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and deactivating the Wnt/B-catenin pathway
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Abstract: microRNAs (miRNAs) are frequently aberrantly expressed in osteosarcoma (0S) and are implicated in
its development. Dysregulation of miR-758 has been reported in various human malignancies. However, whether
miR-758 is involved in the oncogenesis and progression of OS remains unclear. In this study, reverse transcription-
quantitative polymerase chain reaction was performed to detect miR-758 expression in OS tissues and cell lines.
A series of functional experiments were employed to explore the regulatory effects of miR-758 on the malignant
behaviors of OS cells both in vitro and in vivo. The molecular mechanisms underlying the activity of miR-758 in OS
cells were also investigated. miR-758 was significantly downregulated in OS tissues and cell lines, and a low miR-
758 level was correlated with tumor size, clinical stage, and distant metastasis of patients with OS. OS patients
with low miR-758 level exhibited poorer overall survival and worse disease-free survival rates compared to patients
with high miR-758 level. In addition, functional assays revealed that miR-758 overexpression led to a significant
decrease in OS cell growth and metastasis in vitro, whereas miR-758 inhibition had the opposite effect on OS cells.
miR-758 reduced the tumorous growth of OS cells in vivo. Furthermore, high mobility group AT-hook 1 (HMGA1) was
identified as a direct target of miR-758 in OS cells. HMGA1 was highly expressed in OS tissues, and its expression
was inversely correlated with miR-758 expression. HMGA1 silencing exerted an effect similar to that induced by
miR-758 upregulation in OS cells. Restored HMGA1 expression abolished the effects of miR-758 on the malignant
phenotypes of OS cells. Moreover, miR-758 regulated the Wnt/B-catenin pathway in OS cells in vitro and in vivo. To
the best of our knowledge, this is the first study to demonstrate that miR-758 may inhibit the aggressive behavior of
OS cells in vitro and in vivo by directly targeting HMGA1 and regulating the Wnt/B-catenin pathway. These results will
aid in elucidating the roles of miR-758 and suggest that the miR-758/HMGA1/Wnt/B-catenin pathway represents
a potential therapeutic target in OS.
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Introduction of OS treatment remains unsatisfactory, espe-
cially for patients diagnosed at advanced stag-
es of the disease [4, 5]. Several factors, such as

ionizing radiation, alkylating agents, Paget’s

Osteosarcoma (0S), derived from the mesen-
chymal tissue, is a common primary bone

malignancy in adolescents and children [1]. OS
can occur in any bone in the body, but it mainly
occurs in the metaphysis of long bones [2].
Currently, primary chemotherapy in combina-
tion with surgical resection and adjuvant che-
motherapy are the predominant treatments for
patients with OS [3]. Despite considerable
progress in diagnosis and therapy, the efficacy

disease, and Li-Fraumeni familial cancer syn-
drome have been demonstrated to be involved
in the genesis and development of OS [6].
However, the molecular events characterizing
the pathogenesis of OS remain obscure.
Therefore, investigating the mechanisms that
contribute to the carcinogenesis and develop-
ment of OS is essential for developing novel
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therapeutic approaches and improving the
prognosis and outcome of patients with this
malignancy.

microRNAs (miRNAs) are 19-23 nucleotide-long
endogenous, non-coding short RNA molecules
[7], which regulate gene expression by hybrid-
izing completely or incompletely with the
3’-untranslated regions (3’-UTRs) of their target
genes [8]. These interactions inhibit the trans-
lation of the targeted genes or induce their deg-
radation [9]. In total, over 1,500 mature miR-
NAs have been identified in the human genome,
which are estimated to regulate approximately
50% of all human protein-coding genes [10].
Alterations in miRNA expression have been
reported in almost all human cancer types,
including OS [11]. Currently, several miRNAs,
such as miR-216b [12], miR-337 [13], and miR-
130 [14] have been shown to be aberrantly
expressed in OS and are closely-associated
with the malignant progression of 0OS [15].
Hence, investigations regarding OS-related
miRNAs may aid in the identification of thera-
peutic targets for future diagnosis, therapy, and
prognosis of patients with this aggressive
malignancy.

Dysregulation of miR-758 has been reported in
various human malignancies [16-19]. However,
whether miR-758 is involved in the oncogene-
sis and progression of OS remains unclear. In
this study, we demonstrated for the first time
that miR-758 is aberrantly expressed in OS tis-
sues and cell lines. Simultaneously, the asso-
ciation between miR-758 expression and clini-
copathological features, as well as prognosis of
patients with OS was determined. Gain- and
loss-of-function studies were performed to
investigate the effects of miR-758 on the regu-
lation of OS cell biology. Furthermore, the
molecular mechanisms underlying the action of
miR-758 in OS cells were determined.

Material and methods
Patients and tissue samples

In total, 53 pairs of OS tissues and correspond-
ing adjacent non-cancer tissues were collected
from patients at The First Affiliated Hospital of
Zhengzhou University between July 2015 and
August 2017. None of the patients had been
treated with radiotherapy or chemotherapy
prior to surgery. All tissues were rapidly frozen
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in liquid nitrogen and then stored at -80°C for
further experiments. Our current study was
approved by the Ethics Committee of The First
Affiliated Hospital of Zhengzhou University. All
patients provided written informed consent
prior to surgical resection.

Cell lines and culture conditions

Three human OS cell lines, including HOS,
U20S, and MG-63, and a normal human osteo-
blast line hFOB1.19, were purchased from
American Type Culture Collection (Manassas,
VA, USA). All cell lines were cultured in
Dulbecco’s modified Eagle’s medium (DMEM)
containing 10% fetal bovine serum (FBS; both
from Gibco, Invitrogen, Carlsbad, CA, USA), 100
units/ml penicillin, and 100 mg/ml streptomy-
cin (both from Sigma-Aldrich, Merck KGaA,
Darmstadt, Germany). All cultures were main-
tained in a humidified atmosphere with 5% CO,
at 37°C.

