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Hepatitis B virus (HBV) is a major risk factor for the develop-
ment and progression of hepatocellular carcinoma (HCC). It
has been reported that viral infection can interfere with the
expression of cellular microRNA (miRNA) to affect oncogen-
esis. In this study, we showed that miR-520c¢-3p was upregulated
in liver tumor specimens, and we revealed that HBV infection
enhanced the expression of miR-520c-3p through the interac-
tion of viral protein HBV X protein (HBx) with transcription
factor CREB1. We further showed that miR-520c-3p induced
by HBYV transfection/infection caused epithelial-mesenchymal
transition (EMT). Using the miRNA target prediction database
miRBase and luciferase reporter assays, we identified PTEN as a
novel target gene of miR-520c-3p and miR-520c-3p directly tar-
geted PTEN’s 3'-untranslated region. Moreover, we discovered
that HBV promoted EMT via the miR-520c-3p-PTEN to acti-
vate AKT-NFkB signaling pathway, leading to increased HCC
migration and invasion. Importantly, miR-520c-3p antagomir
significantly represses invasiveness in HBx-induced hepatocel-
lular xenograft models. Our findings indicate that miR-520c-
3p is a novel regulator of HBV and plays an important role in
HCC progression. It may serve as a new biomarker and molec-
ular therapeutic target for HBV patients.

INTRODUCTION

Hepatitis B virus (HBV) is a major risk factor for the development
and progression of hepatocellular carcinoma (HCC), which associates
highly with poor prognosis and cancer metastasis. During HCC pro-
gression, hepatoma cells undergo epithelial-mesenchymal transition
(EMT) to a mesenchymal phenotype with invasive capacities, thereby
increasing the invasion and migratory capacity.”” But the molecular
mechanisms of thus EMT are complex, with many players known to
participate in EMT, including microRNAs (miRNAs).”

miRNAs are a class of conserved, small, noncoding RNA molecules
that can negatively control gene expression at the transcriptional
and/or post-transcriptional levels. miRNAs can function as either on-
cogenes or tumor suppressors through the suppression of key genes
involved in cancer development and progression.” Increasing evi-
dence indicates that miRNAs are aberrantly expressed in HBV-
HCC,” and the dysfunction of miRNAs has a crucial role in tumor
invasion and metastasis. Therefore, further understanding the
involvement of miRNAs in HBV-related HCC metastasis and the
associated molecular mechanisms is of great value for the develop-
ment of new therapeutic strategies.

As an oncogenic virus, HBV can induce HCC (HBV-HCC) both
directly and indirectly, where HBV X protein (HBx) is believed to
play a key role. HBx, a 17-kDa protein, is not only essential for viral
replication,(’ but also contributes to HCC EMT. For example, HBx has
been reported to induce EMT by repressing E-cadherin expression via
the upregulation of transcriptional repressors E12/E47’ or DNA
methyltransferase 1° or insulin-like growth factor-IL.” Moreover,
HBx has also been reported to regulate the transcription of some miR-
NAs to induce EMT, e.g., the repression of miR-148a to activate the
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AKT/mammalian target of rapamycin (mTOR) pathway to affect
EMT."" In contrast, Zhou et al.'' suggested that HBx-induced miR-
3188 expression promotes tumor dissemination via the ZHX2-
Notchl signaling pathway. Although the pathological relevance and
significance of HBx-regulated miRNAs in HBV-associated hepato-
carcinogenesis have attracted much attention in recent years, the roles
for other HBx-regulated miRNAs in hepatoma invasion and metas-
tasis and the associated molecular mechanisms remain largely
unknown.

miR-520c can function as an oncogene or a tumor suppressor, de-
pending on the type of human cancer.'>”"” Interestingly, for HCC,
there were two opposing findings. Miao et al."” showed that miR-
520c-3p acted as an antagonist of HCC, whereas Zheng et al.'®
and Toffanin et al.'” showed the opposite results. To gain a better
understanding of the roles of miR-520¢-3p in HCC, we evaluated
miR-520c-3p expression and function in HCC. We found that
miR-520c-3p functions as an oncogene and is upregulated in
HBV-infected primary human hepatocytes, hepatoma cells, and in
HBV-associated HCC and adjacent tissues. We further demon-
strated that PTEN, a major negative regulator of phosphoinositide
3-kinase (PI3K) activation, is a direct target of miR-520c-3p. In
addition, miR-520c-3p promotes HCC cell migration and metastasis
via PTEN-dependent activation of AKT/nuclear factor (NF)-«B
pathway, leading to EMT. Thus, our findings identified a novel mo-
lecular mechanism for HBV enhancement of HCC invasion and
metastasis and revealed a new potential therapeutic strategy for
the adjuvant treatment of aggressive HCCs after surgical resection.

RESULTS

miR-520c-3p expression is upregulated by HBV infection

To investigate if and how miR-520c-3p plays a role in HCC, especially
for HBV-related HCC, a poor prognosis disease prevalent in Asia, we
searched The Cancer Genome Atlas (TCGA) database and analyzed
miR-520c-3p expression in HCC. We found that miR-520c-3p
expression was elevated in HCC (Figure 1A) and that high miR-
520c-3p expression correlated with decreased overall survival (Fig-
ure 1B). To independently confirm these interesting findings, we
analyzed the expression of miR-520c-3p in a liver tumor tissue micro-
array with 30 primary HCC tissues as well as adjacent tissues by RNA
fluorescence in situ hybridization (Figure 1C, left panel and Fig-
ure S1). We quantified the data by microarray scanning and found
that miR-520c-3p expression was significantly higher in tumor tissues
than in adjacent tissues and distal tissues (Figure 1C, right panel).

HCC is known to be highly associated with a background of chronic
and persistent HBV infection. Thus, to determine whether miR-520c-
3p acts as a biomarker of HBV-induced HCC, we separated the HCC
samples in the above microarray based on the presence or absence of
HBYV; the result showed that the expression of miR-520c-3p in HCC
liver tumor tissues with HBV infection were much higher than that
without HBV infection (Figure 1D). We also found that miR-520c-
3p expression was much higher in HBV-infected HCC liver tissue
samples than in adjacent tissues by quantitative PCR (qPCR) (Fig-
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ure 1E). These results suggested that HBV infection may lead to
increased miR-520c-3p expression. To test this, we infected primary
human hepatocytes (PHHs) with HBV viruses (Figure 1F, left) and
found that the expression of miR-520c-3p was upregulated by
HBV. Similar results were obtained when we transfected Huh7 or
HepG2 cells with pHBV1.3 plasmids (Figure IF, right, Figure S2).
Collectively, these results indicate that HBV infection upregulates
the expression of miR-520c-3p.

HBV enhances cell migration and invasion by upregulating miR-
520c-3p expression in hepatoma cells and in a nude mouse
model

To investigate whether the upregulation of miR-520c-3p is involved
in HBV-related HCC progression, we investigated whether miR-
520c-3p expression affected the proliferation of liver cancer cells in
the presence of HBV and found that neither overexpression nor
knockdown of miR-520c-3p had any effect on proliferation in
HepG2.2.15 cells (Figure S3). Next, we asked whether miR-520c-3p
expression altered tumor cell migration and invasion, which are key
for tumor metastasis. First, using the transwell Matrigel invasion
assay, we showed that transfection of pHBV1.3 expression plasmid
into Huh7 cells significantly enhanced cell invasion (Figure S4).
Then, we transfected Huh7 cells with miR-520c-3p mimics, miR-
520c-3p inhibitor, or the corresponding non-specific negative con-
trols and found that cell migration, which was evaluated with the
wound healing assay, and cell invasion, which was evaluated with
the transwell cell invasion assay, were both enhanced with the miR-
520c-3p mimic (Figure 2A) and reduced with the miR-520c-3p inhib-
itor (Figure 2B).

