Neoplasma 2022; 69(4): 764-775

doi:10.4149/neo_2022_211128N1683

miR-520d-3p/MIG-7 axis regulates vasculogenic mimicry formation and

metastasis in osteosarcoma

Nan YAO"?*, Jing ZHOU'?, Jie SONG'?, Yantao JIANG?, Jian ZHANG"?

!Affiliated Hospital of Integrated Traditional Chinese and Western Medicine, Nanjing University of Chinese Medicine, Nanjing, Jiangsu, China;
2Laboratory of Translational Medicine, Jiangsu Province Academy of Traditional Chinese Medicine, Nanjing, Jiangsu, China; *Department of
Medical Oncology, Suzhou Traditional Chinese Medicine Hospital Affiliated to Nanjing University of Chinese Medicine, Suzhou, Jiangsu, China

*Correspondence: yaonan_nj@163.com

Received November 28, 2021 / Accepted March 10, 2022

Vasculogenic mimicry (VM) refers to a novel mode of tumor microcirculation, which provides an escape route for tumor
metastasis, and thereby correlates with a poor prognosis. We previously reported MIG-7 plays a pivotal role in osteosarcoma
(OS) VM. However, the precise mechanism of MIG-7 in regulating OS VM remains to be elucidated. The expression levels
of miR-520d-3p and MIG-7 were measured in OS cell lines. The effects of the miR-520d-3p/MIG-7 axis were investigated by
in vitro functional assays. An orthotopic xenograft model was established to assess the role of the miR-520d-3p/MIG-7 axis
in OS cells in vivo. Phalloidin staining, western blot, immunohistochemistry, ELISA assays were carried out to explore the
molecular events that were involved in the miR-520d-3p/MIG-7 axis-mediated VM formation. The miR-520d-3p expres-
sion level was inversely correlated with MIG-7 in these cell lines. miR-520d-3p overexpression suppressed the proliferation,
migration, invasion, VM, and promotes the adhesion of OS cells in vitro. miR-520d-3p could directly bind to the 3’-UTR
of MIG-7 and regulated MIG-7 expression, which led to impaired lamellipodia and filopodia formation and inactivation
of the PI3K/MMPs/Ln-5y2 signaling pathway. The anti-metastatic and anti-VM effects of miR-520d-3p were confirmed in
vivo. Our findings suggest miR-520d-3p acts as a tumor suppressor by inhibiting VM formation in OS via targeting MIG-7.
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Osteosarcoma (OS) is the most common bone malignancy,
which predominantly arises in children and adolescents [1].
Despite OS has a relatively low incidence, its high tendency
to form lung metastases contributes to high mortality and
poor prognosis [2]. Although neoadjuvant chemotherapy
regimens have extended the survival rate of OS patients with
local disease from less than 20% to approximately 65%, effec-
tive treatment for patients with metastatic disease has yet
to be defined [3]. It causes the 5-year survival rate to be as
low as 10-30% for decades in terms of this subgroup of OS
patients [4]. Hence arises the urgent need for better under-
standing molecular mechanisms underlying OS metastasis
and developing novel therapeutics.

It is a well-known fact that blood vessels are essential
for tumor growth and metastasis [5]. Besides angiogenesis
and vasculogenesis, vasculogenic mimicry (VM) is a new
avenue of tumor cells exploited to recruit blood vessels [6]. It
describes a process by which tumor cells mimic endothelial
cells and get involved in the formation of the blood vessel
wall [7]. Because the wall of VM consisted exclusively of

tumor cells, it provides a route for a tumor cell to expose
directly to circulation, thereby enhancing the risk of devel-
oping distant metastasis. Therefore, VM has been linked
to high tumor grade, decreased life span, and increased
mortality in varieties of human malignancies [8]. We previ-
ously reported that VM has been found in OS and involved
in OS metastasis and poor prognosis [9]. Despite its clinical
significance, the molecular events mediating VM formation
in OS remain unclear.

Migration-inducing gene 7 (MIG-7) is a cysteine-rich
protein, which is limited to metastatic tumors but undetect-
able in normal tissues [10]. Recently, accumulated evidence
has shown that MIG-7 plays an oncogenic role in numerous
tumors by promoting tumor metastasis through increased
invasiveness and VM [11]. In melanoma, MIG-7 is highly
expressed in metastatic melanoma cell lines, which could
form VM structures compared with low expression in poorly
metastatic ones that could not form VM [12]. Downregula-
tion of MIG-7 inhibited the process of VM formation and
tumor dissemination in endometrial carcinoma [13]. In
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addition, our previous study demonstrated a positive corre-
lation between MIG-7 level with VM formation and poor
prognosis in primary OS patients. Accordingly, MIG-7
knockdown exhibited anti-VM and anti-OS effects [14].
Previous studies showed that the cleavage of Laminin-5y2
(Ln-5y2) into its chain fragmentation is needed for VM of
highly malignant tumor cells [15]. And MMPs are identi-
fied as the upstream regulators in this cleavage event [16].
Inhibition of PI3K could inhibit VM by reducing MMPs
and blocking the Ln-5y2 cleavage [17]. MIG-7 protein
expression co-localizes with Ln-5y2 fragments in patterned
networks in lymph nodes from xenograft nude mice [12],
implying that disordered MIG-7 might be involved in VM
formation by the PI3K/MMPs/Ln-5y2 signaling pathway.
However, the mechanism mediating the aberrant expres-
sion of MIG-7 in OS and downstream effectors of MIG-7 are
poorly understood.

