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Abstract

Hepatocellular carcinoma (HCC) is the second leading cause of cancer-related death.
High recurrence rates after curative resection and the lack of specific biomarkers for
intrahepatic metastases are major clinical problems. Recently, exosomal microRNAs
(miRNAs) have been reported to have a role in the formation of the pre-metastatic
niche and as promising biomarkers in patients with malignancy. Here we aimed to
clarify the molecular mechanisms of intrahepatic metastasis and to identify a novel
biomarker miRNA in patients with HCC. A highly intrahepatic metastatic cell line
(HuH-7M) was established by in vivo selection. HuH-7M showed increased prolif-
erative ability and suppression of apoptosis and anoikis. HuH-7M and the parental
cell (HuH-7P) showed the similar expression of epithelial-mesenchymal transition
markers and cancer stem cell markers. In vivo, mice treated with exosomes derived
from HuH-7M showed increased tumorigenesis of liver metastases. Exosomes from
HuH-7M downregulated endothelial cell expression of vascular endothelial-cadherin
(VE-cadherin) and zonula occludens-1 (ZO-1) in non-cancerous regions of liver and
increased the permeability of FITC-dextran through the monolayer of endothelial
cells. The miRNAs (miR-638, miR-663a, miR-3648, and miR-4258) could attenuate
endothelial junction integrity by inhibiting VE-cadherin and ZO-1 expression. In pa-
tients with HCC, higher serum exosomal miR-638 expression was associated with
tumor recurrence. In conclusion, the miRNAs secreted from a highly metastatic can-
cer cell can promote vascular permeability via downregulation of endothelial expres-
sion of VE-cadherin and ZO-1. Serum exosomal miR-638 expression holds potential

for serving as a significant and independent prognostic marker in HCC.

Abbreviations: AFP, alpha-fetoprotein; DFS, disease-free survival; EpCAM, epithelial cell adhesion molecule; EthD-1, ethidium homodimer; EV, extracellular vesicle; HCC, hepatocellular
carcinoma; HR, hazard ratio; miRNA, microRNA; NC, negative control; OS, overall survival; gqRT-PCR, quantitative reverse transcription-polymerase chain reaction; VE-cadherin,
vascular endothelial-cadherin; ZEB1, Zinc Finger E-Box Binding Homeobox 1; ZO-1, zonula occludens-1.
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1 | INTRODUCTION

Hepatocellular carcinoma (HCC) is the most frequently occur-
ring primary liver cancer and the second most common cause of
cancer-related death worldwide.! Treatment options for HCC in-
clude hepatectomy, systemic chemotherapy, transcatheter arterial
chemoembolization, and radiofrequency ablation. Hepatectomy is
one of the main treatment modalities for HCC, and recent advances
in surgical techniques and perioperative management have greatly
improved short-term surgical outcomes.>> However, the recurrence
rate after curative resection is still high, and the most frequent site
of tumor relapse is the remnant liver.

Two problems must be solved to improve prognosis. First, the
molecular mechanism of intrahepatic metastasis needs to be clari-
fied. Intrahepatic metastasis via portal blood flow, local blood flow,
and systemic circulation have been hypothesized.®” In this concep-
tualization, local intrahepatic metastasis arises from the drainage
area of the tumor blood flow. Cancer cells passing through the drain-
age area circulate in the systemic circulation and form intrahepatic
metastases. However, the molecular biology of intrahepatic metas-
tasis remains unclear and requires further investigation. Second,
serum AFP is widely used as a specific marker in adjunct surveillance,
but its disadvantage is low sensitivity. Novel serum biomarkers are
urgently required for improving the effectiveness of the surveillance
program.

EVs, including exosomes, microvesicles, and apoptotic bodies,
are small membrane vesicles secreted from various cell types into
the extracellular environment. EVs contain cell-specific proteins,
mRNA, and microRNAs (miRNAs) and are well established mediators
of cell-to-cell communication, participating in inflammation, immu-
nosuppression, angiogenesis, and drug resistance.8! In particular,
the horizontal transfer of miRNAs has been proposed as a new form
of intercellular communication by which donor cells can regulate
gene expression of recipient cells.*? In various carcinomas, miRNAs
are reported to be involved in the regulation of the tumor microen-
vironment, called the “pre-metastatic niche.” 51316 The contribution
of miRNAs to intrahepatic metastasis of HCC is evident, and we and
several other groups have reported on the roles of specific miRNAs
in intrahepatic metastasis and drug resistance.’"?® In addition, exo-
somal miRNAs have been highlighted as potential biomarkers in pa-
tients with malignancy.?*%°

In investigating the molecular mechanism of HCC metastasis,
comparisons of cell lines of different origins may be complicated to
understand because of inter-line heterogeneity. In vivo selection,
with the goal of generating sequential malignant metastatic cell line
from the same cell line origin, is an effective method to help clar-
ify the metastatic mechanism.?%?” In the present study, we estab-
lished a novel, highly intrahepatic metastatic HCC cell line using in

vivo selection. Our aim was to clarify the molecular mechanisms of

intrahepatic metastasis for the purposes of identifying a novel prog-
nostic marker of HCC.

