Molecular

Oncology

Exosome-transmitted circ_NVIMP2 promotes hepatocellular
carcinoma metastasis by upregulating MiMP2

Dengrui Liu', Hongxia Kang?, Mingtai Gao", Li Jin®**, Fang Zhang* Donggin Chen®

and Linghui Xiao’

, Mianli Li®

1 Department of Pediatric Surgery, the First Hospital of Lanzhou University, China

2 Department of Anesthesiology, Gansu Provincial Hospital, Lanzhou, China

3 Department of Radiotherapy, Sichuan Cancer Hospital & Institute, Sichuan Cancer Center, School of Medicine, University of Electronic
Science and Technology of China, Chengdu, China

4 Laboratory for Advanced Interdisciplinary Research, the First Affiliated Hospital of Wenzhou Medical University, China

5 Department of Medical Oncology, Jiangsu Cancer Hospital & The Affiliated Cancer Hospital of Nanjing Medical University, China

6 Oncology Department, Binzhou Medical University Hospital, China

7 Infectious Disease Department, Hospital of Chengdu University of Traditional Chinese Medicine, China

Keywords
circ_MMP2; exosome; HCC; metastasis;
MMP2

Correspondence

M. Li, Oncology Department, Binzhou
Medical University Hospital, No. 661
Huanghe 2nd Road, Binzhou, Shandong
256603, China

E-mail: muju90519743@163.com

and

L. Xiao, Infectious Disease Department,
Hospital of Chengdu University of Traditional
Chinese Medicine, No. 39 Shi-er-giao Road,
Chengdu, Sichuan 610072, China

E-mail: houhui67400758@163.com

(Received 31 May 2019, revised 18 October
2019, accepted 10 January 2020, available
online 6 May 2020)

doi:10.1002/1878-0261.12637

Exosomes released by tumor cells have been recently identified as impor-
tant determinants of tumor progression. They often carry circular RNAs
that are differentially expressed in tumors and may regulate tumorigenesis
and metastasis. Here, we showed that supernatant of 97H hepatocellular
carcinoma (HCC) cell line could promote metastasis in L0O2 human liver
cells and HCC cell lines. Moreover, we determined that circ. MMP2 (has_-
circ_0039411) could be delivered by 97H- or LM3 cell-derived exosomes to
L02 and HepG2 cell cultures. High expression of circ. MMP2 led to the
upregulation of its host gene matrix metallopeptidase 2 (MMP2) via the
sponging of miR-136-5p. Rescue assays demonstrated that miR-136-5p and
MMP2 were two essential participants in HCC metastasis. Finally, high
level of circ. MMP2 or MMP2, as well as low level of miR-136-5p, was
correlated with low overall survival of HCC patients. Our study highlights
a novel molecular pathway in HCC cell-derived exosomes.

1. Introduction

Hepatocellular carcinoma (HCC) is

the treatment of HCC, which limits the overall sur-
vival of HCC patients (European Association for the

acknowledged as Study of the Liver, European Organisation for

the third common malignant tumor worldwide (Singal
and El-Serag, 2015). Liver fibrosis and cirrhosis are
two major reasons for the initiation of HCC (Bruix
et al., 2014). Recently, surgery resection and liver
transplantation are still the main curative methods for
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Research and Treatment of Cancer, 2012; Yu et al.,
2019). Hence, exploring novel molecular mechanism
associated with the malignant development of HCC is
very essential for the detection of novel therapeutic
strategy.

ceRNA, competing endogenous RNA; circRNAs, circular RNAs; CM, culture medium; EMT, epithelial-mesenchymal transition; HCC,
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Exosomes are the important media for cell-cell com-
munication. Exosomes are small, nanometer-sized (50—
100 nm) vesicles originated from endocytosis, which can
be released by cells and transferred into extracellular
milieu under physiological or pathological condition.
Recently, exosomes have been reported to regulate tumor
progression by carrying or delivering a variety of biologi-
cal modulators, including miRNAs, mRNAs, and pro-
teins (Falcone et al., 2015; Paladini et al., 2016; Regev-
Rudzki et al., 2013; van der Pol et al., 2012). Exosomes
derived from tumor cells are crucial participants in biolog-
ical processes, such as epithelial-mesenchymal transition
(EMT) and tumor metastasis (Azmi et al., 2013; Junttila
and de Sauvage, 2013; Zhou et al., 2018). Increasing evi-
dence revealed that thousands of mammalian genome
encodes circular RNAs (circRNAs) (Sanger et al., 1976;
Westholm et al., 2014). circRNAs are characterized by
covalently closed loops and without protein-coding capac-
ity (Memczak et al., 2013). Recent literatures have eluci-
dated that circRNAs are biological participants in diverse
physiological and pathological processes (Li et al., 2018b;
Xu et al., 2018). Especially, the roles of circRNAs in
tumor progression are widely investigated in recent years
(Hsiao et al., 2017a; Song et al., 2016; Yang et al., 2017).
Mechanistically, circRNAs can function as competing
endogenous RNAs (ceRNAs) to upregulate mRNAs via
sequestering miRNAs in human cancers (Xu et al., 2017,
Zhong et al., 2017, 2018). Thus, investigating the roles of
circRNAs in HCC progression is necessary to discover
novel therapeutic strategy.

The aim of this study was to classify the mechanism
underlying the exosome-delivered circ. MMP2 released
by HCC cell lines. The malignant degree of normal cell
line and HCC cell lines was analyzed. Moreover, the
culture medium for 97H cell line (97H-CM) was used
to treat normal cell line and HCC cell line. The meta-
static ability was found to be stronger after cells were
treated with 97H-CM. Further investigation was used
to identify the exosomes derived from 97H or LM3
cell line transferred circ. MMP2. circ. MMP2 was iden-
tified to be located in cytoplasm and potentially
exerted ceRNA functions. The function of ceRNA
pathway was identified in this study by rescue assays.
Our research findings may contribute to offer new
potential therapeutic strategies for HCC.

2. Materials and methods

2.1. Clinical specimens

Metastatic or nonmetastatic tissues were collected
from HCC patients after resection in the First
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Hospital of Lanzhou University. All procedures of this
study were approved by the Ethical Committee of the
First Hospital of Lanzhou University. Before this
study, every patient enrolled in this study had given
the written informed consent.

2.2. Cell culture and transfections

Four human liver cancer cell lines (97H, LM3, SMMC-
7721, and HepG2) and human normal liver cell line L02
were purchased from Cell Bank of Type Culture Collec-
tion of the Chinese Academy of Sciences (Shanghai Insti-
tute of Cell Biology). DMEM (Gibco, Grand Island,
NYC, USA) supplemented with 10% FBS (Gibco) was
used as the culture medium for all HCC cell lines. RPMI-
1640 medium (Gibco) supplemented with 10% FBS
(Gibco) was used for L02 cell culture. Cell lines were cul-
tured in a humidified incubator with 5% CO, at 37 °C.
Short tandem repeat profiling was used to authenticate
cell lines were free from mycoplasma.

circ. MMP2 was stably silenced by using specific
shRNAs targeting circ. MMP2 (sh/circ. MMP2#1, sh/
circ. MMP2#2, or sh/circ. MMP2#3). Nonspecific
shRINA was used as negative control (shCtrl). siRNAs
were synthesized by GenePharma (Shanghai, China).
miR-136-5p mimics, inhibitor, or pcDNA3.1 vector
containing the whole sequence of MMP2 or empty
pcDNA3.1 vector was obtained from RiboBio Com-
pany (Guangzhou, China). All plasmid sequences are
listed in Table S1. Lipofectamine 2000 (Invitrogen,
Carlsbad, CA, USA) was used for all transfections.

