribute to
KSHV-induced oncogenesis;*’ Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) encoded v-miRs subse-
quently targeted functional genes of host to cause illnesses.’® HBV-encoded miRNAs (HBV-miRs) were first discovered
by deep sequencing in 2016,% which are a group of v-miRs generated from 3.5-kb, 2.4-kb, and 2.1-kb transcripts. Till
now, HBV-miRs including HBV-miR-6, -7, and —8 were discovered.’! Among all the HBV-miRs, HBV-miR-3 was
mostly studied. It was reported HBV-miR-3 was involved in regulating viral replication and host genes to induce HCC
cell proliferation. HBV-miR-3 could be detected in the serum of chronic hepatitis B patients with high viral load, which
is correlated with the HBV-DNA and HBV pre-genomic RNA (pgRNA) loads in the serum. Oral NAs cannot inhibit the
serum HBV-miR-3 load, but the use of long-acting interferon therapy can effectively reduce its load in the serum.” HBV-
miR-3 can inhibit HBV replication by binding to 3.5-kb mRNA, inhibiting the production of core protein (HBc) and
pgRNA.® HBV-miR-3 can also activate the JAK/STAT signaling pathway by inhibiting the expression of Suppressor Of
Cytokine Signaling 5 (SOCSS5) in host hepatocytes, promoting the M1 polarization of macrophages to secrete more
interleukin-6 (IL-6) and to enhance interferon-related immune esponse, leading to inhibition of HBV replication.'® It is
worth noting that in studies related to liver cancer, HBV-miR-3 promoted the occurrence and development of liver cancer
by inhibiting the expression of known tumor suppressors such as PPM1A, DIXDC1, and PTEN.'"'? The role of HBV-
miR-3 in HCC angiogenesis is lack of studying, therefore we aimed to investigate the functional roles of HBV-miR-3 in
the activation of hypoxia signaling in HCC. Recently, new HBV-miRs HBV-miR-6, -7 and —8 were discovered.”'

Hepatocellular carcinoma is a solid tumor with the characteristics of tissue hypoxia and active angiogenesis.! VEGFA
is the most important cell factor in angiogenesis and regulated directly by HIF-1. The heterodimer HIF-1 is composed of
a continuously synthesized and degraded HIF-la subunit and a constitutively expressed HIF-1B subunit. HIF-1a is
mediated by ubiquitination and proteasomal degradation, whose stabilization requires the inhibition of pVHL, PHDs, and
FIH-1. HIF-1a keeps stabilization, transferring into the nucleus and forms the HIF-1o/HIF-13/CBP-p300 complex. The
complex interacts with hypoxia response element’ and triggers the transcription of hypoxia-inducible genes (Figure 7A).
Under normoxia condition, FIH-1 hydroxylates Asn803 of HIF-1a thereby blocking the interaction of HIF-1a with CBP-
p300. Asn803-hydroxylated HIF-1a was subsequently hydroxylated in Pro402 and Pro564 by PHD1 and PHD2. HIF-1a
with three hydroxylated residues then binds with pVHL, leading to ubiquitination and proteasomal degradation
(Figure 7B).>* Inhibition of PHDs, FIH-1, or pVHL blocks degradation of HIF-la thus elevates the expression of
VEGFA. Viruses could enhance HIF-1a levels by modulating its transcription, translation, or stabilization through viral
proteins.** Human papillomavirus (HPV) derived E6 could mediate p53 degradation to enhance HIF-1a stabilization and
E7 could bind to HDACs to enhance HIF transcription complex formation.*>*® EBV derived EBNA-3 and EBNA-5
binded to PHD-1 and PHD-2 to inhibit the breakdown of HIF-1¢.>” KSHV derived vIRF-3 could bind directly to HIF-1a,
leading to an increase in nuclear translocation and activity.*® In previous studies, HBV was confirmed to promote the
progression of angiogenesis of HCC by HBx and small protein of SHBs.* HBx increased the protein level of HIF-1o by
the direct interacting with HIF-1la, thus repressing the ubiquitin-dependent degradation of HIF-la by inhibition the
interaction with pVHL.? HBx could also enhance HDAC] transcription, leading to increased deacetylation of the ODD of
HIF-1a, inhibiting its degradation.® HBx could also enhance HDAC] transcription, leading to increased deacetylation of
the ODD of HIF-1a, inhibiting its degradation.® Despite HIF-1a, HBx protein was also reported promoting expression of
angiopoietin-2 (Ang-2) in liver tissue via the activation of MAPK>® and to promote expression of VEGFA through
mTOR signaling.*® In this study, we newly found that HBx does not affect the expression of FIH-1. In addition to HBx,
small protein of hepatitis B virus surface antigens (SHBs) could promote HCC angiogenesis via endoplasmic reticulum
stress signaling to upregulate the expression of VEGFA.” Also, Pre-S mutants could elevate VEGFA expression in
ground glass hepatocytes (GGH) in HBV infection.*' Whether any other mechanism of HBV regulates angiogenesis still
need to be clarified. HBV-miRs were discovered in recent years and studied far from enough.