2 | MATERIALS AND METHODS
2.1 | Cell culture

We used a luciferase stably expressing human liver cancer cell
line: Huh-7-Luc (RRID:CVCL_JG51), purchased from the Japanese
Collection of Research Bioresources Cell Bank (Osaka, Japan), and
human umbilical vein endothelial cells (HUVECs) purchased from
Lonza (Tokyo, Japan). HuH-7-Luc was cultured and maintained in
DMEM supplemented with 10% fetal bovine serum and 500 ug/mL
penicillin streptomycin. HUVECs were cultured and maintained in
endothelial cell growth medium 2-MV.

2.2 | Animals
Animal experiments were conducted using male CB17.Cg-
PrkdcscidlLystbg-J/CrICrlj mice, age 6-7 wk (Charles River, Japan).
All studies were performed in accordance with the ethical guide-
lines of the Declaration of Helsinki, Japanese Ethical Guidelines for
Human Genome/Gene Analysis Research, and Ethical Guidelines for
Medical and Health Research Involving Human Subjects at Osaka
University. Monitoring of tumor development was conducted by
weekly bioluminescence imaging using a Spectrum in vivo imaging
system (Caliper Life Sciences, Hopkinton, MA, USA). This study was
approved by the Animal Experiments Committee, Osaka University
(approval number, 28-010-011).

2.3 | Establishment of a highly intrahepatic
metastatic cell line

A new, highly intrahepatic metastatic cell line was established as fol-
lows. A cell suspension containing 1 x 10° HuH-7-Luc in a volume of
100 pL was injected into the spleen of mice. Tumor formation in the
liver was monitored by in vivo imaging after intraperitoneal luciferin
injections. At 3 or 4 wk after injection of cell suspension, liver tumors
were harvested and minced, and then incubated with collagenase
type I. The medium containing tumor cells was filtered through a
70-pm cell strainer and centrifuged at 400 g for 5 min at room tem-
perature. Tumor cells were placed in DMEM in a 6-cm dish. After the
cells were grown to confluency, tumor cells were injected into the
spleen again. We repeated this procedure for 4 cycles. The cell line
of the original HuH-7-Luc was designated as HuH-7P, and the HuH-

7-Luc after 4 cycles was designated as HuH-7M (clone A and clone
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B). The liver tumors were formalin fixed, and paraffin-embedded tis-
sue sections were examined using hematoxylin and eosin staining.

2.4 | Tumorigenesis assay by HuH-7P and HuH-7M
injection into the spleen

A cell suspension containing 1 x 10° HuH-7P or HuH-7M in a vol-
ume of 100 pL was injected into the spleen of anesthetized mice, fol-
lowed by splenectomy. At 28 d from the injection of cell suspension,

the liver was harvested.

2.5 | Invitro functional analysis

Proliferation was quantified using the Cell Counting Kit-8 (Dojindo
Laboratories). Apoptosis of HuH-7P and HuH-7M was detected by
annexin V assay as previously described.?® Cells that were posi-
tive for annexin V and propidium iodide were defined as apoptotic
cells. Apoptotic cells were counted using the FACS Cant Il (BD
Biosciences). The anoikis potential of HuH-7P and HuH-7M was
evaluated using the CytoSelect™ 24-well Anoikis Assay kit (Cell
Biolabs, Inc). Live cells can be detected with calcein AM or MTT,
which is a green fluorescent dye. Anoikis-induced cell death was
detected with ethidium homodimer (EthD-1), which is a red fluores-
cent dye. Cell viability was assessed using trypan blue (Invitrogen).
The cell suspension was mixed with trypan blue at 1:1 and the num-
ber of viable cells was measured by an automated cell counter (Cell

Counter model R1; Olympus).

2.6 | Preparation of exosomes from HuH-7P and
HuH-7M cell lines

HuH-7P and HuH-7M were washed with PBS, and the medium was
switched to advanced DMEM. After incubation for 2 d, the medium
was centrifuged at 2000 g for 10 min at 4°C. The supernatant was
filtered through a 0.22-mm Stericup (Millipore, Burlington, MA,
USA). The conditioned medium was ultracentrifuged at 110 000 g
for 70 min at 4°C. The pellets were washed and resuspended in
PBS. The fraction containing exosomes was measured for its protein
content using the Micro BCA protein assay kit (Thermo Scientific).
The size and quality of exosomes were determined using a LM10-HS
NanoSight instrument.

2.7 | Tumorigenesis assay by intraperitoneal
injection of HuH-7P-derived and HuH-7M-
derived exosomes

A cell suspension containing 1 x 10® HuH-7P in a volume of 100 pL
was injected into the spleen of mice, then splenectomy was per-

formed. In total, 5 pg of exosomes from HuH-7P or HuH-7M was
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intraperitoneally injected 6 times. At 28 d from cell injection, the
liver was harvested.