2.3. Quantitative real-time PCR analysis

Total RNA was isolated with TRIzol reagent (Invitro-
gen), either from frozen tissues or from cultured cells.
Reverse transcription of total RNA (1 pg) was made
by using the Superscript III transcriptase (Invitrogen).
Bio-Rad CFX96 system (Bio-Rad, Hercules, CA,
USA) with SYBR green was used to conduct RT-—
gPCR, thereby examining the expression level of
genes. RNA expression was normalized to GAPDH.
Primers for circ. MMP2 were obtained in accordance
with the head-to-tail junction. PCR primers are pro-
vided in Table SI.

2.4. Western blotting analysis

Whole proteins extracted from cell lines were lysed in
RIPA buffer and were centrifuged at 4000 g for about
15 min. Bicinchoninic acid assay was performed to
determine protein concentrations. Proteins separated
on 12% SDS/PAGE gel were removed onto PVDF
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membranes (Millipore, Billerica, MA, USA). After
blocking, specific primary antibodies against E-cad-
herin (ab133597, 1 :1000), N-cadherin (ab245117,
1 : 1000), MMP2 (ab215986, 1 : 1000), and GAPDH
(ab181602, 1 :2000) were used to incubate mem-
branes. All antibodies used in this study were pur-
chased from Abcam (Cambridge, UK). Then, the
membranes were incubated with HRP-conjugated sec-
ondary antibodies and visualized using ECL system
(Thermo Fisher Scientific, Rochester, NY, USA).

2.5. Transwell invasion assay and wound-healing
assay

Invasive cells were measured by using transwell Matrigel
assay. At first, 5 x 10* L02 and HepG2 cells were plated
into 24-well plates with required inserts (Corning,
Corning, NY, USA). The inserts contained FBS-free
medium. However, medium supplemented with 10% FBS
was put into the outside of the inserts. Then, the inserts
were added with equal amounts of 97H- or LM3 cell-
derived exosomes. Twenty-four hours later, the inserts
were fixed and stained with crystal violet in accordance
with the user guidance. The number of invasive cells was
calculated after representative fields were photographed.
Migratory ability of cells was measured by wound-
healing assay. Firstly, L02 or HepG2 cells at equal
numbers were plated into six-well plates. Next, the cell
monolayers on the plates were wounded by using a
pipette tip to make a gash. Twenty-four hours later,
wound healing was measured under a microscope by
observing the cells that migrated into the clear gash.

2.6. Animal studies

To examine the tumor formation ability of different
cell lines, 1 x 10° L02 or HCC cell lines were injected
into the body of male nude mice via subcutaneous
injection. Tumor growth was measured every 4 days
with digital calipers. Twenty-eight days later, the mice
were sacrificed and tumors were resected. Tumor
growth was monitored every 4 days. Tumor weight
and tumor volume were measured. Animal experi-
ments conducted in this study had been approved by
the First Hospital of Lanzhou University. Tissues iso-
lated from the nude mice in different groups were sub-
jected to immunohistochemistry.

2.7. In vivo metastasis assay

Metastatic nodules were calculated as previously
described (Xiao et al., 2019). Metastatic lung was
detected with hematoxylin and eosin staining.

Exosomal circ_MMP2 regulates HCC

2.8. Isolation and analysis of exosomes

Isolation of exosomes was performed in accordance with
a previous study (Kornilov et al., 2018). Exosome was iso-
lated from equal numbers of different cells that were cul-
tured in 10-cm plates containing fresh DMEM
supplemented with serum. Exosome was depleted by cen-
trifugation at 120 000 g for 1 h. Forty-eight hours later,
0.22-pm filters (Millipore) were used to filtrate CM for
collection. Exosomes in CM were isolated by ultracen-
trifugation experiments with Optima MAX-XP (Beckman
Coulter, Pasadena, CA, USA). Exosomes were observed
under a Philips CM120 BioTwin transmission electron
microscope (FEI Company, Hillsboro, OR, USA).

2.9. PKH67 staining

As previously described (Ren et al., 2019), exosomes
(5 ng) were probed by using PKH67 labeling KH67
Fluorescent Cell Linker Kits (Sigma-Aldrich, St.
Louis, MO, USA). At first, labeled exosomes uptake
into recipient cells were collected from 100 mL of cul-
ture medium. DMEM with or without PKH67-labeled
exosome solution was added to each well so as to
assess the uptake of exosomes into recipient cells.

2.10. Transmission electron microscopy

For this assay, first 0.2 M phosphate buffer (200 pL) was
used for exosome pellet resuspension followed by mixture
of 4% paraformaldehyde with an equal volume (1 : 1).
Then, we pipette 5 uL aliquot from each specimen onto
UV-treated nickel electron microscopy grids (200 mesh)
coated with formvar/carbon and let it absorb for about
20 min. 2.5% glutaraldehyde was utilized for fixating exo-
somes for 5 min, followed by 2% uranyl acetate treatment
for 10 min. Eventually, Hitachi H-7600 transmission elec-
tron microscope analysis was conducted at 80 kV.

2.11. Nanosight particle tracking

Collected exosome samples were diluted utilizing sterile
PBS at 1 : 50, and then, they got injected into Nanosight
NS300 unit (Malvern Instruments, Westborough, MA,
USA). Following the guide’s recommendations, we manu-
ally operated capture and analysis settings. Laser light
scattering was utilized for particle visualization, followed
by a Brownian motion capture through a digital video.
Following, the videotapes were recorded, NANOPARTICLE
TRACKING ANALYSIS (NTA) 2.3 software (Shanghai XP
Biomed Ltd., Shanghai, China) was used for later analysis
tracking more than 200 individual particles each run. On
the basis of light scattering and Brownian motion, the
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software produced size distribution profiles with high res-
olution and measured the concentration for the tracked
particles.

2.12. Immunofluorescence

Antibodies against CD63, CD81, and secondary antibod-
ies with Alexa Fluor® 594 (1 : 1000; Life Technologies,
Thermo Fisher Scientific, Waltham, MA, USA) were used
for immunofluorescence staining. DAPI was used to stain
the nucleus as a control. Images were visualized by using
the FV-1200 laser scanning confocal microscope.

2.13. Luciferase analysis

Cells plated in 24-well plates were transfected with
Lipofectamine 3000 (Invitrogen). pRL-TK was taken
as an internal control. Based on the manufacturer’s
manual, Dual-Luciferase Assay (Promega, Madison,
WI, USA) was used for the detection of luciferase
activity. To ascertain the influence of circ. MMP2 on
the transcriptional activity of MMP2, pGL3 luciferase
reporter assay was conducted. We introduced MMP2
promoter into the pGL3 plasmid vector (Promega).
L02, HepG2, and 293T were cotransfected with the
luciferase  constructs described above and the
circ_. MMP2-overexpressing vector or normal control
(NC). A Luciferase Reporter Assay Kit (Promega) was
used to reflect the MMP2 promoter activity.

