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Background: Osteosarcoma is a primary bone aggressive cancer, affecting adolescents worldwide. Increasing evidence sug-
gests that dysfunction of microRNAs (miRNAs) plays a pivotal role in malignancies. The aim of this study was
to evaluate the potential functions of miR-181c and verifying its regulatory effects on SMAD7 in osteosarcoma.

Material/Methods: The expressions of miR-181c and SMAD?7 in osteosarcoma were detected by quantitative real-time polymerase
chain reaction (gRT-PCR). Cell proliferation, invasion and migration abilities were assessed using MTT (3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) and Transwell assay. Bioinformatics analysis and lucif-
erase reporter assay were used to explore the interaction between miR-181c and SMAD7. Western blot was
performed to determine the functions of miR-181c on osteosarcoma cell epithelial-to-mesenchymal transition
(EMT) and transforming growth factor-f3 (TGF-B) signaling pathway.

Results: Decreased expression levels of miR-181c and SMAD7 were identified in osteosarcoma using gRT-PCR. The down-
regulated miR-181c and SMAD7 expressions indicated poor prognosis of osteosarcoma patients. Moreover,
miR-181c overexpression prominently repressed osteosarcoma cell proliferation, invasion, and migration abili-
ties via modulating EMT and TGF-B signaling pathway. SMAD7 functioned as an important target for miR-181c
in osteosarcoma cells. Furthermore, upregulation of miR-181c dramatically suppressed osteosarcoma tumori-
genesis in vivo.

Conclusions: These findings indicated that miR-181c suppressed osteosarcoma progression, providing new insight into the
pathogenesis and representing a potential therapeutic target for osteosarcoma.
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Background

Osteosarcoma (0S) is a prevailing bone malignancy which
typically occurs in adolescents, with high morbidity and great
metastasis potentials [1,2]. Currently, surgery, adjuvant che-
motherapy, radiotherapy, and neoadjuvant are the mainstay
therapies for OS [3]. Although great improvement has been
made in improving clinical outcomes, the prognosis of OS pa-
tients remains poor because of pulmonary metastasis and tu-
mor recurrence after resection [4,5]. Additionally, the efficien-
cies of conventional treatments remain limited as the basic
mechanism of OS is poorly understood. Hence, it is urgent to
investigate the mechanisms of OS, which might be useful for
developing promising therapeutic biomarkers.

Accumulated studies have indicated that abnormal expres-
sions of miRNAs are implicated in the tumorigenesis of vari-
ous tumors via binding to complementary sequence in 3’'UTRs
of their target mRNA [6]. MicroRNAs (miRNAs) serve as major
regulators in the genetic networks which are involved in patho-
physiological processes, such as the tumor initiation and de-
velopment [7]. Recently, growing evidence has revealed that
miRNA acts as a tumor suppressor or an oncogene in tumor-
igenesis of different malignancies. For example, Li et al. [8]
found that miR-148a repressed breast cancer cell growth by
regulating B-cell lymphoma 2 (Bcl-2); Liu et al. [9] reported that
miR-495 inhibited gastric cancer cell proliferation and metas-
tases by targeting Twist1; Liu et al. [10] showed that miR-18a
suppressed cell growth through targeting IPMK and TRIAP1 in
ovarian cancer. These findings provide strong evidence that ma-
nipulating the functions of specific miRNAs might be a promis-
ing approach in tumor therapy. Evidence from previous studies
showed that miR-181c correlated with high grade OS recur-
rence, enhancing chemotherapeutic-induced cell death and re-
ducing cell viability [11]. Therefore, in this study, we aimed to
elucidate the molecular mechanism in the regulations of OS
with a focus on miR-181c.