Cell transfection

miR-758 mimics, MiR-758 inhibitor, negative
control miRNA mimics (miR-NC), and negative
control RNA inhibitor (NC inhibitor) were pur-
chased from GenePharma (Shanghai, China).
Small interfering RNA (siRNA) used for HMGA1
knockdown (HMGA1 siRNA) and negative con-
trol siRNA (NC siRNA) were obtained from
RiboBio (Guangzhou, China). For HMGA1 over-
expression, a full-length human HMGA1 cDNA
lacking its 3’-UTR was amplified by the Chinese
Academy of Sciences (Changchun, China) and
inserted into the pcDNA3.1 (+) plasmid (In-
vitrogen, Carlsbad, CA, USA). The chemically
synthesized plasmid was defined as pcDNA3.1-
HMGA1 (pc-HMGA1L). For transfection, cells in
the logarithmic growth phase were harvested
and seeded into 6-well plates one day before
the transfection. Cell transfection was per-
formed using Lipofectamine 2000 (Invitrogen,
Thermo Fisher Scientific, Inc., Waltham, MA,
USA) according to the manufacturer’'s recom-
mendation. The transfected cells were collect-
ed at different time points for further analysis.

Reverse transcription-quantitative polymerase
chain reaction (RT-gPCR)

The levels of miR-758 and HMGA1 mRNA were

detected using RT-gPCR. First, transfected
cells were collected after 48 h of incubation.
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Total RNA was extracted from tissue specimens
or cells using TRIzol reagent (Invitrogen, Thermo
Fisher Scientific, Inc., Waltham, MA, USA)
according to the manufacturer’s protocol. The
All-in-One™ miRNA gRT-PCR detection kit
(GeneCopoeia, Rockville, MD, USA) was used to
determine miR-758 expression. The thermocy-
cling conditions were as follows: 95°C for 10
min, followed by 45 cycles of denaturation at
95°C for 15 sec and annealing/elongation at
60°C for 15 sec. To quantify HMGA1 mRNA
level, total RNA was used for reverse transcrip-
tion to generate complementary DNA using
PrimeScript RT reagent kit (Takara, Dalian,
China). The temperature conditions for reverse
transcription were as follows: 37°C for 15 min
and 85°C for 5 sec. PCR amplification was per-
formed using a SYBR premix Ex Tag™ kit (Takara
Bio, Dalian, China). The thermocycling condi-
tions for PCR amplification were as follows: 5
min at 95°C, followed by 40 cycles of 95°C
for 30 sec and 65°C for 45 sec. All RT-qPCR
reactions were performed on the ABI 7900
sequence detection system (Applied Biosys-
tems, Thermo Fisher Scientific, Inc., Waltham,
MA, USA). miR-758 expression was normalized
to that of U6 small nuclear RNA, whereas
HMGA1 expression was normalized to that of
glyceraldehyde phosphate dehydrogenase
(GAPDH). The primers were designed as fol-
lows: miR-758, 5-ACACTCCAGCTGGGTTTGTG-
ACCTGGTCCA-3’ (forward) and 5-TGGTGTCG-
TGGAGTCG-3’ (reverse); UG, 5-CGCTTCGGCA-
GCACATATACTA-3’ (forward) and 5-GCGAGCA-
CAGAATTAATACGAC-3’ (reverse); HMGA1, 5-G-
AAGGTGAAGGTCGGAGTC-3’ (forward) and 5-G-
AAGATGGTGATGGGATTTC-3’ (reverse); and GA-
PDH, 5-GGCACTGAGAAGCGGGGCCG-3’ (for-
ward) and 5-CCCTTGTTTTTTGCTTCCCTT-3’ (re-
verse). Relative gene expression was calculat-
ed using the 2-22% method [20].

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT) assay

Twenty-four hours post-transfection, cells were
harvested, re-suspended, and plated into
96-well plates with a density of 2 x 102 cells
per well. After different time points, MTT assay
was performed to evaluate cellular prolifera-
tion. Briefly, 20 pyL MTT reagent (5 mg/ml;
Sigma-Aldrich, Merck KGaA, Darmstadt, Ger-
many) was added to every well prior to incuba-
tion at 37°C for another 4 h. Next, the superna-
tant was removed and 200 pl dimethyl sulfox-
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ide was added into each well. The absorbance
was detected at 490 nm using a Victor 3 multi-
label microplate reader (PerkinElmer, Inc.,
Waltham, MA, USA).

Clonogenic survival assay

Transfected cells were collected, counted, and
inoculated into 6-well plates at a density of 1 x
108 cells/well. Cells were incubated at 37°C in
a humidified atmosphere supplied with 5% CO.,,.
After 14 days of culture, the colonies were
washed with phosphate buffered solution (PBS;
Gibco, Invitrogen, Carlsbad, CA, USA), fixed with
4% paraformaldehyde, and stained with methyl
violet (Beyotime Institute of Biotechnology,
Haimen, China). The number of colonies was
counted under an IX83 Olympus inverted light
microscope (Olympus, Tokyo, Japan).

Flow cytometry analysis

Forty-eight hours after incubation, the trans-
fected cells were dissociated using trypsin and
washed with PBS. Next, the cell apoptosis rate
was determined using an annexin V fluorescein
isothiocyanate (FITC) apoptosis detection kit
(BioLegend, San Diego, CA, USA). Briefly, trans-
fected cells were suspended into 100 ul of 1 x
binding buffer. Subsequently, 5 ul each of
annexin V-FITC and propidium iodide (Pl) were
added into the cell suspension, mixed carefully,
and incubated at room temperature in the dark
for 15 min. The percentage of apoptotic cells
was assessed using a flow cytometer (FA-
CScan™; BD Biosciences, Franklin Lakes, NJ,
USA). Cell Quest software 5.1 (BD Biosciences)
was used to analyze the data.

Transwell assay

Transwell chambers (Corning Incorporated,
Corning, NY, USA) with or without Matrigel (BD
Biosciences, San Jose, CA, USA) were used to
determine invasion and migration of OS cells,
respectively. Forty-eight hours post-transfec-
tion, cells were collected and resuspended in
FBS-free DMEM. In total, 5 x 10* cells/200 pl
suspension were plated onto the upper com-
partments of chambers. At the same time, 500
pl of DMEM supplemented with 20% FBS was
added to the lower compartments to act as a
chemoattractant. Cells remaining on the upper
chambers were gently removed with a cotton
swab. Cells adhering to the lower surface of the
chambers were fixed with 4% paraformalde-

Am J Cancer Res 2019;9(1):36-52



Ren et al. miR-758 in osteosarcoma

hyde and stained with 0.05% crystal violet.
Finally, the number of invasive and migratory
cells in five random fields of view was counted
under an IX83 Olympus inverted light mic-
roscope.