It is known that the increase in cell migration is typically associated
with EMT. Thus, we examined three main protein markers of
EMT, E-cadherin, vimentin and matrix metalloproteinase 9
(MMP9), by western blot analysis and found that miR-520c-3p over-
expression in Huh7 cells increased the levels of vimentin and MMP?9,
but decreased the level of E-cadherin, which are indicative of induc-
tion of the EMT. The opposite trend was observed in Huh7 cells
transfected with anti-miR-520c-3p (Figure 2C). These data suggest
that miR-520c-3p plays a role in the EMT in HCC.

To determine whether HBV-induced metastasis is mediated by miR-
520c-3p, we co-transfected Huh7 cells with miR-520c-3p-inhibitor
and pHBV1.3 plasmid or their corresponding controls and found
that ectopic expression of HBV increased cells migration and invasion
and that this increase was blocked by miR-520c-3p-inhibitor (Fig-
ure 2D). Additionally, HBV transfection also increased the levels of
vimentin and MMP?9 level and reduced the E-cadherin level, indica-
tive of increased EMT and all these changes were also blocked by
miR-520c-3p-inhibitor (Figure 2E). Thus, HBV induces cell migra-
tion and invasion by upregulating miR-520¢-3p.

To study the in vivo effects of altered miR-520c-3p expression, we
studied an HCC-LM3-miR-520c stably transfected cell line with
elevated levels of miR-520c-3p in mouse (Figure 2F, left). As expected,
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Figure 1. HBV upregulates miR-520c-3p expression
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(A) miR-520c-3p expression levels are elevated in HCC tissues based on analysis of the TCGA miRNA sequencing dataset. (B) TCGA data analyses show that HCC patients
with high levels of miR-520c-3p expression had poorer survival than those with low levels of miR-520¢-3p expression. (C) miRNA in situ hybridization (ISH) analyses show that
miR-520c¢-3p level is higher in tumors than in adjacent non-tumor tissues or the distal normal tissue regions of 30 HCC patients’ microarray. (Left) A representative RNA
fluorescence in situ hybridization result of miR-520c-3p in liver tissue microarray from tumors, adjacent non-tumors, and the distal regions of 30 patients with HCC,
respectively. (Right) The microarray scanning data analysis of miR-520¢-3p level in individual liver tissues. (D) miR-520c-3p expression is higher in HBV-positive HCC tissues.
The 30 HCC patient tumors in (C) were separated into two groups based on the presence of HBV in the HCC. The miR-520c-3p ISH microarrays as shown in (C) for the 24
HBV-positive and 6 HBV-negative HCCs thus identified were scanned and presented individually. (E) gPCR shows that miR-520c-3p expression was much higher in HBV-
infected HCC tissues compared with adjacent tissues. (F) HBV infection or transfection increases miR-520c-3p expression. (Left) PHHs were infected with HBV virus and
miR-520c-3p expression was analyzed. (Right) Huh7 cells were transfected with pUC18 (mock) or pHBV1.3 plasmids and the miR-520c-3p level was measured by gPCR.
(Three independent experiments were performed in [F], and representative data are shown.) *p < 0.05, **p < 0.01 in (C), (E), and (F).

8 weeks after the HCC-LM3-miR-520c stably transfected cells were  right). We performed a histologic analysis of liver and lung tissues
injected intravenously into 4- to 5-week-old male BALB/c nude  from nude mice injected with HCC-LM3 cells stably expressing
mice (six mice per group), live imaging of the mice showed that ~ miR520c-3p by hematoxylin and eosin (HE) staining and found
miR-520c-3p promoted metastasis in vivo (Figure 2F, middle and  that the normal lung structure disappeared and lung tumors were
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visible (Figure 2G, lung panel) and that the liver was extensively occu-
pied by HCC-like lesions consisting of lipid-rich and basophilic cells
with high cytologic atypia (Figure 2G, liver panel). Thus, our results
indicate that miR-520c-3p promotes cancer metastasis.

HBXx of HBV upregulates miR-520c-3p expression by binding to
CREBH1 to activate miR-520c promoter

To investigate how HBV regulates miR-520c-3p expression, we exam-
ined the expression of miR-520c-3p in Huh?7 cells transiently express-
ing individual HBV genes and found that miR-520c-3p expression
was significantly higher in Huh7 cells transfected with HBx, but not
with other HBV genes (Figure 3A, upper left). In addition, unlike
the pHBV1.2 plasmid, the pHBV1.2-X" plasmid, in which the HBx
gene was deleted, failed to enhance miR-520c-3p expression when
transfected into cells (Figure 3A, lower left). Moreover, qPCR analysis
showed that the HBx expression level was much higher in cancerous
liver tissues than in adjacent liver tissues from HBV-infected HCC
patients (Figure 3A, upper right). Further analysis showed that upre-
gulation of miR-520c-3p correlated positively with HBx levels in HCC
tissues (Figure 3A, lower right panel). Together, our findings indicate
that upregulation of miR-520¢-3p by HBV is dependent on the viral
oncogene HBx.

HBx, the most critical carcinogenic component of all HBV proteins,
lacks double-strand DNA binding activity and functions as a trans-acti-
vator through interaction with transcription factors such as c-Myc,’
p53,1“ and CREB,'"*° to activate several signal transduction cascades,
leading to the regulation of a number of genes, including angiogenic fac-
tors, oncogenes, and those involved in metastasis. Interestingly, we
discovered putative CREB-binding sites in the miR-520c-3p promoter
region using ALGGE Promo (http://alggen.Isi.upc.edu/) and JASPAR
(http://jaspar.genereg.net/) (Figure 3B, sequences labeled in yellow).
To test whether CREB1 or CREB2 regulates the miR-520c-3p promoter,
expression plasmids for CREB1, CREB2, or p53 were transfected into
Huh7 cells, and only the CREBI1 plasmid increased miR-520c-3p
expression (Figure 3C, left). Furthermore, the co-expression of HBx
with CREBI further enhanced miR-520c-3p expression (Figure 3C,
middle), whereas knockdown of CREBI blocked the increased expres-
sion of miR-520c-3p by HBx (Figure 3C, right).

The above results suggested that HBx-mediated upregulation of miR-
520c-3p by binding to CREBI. To further investigate this, we studied
the interaction between HBx and CREBI1. We co-transfected HBx
and CREBI into Huh7 cells and analyzed binding between CREB1
and HBx by co-immunoprecipitation assay (Figure 3D, left). In addi-
tion, when luciferase reporter constructs bearing the wild-type or dele-
tion constructs of the miR-520c-3p promoter were analyzed, we found
that the region containing the putative binding sites of CREB1 was
required for transcriptional activation by CREB1 (Figure 3D, right).
Finally, the chromatin immunoprecipitation (ChIP) assay showed
that CREB1 was bound to the miR-520¢-3p promoter region containing
CREBI binding sites in cells transfected the CREB 1 plasmid (Figure 3E,
left). A two-step cross-linking ChIP assay of cells co-transfected with
tagged HBx and CREBI showed that HBx was also recruited to the
miR-520c-3p promoter region (Figure 3E, right). Taken together, these
data strongly indicate that HBx promotes miR-520c transcription
through binding to the miR-520c promoter by associating with CREB1.

