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Abstract

Carboxyl-terminal binding protein 1 (CtBPI), a well-known transcriptional co-repressor, is highly
expressed in a number of cancer types. However, it is still absent in osteosarcoma cells. Here, we found
that CtBPI, but not CtBP2, is overexpressed in invasive osteosarcoma tissues and cells. The
overexpressed CtBP] in turn represses its downstream targets, such as the pro-apoptotic regulators Bax,
Bim and p53 upregulated modulator of apoptosis (PUMA), cell adhesion molecule E-cadherin, and the cell
cycle regulators pl6, p2] and phosphatase and tensin homolog (PTEN). To explore the molecular
mechanism of CtBPI overexpression, we subjected three independent clinical samples to miRNA
microarray analysis and found that miR-485-3p could specifically bind to the 3'-untranslated region
(3'-UTR) of CtBPI, thereby negatively controlling CtBP| expression. The overexpression of miR-485-3p in
osteosarcoma cells significantly repressed CtBPI levels and inhibited cell proliferation, colony formation,
cell migration and sphere formation. Further analysis indicated that DNA hypermethylation in the
promoter region of miR-485-3p caused the downregulation of miR-485-3p. Treatment with the DNA
methylation inhibitor 5-aza-2'-deoxycytidine (AZA) resulted in the upregulation of miR-485-3p and the
downregulation of CtBPI as well as inhibited osteosarcoma cell growth. This study provides evidence that
CtBPI is also overexpressed in osteosarcoma cells and demonstrates the underlying mechanism regarding
its overexpression. Thus, therapeutically targeting CtBP1 may represent an effective strategy for
osteosarcoma therapy.
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1. Introduction

Osteosarcoma is the most common bone cancer The mammalian genome encodes two

in children and young adults, comprising 2.4% of all
malignancies in pediatric patients [1-3]. For localized
osteosarcoma without metastasis, the tumor can be
resected by surgery, and the 5-year survival rate
ranges from 60% to 80% [1-3]. For metastatic
osteosarcomas, according to the extent, grade and
location of the osteosarcoma, treatment typically
involves surgery, chemotherapy and radiation, and
the 5-year survival rate is approximately 15% to 30%
[1-3]. Therefore, it is urgently necessary to understand
the molecular carcinogenesis of osteosarcomas and
develop disease-specific and targeted therapy.

carboxyl-terminal binding proteins (CtBPs), that is,
CtBP1 and CtBP2 [4]. Both of these proteins function
as transcriptional co-repressors and can be recruited
by various transcription factors (TFs) (e.g., BKLF, ZEB
and NF-kB) [5-8]. The formed CtBPs-TFs complex
further recruits several epigenetic modifying enzymes
(e.g., LSD1, HDAC1 and 2) to regulate the
downstream target genes and play roles in different
biological processes [5-8]. CtBP1 and 2 share a high
identity of protein sequences (80%); however, they
only show redundant transcriptional regulatory roles
during mouse development [9]. This may be because
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they have different expression patterns, that is, CtBP1
is broadly expressed in different tissues, while CtBP2
has a strict expression pattern (mainly in
embryogenesis) [9]. In recent years, CtBPs, especially
CtBP1, were found to be overexpressed in different
cancers, such as breast [10], prostate [11], ovarian [12],
and colon cancers, by repressing tumor suppressor
gene expression (e.g., Bax, Bim, PUMA, pl6, p21,
E-cadherin, PTEN) or upregulating oncogene levels
(e.g., Tiam1 and TCF-4) [10-15].

MicroRNAs (miRNAs) are a class of highly
conserved non-coding RNAs (~18-25 nucleotides)
that play important roles in multiple biological
processes, such as cell proliferation, apoptosis and
metastasis [16-18]. The main mode of miRNA function
is through binding to the 3'-UTR region of specific
mRNA, resulting in its degradation or translation
inhibition [16-18]. A large number of studies have
shown that the abnormal expression of miRNAs can
result in dysregulated gene expression, leading to
various diseases, including cancer [19-21]. So far, little
is known about miRNAs that target CtBP1. Only
miR-137 and miR-212 were identified to target CtBP1
in endometrial epithelial cells and melanoma cells,
respectively [22, 23].

Although CtBPs have been reported to function
as tumor suppressors in many cancer types, it is still
unknown whether they play roles in osteosarcoma
cells. In this study, we found that CtBPI, but not
CtBP2, was overexpressed in 30 invasive
osteosarcoma tissues. The upregulation of CtBP1
further inhibited the expression of its downstream
targets. In addition, we found that CtBP1 can be
targeted by miR-485-3p, which has previously been
shown to target different genes (e.g., Frizzled7, NTRK3
and PGC-1a) involved in carcinogenesis [24-26].
Further  studies  demonstrated that DNA
hypermethylation in the miR-485-3p promoter region
was a major cause of miR-485-3p downregulation in
osteosarcoma cells. Our results revealed how CtBP1
was regulated and how it regulated the downstream
targets in osteosarcoma cells, which may help to
develop a therapeutic strategy by targeting CtBP1.