2.14. RNA immunoprecipitation

According to the previous study (Cai et al., 2019),
Ago2-RIP assay was conducted to validate the interac-
tion between circ. MMP2 and miR-136-5p as well as
between MMP2 and miR-136-5p.

2.15. RNA pull-down assay

pAd-Track-cmv-circ. MMP2 was transfected into 97H-
CM-cultured HepG2 cells to overexpress cir-
cRNA_MMP2. Total RNA was isolated from 97H-
CM HepG2 cell transfected with circ. MMP2. About
100 pg total RNA was used to incubate streptavidin
magnetic beads (500 pg, S1421S; NEB, Ipswich, MA,
USA) which had been incubated with 200 pmol biotin-
miR-874-3p, biotin-miR-136-5p, or biotin-miR-299-3p.
Finally, the binding RNA was eluted and subjected to
RT—qPCR assay for circ. MMP2 detection.

2.16. Statistical analysis

Data were analyzed using the spss software version
16.0 (IBM, Armonk, NY, USA). Results obtained
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from three independent experiments were presented as
mean + SD. Statistical significance was evaluated by
using Student’s z-test and one-way ANOVA. Expres-
sion correlation between genes was analyzed with
Pearson’s correlation analysis. Statistical significance
of data was identified when P value less than 0.05.

3. Results

3.1. Metastatic ability of human normal liver cell
line and HCC cell lines

At first, the migratory and invasive ability of one
human normal liver cell line and four HCC cell lines
was assessed by wound-healing and transwell invasion
assays. According to the experimental result, migratory
ability of HCC cell lines was stronger than that of nor-
mal cell line (Fig. 1A,B). EMT is an important biologi-
cal process that is closely associated with cell
migration and invasion. Here, western blotting was
used to identify EMT-related proteins (E-cadherin and
N-cadherin) in different cell lines. Unsurprisingly,
decreased E-cadherin level and increased N-cadherin
level were detected in HCC cell lines compared with
the normal cell line (Fig. 1C). Furthermore, all these
five cell lines were injected into nude mice. Twenty-
eight days later, we observed tumor growth in differ-
ent groups. The results showed that tumors derived
from HCC cell lines were bigger than those derived
from normal cell lines (Fig. 1D). Tumor volume and
tumor weight presented the same tendency with tumor
size (Fig. 1E,F). Subsequently, IHC staining indicated
that HCC cell lines presented the lower positivity of E-
cadherin and higher positivity of N-cadherin than nor-
mal cell line (Fig. 1G). In vivo metastatic detection
showed lung metastasis nodes in HCC group more
than that in normal group (Fig. 1H). Taken together,
we identified that the metastatic ability of HCC cell
lines, especially 97H and LM3 cell lines, is significantly
stronger than normal liver cell line.

3.2. High metastasis was observed in cell lines
treated with 97H-CM

Considering the highest metastasis of 97H, the L02 cell
line and HepG?2 cell line were treated with the culture
medium of 97H (97H-CM). Similarly, we applied
in vitro and in vivo experiments to test metastatic abil-
ity. Interestingly, we found that the migratory and
invasive ability of original L02 and HepG2 cell lines
was weaker than cell lines treated with 97H-CM
(Fig. 2A.B). Additionally, we determined that there
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Fig. 1. Metastatic ability of human normal liver cell line and HCC cell lines. (A, B) The migratory and invasive ability of one human normal
liver cell line and four HCC cell lines was assessed by wound-healing and transwell invasion assays (mean 4+ SD; n = 6; one-way ANOVA).
(C) Western blotting was used to identify EMT-related proteins (E-cadherin and N-cadherin) in different cell lines. (D) Tumors derived from
normal liver cell line or four HCC cell lines were resected. (E, F) Tumor volume (mean + SD; n = 4; two-way ANOVA) and tumor weight
(mean + SD; n = 4; one-way ANOVA) in different groups were calculated and shown. (G) IHC staining indicated that HCC cell lines
presented the lower positivity of E-cadherin and higher positivity of N-cadherin than normal cell line (scale bar = 50 um; mean + SD; n = 4;
one-way ANOVA). (H) In vivo metastatic detection was applied to test lung metastasis nodes in HCC group and normal group (scale
bar = 50 um; mean + SD; n = 4; one-way ANOVA). P < 0.05, P < 0.01, and P < 0.001 indicated data were statistically significant. n.s., no
significance.
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were relative lower level of E-cadherin and higher level
of N-cadherin in 97H-CM group compared with the
original cell lines (Fig. 2C). Animal study revealed that

D. Liu et al.

volume and tumor weight presented the same tendency
(Fig. 2E,F). And 97H-CM group exhibited lower E-
cadherin positivity and higher N-cadherin positivity

tumor growth in 97H-CM group was faster than that compared with control group (Fig. 2G). Finally, we

in control group (Fig. 2D). Consistently, tumor observed the lung metastatic nodes in different groups.
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Fig. 2. High metastasis was observed in cell lines treated with 97H-CM. (A, B) Migration and invasion in LO2 and HepG2 cell lines treated
with or without 97H-CM (mean 4 SD; n = 6; one-way ANOVA). (C) The levels of E-cadherin and N-cadherin in 97H-CM group or original
group. (D) Animal study revealed that tumor growth in 97H-CM group was faster than control group. (E, F) Tumor volume (mean + SD;
n =4, two-way ANOVA) and tumor weight (mean + SD; n = 4; Student’s ttest) in different groups were measured. (G) Positivity of E-
cadherin or N-cadherin in 97H-CM group or control group was assessed by IHC staining (scale bar = 50 um; n=4). (H) Lung metastasis
nodes for 97H-CM group or control group were measured and counted (scale bar = 50 um; mean + SD; n = 4; Student's ttest). P < 0.05,
P < 0.01, and P < 0.001 indicated data were statistically significant.
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As expected, lung metastasis nodes of 97H-CM group
were observed more than that in control group
(Fig. 2H). Therefore, we confirmed that 97H-CM-cul-
tured cell lines had strong metastatic ability.