Epithelial-to-mesenchymal transition (EMT) is a cellular trans-
differentiation process, whereby losing the epithelial polarities
and junctions, and acquiring alterations in gene expressions
and behaviors which are typically correlated with mesenchymal
cells [12]. Emerging evidence has also indicated that EMT pro-
cess is involved tumor progression. For instance, Jeong et al. [13]
found that EMT in breast cancer was related to the triple-neg-
ative phenotype and high histological grade. Transforming
growth factor B (TGF-B)/Smad signaling pathway, an important
driver in carcinogenesis, is commonly dysregulated in the pro-
gression of various cancers, including cervical carcinoma [14],
gastric carcinoma [15], and hepatocellular carcinoma [16].
TGF-B/Smad is a multi-functional regulator implicated in mul-
tiple processes such as cell metastases and growth [17,18].
TGF-B signaling pathway has been verified to function as an
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important cancer promoter via inducing EMT [19]. Therefore,
it is hypothesized that EMT and the TGF-B/Smad pathway are
involved in progression of OS. It is well-known that TGF-B1 can
activate downstream mediators, such as SMAD2 and SMAD3,
to exert its biological functions, while SMAD7 can negatively
regulate its effects [20]. Previous studies have demonstrated
that SMAD?7 is one of the most vital factors in tumor develop-
ment. Studies by De Simone et al. [21] showed that SMAD7
knockdown lead to colon cancer cell death via activating pro-
tein kinase RNA-associated elF2alpha pathway. Another study
by Javelaud et al. [22] revealed that stable SMAD7 overexpres-
sion inhibited the tumorigenicity in human melanoma cells.
Hence, in this present study, we detected the association be-
tween SMAD7 and TGF-f signaling pathway in OS.

Material and Methods

Clinical tissues

Fifty pairs of OS tissue samples and matched non-tumor tissue
samples were collected from 50 OS patients who underwent
surgery resections at HwaMei Hospital, University of Chinese
Academy of Sciences between July 2015 and October 2017.
No OS patients enrolled in current study were subjected to che-
motherapy or radiotherapy. All tissues were immediately fro-
zen in liquid nitrogen and stored at —80°C until use. Informed
consent was provided by all patients to approve the use of
their tissues for research purposes. This study was approved
by the Ethics Committee of HwaMei Hospital, University of
Chinese Academy of Sciences.

Cell culture

A human osteoblast cell line hFOB 1.19 and OS cell lines
(MG-63, Saos-2, and U20S, HOS) were obtained from the ATCC
(Manassas, VA, USA). Cells were maintained in Dulbecco’s
Modified Eagle Medium (DMEM) (Thermo Fisher Scientific,
Inc., Waltham, MA, USA) containing 10% fetal bovine serum
(FBS) (Gibco, Rockville, MD, USA) at 37°C in a humidified in-
cubator containing 5% CO,.

Cell transfection

MiR-181c mimics, inhibitors, and the negative controls (NC)
were obtained from RiboBio (Guangzhou, China) and trans-
fected into OS cell lines by Lipofectamine® 2000 (Invitrogen,
Carlsbad, CA, USA) in strict line with the manufacturer’s pro-
tocol. After 48 hours of transfections, the OS cells were col-
lected for further analysis.
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Table 1. Primer sequences for gRT-PCR.

miR-181c forward 5’-GTGTGGGAACATTCAACCTGTCGGTG-3’

GAPDH reverse 5’- GGGGTCATTGATGGCAACA -3’

U6 — small nuclear RNA, snRNA; SMAD7 — mothers against
decapentaplegic homolog 7; GAPDH — glyceraldehyde-3-
phosphate dehydrogenase.

Quantitative real-time polymerase chain reaction
(qQRT-PCR)

TRIzol reagent (Invitrogen, Carlsbad, CA, USA) was used to
isolate the total RNAs from the tissue samples and cultured
cells. Reverse transcription reaction was performed to syn-
thesize complementary deoxyribose nucleic acid (cDNA) using
PrimeScript RT reagent kit (TaKaRa, Dalian, China). SYBR Premix
Ex Taqll (TaKaRa Biotechnology Co., Ltd., Dalian, China) was
used to perform gPCR on an ABI 7500 fast real-time PCR sys-
tem (Thermo Fisher Scientific, Inc., Waltham, MA, USA). Primer
sequences for qRT-PCR are available in Table 1. The expression
levels were normalized to U6 (for miRNA) or glyceraldehyde
3-phosphate dehydrogenase (GAPDH) (for mRNA). The 2744
method was used to quantify the expressions.