Xenograft assay

Six-week-old nude mice were obtained from the
Chinese Academy of Sciences (Shanghai,
China). miR-758 mimics or miR-NC was trans-
fected into cells. After 24 h of incubation, cells
were collected and subcutaneously injected
into the flanks of nude mice. Two weeks after
the transplantation, the width and length of the
xenograft formed were measured using Vernier
calipers and the tumor volume was calculated
using the following formula: Volume (mm3) =
Width? (mm?2) * Length (mm)/2. All nude mice
were sacrificed one month after injection. The
tumor xenografts were separated and weighed.
The procedures for care and use of animals
were approved by the Ethics Committee of The
First Affiliated Hospital of Zhengzhou University,
and all applicable institutional and government
regulations concerning the ethical use of ani-
mals were followed.

Bioinformatics analysis

The potential targets of miR-758 were pre-
dicted using TargetScan Human 7.1 (http://
www.targetscan.org/vert_71/) and mirTarBase
(http://mirtarbase.mbc.nctu.edu.tw/php/index.

php).
Luciferase reporter assay

The 3'-UTR region of human HMGA1 containing
the wild-type (WT) or mutant (MUT) miR-758
binding site was chemically synthesized by
GenePharma. These fragments were inserted
into a pmirGLO Dual-luciferase target vector
(Promega Corporation, Madison, WI, USA) to
generate the recombinant luciferase report-
er plasmids, pmirGLO-HMGA1-3-UTR-WT and
pmirGLO-HMGA1-3’-UTR-MUT. For the reporter
assay, cells were plated into 24-well plates one
night prior to the transfection. The recombinant
luciferase reporter plasmids along with either
mMiR-758 mimics or miR-758 inhibitor were co-
transfected into cells using Lipofectamine
2000. Forty-eight hours post-transfection, the
transfected cells were collected using trypsin
and luciferase activity was detected using a
dual-luciferase reporter assay system (Promega
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Corporation, Madison, WI, USA). Firefly lucifer-
ase activity was normalized against that of
Renilla luciferase.

Western blot analysis

Homogenized tissues or cells were lysed in
radioimmunoprecipitation assay buffer (Ther-
mo Fisher Scientific, Inc., Waltham, MA, USA)
containing a protease inhibitor (Sigma-Aldrich,
Merck KGaA, Darmstadt, Germany). A bicincho-
ninic acid protein assay kit (Pierce; Thermo
Fisher Scientific, Inc., Waltham, MA, USA) was
used to evaluate the protein concentration.
Equal amounts of protein were loaded for sodi-
um dodecy! sulfate-polyacrylamide gel electro-
phoresis on 10% polyacrylamide gels, followed
by transfer to polyvinylidene difluoride mem-
branes (Beyotime Institute of Biotechnology,
Haimen, China). Subsequently, the membranes
were blocked in 5% dried skimmed milk diluted
in TBS containing 0.1% Tween-20 (TBST) at
room temperature for 2 h. Following overnight
incubation at 4°C with primary antibodies, the
membranes were washed thrice with TBST and
further treated with corresponding horserad-
ish peroxidase-conjugated secondary antibo-
dy (@b6721 and ab205719; 1:5000 dilution;
Abcam, Cambridge, UK) at room temperature
for 1 h. Immunoblotting was performed using
an enhanced chemiluminescence (ECL) protein
detection kit (Pierce, Thermo Fisher Scientific,
Inc., Waltham, MA, USA). The primary antibod-
ies used were as follows: rabbit anti-hu-
man monoclonal HMGA1 (ab129153; 1:1000
dilution; Abcam, Cambridge, UK), mouse
anti-human monoclonal B-catenin (sc-59737;
1:1000 dilution; Santa Cruz Biotechnology, CA,
USA), mouse anti-human monoclonal p-B-
catenin (sc-57534; 1:1000 dilution; Santa Cruz
Biotechnology, CA, USA), rabbit anti-human
monoclonal cyclin D1 (ab134175; 1:1000 dilu-
tion; Abcam, Cambridge, UK), and rabbit anti-
human GAPDH (ab181603; 1:1000 dilution;
Abcam, Cambridge, UK). The signals from tar-
get proteins were normalized to those of
GAPDH.

Statistical analysis

All data are shown as the mean * standard
deviation (SD) from three independent experi-
ments. Student’s t-test and one-way analysis of
variance (ANOVA) were used to analyze differ-
ences between two groups and multiple groups,
respectively. Tukey’s test was used for post hoc
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Figure 1. miR-758 is downregulated in OS tissues and cell lines. A. miR-758
expression was assessed in 53 pairs of OS tissues and corresponding adja-
cent non-cancer tissues using RT-gPCR. *P < 0.05 vs. non-cancer tissues.
B. RT-gPCR was used for the determination of miR-758 expression in three

Time (months)

oups with the median value as
a cutoff. Statistical analysis
demonstrated that low miR-
758 expression correlated sig-
nificantly with tumor size (P =

human OS cell lines (HOS, U20S, and MG-63) and a normal human osteo- 0.019), clinical stage (P =

blast hFOB1.19. *P < 0.05 vs. hFOB1.19. C, D. The overall and disease-free
survival of OS patients with low or high miR-758 expression were deter-

mined using Log-rank test.

analysis following ANOVA. The correlation
between miR-758 expression and clinicopatho-
logical variables of patients with OS was inves-
tigated using chi-square test. The Kaplan-Meier
survival analysis was used to determine surviv-
al rate and Log-rank test was used to assess
the association between miR-758 levels and
overall survival as well as disease-free survival.
Spearman’s correlation analysis was used to
determine the association between miR-758
and HMGA1 mRNA level in OS tissues. All sta-
tistical analyses were performed using SPSS
20.0 software (IBM Corp., Armonk, NY, USA). P
< 0.05 was considered statistically significant.

