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Abstract

MicroRNA-370 (miR-370) has been observed to act as a tumor suppressor through the targeting
of different proteins in a variety of tumors. Our previous study indicated that miR-370 was able to
target forkhead box protein M1 (FOXMI) to inhibit cell growth and metastasis in human
osteosarcoma cells. In this study, we reported that FOXM] interacted with B-catenin in vitro and in
vivo. Similar to FOXMI, critical components of the Wnt signaling pathway, including -catenin,
c-Myc, and Cyclin DI, were also highly expressed in different human osteosarcoma cells lines.
Pharmacological inhibition of FOXMI or B-catenin but not of c-Myc was associated with the
increased expression of miR-370. Ectopic expression of miR-370 inhibited the downstream
signaling of B-catenin. Moreover, osteosarcoma cells treated with 5-AZA-2’-deoxycytidine (AZA),
a DNA methylation inhibitor, exhibited increased levels of miR-370 and decreased levels of
B-catenin downstream targets, which resulted in inhibition of cell proliferation and colony
formation ability. In conclusion, our results supported a model in which the DNA
methylation-mediated down-regulation of miR-370 reduced its inhibitory effect on FOXMI,
thereby promoting FOXMI-B-catenin interaction and activating the Wnt/B-Catenin signaling
pathway in human osteosarcoma cells.
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Introduction

Osteosarcoma is a solid tumor and often occurs
in children and young adults [1]. In recent years, a
number of microRNAs (a class of non- coding RNAs
containing ~22 nucleotides) such as miR-17-5p [2],
miR-26a-5p [3], miR-34a [4], miR-135b [5], miR-150
[6], and miR-203 [4], have been reported to play
important roles in contributing to the pathogenesis of
osteosarcoma. According to their function and
expression levels in osteosarcoma clinical samples

and osteosarcoma cell lines, these miRNAs can be
divided into two groups: oncogenic miRNAs and
anti-oncogenic miRNAs [7-9]. For instance, miR-34a
and miR-203 are significantly decreased and act as
tumor suppressors in osteosarcoma cell lines [4],
while miR-135b and miR-150 are overexpressed in
osteosarcoma patient samples and act as oncogenic
miRNAs [5, 6]. However, despite our extensive
knowledge of their dysregulation, little is known
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about the mechanisms that control the expression of
these miRNAs in osteosarcoma cells. One possibility
is that DNA methylation may be involved in this
process, and a number of studies have clearly
demonstrated that DNA methylation is capable of
regulating the expression of miRNAs in different
types of cancer [10-12]. For instance, several
tumor-suppressive miRNAs, such as miR-33b,
miR-124a and miR-127, can be modified by DNA
methylation, which results in their down-regulation
in different cancers [13-15].

The forkhead box protein M1 (FOXM1) is a
member of FOX family and functions as a
transcription factor to regulate the expression of genes
involved in cell proliferation and differentiation, cell
cycle progression, DNA damage repair, as well as
apoptosis [16-18]. In recent years, elevated expression
of FOXM]1 has been frequently found in a variety of
cancers such as liver [19], prostate [20], breast [21],
lung [22], pancreas [23], and osteosarcoma [24],
suggesting its important role in tumorigenesis.
Several miRNAs, including miR-370 and miR-802, are
known to directly target the 3’-untranslated region
(3’-UTR) of FOXM]1, thereby repressing its expression
[24, 25]. In addition, FOXM1 is also involved in
several important signaling pathways such as the
mitogen-activated protein (MAP) kinase cascade and
the Wnt/ B-catenin pathway and interacts with critical
members of these pathways, thereby contributing to
signal transduction, rather than acting as a
transcription factor [26-28]. For instance, FOXM1 has
been shown to interact with -catenin, and promote
B-catenin nuclear localization [28]. When the
FOXM1-B-catenin complex enters the nucleus, it
further forms a transcriptional complex with T-cell
factor (TCF) or lymphoid enhancer factor (LEF) to
activate the expression of Wnt target genes such
as c-Myc and Cyclin D1 [28]. Most recently, FOXM1
was found to be phosphorylated by glycogen
synthase kinase 3 (GSK3) at serine 474, and this
phosphorylation could induce its ubiquitination
mediated by F-box and WD repeat domain containing
7 (FBXW?7) [29]. Activation of Wnt signaling inhibits
FOXM1 phosphorylation, which results in the
deubiquitination and accumulation of FOXM1
through the interaction with Ubiquitin Specific
Peptidase 5 (USP5), a deubiquitinating enzyme [29].