2.8 | Immunofluorescence staining

Immunofluorescence staining methods have been previously de-
scribed.?’ Immunostaining was performed using the following
primary antibodies: anti-VE-cadherin, anti-ZO-1, and anti-CD31
(Abcam). Sections were stained with the appropriate Alexa Fluor®
488-conjugated or 647-conjugated secondary IgGs (Abcam; Cell
Signaling).

2.9 | PKHé67-labeled exosome transfer

Purified exosomes derived from HuH-7P and HuH-7M were labeled
with a PKH67 green fluorescent labeling kit (Sigma-Aldrich) as de-
scribed previously.** HUVECs were incubated for 24 h with PKH67-
labeled exosomes. After counterstaining with DAPI, we analyzed the

cells using a fluorescence microscope (BZ-X700; Keyence).

2.10 | HUVEC exosome treatment

HUVECs were incubated for 48 h with HuH-7P- or HuH-7M-derived
exosomes. Then, we analyzed expression changes in HUVECs by
quantitative reverse transcription-polymerase chain reaction (qRT-

PCR), western blotting, and immunocytochemistry.

2.10.1 | gRT-PCR

Total RNA was isolated from exosomes or cell lines using the
miRNeasy Mini Kit (Qiagen) and from serum using the miRNe-
asy Serum/Plasma Advanced Kit (Qiagen). For miRNA, a reverse
transcription reaction was performed with the mir-X miRNA
First Strand Synthesis Kit (TaKaRa Bio). For qRT-PCR, we used
the mir-X miRNA gRT-PCR TB Green Kit (TaKaRa Bio), and ViiA
7 Software (Thermo Fisher Scientific, Inc). The sequences for
the hsa-miR-638, miR-663a, miR-3648, and miR-4258 prim-
ers were designed based on miRBase (http://www.mirbase.org).
Transcript levels were normalized to Ué for cell lines and to cel-
miR-39 for exosomes and serum. For mRNA, gRT-PCR was per-
formed as previously described.’® Complementary DNA was
synthesized using the Reverse Transcription System (Promega).
Amplification products were quantified using the LightCycler-
DNA master SYBR Green | Kit (Roche Diagnostics), and target
gene expression levels were normalized to GAPDH expression
levels. The PCR primer sequences were as follows: GAPDH
primer, 5-CAGTATGACTCCACTCACGGC-3', and
GAPDH reverse primer, 5-GAGGGGCCATCCACAGTCTTC-3';

vascular endothelial-cadherin (VE-cadherin) forward primer,

forward
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5'-TTTGCCCAGCCCTACGAACCT-3', and VE-cadherin reverse
primer, 5-ACCGCCGTCATTGTCTGCCTC-3"; zonula occludens 1
(ZO-1) forward primer, 5'-GCTAAGAGCACAGCAATGGA-3’, and
ZO-1 reverse primer, 5-GCATGTTCAACGTTATCCAT-3". Data

were analyzed in accordance with the comparative C; method.

2.10.2 | Western blotting

Western blot analysis was performed as described previously.?’
Briefly, aliquots of total protein (10 ug) were electrophoresed on
sodium dodecyl sulfate polyacrylamide, 10% Tris-HCI gels (Bio-Rad
Laboratories). The separated proteins were transferred to polyvi-
nylidene difluoride membranes (Bio-Rad Laboratories) and incubated
with primary antibodies overnight at 4°C. Proteins were detected
using the following antibodies: anti-VE-cadherin (Abcam), anti-ZO-1,
anti-E-cadherin, anti-Zinc Finger E-Box Binding Homeobox 1 (ZEB1),
anti-N-cadherin, anti-Snail (Cell Signaling Technology, Danvers, MA,
USA), anti-CD13, anti-CD133, anti-EpCAM (Abcam) and anti-p actin
(Sigma, Tokyo, Japan).

2.10.3 | Immunocytochemical staining

Immunocytochemistry was performed as previously described.®!
Briefly, the cells were fixed with 4% paraformaldehyde, permea-
bilized with 0.1% Triton X-100, and blocked with 1% bovine serum
albumin. Proteins were detected with anti-VE-cadherin antibody
or anti-ZO-1 antibody. After counterstaining with DAPI, the im-
ages were captured using a confocal laser scanning microscope (FV
1000-D (IX); Olympus).

2.10.4 | In vitro permeability assay

The permeability of HUVEC monolayers grown on transwell filters
(0.4-pm pore size; BD Biosciences) was assessed by the passage
of FITC-conjugated dextran (FITC-dextran) (average MW ~70 000;
Sigma-Aldrich). Briefly, HUVECs were seeded into the upper cham-
ber to form a confluent cell monolayer. Then FITC-dextran was
added to the upper chamber. Then medium in the bottom well was
collected and the appearance of fluorescence was monitored at
485 nm excitation and 520 nm emission.

2.10.5 | miRNA microarray experiments

Microarray analysis of the purified RNAs obtained from HuH-7P-
and HuH-7M-derived exosomes was performed using the Toray
microRNA microarray system. Labeled RNAs were hybridized onto
3D-Gene Human miRNA Oligo chips (v.21; Toray Industries). Raw
and processed data from this analysis were deposited in the Gene

Expression Omnibus repository (accession number: GSE151169).