3.3. circ_MMP2 was transferred by LM3 and 97H-
derived exosomes

It has been reported that tumor cell-derived exosomes
can transfer differentially expressed genes to regulate
cellular processes. In current study, we investigated
whether LM3 and 97H cells can carry circRNAs.
Through PKH67 staining, we identified the cup-shaped
structure and size of exosomes released by 97H and
LM3 cells (Fig. 3A,B). In addition, the isolated particles
were verified to be exosomes via detection of character-
istic CD63 and CD81 (Fig. 3C). TAM was used to
probe the exosomes derived from LM3 and U97H cells
(Fig. S1A,B). Moreover, the IF staining of CD63 and
CD81 was also used to detect the characteristic CD63
and CD81 (Fig. S1C). Confocal imaging of the delivery
of Dio-labeled exosomes to Dil-labeled L02 and HepG?2
cells was obtained (Fig. S1D). To confirm the function
of exosomes delivered from 97H and LM3 cells, we also
conducted in vitro and in vivo experiments in L02 and
HepG?2 cells under the condition of with or without
97H exosome. Through in vitro functional assay, we
determined that cell migration, invasion, and EMT pro-
gress were promoted after L02 and HepG2 cells were
treated with 97H exosome (Fig. S2A-C). Moreover,
in vivo experiments demonstrated that tumor growth
was accelerated by the treatment with 97H exosome
(Fig. S2D-F). The lower positivity of E-cadherin and
higher positivity of N-cadherin were measured in
tumors derived from L02 and HepG2 cells treated with-
out 97H exosome (Fig. S2G). Meanwhile, the meta-
static nodules were found to be much less in control
group than 97H exosome group (Fig. S2H). Next,
microarray analysis was applied to identify circRNAs
that were transferred by 97H- or LM3-derived exo-
somes. The results indicated that there were eight cir-
cRNAs are significantly upregulated in exosomes
(Fig. 3D). The expression of these eight circRNAs was
further validated in paired metastatic or nonmetastatic
tissues. Quantitative real-time PCR (qQRT-PCR) analy-
sis showed that has_circ_0039411 (circ. MMP2) was
markedly upregulated in metastatic tissues (Fig. 3E).
The expression of circ. MMP2 was further measured in
normal hepatic cell L02 and four HCC cells. As
expected, circ. MMP2 was expressed at a higher level in
HCC cells compared with L0O2 cell (Fig. S3A). Next, the
circular structure of these circRNAs was analyzed and
validated by Sanger sequencing (Fig. 3F). Through

Exosomal circ_MMP2 regulates HCC

PCR and an agarose gel electrophoresis assay, we deter-
mined the expression level of back-spliced or canonical
forms of MMP2 in cDNA and gDNA of LM3 cell lines
(Fig. 3G). Further qRT-PCR analysis revealed that cir-
cular MMP2, rather than linear MMP2, resisted RNase
R digestion (Fig. 3H). Additionally, the stability of
circ. MMP2 in LM3 cells treated with actinomycin D
(inhibitor of RNA synthesis) was stronger than that of
linear MMP2 (Fig. 31). These findings suggested the
delivery of exosome in 97H and LM3 cells.

3.4. Silencing of circ_MMP2 weakened
metastatic ability of normal cell line and HepG2
cell line

Based on the above findings, we confirmed that exo-
somes released by 97H and LM3 cell lines led to the
malignant phenotype formation of normal liver cell
line and contributed to metastasis of HCC cell lines.
To demonstrate the role of circ. MMP2 in above bio-
logical processes, we performed loss-of-function assays.
Knockdown efficiency of circ. MMP2 in two cultured
cell lines was obtained 48 h after shRNA transfection
(Fig. 4A,C). Subsequently, cell migration and invasion
were observed in 97H-cultured L02 and HepG2 cell
lines after silencing of circ. MMP2. It was found that
silencing of circ. MMP2 suppressed migration and
invasion in both cell lines (Fig. 4B). Then, we observed
that E-cadherin level was increased, but N-cadherin
and MMP2 levels were decreased in cell lines trans-
fected with circ. MMP2-specific shRNAs (Fig. 4D).
Additionally, in vivo experiments demonstrated that
tumor growth was significantly inhibited by the knock-
down of circ MMP2 (Fig. 4E,F). IHC staining
revealed that the positivity of E-cadherin was
increased, but the positivity of N-cadherin was
decreased in sh/circ. MMP2 group (Fig. 4G). Finally,
we determined that lung metastasis nodes were
reduced after silencing of circ. MMP2 (Fig. 4H). Thus,
we confirmed circ. MMP2 delivered by exosomes
released by 97H or LM3 cell line promoted the malig-
nant phenotype formation of normal liver cell line and
contributed to HCC metastasis.

3.5. circ_MMP2 regulated its host gene MIMIP2
via sequestering miR-136-5p

To analyze the molecular mechanism of circ. MMP2
exerted in HCC metastasis, we detected its cellular
localization. Based on RNA FISH and subcellular frac-
tionation assay, we identified that circ. MMP2 was pre-
dominantly located in cytoplasm of HCC cell lines
(Fig. 5A,B), suggesting the post-transcriptional

Molecular Oncology 14 (2020) 1365-1380 © 2020 The Authors. Published by FEBS Press and John Wiley & Sons Ltd. 1371



Exosomal circ_MMP2 regulates HCC D. Liu et al.

>

(]
£
8 _‘3,0(Q +00&
2 AN
@ _ RN
2 Exosome Diameter A
-
@ LM3-Exosome  79.4+5.1 CDE3| M_—
o
U§J 97H-Exosome 98.3+7.2 CD81| w——
L
D° E 10 [ non-metastasis
S [ Metastasis -
? 84
(0]
a
3
4 'M % 6 *k
4
S 44
i © H
4 ]
‘ 2
e 1
hsa_circ_0039411 hsa_circ_0108942 0 %
hsa_circ_0025624 hsa_circ_0085495 \e) > A g N} N
hsa_circ_0000523 hsa_circ_0083964 & & & & e e &
s L N $ & & N N KN N
hsa_circ_0000745 hsa_circ_0049657 c-)\&/ é(&/ c-}&/ é}&/ é‘\w é&/ cA}&/ é& >
& & & & & & & @
F
chr16(q12.2) [ B XY EEEW 160112 ] Ho:1E EHE B

MMP2

hsa_circ_0039411

circ_MMP2
(2209 bp)

G H I
HCCLM3 HCCLM3 C:'ICCLMS HCCLM3
M cDNA gDNA  cDNA gDNA 16 =Rn’aseR i e —+ circ_MMP2

T 14 —_% 14 <= =o-- MMP2 mRNA
? P <0.001 :
:( 1.2 — %
Z 1.0 %
14 <
< g S 8
g 6 z 61 N P<0.001
:,c—_“. 4 w 4 }----z_--_.}
3 2 2
% 00 004 '

<> A<D A<D P4<> P4 MMP2 mRNA circ MMP2 4 8 12 Time (h)