2. Material and Methods

Cell culture and transfection

All human cell lines, including one osteoblast
cell line hFOB1.19, and four osteosarcoma cell lines
U20S, MG63, Saos-2 and HOS, were purchased from
the American Type Culture Collection (ATCC, USA).
Cells were cultured in RPMI 1640 medium (Corning,
USA), incubated at 37°C with 5% CO; and split every
two days. Transfection of plasmids, miR-NC,
miR-485-3p-mimic and anti-miR-485-3p was carried

out using HiPerFect Transfection Reagent (QIAGEN,
USA) according to the manufacturer's instructions.

Tissue samples and histology

Twenty-four noncancerous tissues from patients
who had fractured knees and 30 cancerous tissues
from osteosarcoma patients whose tumors occurred at
the knees were collected from patients with written
informed consent following protocols approved by
the ethical board of Kunming Medical University. The
basic characteristics of patients were summarized in
Supplementary Table 1. The experimental procedures
were strictly carried out following protocols approved
by the ethical board of Kunming Medical University.
Tissue histology was examined by immunohisto-
chemistry (IHC) staining following a previous
protocol [27]. Antibodies used in IHC staining
included anti-CtBP1 (Santa Cruz Biotechnology, USA,
Catalog No. sc398945) and anti-CtBP2 (Santa Cruz
Biotechnology, Catalog No. sc5967).

Quantitative real-time PCR (qRT-PCR)

To determine the mRNA levels of genes, total
RNA was isolated from cells and clinical tissues using
TRIZOL (Life Technologies, USA) following the
manufacturer's guidelines. The obtained RNA (10 pg)
was then treated with 20 units of RNase-free DNase I
(Takara, Japan) for 45 min at 37 °C to remove DNA
following the manufacturer's guidelines. A total of 0.5
ng of RNA in each sample was subjected to cDNA
synthesis using a kit (Takara, Japan). The resulting
cDNAs were diluted 400-fold and then subjected to
qRT-PCR analyses using primers listed in
Supplementary Table 2. The PCR procedure in this
analysis included: 95°C for 30 sec, followed by 55
cycles of 95°C for 10 sec and 68°C for 20 sec. f-Actin
was chosen as an internal control to normalize
individual gene expression.

For miRNA expression, the mirVana isolation kit
(Thermo Fisher Scientific, USA) was used to extract
miRNAs from cultured cells. Then, a total of 0.5 ng of
RNA in each sample was subjected to cDNA synthesis
using a TagMan® MicroRNA Reverse Transcription
Kit (Applied Biosystems, USA). The miR-485-3p level
was then examined by qRT-PCR using TagMan Assay
(ID: 478125, Applied Biosystems, USA). RNU6B (ID:
001093) was chosen as an internal control. All
reactions were conducted in triplicate in at least two
independent experiments.

Construction of CtBP1 vectors

For the construction of pCDNA3-CtBP1-3'-
UTRWT vector, a fragment including the coding
sequence (CDS) of CtBP1 (1323 bp) and its 3'-UTR (792
bp length after the CtBP1 stop code) was amplified
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with the following primers: 5'-CGGGGTACCATGGG
CAGCTCGCACTTGCTC-3' (forward) and 5'-CCGCT
CGAGCTCTTTCCAGGATTTTTATTTC-3' (reverse).
The resulted fragment was cloned into the Kpnl and
Xhol sites of pCDNA3 vector. For the construction of
pGL3-CtBP1-3'-UTRWT  vector, the WT 3-UTR
of CtBP1 (792 bp) was amplified using the following
specific primers: 5-CGGGGTACCCCCGGGAGGAG
CTCTCCAGCC-3' (forward) and 5'-CCGCTCGAGCT
CTTTCCAGGATTTTTATTTC-3'  (reverse).  The
resulted fragment was cloned into the Kpnl and Xhol
sites of pGL3 promoter vector (Promega, USA). After
the generation of pCDNA3-CtBP1-3'-UTRWT and
pGL3-CtBP1-3'-UTRWT vectors, the following primers
including 5'-CTGTAACCATTCAGCGTCATTATTTT
AAAG-3' and 5'-CTTTAAAATAATGACGCTGAATG
GTTACAG-3' were subjected to construct their
mutant vectors using a Q5 site-directed mutagenesis
kit (New England Biolabs, USA) following the
manufacturer's guidelines.

Western blot analysis

Equal amount of proteins from cultured cells
and clinical tissues were separated by SDS-PAGE and
then transferred to a nitrocellulose membrane
(Bio-Rad Laboratories, USA). The membrane was then
probed with a primary antibody including anti-CtBP1
(mouse, sc398945), anti-CtBP2 (goat, sc5967), anti-Bax
(mouse, sc20067), anti-Bim (mouse, sc374358),
anti-E-cadherin (mouse, sc21791), anti-PUMA (mouse,
sc377015), anti-pl6 (mouse, scl66760), anti-p21
(mouse, sc6246) or anti-PTEN (mouse, sc7974),
followed by probing with a peroxidase-conjugated
secondary antibody. All of the primary antibodies
were purchased from Santa Cruz Biotechnology. The
signals were detected with the ChemiDoc MP
instrument (Bio-Rad Laboratories, USA).