In this study, we first demonstrated that HBV-miR-3 in HBsAg(+)HBcAb(+) HCC tissues rather than HBsAg(-)
HBcAb(+), and high HBV-miR-3 levels in HCC tissues are associated with poorer prognosis. Next, we demonstrated the
correction between HBV-miR-3 and angiogenesis marker VEGFR2 in HCC. These findings implied that HBV-miR-3 is
involved in angiogenesis process of HBV-related HCC. Based on these findings, we confirmed that HBV-miR-3 reduced
FIH-1 but induced HIF-1a/VEGFA expression and VEGFA secretion from HCC cells, which resulted in the activation of
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Figure 7 HBV-miR-3 promotes HBV-related HCC by targeting 3’'UTR of FIH-1 mRNA. (A) Under hypoxia condition, HIF-la keeps stabilization and transferring into
nucleus, forming HIF-10/HIF-1B/CBP-p300 complex, interacting with HRE and triggering hypoxia inducible genes. (B) Under normoxia condition, HIF-1a was hydroxylated
by FIH-1, PHDI and PHD2, then binding with pVHL and degraded by proteasome. (C) HBV-miR-3 is generated from 3.5-kb, 2.4-kb, and 2.1-kb transcripts of cccDNA. HBV-
miR-3 inhibits FIH-1 expression, leading to the up-regulation of HIF-1o and VEGFA to promote angiogenesis in HCC.

HUVEC lumen formation. Vise versa, inhibition of HBV-miR-3-induced FIH-1 but reduced HIF-10/VEGFA expression
and VEGFA secretion from HCC cells, which resulted in the suppression of HUVEC lumen formation. We also confirm
the angiogenic effect of HBV-miR-3 by HCC xenograft models in vivo. In addition, we demonstrated the mechanism that
HBV-miR-3 suppressed FIH-1 expression by targeting the sequence 5’-ACATCC-3" in 3319-3324 and 4735-4740 in 3’-
UTR of FIH-1 mRNA. These results indicate that HBV-miR-3 inhibiting FIH-1 expression to increase the stabilization of
HIF-10, thus stimulating VEGFA expression and promoting angiogenesis in HCC. Therefore, HBV-miR-3 and FIH-1
may be a potential therapeutic target for HCC.** It is also interesting that HBV-miR-3 did not affect HUVECs. We think
this phenomenon may be due to HUVEC lumen formation being dominantly modulated by VEGFA, and the key
regulator NOTCH-1 of tip-stalk cell transition was not regulated by HBV-miR-3. But whether HBV-miR-3 could
regulate other HCC-related biomarkers such as Stanniocalcin 2, APEX1 or affect HCC tumor microenvironment
remodeling is still worth further investigation.***°

Our study first showed the crucial mechanism of HBV-miR-3 by which HBV affects HCC angiogenesis: inhibiting FIH-1 thus
inducing HIF-1o/VEGFA (Figure 7C). We discovered another mechanism for how HBV regulates angiogenesis in HCC besides
viral proteins. In fact, HBV-miR-3 can also target many other sites of 3’-UTR of multiple proteins affecting different cell
functions. Using TargetScan and miRBD, we found other targets of HBV-miR-3 including tumor suppressors AIM1 (absent in
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melanoma 1), ESR1 (estrogen receptor 1), and USP31 (ubiquitin-specific peptidase 31), as well as tumor promoter CTNND1
(catenin delta 1), which means HBV-miR-3 is an important host gene regulator in chronic hepatitis B pa or HCC patients and
needs to be studied in more depth.

Conclusion

Our study revealed that HBV-miR-3 targets 3’-UTR of FIH-1 mRNA to inhibit FIH-1 expression, thus activating HIF-1a/
VEGFA to promote angiogenesis in HCC. Further studies on HBV-miR-3 may clarify more mechanisms of how HBV
affects HCC.
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