Results

miR-758 is downregulated in OS and corre-
lated with poor prognosis in patients with OS

To investigate the expression pattern of miR-

758 in 0S, we determined miR-758 level in 53
pairs of OS tissues and corresponding adjacent
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0.009), and distant metastasis
(P = 0.004) of the patients
(Table 1). Furthermore, OS pa-
tients with low miR-758 level
showed poorer overall survival (Figure 1C, P =
0.013) and worse disease-free survival (Figure
1D, P = 0.007) than patients with high miR-758
level. These results suggest that miR-758
downregulation may contribute to the progres-
sion and development of OS.

miR-758 inhibits the malignant phenotypes of
OS cells in vitro

According to Figure 1B, miR-758 expression
was relatively lowest in HOS cells but highest in
U20S cells; therefore, these two cell lines were
selected as models for subsequent functional
experiments. HOS cells were transfected with
miR-758 mimics or miR-NC, whereas U20S
cells were transfected with miR-758 inhibitor or
NC inhibitor. RT-gPCR analysis verified that miR-
758 expression was notably upregulated in
miR-758 mimics-transfected HOS cells, but sig-
nificantly downregulated in miR-758 inhibitor-
transfected U20S cells (Figure 2A, P < 0.05).
MTT and clonogenic survival assays were per-
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Table 1. Relationship between miR-758
expression and clinicopathological factors of
patients with OS

miR-758 expression

Factors -
Low High

Age (years) 0.215
<20 19 22
>20 8 4

Gender 0.328
Male 13 16
Female 14 10

Tumor size (cm) 0.019*
<5 10 18
>5 17 8

Clinical stage 0.009*
I-IA 8 17
1B/1ll 19 9

Distant metastasis 0.004*
Negative 9 19
Positive 18 7

*P < 0.05.

formed to determine the effect of miR-758 on
OS cell proliferation. Results showed that miR-
758 overexpression in HOS cells suppressed
the proliferative capacity, which, however, was
enhanced by miR-758 knockdown in U20S cells
(Figure 2B and 2C, P < 0.05). Flow cytometry
analysis was used to further confirm whether
miR-758 affected cell proliferation by promot-
ing apoptosis. We observed that the percent-
age of apoptosis in MiR-758 mimics-transfect-
ed HOS cells was higher than that in miR-NC-
transfected cells; the apoptosis rate was lower
in U20S cells treated with miR-758 inhibitor
(Figure 2D, P < 0.05). Furthermore, transwell
assays were used to determine the effect of
miR-758 on OS cell metastasis in vitro. Results
showed that cell migration and invasion were
restricted in HOS cells after miR-758 overex-
pression. On the contrary, downregulation of
miR-758 promoted migration and invasion of
U20S cells (Figure 2E and 2F, P < 0.05). These
observations suggested that miR-758 might
play a tumor suppressive role in the growth and
metastasis of OS cells in vitro.

HMGAL1 is a direct target of miR-758 in OS
cells

Considering the importance of miR-758 in the
malignant development of OS, we next attempt-
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ed to identify the direct targets of this miRNA.
Bioinformatics analysis was used to identify the
putative targets of miR-758. HMGAL, which
was predicted as the potential target of miR-
758 (Figure 3A), attracted our attention, as this
gene is closely related to tumorigenesis and
tumor development [21-25]. Luciferase report-
er assay was performed to determine whether
miR-758 directly interacts with the 3’-UTR of
HMGA1. Transfection with miR-758 mimics
reduced the luciferase activity of the plasmid
that harbored the predicted wild-type miR-758
binding site in HOS cells, whereas transfection
with miR-758 inhibitor increased its activity in
U20S cells (P < 0.05); however, mutation of
miR-758-binding sequences in the 3-UTR of
HMGA1 abrogated these effects on luciferase
activity (Figure 3B).

We further analyzed HMGA1 expression in 0OS
tissues and explored its relationship with miR-
758. The mRNA (Figure 3C, P < 0.05) and pro-
tein (Figure 3D, P < 0.05) levels of HMGAL in
OS tissues were higher than those in adjacent
non-cancer tissues. Furthermore, an inverse
association between miR-758 and HMGA1
mMRNA levels in OS tissues was confirmed using
Spearman’s correlation analysis (Figure 3E; r =
-0.5380, P < 0.001). In addition, we measured
the HMGA1 expression in HOS cells transfect-
ed with miR-758 mimics, as well as in U20S
cells transfected with miR-758 inhibitor.
HMGA1 expression at both mRNA (Figure 3F, P
< 0.05) and protein (Figure 3G, P < 0.05) levels
was inhibited by miR-758 overexpression in
HOS cells and increased by miR-758 inhibition
in U20S cells, as demonstrated by RT-qPCR
and western blot analysis. These results sug-
gested that HMGAL is a direct target of miR-
758 in OS cells.

Effects of HMGAL silencing and miR-758 over-
expression are similar in OS cells

We transfected HOS and U20S cells with
HMGA1 siRNA or NC siRNA to investigate the
biological function of HMGA1 in OS cells.
Western blot analysis showed that HMGA1
expression was dramatically reduced in HOS
and U20S cells after HMGA1 siRNA transfec-
tion (Figure 4A, P < 0.05). MTT and clonogenic
survival assays were used to evaluate the pro-
liferation ability of HOS and U20S cells. Results
showed that cell proliferation was remarkably

Am J Cancer Res 2019;9(1):36-52



Ren et al. miR-758 in osteosarcoma

>
w

LS o - miR-NC -=NC inhibitor
>1ENC inhibitor 1.5 -e-miR-758 mimics -&-miR-758 inhibitor
E3miR-758 inhibitor

1.04 T

.I;
[
]

25'|-miR-NC
COmiR-758 mim"ics

b
O
"
n
1

_
=

Pt
bt

—
<
1
=
h
1
*

0.5 4

0.0 i—

! . T .G T T T T 1 0-0 T T T T
HOS U208 0h24h48h72h 0h24h48h72h
HOS U208
C miR-NC miR-758 mimics NC inhibitor miR-758 inhibitor D~ miR-NC miR-758 mimics . NC inhibitor miR-758 inhibitor
' : L10.52% | 9.21%| ,0.74% | 1834%| .12.34%  9.78%| _{0.55%| 5.12%

s

h
1
=
i
1
=S

Relative miR-758 expression
Relative miR-758 expression
Absorbance (490 nm)

