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MicroRNA-29a suppresses the invasion and migration of
osteosarcoma cells by regulating the SOCS1/NF-kB signalling
pathway through negatively targeting DNMT3B
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Abstract. The present study aimed to investigate the roles of
the microRNA-29a/DNA methyltransferase 3B/suppressor
of cytokine signalling 1 (miR-29a/DNMT3B/SOCS]1) axis
in the invasion and the migration of osteosarcoma (OS). The
expression levels of miR-29a, DNMT3B and SOCS1 were
determined in tissue samples and OS cell lines by reverse
transcription-quantitative polymerase chain reaction (PCR).
Apoptosis was measured using flow cytometry analysis.
Transwell and wound healing assays were conducted to measure
the invasion and migration abilities of OS cells, respectively.
A dual-luciferase reporter assay was also conducted to deter-
mine the interaction between DNMT3B and miR-29a, while
methylation-specific PCR was used to detect the methylation
of SOCSI. Western blotting was performed to determine the
protein levels of DNMT3B and SOCSI, as well as the levels
of proteins associated with epithelial-mesenchymal transition
(EMT), apoptosis and the nuclear factor (NF)-«xB signalling
pathway. The results demonstrated that miR-29a and SOCS1
were downregulated, and DNMT3B was upregulated in both
OS tissues and cell lines. The expression of miR-29a and
SOCSI was found to be associated with advanced clinical stage
and distant metastasis. In addition, the dual-luciferase reporter
assay revealed that DNMT3B was a direct target of miR-29a.
Overexpression using miR-29a mimics decreased DNMT3B
expression and the methylation level of SOCSI, which resulted
in the upregulation of SOCSI in U20S and MG-63 cells, while
miR-29a inhibition led to the opposite results. Transfection with
miR-29a mimics also promoted the apoptosis, and inhibited
the invasion, migration and EMT process of OS cells, while it
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markedly reduced the nuclear translocation of p65 and IkB-a
degradation. Treatment with 5-aza-2'-deoxycytidine worked
together with miR-29a mimics to synergistically enhance the
aforementioned effects. By contrast, the effects induced by
miR-29a were partly reversed upon co-transfection with SOCS1
siRNA. In conclusion, miR-29a promoted the apoptosis, and
inhibited the invasion, migration and EMT process of OS cells
via inhibition of the SOCS1/NF-«B signalling pathway by
directly targeting DNMT3B.

Introduction

Osteosarcoma (OS), the most frequent malignant bone
tumour, often occurs in children, accounting for 2.4% of
all malignancies and ~20% of all primary bone tumours in
paediatric patients (1,2). Despite the rapid advances in treat-
ment and diagnosis, the survival of OS patients remains poor,
and its recurrence rate is as high as 30-40% due to its highly
aggressive and metastatic properties (3,4). The current stan-
dard chemotherapy methods only provide 65-70% long-term
disease-free survival for OS patients without metastasis, and
70% OS patients with recurrence die within 5 years (5,6).
Thus, it is of high urgency to uncover the mechanisms of OS
tumourigenesis, particularly its invasion and migration.

MicroRNAs (miRNAs) are small endogenous RNAs that
are involved in various steps of tumourigenesis, including in cell
proliferation, apoptosis, migration and invasion (7,8). miR-29a,
which is considered as a tumour suppressor, serves an impor-
tant role in the development of several types of cancer, such as
lung (9), prostate (10) and gastric cancer (11). A previous study
has also reported that miR-29a is downregulated in OS (12);
however, the involvement and mechanisms for miR-29a in the
development of OS have rarely been reported (12). The hyper-
methylation of certain tumour suppressor gene promoters
plays a crucial role in cancer progression, and the interaction
between methylation of anti-oncogenes and miRNAs has been
demonstrated in several types of cancer (13,14). Recently, it was
reported that overexpression of DNA methyltransferase 3B
(DNMT3B) was correlated to the downregulation of miR-29a
in juvenile myelomonocytic leukaemia (15). However, to the
best of our knowledge, no study has investigated the associa-
tion between DNMT3B and miR-29a in OS.
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The suppressor of cytokine signalling (SOCS) family
consists of eight members, namely SOCS1-7, as well as the
cytokine-inducible SH2-containing protein (16). SOCSI1
can act as both tumour suppressor and oncogene in cancer
development (17), and the methylation of SOCS1 promoter
regions by methyltransferases is reportedly involved in the
tumourigenesis of several cancer types. The methylation
of SOCSI promotes the growth and proliferation of acute
myeloid leukaemia cells through the JAK2/STAT signalling
pathway (18). In addition, SOCS1 has been demonstrated to
suppress the metastasis of melanoma cells (19) and human
prostate cancer cells (20). However, SOCSI can also act as an
oncogene, and silencing SOCSI in monocytes enhanced the
tumour-killing activity of macrophages (21). A previous study
demonstrated that SOCS1 was involved in the development of
OS (22). However, deeper insights on the function of SOCS1 in
OS are still needed, and no study has focussed on the associa-
tion between the miR-29a/DNMT?3B axis and SOCSI, or its
influence on the apoptosis, invasion and migration of OS cells.