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide) assay

MTT assays (Sigma-Aldrich, St. Louis, MO, USA) were performed
to determine the cell proliferation ability. Briefly, the transfected
cells were placed into 96-well plates and cultured for indicated
hours (0, 24, 48, and 72 hours). Then, MTT solution was added
into each well and then the cells were incubated for additional
4 hours at 37°C. Subsequently, dimethyl sulfoxide (DMSO)
(Sigma-Aldrich, St. Louis, MO, USA) was added to each well to
dissolve the crystals. Finally, the optical density (OD),,, was de-
termined with a microplate reader (Thermo Fisher Scientific, Inc.,

Waltham, MA, USA).
Transwell assays

Transwell assays were conducted to detect the cell invasion
and migration abilities using 8-um pore size Corning chambers
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(Corning, Corning, NY, USA) with Matrigel (BD Biosciences,
Franklin Lakes, NJ, USA) present or absent. Cells suspended in
serum-free medium were placed into the top chambers while
medium containing 10% FBS was added to bottom cham-
bers as a chemoattractive factor. Then, cells were incubated
at 37°Cin a 5% CO, atmosphere for 48 hours. Subsequently,
cells remained on the top chambers were removed with cot-
ton swabs, and on the other hand, cells invaded or migrated
to the lower chambers were fixed and stained with parafor-
maldehyde and crystal violet respectively. Then, the cells were
photographed and counted using an inverted microscope
(Olympus, Tokyo, Japan).

Western blot

The transfected cells were lysed using ice-cold radioimmu-
noprecipitation assay (RIPA) buffer (Thermo Fisher Scientific,
Waltham, MA, USA) supplemented with proteinase inhibitors.
The protein concentrations were quantified using bicincho-
ninic acid (BCA) Protein assay kit (Beyotime, Beijing, China).
Then, the protein was separated by 10% sodium dodecyl sul-
phate-polyacrylamide gel electrophoresis (SDS-PAGE). After
that, the protein was transferred onto the polyvinylidene flu-
oride (PVDF) membranes (Roche, Basel, Switzerland). Then
5%-skim milk in TBST was used to block the membranes at
room temperature for 2 hours. Subsequently, the membrane
was incubated overnight at 4°C with specific primary antibod-
ies against: SMAD7 (1: 1000, Abcam, Cambridge, MA, USA),
TGF-B1(1: 1000, Abcam, Cambridge, MA, USA), SMAD2 (1: 1000,
Abcam, Cambridge, MA, USA), p-SMAD2 (1: 2000, Abcam,
Cambridge, MA, USA), SMAD3 (1: 1000, Abcam, Cambridge,
MA, USA), p-SMAD3 (1: 1000, Abcam, Cambridge, MA, USA),
E-cadherin (1: 2000, Abcam, Cambridge, MA, USA), N-cadherin
(1: 2000, Abcam, Cambridge, MA, USA), vimentin (1: 1000,
Abcam, Cambridge, MA, USA) and GAPDH (1: 1000, Abcam,
Cambridge, MA, USA). The membranes were then incubated
with horse radish peroxidase (HRP)-conjugated secondary an-
tibody (1: 3,000, Abcam, Cambridge, MA, USA) for 2 hours at
room temperature. Electrochemiluminescence (ECL) detection
reagent (Pierce, Thermo Fisher Scientific, Inc., Waltham, MA,
USA) was utilized for the analysis of the signals on the mem-
brane. GAPDH served as an internal control.

Dual-luciferase reporter assay

The SMAD7 3’UTR sequences containing wide-type (WT) or mu-
tant (MUT) binding sites for miR-181c were inserted into the
pGL3 reporter vectors (Promega, Madison, WI, USA). Then, OS
cells were cotransfected with the WT or MUT SMAD7-3’UTR
along with miR-181c mimics. The transfected cells were har-
vested 48 hours post the transfections, and Dual-Luciferase
Assay Kit (Promega, Madison, WI, USA) was used to measure
the luciferase activities.
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Figure 1. MiR-181c was downregulated in osteosarcoma (0S) and indicated poor prognosis of OS patients. (A) MiR-181c expressions
in OS tissues were detected using quantitative real-time polymerase chain reaction. (B) Kaplan-Meier survival curves of miR-
181c high- and low-expression groups. ** P<0.01.