Earlier studies have showed that HBx promotes cell migration and
invasion.”’ We consistently found that HBx enhanced cell migration
and invasion in Huh?7 cells (Figure S5A). An X mutant in which the
HBx gene was deleted lacked the ability to enhance cell migration and
invasion (Figure S5B). To determine if HBx regulates cell migration
and invasion by upregulating miR-520c-3p, we carried out co-trans-
fection studies and found that the miR-520c-3p inhibitor blocked the
enhancement of cell migration and invasion by HBx (Figure 3F).

miR-520c-3p downregulates PTEN expression via the PTEN
3'-untranslated region

To further investigate the pro-metastatic role of miR-520c-3p, we
sought to identify the relevant endogenous targets of miR-520c-3p.
We used two target prediction programs, namely, TargetScan and miR-
base, to screen targets for miR-520c-3p, and PTEN, a well-known tumor
suppressor that can regulate cancer development and progression,”* >
was identified as a putative target of miR-520c-3p. To assess whether
PTEN is regulated by miR-520c-3p, we generated a wild-type PTEN
3'-untranslated region (UTR) luciferase reporter plasmid (pMIR-
PTEN 3'-UTR) and its mutant plasmid (pMIR-PTEN 3'-UTR-M), in
which the miR-520c-3p-binding site was altered (Figure 4A, left), and
analyzed the effect of miR-520c-3p on reporter activity. The data

Figure 2. HBV enhances hepatoma cell migration and invasion by upregulating miR-520c-3p

(A) miR-520c-3p promotes HCC migration and invasion. Huh7 cells were transfected with miR-520c-3p mimic or NC-mimic. The resulting cells were subjected to wound
healing assay to measure the migration of the cells (left, top, representative photos of the assay; bottom, quantification of the assay) or Matrigel invasion assay to measure the
invasiveness of the cells (right, top, representative photos of the assay; bottom, quantification of the assay). (B) Anti-miR-520c-3p inhibits HCC migration and invasion. Huh7
cells were transfected with miR-520c-3p inhibitor or NC-inhibitor. The cells were then assayed as in (A). (C) miR-520c-3p regulates the expression of proteins involved in EMT.
NC-mimic or miR-520c-3p-mimic and NC-inhibitor or miR-520¢-3p inhibitor (150 nM) were transfected into Huh7 cells, and the levels of Vimentin, E-cadherin, and MMP9
were examined by western blot. Note that MMP9 and Vimentin were positively regulated by miR-520c-3p while E-cadherin was negatively regulated by miR-520c¢-3p, sug-
gesting that miR-520c-3p promotes EMT. (D) miR-520c-3p mediates HBV-induced cell migration and invasion. Huh7 cells were transfected with pUC18 or pHBV1.3 plas-
mids and NC-inhibitor or miR-520c-3p inhibitor before assaying for cell migration and invasion as in (A). (E) miR-520c-3p is required for enhanced EMT by HBV. Huh7 cells
were transfected as in (D), and the levels of Vimentin, E-cadherin, and MMP9 were examined by western blot. (F) miR-520c-3p promotes metastasis in vivo. (Left) The levels of
miR-520c-3p in LM3-miR-520c stably transfected cells or control cells were detected by gPCR. (Middle and Right) Huh7-miR-520c stably transfected cells were injected
intravenously into male BALB/c nude. Eight weeks later, the animals were subjected to live imaging (middle) and the relative fluorescence intensity of the mice was calculated
by using Imaged. The scatter diagram was drawn by using GraphPad Prism software (right). (G) Representative HE images of mouse liver (left) and lung (right) tissues. (Three
independent experiments were performed, and representative data are shown.) *p < 0.05, **p < 0.01, ***p < 0.001 in (A), (B), (D) and (F).
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Figure 3. HBx interacts with CREB1 to upregulate miR-520c-3p expression
(A) HBx of HBV enhances miR-520c-3p expression. (Left top) The plasmid expressing viral protein HBp, HBc, HBs, or HBx, or the vector control was transfected into Huh7
cells, and the miR-520c-3p level was measured by gPCR. (Left bottom) Huh7 cells were transfected with pcDNA3.0, pcDNA3.0-HBV1.2, or pcDNA3.0-HBV1.2-X plasmids
and the levels of miR-520c-3p was analyzed. (Right top) HBx expression was measured in cancer tissues or the adjacent tissues of HBV-related HCC by gPCR. (Right
bottom) Correlation between relative expression of miR-520c¢ -3p and that of HBx, as measured by gPCR. (B) Sequence of the promoter region showing the CREB1 binding
sites likely required for CREB1 activation of the miR-520c promoter. Red underlined sequence: primer set 1; blue underlined sequence: primer set 2. The primer sets were
used for ChIP analysis in D. Yellow color sequence: potential CREB1 binding sites. (C) CREB1 mediates the induction of miR-520c-3p by HBx. (Left) CREB1 upregulates miR-
520c-3p expression. The plasmid expressing CREB1 or CREB2 or p53 or vector control were transfected into Huh7 cells, and the miR-520c-3p level was measured by
gPCR. (Middle) The plasmid-expressing CREB1 was cotransfected with HBx plasmids or control plasmid into Huh7 cells, and the miR-520c-3p level was measured by
gPCR. (Right) Knocking down CREB1 prevents the upregulation of miR-520c-3p by HBx. Huh7 cells were co-transfected with the plasmid expressing HBx and/or
CREB1 siRNAs or siNC, and miR-520c-3p expression was analyzed. (D) HBx binds to CREB1 and is recruited to the miR-520c promoter by CREB1 to activate the promoter.
(Left) HBx binds CREB1. Huh7 cells were transfected with the indicated plasmids and protein extracts were subjected to co-immunoprecipitation in Huh7 cells. (Right) A
promoter region containing the CREB1 binding site is required for CREB1 activation of the miR-520c promoter. HEK293 cells were co-transfected with different miR-
520c promoter constructs driving the expression of luciferase, pxj40-CREB1-Flag or empty vector and pRL-TK, and the luciferase activity of the transfected cells were
measured. (E) HBx and CREB1 are associated with the promoter in vivo as shown by ChIP assay. Huh7 cells were transfected with Myc-CREB1 and/or Flag-HBx were
subjected to ChIP assay with two sets of primers in the promoter region (top) and co-IP western blot analyses (bottom). (F) Inhibition of miR-520c-3p blocks HBx-induced
cell migration and invasion. Huh7 cells were transfected with indicated plasmid and/or inhibitor and subjected to cell migration and invasion as in Figure 2D. (Three indepen-
dent experiments were performed, and representative data are shown.) *p < 0.05, **p < 0.01, ***p < 0.001 in (A) and (B-F).

showed that miR-520c-3p decreased the luciferase activity of pMIR-
PTEN 3'-UTR, but not of the pMIR-PTEN 3'-UTR-M mutant (Fig-
ure 4A, right). Furthermore, the miR-520¢-3p mimics also dramatically
decreased endogenous PTEN mRNA and protein levels, while the oppo-
site results were obtained with the miR-520c-3p inhibitor (Figure 4B).
These data indicate that PTEN is a direct target of miR-520c-3p. We
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also checked PTEN expression in HCC-LM3-miR-520c stably trans-
fected cells and found that PTEN expression was also downregulated
(Figure S6).