The SOCS1/nuclear factor (NF)-kB pathway serves a
vital role in inflammatory processes (23,24). SOCSI1 regu-
lates the epithelial-mesenchymal transition (EMT) and
bone metastasis of prostate cancer via the NF-«B signalling
pathway (25). SOCSI, the key factor in our research, is an
upstream protein of NF-kB (26), while several studies have
reported that the NF-«kB signalling pathway is associated with
tumour invasion and migration. It was also demonstrated that
NF-«B promoted EMT, migration and invasion in pancreatic
carcinoma cells (27). Furthermore, a previous review demon-
strated that activation of the TNF-a/NF-«B pathway may
contribute to tumor development and promote cell migration
and invasion by activating Snail and epithelial-mesenchymal
transformation (28). Therefore, we hypothesized that
miR-29a may modulate tumourigenesis in OS by regulating
the SOCS1/NF-«xB signalling pathway by directly targeting
DNMTS3B.

In the present study, it was observed that miR-29a promoted
apoptosis, and inhibited invasion, migration and EMT in OS
cells via the SOCS1/NF-«kB signalling pathway by targeting
DNMTS3B. To the best of our knowledge, this is the first study
examining the association between miR-29a, DNMT3B and
SOCSI in OS tumourigenesis. The current study may provide
a better understanding of the miR-29a/DNMT3B/SOCSI axis
in the development of OS and provide novel therapeutic targets
for OS treatment.

Materials and methods

Tissue samples. A total of 30 paired OS tissues and adjacent
non-tumour tissue samples were used in the present study,
which were obtained from patients who underwent radical
resection at the Second Xiangya Hospital, Central South
University (Changsha, China). Samples were frozen immedi-
ately after surgical resection and stored in liquid nitrogen until
required for further assay. Histological analysis was conducted
to confirm the pathology of all tissues (29). Written informed
consent was obtained from all patients, and the study was
approved by the Ethics Committee of the Second Xiangya
Hospital, Central South University. The clinicopathological
features of all OS patients are listed in Table I.
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Cell culture and transfection. The OS cell lines U20S, MG-63
and Saos-2, as well as the normal hFOB 1.19 osteoblast cells,
were all purchased from ATCC (Manassas, VA, USA). Briefly,
cells were cultured in Dulbecco's modified Eagle's medium
(DMEM; Thermo Fisher Scientific, Inc., Waltham, MA, USA)
containing 10% foetal bovine serum (FBS; Gibco; Thermo
Fisher Scientific, Inc.) and 100 ug/ml penicillin-streptomycin
(Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) at 37°C
and 5% CO,. When the OS cells reached 70-80% confluence,
they were transfected with miR-29a mimics, miR-29a inhib-
itor, negative control (NC) mimics, NC inhibitor (all 10 nM;
GeneChem Corp., Shanghai, China), SOCSI siRNA (siSOCS1)
or NC siRNA (siNC) for 48 h using the Lipo6000 transfection
reagent (Beyotime Institute of Biotechnology, Haimen, China)
according to the manufacturer's protocol. After 48 h, the trans-
fection rate was determined using RT-qPCR. To inhibit the
level of methylation, 5-aza-2'-deoxycytidine (5-Aza; 10 uM;
Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) was
added to the cells. Briefly, U20S or MG63 cells were treated
with 10 uM 5-Aza after cells reached 70-80% confluence
or cells were treated with 10 uM 5-Aza after transfection of
miR-29a mimics for 24 h. Cells not treated with 5-Aza were
used as controls. The cells were further cultured for 24 h for
further experiments.

293T cells (American Type Culture Collection) were also
cultured in DMEM (Thermo Fisher Scientific, Inc.) containing
10% FBS (Gibco; Thermo Fisher Scientific, Inc.) and 100 pg/ml
penicillin-streptomycin at 37°C and 5% CO,.

