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Background: Osteosarcoma is the most prevalent primary malignant bone tumor containing mesenchy-
mal cells with poor prognosis. Being a hot spot of anti-tumor therapy researches, AKT/mammalian target
of rapamycin (mTOR) signaling pathway could affect various cellular processes including transcription,
protein synthesis, apoptosis, autophagy and growth.
Materials and methods: The levels of RNA and protein were detected by quantitative real-time polymerase
chain reaction (q-PCR) and western blot analyses respectively. Functional assays were carried out to ana-
lyze the malignant phenotypes of osteosarcoma cells. RNA-binding protein immunoprecipitation (RIP),
Co-immunoprecipitation (Co-IP), RNA pulldown, luciferase reporter and in vitro kinase assays were con-
ducted to uncover the specific mechanism of microRNA-451a (miR-451a) in osteosarcoma cells.
Results: Functionally, miR-451a represses the malignant progression of osteosarcoma. Mechanically,
miR-451a could curb the AKT/mTOR pathway via 3-phosphoinositide dependent protein kinase 1
(PDPK1)-mediated phosphorylation modification. After the certification that YTH domain containing 1
(YTHDC1) regulates the m6A phosphorylation modification of PDPK1 mRNA, we further proved that
miR-451a-mediated YTHDC1 stabilizes PDPK1 mRNA via m6A-dependent regulation.
Conclusion: This study demonstrated that miR-451a regulates YTHDC1-mediated m6A methylation to
activate the AKT/mTOR pathway, stimulating the malignancy of osteosarcoma.
� 2022 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Osteosarcoma, the most common primary bone malignancy,
typically afflicting children or adolescents [1]. Every year, there
are approximately 1,000 new cases diagnosed with osteosarcoma
in the United States according to the American Cancer Society’s
statistics. Younger age, race and gender appear to increase the risk
of osteosarcoma [2]. Treatment has evolved from surgical resection
to systemic chemotherapy and local control surgery, which leads
to an increase in long-term survival rates from <20% to 65%�70%
for patients with localized osteosarcoma [3,4]. However, patients
with metastatic disease or chemotherapy resistance exhibit only
20% survival rate, sharing a very poor prognosis [5,6]. Thus, there
is an urgent need to gain a comprehensive understanding of the
molecular mechanism underlying the malignant progression of
osteosarcoma.

Mammalian target of rapamycin (mTOR) is a serine/threonine
kinase that involves in cellular processes including protein synthe-
sis, growth, metabolism, aging, regeneration, autophagy, etc.;
mTOR is frequently dysregulated in human cancers [7]. Remark-
ably, activation of mTOR enhances tumor growth and metastasis
and some mTOR inhibitors have been recruited for cancer therapy
while some are under assessment in clinical trials [8]. In addition,
AKT (also known as protein kinase B or PKB)/mTOR signaling path-
way has been suggested to regulate drug resistance to chemother-
apeutic agents in cancer cells [9–11] and activation of this pathway
has been reported to correlate with aggressive behaviors of tumors
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[12]. Moreover, an increasing number of studies have reported the
anti-tumor therapies in terms of AKT/mTOR signaling pathway,
including anti-osteosarcoma. For instance, XIST knockdown inhi-
bits cell growth and autophagy in osteosarcoma by inhibiting the
AKT/mTOR signaling pathway via sponging miR-375-3p [13].
Thereby, this study intended to further investigate the regulatory
mechanism of AKT/mTOR signaling pathway in osteosarcoma.

MicroRNAs (miRNAs) are a type of small non-coding RNA mole-
cules (�22 nucleotides in length) [14,15]. Notably, miRNA-targeted
therapies have been suggested to be a promising approach to inhi-
bit aggressive biological behaviors of osteosarcoma cells and act as
regulators in multiple signaling pathways [16]. For instance,
miRNA-21 silencing represses cell proliferation in osteosarcoma
via targeting PTEN and regulating the TGF-b1 signaling pathway
[17]. Herein, we aimed to probe into the role and mechanism of
microRNA-451a (miR-451a) which is a downregulated gene in
osteosarcoma according to the Gene Expression Omnibus (GEO)
datasets (GSE28423). Previous studies have revealed the regulatory
role of miR-451a in multiple cancers. For instance, miR-451a
represses cell migration and invasion in non-small cell lung cancer
[18]. In colorectal cancer, miR-451a suppresses cell proliferation
and induces cell apoptosis through inhibition of BAP31 expression
[19]. Particularly, miR-451a exerts its tumor suppression function
in human cancers via targeting AKT/mTOR signaling pathway. For
example, miR-451a is low-expressed and targets AKT/mTOR path-
way in papillary thyroid carcinoma [19]. In addition, miR-451a was
reported to act as a potential tumor suppressor in gastric cancer
[20,21]. But the regulatory role and mechanism of miR-451a and
AKT/mTOR signaling pathway in the progression of osteosarcoma
remains unknown. Hence, the current study intended to validate
the hypothesis that miR-451a regulates the aggressive behaviors
of osteosarcoma cells and uncover its underlying mechanism in
osteosarcoma, which might provide new perspectives into
osteosarcoma targeted therapy.
2. Materials and methods