Fig. 3. circ_MMP2 was transferred by LM3 and 97H-derived exosomes. (A, B) The cup-shaped structure and size of exosomes released by
97H and LMS3 cells were assessed by PKH67 staining (scale bar = 10 um; n = 5) and NTA. (C) The isolated particles were verified to be
exosomes via detection of characteristic CD63 and CD81. (D) 38 miRNAs that can bind with both circ_MMP2 and MMP2 were subjected to
gRT-PCR analysis. The results were illustrated with a microarray image. (E) The expression of eight circRNAs was further validated in paired
metastatic or nonmetastatic tissues (mean + SD; n = 60; Student's ttest). (F) The circular structure of this circRNAs was analyzed and
validated by Sanger sequencing. (G) PCR and an agarose gel electrophoresis assay were used to determine the expression level of back-
spliced or canonical forms of MMP2 in ¢cDNA and gDNA of LM3 cell lines supplemented with or without RNase R. (H) gRT-PCR analysis
examined the resistance of linear MMP2 or circular MMP2 to RNase R digestion (mean + SD; n = 6; Student’s ttest). (I) The stability of
circ_LMMP2 or MMP2 mRNA in LM3 cells treated with actinomycin D (inhibitor of RNA synthesis) (mean + SD; n = 6; two-way ANOVA).
P < 0.01 and P < 0.001 indicated data were statistically significant. n.s., no significance.
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Fig. 4. Silencing of circ_MMP2 weakened metastatic ability of normal cell line and HepG2 cell line. (A) Knockdown efficiency or circ_MMP2
in LO2 and HepG2 cell lines treated with 97H-CM (mean + SD; n = 6; one-way ANOVA). (B, C) Cell migration and invasion were observed
in 97H-cultured L02 and HepG2 cell lines after silencing of circ_MMP2 (mean 4+ SD; n = 60; Student’s ttest). (D) Protein level of E-
cadherin, N-cadherin, and MMP2 was tested in cell lines transfected with circ_MMP2-specific shRNAs. (E, F) Tumor growth was observed
after knockdown of circ_MMP2 by calculating tumor volume (mean + SD; n = 4; two-way ANOVA) and tumor weight (mean + SD; n = 4;
Student’s ttest). (G) IHC staining revealed that the positivity of E-cadherin and N-cadherin in shCtrl or sh/circ_MMP2 group (scale
bar = 50 um; n = 4). (H) The effect of silencing of circ_MMP2 on lung metastasis nodes (scale bar = 50 um; mean + SD; n = 4; Student’s
ttest). P < 0.05, P<0.01, and P < 0.001 indicated data were statistically significant.

regulation of circ. MMP2. circRNAs can exert onco-
genic functions via regulating their host gene in ceRNA
models (Li ez al., 2018a; Qiu et al., 2018). MMP2 is
acknowledged as an oncogene that is correlated with
metastasis. According to above data, we determined
that circ. MMP2 positively regulated MMP2. There-
fore, we investigated whether circ. MMP2 can exert
ceRNA function to regulate MMP2. According to the
search results of StarBase database (http://starbase.

Molecular Oncology 14 (2020) 1365-1380 © 2020 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

sysu.edu.cn/), there are 38 miRNAs that have comple-
mentary base pairing with both circ. MMP2 and
MMP2 (Fig. 5C, left). Thirty-eight miRNAs were sub-
jected to qRT-PCR analysis in original cell line or
97H-CM-cultured cell lines, and the results showed that
ten miRNAs were significantly downregulated in cell
lines cultured in 97H-CM (Fig. 5C, right). Through
luciferase reporter assay, we excluded that circ. MMP2
could directly regulate MMP2 expression by
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Fig. 5. circ_MMP2 regulated its host gene MMP2 via sponging miR-136-5p. (A, B) Cytoplasmic localization of circ_MMP2 was determined
by RNA FISH (scale bar = 10 pm; n = 5) and subcellular fractionation assay (n = 6). (C) 38 miRNAs predicted from StarBase were subjected
to gRT-PCR analysis in original cell line or 97H-CM-cultured cell lines. (D) RNA pull-down assay further demonstrated the enrichment of
miR-136-5p, MiR-874-3p, and mMiR-299-3p in the products pulled down by biotin-circ_MMP2 probe (n=6). (E) The binding sequences
between these three miRNAs and MMP2-WT or MMP2-MUT were predicted and subjected to luciferase reporter assay (mean + SD;
n = 6; one-way ANOVA). (F) The enrichment of circ_MMP2, miR-136-5p, and MMP2 in RISC was validated by Ago2-RIP assay (mean + SD;
n = 6; Student’s ttest). (G) The expression of MMP2 in cell lines transfected with sh/circ_MMP2 or cotransfected with sh/circ_MMP2 and
miR-136-bp inhibitor (mean + SD; n = 6; one-way ANOVA). P < 0.05, P<0.01, and P < 0.001 indicated data were statistically significant.
n.s., no significance.
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transcriptional regulation (Fig. S3B). Pull-down assay
further demonstrated that miR-136-5p, miR-874-3p,
and miR-299-3p presented the highest enrichment in
the products pulled down by biotin-circ. MMP2 probe
(Fig. 5D). The binding sequences between these three
miRNAs and MMP2-WT or MMP2-MUT were pre-
dicted and subjected to luciferase reporter assay
(Fig. 5E). It was found that the luciferase activity of
wild-type MMP2 3'UTR (MMP2-WT) was signifi-
cantly decreased by the overexpression of miR-136-5p
mimics. We also performed qRT-PCR to quantify the
exact copy numbers of circ. MMP2 and miR-136-5p in
HCC cells and L02 cell. The results are shown in
Fig. S3C. High copy number was found in 97H and
LM3 cells, and the copy number of circ. MMP2 was
more than miR-136-5p in 97H and LM3 cells. Impor-
tantly, the decreased luciferase activity was recovered
by the introduction of circ. MMP2 expression vector.
There was no obvious change in the luciferase activity
of mutant type circ. MMP2 (MMP2-MUT). Ago2-RIP
assay further validated the enrichment of circ. MMP2,
miR-136-5p, and MMP2 in RISC (Fig. 5F), indicating
the ceRNA network was formed. Finally, we exam-
ined the expression of MMP2 in response to the
expression change in circ_ MMP2 or miR-136-5p. As
displayed in Fig. 5G, the expression of MMP2 was
impaired by the knockdown of cric. MMP2, while this
tendency was reversed partially by the cotransfection
of miR-136-5p inhibitor.

3.6. Clinical significance of circ_MIMP2/miR-136-
5p/MMP2 axis in HCC

Functional rescue assays were conducted to demon-
strate the role of miR-136-5p and MMP2 in HCC
metastasis. Intriguingly, cell migration and invasion
were significantly suppressed after transfection of
miR-136-5p mimics. However, decreased cell migration
and invasion were recovered after cotransfection with
MMP2 expression vector (Fig. 6A,B). Additionally,
increased E-cadherin level and decreased N-cadherin
level were measured in cell lines transfected with miR-
136-5p mimics (Fig. 6C), whereas this tendency was
reversed by the introduction of MMP2. To assess the
clinical significance of circ. MMP2, miR-136-5p, or
MMP2 in HCC, we measured the expression level of
them in different HCC samples. Intriguingly, relative
low level of miR-136-5p and the high level of MMP2
were observed in HCC tissues with metastasis
(Fig. 6D). Next, all HCC tissue specimens were classi-
fied into different groups in accordance with the med-
ian value of circ MMP2, miR-136-5p, or MMP2
expression.  After Kaplan-Meier analysis, we

Exosomal circ_MMP2 regulates HCC

determined that patients with high level of circ. MMP2
or MMP2 had a lower survival rate than those with
low level (Fig. 6E). Additionally, the overall survival
of HCC patients with low miR-136-5p level was worse
than those with high level. Therefore, we confirmed
that circ. MMP2 transmitted by 97H-derived exosomes
promoted HCC metastasis by sponging miR-136-5p to
upregulate MMP?2.