Dual-luciferase reporter assay. The predicted binding region
of DNMT3B and miR-29a was obtained using Targetscan 7.2
(http://www.targetscan.org). To confirm whether DNMT3B
was a direct target of miR-29a, a dual-luciferase reporter assay
was conducted. Briefly, the DNMT3B 3'-untranslated region
with the predicted miR-29a binding site (WT) or mutant
binding site (MUT) was amplified, and then sub-cloned into
the pGL4.10 luciferase reporter vector. 293T cells were then
co-transfected with the miR-29a mimics or NC mimics using
the Lipo6000 reagent (Beyotime Institute of Biotechnology)
according to the manufacturer's protocol. After 48 h of
transfection, a luciferase reporter assay was performed
using a Bright-Glo™ Luciferase Assay System (Promega
Corporation, Madison, WI, USA). The luciferase activity was
normalised to the value of the Renilla luciferase activity.

Apoptosis assay. To study the effect of miR-29a on apoptosis,
cells were stained with an Annexin V/propidium iodide (PI)
double staining kit (BD Biosciences, Franklin Lakes, NIJ,
USA) according to the manufacturer's protocol. Briefly, the
cells were seeded at density of 3x10° in 24-well plates, and
were collected after 48 h of transfection, washed twice with
cold PBS and resuspended in 1X binding buffer. Cells were
stained with 5 ul Annexin V-FITC for 15 min and then with
5 pl PI for 10 min in the dark at room temperature. Apoptosis
was measured by flow cytometry (BD Biosciences).

Wound healing assay. Cell migration was determined by
performing a scratch-wound healing assay. Briefly, cells at
density of 1x10°/well were seeded into 6-well plates for 24 h.
Cell layers were scratched using a 100-ul pipette tip to form
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Table I. Association of miR-29a, DNMT3B and SOCS1 expression with the clinicopathological characteristics of osteosarcoma

patients.
miR-29a DNMT3B SOCS1
expression expression expression
Clinical parameters Cases (n) High  Low P-value  High Low  P-value High Low P-value
Age (years)
<18 years 20 11 9 0.6999 8 12 0.2451 9 11 0.6999
>18 years 10 4 6 7 3 6
Sex
Male 17 6 11 0.1394 10 7 0.4621 12 5 0.0253
Female 13 9 5 8 3 10
Tumor size (cm)
<5cm 12 7 5 0.7104 4 8 0.2635 3 9 0.0604
=5cm 18 8 10 11 7 12 6
TNM stage
I 14 12 2 0.0007 4 10 0.0656 11 3 0.0092
II+I11 16 3 13 11 5 4 12
Distant metastasis
Yes 16 4 12 0.0092 10 6 0.2723 14 2 <0.0001
No 14 11 3 5 9 1 13

miR-29a, microRNA-29a; SOCS1, suppressor of cytokine signalling 1; DNMT3B, DNA methyltransferase 3B.

a wound-like gap. The cells were then maintained in DMEM
with 10% FBS, and images were captured at 0 and 24 h. ImageJ
software (National Institutes of Health, Bethesda, MD, USA)
was used to analyse the wound width. The migration distance
of cells was measured according to the following formula:
Migration rate (%)=(W,-W,4,)/ W, x100%.

Transwell assay. A Transwell assay was used to determine the
cell invasion ability. Briefly, 2x10° cells were plated in the top
chamber of 24-well Transwell inserts with a Matrigel-coated
membrane (BD Biosciences) in serum-free medium. As a
chemoattractant, DMEM with 20% FBS was added to the
bottom compartment. Cells were cultured for 24 h at 37°C, and
the non-invading cells on the upper surface were removed with
a cotton swab. The invaded cells on the lower surface were
fixed with 4% paraformaldehyde and stained with 0.1% crystal
violet. Invading cells were finally counted under an inverted
microscope (Zeiss, Oberkochen, Germany).

RNA extraction and reverse transcription-quantitative
polymerase chain reaction (RT-gPCR) assay. The expression
levels of miR-29a, DNMT3B and SOCS1 were measured using
RT-qPCR. Briefly, the extraction of total RNA was conducted
using the TRIzol reagent (Tiangen Biotech, Beijing, China).
For extraction of miRNA, the mirVana miRNA isolation kit
(Ambion; Thermo Fisher Scientific, Inc.) was used. The RNA
concentration was determined using a NanoDrop ND-1000
spectrophotometer (NanoDrop Technologies; Thermo Fisher
Scientific, Inc.). Subsequently, a Prime-Script™ One Step
RT-qPCR kit (Takara Biotechnology Co., Ltd., Dalian,
China) and a TagMan MicroRNA Reverse Transcription