2.10.6 | Transfection

Cells were transfected with 10 nmol/L of mirVana mimic (miR-
mimic; miR-638, miR-663a, miR-3648, and miR-4258) or nontar-
geting negative control (miR-NC) oligonucleotides (Ambion) using
Lipofectamine RNAIMAX (Invitrogen).

2.10.7 | Clinical samples

We analyzed preoperative serum samples from 54 patients with
HCC who underwent curative resection (RO) between January 2012
and December 2015 at Osaka University Hospital. The expression
levels of miRNAs in serum were measured by gqRT-PCR. Patients
with a history of hepatectomy or preoperative therapy were ex-
cluded. Clinicopathological features including age, sex, hepatitis B
virus surface antigen, anti-hepatitis C virus antibody, Child-Pugh
classification, AFP levels, des-y-carboxy prothrombin levels, tumor
size, number of tumors, histological differentiation, microscopic por-
tal vein invasion, and liver cirrhosis are shown in Table 1. All patients
provided written informed consent before inclusion in the study,
and the study protocol was approved by the Human Ethics Review
Committee of the Graduate School of Medicine, Osaka University
(approval number 20109), which adhered to the guidelines of the
Declaration of Helsinki.

2.10.8 | Statistical analysis

Continuous variables are expressed as mean + standard deviation.
Categorical variables were compared using the chi-square or Fisher
exact test, as appropriate, and continuous variables were compared
using Student t test. DFS and OS were analyzed using the Kaplan-
Meier method, and differences between survival curves were com-
pared using the log-rank test. To evaluate the risks associated with
the prognostic variables, we performed multivariate analysis using
a Cox model, with determination of the hazard ratio and 95% confi-
dence interval. All variables with P < .05 in univariate analysis were
considered for inclusion in the multivariate analysis. Statistical analy-

ses were performed using JMP software v.14.0 (SAS Institute Inc).

3 | RESULTS

3.1 | Establishment of highly intrahepatic metastatic
cell line (HuH-7M) by in vivo selection

Figure 1A shows the schema of in vivo selection. After 4 cycles, a
novel, highly intrahepatic metastatic cell line (HuH-7M) was estab-
lished. The morphologic appearance of HuH-7M cell lines was simi-
lar to that of the parental line (HuH-7P). The HuH-7M formed more
metastatic nodules in the liver and showed significant increases in

liver metastatic activity compared with HuH-7P. Figure 1B showed
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TABLE 1 Relationship between
clinicopathological factors and serum
exosomal miR-638 expression level

Age

Sex (male/female)

Hepatitis B virus surface antigen
()

Anti-hepatitis C virus antibody (+)

Child-Pugh classification (A/B)

Alpha-fetoprotein (ng/ml)

Des-y-carboxy prothrombin
(mAU/ml)

Tumor size (cm)
Number of tumor (multiple/single)

Histological differentiation (well,
moderately/poorly)

Microscopic portal vein invasion
(+)

Liver cirrhosis (+)

Cancer Science NI aax

miR-638 expression

High expression Low expression group P

group (n = 27) (n=27) value
73 (56-84) 70 (56-81) 4058
18/9 17/10 7756
4/23 4/23 .9999
10/17 13/14 4085
25/2 25/2 .9999
16 (2-21 580) 23 (2-3100) 1349
290 (16-19 101) 340 (13-191 285) .3998
4.3 (1.3-14.5) 3.0(1.4-11.8) .2400
4/23 3/24 .6849
15/12 18/9 4017
8/19 7/20 7612
9/18 12/15 4017

Note: miR, microRNA.

the metastatic nodules after first cycles and fourth cycles of in vivo
selection in left and middle panel. The histological analysis of liver
tumors revealed that the tumor consisted of moderately differenti-
ated HCC (Figure 1B, right panel).

3.2 | Comparison of tumorigenesis assay

We compared tumorigenesis of HuH-7P and HuH-7M in vivo. Both
cell lines were simultaneously injected into the spleen, and splenec-
tomy was performed. Using the in vivo imaging system, we observed
that increased bioluminescence coincided with liver tumors in
HuH-7M (Figure 1C). The HuH-7M could form the metastatic nodule
of the liver in 67% (6 out of 9) of the mice (Figure 1D, lower panel),
whereas the HuH-7P yielded no liver metastasis (Figure 1D, upper

panel).

3.3 | Comparison of characteristics of HuH-7P and
HuH-7M

To investigate the characteristics of HuH-7P and HuH-7M, we
used proliferation, annexin V, and anoikis assays. In the prolifera-
tion assay, 2 clones of HuH-7M cell lines (clone A and clone B)
showed significant increases in proliferative ability compared with
the HuH-7P cell line (Figure 1E). We then used HuH-7M (clone
A) for subsequent experiments. Compared with HuH-7P, the
HuH-7M showed a more steeply decreased apoptosis rate of 3.4%
vs 13.4% (Figure 1F). The HuH-7M also showed more suppressed

anoikis-like cell death compared with HuH-7P, based on staining

with EthD-1 (Figure 1G, left panel). In addition, the viability of
HuH-7M was 1.1-fold greater than that of HuH-7P, based on MTT
colorimetric detection (Figure 1G, right panel). The cell viability of
HuH-7P or HuH-7M was not significant to be 96.5% and 96.1%,
respectively (Figure 1H). The expression change of epithelial-
mesenchymal transition markers of E-cadherin, ZEB1, N-cadherin
and Snail were not found between HuH-7P and HuH-7M cell lines
(Figure 1l1). The expression of the cancer stem cell markers re-
ported about HCC such as CD13, CD133 and EpCAM was similar
between HuH-7P and HuH-7M (Figure 1)).