While studying miRNA expression in
osteosarcoma cell, we noted that miR-370 was
dramatically down-regulated [24], and it was able to
directly target FOXMI1 to regulate osteosarcoma cell
growth and metastasis [24]. Despite considerable
interest in FOXM1 and miR-370, two critical issues are
still unclear: one regards the underlying mechanism
of miR-370 down-regulation; the other refers to the

absence of downstream targets of FOXMI1 in
osteosarcoma cells. To solve these two questions, we
first tried to identify the proteins that interact with

FOXM1 in  osteosarcoma  cells  through
immunoprecipitation  (IP) assays and liquid
chromatography tandem-mass spectrometry

(LC-MS/MS) analysis. In our primary LC-MS/MS
results we found an important candidate protein:
B-catenin. We then determined the interaction
between FOXM1 and p-catenin with in vitro and in
vivo assays, and found the activation of the
Wnt/p-catenin signaling pathway in osteosarcoma
cells. Further analysis indicated that DNA
methylation caused down-regulation of miR-370, and
demethylation treatment with AZA was able to
repress the Wnt/p-catenin signaling pathway. Taken
together, our findings reveal the mechanism
underlying miR-370 down-regulation in osteosarcoma
cells and provide insight into regulation of the
Wnt/ pB-catenin signaling pathway through FOXM1 in
human osteosarcoma cells.

Materials and Methods

Cell lines and cell culture

All cell lines used in this study were purchased
from the American Type Culture Collection (ATCC,
USA). Cells were grown in DMEM medium (Gibco,
USA) supplemented with 10% heat-inactivated FBS
(Gibco, USA) and 100 U/ml of
penicillin-streptomycin (Thermo Fisher Scientific,
USA), then incubated at 37°C with 5% CO,. In
addition, cells were analyzed with the MycoAlert™
Mycoplasma Detection Kit (Lonza, Switzerland) every
two months, to detect the potential mycoplasma
contamination.

Cell transfection

For plasmids and miR-370 mimics transfections,
cells were first seeded in 6-well plates and incubated
for 18 h, then transfected using Lipofectamine 2000
(Invitrogen, USA) and a suspension with 100 ng of
plasmid or 50 nM of miR-370 mimics (RiboBio, China)
following the manufacturer's protocol. Cells were
then incubated in 0.5 ml DMEM medium with 10%
FBS at 37°C for 48 h.

For shRNA knockdown of FOXM1 and f-catenin,
their corresponding MISSION® shRNA Lentiviral
Transduction ~ Particles  including  shFOXM1
(TRCN0000273939) and shp-catenin
(TRCNO0000350477) were purchased from Sigma
(USA). The pLKO.1 vector was used as negative
control. Briefly, the lentiviral particles were used to
infect the cells following standard procedures. The
virus-infected cells were then selected with
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puromycin (1 pg/ml) for 48 h and then subjected to
the required experiments.

Immunoprecipitation and mass spectrometry
analysis

Immunoprecipitation procedures were
performed at 4°C. Briefly, cells transfected with the
pCDNA3-Flag-HA-FOXM1  or  pCDNAS3-Flag-HA
plasmids were lysed with Pierce IP lysis buffer
(ThermoFisher Scientific, USA) supplemented with 1
x cocktail protease inhibitor (Roche, USA). Lysates
were then sonicated for 1 min and subjected to
immunoprecipitation using anti-Flag magnetic beads
(Sigma, USA) for 4 h. The supernatant was discarded
and the beads were washed five times with lysis
buffer, and then incubated with the Flag peptide
(Sigma, USA) for 2 h at room temperature. The eluted
complex was subjected to SDS-PAGE separation and
stained with Coomassie Brilliant Blue R 250
(Invitrogen, USA). The entire gel was diced into small
pieces (~ 1 mm), followed by digestion with trypsin
and to analysis via liquid chromatography
tandem-mass  spectrometry (LC-MS/MS). The
resulting spectra data were blasted in the NCBI
database using the MASCOT Distiller (2.3.2.0)
software to generate peak lists.

Western blot analysis

Cells were lysed in 50 pl radio
immunoprecipitation assay (RIPA) buffer. Equal
amounts of total cell lysates were boiled in
SDS-sample buffer and later separated by SDS-PAGE
at100 V for 3 h. Proteins on the gel were transferred to
a PVDF membrane at 100 V for 1.5 h at 4°C and the
membrane was blocked with 5% milk in 1 x
TBST (Tris-buffered saline, 0.1% Tween 20) buffer at
room temperature for 1 h. Blots were subsequently
incubated with a primary antibody and a
peroxidase-conjugated secondary antibody. After
washing five times with TBST, blots were incubated
with enhanced chemiluminescence (ECL) detection
reagent, and imaged with the ChemiDoc MP
(Bio-Rad, USA). The primary antibodies used for the
blots were anti-GAPDH (Sigma, USA), anti-Flag
(Sigma, USA), anti-HA (Sigma, USA), anti-p-catenin

Table 1. Primers used for gqRT-PCR

(Sigma, USA), anti-FOXM1 (Abcam, USA), anti-c-Myc
(Sigma, USA) and anti-Cyclin D1 (Sigma, USA).

Yeast two-hybrid assay

Y2H was performed as previously described
[30]. The yeast strain AHI109 expressing
the pGADT7-FOXM]1 plasmid (prey) was transformed
with  the plasmid  pGBKT7-f-catenin  (bait).
Transformed yeast cells were selected on synthetic
complete medium lacking Trp and Leu (SC-T/L).
Cells containing the empty prey or bait vectors were
transformed with pGBKT7-B-catenin or
pGADT7-FOXM1, respectively, as negative controls.
Interaction was determined on synthetic complete
medium lacking Trp, Leu, and His (SC-T/L/H).