kit (Applied Biosystems Life Technologies) were used to
convert RNA to cDNA for mRNA and miRNA, respec-
tively. Subsequently, qPCR analysis was performed in an
Applied Biosystems 7500 Real Time PCR system (Applied
Biosystems; Thermo Fisher Scientific, Inc.) using SYBR
Green PCR Master Mix (Solarbio Science & Technology Co.,
Ltd., Beijing, China) using the following conditions: Initial
activation step at 95°C for 5 sec, 35 cycles of denaturation
at 94°C for 15 sec, annealing at 55°C for 25 sec, and extension
at 70°C 30 sec. The primers used in JPCR were as follows:
miR-29a forward, 5'-CGCGGATCCTGGATTTAGTAAGAT
TTGGGC-3', and reverse, 5'-CCGGAATTCACATGCAAT
TCAGGTCAGTG-3"; DNMT3B forward, 5'-GCCCATTCG
ATCTGGTGATT-3', and reverse, 5'-GGCGGTAGAACT
CAAAGAAGAG-3" SOCSI forward, 5-TGGTTGTAGCAG
CTTGTGTCTGG-3', and reverse, 5'-CCTGGTTTGTGC
AAAGATACTGGG-3";, U6 snRNA forward, 5'-ATTGGA
ACGATACAGAGAAGATT-3', and reverse 5'-GGAACG
CTTCACGAATTTG-3'; GAPDH forward, 5'-CCACAGTCC
ATGCCATCAC-3', and reverse 5'-GCTTCACCACCTTCT
TGATG-3". GAPDH and U6 small nuclear RNA (U6 snRNA)
were used as internal references for mRNA and miRNA,
respectively. The relative expression level was calculated by
the 224 method (30).

Methylation-specific PCR (MSP) assay. For analysis of the
methylation level of SOCSI, the MSP method was used.
Briefly, DNA was isolated from the cell lines using a QIAamp
Fast DNA Tissue kit (Qiagen, Valencia, CA, USA). Subsequent
to transforming unmethylated cytosine residues to uracil using
an EpiTect MSP kit (Qiagen), the bisulphite-treated DNA was
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amplified using the following MSP primers: SOCS1 (methyl-
ated samples) forward, 5" TTCGCGTGTATTTTTAGGTCG
GTC-3', and reverse, 5'-CGACACAACTCCTACAACGAC
CG-3'; SOCSI (unmethylated samples) forward, 5-TTATGA
GTATTTGTGTGTATTTTTAGGTTGGTT-3', and reverse,
5'-CACTAACAACACAACTCCTACAACAACCA-3'. The
PCR reaction and quantification methods were conducted as
aforementioned.

Western blot assay. Western blotting was used to test the
protein levels of DNMT3B and SOCSI, as well as the levels
of proteins associated with EMT, apoptosis and the NF-kB
signalling pathway. Briefly, total proteins were extracted
from the cells or tissues using RIPA lysis buffer (Cell
Signaling Technology, Inc., Danvers, MA, USA) containing
a protease inhibitor cocktail (Roche, Mannheim, Germany).
Nuclear proteins were extracted using a nucleoprotein kit
(Merck KGaA, West Point, PA, USA) according to the
manufacturer's protocol. Next, the protein concentration was
determined using a BCA Protein Assay kit (Pierce; Thermo
Fisher Scientific, Inc.). Samples were then separated by
10% SDS-PAGE, transferred to PVDF membranes, blocked
by 5% non-fat milk at room temperature for 1 h and incubated
at 4°C overnight with a corresponding primary antibody:
DNMT3B (ab79822; 1:1,000), SOCS1 (ab9870; 1:2,000),
fibronectin (ab2413; 1:1,000), vimentin (ab8978; 1:1,000),
N-cadherin (ab18203; 1:500), E-cadherin (ab15148; 1:500),
matrix metalloproteinase (MMP)-2 (ab37150; 1:2,000),
MMP-9 (ab73734; 1:2,000), p65 (ab16502; 1:1,000), IxBa
(ab32518; 1:1,000), p-IxB-a (ab133462; 1:10,000), cleaved
caspase-3 (ab13847; 1:500), pro-caspase-3 (ab32499; 1:10,000),
cleaved poly(ADP-ribose) polymerase (PARP; ab4830;
1:1,000), PARP (ab74290; 1:1,000), B-cell lymphoma-2 (Bcl-2;
ab196495; 1:500), Bcl-2-associated X protein (Bax; ab53154;
1:500) and GAPDH (ab8245; 1:2,000). Samples were then
incubated with horseradish peroxidase-conjugated anti-rabbit
immunoglobulin G secondary antibody (ab6721; 1:1,000) at
room temperature for 45 min. All primary and secondary
antibodies were obtained from Abcam (Cambridge, UK).
The signal was developed using an ECL system (Beyotime
Institute of Biotechnology) according to the manufacturer's
protocol. The protein levels were quantified using Quantity
One software (Bio-Rad Laboratories, Inc., Hercules, CA,
USA), and GAPDH was used as an internal reference.