3.4 | Exosomes derived from highly intrahepatic
metastatic HuH-7M are linked to increased liver
metastasis in vivo

We investigated in vivo the effect on liver metastasis of exosomes
derived from the highly intrahepatic metastatic cell line HuH-7M
(Figure 2A). Metastatic nodules in the liver were observed only in
mice treated with the HuH-7M-derived exosomes (liver metasta-
ses: 2 out of 6). No metastatic nodules were found in mice treated
with exosomes derived from the original cell line (HuH-7P; liver
metastases: 0 out of 5) (Figure 2B). Furthermore, hepatic metas-
tases were pathologically confirmed as moderately differentiated
HCC (Figure 2C). The immunostaining revealed that the expres-
sion of VE-cadherin and ZO-1 was observed in CD31-positive
endothelial cell in non-cancerous hepatic regions of mice treated
with HuH-7P-derived exosomes. Expression of both VE-cadherin
and ZO-1 was decreased in mice treated with HuH-7M-derived ex-

osomes (Figure 2D).
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FIGURE 1 Establishment of a novel highly intrahepatic metastatic cell line (HuH-7M) by in vivo selection and functional analysis. A,
Schema of the method of in vivo selection. B, Metastatic multiple nodules in the liver after first cycle (left panel) and fourth cycle (middle
panel) in vivo selection. The pathological examination (right panel). Scale bar, 100 um. C, Bioluminescence image of mice with injection of
HuH-7P (left image) and HuH-7M (right image). D, Tumorigenesis assay: the upper panel shows the HuH-7P injection, and the lower panel
shows the HuH-7M injection. Scale bars, 1.0 cm. E, Proliferation assay: the yellow line indicates the proliferative curve for HuH-7M clone A
and the red line the curve clone B; the black line indicates HuH-7P. F, Annexin V assay: apoptosis rates of HuH-7P and HuH-7M. G, Anoikis
assay: cell viability was determined by Calcein AM (green, left panel), whereas anoikis-like cell death was determined via staining with EthD-
1 (red, left panel). MTT methods also demonstrated viable cells (right panel). OD, optical density. H, Viability assay: cell viability of HuH-7P
and HuH-7M in cell suspension. |, The expression of epithelial-mesenchymal transition marker of HuH-7P or HuH-7M. J, The expression of
cancer stem cell marker of HuH-7P or HuH-7M. 1 P < .01. ns, not significant

3.5 | Exosomes derived from highly intrahepatic
metastatic HuH-7M downregulate endothelial cell VE-
cadherin and ZO-1 and increase the permeability of
endothelial monolayers

To investigate the influence of exosomes on HUVECs, we first
confirmed the uptake of PKH67-labeled exosomes into more than
90% of HUVECs (Figure S1). Next, we explored whether exosomes
secreted by highly intrahepatic metastatic HuH-7M attenuated
endothelial cell junction integrity. After 48 h of incubation with
HuH-7P- or HuH-7M-derived exosomes, HUVEC mRNA expres-
sion of VE-cadherin and ZO-1 was more steeply reduced with
HuH-7M-derived exosomes. In HUVECs with HuH-7M-derived
exosomes, VE-cadherin expression was downregulated 0.42-fold
more and ZO-1 expression 0.38-fold more (Figure 2E). Western
blotting analysis showed downregulation of VE-cadherin and ZO-1
in HUVECs incubated with HuH-7M-derived exosomes (Figure 2F).
Immunofluorescence staining revealed that HUVEC monolayers
treated with exosomes from HuH-7M exhibited a marked reduc-
tion of VE-cadherin and ZO-1 expression in the cell membrane,
indicating loss of contact between endothelial cells (Figure 2G).
In vitro endothelial permeability assay was performed to measure
the traversing of FITC-dextran as a tracer molecule through the
monolayer of HUVECs cultured with HuH-7P-derived or HuH-7M-
derived exosomes. The HUVEC monolayer cultured with HuH-
7M-derived exosomes allowed the passage of 2 times amounts of
FITC-dextran compared with the HUVEC monolayer cultured with
HuH-7P-derived exosomes (Figure 2H).