Mammalian two-hybrid (M2H) assay

The M2H assay was performed as previously
described [31]. Briefly, pBIND-f-catenin,
pACT-FOXM1 and pGL4.31-luciferease reporter
plasmids were combined in the same molar ratio
(1:1:1) and transfected into U20S cells. After 48 h, the
cells were lysed in a buffer containing 0.1 M
potassium phosphate (pH 7.8), 2 mM EDTA, 1 mM
DTT, 1% Triton X-100, and the luciferase activity was
measured using the Luminoskan Ascent luinometer
(Thermo Fisher Scientific, USA). The luciferase
activity was calculated against the pGL4.31-luciferase
normalized  against the

basal control and

Renilla luciferase activity.

Quantitative real-time PCR (qRT-PCR)

Total RNA was extracted from cultured cells
using TRIZOL (Invitrogen, USA) following the
manufacturer’s instructions. cDNA was synthesized
using the Verso cDNA Synthesis Kit (Thermo Fisher
Scientific, USA). The resulting cDNAs were analyzed
by quantitative RT-PCR (qRT-PCR) using the specific
primers listed in Table-1. All experiments were
replicated three times, and the individual gene
expression was determined using the 2-2¢t method by
normalizing to P-Actin, an internal control as
previously described [32].

Gene Forward Reverse

FOXM1 5-AGCTGAAGGGTGGGAACAAC-3 5-ACCCACCTTCTGGCAGTCTCT-3'
f-catenin 5-AGCCACAGCTCCTCTGACAG -3’ 5-TCTCCCTGGGCACCAATATCA-3
c-Myc 5-CTTGAACAGCTACGGAACTC -3’ 5-GAGGCAGTTTACATTATGGC-3’
CCND1 5-TGAAGCCAGCTCACAGTGCT -3’ 5-AGCCAGGATGGTTGAGGTAA-3
B-Actin 5-AGAGCTACGAGCTGCCTGAC-3' 5-AGCACTGTGTTGGCGTACAG-3’
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Quantitative analysis of miR-370 expression was
performed as previously described [4]. Briefly, total
mRNA was extracted from cells using the miRNeasy
Mini Kit (Qiagen, MD, USA) according to the
manufacturer’s instructions. The resulting mRNA was
applied to generate cDNAs using TagMan MicroRNA
Reverse Transcription kit (Thermo Fisher Scientific,
USA). The expression of miR-370 was then measured
by qRT-PCR using a TagMan MicroRNA Assay kit
(assay ID: 478848, Thermo Fisher Scientific, USA)
according to the manufacturer’s protocols. The
standard qRT-PCR program was performed on the
Bio-rad CFX96 real-time PCR System (Bio-Rad, USA)
and RNU6B was chosen as an internal control to
normalize miR-370 expression using the 2-ACt method.
All reactions were conducted in triplicate.

Cell proliferation and colony formation assays

For the cell proliferation assays, cells expressing
low levels of FOXM1 or p-catenin by shRNA
knockdown or cells treated with or without AZA
were seeded onto 96-well plates for O h, 24 h, 48 h, 72
h, 96 h or 120 h. Next, cell viability was determined at
490 nm using an MTT kit (Roche, USA) following the
manufacturer's instructions. All of the experiments
were performed in quadruplicates.

For the colony formation assays, the cells used in
proliferation assay were diluted and seeded at
approximately 1000 cells per well, followed by
continuous culture with DMEM medium for 14 days
with a change every 3 days. The cell colonies were
fixed for 5 min with 3.7% paraformaldehyde (PFA),
and then stained for 30 min with 0.05% crystal violet,
and washed five times with ddH>O to remove the
excess dye.

Quantitative methylation-specific PCR (qMSP)

Genomic DNA samples were modified by
sodium bisulfite using the EpiTect Bisulfite Kit
(Qiagen, USA) according to the manufacturer’s
protocols. The resulting DNA was applied to analysis
on the Bio-rad CFX96 real-time PCR System (Bio-rad,
USA) using KAPA SYBR FAST qPCR Kits (Kapa
Biosystems, USA) with standard PCR program.
GAPDH was used as an internal control to normalize
expression of CpG Island 1 and 2 wusing the
2-ACtmethod. All reactions were conducted in
triplicate. Primers used in qMSP were listed in
Table-2.

Statistical analysis

Data from each group were independently
obtained from three replicates. Statistical analyses of
data were performed wusing a two-sided
Student's ¢ test. Significance was set at P < 0.05.