To determine whether HBV downregulates PTEN by enhancing miR-
520c-3p expression, we analyzed PTEN expression in hepatic tissues
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Figure 4. miR-520c-3p targets PTEN to mediate HBV-induced cell migration and invasion

(A) Bioinformatics identification of the miR-520c-3p binding site in PTEN 3’-UTR and its validation with a reporter assay. PTEN 3'-UTR luciferase reporter plasmid (PTEN-
wild type) or its mutant plasmid (PTEN-Mut) were transfected into Huh7 cells in the presence of miR-520c-3p mimic or scrambled control, and relative luciferase
expression is shown as the mean =+ standard deviation. (B) miR-520c-3p regulates the level of PTEN in cells. Huh7 cells were transfected with miR-520c-3p mimic/
inhibitor or NC miRNA. At 48 h after transfection, the levels of PTEN were examined by gPCR (top) and western blot (bottom). (C) PTEN mRNA and protein levels are
much lower in HBV-infected HCC tissues compared with their adjacent normal tissues and the reduction in PTEN level is accompanied by increased miR-520c-3p level in
human patients. (Top) gPCR analysis of PTEN levels in HCC (T) or adjacent normal (N) tissues. (Middle) Western blot analysis of PTEN levels in HCC (T) or adjacent normal
(N) tissues on randomly selected 18 out of patient tissues, the level of PTEN expression was significantly lower in HCC tumor tissues compared with their adjacent normal
tissues by western blot. (Bottom) PTEN mRNA expression was negatively correlated with miR-520c-3p mRNA expression in HCC tumor tissues (R = —0.5000, p =
0.0016). (D) PTEN mRNA and protein levels were decreased by HBV in PHHs and Huh7 cells. (Left) HBV virus-infected PHHS; (right) HBV plasmids transfected into Huh7
cells. At 48 h after infection/transfection, PTEN mRNA (top) and protein (bottom) levels were determined. (E) Anti-miR-520c-3p prevented the downregulation of PTEN
protein levels by HBV. Huh7 cells were co-transfected with HBV and/or miR-520c-3p-inhibitor or controls and subjected to western blot analysis of the level of PTEN. (F)
PTEN is important for HBV-induced migration, invasion, and EMT via miR-520c-3p. Huh7 cells were transfected with puC18 or pHBV1.3, NC-inhibitor, or miR-520c-3p
inhibitor, and siNC or siPTEN and were then assayed for migration and invasion as in Figure 2A (left). The levels of the EMT-associated proteins Vimentin, E-cadherin, and
MMP9 were determined by western blot analyses (right). Three independent experiments were performed, and representative data are shown. *p < 0.05, **p < 0.01,
***p < 0.001 in (A) and (B) and (D-F).
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Figure 5. HBV regulates the miR-520c-3p-PTEN axis to induce metastasis in PHHs
PHHs were infected with HBV viruses, followed by transfection with NC-antagomir or miR-520c-3p-antagomir. The levels of miR-520c-3p and PTEN were measured by
gPCR (A) and the expression of EMT markers (B) were determined by western blot. “*p < 0.01, **p < 0.001.

from a large number of HBV-infected patients with HCC. The results
showed that PTEN mRNA and protein levels were lower in HBV-in-
fected tumor tissues than in adjacent non-cancerous tissues
(Figure 4C, top and middle). More important, PTEN expression
correlated negatively with miR-520c-3p expression (Figure 4C, bot-
tom). Next, total RNA and protein extracted from control or HBV vi-
rus-infected PHHs were subjected to qPCR and western blot analysis.
The data showed that PTEN mRNA and protein levels were inhibited
by HBV virus infection in PHHs (Figure 4D, left). Consistently,
PTEN mRNA and protein levels were also lower in Huh7 and
HepG2 cells transfected with pHBV1.3 than in cells transfected
with the vector control (Figure 4D, right, and Figure S7).

To determine how pHBV1.3 regulates PTEN, we carried out co-trans-
fection studies in Huh7 cells. As expected, we found that PTEN was
downregulated by HBV and this downregulation was blocked by
the miR-520c-3p inhibitor (Figure 4E). Importantly, HBx, but not
the HBx mutant, also decreased the PTEN protein level (Figure S8A),
and this decrease was reversed by an miR-520c-3p inhibitor (Fig-
ure S8B). Thus, HBV inhibits the PTEN level by increasing miR-
520c-3p expression, mainly if not exclusively via HBx.

PTEN has phosphatase-dependent and phosphatase-independent
(scaffold) activities in a wide variety of human cancers through regu-
lating a variety of cellular processes, including cell migration, inva-
%% To investigate
whether PTEN is involved in HBV-induced metastasis, we co-trans-
fected cells with pHBV1.3 and/or miR-520c¢-3p inhibitor and/or small
interfering RNA (siRNA) to knock down PTEN and found that miR-
520c-3p inhibitor blocked the HBV-induced cell migration and inva-
sion and this blockage was reversed by simultaneously knocking
down of PTEN (Figure 4F, left and middle). Furthermore, these ef-
fects were accompanied by the corresponding changes in EMT as re-
vealed by the expression of the three EMT marker genes (Figure 4F,
right). Similar results were obtained by co-transfecting HBx with
miR-520c-3p inhibitor and/or siPTEN (Figures SOA and S9B). These
data strongly indicate that HBV/HBx represses PTEN expression by
upregulating miR-520c-3p, thereby increasing the metastatic proper-
ties of hepatoma cells.

sion, proliferation, survival, and energy metabolism.
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HBYV regulates the miR-520c-3p-PTEN axis to induce the EMT in
PHHs

To test whether HBV affects the EMT in PHHs, we infected PHHs
with HBV virus before transfecting the miR-520c-3p antagomir.
HBV infection upregulated miR-520c-3p and MMP9 expression
and downregulated PTEN and E-cadherin expression, and incubation
with the miR-520c-3p antagomir reversed the HBV-induced changes
in EMT marker expression (Figures 5A and 5B). These data thus
strongly suggest that the miR-520c-3p/PTEN axis mediates HBV-
induced changes in EMT marker gene expression in PHHs. Although
in the asymptomatic phase of chronic HBV-infection where liver
damage does not occur, we speculate that these changes in the
EMT marker genes by HBV infection of hepatocytes would be advan-
tageous for the future development of HCC.

miR-520c-3p activates AKT via PTEN to mediate the effects of
HBV/HBXx

PTEN is known to negatively regulate PI3K/AKT signaling, which
can affect EMT of HCC cells. Moreover, a loss-of-function mutant
of PTEN enhanced human cancer aggressiveness by activating the
Akt pathway.”” In addition, miRNAs can regulate the PI3K/AKT
oncogenic pathway involved in human malignancies, such as liver
cancer.”® Tt has also been reported that HBV induces AKT/GSK3p
signaling to facilitate EMT and metastasis during HCC progression.*’
Thus, to determine whether HBx activates AKT to induce EMT and
hepatoma cells metastasis through miR-520c-3p-PTEN axis, Huh7
cells were transfected with an HBV- or an HBx-expressing plasmid.
Western blot analysis showed a remarkable increase in tyrosine
(T308) and serine (S473) phosphorylation of AKT, which indicates
AKT activation, without altering the total protein level in cells trans-
fected with HBV or HBx, but not in cells transfected with control vec-
tors (Figure 6A left). Like that shown above, overexpression of HBV
or HBx decreased E-cadherin and increased vimentin and MMP9
levels (Figure 6A left). Similar results were observed in HepG2 cells
(Figure S10). Importantly, miR-520¢c-3p mimic also activated AKT,
while miR-520c-3p inhibitor had the opposite effect (Figure 6A right).
Again, similar results were observed in HepG2 cells (Figure S11A).
These results indicate that miR-520c-3p activates AKT.
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Figure 6. HBx of HBV activates the PIBK/AKT pathway to promote cell migration and invasion via miR-520c-3p-mediated downregulation of PTEN

(A) Both miR-520c-3p and HBV/HBx activate AKT. Huh7 cells were transfected with HBV or HBx (left), miR-520c-3p mimics/inhibitors or corresponding NC miRNA (right).
Huh?7 cells were transfected with HBV/HBx or miR-520c¢-3p, after 48 h transfection, the cells were analyzed for the levels of AKT, p-AKT, Vimentin, E-cadherin, MMP9, and
PTEN levels by western blot. (B) Downregulation of PTEN is required for the activation of AKT by miR-520c-3p. Huh7 cells were co-transfected with pEF-Flag (control) or
PTEN plus miR-520c-3p mimic, and western blot analyses were performed for the indicated proteins. (C) Inhibiting miR-520c-3p prevents the activation of AKT by HBx, while
knocking down PTEN reverses this effect. Huh7 cells were co-transfected with HBx, miR-520c-3p inhibitor, and siPTEN and western blot analyses were performed for the
indicated proteins. (D) AKT activation is required for miR-520c-3p-induced cell migration and invasion. Huh7 cells were transfected with miR-520c-3p mimic or NC-mimic for
36 h, and treated with MK22086, a specific inhibitor of AKT phosphorylation, or dimethyl sulfoxide for 12 h. The cells were then subjected to western blot analyses for the
indicated proteins (left) or cell migration and invasion assays as in Figure 2A (right). (E) AKT activation is required for HBx-induced cell migration and invasion. Huh7 cells
at 36 h after transfection with pxj40-HBx-HA or empty vector were treated with MK2206 or dimethyl sulfoxide for 12 h. The cells were then subjected to western blot analyses
for the indicated proteins (left) or cell migration and invasion assays as in Figure 2A (right). Three independent experiments were performed, and representative data are

shown. *p < 0.01, **p < 0.001 in (D-E).