Statistical analysis. All experiments were repeated at least
three times, and one representative result is presented.
Data were analysed with Prism software, version 6.0
(GraphPad Software, San Diego, CA, USA). The data are
expressed as the mean + standard deviation. Comparison
between two groups in Fig. 1 was performed using paired
Student's t test, while comparison between two groups in
other figures using unpaired Student's t test. Comparison
among three or more groups was conducted using one-way
analysis of variance, followed by Tukey's post-hoc test. The
correlations between miR-29a/DNMT3B/SOCSI expression
level and the clinicopathological characteristics of patients
with OS were assessed by the ¥’ test. A P-value of <0.05
was considered to denote that the difference was statistically
significant.
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Results

miR-29a and SOCSI1 are downregulated, and DNMT3B is
upregulated in OS tissues. The levels of miR-29a, DNMT3B
and SOCSI in OS and adjacent normal tissues were deter-
mined by RT-qPCR and western blot analysis. The results
demonstrated that, in OS tissues, miR-29a and SOCS1 were
significantly downregulated, and DNMT3B was significantly
upregulated compared with the adjacent non-tumour tissues
(Fig. 1A). The protein level of SOCS1 was also markedly
decreased in tumour tissues, while DNMT3B was significantly
increased (Fig. 1B and C). As shown in Table I, miR-29a
and SOCSI1 expression were found to be associated with
an advanced clinical stage (P<0.05) and distant metastasis
(P<0.05). All these results suggested that miR-29a and SOCSI
may be tumour biomarkers of OS progression.

miR-29a and SOCSI are downregulated, and DNMT3B is
upregulated in OS cells. To further investigate the mechanisms
of the miR-29a/DNMT3B/SOCSI axis in OS, the levels of
miR-29a, DNMT?3B and SOCSI1 were determined in OS cells.
As shown in Fig. 2A, in the three OS cell lines investigated,
miR-29a and SOCSI were significantly downregulated, while
DNMT?3B was significantly upregulated compared with the
normal hFOB 1.19 cells, which is consistent with the results in
tissue samples. In addition, the MSP assay revealed that the meth-
ylation level of SOCSI was significantly increased in OS cells in
comparison with that in hFOB 1.19 cells (Fig. 2B). Furthermore,
protein level changes of DNMT3B and SOCSI were similar to
the alterations at the mRNA level: The expression of SOCS1
was significantly inhibited, while that of DNMT3B was signifi-
cantly induced in OS cells (Fig. 2C and D). The migration assay
revealed that migration distances in all OS cell lines were
significantly higher compared with those in hFOB 1.19 cells,
suggesting that OS cells exhibit strong migration ability. Among
the three OS cells, U20S and MG-63 cells exhibited stronger
migration abilities in comparison with the Saos-2 cells (Fig. 2E
and F). Considering their migration ability and expression of
miR-29a, DNMT3B and SOCSI, the U20S and MG-63 cell
lines were selected for use in subsequent experiments.

miR-29a overexpression downregulates the methylation of
SOCSI and upregulates SOCSI expression through negatively
targeting DNMT3B. The miR-29a mimics and the methyltrans-
ferase inhibitor 5-Aza were used to treat U20S and MG-63 cells.
The results demonstrated that miR-29a was significantly upregu-
lated in the two cell lines following transfection with the miR-29a
mimics (Fig. 3A), while co-treatment with 5-Aza did not mark-
edly affect miR-29a expression. Furthermore, the overexpression
of miR-29a, as well as the treatment with 5-Aza, significantly
downregulated DNMT3B and upregulated SOCSI levels, while
the combination treatment with miR-29a mimics and 5-Aza
further enhanced these effects (Fig. 3B and C). By contrast, when
cells were transfected with miR-29a inhibitor, the opposite results
were observed. Upon inhibition of miR-29a, the expression levels
of miR-29a and SOCSI were significantly downregulated, while
DNMT3B was markedly elevated (Fig. 3D). In the methylation
analysis of SOCSI, it was observed that the methylation level was
significantly inhibited when cells were transfected with miR-29a
mimics or treated with 5-Aza, and miR-29a mimics synergised
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Figure 2. miR-29a and SOCSI1 are downregulated, and DNMT3B is upregulated in OS cells. (A) Expression levels of miR-29a, DNMT3B and SOCSI in
different OS cell lines and normal hFOBI1.19 cells, assessed by reverse transcription-quantitative PCR. (B) Methylation level of SOCSI in different OS cell
lines and normal hFOBL1.19 cells, examined by methylation-specific PCR. (C) Western blots and (D) quantified protein levels of DNMT3B and SOCSI in three
OS cell lines and normal hFOB1.19 cells. (E) Representative wound healing assay images (magnification, x40) and (F) migration distance of different OS
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with 5-Aza to significantly exacerbate this effect (Fig. 3E).
Alteration of the protein levels of DNMT3B and SOCS1 was
consistent with the mRNA results (Fig. 4A-D).