3.6 | On microarray analysis, specific miRNAs are
elevated in exosomes derived from highly intrahepatic
metastatic HuH-7M cells

Based on the preceding results, we suspected that specific miR-
NAs of HuH-7M-derived exosomes affected endothelial cells and
led to changes in VE-cadherin and ZO-1 expression. We also hy-
pothesized that these functional changes in endothelial cells fa-
cilitated formation of intrahepatic metastatic nodules by cancer
cells. To identify candidate exosomal miRNAs that might be in-
volved in intrahepatic metastasis, we performed miRNA micro-
array studies. We excluded miRNAs that were not detectable,

and 22 miRNAs with more than two-fold expression differences

HuH-7P-derived and HuH-7M-derived
were identified as candidates (Figure 3A, left panel: heatmap;

between exosomes
Figure 3A, right panel: expression data for 6 representative miR-
NAs: miR-638, miR-3648, miR-663a, miR-1246, miR-4258, and
miR-1290). Among these miRNAs, we selected miR-638, miR-
663a, miR-3648, and miR-4258 for subsequent experiments be-
cause the expression data for each of them could be validated by
gRT-PCR (Figure 3B).

Expression of these miRNAs was significantly upregulated in
HuH-7M-derived exosomes, by around 1.65- to 4.00-fold higher
compared with exosomes derived from HuH-7P (Figure 3B). In con-
trast, expression of miR-638 and miR-4258 in the HuH-7M was
significantly decreased compared with expression in the HuH-7P.
Expression of miR-663a and miR-3648 did not differ between the
2 cell lines (Figure 3C). After 48 h of incubation of HUVECs with
exosomes derived from HuH-7P or HuH-7M, the expression of the
miR-638, miR-663a, miR-3648, and miR-4258 was significantly up-
regulated in HUVECs exposed to exosomes derived from HuH-7M
compared to HUVECs exposed to HuH-7P-derived exosomes
(Figure 3D).

3.7 | MiR-638, miR-663a, miR-3648, and miR-
4258 downregulated VE-cadherin and ZO-1 in
endothelial cells and increased the permeability of
endothelial monolayers

We next explored whether miR-638, miR-663a, miR-3648, or miR-
4258 attenuated endothelial cell junction integrity. Each miRNA
was transfected into HUVECs, and the expression of each was con-
firmed to be elevated in HUVECs. On western blotting, the protein
expression of both VE-cadherin and ZO-1 was reduced in HUVECs
transfected with miR-mimic (638, 663a, 3648, or 4258) compared
with miR-NC (Figure 4A). Immunofluorescence staining revealed
that HUVEC monolayers transfected with miR-mimic (638, 663a,
3648, or 4258) exhibited a marked reduction in VE-cadherin and
Z0O-1 expression in the cell membrane compared with the negative
control (Figure 4B). In vitro endothelial permeability, the HUVEC
transfected with miR-638, miR-663a, miR-3648, or miR-4258
showed the increase passing of FITC-dextran through the HUVEC
monolayer compared with miR-NC. The amounts of FITC-dextran
after transfection of each miR-mimic (638, 663a, 3648, or 4258)

were 1.3 ~ 6.7 times compared with control (Figure 4C). These
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experimental results indicated that the 4 miRNAs identified from reduction in intracellular junction or tight junction proteins led to
HuH-7M-derived exosomes induced a reduction in endothelial in- loosen endothelial intercellular adhesions, allowing cancer cells ac-

tracellular junction or tight junction proteins in HUVECs. Then, the cess to form metastatic nodules in the liver.
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FIGURE 2 HuH-7M-derived exosomes increase intrahepatic metastasis and downregulate VE-cadherin and ZO-1 expression of HUVEC.
A, Experimental schema and time schedules of HuH-7P cell line injection and intraperitoneal injection of exosomes. B, Tumorigenesis
assay: HuH-7P plus HuH-7P-derived exosomes (upper panel) and HuH-7P plus HuH-7M-derived exosomes (lower panel). Arrowheads
indicate hepatic tumors. Scale bars, 1.0 cm. C, The pathological examination of the hepatic tumor. Scale bar, 100 um. D, Immunostaining of
VE-cadherin and ZO-1 in CD31-positive endothelial cell in non-cancerous hepatic regions of mice treated with HuH-7P-derived or HuH-
7M-derived exosomes. Scale bars, 50 um. E, VE-cadherin and ZO-1 mRNA expression of HUVECs treated with HuH-7P-derived or HuH-
7M-derived exosomes with normalization of GAPDH expression by qRT-PCR. F, Western blotting of VE-cadherin and ZO-1 for HUVECs
with HuH-7P-derived or HuH-7M-derived exosomes. G, Immunocytochemistry of VE-cadherin and ZO-1 for HUVECs. Scale bars, 20 um. H,
Permeability of HUVECs treated with HuH-7P-derived or HuH-7M-derived exosomes. 1t P < .01

3.8 | Clinical significance of serum miR-638
expression as a novel prognostic marker in HCC