Microarray analysis

The aberrant expression of miRNAs in
osteosarcoma patients was carried out as previously
described [28]. Briefly, miRNAs were isolated from
three paired noncancerous and cancerous tissues
using a mirVana isolation kit (Thermo Fisher
Scientific, USA). In each sample, 0.5 pg RNA was
labeled using a miRCURY™ Hy3/Hy5 Power kit
(Exigon, Denmark) according to the manufacturer's
instructions. Then, the labeled miRNAs were used for
hybridization on the miRCURY™ LNA Array
(miRBase.14.0, Exiqon, Denmark) slides. The signals
were obtained with an Axon GenePix 4000B
microarray scanning machine (Axon Instruments,
USA). The average intensities over 50 were selected as
normalization factors after background correction.
The individual miRNA expression data was then

normalized using the median value.

Cell proliferation, colony formation, cell
migration and sphere formation assays

For cell proliferation assay, the same numbers of
cells were seeded in 96-well plates and then
transfected ~ with miR-NC, miR-485-3p and
anti-miR-485-3p, respectively. After transfection for 0,
1, 2, 3, 4, and 5 days, cell viability was determined at
590 nm using an MTT kit (Sigma, USA) following the
manufacturer's guidelines. For colony formation
assay, cells transfected with miR-NC, miR-485-3p or
anti-miR-485-3p were diluted and seeded in 6-well
plates with a density of approximately 100 cells per
well. After incubation at 37°C for 14 days, cell colonies
in each well were determined by crystal violet
staining. For cell migration assay, cells were cultured
in RPMI1640 medium to ~80% confluency, and then
treated with 5 pg/mL of mitomycin C (Sigma, USA)
for 2 h. After scratching, cells were washed with PBS
and incubated in fresh RPMI1640 medium. Cell
migration was detected by taking images at 0 and 16 h
after scratching. For sphere formation assay, cells
transfected with miR-NC, miR-485-3p or anti-
miR-485-3p were incubated in RPMI1640 medium for
18 h, followed by diluting and seeding into 24-well
plates with a density of approximately 100 cells per
well. Cells were then treated with 0.25%
trypsin-EDTA and the resuspended cells were grown
in fetal bovine serum (FBS) free DMEM-F12 medium
supplemented with 1% B27, 20 ng/mL epidermal
growth factor (EGF), 20 ng/mL basic fibroblast
growth factor (bFGF), and 4 pg/mL heparin [29].
Images were taken after incubation at 37°C for 10
days.

Luciferase reporter assay

The luciferase assay was performed as
previously described [30]. Briefly, The pGL3-CtBP1-3'-
UTRWT and its mutant vectors were co-transfected
with pRL-TK-Renilla, miR-NC, miR-485-3p-mimic
and anti-miR-485-3p with the combinations shown in
the figures. After incubation at 37°C for 48 h, cells
were subjected to measurements of luciferase activity
using a Dual-Luciferase Reporter Assay System
(Promega, USA) following the manufacturer’s
guidelines.

DNA methylation inhibitor treatment

The same numbers of cells were seeded in 6-well
plates and cultured at 37°C for 18 h. Cells were then
treated with DMSO, 1pM 5-aza-2'-deoxycytidine
(AZA) (Sigma, USA), or 300 nM Trichostain A (TSA)
(Sigma, USA). After 24 h treatment, cells were
collected and subjected to the required experiments.
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Quantitative methylation-specific PCR (qMSP)

The gqMSP was carried out as previously
described [31]. Briefly, genomic DNA was isolated
with a Wizard® Genomic DNA Purification
Kit (Promega, USA) following the manufacturer’s
instructions. A total of 1 pg of genomic DNA from
each sample was treated with sodium bisulfite using
the EZ DNA Methylation-GOLD Kit (ZYMO
Research, USA) following the manufacturer’s
guidelines. The sodium bisulfite modified genomic
DNA was then used for PCR analysis using an iQTM
SYBR Green Supermix kit (Bio-Rad Laboratories,
USA). The MSP primers were designed in the website
(http:/ /www.urogene.org/ cgi-bin/ methprimer/met
hprimer.cgi) by directly pasting the promoter
sequences (-1500 bp) of miR-485-3p. The primers were
listed in Supplementary Table 3. f-Actin was chosen
as an internal control to normalize individual gene
expression.

Statistical analysis

All  experiments in this study were
independently carried out at least three times.
Statistical analyses of the experimental data were
performed using a two-sided Student t-test. A P-value
< 0.05 was deemed statistically significant. Data were
represented as the mean * standard deviation (SD).