MicroRNAs, a family of 19-25 nucleotide-long noncoding
RNAs, participate in almost every cancer-related process
including VM [18-20]. By binding to the complementary
sequences in the 3’ untranslated region (3’-UTR) of their
target gene mRNA, miRNAs repress the corresponding gene
expression via mRNA degradation or translation inhibition
[21]. To date, miRNAs-based strategy has been proposed as
a potential approach for OS treatment [22]. Thus far, little
is known about the role of miRNAs in OS VM. Identi-
tying specific miRNA and its target gene in VM may offer a
promising target in the development of new therapies for OS.

Herein, we demonstrated an inverse correlation between
miR-520d-3p and MIG-7 levels in OS cell lines. miR-520d-3p
suppresses VM formation and metastasis of OS cells in vitro
and in vivo by regulating MIG-7 expression. miR-520d-3p
directly targeted and downregulated the expression of
MIG-7, which led to the reduced invasion and VM pheno-
type in OS via modulating lamellipodia and filopodia forma-
tion and the PI3K/MMPs/Ln-5y2 signaling pathway. These
results suggested that miR-520d-3p/MIG-7 axis might serve
as a potential therapeutic target for OS.

Materials and methods

Cell culture and transfection. Human fetal osteoblast
hFOB1.19 cell line, six human OS cell line HOS, Saos-2,
U-2 OS, MG-63, 143B, MNNG/HOS, and HEK293T cell
were used in this study. All the cell lines were obtained
from ATCC and cultured in appropriate medium (high
glucose DMEM for Saos-2, U-2 OS, 143B, and HEK293T;
RPMI-1640 for HOS; MEM for MG-63 and MNNG/HOS)
supplemented with 10% fetal bovine serum (Thermo Fisher
Scientific, Inc., Waltham, MA, USA) at 37 °C in a humidified
atmosphere of 5% CO,. hFOB1.19 cell line was grown in a
1:1 mixture of DMEM/F12 supplemented with 10% FBS in
34°C, 5% CO, incubator.

The miR-520d-3p mimic, inhibitor, and scrambled
negative controls were purchased from GenePharma

(Shanghai, China). miR-520d-3p transfection was conducted
at a concentration of 50 nM using Lipofectamine 2000 (Invit-
rogen, Carlsbad, CA, USA). MIG-7 expression vector was
constructed by cloning the open reading frame of MIG-7
(Accession DQ080207) into GV230 vector purchased from
GeneChem (Shanghai, China). An empty vector served
as the negative control. Twenty-four hours after transfec-
tion, the cells were collected for subsequent experiments.
LY294002 (20 pM, Sigma-Aldrich, St. Louis, MO, USA), a
specific inhibitor of PI3K, was applied to verify the role of
the PI3K/AKT pathway in the miR-520d-3p/MIG-7 axis-
mediated VM formation, with DMSO serving as a control.

Cell proliferation assay. Briefly, cells transfected with
oligonucleotides or plasmids were plated in 96-well plates and
incubated overnight. At different time points, 10 pl volume of
the CCK-8 solution (Keygentec, Nanjing, China) was then
added to cells. After 4 h, the absorbance was recorded at a
wavelength of 450 nm using a microplate reader (Synergy
H1, BioTek, Winooski, VT, USA).

Cell adhesion assay. Cells were seeded in the 96-well plate
coated with fibronectin (Sigma-Aldrich, St. Louis, MO, USA)
or laminin (Sigma-Aldrich) and incubated for 1 h to allow
cells to adhere to the surface. After rinsing with PBS, cells
were fixed for 30 min in 4% paraformaldehyde and stained
with crystal violet (Beyotime, Shanghai, China) for 15 min.
The bound dye was then dissolved with 33% acetic acid. The
absorbance was measured at 590 nm using a Synergy HI
microplate reader.

Wound healing assay. A wound gap was created by
scratching the cell monolayer with a 200 pl tip. Plates were
photographed at 0 h and 24 h after scratching using an
inverted microscope (Primo Vert, Zeiss, Germany). Wound
closure is calculated as the closed width of the wound at 24 h
relative to the initial wound width using Image pro plus (IPP)
software (Media Cybernetics, Silver Spring, MD, USA).