Table 2. Correlation of miR-181c expression with the clinicopathological characteristics of the OS patients.

miR-181c* expression

Clinicopathological features

High (n=20) Low (n=30)
Age (years) 0.5463

"""" s0 2w 1 e
w0 2 s w o
CGender 03346
"""" Male 2 9 17
"""" Female 24 w13
CTumorsize(em) 02134
o0 2 6 0
"""" o 2 a1
lymphnode metastasis 00032
e 2 7 s
"""" N 23 s
CTNMstage 00019*
"""" N N e
"""" e
CDistantmetastasis 00025
e 0 w 6
"""" N 20 & 1w
0S - osteosarcoma; TNM — tumor-node-metastasis. # The mean expression level of miR-181c was used as the cutoff; * statistically
significant.

In vivo xenograft tumor model subcutaneously into the dorsal flank of the nude mice. When

the tumors were palpable, tumor volumes were examined every
Female BALB/c nude mice (4- to 6-weeks old) were used for 3 days following the formula: volume (mm?)=(lengthxwidth?)/2.
the in vivo investigation. MG63 cells stably expressing miR-
181c (lenti-miR-181c) or a control (lenti-control) were injected
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Figure 2. MiR-181c overexpression dramatically inhibited osteosarcoma (OS) cell proliferation. (A) Quantitative real-time polymerase
chain reaction (QRT-PCR) was conducted to examine the expressions of miR-181c in OS cells; (B, C) gRT-PCR was carried out
to validate the overexpression or knockdown of miR-181c in OS cells. (D, E) MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide) assays were used to determine the impact of miR-181c on OS cell proliferation. * P<0.05, ** P<0.01,

*** P<0.001.

Statistical analysis

All data in current study were from at least 3 independent ex-
periments. Statistical analyses were carried out with Statistical
Product and Service Solutions (SPSS) software version 17.0
(SPSS Inc., Chicago, IL, USA). Kaplan-Meier method and log-
rank test were applied to estimate the survival rates. The sig-
nificant differences between 2 groups were analyzed with
Student’s t-test. Comparison between groups was done us-
ing one-way ANOVA test followed by post hoc test (least sig-
nificant difference). P<0.05 indicated statistical significance.

Results

MiR-181c was downregulated in OS and indicated poorer
prognosis

To determine the clinical relevance of miR-181c in OS, we firstly
detected the expressions of miR-181c in OS tissue samples

using gRT-PCR. Results demonstrated that miR-181c was ob-
viously downregulated in OS tissues when compared to the
matched normal tissues (Figure 1A). Additionally, we also per-
formed Kaplan-Meier analysis to analyze the association be-
tween miR-181c expression level and the prognosis of OS
patients. OS patients were assigned into a high miR-181c ex-
pressing group and a low miR-181c expressing group with the
mean miR-181c expression level as the cutoff. Data revealed
that OS patients with low miR-181c expressions presented
poorer prognosis than patients with high miR-181c expres-
sion (Figure 1B). Moreover, we also analyzed the correlation
between the clinicopathological characteristics and miR-181c
expression of OS patients. Findings indicated that low miR-
181c expressions were relevant with the adverse phenotypes
of OS patients (Table 2).

MiR-181c overexpression blocked OS cell proliferation

To further confirm the aforementioned results, OS cell lines was
used to identify the functions of miR-181c in OS cell. We first
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Figure 3. MiR-181c upregulation significantly suppressed osteosarcoma (OS) cell invasion and migration. (A, B) Transwell assay was
carried out to detect the invasion and migration capacities of MG-63 cells transfected with miR-181c mimics. (C, D) Invasion
and migration abilities of miR-181c inhibited Saos-2 cells were determined by Transwell assays. ** P<0.01.