To determine whether this activation involves PTEN, we first
confirmed that PTEN suppressed AKT activity in transfected
HepG2 cells (Figure S11B). Next, we performed a rescue experiment.
miR-520c-3p with pEF-flag-PTEN or pEF-flag were co-transfected
into Huh7 cells. We found that PTEN expression prevented the acti-
vation of AKT or EMT by miR-520c-3p (Figure 6B). These findings
raise an intriguing possibility that HBx-induced miR-520c-3p acti-
vates AKT pathway via inhibition of PTEN. Thus, we co-transfected
HBX, miR-520c¢-3p-inhibitor, and/or siPTEN into Huh7 cells. As ex-
pected, anti-miR-520c-3p reversed the activation of AKT and EMT
by HBx (Figure 6C), while simultaneous knockdown of PTEN
rescued the effects of HBx (Figure 6C). Similar results were observed
in HepG2 cells (Figure S12).

To further investigate the role of the AKT signaling pathway in HBx-
induced metastasis via miR-520c-3p, we treated miR-520c-3p- or
HBx-transfected Huh7 cells with MK2206, a specific inhibitor of
AKT phosphorylation and found that phosphorylation of the AKT
residues Thr308 and Ser473 were indeed repressed by MK2206
(Figures 6D and 6E, left). Importantly, wound healing and transwell
assays with Matrigel (Figures 6D and 6E, right) revealed that the in-
hibition of AKT signaling with MK2206 resulted in a dramatic
decrease in HBx/miR-520c-3p-induced cell migration and invasion,
and this finding was also supported by western blot analysis of
EMT markers (Figures 6D and 6E, left). Similar results were obtained
with LY294002, another specific inhibitor of the PI3K/AKT pathway
(Figure S13).
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The HBx-miR-520c-3p-PTEN axis regulates AKT/NF-«B

signaling to affect cell migration and invasion

Having demonstrated that HBx activates the AKT pathway to promote
cell migration and invasion via the miR-520¢c-3p-PTEN pathway, we
turned to events downstream of AKT. Previous studies have demon-
strated that the effects of AKT activation involves the regulation of
activated-IkB kinase, a kinase that induces the degradation of NF-kB
inhibitor IkB’; glycogen synthase kinase-3B,”” a serine/threonine ki-
nase involved in Wnt signaling, and the mTOR,*! a serine/threonine
kinase that responds to nutrients to regulate cell cycle, survival, cell
proliferation, and EMT. Accumulating evidence has demonstrated
that NF-kB is a direct downstream target of the AKT pathway in endo-
thelial injury”’; thus, we hypothesized that the effects of HBx-induced
miR-520c-3p expression on cell migration and invasion result from
alteration of the NF-kB pathway. To test this, Huh7 cells were pre-
treated with SC-514, a specific inhibitor of the native IKK complex
and the IKK-a/IKK-B heterodimer, followed by transfection with
HBx or miR-520c-3p. The results showed that the inhibition of NF-
kB by SC-514 abolished the ability of miR-520c-3p or HBx to activate
IkBa (Figures 7A and 7B left). Wound healing and Matrigel invasion
assays showed that the cell migration and invasion effects of HBx were
blocked by SC-514 (Figure 7B, right). Western blot analysis showed
that the effect of HBx on EMT marker gene expression was also
blocked by SC-514 (Figure 7B, left). The same conclusions were
obtained with IMD-0354, another specific inhibitor of NF-kB (Fig-
ure S14). Furthermore, when a super-repressor” that suppresses the ca-
nonical NF-kB pathway was used, we observed similar results
(Figures 7C and 7D). To further determine whether NF-kB was specif-
ically regulated by AKT or other events downstream of AKT also
participated in HBx-miR-520c-3p axis-mediated cell migration, we
used inhibitors that target downstream targets of AKT, such as inhib-
itor PD98058 that targets MAPK/ERK, inhibitor SP600125 that targets
JNK, inhibitor XAV-939 that targets Wnt, inhibitor rapamycin for
mTOR, and inhibitor AS1842856 for FOXO. We observed that none
of these inhibitors affected miR-520c-3p-induced cell migration or in-
vasion (Figure 7E). Taken together, these results revealed that the miR-
520c-3p/PTEN/AKT/NF-kB pathway is essential for HBx-induced cell
migration and invasion.

HBV regulates the miR-520c-3p-PTEN axis to promote tumor
metastasis in vivo

To examine the effect of miR-520c-3p on HBV/HBx-induced tumor
metastasis in vivo, we generated a stable HBx-overexpression HepG2

cell line (Figure 8A) and performed subcutaneous xenograft experi-
ments to analyze the effect of miR-520¢c-3p on HBV/HBx-induced tu-
mor progression. HepG2-GFP-HBX-Flag cells were injected into left
dorsal subcutaneous tissues of nude mice. After 2 weeks, tumors of
the same size were selected to be injected with negative control (NC)
or miR-520c¢-3p antagomir twice a week (5 nM/mouse). After 4 weeks
of treatment with the antagomir, no differences were observed in the
growth or size of tumors treated with the miR-520c-3p antagomir
and with the NC antagomir (Figure S15), which is consistent with
our in vitro cell proliferation results. However, when mouse biolumi-
nescence signals were measured to determine metastasis by using a
live imaging system, the results showed that treatment with the miR-
520c-3p antagomir inhibited HBx-induced metastasis compared
with treatment with the NC antagomir (Figure 8B). As expected, treat-
ment with the miR-520c-3p antagomir altered miR-520c-3p and
PTEN expression in xenograft tumors (Figure 8C). We also measured
PTEN, p-Akt, Akt, p-IkBa, and IkBo protein levels in xenograft tu-
mors and found that treatment with the miR-520c-3p antagomir in-
hibited p-Akt and p-IkBa. expression (Figure 8D), which is consistent
with our in vitro results above. Furthermore, bioluminescence signals
in the liver and lung also showed that the targeting of miR-520c-3p
attenuated HBx-induced metastasis (Figure 8E).

DISCUSSION

The pathological relevance of HBx in HBV-associated hepatocarcino-
genesis has attracted much attention in recent years. The enhanced
migration and invasion capability of hepatoma cells elicited by HBx
is closely related to HBV-induced initiation and progression of hepa-
tocarcinogenesis.”'*> However, the mechanism remains poorly under-
stood. Our study reveals a regulatory network initiated by the interac-
tion between HBx and CREB1, which bind together to the promoter of
miR-520c and increase the level of miR-520¢-3p to activate AKT/NEF-
kB pathway by targeting PTEN. The final consequence is the promo-
tion of metastasis of HCC derived from HBV infection (Figure 8F).