Results

FOXMI interacts with B-catenin in human
osteosarcoma cells

Given the important role of FOXM1 in a wide
variety of cancers, including the osteosarcoma cells
that we investigated, we sought to identify proteins
that interacted with FOXM1 and to investigate the
involvement of FOXM1 in different signaling
pathways. Accordingly, we constructed the vector
pCDNA3-Flag-HA-FOXM1 encoding for a two
epitopes-tagged FOXM1. U20S cells transfected with
pCDNA3-Flag-HA-FOXM1  or  empty  vector
(pCDNA3-Flag-HA) were harvested and subjected to
immunoprecipitation (IP) analysis. To minimize
unspecific binding, we used a two-step approach to
purify the FOXM1l-associated complex. In brief, a
Flag-tag affinity procedure was first used to purify
Flag-HA-FOXM1-containing complexes. After the
Flag epitope was cleaved off, an HA-tag affinity
procedure to  purify HA-FOXM1l-containing
complexes was used. After this two-step purification,
FOXM1-containing complexes were enriched and
subjected to LC-MS/MS analysis (Figure 1A).
Fortunately, we identified a total number of 85
proteins in our primary list; the most abundant 10
proteins are listed in Table-3. Among the identified
proteins, we found p-catenin, a critical protein
involved in the Wnt/p-catenin signaling pathway;
this result strongly suggested that (-catenin might
interact with FOXM1 in human osteosarcoma cells. To
confirm these interactions, different approaches
including Co-immunoprecipitation (Co-IP), Y2H and
M2H assays were used. For the Co-IP assay, U20S

cells expressing HA-tagged [-catenin
(pCDNA3-HA-f-catenin), Flag-tagged FOXM1
(rCDNA3-Flag-FOXM1) or the empty vectors

(pCDNA3-HA or pCDNAS3-Flag) were lysed and
immunoprecipitated with either anti-HA agarose or
anti-Flag agarose. The results indicated that FOXM1
was immunoprecipitated with 3-catenin but not with
the empty vector (Figure 1B). For the Y2H assay,
FOXM1 was co-transformed with p-catenin into yeast
cells to determine if they could directly bind to each
other. As expected, the results indicated that FOXM1
directly bound B-catenin (Figure 1C). Moreover, the
M2H assay, a system to study protein interactions
with luciferase reporters, was also used to evaluate
the interaction between FOXM1 and [-catenin. As
illustrated in Figure 1D, FOXM1 showed nearly
10-fold increase in its interacting activity with
pBIND-f-catenin compared with the control groups.
Taken together, these in vitro and in vivo assays clearly
demonstrated that p-catenin directly bound FOXM1
in human osteosarcoma cells.
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Table 2. Primers used for qMSP

Gene Forward Reverse

Island 1 5-TGTGTGGGAGGTTAGAAAAATT-3 5-AATACTAAACCAAAAAACAAACCC-3
Island 2 5-ATATGTTCGAATAATTTTTTGTTC-3 5-TAACTTCTCTATCTTATACCCCGAC-3'
GAPDH 5- CGCTTTCTTTCCTTTCGC-3 5-TGCCCATTCATTTCCTTCC-3'

Table 3. FOXM]-associated proteins in human osteosarcoma cells

Accession Number Protein ID Symbol Molecular Weight MASCOT Score
Q09028 Retinoblastoma binding protein 4 RBBP4 48 kDa 627
P30304 Cell division cycle 25A CDC25A 59 kDa 569
Q13309 S-Phase Kinase-associated protein 2 SKP2 48 kDa 503
009472 E1A binding protein P300 EP300 264 kDa 454
P35222 Catenin beta 1 CTNNB 85 kDa 409
Q6 MZP7 Protein Lin-54 homolog Lin-54 79 kDa 320
P41182 B-Cell CLL/Lymphoma 6 BCL6 79 kDa 266
P24941 Cyclin-Dependent Kinase 2 CDK2 34 kDa 194
P06493 Cyclin-Dependent Kinase 1 CDK1 34 kDa 113
Q12968 Nuclear factor of activated T-Cells 3 NFATC3 116 kDa 82
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Figure 1. FOXMI directly binds to B-Catenin in vitro and in vivo. (A) Immunoprecipitation of the Flag-HA-FOXM]-associated complexes. U20S cells
transfected with pCDNA3-Flag-HA-FOXM1 or pCDNA3-Flag-HA were harvested and subjected to IP analysis by using a two-step approach with anti-Flag-agarose and
anti-HA-agarose. The IP protein complexes were subjected to SDS-PAGE separation and staining with Coomassie Brilliant Blue R 250. (B) Co-immunoprecipitation
of FOXM1 and B-Catenin in U20S cells. Cells co-transfected with pCDNA3-FOXM I-Flag and pCDNA3--Catenin-HA, or pCDNA3-FOXM I-Flag and pCDNA3-HA (left
panel), or pCDNA3-Flag and pCDNA3-B-Catenin-HA (right panel) were co-immunoprecipitated with anti-Flag agarose (left panel) or anti-HA-agarose (right panel). The
pull-down products were analyzed via immunoblots with anti-HA and anti-Flag antibodies, respectively. (C) FOXMI directly bound -Catenin in yeast. The
pGBKT7-FOXMI plasmid was co-transformed with the plasmid pGADT7-B-Catenin or pGADT7 empty vector into the yeast strain AH109. The resulted yeast colonies
were dotted on media minus Trp and Leu (top panel) or minus Trp, Leu, and His (bottom panel) to determine their growth. Serial decimal dilutions were indicated.
(D) The interaction of FOXMI and -Catenin enhanced the luciferase activity in a M2H assay. Luciferase assay in U20S cells transfected with pACT-FOXMI and
pBIND, or pACT-FOXM I and pGL4.31, or pBIND-B-Catenin and pACT, or pBIND-B-Catenin and pGL4.31, or pACT-FOXMI, pBIND-B-Catenin and pGL4.3 1 were subjected
to lucifeare activity assay, which was normalized against the activity of Renilla luciferase. Representative data from three independent experiments are shown.
**P<0.001.
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Whnt/B-catenin signaling pathway is activated
in human osteosarcoma cells