measured the differential expressions of miR-181c in OS cells
and normal osteoblast cell hFOB 1.19. As expected, miR-181c
expressions in all OS cells were obviously decreased in com-
parison with that in hFOB 1.19 (Figure 2A). Then, MG-63 and
Saos-2 cells were selected for further investigation due to
their relatively low and high endogenous miR-181c expression.
gRT-PCR analysis showed that miR-181c mimics successfully
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enhanced the miR-181c expressions in MG-63 cell (Figure 2B),
whereas miR-181c inhibitor prominently reduced the miR-181c
expressions in Saos-2 cells (Figure 2C). Subsequently, MTT as-
say was carried out to determine the proliferation capacity of
miR-181c overexpressed MG-63 cells or miR-181c suppressed
Saos-2 cells. We found that miR-181c overexpression dramat-
ically repressed MG-63 cell proliferation (Figure 2D) whereas
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Figure 4. SMAD7 was a direct target of miR-181c. (A) The wild-type or mutated binding sequences between SMAD7 and miR-181c.
(B) Luciferase activities of osteosarcoma (OS) cells transfected with miR-181c mimics and SMAD7-3’"UTR-WT or MUT.
(C, D) SMAD7 expressions in OS cells treated with miR-181c mimics or inhibitor. ** P<0.01, *** P<0.001.

miR-181c suppression evidently facilitated Saos-2 cell prolif-
eration (Figure 2E).

MiR-181c restoration repressed OS cell invasion and
migration

We then investigated whether miR-181c influenced OS cell mi-
gration and invasion by performing Transwell assay. The results
indicated that cell invasion or migration ability was evidently
inhibited following transfection with miR-181c mimics in MG-63
cell (Figure 3A, 3B). On the other hand, we also found that miR-
181c inhibition caused by miR-181c inhibitor in Saos-2 cells
could dramatically repress cell invasion and migration abilities
(Figure 3G, 3D). All these results indicated that elevated miR-
181c exerted anti-tumor functions in OS cells.

SMAD7 was an important direct target for miR-181c

To investigate the underlying mechanism of miR-181c in 0OS
progression, TargetScan was used to identify potential targets
for miR-181c. We found that SMAD7 mRNA contained putative
miR-181c binding sites in its 3’"UTRs (Figure 4A). Luciferase as-
says were then performed to confirm the association between
SMAD7 and miR-181c. As shown in Figure 4B, the luciferase

activities of SMAD7-3’"UTR-WT were markedly upregulated by
miR-181c mimics. However, this intensive effects were abol-
ished when the miR-181c binding sites in the SMAD7 3’UTR
were mutated. Moreover, we detected the changes in SMAD7
expressions in miR-181c overexpressed MG-63 cells or miR-181c
suppressed Saos-2 cells. We found that MG-63 cells with miR-
181c overexpression showed significantly increased SMAD7 ex-
pressions, while miR-181c knockdown caused reduced SMAD7
expression in Saos-2 cells (Figure 4C, 4D).

MiR-181c regulated EMT and TGF-f signaling pathway in
0S cells

We further investigated the expression levels and the clinical
significance of SMAD7 in OS patients. The gRT-PCR results dem-
onstrated significant decrease of SMAD7 expressions not only
in OS tissues but also in OS cells (Figure 5A, 5B). Subsequently,
we analyzed the prognostic value of SMAD7 using Kaplan-
Meier analysis. Results indicated that OS patients with low
SMAD? expressions presented significantly shorter overall sur-
vival than patients with high SMAD7 expressions (Figure 5C).
Findings revealed that miR-181c targeted and upregulated
SMAD?. Moreover, in the TGF-f signaling pathway SMAD7 was
identified as a negative feedback loop. Hence, we proposed
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Figure 5. MiR-181c regulated osteosarcoma (OS) cell epithelial-to-mesenchymal transition (EMT) and transforming growth factor-f
(TGF-B) signaling pathway via regulating SMAD?7. (A, B) Quantitative real-time polymerase chain reaction was performed to
determine SMAD7 expressions in OS tissues or cells. (C) Kaplan-Meier analysis was carried out to examine the correlation
between SMAD7 and the overall survival of OS patients. (D) The impacts of miR-181c on OS cell EMT progress and TGF-3
signaling pathway were detected by western blots. * P<0.05, ** P<0.01.

a hypothesis that miR-181c might regulate TGF-B pathway and
EMT. Subsequently, we further determined the functions of miR-
181c in OS cell EMT and TGF-f signaling pathway by perform-
ing western blots. Results showed that miR-181c overexpres-
sion could significantly downregulate N-cadherin and vimentin
whereas upregulate E-cadherin (Figure 5D). Moreover, we ex-
amined the regulatory functions of miR-181c in TGF-f3 signaling
pathway and the data indicated that p-SMAD2, p-SMAD3, and
TGF-B1 were prominently downregulated by miR-181c upregu-
lation while significantly enhanced by miR-181c downregula-
tion (Figure 5D). Thus, these findings together indicated that
miR-181c exhibited its inhibitory effect on OS progression by
regulation of EMT and TGF- signaling pathway.