3. Results

CtBP1 is overexpressed in osteosarcoma tissue
samples

To determine if CtBPs function in the
carcinogenesis of osteosarcomas, we detected CtBP
mRNA levels in 30 cancerous tissues (named OS-1 to
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0S-30) from osteosarcoma patients whose tumors
occurred at the knees and in 24 noncancerous tissues
(named HC-1 to HC-24) from patients who had
fractured knees. Our results indicated that 87% of
cancerous tissues showed higher CtBP1 levels
(22-fold) than noncancerous tissues (Figure 1A and
Supplementary Figure 1A), suggesting that CtBP1
overexpression is a common phenomenon in
osteosarcomas. However, the mRNA level of CtBP2
had not significantly changed between cancerous and
noncancerous tissues (Figure 1B and Supplementary
Figure 1B). To further examine if the CtBP1 protein
level was also upregulated in cancerous tissues, we
randomly selected 4 paired noncancerous and
cancerous tissues, and then detected both CtBP1 and
CtBP2 protein levels in total protein extracts by
Western blot and in tissue sections by IHC staining.
As shown in Figure 1C, 1D, and Supplementary
Figure 2, CtBP1, but not CtBP2, was significantly
upregulated in cancerous tissues.

CtBPI is also overexpressed in osteosarcoma
cells and represses the expression of several
downstream targets

In the above study, we confirmed that CtBPI was
overexpressed in cancerous tissues. Next, we sought
to investigate if it is also highly expressed in
osteosarcoma cells. Thus, we examined CtBP1 mRNA
levels in four human osteosarcoma cell lines,
including U20S, MG63, Saos-2 and HOS cells.
Compared to hFOB1.19 cells, CtBP1 expression in all
four osteosarcoma cells was significantly increased;
Saos-2 cells had the most significant increase (~6-fold)
(Figure 2A). Given that a number of downstream
targets of CtBP1 have been identified, we sought to
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Figure 1. CtBPI is overexpressed in osteosarcoma tissues. (A and B) The relative mRNA levels of CtBP1/2 in noncancerous (HC, n=24) and cancerous (OS, n=30)
tissues determined by qRT-PCR. **P<0.001. (C) The protein levels of CtBP1/2 in noncancerous (HC, n=4) and cancerous (OS, n=4) tissues. GAPDH was used as a control. (D)

Statistical analysis of the protein levels in (C). **P<0.001.
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Figure 2. CtBPI is overexpressed in osteosarcoma cells. (A) The relative mRNA levels of CtBP1/2 in hFOBI.19, U20S, MG63, Saos-2 and HOS cells determined by
qRT-PCR. ¥P<0.001. (B) The relative mRNA levels of CtBP] downstream target genes (Bax, Bim, PUMA, p16, p2 1, E-cadherin and PTEN) in hFOB1.19, U20S, MG63, Saos-2 and
HOS cells determined by qRT-PCR. *P<0.05, **P<0.001. (C) The protein levels of CtBP1 downstream targets (Bax, Bim, PUMA, p16, p21, E-cadherin and PTEN) in hFOBI.19,
U208, MG63, Saos-2 and HOS cells. (D) Statistical analysis of the protein levels in (C). *P<0.05, **P<0.001.

detect if CtBP1 overexpression is able to
downregulate its targets. Accordingly, we examined
the expression of several famous tumor suppressors,
including Bax, Bim, PUMA, p16, p21, E-cadherin and
PTEN, which have been reported to be negatively
regulated by CtBP1. As shown in Figure 2B, in
contrast to the overexpression of CtBP1, the
expression of these genes showed varying degrees of
reduction in all four osteosarcoma cell lines, with the
most pronounced decrease in E-cadherin in
approximately 40% of hFOB1.19 cells, while the others
6 genes represented approximately 70% of hFOB1.19.
In addition, we also detected the protein levels of
CtBP1 and CtBP2, as well as their downstream targets.
Similar to their mRNA levels, CtBP1 protein levels
were significantly elevated in four osteosarcoma cell
lines compared to hFOB1.19 cells, while the protein
levels of these downstream targets were significantly
reduced (Figures 2C and 2D).

MicroRNA-485-3p is significantly
downregulated in osteosarcoma tissues

Given that miRNAs are critical factors that
control gene expression, we next sought to investigate
whether miRNAs are involved in the regulation of
CtBP1 overexpression in osteosarcoma cells.
Accordingly, we randomly selected three
noncancerous tissues (HC-1, -2, and -3) and three