Our previous study indicated that FOXM1 was
overexpressed in human osteosarcoma cells [24]. To
investigate whether FOXM1 overexpression could
recruit more [-catenin, we examined [-catenin
protein levels in four human osteosarcoma cell lines,
including U20S, MG63, Saos-2 and HOS cells. Our
results indicated that B-catenin was also up-regulated
in all four cell lines compared to hFOB1.19 control
cells (Figure 2A). In addition, we also examined
protein levels of c-Myc and Cyclin D1, two critical
downstream targets of the Wnt/p-catenin pathway.
Interestingly, similar to FOXM1 and p-catenin, c-Myc
and Cyclin D1 were also elevated in these

A \80%\,\“\99% v\C‘P‘:\Q.\“;’ ‘(\05 B
S SNED GRS Samm @R | [-catcnin
— s Sl B 8 | OXM]
e - S — c-Myc
S — — | Cyclin D]
W W w— o |GAPDH
Wntda 0 30 60 90 min D
" ' - !_ f-catenin
S e ' FOXMI
e e - - ¢-Myc
- ——— Cyclin D1
—— — S| GAPDH

Relative protein levles (fold)

Relative protein levles (fold)

osteosarcoma cell lines (Figures 2A and 2B), implying
the activation of the Wnt/ -catenin pathway. Because
treatment with Wnt3a can stabilize {-catenin and
activate the Wnt/p-catenin pathway, we examined
the B-catenin protein levels upon Wnt3a stimulation
in U20S cells. As expected, the amount of [-catenin
increased substantially, upon Wnt3a treatment, in a
time-dependent manner (Figures 2C and 2D).
Similarly, the other three proteins, including FOXM1,
c-Myc and Cyclin D1 also showed up-regulated
expression after Wnt3a treatment (Figures 2C and
2D). These results indicated that the Wnt/[-catenin

signaling pathway was activated in human
osteosarcoma cells.
6 - * %
* % _l ® hFOB1.19
4 | = 1208
* K

* %k u MG63
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OY'
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®60 min
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Q9
F

L&

Figure 2. The Wnt/B-Catenin signaling pathway was activated in human osteosarcoma cells. (A) Elevated protein levels of members of the
Wht/B-Catenin signaling pathway. Protein levels of FOXMI, B-Catenin, c-Myc, Cyclin DI and GAPDH in hFOBI.19, U20S, MG63, Saos-2 and HOS cells were
determined by western blot. (B) Statistical analysis of the protein levels in (A). (C) Whnt3a treatment increased the levels of proteins of the Wnt/B-Catenin signaling
pathway. Protein levels of 3-Catenin, FOXMI, c-Myc, Cyclin D1 and GAPDH in U20S cells upon the treatment of Wnt3a (20 ng/ml) for 0, 30, 60 and 90 min, were
determined by western blot. (D) Statistical analysis of the protein levels in (C). Representative data from three independent experiments are shown. **P<0.001.
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Studies on the localization of the interaction
between FOXM1 and p-catenin have shown that their
interaction occurred in both the cytoplasm and the
nucleus [28]. Importantly, signaling activation with
Wnt3a treatment increased the translocation of
FOXM1 and p-catenin to the nucleus in 293T cells. To
evaluate the location of their interaction, and whether
the activation of the Wnt signaling pathway was able
to affect the translocation of FOXM1 and B-catenin in
human osteosarcoma cells, we first detected
endogenous FOXM1 and {-catenin levels in both the
cytoplasm and the nucleus of U20S, MG63, Sao2-2
and HOS cells. Consistent with previous studies, both
FOXM1 and p-catenin were up-regulated in these
osteosarcoma cells compared to hFOB1.19 cells
(Supplementary Figure 1A). Additionally, the nuclear
protein levels of these two proteins were much higher
than those in the cytoplasm (Supplementary Figure
1A). Furthermore, we treated U20S cells with Wnt3a
to activate the Wnt signaling pathway, and then
examined the amounts of 3-catenin and FOXM1. Our
results indicated that the expression of both proteins
increased substantially upon Wnt3a treatment in the
nucleus, in a time-dependent manner (Supplementary
Figure 1B). These results suggested that the
interaction of FOXM1 and P-catenin occurred in both
the cytoplasm and the nucleus and, more importantly,
the activation of Wnt signaling promoted the nuclear
translocation of both FOXM1 and p-catenin.