Cell migration and invasion assay. Briefly, cells resus-
pended in a serum-free medium were seeded in the upper
Transwell chamber (Corning, NY, USA) pre-coated with (for
invasion assay) or without (for migration assay) Matrigel (BD
Biosciences, Bedford, MA). Medium containing 10% FBS
was added to the lower chamber. After 24 h (for migration
assay) or 48 h (for invasion assay), the penetrating cells were
stained with crystal violet and counted under an inverted
contrast microscope.

In vitro VM assay. To assess the VM formation in vitro,
cells were loaded on the surface of pre-coated BD Matrigel.
The pictures of tube-like channels were taken and quanti-
fied by counting the number of tube connections as reported
previously [14].

Phalloidin staining. Cells were grown on coverslips for 24
h, fixed in 4% paraformaldehyde, permeated with TritonX-
100, and stained with Rhodamine-Phalloidin (R&D system,
Minneapolis, MN, USA). After washing thrice with PBS, the
cells were counterstained with DAPI and examined under
microscopy (Axio Primo Vert Al, Carl Zeiss, Germany).
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ELISA assay. The levels of MMP-2 and MMP-14 in
cell culture supernatant were determined using ELISA
kits (MultiSciences, Hangzhou, China) according to the
manufacturing instruction.

Dual-luciferase reporter assay. The 3’-UTR sequence of
MIG-7 containing the wild type or mutant type of predicted
miR-520d-3p binding sites were cloned into a pmiGLO-dual-
luciferase miRNA target expression vector (GenePharma,
Shanghai, China). HEK293T cells were seeded into 48-well
plates, co-transfected with miR-520d-3p mimic or mimic
control and the corresponding dual-luciferase vectors. After
48 h, luciferase activities were measured by Dual-Luciferase
Reporter Assay Kit (Promega, Madison, WI, USA). The ratio
of firefly to Renilla luciferase activity was used to normalize
the firefly luciferase values.

Western blot analysis. Cells were collected and lysed in
RIPA (Beyotime) supplemented with a proteinase inhib-
itor cocktail (Solarbio, Beijing, China). An equal amount
(50 ug) of the protein samples were separated by SDS-PAGE
and incubated with the primary antibodies against MIG-7
(1:1000, bs-5781R, Bioss, Woburn, MA, USA), AKT
(1:2000, C67E7, CST, Danvers, MA, USA), p-AKT (1:2000,
DYE, CST), mTOR (1:1000, 7C10, CST), p-mTOR (1:1000,
D9C2, CST), laminin-5y2 and its fragments (1:1000, D4B5,
Chemicon, Temecula, CA, USA) at 4°C overnight, followed
by incubating with horseradish peroxidase-labeled secondary
antibody (SA00001-1, Proteintech, Wuhan, China). -actin
(1:2000, 66009-1-Ig, Proteintech) was used as an internal
control. The bands were visualized by ECL kit (Tanon,
Shanghai, China) and quantized by IPP software.

Quantitative RT-PCR analysis. Total RNA was extracted
from cells or tissues using Trizol reagent (Invitrogen).
After synthesizing cDNAs with a miRNA 1Ist strand cDNA
Synthesis Kit (Vazyme, Nanjing, China), the expression
levels of miR-520d-3p were analyzed using miRNA SYBR
qPCR Master Mix (Vazyme) on ABI 7500 PCR system
(Applied Biosystems, Foster City, CA, USA). U6 was used as
the internal control and the expression levels were normal-
ized to those of the internal controls, and fold changes were
calculated using the 2724“" method. All primer sequences are
listed in Supplementary Table S1.

In vivo xenograft model. Animal care and experi-
ments were conducted in accordance with the guidelines of
the Animal Care and Use Committee of Jiangsu Province
Academy of Traditional Chinese Medicine and in compliance
with the ARRIVE guidelines. Six-week-old BALB/c nude
mice were purchased from Shanghai Lingchang Bio-Tech
Co., Ltd. (Certificate no. SCXK (HU) 2018-0003).

The miR-520d-3p overexpression lentivirus was purchased
from Genechem (Shanghai, China). Stably infected cell lines
were selected by adding 1 pg/ml puromycin (Sigma-Aldrich)
for a week. The mice were randomly divided into four groups
(n=8 per group) and approximately 5x10° cells (in 10ul of
PBS) infected with control lentivirus, miR-520d-3p overex-
pression lentivirus, MIG-7 overexpression plasmid, or

miR-520d-3p overexpression lentivirus, and MIG-7 overex-
pression plasmid were orthotopically injected into the medul-
lary cavity of the left proximal tibia, respectively. Leg volumes
were measured every 4 days with a caliper and tumor volume
was calculated based on the equation: Leg volume = Length
x Width?x 0.5, Tumor volume = Leg volume on day X - Leg
volume on day 0. Time to endpoint was recorded for survival
analysis.