To examine the clinical significance of serum exosomal miR-638,
miR-663a, miR-3648, and miR-4258 expression, we evaluated their
expression levels in exosomes of serum that was preoperatively col-
lected from 54 patients with HCC undergoing hepatectomy. The
patients were divided into 2 groups in accordance with the median
expression value of each miRNA. Kaplan-Meier survival analysis
showed that DFS rates were significantly lower with high vs low
expression of miR-638 (P = .0197). The 2-y DFS rate was 47.1% in
the high expression group and 77.4% in the low expression group
(Figure 5A). DFS did not differ by high vs low expression levels of
miR-663a, miR-3648, or miR-4258 (Figure 5B-D). After hepatectomy,
5 patients with distant metastasis and 21 patients with intrahepatic
metastasis were observed. The high expression group of miR-638
demonstrated significantly higher frequency of distant metastasis
(11.1%, P = .0064) and intrahepatic metastasis (51.9%, P = .0490)
compared with the low expression group (distant metastasis; 7.4%,
intrahepatic metastasis; 25.9%). The expression levels of miR-663a,
miR-3648, and miR-4258 did not influence the frequency of distant
metastasis and intrahepatic metastasis. OS rates were not signifi-
cantly different with high vs low expression of any of the miRNAs.

Table 1 summarizes the clinicopathological features of the
2 groups with high vs low miR-638 expression, which showed no
patterns of association. In univariate and multivariate analyses,
high miR-638 expression, being male, having high des-y-carboxy
prothrombin values, and having multiple tumors were independent
prognostic factors for DFS in HCC (Table 2).

4 | DISCUSSION

EVs, including exosomes, are derived from various cell types and
mediate cell-to-cell communication.®? Exosomes from malignant
cells have various roles, including in tumor growth, cancer progres-
sion, angiogenesis, drug resistance, creating an immunosuppressive
microenvironment, and metastasis.'®'%32 Cancer-derived exosomes
are transferred into normal stromal cells of the target organ and in-
duce an environment suitable for metastasis, which is the formation
of pre-metastatic niches. In the process of initiating the pre-met-
astatic niche, cancer-induced vascular permeability is an important
step. Cell-to-cell junctions between endothelial cells consist of ad-

herens junctions and tight junctions, which are critical in maintaining

vascular integrity.’? The downregulation or loss of tight junctions
and junction-associated proteins contributes to cancer progres-
sion by altering cancer cell migration to the stroma.'® Loss of these
membrane-associated adhesion molecules is also reported to at-
tenuate endothelial junction integrity, consequently destroying the
vascular barrier.” miRNAs may play major roles in regulating gene
expression in stroma cells of the tumor microenvironment. In breast
cancer, for example, exosomal miR-105, miR-181c, and miR-939 de-
stroy vascular endothelial barriers and promote vascular permeabil-
ity.*31% In HCC, exosomal miR-103 is reported to regulate ZO-1 and
VE-cadherin.”” Here, we established a novel, highly metastatic HCC
cell line and showed that exosomes facilitate intrahepatic metastasis
in vivo. Moreover, miRNA expression analysis identified 4 miRNAs
(miR-638, miR-663a, miR-3648, and miR-4258) that downregulate
VE-cadherin and ZO-1 in endothelial cells in vitro and in vivo. Among
these, miR-638 is reported to function as a tumor suppressor and
inhibits cell migration in HCC.23 It also influences cancer cell pro-
gression through the Wnt/B-catenin pathway and affects the cell
cycle by suppressing cyclin D1 expression.>*%> Another candidate,
miR-663a, also has a tumor suppressor function, showing anti-pro-
liferative effects and suppression of invasiveness and tumor growth
in HCC.%¢ Conversely, miR-3648 is reported to promote cell invasion
and migration in bladder cancer.”” Finally, miR-4258 is involved in
MEN1 parathyroid neoplasia.®®

Our study has demonstrated that these exosomal miRNAs
initiate the pre-metastatic niche by targeting VE-cadherin and
Z0O-1 in endothelial cells. The HuH-7M-derived exosomes sup-
pressed the expression VE-cadherin and ZO-1 of CD31-positive
endothelial cells in normal liver tissue and HUVEC. Moreover,
the HuH-7M-derived exosomes increased the passage of labeled
dextran through a monolayer of HUVEC. VE-cadherin forms the
endothelial adherens junction. It is an endothelium-specific mem-
ber of the cadherin family that binds via its cytoplasmic domain
to several protein partners, including p120 and p-catenin. ZO-1
is a central component of endothelial tight junctions, binding the
transmembrane proteins occludin and the claudins and linking
them to cytoskeletal actin. Both VE-cadherin and ZO-1 regulate
endothelial cell-cell adhesion and vascular barrier function®%4°
and, as we show here, the 4 miRNAs regulated expression of both
VE-cadherin and ZO-1. Previous reports have shown positive
regulation of ZO-1 and other tight junction proteins by miR-126,
miR-107, and miR-21, and negative regulation by miR-181a, miR-
98, and miR-150. Regarding VE-cadherin, miR-9, miR-99b, and