Over the past decade, miRNAs have been found to be involved in
various biological processes, including tumorigenesis and metastasis.*
Chromosome 19 contains the largest miRNA cluster and encodes
many miRNAs including miR-520a, b, and c-h, members of the
miR-520 family. miR-520c-3p is encoded by the miR-520c gene
located on chromosome 19q13.42, is a non-conserved miRNA, and
its mature sequence contains 22 nt.”> miR-520c-3p functions as an

12,13,16 15-17,30 . . .
oncogene or a tumor suppressor ~ " in different malignant

Figure 7. PI3k/AKT-dependent activation of NF-kB by miR-520c-3p is important for HBx-induced migration and invasion

(A) miR-520c-3p activates NF-«kB (p-IkBe). Huh7 cells were pretreated with 5 mM NF-«B inhibitor SC-514 or dimethy! sulfoxide for 4 h followed by transfection with NC or
miR-520c-3p mimic. After 48 h, the levels of the indicated proteins were examined by western blot analyses. (B) HBx induces cell migration and invasion via activating NF-kB
(p-1kBa). HUh7 cells were pretreated with SC-514 followed by transfection with pxj40-HA-HBx or empty vector. They were then subjected to western blot analyses for the
indicated proteins (left) or cell migration and invasion assays as in Figure 2A (right). (C and D) Inhibition of the NF-«kB pathway via inactivation of IkBe. reverses the ability of miR-
520c-3p or HBx to induce EMT and cell invasion. Huh7 were co-transfected with MIGR1-IkBe. and miR-520c-3p or HBx for 48 h, and then the levels of the indicated proteins
were examined by western blot analysis (C and D, left), and the cell migration and invasion assays were performed (D, right). (E) miR-520c-3p activates NF-kB (p-1kB). Huh7
cells were pretreated with signaling inhibitors (PD98058 for MAPK/ERK, SP600125 for JNK, XAV-939 for Wnt, rapamycin for mTOR, and AS1842856 for FOXO) for 4 h fol-
lowed by transfection with NC or miR-520c-3p mimic and subjected to invasion assays. Three independent experiments were performed, and representative data are shown.

*p < 0.05, *p < 0.01, **p < 0.001 in (B-D).
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Figure 8. miR-520c-3p antagomir inhibition of HBX-induced tumor progression in vivo

(A) gPCR and western blot assays showed a significantly higher expression of HBx in a stable HBx-overexpression HepG2 cell line. (B) Mice were imaged with live image
equipment. The relative fluorescence intensity of the mice was calculated by using Imaged, and the scatter diagram was drawn by using GraphPad Prism software. (C)
Expression of PTEN and miR-520c-3p in tumors with NC/miR-520c-3p-antagomir-treatment were analyzed by gPCR. (D) Proteins in the AKT/NF-«kB pathway were analyzed
in tumor tissues by western blot. (E) Representative live images of mouse livers and lungs. (F) A model for HBV-induced cell migration and invasion. HBV, via HBx binding to
CREBH1, upregulates miR-520c-3p, which in turn downregulates PTEN, thereby leading to the activation of AKT/NF-kB pathway to enhance HCC EMT and thus cell migration
and invasion. This study reveals that miR-520c-3p, upregulated by HBx of HBV, targets PTEN, an anti-oncogene, to promote hepatoma cell migration and metastasis

through the activation of AKT/NF-kB pathway. *p < 0.05, **p < 0.01, **p < 0.001.

tumors, even of the same cancer type, for example, breast cancer and
HCC. Huang et al.'” suggested that miR-520c stimulates cancer cell
migration and invasion by suppression of CD44 in breast cancer,
whereas Tang et al.”* suggested that miR-520c-3p acts as a tumor sup-
pressor in estrogen receptor-negative breast cancer. As in breast can-
cer, miR-520¢-3p has paradoxical functions in liver cancer. Miao
et al.'> used a liver cancer cell model to show that miR-520c-3p
induced HCC cell apoptosis and inhibited cell growth and invasion.
Similarly, Zhang et al.'® reported that miR-520c-3p was downregu-
lated in HCC tissues compared with adjacent non-tumor tissues.
However, Zheng et al.'® reported that miR-520c-3p was highly ex-
pressed in HCC tissues compared with the corresponding non-
cancerous tissues. Toffanin et al.'’ investigated 89 HCV-related
HCC samples and also found higher miR-520c expression in the
HCC tissues and further showed that miR-520c increased cell prolif-
eration, migration, and invasion of Huh7 and SNU-449 cells.
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Although the reasons for these different findings are unclear, they
may be due to the use of different cancer lines, genetic variabilities,
various subclones of the same cell line, different types of tissue sam-
ples, and different experimental designs. To avoid single cell lines
affecting the experiment results, in our study, we used multiple cell
lines (Huh7, HepG2, HepG2.2.15, and HCC LM3 cells) to prove
our conclusions. Given that the function of miR-520c-3p in HCC is
still controversial, we analyzed the data in the TCGA database and
found that the expression of miR-520c-3p in HCC tissues was signif-
icantly higher than that in normal tissues, which suggests that miR-
520c-3p may be an oncogene in HCC. Because most Chinese patients
with HCC are HBV positive and no studies have investigated the rela-
tionship between miR-520c-3p and HBV-related HCC progression,
we focused on the role of miR-520c-3p in HBV-related HCC. We
demonstrated that HBV infection significantly increases miR-520c-
3p expression via HBx and that miR-520c-3p expression is higher
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in HBV-positive HCC tissues than in adjacent noncancerous tissues.
Our findings may also provide a potential explanation for the previ-
ously observed discrepancy in the correlation between miR-520c-3p
expression and HCC: HCC tissues with varying levels of HBV infec-
tion may have been used in the differing studies.

More important, we showed that HBV enhanced miR-520c-3p
expression in HBV plasmid-transfected Huh7/HepG2 cells, HBV-ex-
pressing stable cell line HepG2.2.15, and HBV virus-infected PHHs.
Mechanistically, we showed that this upregulation of miR-520c-3p
was due to HBx binding to CREBI to activate the miR-520c promoter
in Huh?7 cells. It is known that HBx can act as a coactivator to affect
transcription through association with transcriptional factors.”**>*°
For example, HBx interacts with c-Myc to repress miR-192-3p
expression.® HBx also acts as a transcriptional coactivator by directly
binding to CREB to increase the DNA binding affinity and transcrip-
tional activity of CREB.'"*° However, the increase in the DNA bind-
ing affinity of CREB by HBx is necessary, but not sufficient, to explain
the co-activation of CREB by HBx.”® Cougot et al.*' suggested that
HBx might recruit CBP/p300 to enhance CREB activity. However,
CREB includes CREB1 and CREB2, the previous study did not
show which CREB bind to HBx. Our research showed that HBx bind-
ing to the miR-520c-5p promoter activates miR-520c-5p transcrip-
tion via CREB1, not CREB2.

Functionally, we used Matrigel invasion and wound healing assays to
evaluate cell invasion and cell migration, respectively, and analyzed
the expression of EMT markers to evaluate EMT. We found that
increased miR-520c-3p expression by HBV infection leads to
increased metastasis via induction of the EMT in both Huh7 and
HepG2 cells. We showed that the miR-520¢-3p antagomir signifi-
cantly attenuates HBx-induced liver and lung metastasis in vivo.
Thus, we revealed a positive regulatory relationship between HBV up-
regulation of miR-520c-3p via HBx and advanced HCC progression,
highlighting the potential of nucleic acid-based therapeutics for the
treatment of HCC.

We discovered that PTEN is a direct target of miR-520c-3p and that
the downregulation of PTEN by miR-520c-3p is critical for HBV-
induced liver cancer progression. Consistent with a previous report
by Tian et al.**, we further revealed that HBx played a major role in
suppression of PTEN via miR-520c-3p in HBV expressing cells.
PTEN is a potent inhibitor of the PI3K/Akt pathway. We consistently
showed that miR-520c-3p induces phosphorylation of AKT, which
activates the AKT pathway that inhibits PTEN expression in hepa-
toma cells.