cancerous tissues (OS-1, -2, and -3), followed by
isolating their miRNAs and subjecting to a miRNA
microarray analysis. In total, 128 downregulated
miRNAs and 94 upregulated miRNAs were found in
all three cancerous tissues compared to the control
groups. As shown in Figure 3A, the hierarchical
clustering analysis showed that 40 miRNAs had the
most significant upregulation and downregulation,
respectively. To verify the accuracy of the microarray
results, we randomly selected three downregulated
miRNAs (miR-19b, miR-200a and miR-485-3p) and
three upregulated miRNAs (miR-22-3p, miR-198 and
miR-600) for qRT-PCR verification. As shown in
Figures 3B-3D, the expression miR-19b, miR-200a and
miR-485-3p was significantly downregulated in all
three cancerous tissues compared to the control
groups, while the expression of miR-22-3p, miR-198
and miR-600 was significantly upregulated (Figures
3E-3G). To investigate whether these downregulated
miRNAs can target CtBP1, we input these miRNAs
into the database (http:/ /www.mirdb.org/miRDB) to
predict all their possible targets. Fortunately, we
found that one miRNA known as miR-485-3p can
target CtBP1. Combined with the reverse expression
levels of CtBP1 and miR-485-3p in cancerous tissues
(Figures 1A and 3D), we speculated that CtBP1 is
likely to be a target of miR-485.
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and miR-600 (G). ** P < 0.001.

CtBPI] is a target of miRNA-485-3p in
osteosarcoma cells

Next, we continued to examine whether
miR-485-3p was also downregulated in all four
osteosarcoma cell lines. As shown in Figure 4A,
miR-485-3p was significantly downregulated in all
four osteosarcoma cell lines compared to hFOB1.19
(~50%-75% reduction), with the most obvious
decrease being in Saos-2 (~75% reduction). Through
sequence analysis, we found that the seed sequences
of miR-485-3p can target the 752-759 positions in the
3-UTR of CtBP1 (Figure 4B). Since miR-485-3p is
likely to target CtBP1 and inhibit its expression,
changing the expression of miR-485-3p will inevitably
lead to the change of CtBP1 expression. Based on this,
we constructed vectors that included both of the CDS
of CtBP1 (1323 bp) and its WT or mutated 3'-UTR (792
bp). Then, we transfected the following combinations
of vectors: (a) no transfection, (b) miR-NC (negative
control), (c) miR-NC + pCDNA3-CtBP1-3'-UTRWT, (d)
miR-NC + pCDNA3-CtBP1-3'-UTRMut, (e)
miR-485-3p-mimic,  (f) miR-485-3p-mimic = +
pCDNA3-CtBP1-3'-UTRW?, (g) miR-485-3p-mimic +

pCDNAB3-CtBP1-3'-UTRMut, (h) anti-miR-485-3p, (i)
anti-miR-485-3p + pCDNA3-CtBP1-3'-UTRWT, and (j)
anti-miR-485-3p + pCDNA3-CtBP1-3'-UTRMut into
U20S cells, respectively, and verified the expression
of miR-485-3p and CtBP1 by gqRT-PCR (Figures 4C
and 4D). Our results showed that the expression level
of CtBP1 was completely opposite to that of
miR-485-3p, that is, the expression of CtBP1 was
decreased when miR-485-3p was upregulated, and
CtBP1 was overexpressed when miR-485-3p was
downregulated (Figures 4C-4E). We also found that
miR-485-3p-mimic significantly inhibited CtBP1 in f in
comparison to g (Figure 4D), which indicted that
miR-485-3p bond to the 3'-UTR of CtBP1 through the
UCAUACA seed sequences. However, there was no
difference for CtBP1 level between i and j groups
(Figures 4D and 4E), which may be caused by the
inhibitory role of anti-miR-485-3p and limited the
native miR-485-3p role in these cells. In addition, we
also carried out a luciferase reporter assay to further
verify that CtBP1 was a target of miR-485-3p. Briefly,
we constructed the luciferase vectors containing the
WT or mutated 3-UTR of CtBP1, which were
transferred to U20S cells in combination with
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and (j) anti-miR-485-3p + pCDNA3-CtBP1-3"-UTRMut, were transfected into U20S cells, respectively. Then, qRT-PCR was performed to examine the miR-485-3p level (C) and
CtBPI mRNA level (D). **P<0.001. (E) Western blot was performed to detect the protein levels of CtBP1 and CtBP2 in cells used in (C). GAPDH was used as a loading
control. (F) The miR-485-3p failed to bind the mutated 3-UTR of CtBPI. The following combinations of plasmids were transfected into U20S cells, respectively. (a)
pGL3-CtBP1-3"-UTRWT + pRL-TK-Renilla + miR-NC; (b) pGL3-CtBP1-3-UTRWT + pRL-TK-Renilla + miR-485-3p-mimic; (c) pGL3-CtBP1-3-UTRWT + pRL-TK-Renilla +
anti-miR-485-3p; (d) pGL3-CtBP1-3"-UTRMut + pRL-TK-Renilla + miR-NC; (e) pGL3-CtBP1-3"-UTRMut + pRL-TK-Renilla + miR-485-3p-mimic; and (f) pGL3-CtBP1-3'-UTRMut +
pRL-TK-Renilla + anti-miR-485-3p. The luciferase activity was measured using a Dual-Luciferase Reporter Assay System. ** P < 0.001.

miR-NC, miR-485-3p-mimic or anti-miR-485-3p,
respectively. The luciferase activity assay results
indicated that miR-485-3p-mimic can inhibit while
anti-miR-485-3p can enhance the activity of WT
3'-UTR compared to miR-NC (Figure 4F). All of the
miR-NC, miR-485-3p-mimic and anti-miR-485-3p
could not activate or inhibit the activity of the
mutated 3-UTR (Figure 4F), indicating that
miR-485-3p indeed bonded to the 3'-UTR of CtBP1
through its seed sequences.