Specific knockdown of FOXMI or 3-catenin
had similar effects on osteosarcoma cells

Because both FOXM1 and p-catenin are
overexpressed in osteosarcoma cells, one question
arises: their down-regulation could affect cell
proliferation and colony formation ability, which
would provide evidence for targeting FOXM1 and
[B-catenin in osteosarcoma therapy in the future. To
confirm this hypothesis, we employed shRNAs to
knock down either FOXM1 or B-catenin expression in
hFOB1.19, U20S and MG63 cells. As shown in Figure
3A and supplementary Figure 2, knockdown of either
FOXM1 or p-catenin resulted in the significant
reduction of c-Myc and Cyclin D1 at both
transcriptional and protein levels in all cell lines. Cells
expressing lower FOXM1 or p-catenin were subjected
to cell proliferation assay; our results indicated that
knockdown of either FOXM1 or B-catenin in both
U20S and MGH63 cells could lead to significant
inhibition of cell growth (Figure 3B). In addition,
colony formation assays indicated that a significant
decrease of colony formation rates was also observed
in U20S and MG63 cells with either FOXM1 or
B-catenin knocked-down (Figures 3C and 3D). These
results further demonstrate that expression levels of

FOXM1 and p-catenin are important for osteosarcoma
cell growth, and inhibition of their expression is a
promising strategy for cancer therapy.

Up-regulation of miR-370 suppressed the
Whnt/B-catenin signaling pathway

In our previous studies, we demonstrated that
miR-370 was dramatically down-regulated in
osteosarcoma cells, and it was able to directly target
FOXM1 and reintroduction of FOXM1 could reverse
the effect of miR-370 on osteosarcoma cells [24].
Therefore, we next sought to examine whether
overexpression of miR-370 could affect the
Wnt/p-catenin signaling transduction. Commercial
miR-370 mimics or their negative control miR-NC
were transfected into hFOB1.19, U20S or MG63 cells,
respectively. Then, quantitative real-time PCR
(qQRT-PCR) analysis was undertaken to examine the
expression of miR-370. A significant increase in
miR-370 expression was observed in both hFOB1.19
and osteosarcoma cells transfected with miR-370
mimics, and these cells shared similar levels of
miR-370 after transfection (Figure 4A). Strikingly,
with the induction of miR-370, the mRNA levels of
FOXM1, p-catenin, c-Myc and Cyclin D1 were
dramatically reduced (Figures 4B-4E); similarly, the
corresponding proteins were also down-regulated
after miR-370 mimics transfection (Figure 4F). These
results suggested the inhibition of Wnt/p-catenin
signaling pathway upon the induction of miR-370.

Pharmacological activation or blockage of the
Whnt/B-catenin signaling pathway affected
miR-370 expression