To further investigate the aforementioned changes, a
dual-luciferase reporter assay was conducted to determine
whether DNMT3B was a direct target of miR-29a. The binding
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sites between miR-29a and DNMT3B are indicated in Fig. 4E.
In U20S and MG-63 cells, the relative luciferase activity in
the DNMT3B-WT group was significantly downregulated by
transfection with miR-29a mimics as compared with cells trans-
fected with miR-29a NC. By contrast, no significant change was
observed in the DNMT3B-MUT group upon transfection with
miR-29a mimics or NC (Fig. 4F), indicating that DNMT3B is a
direct target of miR-29a. Taken together, these results suggested
that miR-29a upregulated SOCS1 by directly targeting
DNMT?3B, which inhibited the methylation level of SOCSI.

miR-29a promotes apoptosis of U20S and MG-63 cells.
Apoptosis was assayed to further investigate the effects of
miR-29a on U20S and MG-63 cells. The results demonstrated
that the apoptosis rate was significantly promoted when the
two cell lines were transfected with miR-29a mimics or treated
with 5-Aza (Fig. SA and B). The highest apoptosis rate was

observed in cells that were simultaneously transfected with
miR-29a mimics and treated with 5-Aza. When transfected
with miR-29a inhibitor, the cell apoptosis was slightly
suppressed, although no significant difference was observed
(Fig. 5C and D).

Furthermore, the levels of several apoptosis-associated
proteins, including uncleaved caspase-3, cleaved caspase-3,
uncleaved PARP, cleaved PARP, Bax and Bcl-2, were measured.
In the two cell lines, overexpression of miR-29a signifi-
cantly increased the expression levels of cleaved caspase-3,
cleaved PARP and Bax, whereas it markedly decreased the
levels of uncleaved caspase-3, uncleaved PARP and Bcl-2.
Co-treatment with 5-Aza further promoted these effects on
apoptosis-associated proteins, the ratio of cleaved/uncleaved
caspase-3 and cleaved/uncleaved PARP were significantly
enhanced when cells were transfected with miR-29a mimics
and 5-Aza (Fig. 5E and F).
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miR-29a inhibits cell invasion, migration and EMT process of
U20S and MG-63 cells. The effects of miR-29a on the cell
invasion, migration and EMT process were subsequently inves-
tigated. The invasion and migration abilities were significantly
inhibited by transfection with miR-29a mimics or treatment
with 5-Aza, while the inhibitory effects were further enhanced
in cells treated with the combination of miR-29a mimics and
5-Aza (Fig. 6A-D). However, when transfected with the miR-29a
inhibitor, the invasion and migration abilities of the cells were
evidently promoted (Fig. 6E-H). All these results indicated that
miR-29a was able to promote apoptosis, as well as inhibit cell
invasion and migration, in U20S and MG-63 cells.
Furthermore, as shown in Fig. 7A and B, the levels of
fibronectin, vimentin, N-cadherin, MMP-2 and MMP-9 were
significantly inhibited in U20S and MG-63 cells by overex-
pression of miR-29a or treatment with 5-Aza, as compared
with the control group. However, the level of E-cadherin was
markedly increased in the miR-29a mimics or 5-Aza groups.
Combination treatment with miR-29a mimics and 5-Aza
further promoted the aforementioned effects, suggesting that
miR-29a inhibited the EMT process of U20S and MG-63 cells.