In another parallel experiment, all mice were sacrificed
at 40 days post-injection. Tumors in the tibia were excised
for weight, RNA extraction, hematoxylin and eosin (H&E)
staining, and immunostaining. Lungs were also harvested to
observe the metastases.

Immunohistochemistry staining. Tissue sections were
deparaffinized in xylene and rehydrated in ethanol. After
antigen retrieval in sodium citrate buffer, sections were
blocked and incubated with primary antibodies, followed
by secondary antibodies and diaminobenzidine method to
visualize the staining. The primary antibodies used for IHC
were as follows: MIG-7 (1:100, bs-5781R, Bioss), p-AKT
(1:100, DYE, CST), p-mTOR (1:100, D9C2, CST), MMP-2
(1:200, 10373-2-AP, Proteintech), MMP-14 (1:100, 14552-
1-AP, Proteintech). Semi-quantitative scoring of IHC was
based on integrated optical density (IOD) values using IPP
software [23].

For CD31-PAS double staining, anti-CD31 (1:200,
sc-376764, Santa Cruz, CA, USA) antibody was applied to
the sections, followed by 0.5% periodic acid solution incuba-
tion. The quantification of double staining was performed as
previously described [14].

Statistical analysis. Statistical calculations were
performed using SPSS package 19.0 (Chicago, IL, USA) and
GraphPad Prism version 5.0 (San Diego, CA, USA). Data
were expressed as mean * SD or as indicated. Comparisons
between groups were performed using a one-way ANOVA
test. Categorical variables were compared using Fisher’s exact
test. The correlation among data was analyzed using Pearson’s
correlation coefficient assay. Survival curves were plotted by
the Kaplan-Meier method with a p-value generated from the
log-rank test. Differences with p<0.05 were considered statis-
tically significant.

Results

miR-520d-3p is downregulated in human OS cell lines
with VM potentials. To further explore the mechanism of
dysregulation of MIG-7 in VM formation, we examined the
protein levels of MIG-7 and VM formation in six OS cell
lines and a normal osteoblast hFOB1.19 cell line. Higher
MIG-7 expression level was detected in these OS cell lines
than in normal osteoblast cell line (Figure 1C). Moreover,
the differential abilities of these cells to form VM channels
are also shown in Figures 1A and 1B. Furthermore, increased
MIG-7 protein is accompanied by increased VM potentials
in OS cell lines. Since miRNAs are highlighted as an impor-
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Figure 1. Reduced miR-520d-3p expression was found in OS cell lines with increased VM formation capacities. A) Representative image of different
VM formation abilities of six OS cell lines and a normal osteoblast hFOB1.19 cell line. Scale bars: 100 um. White arrows show VMs formed by OS cells.
B) Quantitative analyses of VM channels formed by cells. C) Comparison of MIG-7 protein in seven cell lines. D) qRT-PCR analysis of miR-520d-3p
levels in seven cell lines. E) Pearson’s correlation scatter plot of the relative changes of miR-520d-3p and MIG-7 protein levels in seven cell lines. Values

are expressed as mean + SD (n=3). *p<0.05, **p<0.01

tant gene regulatory mechanism in OS, we hypothesized that
MIG-7 may be regulated by miRNA in OS. Because miRNAs
and their targets mRNAs often exhibit opposite expres-
sion patterns and functions, we tried to identify miRNAs
that act as tumor suppressor miRNAs. First, bioinformatics
algorithms, miRanda [24] and PITA [25] were used to predict
miRNAs that target MIG-7. Among the top 10 miRNAs
with the lowest free energy, miR-520d-3p has been reported
as a tumor suppressor in various types of tumors [26, 27].
However, whether miR-520d-3p is involved in OS develop-
ment remains unclear. We next found that miR-520d-3p
expression levels were obviously decreased in OS cell lines
with VM potentials compared with those in normal osteo-
blast cell line (Figure 1D). Furthermore, miR-520d-3p
expression level was inversely correlated with MIG-7 protein
levels in these cell lines, suggesting MIG-7 is a potential
target of miR-520d-3p (Figure 1E).

miR-520d-3p inhibits OS cell proliferation, migra-
tion, invasion, VM, and increases cell adhesion in vitro.
miR-520d-3p was significantly overexpressed or knocked
down in 143B and MG-63 cells as shown in Supplemen-
tary Figures SIA and S1B. Compared with the control
group, miR-520d-3p mimic delayed cell proliferation in
143B and MG-63 cells, whereas the miR-520d-3p inhibitor
increased cell proliferation (Figure 2A). Cells with increased
miR-520d-3p levels had a higher adhesive capacity than
those in control cells, and decreased miR-520d-3p levels
led to lower adhesive capacity (Figure 2B). The migra-
tion and invasion capabilities were decreased in cells with
overexpression of miR-520d-3p. Conversely, inhibition of
miR-520d-3p promoted both capabilities (Figures 2C-2E).
Overexpression of miR-520d-3p markedly disputed tubular
networks formation in OS cells; in contrast, miR-520d-3p
inhibition promoted VM formation (Figure 2F). Together,
these data suggest that miR-520d-3p can inhibit the prolif-

eration, migration, invasion, VM formation, and increase the
adhesion of OS cells in vitro.