MicroRNA-485-3p positively regulates the
expression of CtBP] downstream targets

Since miR-485-3p negatively regulated the
expression of CtBP1 and because CtBP1 negatively
regulated the expression of its downstream targets,
we speculated that miR-485-3p could positively
regulate the expression of CtBP1 downstream targets.
To test this hypothesis, we detected the mRNA and
protein levels of Bax, Bim, E-cadherin, PUMA, p16,
p21 and PTEN in cells used in Figure 4C. The
qRT-PCR results showed that the expression of these
targets was completely opposite to that of CtBP1
(Figure 5A). By comparing the expression of
individual gene in the b and e group cells, we found
that the expression of these CtBP1 target genes was
increased to varying degrees in cells transfected with
miR-485-3p-mimic compared to cells transfected with
miR-NC, and the E-cadherin level increased most

significantly (~9-fold) (Figure 5A). In contrast, the
expression of the CtBP1 target genes was decreased to
varying degrees in cells transfected with
anti-miR-485-3p (h), with E-cadherin being the most
significant (~ 75% reduction) (Figure 5A). In addition,
we also compared the expression of these targets in f
and g, as well as i and j groups (Figure 5A). In contrast
to CtBP1 level, the expression of these targets in f was
significantly higher than g (Figure 5A). There was also
no significant difference for the expression of these
targets between i and j groups (Figure 5A). Similar to
mRNA levels, the protein levels of these CtBP1 targets
were also upregulated and downregulated in cells
transfected with miR-485-3p-mimic and anti-miR-
485-3p, respectively (Figures 5B and 5C).

Overexpression of miR-485-3p in U20S cells
inhibits oncogenic phenotypes

Some studies have shown that the increased
expression of CtBP1 promotes cell proliferation, cell
migration, colony formation and sphere formation
abilities [32-35]. Thus, we next wanted to evaluate
these  oncogenic  phenotypes  through the
overexpression or downregulation of miR-485-3p.
Similarly, we also subjected cells used in Figure 4C to
cell proliferation, cell migration, colony formation and
sphere formation assays. Our results indicated that
cells transfected with miR-485-3p-mimic (e) decreased
osteosarcoma cell viability in comparison to cells
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transfected with miR-NC (b) and anti-miR-485-3p (h)
(Figure 6A). By comparing cell viability in the f and g
group cells, we found that the mutated 3'-UTR of
CtBP1 significantly increased cell viability (Figure
6A). Similarly, decreased colony formation, sphere
formation and cell migration abilities, were also found
in cells transfected with miR-485-3p-mimic (Figures
6B-6F and Supplementary Figure 3A). Consistently,
we also found that miR-485-3p-mimic cannot bind to
the mutated 3'-UTR of CtBP1, and eventually causing
the increased colony formation, sphere formation and
cell migration abilities in g than f group cells (Figures
6B-6F and Supplementary Figure 3A). However, we
did not find that cells expressing lower miR-485-3p
through transfection with anti-miR-485-3p (h, i and j)
had obvious differences regarding their oncogenic
phenotypes (Figures 6A-6F and Supplementary
Figure 3A). Given that the sphere formation assay is
widely used to investigate cancer stem cells (CSCs),
thus, we also detected the expression of CD44 and
CD133, two biomarkers of CSC, in the cells used for
sphere formation assay. Our results indicated that
overexpression of miR-485-3p dramatically inhibited
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the expression of CD44 and CD133, while repression
of miR-485-3p significantly —upregulated the
expression of these two genes (Supplementary
Figures 3B and 3C), which further verified miR-485-3p
was a negative regulator of CSC.

DNA hypermethylation plays predominant
roles in the downregulation of miR-485-3p in
osteosarcoma cells

DNA hypermethylation and hyperacetylation in
the vicinity of the genome where miRNAs locate are
the two major causes of aberrant miRNA expression
[36, 37]. To elucidate the molecular mechanism
underlying the downregulation of miR-485-3p in
osteosarcoma cells, we next sought to investigate
whether DNA hypermethylation and hyperacetyla-
tion are involved in miR-485-3p downregulation.
Initially, we analyzed the promoter sequences (-1500
bp) of miR-485-3p in a database (http://
www.urogene.org) to determine if it contains a CpG
island because DNA methylation often occurs at CpG
islands. Fortunately, we found a CpG island located
in upstream (-175-287) of miR-485-3p (Figure 7A),
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Figure 5. The miR-485-3p-mimic upregulated the expression of CtBPI target genes. Cells used in Figure 4C were subjected to examine the mRNA levels (A) and
protein levels (B and C) of CtBP1 downstream targets, including Bax, Bim, PUMA, p16, p21, E-cadherin and PTEN were measured by qRT-PCR and Western blot, respectively.