miR-29a inhibits NF-kB signalling pathway to suppress OS
tumourigenesis. Considering that SOCS1 can affect NF-kB
signalling and thus influence the invasion and migration of
cancer cells, the current study subsequently investigated the

effects of miR-29a and 5-Aza on NF-«B signalling. The results
revealed that the expression of cytoplasmic p65 was significantly
elevated and that of nuclear p65 was significantly decreased
when cells were transfected with miR-29a mimics or treated
with 5-Aza, indicating that the nuclear translocation of p65 was
significantly inhibited by miR-29a and 5-Aza. In addition, the
expression of IkB-a was significantly enhanced, while p-IkB-a
expression and the ratio of p-IkB-a/IkB-a were significantly
decreased when cells were transfected with miR-29a mimics
or treated with 5-Aza. All these effects were most significant
under the combination of miR-29a mimics and 5-Aza (Fig. 8A
and B). However, when cells were transfected with miR-29a
inhibitor, the opposite results were observed. Upon the suppres-
sion of miR-29a, the expression of cytoplasmic p65 was
significantly decreased, while nuclear p65 was significantly
elevated. Furthermore, the expression of IkB-a was significantly
decreased, while the expression of p-IkB-a and the ratio of
p-IkB-o/IxB-a were markedly enhanced (Fig. 9A and B). These
results collectively suggested that miR-29a inhibited the activa-
tion of NF-kB signalling, which modulated OS tumourigenesis.

miR-29a suppresses the invasion and migration of OS cells
through the SOCSI/NF-kB signalling pathway. Finally, cells
were co-transfected with siSOCS1 and miR-29a mimics to
examine the effects on cell apoptosis, invasion and migration.
The results revealed that, when co-transfected with siSOCS1
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and miR-29a mimics, the miR-29a-induced increase in SOCS1
expression was significantly decreased by siSOCSI1 (Fig. 10A-C).
The cell apoptosis rate exhibited no significant difference in cells
transfected with siSOCSI compared with the control group.
However, the apoptosis rate was increased by miR-29a mimics,
whereas this was markedly decreased when co-transfected with
siSOCS1 and miR-29a mimics (Fig. 10D and E), suggesting
that transfection with siSOCSI1 reversed the effects of miR-29a
treatment. Furthermore, the detection of apoptosis-associated
proteins demonstrated that miR-29a mimics significantly
enhanced the expression levels of cleaved caspase-3, cleaved
PARP and Bax, while they markedly decreased the levels of
uncleaved caspase-3, uncleaved PARP and Bcl-2; however,
co-transfection with siSOCSI1 reversed these effects (Fig. 10F
and G). Additionally, the miR-29a mimics-induced ratio of
cleaved/uncleaved caspase-3 and cleaved/uncleaved PARP were
markedly reversed by the knockdown of SOCSI as compared

with the miR-29a mimics alone (Fig. 10F and G). Similarly, the
inhibition of cell invasion and migration abilities of miR-29a
mimics were reversed by co-transfection with siSOCSI1
(Fig. 11A-D). All these results further confirmed that miR-29a
suppressed the invasion and migration of OS cells through the
SOCSI1/NF-«B signalling pathway.

Discussion

Despite developments in therapeutic methods and diagnosis,
the survival rate of OS patients remains poor due to the high
aggressiveness and metastasis properties of this tumour.
miR-29a, which is considered to be a tumour suppressor,
has been reported to be abnormally expressed in OS (12).
However, to date, no study has focussed on the roles of the
miR-29a/DNMT3B/SOCSI axis in the invasion and migration
of OS. In the present study, it was demonstrated for the first
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time that miR-29a promoted apoptosis, and inhibited invasion,
migration and EMT in OS cells by directly targeting DNMT3B
and then suppressing the methylation level of SOCSI. In addi-
tion, these effects were found to be associated with inhibition
of the NF-«B signalling pathway.

The clinical significance of miR-29a, DNMT3B and
SOCSI in cancer has been reported in several studies. It has
been reported that miR-29a was significantly upregulated in
tissue samples of colorectal cancer patients and may be used
as a promising diagnostic biomarker (31). Zhang et al (32)
revealed that miR-29a and miR-29b were downregulated in
OS tissues. Furthermore, Liu ef al (15) reported that overex-
pression of DNMT3B was correlated to the downregulation
of miR-29a in juvenile myelomonocytic leukaemia patients.
Lv et al (33) further demonstrated that SOCS1 expression was
significantly lower in breast cancer tissues, and was corre-
lated with lymph node metastasis and clinical staging. In the
present study, it was also observed that miR-29a and SOCSI1
were downregulated, and DNMT3B was upregulated in OS
tissues and cells. In addition, miR-29a and SOCSI1 expression
levels were associated with advanced clinical stage and distant
metastasis.

The role of miR-29a as a tumour suppressor, and the effects
of SOCS1 and DNMT3B on tumour development have been
demonstrated in several previous studies. For instance, it has
been reported that miR-29a suppresses cell proliferation and
migration by downregulating IGFIR in hepatocellular carci-
noma (34). In addition, the downregulation of SOCSI promotes

cell growth and tumourigenesis in gastric cancer (35). Another
study indicated that mahanine induced the demethylation of
the RASSF1A promoter in prostate cancer cells by downregu-
lating DNMT1 and DNMT3B (36).