4. Discussion

Hepatocellular carcinoma is a common malignancy
that has become a challenge to public health. In this
study, we examined the malignant degree of different
HCC cell lines and measured the metastatic ability of
both normal liver cell line and HCC cell lines. As
expected, HCC cell lines had stronger metastasis than
normal cell line. Since 97H is the cell line with highest
metastasis, we used the culture medium of 97H cell
lines to incubate both normal cell line and HCC cell
line. In vitro and in vivo experiments supported that
cell lines cultured with 97H-CM had high metastasis.
More importantly, treatment with 97H-CM led to the
malignant formation of normal liver cell line.

Tumor microenvironment mediated by intercellular
communications is essential for tumor progression and
metastasis. As an element of dynamic system, exosome
can deliver the biological molecules into tumor cells,
thus promoting tumorigenesis or tumor progression
(Hwang et al., 2019; Uotani et al., 2017). Herein,
investigating the interaction between tumor progres-
sion and exosome-mediated stroma is necessary for
cancer research. Based on our experimental data, we
investigated whether 97H-CM containing exosome that
can deliver biological molecules to affect HCC metas-
tasis. In the current study, we determined that 97H
and LM3 cell lines carried circ. MMP2 and transferred
it into L0O2 and HepG3 cell lines. High level of cir-
cRNAs is correlated with high metastasis and fast
tumor progression (Chen et al., 2017, 2018; Hsiao
et al., 2017b; Shen et al., 2019). Here, we conducted
loss-of-function assays and uncovered that silencing of
circ. MMP2 efficiently suppressed HCC metastasis and
reversed the malignancy of normal L02 cell line.

Mechanistically, circRNAs can regulate its host gene
expression at post-transcriptional level. Our research
findings suggested that MMP2 is positively regulated
by circ. MMP2. MMP2, a metastasis-related protein,
promotes tumor metastasis (Chen et al., 2013; Incor-
vaia et al., 2007; Rahme and Israel, 2015; Zhu et al.,
2017). Therefore, we explored whether circ MMP2
positively regulated MMP2 via sequestering miRNAs.
After  bioinformatic  analysis and  mechanism

Molecular Oncology 14 (2020) 1365-1380 © 2020 The Authors. Published by FEBS Press and John Wiley & Sons Ltd. 1375



Exosomal circ_MMP2 regulates HCC

A B
= mm97H-CM L02
S oo, "HOTH-CM HepG2 B
®S =
=0 80 S
o0 N ud
£35 60 N P<0.01 P<001.- 2
8,‘3 N g
<= 40 z
2E20 5
ogel S
o< 0 =
14 éc) .\09 ,\0% \o"qu/
2 & SN S
Koo N S N @
NI MR PR
& FE I
N N NS
& & TS
NN NN
c D
mR-NC + — — — + — — -
miR-136-5p mimics — + + + — + 4+ 4
pcDNA3.1 - — + — - -+ -
pcDNA3.1/MMP2 - - — + - - - + '5
28
E-cadherin| S H [ p—— ‘ i
83
N-cadherin| s | [ o o
2E
MMP2| - - ‘ P 85
(14

GAPDH| e ‘ l e l
97H-CM L02 97H-CM HepG2

D. Liu et al.

97H-CM L02 97H-CM HepG2

100

o]
o

60

No. of invaded cells

*k ,—l
61 | — 5+ =134
n=26 s n=
S ]
@ n=26
4 S
- ga 3
n=234 3
0= o
2- 2%
k5]
[} .
& 1
c T T c L] T

Non-metastasis Metastasis

Non-metastasis Metastasis

E
- Circ_MMP2 low expression (n = 30) —~miR-136-5p low expression (n = 30) —~MMP2 high expression (n = 30)
-~ Circ_MMP2 high expression (n = 30) —~miR-136-5p high expression (n = 30) —~MMP2 low expression (n = 30)
1.0 1.01 1.0
= 0.8 — 081 — 081
2 g g
2 el < |
S 06 “—LL S 06 5 06
® o4 = | = |
S o4 £ 04 £ 04
3 2 3
0.21 O 02 0.21
P =0.004 g P =0.002 P =0.009
0.0— T T T T T T T 00" OO— T T T T T T T
0 10 20 30 40 50 60 0 10 20 30 40 50 60 0 10 20 30 40 50 60

Time (month)

Time (month)

Time (month)

Fig. 6. MMP2 and miR-136-bp are crucial participants in HCC metastasis. (A, B) Cell migration and invasion were examined in 97H-CM-
cultured LO2 and HepG2 cell lines after transfecting with miR-136-5p mimics or cotransfected with pcDNA3.1/MMP2 (mean + SD; n = 6;
one-way ANOVA). (C) The level of E-cadherin, N-cadherin, and MMP2 was examined in indicated cell lines. (D) Expression level of miR-136-
5p or MMP2 in HCC tissues with or without metastasis (mean + SD; n = 60; Student’s ttest). (E) Overall survival rate of HCC patients
with high or low level of circ_MMP2, miR-136-5p, or MMP2 (Kaplan—Meier method followed by log-rank test). P < 0.01 indicated data were

statistically significant. n.s., no significance. **means P < 0.01.

experiments, we identified that miR-136-5p could bind
to both circ MMP2 and MMP2. Hereto, we deter-
mined that circ. MMP2 acted as a ceRNA to regulate
its host gene MMP2 by sequestering miR-136-5p.
Next, rescue assays demonstrated that miR-136-5p
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exerted tumor-suppressive role in HCC metastasis.
Importantly, the suppressive function of miR-136-5p
was recovered by the upregulation of MMP2.
Increasing studies reported that circRNAs and their
downstream miRNAs or mRNAs are clinically
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Fig. 7. circ_MMP2 was delivered from 97H-derived exosome into L02 and HepG2 cells and promoted tumor metastasis and EMT process.

significant (Ding et al., 2018; Xia et al., 2016; Yang
et al., 2018; Zhang et al., 2017). In our present study,
we examined high expression of circ. MMP2 and
MMP2 in metastatic samples. More importantly, upreg-
ulation of circ. MMP2 and MMP2 was associated with
low overall survival rate of HCC patients. Therefore,
we determined the clinical significance of circ. MMP2
and MMP2 in HCC patients. In conclusion, this study
identified a novel ceRNA pathway in 97H-derived exo-
some (Fig. 7). Our research findings may contribute to
explore biomarkers in HCC treatment.

5. Conclusion

High level of circ MMP2 and its linear mRNA
MMP2 was identified in metastatic HCC samples.

Upregulation of circ. MMP2 and MMP2 indicated
poor overall survival rate of HCC patients.
circ. MMP2 was delivered by 97H- or LM3-secreted
exosomes into L02 and HepG2 cells and promoted
metastasis in HCC by sponging miR-136-5p to
enhance MMP2 expression. Our findings suggested
that circ. MMP2 may be a novel biomarker in HCC
treatment.

Acknowledgements

The authors thanks all participators. This work was
supported by the National Natural Science Founda-
tion of China (Nos. 81672928, 81571055, 81271225,
and 81171012) and Financial Grant from the China
Postdoctoral Science Foundation (No. 2017M621678).

Molecular Oncology 14 (2020) 1365-1380 © 2020 The Authors. Published by FEBS Press and John Wiley & Sons Ltd. 1377



Exosomal circ_MMP2 regulates HCC

Conflict of interest

The authors declare no conflict of interest.