MIG-7 is a direct target of miR-520d-3p. As anticipated,
MIG-7 protein levels were dramatically downregulated upon
miR-520d-3p overexpression and upregulated upon knock-
down of miR-520d-3p in 143B and MG-63 cells (Figures 3A,
3B). Luciferase activity was reduced by approximately 50%
by miR-520d-3p mimic in cells co-transfected with MIG7-3’-
UTR-WT (Figure 3C). The luciferase activities remained
unchanged in cells with the mutated reporter (Figure 3D).
Taken together, these data suggest that miR-520d-3p could
directly regulate MIG-7 by targeting its 3°>-UTR.

miR-520d-3p suppresses OS cell growth, migration,
invasion, VM formation, and promotes cell adhesion
through targeting MIG-7. To further confirm if the impact
of miR-520d-3p in modulating OS’s behavior relied on
MIG-7, rescue experiments were conducted in which the
MIG-7 overexpression vector was used to restore MIG-7
expression inhibited by miR-92b-3p mimic. Restoration of
MIG-7 greatly attenuated miR-520d-3p-mediated tumor
inhibitory effect, as shown by increased proliferation
(Figures 4A, 4B), migration (Figures 4A, 4D, 4E), invasion
(Figures 4A, 4F), VM channels (Figures 4A, 4G), and
decreased adhesion (Figures 4A, 4C). These data revealed
that miR-520d-3p inhibited OS proliferation, migration,
invasion, VM formation, and promoted adhesion through
targeting MIG-7.

The miR-520d-3p/MIG-7 axis regulates lamellipodia
and filopodia formation and PI3K/MMPS/Ln-5y2 pathway
to modulate VM in OS. In the process of VM formation,
tumor cells interact with each other through cellular protru-
sions including lamellipodia and filopodia, ultimately lining
up and forming tubular networks [28]. Results showed that
overexpression of miR-520d-3p in 143B and MG-63 cells
inhibited lamellipodia and filopodia formation (Figure 5A).
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Conversely, the miR-520d-3p inhibitor led to increased
lamellipodia and filopodia formation (Figure 5A).

Another key mediator of tumor VM formation is the
PI3K/MMPs/Laminin-5y2 pathway, which plays an essential
role in promoting VM [29]. 143B and MG-63 cells overex-
pressing miR-520d-3p had decreased p-AKT, p-mTOR,
Ln-5y2; Ln-5y2x levels, and increased Ln-5y2 protein
expression (Figure 5C). The decreased levels of MMP-2 and
MMP-14 were confirmed by ELISA assays (Figure 5D). The
opposite effects were shown in cells with miR-520d-3p low
expression (Figures 5C, 5D). In addition, MIG-7 overex-
pression abolished these effects of miR-520d-3p, further
indicating that miR-520d-3p exerts its function through
regulating MIG-7 (Figures 5B, 5E, 5F). We also found that
the addition of LY294002 inhibited activation of the PI3K/
MMPs/Laminin-5y2 signaling pathway as well as VM
formation by OS cells (Supplementary Figures S2A, S2B,
S2E). Furthermore, the effects, especially on promoting VM
formation caused by miR-520d-3p inhibitor or MIG-7 in OS
cells were found to be partially reversed by the LY294002
treatment (Supplementary Figures S2A-S2F), suggesting
that miR-520d-3p/MIG-7 axis might regulate VM formation
through the PI3K/MMPs/Laminin-5y2 pathway.

miR-520d-3p inhibits OS xenograft growth, metas-
tasis, and VM in vivo by targeting MIG-7. Overexpressing
of miR-520d-3p inhibited tumor growth, whereas MIG-7
promoted it. Restoration of MIG-7 attenuated the inhibi-