Several related studies have focussed on the association of
miR-29a with SOCS1 or DNMT3B. Chen et al (37) reported
that miR-29a was able to promote metastasis of hepato-
cellular carcinoma through the ten-eleven translocation
(TET)-SOCSI1-MMP-9 signalling axis. DNMT3B was also
revealed to be a target of miR-29a in neuroblastoma (38). Recently,
Fu et al (39) demonstrated that the upregulation of DNMT3A/3B
could enhance the methylation level of SOCS1-CpG islands.
However, no study has reported whether miR-29a influences the
expression of DNMT3B or affects the methylation of SOCSI1 in
OS cells. In the present study, using a dual-luciferase reporter
assay, it was observed that miR-29a directly targets DNMT3B. It
was also demonstrated for the first time that miR-29a promoted
the apoptosis, and inhibited the invasion, migration and EMT
of OS cells by directly targeting DNMT3B and then downregu-
lating the methylation level of SOCSI.

The regulatory effect of SOCS1 on the EMT and NF-xB
signalling is well demonstrated. SOCS1 regulates the EMT and
metastasis of prostate cancer (20). In the present study, it was
demonstrated that the inhibition of NF-«B signalling was also
involved in the aforementioned process. Gebeshuber et al (40)
reported that miR-29a suppressed EMT and metastasis in lung
cancer. The study by Kogure ef al (41) further demonstrated
that miR-29a was associated with epigenetic regulation of
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Figure 8. miR-29a inhibits the nuclear factor-xB signalling pathway to suppress osteosarcoma tumourigenesis. (A) Western blots and (B) quantified protein
expression levels of p65, IxB-a and p-IkB-a in cells transfected with miR-29a mimics or NC. Data are expressed as the mean + standard deviation. Comparison
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Figure 10. miR-29a promotes cell apoptosis of U20S and MG-63 osteosarcoma cells through the SOCS1/NF-«kB signalling pathway. (A) mRNA expression of
SOCSI in cells transfected with miR-29a mimics and/or siSOCSI, assessed by reverse transcription-quantitative polymerase chain reaction. (B) Western blots
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tion. Comparison among three or more groups was conducted using one-way analysis of variance followed by Tukey's post hoc test. “P<0.05, “P<0.01 and
“P<0.001. miR-29a, microRNA-29a; SOCSI, suppressor of cytokine signalling 1; siSOCS1, SOCS1 siRNA; NC, negative control; PARP, poly (ADP-ribose)
polymerase; Bcl-2, B-cell lymphoma-2; Bax, Bcl-2-associated X protein.
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Figure 11. miR-29a suppresses the invasion and migration of U20S and MG-63 osteosarcoma cells through the SOCS1/NF-«B signalling pathway. (A) Migration
of cells transfected with miR-29a mimics and/or siSOCSI1, examined by wound healing assay (magnification, x40). (B) Invasion of cells transfected with miR-29a
mimics and/or siSOCS1, as measured by the Transwell assay (magnification, x100). (C) Quantified cell migration rate and (D) number of invaded cells. Data are
expressed as the mean + standard deviation. Comparison among three or more groups was conducted using one-way analysis of variance followed by Tukey's

post hoc test. "P<0.05 and “P<0.01. miR-29a, microRNA-29a; SOCSI, suppressor of cytokine signalling 1; siSOCS1, SOCS1 siRNA; NC, negative control.

transforming growth factor f-induced EMT in hepatocellular
carcinoma. Furthermore, miR-29a was reported to regulate the
lipopolysaccharide-induced inflammatory responses through
the Aktl/NF-xB pathway (42). In the current research, the
results revealed that miR-29a inhibited the NF-kB signalling
pathway in OS, and the inhibition effect of miR-29a on cell
invasion, migration and EMT in OS cells was reversed by
inhibition of SOCSI, indicating that the effects of this miRNA
may be through the inhibition of SOCS1/NF-kB signalling.

In conclusion, this study investigated the roles of the
miR-29a/DNMT3B/SOCSI axis on the invasion and migra-
tion of OS cells. The results revealed that miR-29a promoted
the apoptosis and inhibited the metastasis of OS cells via
inhibition of the SOCS1/NF-«B signalling pathway by directly
targeting DNMT3B. The current study may provide deeper
insights into the role of the miR-29a/DNMT3B/SOCSI1 axis
in the development of OS, as well as provide novel therapeutic
targets for OS treatment.
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