** P <0.001.
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which suggested that DNA hypermethylation in this
CpG island might play a critical role in regulating
miR-485-3p expression. To test this hypothesis, we
used the DNA methylation inhibitor AZA to treat
hFOB1.19, U20S and MG63 cells in order to reduce or
completely remove DNA methylation and then
examine miR-485-3p expression. At the same time, we
also treated cells with DMSO and the acetylation
inhibitor TSA as controls. As shown in Figure 7B, the
expression of miR-485-3p was significantly increased
after AZA treatment compared to DMSO treatment,
but its expression had not changed with the treatment
of TSA in comparison to DMSO treatment. These
results clearly indicated that DNA methylation was
very important for the downregulation of miR-485-3p
in osteosarcoma cells. To further confirm this notion,
we examined the DNA methylation level of this CpG
island in hFOB1.19, U20S and MG63 cells treated
with or without AZA by the qMSP method. Our
results showed that CpG islands in U20S and MG63
cells are highly methylated compared to hFOB.19 cells
in the absence of AZA treatment (Figure 7C).
Interestingly, the DNA methylation of this CpG island
in U20S and MG63 cells was significantly reduced

A

-

Absorbance 590 nm

when we treated cells with AZA, and no obvious
differences were identified among these cell lines after
AZA treatment (Figure 7C). In addition, we also
examined the expression of CfBP1 and its target genes
in cells treated with AZA. As expected, the expression
of CtBP1 in U20S and MG63 cells was dramatically
decreased after AZA treatment, whereas the
expression of its target genes was significantly
increased (Figures 7D and 7E). In order to verify that
miR-485-3p was also downregulated in osteosarcoma
cancerous tissues and to detect DNA methylation
level in its promoter region, we examined their levles
in the cancerous and noncancerous tissues used in
miRNA microarray assay. Consistent with the results
in osteosarcoma cells, our results indicated that the
expression of miR-485-3p was dramatically reduced
in cancerous tissues (Supplementary Figure 4A),
whereas the DNA methylation level in its promoter
region was significantly increased (Supplementary
Figure 4B).These results suggested that DNA
hypermethylation in the miR-485-3p promoter region
is the underlying cause of the aberrant expression of
miR-485-3p, CtBP1, and its target genes in

osteosarcoma cells.
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Figure 6. Overexpression of miR-485-3p inhibited oncogenic phenotypes. Cells used in Figure 4C were subjected to a series of studies to evaluate oncogenic
phenotypes. (A) Cell proliferation assay assessed by MTT assay for 5 days. ** P < 0.001. (B) Colony formation assay was performed in RPMI1640 medium with a density of 100
cells per well. After incubation for 14 days, colonies were stained by crystal violet. (C) Colony numbers in (B) were quantified. **P < 0.001. (D) Sphere formation assay was
carried out in FBS free DMEM-F12 medium supplemented with B27, EGF, bFGF and heparin for 10 days. Bars=50 um. (E) Sphere numbers in (D) were quantified. **P < 0.001.
(F) Cell migration assessed by scratch assay after treatment with mitomycin C for 2 h. The quantification results of the cell migration gap distance represented three biological
replications. ** P < 0.001.
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Figure 7. Downregulation of miR-485-3p in osteosarcoma cells was caused by the DNA hypermethylation of CpG islands. (A) The adjacent upstream of
miR-485-3p had a CpG island. The genomic locus of the CpG island and miR-485-3p were shown. (B) AZA treatment significantly upregulated miR-485-3p levels. The hFOBI1.19,
U20S and MG63 cells were treated with DMSO, 1 pM of AZA and 300 nM of TSA, respectively. The qRT-PCR was performed to measure miR-485-3p levels. **P < 0.001. (C)
AZA treatment dramatically decreased DNA methylation of CpG island in U20OS and MG63 cells. The qMSP was performed to determine DNA methylation of CpG island in
hFOBI.19, U20S and MG63 cells. **P < 0.001. (D) AZA treatment dramatically decreased the CtBP[ level in U20S and MG63 cells. The qRT-PCR was performed to determine
CtBPI levels in hFOBI1.19, U20S and MG63 cells. **P < 0.001. (E) AZA treatment significantly upregulated the CtBP1 target gene in U20S and MG63 cells. The qRT-PCR was
performed to determine CtBP] targets, including Bax, Bim, PUMA, p16, p21, E-cadherin and PTEN in hFOB1.19, U20S and MG63 cells. **P < 0.001.