Because the overexpression of FOXM1 was able
to reverse miR-370 effects (e.g., promoting cell
proliferation and invasion) on osteosarcoma cells [24],
we tried to determine whether the activation or
inhibition of the Wnt/p-catenin signaling pathway
with the pharmacological treatments could affect level
of miR-370. Accordingly, we treated hFOB1.19, U20S
and MG63 cells with Wnt3a to activate the
Wnt/p-catenin signaling pathway and analyzed the
expression of miR-370. Surprisingly, our results
indicated that the expression of miR-370 decreased
substantially upon Wnt3a treatment in a
time-dependent manner in osteosarcoma cells
compared with hFOB1.19 cells (Figure 5A), which
suggested that the accumulation of Wnt/p-catenin
signaling downstream targets might regulate the
expression of miR-370. To confirm this hypothesis, we
further treated cells with FDI-6 (an inhibitor of
FOXM1), PKF118-310 (an inhibitor of P-catenin) or
10058-F4 (an inhibitor of c-Myc) and investigated the
expression of miR-370. The qRT-PCR results showed
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that miR-370 expression increased in a
time-dependent manner in osteosarcoma cells treated
with FDI-6 (Figure 5B) or PKF118-310 (Figure 5C),
compared with the control cells, while miR-370
expression remained unchanged in osteosarcoma cells
treated with 10058-F4 (Figure 5D). Meanwhile, we
also examined the protein levels of FOXM1, pB-catenin,
c-Myc and Cyclin D1 in the treated cells. Contrarily to
miR-370 expression, the protein levels of FOXM1,
B-catenin, c-Myc and Cyclin D1 gradually increased
over time upon Wnt3a treatment in osteosarcoma cells
(Supplementary Figure 3A), while they decreased in
cells treated with FDI-6 or PKF118-310
(Supplementary Figures 3B and 3C). However, no
obvious change in the levels of FOXM1 and p-catenin
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was found in cells treated with 10058-F4
(Supplementary Figure 3D), even though, in the same
cells, the level of c-Myc decreased over time
(Supplementary Figure 3D). Therefore, our results
suggested that the activation of Wnt/p-catenin
signaling with Wnt3a could further down-regulate
miR-370 expression, while the inhibition of
Wnt/ pB-catenin signaling by FDI-6 or PKF118-310 was
able to further increase the level of miR-370 in
osteosarcoma cells. However, the expression of
miR-370 in osteosarcoma cells treated with the
inhibitors was not comparable to that in hFOB1.19
cells (Figure 5), indicating that these pharmacological
reagents only partially affected miR-370 expression.
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Figure 3. Knockdown of FOXMI or B-Catenin inhibited osteosarcoma cell growth. Knockdown of FOXMI or 3-Catenin in hFOBI1.19, U20S and MG63
cells resulted in attenuated expression of c-Myc and Cyclin DI. The hFOBI.19, U20S or MG63 cells transfected with control-shRNA, FOXMI-shRNA or
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hFOBI.19, U20S and MG63 cells inhibited cell proliferation. Cells used in (A) were subjected to the MTT assay to evaluate cell proliferation, and the cell viability was
determined at 490 nm. (C-D) Knockdown of FOXMI or B-Catenin in hFOB1.19, U20S and MG63 cells decreased the rate of colony formation. Cells (1 x 103) used
in (A) were seeded onto 6-well plates, and cultured with 0.1 ml DMEM medium for two weeks. Then, cells were stained with 0.5% crystal violet (D), and the number
of colonies was counted (E). Representative data from three independent experiments are shown. *P<0.001.
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Figure 6. DNA methylation affected the expression of miR-370 and the cell growth in osteosarcoma. (A) The upstream of miR-370 genomic locus had
two CpG islands. CpG island prediction in the upstream of miR-370 genomic locus was performed in a database (http://www.urogene.org). The predicted two CpG
isinds were indicated as island-1 and island-2. The genomic locus of miR-370 was indicated as red arrow. (B-C) Effects of AZA or TSA on miR-370 and FOXM|
expression in hFOBI1.19, U20S and MGé63 cell lines. The hFOBI1.19, U20S and MG63 cells were treated with DMSO, AZA (1 uM) or TSA (300 nM), respectively.
Then expression of miR-370 was determined by qRT-PCR. (D-E) Expression of methylated CpG islands with or without AZA treatment. The hFOB1.19, U20OS and
MG63 cell lines were treated with or without 1 UM AZA, then expression of methylated CpG island 1 and 2 was determined by qMSP analysis. (F) AZA treatment
inhibited the Wnt/B-Catenin signaling pathway. Cells used in (A) were lysed and immunobloted with anti-FOXMI, -B-Catenin, -c-Myc, -Cyclin D1 and -GAPDH
antibodies, respectively. (G) AZA treatment inhibited cell proliferation. Cells used in (A) were subjected to the MTT assay to evaluate cell proliferation: cell viability
was determined at 490 nm. (H) AZA treatment decreased colony formation ability. The hFOBI.19, U20OS and MGé63 cells were seeded onto 6-well plates, and
cultured with 0.1 ml DMEM medium supplemented with AZA (1 pM) for two weeks. Then, cells were stained with 0.5% crystal violet and the number of colonies was
counted. Representative data from three independent experiments are shown. **P<0.001.

Elevated DNA methylation resulted in
down-regulation of miR-370

Because miR-370 is an important regulator of the
Wnt/p-catenin signaling pathway, we sought to
analyze the regulatory mechanism of miR-370
expression. By analyzing DNA sequences in the
upstream (-1700) of miR-370 genomic locus, we
identified two CpG islands located in the upstream of
miR-370 genomic locus (Figure 6A). Since
hypermethylation is a general event in carcinogenesis,
we first investigated whether DNA methylation had
an effect on miR-370 expression. Accordingly,
hFOB1.19, U20S and MG63 cells were treated with
the DNA methylation inhibitor AZA or
acetylation inhibitor TSA, respectively, and then

subjected to qRT-PCR analysis to evaluate the
expression of miR-370 and FOXMI. The results
demonstrated that the treatment with AZA was able
to significantly increase miR-370 expression in both
hFOB1.19 (~2-fold induction) and osteosarcoma cells
(~4-fold induction) (Figure 6B), but not TSA
treatment. Conversely, further analysis revealed that
AZA could dramatically repress the expression of
FOXM1 (Figure 6C). These results suggested that
DNA methylation was important for miR-370
expression in osteosarcoma cells. Then, DNA
methylation statuses of CpG island 1 and 2 were
determined by using qMSP. The results indicated that
both CpG islands were significantly methylated in
U20S and MG63 cells without AZA treatment
compared to hFOB1.19 cells (Figures 6D and 6E).
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Meanwhile, we also detected the protein levels of
FOXM1, p-catenin, c-Myc and Cyclin D1 after
treatment with AZA. Osteosarcoma cells treated with
AZA had lower protein levels of FOXM1, p-catenin,
c-Myc and Cyclin D1 (Figure 6F), compared to
non-treated cells. In addition, we also evaluated the
effect of the AZA treatment on proliferation and
colony formation ability of osteosarcoma cells. As
shown in Figure 6G, the treatment with AZA greatly
inhibited cell proliferation including that of hFOB1.19
cells. We also found that AZA treatment was able to
repress the cell colony formation rates (Figure 6H and
supplementary Figure 4). These results suggested that
miR-370 could be silenced by DNA hypermethylation,
leading to up-regulation of FOXM1, and eventually
affecting the Wnt/-catenin signaling transduction.