Author contributions

DL designed the experiments. DL, HK, and MG per-
formed the experiments. LJ and FZ collected the clini-
cal samples and analyzed the data. DL and DC
prepared figures and drafted the manuscript. ML
supervised laboratorial processes. LX provided the
revision proposal and research fund. All authors read
and approved the final manuscript.

Ethic statement

All procedures of this study were approved by the Eth-
ical Committee of the First Hospital of Lanzhou
University. Before this study, every patient enrolled in
this study had given the written informed consent.
Animal experiments conducted in this study had been
approved by the First Hospital of Lanzhou University.

Data availability statement

Research data are available.

References

Azmi AS, Bao B and Sarkar FH (2013) Exosomes in
cancer development, metastasis, and drug resistance: a
comprehensive review. Cancer Metastasis Rev 32, 623—
642.

Bruix J, Gores GJ and Mazzaferro V (2014) Hepatocellular
carcinoma: clinical frontiers and perspectives. Gut 63,
844-855.

Cai X, Zhao Z, Dong J, Lv Q, Yun B, Liu J, Shen Y,
Kang J and Li J (2019) Circular RNA circBACH2
plays a role in papillary thyroid carcinoma by sponging
miR-139-5p and regulating LMO4 expression. Cell
Death Dis 10, 184.

Chen B, Wei W, Huang X, Xie X, Kong Y, Dai D, Yang
L, Wang J, Tang H and Xie X (2018) circEPSTI1 as a
prognostic marker and mediator of triple-negative
breast cancer progression. Theranostics 8, 4003—4015.

Chen J, Li Y, Zheng Q, Bao C, He J, Chen B, Lyu D,
Zheng B, Xu Y, Long Z et al. (2017) Circular RNA
profile identifies circPVT1 as a proliferative factor and
prognostic marker in gastric cancer. Cancer Lett 388,
208-219.

Chen PM, Wu TC, Shieh SH, Wu YH, Li MC, Sheu GT,
Cheng YW, Chen CY and Lee H (2013) MnSOD
promotes tumor invasion via upregulation of FoxM1-

D. Liu et al.

MMP?2 axis and related with poor survival and relapse
in lung adenocarcinomas. Mol Cancer Res 11, 261-271.

Ding HX, Lv Z, Yuan Y and Xu Q (2018) The expression
of circRNAs as a promising biomarker in the diagnosis
and prognosis of human cancers: a systematic review
and meta-analysis. Oncotarget 9, 11824-11836.

European Association for the Study of the Liver, European
Organisation for Research and Treatment of Cancer
(2012) EASL-EORTC clinical practice guidelines:
management of hepatocellular carcinoma. J Hepatol
56, 908-943.

Falcone G, Felsani A and D’Agnano 1 (2015) Signaling by
exosomal microRNAs in cancer. J Exp Clin Cancer
Res 34, 32.

Hsiao KY, Lin YC, Gupta SK, Chang N, Yen L, Sun HS
and Tsai SJ (2017a) Non-coding effects of circular
RNA CCDC66 promote colon cancer growth and
metastasis. Cancer Res 77, 2339-2350.

Hsiao KY, Lin YC, Gupta SK, Chang N, Yen L, Sun HS
and Tsai SJ (2017b) Noncoding effects of circular
RNA CCDC66 promote colon cancer growth and
metastasis. Can Res 77, 2339-2350.

Hwang WL, Lan HY, Cheng WC, Huang SC and Yang
MH (2019) Tumor stem-like cell-derived exosomal
RNAs prime neutrophils for facilitating tumorigenesis
of colon cancer. J Hematol Oncol 12, 10.

Incorvaia L, Badalamenti G, Rini G, Arcara C, Fricano S,
Sferrazza C, Di Trapani D, Gebbia N and Leto G
(2007) MMP-2, MMP-9 and activin A blood levels in
patients with breast cancer or prostate cancer
metastatic to the bone. Anticancer Res 27, 1519-1525.

Junttila MR and de Sauvage FJ (2013) Influence of tumour
micro-environment heterogeneity on therapeutic
response. Nature 501, 346-354.

Kornilov R, Puhka M, Mannerstrom B, Hiidenmaa H,
Peltoniemi H and Siljander P (2018) Efficient
ultrafiltration-based protocol to deplete extracellular
vesicles from fetal bovine serum. J Extracell Vesicles 7,
1422674.

Li R, Wang Y, Song X, Sun W, Zhang J, Liu Y, Li H,
Meng C, Zhang J, Zheng Q et al. (2018a) Potential
regulatory role of circular RNA in idiopathic
pulmonary fibrosis. Int J Mol Med 42, 3256-3268.

LiY, HulJ, Li L, Cai S, Zhang H, Zhu X, Guan G and
Dong X (2018b) Upregulated circular RNA
circ_0016760 indicates unfavorable prognosis in
NSCLC and promotes cell progression through miR-
1287/GAGE] axis. Biochem Biophys Res Comm 503,
2089-2094.

Memczak S, Jens M, Elefsinioti A, Torti F, Krueger J,
Rybak A, Maier L, Mackowiak SD, Gregersen LH,
Munschauer M et al. (2013) Circular RNAs are a large
class of animal RNAs with regulatory potency. Nature
495, 333-338.

1378 Molecular Oncology 14 (2020) 1365-1380 © 2020 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.



D. Liu et al.

Paladini L, Fabris L, Bottai G, Raschioni C, Calin GA
and Santarpia L (2016) Targeting microRNAs as key
modulators of tumor immune response. J Exp Clin
Cancer Res 35, 103.

Qiu L, Chang G, Bi Y, Liu X and Chen G (2018) Circular
RNA and mRNA profiling reveal competing
endogenous RNA networks during avian leukosis
virus, subgroup J-induced tumorigenesis in chickens.
PLoS ONE 13, ¢0204931.

Rahme GJ and Israel MA (2015) 1d4 suppresses MMP2-
mediated invasion of glioblastoma-derived cells by
direct inactivation of Twistl function. Oncogene 34,
53-62.

Regev-Rudzki N, Wilson DW, Carvalho TG, Sisquella X,
Coleman BM, Rug M, Bursac D, Angrisano F, Gee
M, Hill AF et al. (2013) Cell-cell communication
between malaria-infected red blood cells via exosome-
like vesicles. Cell 153, 1120-1133.

Ren R, Sun H, Ma C, Liu J and Wang H (2019) Colon
cancer cells secrete exosomes to promote self-
proliferation by shortening mitosis duration and
activation of STAT3 in a hypoxic environment. Cel/
Biosci 9, 62.

Sanger HL, Klotz G, Riesner D, Gross HJ and
Kleinschmidt AK (1976) Viroids are single-stranded
covalently closed circular RNA molecules existing as
highly base-paired rod-like structures. Proc Natl Acad
Sci USA 73, 3852-3856.

Shen F, Liu P, Xu Z, Li N, Yi Z, Tie X, Zhang Y and
Gao L (2019) CircRNA_001569 promotes cell
proliferation through absorbing miR-145 in gastric
cancer. J Biochem 165, 27-36.