4. Discussion

In recent years, increasing numbers of studies
have shown that CitBPs, especially CtBPI, are
overexpressed as oncogenes in many cancer types
[10-15]. However, to the best of our knowledge, CtBPs
have not been identified to play roles in osteosarcoma
cells. In this study, we found the overexpression of
CtBP1, but not CtBP2, in a large number of
osteosarcoma clinical specimens and in four
osteosarcoma cells. Since the amino acid sequences of
CtBP1 and CtBP2 are highly homologous, this
allowed us to start looking for the reason why only
CtBP1 is overexpressed. By performing microarray
assays in clinical samples of osteosarcoma, we found
that miR-485-3p binds to the 3’-UTR of CtBPI, but not
target CtBP2. Subsequently, by increasing or
decreasing the expression of miR-485-3p in
osteosarcoma cells, we found that the expression of
CtBP1 and its target genes also changed. In addition,
we discovered the DNA hypermethylation of the
miR-485-3p promoter region in osteosarcoma cells
and found the underlying cause of miR-485-3p
downregulation. In this study, we solved a complete
signaling pathway regulation pattern, in which the
hypermethylation of DNA at the CpG island resulted

in the downregulation of miR-485-3p in osteosarcoma
cells, dismissing its inhibition of CtBP1 and causing
CtBP1 overexpression. The overexpression of CtBP1
represses the expression of a series of downstream
genes and eventually causes carcinogenesis (Figure 8).

Although CtBPs have been found to be
abnormally expressed in many biological processes,
as of now, few articles have studied the causes of their
aberrant expression in depth. Like many other types
of cancer, we also found that CtBP1 is overexpressed
in osteosarcoma. To investigate the underlying cause
of its overexpression, we focused on miRNAs and
sought to find miRNAs that can specifically regulate
CtBP1 in osteosarcoma cells. Fortunately, we found
that miR-485-3p specifically regulates the expression
of CtBP1. Through a series of experimental validation
and functional assays, we found that
miR-485-3p-mimic can inhibit the growth of
osteosarcoma cells. This finding will help us to treat
osteosarcoma by developing miRNA replacements.
However, in the current study, we did not examine
the tumor growth inhibition assay of miR-485-3p-
mimic in mouse osteosarcoma models. We will focus
on the in vivo effects miR-485-3p-mimic in future
studies.
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Figure 8. Schematic model of miR-485-3p in osteosarcoma cells. (A) The working model of miR-485-3p in normal cells. In normal cells, the CpG methylation level in
the miR-485-3p promoter region is very low, which cannot effectively inhibit the expression of miR-485-3p, resulting in the upregulation of miR-485-3p, downregulation of CtBP1
expression, and upregulation of CtBPI downstream targets. (B) The working model of miR-485-3p in osteosarcoma cells. In osteosarcoma cells, the CpG methylation level in the
miR-485-3p promoter region is very high, which significantly inhibits the expression of miR-485-3p, resulting in the downregulation of miR-485-3p, upregulation of CtBPI
expression, and downregulation of CtBP] downstream targets, which eventually leads to carcinogenesis.

Another important finding in this study was that
CtBP1 regulates the expression of a number of
downstream target genes, including Bax, Bim, PUMA,
pl6, p21, E-cadherin and PTEN (Figures 2B-2D).
Previous studies have found that CtBP1 can regulate
the expression of different target genes in different
biological processes [10-15]. For example, CtBP1
overexpression can promote cancer cell survival by
inhibiting the expression of pro-apoptotic genes such
as Bax, Bim and PUMA [10-15]. CtBP1 overexpression
can promote cell proliferation and tumor progression
by inhibiting cell cycle-related genes such as p16, p21
and PTEN [10-15]. CtBP1 overexpression can promote
cell migration by inhibiting the expression of the cell
adhesion molecule E-cadherin [10-15]. Our results
revealed that the mRNA and protein levels of these
target genes were suppressed in osteosarcoma, with
E-cadherin being the most prominent. We did not
detect the apoptosis rates, cell cycle progression
statues and cell migration ability in osteosarcoma cells
compared to hFOB1.19 cells. However, many
previous studies have reported that osteosarcoma
cells have decreased apoptosis rates, arrested cell
cycles, and increased cell migration ability. At the
same time, we transfected miR-485-3p into
osteosarcoma cells and found that it can inhibit cell
proliferation, migration, colony formation, and sphere
formation, which further demonstrates that the
aberrant expression of CtBP1 affects a series of
biological processes, resulting in many oncogenic
phenotypes.

In summary, we demonstrated that the DNA
methylation-mediated downregulation of miR-485-3p

specifically regulates CtBP1 and its downstream
targets in osteosarcoma cells. The miR-485-3p-mimic
exhibits a remarkable inhibitory effect on CtBP1 and
thereby  potently inhibits osteosarcoma cell
proliferation, migration, colony formation and sphere
formation abilities in vitro. Our data suggested that
the miR-485-3p-mimic is an effective therapeutic
agent that inhibits CtBP1, and miR-485-3p-
replacement therapy should significantly enhance the
antitumor activity.
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