*
Absorbance (490 nm)
o
£TY

:

im 0.67%
e ’-;a‘ W e

U208

8
PI|_ 1 "%

— 200-E3NC inhibitor
500y mmmiR-NC E@miR-758 inhibjtor
400 CImiR-758 mimics

3 OAnnexip \
TEEmMiR-NC
CImiR-758 mimics

+

20'|I:INC inhibitor
EmmiR-758 inhibitor

157 T

)
T

_.
b

Number of colonies
Number of colonies
R - §
(=4 (=1 =
T 2
Rate of apoptotic cells (%)
Rate of apoptotic cells (%)
3
$

(=

HOS U208 HOS U208
E miR-NC miR-758 mimics NC mhlbltor m1R-758 inhibitor mlR-NC mlR-758 mlmlcs NC mhlbltor m1R-758 mhlbltOI'

i

'-.>

42 Am J Cancer Res 2019;9(1):36-52



Ren et al. miR-758 in osteosarcoma

CNC inhibitor S
4007E@miR-758 inhibitor 400-E3INC inhibitor

200 iR-
EmmiR-NC E@miR-758 inhibitor

CmiR-758 mimics

200 mmmiR-NC
CImiR-758 mimics

(98]
=3
T

150

w
<

Number of migratory cells
S
<

Number of migratory cells

L¥S]
S
T

200+ 100 200+

*
_I_

-

50 100

_|

100+

Number of invasive cells
Number of invasive cells

[
o
1

T T T I
HOS U208 HOS U208
Figure 2. miR-758 inhibits proliferation, colony formation, migration, and invasion and induces apoptosis of OS cells in vitro. A. HOS and U20S cells were transfected
with miR-758 mimics and miR-758 inhibitor, respectively. RT-gPCR was performed at 48 h post-transfection to measure miR-758 expression. *P < 0.05 vs. miR-NC.
#P < 0.05 vs. NC inhibitor. B, C. The regulatory roles of miR-758 in OS cell proliferation and colony formation were evaluated using MTT and clonogenic survival as-
says, respectively. *P < 0.05 vs. miR-NC. #¥P < 0.05 vs. NC inhibitor. D. Flow cytometry analysis to determine the effect of miR-758 on OS cell apoptosis. *P < 0.05
vs. miR-NC. #P < 0.05 vs. NC inhibitor. E, F. Migration and invasion abilities of miR-758 mimics-transfected HOS and miR-758 inhibitor-transfected U20S cells were

determined using transwell assays. *P < 0.05 vs. miR-NC. #P < 0.05 vs. NC inhibitor.

43 Am J Cancer Res 2019;9(1):36-52



predicted consequential pairing of target region (top)

and miRNA (bottom)

Position 853-959 of HMGA1 3" UTR &'

+ « » CCAUUUUCCUCUGULCACAAAC. .
|

hsa-miR-758 3 CCAAUCACCUGGUCCAGUGULY

HMGAI1-3"-UTR-mutant 5" ...CCAUUUUUCCUCUGUAGUGUUAC...

D noncancer 1 2 3 4
HMGA .

GAPDH

(0N
HMGAI

GAPDH

miR-NC miR-758 mimics

HOS

GAPDH

B

1.5ymmiR-NC .
2z [EmiR-758 mimics
=
g 1.0
3
5 0.5
‘S
=
|

10+

2.8 g *
O g
Z 2 6 L
&
=g
[T=] 2-.
2 g |
0 T T
noncancer QS
1.5 mmmiR-NC
s COmiR-758 mimics
<.2
g g 1.0
z =
¥
E‘é 0.5'
% E
0.0-

Ren et al. miR-758 in osteosarcoma

HOS

2.5,8NC inhibitor_
-mlR’;’}'SS inhibitor

Luciferase activity

A
°
°

Relative HMGA1
+
%
(-]

mRNA expression

Lind

o
(-1 %o
° °

000510152025

NC inhibitor miR-758 inhibitor
HMGALI

U208

C g
=8
9%°
=)
s34
.% %: 5
£
04
noncancer QS
F mmiR-NC
2.5 CImiR-758 mimics
*”1EINC inhibitor, .
= £ EmiR-758 inhibitor #
<.22.(H
5%
= '5,].5-
2 <1.0]
s Z
& néO.S' *
0.0-
HOS U208
2.59=NC inhibit
e Emi 1-1'175152:'?]!;ibit()r
<220 #
S8is
e
22101 =&
=3
2 ‘%0.5
0.0

U208

Figure 3. Identification of HMGA1 as a direct target of miR-758 in OS cells. A. The binding site of miR-758 in the 3’-UTR of HMGA1 was predicted using bioinformatics
analysis. The mutant miR-758 binding sequences are also shown. B. HOS cells were co-transfected with miR-758 mimics or miR-NC and pmirGLO-HMGA1-3’-UTR-
WT or pmirGLO-HMGA1-3’-UTR-MUT. miR-758 inhibitor or NC inhibitor was co-transfected with pmirGLO-HMGA1-3’-UTR-WT or pmirGLO-HMGA1-3’-UTR-MUT into
U20S cells. Luciferase activity was detected 48 h post-transfection to assess the binding between miR-758 and the 3’-UTR of HMGAL. *P < 0.05 vs. miR-NC. #P <
0.05 vs. NC inhibitor. C, D. The mRNA and protein levels of HMGA1 in OS tissues and corresponding adjacent non-cancer tissues were detected using RT-gPCR and
western blot analysis, respectively. *P < 0.05 vs. non-cancer tissues. E. Spearman’s correlation analysis of the association between miR-758 and HMGA1 mRNA
levels in OS tissues. r =-0.5380, P < 0.001. F, G. RT-gPCR and western blot analysis results of HMGA1 mRNA and protein levels in HOS and U20S cells after trans-
fection with miR-758 mimics and miR-758 inhibitor, respectively. *P < 0.05 vs. miR-NC. #P < 0.05 vs. NC inhibitor.