tory effect of miR-520d-3p on tumor growth (Figures 6A,
6B). Consistently, tumor weights in these groups showed a
similar trend (Figure 6C). Furthermore, while 100% of mice
in the MIG-7 overexpression group formed lung metastases,
fewer were detected in the miR-520d-3p group. Restora-
tion of MIG-7 showed a higher frequency of metastasis by
miR-520d-3p (Figures 6D, 6G). These metastatic frequen-
cies may explain the survival times shown in Figure 6F. As
expected, the levels of miR-520d-3p in LV-miR-520d-3p
groups were significantly higher than those in the control-
LV group (Figure 6E). IHC staining exhibited a raised level
of MIG-7 in the MIG-7 vector group, whereas the LV-miR-
520d-3p group showed lower level. Additionally, the MIG-7
vector efficiently rescued the MIG-7 protein level suppressed
by miR-520d-3p (Figures 6G, 6H). Microscopically, OS cells
showed a polygonal shape with large hyperchromatic nuclei.
H&E staining revealed expanded necrosis in the miR-520d-3p
overexpression group and reduced necrosis in the MIG-7
vector group. Both miR-520d-3p and MIG-7 overexpression
groups exhibited less necrosis than miR-520d-3p overexpres-
sion alone (Figure 6G). IOD value demonstrated that the
miR-520d-3p group had lower p-AKT, p-mTOR, MMP-2,
and MMP-14 expression, whereas tumors from the MIG-7
vector group showed higher values. MIG-7 overexpression
in the miR-520d-3p group reversed these values repressed
by miR-520d-3p (Figure 6H). Similarly, VMD significantly
declined in the miR-520d-3p group and increased in the
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MIG-7 vector group. Overexpression of MIG-7 reversed the
reduced VMD by miR-520d-3p. (Figure 6I). Taken together,
these data suggested the anti-OS and anti-VM function of
miR-520d-3p in vivo by targeting MIG-7.

Discussion

MIG-7 has been reported to be overexpressed in a variety
of tumors and possessed pro-VM properties in aggressive
malignancies [30, 31]. The oncogenic role of MIG-7 has been
demonstrated in our previous study. However, further work
is needed to uncover the mechanism underlying the MIG-7
mediated VM. First, a classical in vitro tube formation assay
was employed to evaluate the ability of OS cells to form VM
[32]. Different capacities in terms of VM formation were
observed among these cells. MNNG/HOS cells that showed
highly aggressive phenotypes also had superior abilities of
VM formation, while 143B, MG-63, and U-2 OS cells exhib-
ited intermediate VM-forming abilities. HOS and Saos-2
cells had poor VM formation capacities. No channels were
observed in normal osteoblast cells on Matrigel. We next
evaluated the level of the MIG-7 protein in these cell lines.
The results indicated that OS cells with higher MIG-7 expres-
sion were more likely to form VM.

In the current study, we screened for miRNAs that can
target MIG-7 and identified miR-520d-3p as a candidate.
miR-520d-3p has been reported to be a tumor suppressor
gene in different types of cancer [26, 27, 33]. However, its
functions and regulation of MIG-7 in OS have not been eluci-
dated. We found an opposite correlation between the level
of miR-520d-3p and those of MIG-7 in these cell lines. This
implies MIG-7, which plays an important role in VM forma-
tion in OS, is regulated by miR-520d-3p. Subsequently, MIG-7
was verified as a direct target of miR-520d-3p in two OS cell
lines. We further confirmed that miR-520d-3p suppressed
MIG-7 expression post-transcriptionally by binding to the
3’UTR of MIG-7 mRNA. In vitro functional assays demon-
strated that miR-520d-3p overexpression inhibited OS
cell proliferation, migration, invasion, VM formation, and
promoted cell adhesion. Restoration of MIG-7 dramatically
attenuated the anti-proliferative, anti-migratory, anti-VM
effects of miR-520d-3p. It is commonly assumed that VM
provides the requisite blood supply to fulfill rapid tumor
growth [6]. Besides, the special structure of VM also increases
the risk of tumor metastasis [8]. Indeed, in vivo CD31-PAS
double staining, a gold standard for detecting the existence of
VM [29] revealed that VM density was significantly decreased
in tumors from the miR-520d-3p overexpression group in
which tumors also exhibited suppressed growth, reduced
lung metastasis rate, and prolonged survival time. Tumors
from the MIG-7 overexpression group yielded an inverse
effect. Additionally, MIG-7 overexpression reversed the
anti-VM and anti-metastasis effect induced by miR-520d-3p.
The present results suggested that these anti-OS effects of
miR-520d-3p were mediated through targeting MIG-7.

The actin-based protrusions including lamellipodia and
filopodia are essential for cell migration and their disrup-
tion resulted in reduced migratory and weakened VM ability
[28]. Ehop-016 and MLI141 are two potent small molecule
inhibitors against lamellipodia or filopodia production,
respectively [34, 35]. To confirm the contribution of lamel-
lipodia and filopodia in OS cell mediated VM, the impacts
of Ehop-016 and ML141 on VM formation were assessed
(Supplementary Figures S3A, S3B). Since a loss in cell
viability was not expected to affect the anti-VM effect of two
inhibitors, we first tested OS cell viability in the presence of
Ehop-016 or ML141. Ehop-016 at 1 uM did not significantly
affect cell viability. In line with those of previous studies [35],
ML141 did not affect cell viability even at high concentra-
tions. Non-toxic Ehop-016 and ML141 treatment with OS
cells effectively disrupted VM channels and even more when
used in combination, indicating the importance of their
contributions to VM formation (Supplementary Figures
S3A, S3B). In the present study, miR-520d-3p overexpression
resulted in a dramatic decrease in lamellipodia and filopodia
formation. MIG-7 overexpression rescued the disruptive
effect of miR-520d-3p on lamellipodia and filopodia produc-
tion. Likewise, MIG-7 knockdown suppressed the formation
of these two protrusions (Supplementary Figures S4A-S4C).
These results imply that lamellipodia and filopodia in OS cells
were implicated in the MIG-7-dependent anti-VM function
of miR-520d-3p.