MiR-181c restoration inhibited OS growth in vivo

Finally, we wondered whether miR-181c might also functionally
regulate OS development in vivo. An in vivo mouse xenograft
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model was established to determine the function of miR-181c
in tumor growth. As shown in Figure 6A and 6B, both the tu-
mor growth curve and the tumor volumes in the miR-181c
mice when compared to the control group.

Discussion

0S is a severe bone cancer characterized by a poor clinical out-
come [23]. Therefore, exploring the potential mechanisms in-
volved in OS development is urgently imperative to improve
therapies for OS patients. Furthermore, mounting evidence has
revealed that miRNAs take an important part in modulating OS
initiation and progression, including metastases, invasion, apop-
tosis, and proliferation [24,25]. For example, Huang et al. [26]
found that miR-124 acted as a tumor-suppressive miRNA in 0S
via inhibiting Snail2 expressions; Sun et al. [27] reported that
miR-646 suppressed OS cell metastases through downregulating
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Figure 6. MiR-181c overexpression inhibited osteosarcoma (OS) tumor growth in vivo. (A) The growth curve of subcutaneous
xenograft. (B) Representative images of subcutaneous xenograft from the mice in different groups. * P<0.05, ** P<0.01,

*** P<0.001.

FGF2; Yuan et al. [28] proposed that miR-20a enhanced OS cell
proliferation by upregulating TAK1. Herein, we determined bi-
ological function, the regulatory mechanisms and the clinical
significance of miR-181c in OS progression.

MiR-181c plays crucial roles in many physiological and path-
ological progresses. Recent studies have documented the in-
dispensable role of miR-181c in various cancers including
gastric carcinoma [29], colorectal carcinoma [30], and breast
carcinoma [31]. Owing to its potential use as a biomarker for
diagnosis and therapy, it is of importance to study the mech-
anisms of miR-181c in OS. In the present study, miR-181c was
found to be downregulated in OS tissues and the decreased
miR-181c was related to the poor prognosis and malignant
clinicopathologic features. Moreover, we performed functional
assays to determine the effects of miR-181c on OS cell prolif-
eration, invasion, and migration. Results showed that upregu-
lation of miR-181c dramatically repressed OS cell proliferation,
invasion, and migration abilities.

It is well known that miRNAs usually modulate tumorigene-
sis by regulation of their target mRNAs. Hence, bioinformat-
ics analysis and luciferase assays were carried out to explore
the potential target genes of miR-181c. Data showed that
SMAD7 was a direct functional target of for miR-181c in OS
cells. Increasing studies have indicated that SMAD7 are im-
portant signal transducers and key regulators of cellular pro-
cesses including apoptosis [32], invasion [33], and prolifera-
tion [34]. SMAD7 might negatively regulate the TGF-p signaling

pathway. As results demonstrated that miR-181c targeted
SMAD?7 in OS cells, we further explored whether miR-181c me-
diated TGF-p pathway and EMT. Hence, the mechanisms un-
derlying the repressive roles of miR-181c in OS cells were fur-
ther investigated by performing western blots. We found that
miR-181c overexpression could repress EMT and TGF-f signal-
ing pathway in OS cells. Altogether, these results implied that
miR-181c suppressed OS cell EMT and TGF-f signaling path-
way via regulating SMAD7.

Conclusions

In conclusion, the decreased miR-181c demonstrated adverse
clinical phenotypes of OS patients. Findings of functional as-
says showed that miR-181c restoration significantly impaired
0S cell proliferation, invasion, and migration abilities. Moreover,
it was found that miR-181c directly targeted SMAD7, the ex-
pression level of which was significantly upregulated by miR-
181c. Furthermore, we detected the impact of miR-181c on
EMT and TGF- signaling pathway in OS cells using western
blot, and results showed that miR-181c could obviously inhibit
the EMT progress and TGF-B signaling pathway. In addition,
we also found that miR-181c overexpression prominently sup-
pressed OS cell growth in vivo.
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