44

Am J Cancer Res 2019;9(1):36-52



HOS

U208

E NC 31RNA HMGA1 siRNA
'L{ -{"L. o e
P X o 3

RS B A
‘rf | P --‘};-
3 -'f-..r;,‘ i

, )‘l =
L\-

HOS
NC siRNA 'a HMGA] siRNA

’t.u ‘_“3 f’c : \{-\ J: "f-!
; S =
W x :
5}' "i BNy Ty
. e
= S
4y 5 4. S i ;'\
"}‘:\ A e 4‘ i P T
'J\.h.\.,.!%:&s ™ Y e S W

U208
45

Number of colonies

Number of migratory cells

Relative HMGAL
protein expression

Ren et al. miR-758 in osteosarcoma

1.5ymmNC siRNA

o
=)

400+

3004

200+

100+

o
(==
1

e
bl

~ELL

COHMGA 1 siRNA

HO U208

100
*
50- |l|
0' T

HOS

HOS

Absorbance (490 nm)
*

0h24h48h72h
HOS

D . NC siRNA HMGAI siRNA
"11.06% 6.16%| ~

);

_[BB.0MBI " 4.76%)

b 2 e :
Annexin V

NCsiRNA  HMGAT1 siRNA
15.14% | 7.90%|

o

g 1%3,{, 1.02%
il ‘fw: et e e

Annexin V
U208

F NC 51RNA HMGA] siRNA

HOS

=y,
"ﬁ.'

2.07-e-NC siRN
= -oHMGAI SIRNA
< 1.51
=
g
g 1.04
2
£ *
g 0.5 *
=l
<

Oh24h48h72h
U208

~ ~ HENC siRNA
& 30OHMGAT siRNA
4 i
o 204
2
&
& 101
[T
(=]
&
é O" T T
HOS U208
2 150 mmNC siRNA
3 CHMGA 1 siRNA
L]
% 1004
o
&
s *
3 501
[
£
g
Z 0" T T

Am J Cancer Res 2019;9(1):36-52



Ren et al. miR-758 in osteosarcoma

Figure 4. HMGAL1 inhibition simulates the effects of miR-758 overexpression in OS cells. HOS and U20S cells were transfected with HMGA1 siRNA or NC siRNA. A.
Western blot analysis was performed to determine HMGA1 protein level. *P < 0.05 vs. NC siRNA. B, C. Proliferation and colony forming ability of the above-men-
tioned cells were investigated using MTT and clonogenic survival assays, respectively. *P < 0.05 vs. NC siRNA. D. The percentage of apoptotic HOS and U20S cells
was detected using flow cytometry analysis. *P < 0.05 vs. NC siRNA. E, F. Effects of HMGA1 knockdown on the migratory and invasive abilities of HOS and U20S
cells were assessed using transwell assays. *P < 0.05 vs. NC siRNA.

A EmMiR-NC
miR-758 mimicstpcDNA3.1
EEmMiR-758 mimics+pc-HMGAL1

CNC inhibitor
E@miR-758 inhibitor+NC siRNA ;
B miR-758 inhibitor+ -e-miR-NC -=-NC inhibitor

1.5 2.5HMGAI siRNA -0-miR-758 mimics+pcDNA3. 1 -8-miR-758 inhibitor+NC siRNA
D D # -@-miR-758 mimics+pc-HMGA1 —m-miR-758 inhibitor+
< .9 < .55 0 157 2.0HMGATSIRNA
g 810 g2&” E €
T & T EL5 H s e L& #
0 & 0 ® g 1.0 *x g #
e S £ 1.04 N $
z“; 50.5' é 5 § * Y § 1.04
= =051 £ 0.5 Y g it
0.0 § § 0.51
——— <
T T T T 0,0 T T T | 1
0h24h48h72h 0h24h48h72h
U208
Cc miR-758 mimics+ miR-758 inhibitor+
pcDNA3.1 A
A NN mmmiR-NC H e CINC inhibitor
2\ ., CImiR-758 mimics+pcDNA3.1 ‘ : EImiR-758 inhibitor+NC siRNA
E Bl miR-758 mimics+pc-HMGAL ) 3 (wmlRJSS inhibitor+
i ‘. 500- i 8001-HMGA1 siRNA
N § 400 * % : / _g 600-
— 3 3001 . . . 3
miR-758 mimics+ E o6 miR-758 inhibitor+ 5 4001 i
pc-HMGA1 8 5 HMGA1 siRNA 5
- ) | T ‘ < 200-
. £ 100 Pt £
g v, 3 / " ~ 3
‘ Z o : s
\ HOS 5 i U208
¥ i \ 4

46 Am J Cancer Res 2019;9(1):36-52



D miR-758 mimics+
~ pcDNA3.1

miR-NC

miR-758 mimics+
. pc-HMGAL

E miR-758 mimics+

NC pcD_NA3.1 )
Ll S N e

T > A, A o
e K i W e
o 3 v Lo - s i

AT AN M N

miR-758 mimics+
pc-HMGAL

- A Yt
F miR-758 mimics+
pcDNA3.1
LA @
e 75 ) G
P o S e
E L
ot LAE
LA R
,___;’; ““7 {05 ~\

miR-758 mimics+
_PeHMGAL_
;ft’*,u“.’*‘ @"'.’?;:ﬂ

i

a7

Rate of apoptotic cells (%)

Number of migratory cells

Ren et al. miR-758 in osteosarcoma

EmmiR-NC

30
*
204
107
0-
HOS
mmiR-NC

CImiR-758 mimics+pcDNA3.1
miR-758 mimics+pc-HMGA1

— [\

Wi

(=] a
1 ]

100+
*
501
0-
HOS
ElmMiR-NC
CImiR-758 mimics+pcDNA3.1
(ﬂ_mtRJSS mimics+pc-HMGAL
150 i
1001
50 T
0-
HOS

CJImiR-758 mimics+pcDNA3.1
E@miR-758 mimics+pc-HMGA1

*%

miR-758 inhibitor+
. NC inhibitor | NC siRNA

10.85%  9.51%| 10.51% | 4.17%

miR-758 inhibitor+
HMGAI1 siRNA
*1.04% [13.69%

102

1

miR-758 inhibitor+

NC irﬂly@itor  NCsiRNA
e I
o Mg -»’f ) ’3,5@};";

A ,",
o™ e N LN
W*% ROER a0
Ly e TR e

miR-758 inhibitor+
HMGAT1 siRNA

Sl

| ,»'%f?#’ X

miR-758 inhibitor+
NC inhibitor = NC siRNA
7
b

miR-758 inhibitor+
HMGA _1 siRNA

g

= NC inhibitor .

E miR-758 inhibitor+NC siRNA
B8 miR-758 inhibitor+
15-HMGA1 siRNA

u . m

—
(e}
1

W
1

Rate of apoptotic cells (%)
£

(=}

U208

CINC inhibitor, .