In recent years, increasing attention has been given to the carcino-
genic role of AKT via its activation of multiple signaling pathways,
including ERK/P38, Wnt, mTOR, and NF-kB, that promote malig-
nant transformation and growth of HBV-infected hepatomas.
However, the NF-kB pathway has dual functions on inflammation
and tumorigenesis.”” The activation of NF-kB has been observed
in proliferating immune cells and in most tumor cells that progress

to cancer, such as HCC.*® However, NF-kB can also function as a
tumor suppressor. Wilson et al.”” reported that NF-kB1-mediated
transcriptional repression of neutrophil-recruiting chemokines
represses the development of HCC. By using pathway-specific in-
hibitors and a super-repressor to stably knockdown canonical
NF-kB, we found that inhibition of the NF-kB signaling pathway
markedly attenuated miR-520c-3p-induced hepatoma cell migra-
tion and invasion. Thus, HBV regulates the NF-kB pathway via
the HBx/miR-520¢-3p/PTEN/AKT axis to promote HCC EMT
and metastasis.

Conclusion

In our system, we discovered that miR-520c-3p functions as a novel
regulator of HBV-induced HCC metastasis. Our findings suggest a
novel model in which HBx promotes HCC migration and invasion.
HBx upregulates miR-520c-3p, which negatively regulates PTEN, re-
sulting in the activation of the AKT/NF-kB pathway and induction of
metastasis (Figure 7F). Our study has thus uncovered novel insights
into a pivotal molecular mechanism underlying tumor invasion and
metastasis in HBV-associated HCC and has revealed potentially novel
therapeutic targets to treat metastatic HCC patients with chronic
HBYV infection.

MATERIALS AND METHODS

Cell cultures and transfection

Human hepatoma cells Huh7, HepG2, and HCCLM3 and HBV-ex-
pressing stable cell line HepG2.2.15 were cultured in DMEM. For
HepG2.2.15 cells, G418 were also included in the culture medium.
PHHs were purchased, cultured, transfected, and infected as described.®
siRNAs, the miR-520¢-3p-mimic/inhibitor/antagomir, and the respec-
tive NCs were purchased from RiboBio. Plasmids (200 ng-2 pg) were
introduced into hosts with Lipofectamine 2000 and miRNA/siRNA
(50-100 nM) were introduced into hosts with Lipofectamine
RNAIMAX (Invitrogen).

Plasmid construction

Plasmids pHBV1.3, pXJ40-HA-X, pXJ40-HA-P, pXJ40-HA-S, and
pXJ40-HA-C were reported previously.” Plasmid MIGR1-IkBa-DN
was a generous gift from Prof. Zan Huang (College of Life Sciences,
Wuhan University). Plasmids pXJ40-Flag-X and pXJ40-Flag-
CREB1 were generated by using pXJ40-Flag vector. Plasmids
MDHI1-PGK-GFP_2.0-miR520c and MDH1-PGK-GFP_2.0-vector
were generated by using retroviral vector of MDHI1-PGK-GFP_2.0.
The pMIR-PTEN 3'-UTR fragment including miR-520c-3p binding
site (GCACTTA) was cloned into the pMIR-REPORT (Applied Bio-
systems). pMIR-PTEN-3'UTR-MUT, which contained the mutated
site (GTGTAT) was made via site-directed mutagenesis. The 5'-flank-
ing regions (nucleotides —3887 ~ +31) of miR-520c was cloned into
PGL3.0-basic vector to generate pGL3.0-3918. The regions (—3887 ~
—1999, —3887 ~ —3110, —3110 ~ —1999, and —1999 ~ +31) of
miR-520c were PCR amplified from pGL3.0-3918 and were inserted
into pGL3.0-basic to generate various luciferase reporter plasmids. All
constructs were confirmed by DNA sequencing. Primers used in this
study are shown in Table SI.
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Chemicals, antibodies, and other reagents

MK2206 (T1952), SC-514 (T2118), IMDO0354 (T6141), and Ly294002
(T2008) were purchased from Targetmol (MedChem Express), anti-
bodies against PTEN (#9188S), Akt (#4685S), pAkt(T308) (#13038S),
pAkt(S473) (#4060S), IKBa (#4812S) and p-IKBa. (#9246S) were pur-
chased from Cell Signaling Technology, antibodies against GAPDH,
Flag-Tag (20543-1-AP), HA-Tag (51064-2-AP), Myc-Tag, Vimentin
(10366-1-AP), MMP9 (10375-2-AP), and E-cadherin (20874-1-AP)
were purchased from ProteinTech Group. Horseradish peroxidase
(HRP)-conjugated secondary antibody (71045-M and 12-348) and
Flag Beads (M8823) were purchased from Sigma (Aldrich).

HBYV virus isolation

Hep2.2.15 cells were cultured in DMEM supplemented with 5% inac-
tivated fetal bovine serum. After 4 days, HBV viruses in the medium
culture was collected by ultracentrifugation at 40,000 rpm for 3 h at
30°C. Following centrifugation, the HBV viral particles appearing
at the bottom or side of the tube as a faint white pellet were resus-
pended in 1/100 of original volume using DMEM.

Immunoblotting

Cellular proteins were extracted with RIPA (Beyotime) supplemented
with PMSF (Beyotime) and PhosSTOP (Roche). After centrifugation,
the supernatant was quantified by using bicinconinic acid protein kit
(ThermoFisher Scientific). Total proteins (15-30 pg/lane) were sepa-
rated by SDS-PAGE then transferred to a nitrocellulose membrane.
The membranes were blocked in 5% milk for 1 h at room temperature
(RT). After the membranes were incubated with primary antibodies
overnight and followed by incubating with HRP-conjugated second-
ary antibodies (Sigma-Aldrich) at RT for 1 h. Undergoing washed by
TBST, membranes were detected by an enhanced chemiluminescence
system western Blotting Detection Kit (Bio-Rad).

RNA extraction, reverse transcription PCR, and quantitative
real-time PCR

Total RNA was extracted from cells and tissues by using Trizol (Invi-
trogen) and was reversely transcribed into ¢cDNA with random
primers or miRNA with miRNA specific primers purchased from
RiboBio by using the PrimeScript RT reagent Kit (TakaRa). The
qPCR was performed by using gene primers or miRNA-specific
qPCR primers purchased from RiboBio by using SYBR Select Master
Mix (Life technologies). The PCR procedure was: 95°C for 3 minutes
first, then 39 cycles at 95°C for 20 s, 60°C for 30 s, and 72°C for 30 s.
The results were obtained with CFX96TM Real-time System 3.1 soft-
ware (Applied Bio-Rad) and further analyzed with the 2724
method. The expression level of an mRNA or miRNA was calculated
relative to the level of control U6 or GAPDH, respectively. All primers
are listed in Table S1.

Dual-luciferase reporter gene assay

Huh7 cells were seeded in 24-well plates for 12 h before transfection.
To verify the target sites of miRNAs, cells were co-transfected with the
firefly luciferase reporter constructs containing the wild-type or mu-
tant’s 3’-UTR fragment of PTEN, Renilla vector (pRL-TK) and NC-
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mimic or miR-520c-3p mimic. To verify the binding between the
miR-520c promoter region and CREBI, various constructs containing
different lengths of the miR-520c 5'-flanking region or pGL3.0-basic,
CREBI and pRL-TK were introduced into Huh7 cells. The cell lysates
were harvested for a Dual-Luciferase Reporter Assay System (Prom-
ega) according to the manufacturer’s instructions. The firefly and Re-
nilla luciferase activities were measured and the ratio of firefly/Renilla
luciferase values was determined as a measure of the reporter activity.