A growing body of evidence has shown that the PI3K/
MMPs/Ln-5y2 signaling pathway mediates VM formation
[29]. Laminin-5 (Ln-5) is a major component of the basement
membrane and the cleavage of Ln-5 y2-chain plays a funda-
mental role in epithelial cell scattering [36]. Ln-5 y2-chain
processing also took place during VM by aggressive tumor
cells [15]. MMP-14 and MMP-2 overexpression synergisti-
cally promote proteolytic cleavage of Ln-5 y2-chain into
fragments y2’ and y2x [15]. These fragments have a promigra-
tory effect and participate in VM formation [37]. Disturbed
activation of the PI3K signaling pathway regulates the
expression of MMP-14 and MMP-2, subsequently cleaving
Ln-5 y2-chain and increasing the deposition of y2’ and y2x
chains in the extracellular matrix that ultimately contributes
to the VM [38]. Inhibition of components in this signaling
pathway could impair VM development [29]. In a xenograft
nude mouse model, MIG-7 silencing led to dramatically
reduced phosphorylation of AKT as well as MMP-14 [13]. In
addition, increased Ln-5 y2 chain fragments were detected
in colon carcinoma cells overexpressing MIG-7 cultured on
Matrigel in vitro [12]. It has been shown that MMPs/Ln-5y2
is the last step in the procession of VM. These findings led us
to hypothesize that MIG-7 facilitates VM by activation of the
PI3K/MMPs/Ln-5y2 pathway.

In this study, western blot and THC assays showed a
decrease in PI3K activity after miR-520d-3p mimic transfec-
tion, as determined by phosphorylation of AKT and mTOR,
a well-recognized approach for determining PI3K activa-
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tion [39]. This result occurs concomitantly with a decreased
amount of cleaved y2’ and y2x and an increased propor-
tion of uncleaved Ln-5y2. Reduced levels of MMP-14 and
MMP-2 were also found when the miR-520d-3p expression
was upregulated. This is consistent with the increased in
vitro adhesion ability of OS cells which may be due to the
decreased levels of MMP-2 and MMP-14 the cells produce
that can cleave Ln-5y2 and degrade the extracellular matrix.
Restoration of MIG-7 reversed the inactivation of the PI3K/
AKT/mTOR pathway and its downstream effectors by
miR-520d-3p. Consistently, MIG-7 knockdown blocked the
PI3K/MMPs/Ln-5y2 pathway in OS cells (Supplementary
Figures S4A-S4C). Moreover, the effects of miR-520d-3p
inhibitor or MIG-7 on the PI3K/MMPs/Ln-5y2 pathway and
VM channels could be abrogated by LY294002. Therefore, it
can be inferred that miR-520d-3p directly regulated MIG-7
levels to modulate the PI3K/MMPs/Ln-5y2 pathway in OS.

In summary, our work identified anti-VM and anti-metas-
tasis role of miR-520d-3p in OS by targeting MIG-7 in vitro
and in vivo. These findings provide a better understanding of
the molecular events of tumorigenesis in OS and potential
therapeutic target for OS treatment.

Supplementary information is available in the online version
of the paper.
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Cell treatment. To investigate involvement of PI3K/
AKT pathway in miR-520d-3p/MIG-7 mediated VM
formation, LY294002 (20 uM, Sigma-Aldrich, St. Louis, St.
Louis, MO), a specific PI3K inhibitor, was applied to 143B
and MG-63 cells transfected with miR-520d-3p inhibitor or
MIG-7 vector.

Cell proliferation assay. The cell proliferation of 143B
and MG-63 cells after treatment with different concentration
of EHop-016 (HY-12810, MedChemExpress, NJ, USA) and
ML141 (HY-12755, MedChemExpress) were examined using
CCK-8 assay.

In vitro VM assay. The effect of EHop-016 and ML141
on the vasculogenic activity of 143B and MG-63 cells were
assessed by the Matrigel-based VM assay.