EImiR-758 inhibitor+NC siRNA

MmIRJSS inhibitor+
4009HMGA1 siRNA

#

Number of migratory cells
)
(=)
(=]

U20S

3 NC inhibitor,
B miR-758 inhibitor+NC siRNA
4 Bl miR-758 inhibitor+

007HMGA1 siRNA
300 #
2001
##
100
¥ U20S

Am J Cancer Res 2019;9(1):36-52



Ren et al. miR-758 in osteosarcoma

Figure 5. HMGA1 is required for miR-758-directed OS cell proliferation, colony formation, apoptosis, migration, and
invasion. miR-758-overexpressing HOS cells were transfected with pc-HMGA1 or pcDNA3.1, whereas HMGA1 siRNA
or NC siRNA was introduced into miR-758-downregulated U20S cells. A. HMGA1 protein level was analyzed in HOS
and U20S cells. *P < 0.05 vs. miR-NC. **P < 0.05 vs. miR-758 mimics + pcDNA3.1. #P < 0.05 vs. NC inhibitor. *#P
< 0.05 vs. miR-758 inhibitor + NC siRNA. B-F. MTT assay, clonogenic survival assay, flow cytometry analysis, and
transwell assays were performed to determine proliferation, colony formation, apoptosis, migration, and invasion
of HOS and U20S cells treated as mentioned above, respectively. *P < 0.05 vs. miR-NC. **P < 0.05 vs. miR-758
mimics + pcDNA3.1. #P < 0.05 vs. NC inhibitor. #P < 0.05 vs. miR-758 inhibitor + NC siRNA.
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Figure 6. miR-758 inhibits the activation of the Wnt/B-catenin pathway in
OS in vitro and in vivo. A. HOS cells were co-transfected with miR-758 mim-
ics and pc-HMGA1 or pcDNA3.1. U20S cells were co-transfected with miR-
758 inhibitor and HMGA1 siRNA or NC siRNA. Western blot analysis was
performed to detect p-B-catenin, B-catenin, and cyclin D1 protein levels 72
h after transfection. B. The protein levels of p-B-catenin, B-catenin and cyclin
D1 in OS tissues was detected through western blot analysis.

Restoration of HMGA1 expres-
sion counteracts the anti-
cancer effects of miR-758 on
OS cells

To further demonstrate that
HMGA1 mediated the tumor-
suppressive roles of miR-758
in OS cells, a series of rescue
experiments were performed
in which HMGA1 expression
was recovered in HOS and
U20S cells. To achieve this,
miR-758 mimics-transfected
HOS cells were further co-
transfected with pcDNA3.1-
HMGA1 (pc-HMGA1) or empty
pcDNA3.1 plasmid, whereas
HMGA1 siRNA or NC siRNA
was introduced into miR-758
inhibitor-transfected U20S ce-
lls. Western blot analysis con-
firmed that the HMGA1 down-
regulation in HOS cells and
upregulation in U20S cells was
achieved after co-transfection
with pc-HMGA1 and HMGA1
SiRNA, respectively (Figure 5A,

restricted when HMGA1 expression was
silenced (Figure 4B and 4C, P < 0.05). Fur-
thermore, the effect of miR-758 on OS cell
apoptosis was determined using flow cytometry
analysis. As shown in Figure 4D, apoptosis was
significantly induced in HOS and U20S cells
transfected with HMGA1 siRNA (P < 0.05). In
addition, transwell assays revealed that
HMGAL inhibition attenuated the migratory
(Figure 4E, P < 0.05) and invasive (Figure 4F, P
< 0.05) abilities of HOS and U20S cells. These
observations demonstrated that HMGA1
knockdown simulated the anti-tumor effects
induced by miR-758 upregulation, further sug-
gesting that HMGA1 is a downstream mediator
of miR-758 in 0S.
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P < 0.05). Furthermore, resto-

ration of HMGA1 expression
partially attenuated miR-758-mediated effects
on HOS and U20S cell proliferation (Figure 5B,
P < 0.05), colony formation ability (Figure 5C, P
< 0.05), apoptosis (Figure 5D, P < 0.05), migra-
tion (Figure 5E, P < 0.05), and invasion (Figure
5F, P < 0.05) in vitro. Collectively, these results
demonstrated that HMGA1 partially mediates
the effects of miR-758 on the aggressive phe-
notypes of OS cells.

miR-758 inhibits the activation of the Wnt/3-
catenin pathway in OS cells

Previous reports have shown that HMGAL is

involved in the Wnt/B-catenin pathway in mul-
tiple human cancers [21, 26, 27]. Hence, we

Am J Cancer Res 2019;9(1):36-52
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Figure 7. miR-758 inhibits OS tumor growth in vivo. HOS cells were trans-
fected with miR-758 mimics or miR-NC. The transfected cells were col-
lected and subcutaneously injected into the flanks of nude mice after 24
h. A. Representative images of the tumor xenografts in miR-758 mimics
and miR-NC groups. B. After 2 weeks, the volume of the tumor xenografts
was detected and calculated using the following formula: Volume (mm?3) =
Width? (mm?2) * Length (mm)/2. *P < 0.05 vs. miR-NC. C. Nude mice were
sacrificed one month after the inoculation. The tumor xenografts were ex-
cised and weighed. *P < 0.05 vs. miR-NC. D. Total RNA was isolated from
xenografts derived from miR-758 mimics- or miR-NC-transfected HOS cells,
and miR-758 expression was determined. *P < 0.05 vs. miR-NC. E. Western
blot analysis was performed to determine HMGA1, p-B-catenin, B-catenin,
and cyclin D1 protein levels in the xenografts.

next investigated whether miR-758 deactivated

in both HOS and U20S cells
was unaffected. In addition,
miR-758-induced changes in
p-B-catenin and cyclin D1 pro-
tein levels were restored in
HOS and U20S cells in which
HMGA1 expression had been
recovered (Figure 6A). We fur-
ther determined the expres-
sion of p-B-catenin, B-catenin,
and cyclin D1 in OS tissues
from low and high miR-758
expression groups. Consisten-
tly, the levels of p-B-catenin
and cyclin D1 in high miR-758
expression group were signifi-
cantly lower than those in low
miR-758 expression group (Fi-
gure 6B). These results sug-
gest that miR-758 inhibits the
activation of the Wnt/[-catenin
pathway in OS, which may par-
tially explain the mechanism
underlying the functions of
miR-758.