ChIP assay

A ChIP assay was performed with Huh7 cells co-transfected with HBx
and CREBI. Briefly, cells were fixed with 1% formaldehyde and then
lysed. The chromatin was sheered with an ultrasonic cell disruptor.
The protein-DNA complexes were precipitated with normal IgG
and anti-FLAG M2 agarose beads (Sigma-Aldrich). After immuno-
precipitation, the protein-DNA cross-links were reversed and the
DNA was purified. The promoter region of miR-520c including the
CREBI binding sites were amplified from the immunoprecipitated
DNA samples with specific primers.

Two-step cross-linking ChIP

After pouring out the medium from the cell culture dish, the cells were
rinsed with PBS to remove the remaining medium. Cross-linking pro-
teins to proteins was done by adding freshly made DSG solution
(0.25 M disuccinimidyl glutarate [DSG] stock: dissolve 50 mg DSG
in 100% dimethyl sulfoxide to a concentration of 0.25 M). This is fol-
lowed by cross-linking proteins to DNA by adding 1% formaldehyde
drop-wise directly to the media and rotate gently at RT for 10 min.
The cells were then subjected to the rest of the ChIP assay as above.

Co-immunoprecipitation assay

Welysed 5 x 10° Huh7 cells in Western & IP Lysis Buffer (Beyotime)
containing protease inhibitors. The supernatant was incubated with
indicated antibodies, followed by the addition of protein A/G beads.
The immunoprecipitated proteins were analyzed on western blot.

Transwell Matrigel invasion assay

The 24-well transwell chamber with 8.0 pm pore transparent PET
membrane (BD Biosciences) was used to analyze the migratory and
invasive ability of Huh7. At 24 h after indicated transfection, a total
of 5 x 10* transfected cell numbers suspended in 100-pL serum-
free medium were plated on the Matrigel-coated (BD Biosciences)
membrane of the upper chamber and full serum medium was added
at the bottom of the transwell. After incubation for 48 h, the cells re-
mained in the upper chamber were removed with a cotton swab. Cells
invaded through the pores to the opposite side of the membrane were
fixed in 4% paraformaldehyde, and then stained with crystal violet for
20 min. Three randomized fields were captured for each transwell un-
der the microscope and the cells in the field were counted.

Assays of wound healing

Transfected cells grown in six-well plates to 95% confluent mono-
layers were mechanically scratched by using a 10-pL pipette tip to
create a wound. After the scratching, the cells were gently washed
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three times to remove detached cells. The culture dish was then placed
in a cell culture incubator at 37°C and cell culture images were
captured under a microscope at 0, 24, and 48 h with blue boxes
outlining the starting wound area. The migration index (%) was
determined from the wound area measured with ImageJ (National In-
stitutes of Health) software. Three different batches of results were
statistically analyzed using Image].

CCK-8 assay

A CCK-8 kit (Dojindo) was used to measure the proliferation of
HepG2.2.15 cells. A total of 3000 cells in a volume of 100 pL/well
were cultured in six replicate wells in a 96-well plate in A medium con-
taining 10% FBS. Then, 10 nL CCK-8 reagent were then added per well
at 0, 24, 48, and 72 h and incubated for 1 h for cell quantification.

Tissue sample preparation

A total of 30 patients with HCC with chronic HBV infection for miR-
520c-3p and PTEN mRNA and protein level analysis who underwent
surgical resection and pathologically diagnosed with HCC in Hubei
Cancer Hospital, Huazhong University of Science and Technology
were enrolled in the study. All donors gave permission and written
informed consent was obtained from all participants.

Generation of HCC-LMS3 -miR-520c stably transfected cell line
To establish miR-520c-GFP overexpression cell lines, we used a vector-
based retroviral technique. Recombinant retroviruses were produced by
co-transfecting 293T cells with the MDH1-PGK-miR-520c-GFP retro-
viruses expression plasmid or MDHI1-PGK-GFP_2.0-vector plasmid
and packaging plasmids (ZV77) by using Lipofectamine 2000 (Invitro-
gen). Infectious retroviruses were collected 48 h after transfection. The
supernatant was centrifuged to remove cell debris and filtered through
0.45-pm filters (Millipore). The viruses were concentrated by using
Lenti-XTM Concentrator (Takara). HCC-LM3 cells were transduced
with either empty vector or miR-520c-GFP retroviruses with 8pg/mL
polybrene to obtain stable cell line. The miR-520c-3p expression effi-
ciency was determined by qPCR.

Generation of the HepG2-GFP-HBX-flag stably transfected cell
line

To establish the GFP-HBX stably overexpression cell lines, the full-
length HBx ¢cDNA was cloned into the empty lentivector lenti-CMV-
GFP-Flag, and the recombinant plasmids were co-transfected with
psPAX2 and pMD2.G into 293T cells by using Lipofectamine 2000
for lentivirus production. The methods for lentivirus concentration
and transfection into the target cells were as described above. The
HBx overexpression efficiency was determined by western blot with
anti-flag antibodies.

Xenograft mouse model and the subcutaneous tumor model

Animal studies were approved by the Institutional Animal Care Com-
mittee of School of Basic Medical Sciences, Wuhan University. For
the tail vein injection model, 2.0 x 10° LM3-miR-520c stable cells
diluted into 100 pL PBS were injected intravenously into 4- to
5-week-old female BALB/c nude (six mice per group). Eight weeks

post injection, mice were imaged live with live image equipment
(PerkinElmer). The relative fluorescence intensity of the mice was
calculated by using Image], and the scatter diagram was drawn by us-
ing GraphPad Prism software. The lungs and livers of nude mice were
used for HE staining analysis. For the subcutaneous tumor model,
5.0 x 10° HepG2-GFP-HBx-flag cells were diluted into 50 uL PBS,
mixed with 50 pL Matrigel, and planted under the armpit of
3-week-old female mice by subcutaneous injection. When the tumor
grows to 1.0 cm x 1.0 cm, 10 nM miR520c-3p antagomir and its cor-
responding control diluted into 100 uL PBS were injected into the tu-
mor (six mice per group), twice a week for 2 weeks; 4 weeks after the
first injection, the nude mice were analyzed for small animal live im-
aging and HE staining.

miRNA in situ hybridization

The miRNA-520 and scrambled oligonucleotides for in situ hybridi-
zation were purchased as digoxigenin-labeled locked nucleic acid
(LNA) probes from Exiqon (Denmark). Liver cancer tissue microar-
rays (catalog HLivHO90PGO1) were purchased from Shanghai Outdo
Biotech CO, LTD, and miR-ISH was performed by the same com-
pany, and slides were read as previously described. The intensity of
the staining was scored as negative (-/0), weak (+/1), moderate
(++/2), or strong (+++/3) as previously described.*’

HE staining

The tissue samples were fixed with 10% formalin, and after 24 h, they
were embedded to obtain paraffin blocks, then 4-pum-thick tissue sec-
tions were prepared with a Leica microtome. Subsequently, the tissue
sections were deparaffinized, rehydrated, stained with hematoxylin
for 3 to 5 min and stained with eosin for 5 min. Finally, the slices
were dehydrated and covered with neutral gum. The sections were
scanned with a panoramic scanner (3DHISTECH Case Viewer) to
obtain high-resolution images.

Statistical analysis

All results are expressed as the mean + standard deviation from at least
three independent experiments. Unless otherwise noted, the differ-
ences between groups were analyzed by using the unpaired Student’s
t test when only two groups were compared or by one-way ANOVA
when more than two groups were compared. Differences with a p value
of less than 0.05 were considered statistically significant. All analyses
were performed using SPSS software, version 16.0 (SPSS, Inc).
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