Construction of MIG-7-shRNA lentiviral vector and
cell infection. The small hairpin RNA (shRNA) sequence
that targeted MIG-7 gene (Accession DQO080207) was
synthesized and cloned into the GV493 lentivirus expres-
sion plasmid (GeneChem, Shanghai, China). The shRNA
sequencers were as follows: shMIG-7: 5-GCAAGTA-
CAGGGCAGAATTTC-3, The scramble negative control
sequence was 5-TTCTCCGAACGTGTCACGT-3. Viral
particle was produced by co-transfection of 293T cells with
packaging helper plasmids (pHelper 1.0 and 2.0 vectors) and
cloned DNAs using Lipofectamine 2000. After the Lenti-
MIG-7-sh was transduced into the 143B and MG-63 cells,
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stable cell lines were obtained with puromycin treatment
and denoted as shMIG-7 cells. The cells transduced with
Lenti-NC are denoted as scramble cells.

Phalloidin staining. After stained with rhodamine-
phalloidin (5783, R&D system), the cells were counterstained
with DAPI and imaged using a microscopy (Axio Primo Vert
Al).

Western blot analysis. Cells were collected and lysed in
RIPA (Beyotime) supplemented with proteinase inhibitor
cocktail (Solarbio). An equal amount (50 pg) of the protein
samples were separated by SDS-PAGE and incubated with
the primary antibodies against MIG-7 (bs-5781R, 1:1000,
Bioss), PI3K (ab180967, 1:2000, Abcam), p-PI3K (ab182651,
1:1000, Abcam), AKT (4691T, 1:2000, CST), p-AKT (40607,
1:2000, CST), mTOR (2983T, 1:1000, CST), p-mTOR (5536T,
1:1000, CST), laminin 5y2 and its fragments (MAB19562,
1:1000, Chemicon) at 4 °C overnight, followed by incubating
with horseradish peroxidase-labeled secondary antibody
(SA00001-1, SA00001-2, Proteintech). B-actin (66009-1-Ig,
1:2000, Proteintech) was used as an internal control. The
bands were visualized by ECL kit (180-5001, Tanon) and
quantized by IPP software.

ELISA assay. The levels of MMP-2 (EK1M02-96, Multi-
Sciences) and MMP-14 (HM 10943, Bioswamp) in cell culture
supernatant were determined using ELISA kits according to
the manufacturing instruction.
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Supplementary Figure S2. Effects of LY294002 on PI3K/MMPs/Ln-5y2 pathway and VM formation in OS cells. A) 143B and MG-63 cells transfected
with inhibitor control plus DMSO, inhibitor control plus LY294002, miR-520d-3p inhibitor plus DMSO or miR-520d-3p inhibitor plus LY294002 were
cultured on Matrigel. Protein was extracted as reported previously [38]. Protein levels were measured by western blot. Levels of MMP-2 and MMP-14
in the supernatant of these cells were measured using ELISA assay (B). C) 143B and MG-63 cells transfected with empty vector plus DMSO, MIG-7
vector plus DMSO or MIG-7 vector plus LY294002 were cultured on Matrigel. Protein was extracted as reported previously [38]. Protein levels were
measured by western blot. Levels of MMP-2 and MMP-14 in the supernatant of these cells were measured using ELISA assay (D). E, F) Representative
images of VM formation ability of miR-520d-3p inhibitor- or MIG-7- transfected 143B and MG-63 cells after LY294002 treatment. White arrows show
VMs formed by OS cells. Scale bars: 10 pum. Values are expressed as mean+SD (n=3). *p<0.05, **p<0.01
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Supplementary Figure S3. A) The anti-proliferative effects of EHop-016 and ML141 in 143B and MG-63 cells. 143B and MG-63 cells were treated with
different concentrations of EHop-016 and ML141 for 24 h. cell viability was measured by CCK-8 assay. B) Representative images of control versus
EHop-016 (1 pM) and/or ML141 (10 pM) treated 143B or MG-63 cells grown on Matrigel. White arrows show VMs formed by OS cells. Values are
expressed as mean+SD (n=3). Scale bars: 100 um. *p<0.05, **p<0.01

Supplementary Table S1. Primer for qPCR.

Genes (Homo sapiens) ~ Primers

Sequences

miR-520d-3p Forward
Reverse
ue Forward

Reverse

5-CGCGAAAGTGCTTCTCTTTG-3
5-AGTGCAGGGTCCGAGGTATT-3’
5-CTCGCTTCGGCAGCACA-3

5-AACGCTTCACGAATTTGCGT-3’
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Supplementary Figure S4. MIG-7 knockdown inhibits lamellipodia and filopodia formation and PI3K/MMPs/Laminin-5y2 pathway. A) 143B and
MG-63 cells transfected with lentiviral vectors expressing MIG-7-specific sShRNA or a negative control were incubated with the Phalloidin- rhodamine
and the nuclear dye DAPI. Representative images of scramble control versus shMIG-7 transduced cells are shown. White arrows indicate lamellipodia;
White arrowheads indicate filopodia. Scale bars: 10 um. B) Cells were cultured on Matrigel. Protein levels were measured by western blot. (C) Levels of
MMP-2 and MMP-14 in the supernatant of cells were measured by ELISA assay. Values are expressed as mean+SD (n=3). *p<0.05, **p<0.01