miR-758 hinders the tumor-
ous growth of OS cells in vivo

Xenograft assay was perform-
ed to assess the effect of miR-
758 on OS cell growth in vivo. A
subcutaneous xenograft mo-
del was generated by injecting
miR-758 mimics- or miR-NC-
transfected HOS cells into
nude mice. An obvious sup-
pression in xenograft tumor
volume (Figure 7A and 7B, P <
0.05) and weight (Figure 7C, P
< 0.05) was observed in the
miR-758 mimics group. In addi-
tion, upregulation of miR-758
expression by miR-758 mimi-
cs transfection was verified in
the xenograft using RT-qPCR

(Figure 7D, P < 0.05). Furthermore, western

the Wnt/B-catenin pathway in OS cells by inhib-
iting HMGA1 expression. Western blot analysis
indicated that miR-758 upregulation decreased
the protein levels of p-B-catenin and cyclin D1
in HOS cells, whereas miR-758 knockdown
increased p-B-catenin and cyclin D1 levels in
H20S cells. However, the level of total B-catenin
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blot analysis revealed that HMGA1, p-B-catenin,
and cyclin D1 protein levels were reduced in the
tumor xenograft derived from miR-758 mimics-
transfected HOS cells (Figure 7E). These results
showed that miR-758 hindered tumor growth in
OS in vivo by regulating the HMGA1/Wnt/j-
catenin pathway.
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Discussion

Increasing evidence indicates that miRNAs are
frequently dysregulated in OS and are implicat-
ed in the oncogenesis and development of OS
[28-30]. The mechanism underlying OS forma-
tion and progression is critical for predicting
prognosis and identifying therapeutic targets
for patients with OS [31]. Hence, an in-depth
investigation of miRNAs with aberrant expres-
sion and their roles in OS is crucial for develop-
ing novel prognostic biomarkers and therapeu-
tic targets. In this study, for the first time, we
analyzed miR-758 expression in OS tissues and
cells and evaluated its clinical significance. In
particular, the function and mechanism of miR-
758 action in OS were investigated. Our results
suggested that miR-758 may function as a
tumor suppressive miRNA in OS both in vitro
and in vivo by directly targeting HMGA1 and
regulating the Wnt/B-catenin pathway.

miR-758 is downregulated in non-small cell
lung cancer tissues, which correlates with
tumor-necrosis-metastases stage. Non-small
cell lung cancer patients with low miR-758
expression have shorter overall survival than
patients with high miR-758 expression [16].
miR-758 expression is also low in cervical can-
cer tissues, which is related to infiltration and
invasion of cervical cancer [17]. In addition,
miR-758 is expressed at low levels in retino-
blastoma [18] and hepatocellular carcinoma
[19]. However, the expression pattern of miR-
758 in OS remains unclear. Herein, we used
RT-gPCR to detect miR-758 expression, and
observed that miR-758 was poorly expressed in
OS tissues and cell lines. miR-758 expression
correlated with the tumor size, clinical stage,
and distant metastasis of patients with OS.
Furthermore, OS patients with low miR-758
level exhibited poorer overall survival and
worse disease-free survival compared to
patients with high miR-758 level. These find-
ings suggest that miR-758 might be an effec-
tive biomarker for the diagnosis and prognosis
of specific human cancer types.

miR-758 plays tumor suppressive roles. For
instance, miR-758 overexpression has been
shown to inhibit proliferation, migration, and
invasion, and promote apoptosis of retinoblas-
toma cells in vitro [18]. Exogenous miR-758
expression restricts cell growth and metastasis
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in hepatocellular carcinoma in vitro [19].
Nevertheless, the detailed roles of miR-758 in
OS are still poorly understood. Our study
showed that miR-758 exerted tumor-suppress-
ing roles in OS cells by regulating cell growth
and metastasis in vitro and tumor growth in
vivo. These observations suggest that miR-758
might serve as a promising target for the treat-
ment of patients with the above-mentioned
cancer types.

Four human genes, namely, matrix extracellular
phosphoglycoprotein in cervical cancer [17],
paired box protein 6 in retinoblastoma [18],
and mouse double minute 2 homolog and
mammalian target of rapamycin in hepatocel-
lular carcinoma [19] have been validated as the
direct targets of miR-758. HMGA1, a member
of the HMGA protein family, was demonstrated
to be a novel direct target of miR-758 in OS.
HMGA1 regulates chromatin structure by
directly binding to the A/T-rich DNA sequences
located in the promoter and enhancer regions
of multiple human genes [32]. HMGA1 expres-
sion has been reported to be upregulated in
various human cancers, including colorectal
cancer [21], lung cancer [22], breast cancer
[23], and glioma [24]. HMGA1 expression is
upregulated in OS tissues and exerts crucial
roles in OS formation and progression [25].
HMGAL1 is able to activate the Wnt/[B-catenin
pathway, which is central to carcinogenesis
[24, 26, 27]. Wnt/B-catenin signaling is impli-
cated in the regulation of aggressive behaviors
of OS cells, including cell proliferation, cycle,
apoptosis, metastasis, epithelial-mesenchymal
transition, and chemoresistance [33-36]. More
importantly, recent studies have documented
that targeting the Wnt/B-catenin pathway may
be a potential therapeutic strategy for the treat-
ment of patients with OS [33, 34]. In this study,
we also demonstrated that the miR-758/
HMGA1 axis inhibited the aggressive pheno-
types of OS cells both in vitro and in vivo, and
the Wnt/B-catenin pathway was deactivated in
this process. Accordingly, HMGA1 inhibition- or
miR-758 restoration-mediated deactivation of
the Wnt/B-catenin pathway might be a valuable
approach for treating patients with OS.

In conclusion, miR-758 expression was down-
regulated in OS tissues and cells. Its downregu-
lation was correlated with malignant clinical
features and predicted poor survival of patients
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with OS. Furthermore, miR-758 suppressed
the progression and development of OS in
vitro and in vivo by directly targeting HMGA1
and regulating the Wnt/B-catenin pathway.
Identification and characterization of the spe-
cific roles of miR-758 in OS might be beneficial
for understanding the molecular mechanisms
underlying OS pathogenesis, as well as for
developing effective therapeutic targets for OS
treatment.
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