miR-181a are reported as regulators.** The mechanism regulating
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FIGURE 3 Identification of elevated miRNAs in HuH-7M-derived exosomes by microarray analysis and transfer of miRNAs to HUVECs.
A, Microarray and heatmap analysis for miRNAs from HuH-7P and HuH-7M-derived exosomes. The expression data and fold changes for
the representative 6 miRNAs in accordance with their global normalization are shown in the right panel. B, The expression data for miR-638,
miR-663a, miR-3648, and miR-4258 by qRT-PCR for validation of the microarray expression data. C, Expression of miR-638, miR-663a,
miR-3648, and miR-4258 in HuH-7P, and HuH-7M. D, HUVEC miRNA expression after incubation with HuH-7P-derived or HuH-7M-derived
exosomes. * P < .05; T P <.01; ns, not significant
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FIGURE 5 DFS associated with levels
of serum exosomal miRNA expression in
HCC patients. A, DFS curves for low and
high miR-638 expression by the Kaplan-
Meier method. B, Curves for low and high
miR-663a expression. C, Curves for low
and high miR-3648 expression. D, Curves
for low and high miR-4258 expression

Univariate Multivariate
HR 95% ClI P value HR 95% Cl P value
Age (270/<70) 2.5059 0.9972-6.2974 .0507
Sex (male/female) 3.0757 1.1404-8.2949 .0264 4.0486 1.3768-11.9048 .0110
Hepatitis B virus surface antigen (+) 0.9516 0.3264-2.7742 9277
Anti-hepatitis C virus antibody (+) 1.3645 0.6194-3.0058 4405
Child-Pugh classification (A/B) 1.0035 0.2347-4.2899 9962
Alpha-fetoprotein (220/<20 ng/mL) 0.9471 0.4290-2.0908 .8931
Des-y-carboxy prothrombin (2100/<100  3.7439 1.2798-10.9525 .0159 3.6223 1.1524-11.3859 .0276
mAU/mL)
Tumor size (25/<5 cm) 2.3437 1.0475-5.2438 .0382 1.2664 0.4991-3.2135 .6190
Number of tumors (multiple/single) 3.1849 1.1738-8.6416 .0229 3.6273 1.0927-12.0402 .0353
Histological differentiation (poorly/well, 2.3048 1.0441-5.0876 .0387 1.7253 0.7344-4.0532 .2107
moderately)
Microscopic portal vein invasion (+) 1.3128 0.5650-3.0502 .5269
Liver cirrhosis (+) 1.2455 0.5650-2.7457 .5861
miR-638 expression (high/low) 2.6354 1.1293-6.1503 00250 3.2128 1.2972-7.9567 .0117

Note: Cl, confidence interval, DFS, disease-free survival, HR, hazard ratio, miR, microRNA.

endothelial junction proteins is involved with so many miRNAs and
a better understanding of it is needed for development of new
anti-angiogenesis therapies.

In HCC, the most common diagnostic marker is AFP.4243 The
American Association Society of Liver Disease also recommends
checking serum AFP for surveillance in patients with cirrhosis.**
However, the false-negative rate is approximately 40% in early stage
HCC,? so the need is urgent for non-invasive biomarkers for HCC
surveillance. Several specific miRNAs can act as diagnostic and pre-

dictive markers for several malignancies. In our study, we found that

expression levels of serum miR-638 in exosomes could be an inde-
pendent prognostic marker for patients with HCC. These findings
suggest that miR-638 in serum may be promising for surveillance of
HCC recurrence. In our cohort, the 2-y DFS rate in the group with
high miR-638 expression was 47.1%, compared with 77.4% in the
low expression group. In general, the recurrence pattern of HCC can
be divided into intrahepatic metastasis and multi-centric recurrence.
The main cause of tumor relapse with HCC within 2 y after cura-
tive resection is intrahepatic metastasis. The expression of miR-638

could distinguish these 2 groups well, likely because of its role in
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the molecular mechanism of endothelial cell downregulation of VE-
cadherin and ZO-1.

The methodology of in vivo selection has proved to be useful
for studies of cancer because it aims to generate sequential ma-
lignant metastases from the same cell line origin. For this reason,
it could be a solution to problems with heterogeneity among cell
lines.?” We applied this method to establish a new, highly intra-
hepatic metastatic HCC cell line from an original HuH-7-Luc line.
The highly intrahepatic metastatic cells (HuH-7M) had different
characteristics from the original line. HuH-7M showed slightly
increased proliferative ability and suppressed anoikis, a type of
programmed cell death induced by the loss of extracellular matrix
attachment. We can speculate that HuH-7M can survive longer
within the portal vein and the released exosomes from HuH-7M
downregulate the VE-cadherin and ZO-1 of endothelial cells and
it results to loosen the cell-to-cell junction. Finally, HuH-7M can
easily migrate to the stroma of the target organ, forming a meta-
static nodule in the liver.

In conclusion, we found that a novel, highly metastatic cell line
is more likely to survive by suppressing anoikis. Specific miRNAs
(miR-638, miR-663a, miR-3648, and miR-4258) in the exosomes
from highly metastatic cell line can promote vascular permeabil-
ity and initiate the pre-metastatic niche via downregulation of
endothelial cell VE-cadherin and ZO-1 expression. Among these
4 miRNA candidates, serum exosomal miR-638 expression shows
promise as a significant and independent prognostic marker in pa-
tients with HCC.
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