Discussion

FOXM1 is aberrantly activated in many human
cancers [19-24]. However, little is known regarding
the cause for the overexpression of FOXM1 and its
downstream  targets. Our  previous study
demonstrated that miR-370 directly targeted the
3’-UTR of FOXM]1 to control osteosarcoma cell growth
[24]. In this study, we identified that DNA
hypermethylation led to down-regulation of miR-370,
thereby resulting in FOXMI1 overexpression. In
addition, we also found that FOXM1 directly bound
[-catenin in both the cytoplasm and the nucleus. Their
interaction could enhance their translocation to the
nucleus, and to facilitate the formation of a functional
complex with TCF4 on Wnt target-gene promoters,
eventually activating the expression of c-Myc and
Cyclin D1 (Figure 7).

It appears that miRNAs are broadly involved in
tumorigenesis through the targeting of critical genes
regulating cancer-related signaling pathways [10-12].
However, the mechanism underlying miRNAs
dysregulation in cancer is not yet fully understood.
Recent studies suggest that epigenetic mechanisms
such as DNA methylation and histone modifications
play major roles in the regulation of miRNA
expression [33, 34]. Down-regulation of tumor
suppressive miRNAs by CpG island
hypermethylation is one of the most common
mechanisms during tumorigenesis [35]. Interestingly,
previous studies have found that miR-370 is
embedded within a CpG island [36], and experimental
data also indicated that the attenuated expression of
miR-370 in cancer cells was mediated by DNA
methylation [36]. In our study, we also identified two
CpG islands located in the upstream of miR-370
genomic locus, and we examined the methylation
status of these two CpG islands. Our results indicated
that enhanced methylation level of CpG islands was

in accordance with down-regulation of miR-370 in
osteosarcoma  cells, suggesting  that  the
down-regulation of miR-370 is, at least, partly
induced by DNA methylation in osteosarcoma cells.
Furthermore, AZA treatment also repressed the
Wnt/p-catenin signaling pathway because the
induction of miR-370 inhibited the expression of
FOXML1. These results suggested that re-expression of
miR-370 could be an effective approach in
osteosarcoma therapy and might contribute to the
discovery of new therapeutic targets.
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Figure 7. Schematic diagram of the FOXMI/B-Catenin complex in
human osteosarcoma cells. Elevated DNA methylation in the upstream
region of miR-370 results in its down-regulation, which leads to up-regulation of
FOXMI gene. FOXMI directly binds B-Catenin to form a complex and helps
B-Catenin to translocate from the cytoplasm to the nucleus, where the
FOXM1-B-Catenin complex interacts with the T-cell factor/lymphoid enhancer
factor (TCF/LEF) transcription factors, up-regulating the expression of
downstream target genes of the Wnt/B-Catenin pathway such as ¢-Myc and
Cyclin DI.

FOXM1 is a transcription factor. The
identification of its downstream targets through
transcriptional approaches and its interaction proteins
through proteomics techniques are the most common
methods to investigate its regulation roles and its
involvement in different signaling pathways. Because
the downstream targets of FOXM1 in osteosarcoma
cells were unknown, in this study we focused on
revealing its involvement in signal transduction.
Fortunately, our two-step IP analysis minimized
unspecific binding and identified P-catenin as a
specific interaction partner of FOXMI. Further
analyses indicated that FOXMI1 activated the
Wnt/p-catenin signaling pathway by binding to
B-catenin and enhancing P-catenin  nuclear
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localization and transcriptional activity. These results
were consistent with previous studies in glioma cells,
suggesting that different cancer cells might share a
conserved mechanism by which FOXM1 controls
[-catenin nuclear accumulation and assembly of a
transcription activation complex.

We determined the underlying mechanism
through which miR-370 up-regulation suppressed
osteosarcoma cell invasion and found that
up-regulation of miR-370 could result in the inhibition
of the Wnt/p-catenin  signaling pathway.
Interestingly, pharmacological inhibition of FOXM1
by FDI-6 or B-catenin by PKF118-310 increased the
level of miR-370. Although this effect was only partial
because the level of miR-370 in osteosarcoma cells was
not comparable to that in hFOB1.19 cells (Figure 5),
this observation still attracted our attention. The
mechanism underlying the changes of miR-370 level
after these treatments is still unknown. Theoretically,
these pharmacological inhibitors only affect the
protein levels of FOXM1 and p-catenin. However, one
possibility is that accumulation or attenuation of
FOXM1 affects DNA methylation of CpG islands,
which further regulates the level of miR-370.
However, there is no evidence to support this
hypothesis. Future analysis may focus on studying
changes in DNA methylation after these
pharmacological treatments to investigate this
hypothesis. In addition, studies on the transcriptional
function of FOXM1 and the identification of its
downstream targets may also help wus fully
understand how FOXM1 and miR-370 function in
osteosarcoma cells.

In summary, our studies revealed that FOXM1

interacted with p-catenin and that the DNA
methylation-mediated  attenuation of miR-370
resulted in FOXMI1 overexpression, eventually

contributing to the activation of B-catenin signaling in
osteosarcoma cells. Our results further confirmed a
conserved mechanism underlying the activation of
B-catenin in tumorigenesis, and more importantly,
they also provided promising new targets for
osteosarcoma therapy in the future.
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