Singal AG and El-Serag HB (2015) Hepatocellular
carcinoma from epidemiology to prevention:
translating knowledge into practice. Clin Gastroenterol
Hepatol 13, 2140-2151.

Song X, Zhang N, Han P, Moon BS, Lai RK, Wang K
and Lu W (2016) Circular RNA profile in gliomas
revealed by identification tool UROBORUS. Nucleic
Acids Res 44, e87.

Uotani K, Fujiwara T, Yoshida A, Iwata S, Morita T,
Kiyono M, Yokoo S, Kunisada T, Takeda K, Hasei J
et al. (2017) Circulating microRNA-92b-3p as a novel
biomarker for monitoring of synovial sarcoma. Sci Rep
7, 14634.

van der Pol E, Boing AN, Harrison P, Sturk A and
Nieuwland R (2012) Classification, functions, and
clinical relevance of extracellular vesicles. Pharmacol
Rev 64, 676-705.

Westholm JO, Miura P, Olson S, Shenker S, Joseph B,
Sanfilippo P, Celniker SE, Graveley BR and Lai EC
(2014) Genome-wide analysis of drosophila circular
RNAs reveals their structural and sequence properties
and age-dependent neural accumulation. Cell Rep 9,
1966-1980.

Exosomal circ_MMP2 regulates HCC

Xia W, Qiu M, Chen R, Wang S, Leng X, Wang J, Xu Y,
Hu J, Dong G, Xu PL et al. (2016) Circular RNA
has_circ_0067934 is upregulated in esophageal
squamous cell carcinoma and promoted proliferation.
Sci Rep 6, 35576.

Xiao YY, Lin L, Li YH, Jiang HP, Zhu LT, Deng YR,
Lin D, Chen W, Zeng CY, Wang LJ et al. (2019)
ZEBI1 promotes invasion and metastasis of endometrial
cancer by interacting with HDGF and inducing its
transcription. Am J Cancer Res 9, 2314-2330.

Xu N, Chen S, Liu Y, Li W, Liu Z, Bian X, Ling C and
Jiang M (2018) Profiles and bioinformatics analysis of
differentially expressed circrnas in taxol-resistant non-
small cell lung cancer cells. Cell Physiol Biochem 48,
2046-2060.

Xu XW, Zheng BA, Hu ZM, Qian ZY, Huang CJ, Liu XQ
and Wu WD (2017) Circular RNA hsa_circ_000984
promotes colon cancer growth and metastasis by
sponging miR-106b. Oncotarget 8, 91674-91683.

Yang C, Yuan W, Yang X, Li P, Wang J, Han J, Tao J,
Li P, Yang H, Lv Q et al. (2018) Circular RNA circ-
ITCH inhibits bladder cancer progression by sponging
miR-17/miR-224 and regulating p21, PTEN expression.
Mol Cancer 17, 19.

Yang Z, Xie L, Han L, Qu X, Yang Y, Zhang Y, He Z,
Wang Y and Li J (2017) Circular RNAs: regulators of
cancer-related signaling pathways and potential
diagnostic biomarkers for human cancers. Theranostics
7, 3106-3117.

Yu J, Zhang C, Yu Q, Yu H and Zhang B (2019) ADARI
p110 enhances adhesion of tumor cells to extracellular
matrix in hepatocellular carcinoma via up-regulating
ITGA2 expression. Med Sci Monit 25, 1469-1479.

Zhang J, Liu H, Hou L, Wang G, Zhang R, Huang Y,
Chen X and Zhu J (2017) Circular RNA_LARP4
inhibits cell proliferation and invasion of gastric cancer
by sponging miR-424-5p and regulating LATSI1
expression. Mol Cancer 16, 151.

Zhong Y, Du Y, Yang X, Mo Y, Fan C, Xiong F, Ren D,
Ye X, Li C, Wang Y et al. (2018) Circular RNAs
function as ceRNAs to regulate and control human
cancer progression. Mol Cancer 17, 79.

Zhong Z, Huang M, Lv M, He Y, Duan C, Zhang L and
Chen J (2017) Circular RNA MYLK as a competing
endogenous RNA promotes bladder cancer progression
through modulating VEGFA/VEGFR?2 signaling
pathway. Cancer Lett 403, 305-317.

Zhou Y, Ren H, Dai B, Li J, Shang L, Huang J and Shi X
(2018) Hepatocellular carcinoma-derived exosomal
miRNA-21 contributes to tumor progression by
converting hepatocyte stellate cells to cancer-associated
fibroblasts. J Exp Clin Cancer Res 37, 324.

Zhu KP, Ma XL and Zhang CL (2017) LncRNA ODRUL
contributes to osteosarcoma progression through the
miR-3182/MMP2 axis. Mol Ther 25, 2383-2393.

Molecular Oncology 14 (2020) 1365-1380 © 2020 The Authors. Published by FEBS Press and John Wiley & Sons Ltd. 1379



Exosomal circ_MMP2 regulates HCC

Supporting information

Additional supporting information may be found
online in the Supporting Information section at the end
of the article.

Fig. S1. Identification of exosomes. (A, B) Electron
microscope (scale bar = 200 nm; n = 3) and Nano-
sight particle tracking analysis were applied to detect
the exosomes derived from LM3 and 97H. (C) Confo-
cal imaging of the delivery of Dio-labeled exosomes to
Dil-labeled L02 and HepG2 cells (scale bar = 50 um;
n = 5). (D) Immunofluorescence staining of character-
istic CD63 and CDS81 (scale bar = 20 pm; n = 95).
Fig. S2. 97H-secreted exosomes promoted the growth
and metastasis in L02 and HepG2 cells. (A, B) Migra-
tion and invasion of L02 and HepG?2 cells treated with
or without 97H-exosome were separately assessed
(mean + SD; n = 6; Student’s t-test). (C) The levels
of E-cadherin and N-cadherin in 97H-exosome or con-
trol group. (D) Animal study revealed that tumor
growth in 97H exosome group was faster than control
group. (E, F) Tumor volume (mean + SD; n = 4;

D. Liu et al.

two-way ANOVA) and tumor weight (mean + SD; n
= 4; Student’s t-test) were measured in two different
groups. (G) Positivity of E-cadherin or N-cadherin in
97H-CM group or control group was assessed by THC
staining (scale bar = 50 um; n = 4). (H) Lung metas-
tasis nodes 97H-CM group or control group was mea-
sured and counted (scale bar = 50 pm; mean + SD; n
= 4; Student’s t-test). p < 0.05, p < 0.01 indicated
data were statistically significant.

Fig. S3. circ. MMP2 expression and its regulatory
effect on MMP?2 transcription. (A) Northern blot anal-
ysis of circ. MMP2 expression in L02 cell and four
HCC cells. (B) Luciferase activity analysis was used to
assess the effect of circ. MMP2 on the transcription
activity of MMP2 (mean + SD; n = 6; one-way
ANOVA). (C) Copy number of circ. MMP2 and miR-
136-5p was evaluated in L0O2, HepG2, 97H and LM3
cells by qRT-PCR (mean 4+ SD; n = 6; Student’s t-
test). p < 0.05 indicated data were statistically signifi-
cant. n.s.: no significance.

Table S1. Primers for gRT-PCR analyses.
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