2.1. Cell culture and vector construction

Human osteoblast cell (hFOB1.19) and human osteosarcoma
cell lines (HOS, MG-63, U2OS and 143B) were commercially
obtained from American Type Culture Collection (ATCC, Manassas,
VA, USA). Cell lines were incubated in RPMI 1640 medium
(61870127, Gibco, USA), with the supplement of 10% FBS (10270-
106, Gibco) and 100 U/ml penicillin/streptomycin. The sequences
of YTH domain containing 1 (YTHDC1) and 3-phosphoinositide
dependent protein kinase 1 (PDPK1) were inserted into pcDNA3.1
vector for the construction of overexpression vector, with the
empty vector pcDNA3.1 as negative control (NC). Short hairpin-
RNA (sh-RNA) against YTHDC1 (sh-YTHDC1) and its negative con-
trol of shRNAs (sh-NCs) were all synthesized by RiboBio (Guangz-
hou, China).
2.2. Quantitative real-time polymerase chain reaction (q-PCR)

The total RNAs were extracted from hFOB1.19, HOS, MG-63,
U2OS and 143B by Trizol Reagent (T9108-1, Thermo Fisher Scien-
tific), followed by reverse transcription and complementary DNA
(cDNA) synthesis. Subsequently, q-PCR was implemented using
ChamQ Universal SYBR qPCR Master Mix (Q711-02, Vazyme, Nan-
jing, China). All the procedures were performed as per the instruc-
tions of supplier. The results were calculated by the 2-DDCt method.
Bio-repeats were performed in triplicate.
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2.3. Western blot

Total proteins were isolated from HOS and 143B cells, followed
by separation on SDS-PAGE. The protein samples were then trans-
ferred onto PVDF membranes. After being blocked by skim milk,
the membranes were incubated with primary antibodies and sec-
ondary antibodies (ab150077, Abcam, UK). After the washing in
TBST, the blots were visualized and recorded. The antibodies used
in western blot include Anti-ZO-1 (ab276131, Abcam), Anti-E-
cadherin (ab40772, Abcam), Anti-N-cadherin (ab76011, Abcam),
Anti-Vimentin (ab92547, Abcam), Anti-b-actin (ab8226, Abcam),
Anti-AKT (ab179463, Abcam), Anti-p-AKT (ab8805, Abcam), Anti-
mTOR (ab2732, Abcam), Anti-p-mTOR (ab109268, Abcam), Anti-
PDPK1 (ab245451, Abcam. b-actin was used as internal control.
Each experiment was repeated in triplicate.

2.4. Colony formation assay

Colony formation assay was implemented to evaluate the pro-
liferative capacity. The transfected HOS and 143B cells were cul-
tured in 6-well plate for 14 days. Subsequent to fixation by
methanol and staining using crystal violet, colonies were visual-
ized and counted. Each experiment was conducted in triplicate.

2.5. TUNEL assay

TUNEL assay was performed to evaluate the apoptosis of trans-
fected HOS and 143B cells. After the fixation of paraformaldehyde,
the cells undergoing apoptosis were subjected to TUNEL staining.
The nucleus of cells was counterstained by DAPI. Bio-repeats were
performed in triplicate.

2.6. Wound healing assay

The transfected HOS and 143B cells were inoculated into the
24-well plates. When cell confluence reached over 90%, we used
a pipette tip to scratch wounds on cell layers. After PBS washing
(C10010500BT, Gibco, USA), the images of wound were recorded
at 0 h and 24 h respectively. Each experiment was performed in
triplicate.

2.7. Transwell assays

Transwell assay was performed to assess the migratory ability
of transfected HOS and 143B cells using transwell chamber with-
out Matrigel. The medium with no serum was supplemented in
the upper chamber, and the complete medium was added to the
lower chamber. Afterwards, the transfected cells were plated in
the upper chamber. 24 h later, we used cotton swabs to slightly
abrade the non-migrated cells in the upper chamber. The migrated
cells in the lower chamber were subjected to fixation and staining
using methanol and crystal violet. Next, the migrated cells were
counted under microscope. Each experiment was carried out three
times.

2.8. Cell Counting Kit-8 (CCK-8) assay

CCK-8 kit (M4839, ABMOLE, USA) was used to evaluate the pro-
liferative ability of transfected HOS and 143B cells in line with the
supplier’s suggestions. The transfected cells were inoculated into
96-well culture plates. Next, all the transfected cells underwent
12, 24, 36, 48 and 60 h of incubation, followed by the addition of
CCK-8 solution for a 4-hour incubation. The OD value was evalu-
ated by a microplate reader (51119770DP, Thermo Fisher Scien-
tific). Bio-repeats were performed in triplicate.
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2.9. RNA-binding protein immunoprecipitation (RIP)

RIP assays was conducted using Imprint� RNA Immunoprecipi-
tation Kit (RIP-12RXN, Sigma-Aldrich, USA). A/G magnetic beads
were incubated with Anti-IgG (ab133470, Abcam) and Anti-N6-
methyladenosine (Anti-m6A). Cells lysates were subjected to the
incubation with the magnetic beads conjugated with Anti-IgG
and Anti-m6A. After the elution, the complexes were subjected
to RNA isolation and analyzed by q-PCR for the detection of PDPK1
enrichment. Each experiment was performed three times.

2.10. RNA pull-down assay

Structure buffer was added to biotinylated RNA to form sec-
ondary structure. Subsequently, biotin-labeled RNAs were sub-
jected to heating and ice-bath for denaturation, followed by the
incubation with PierceTM Streptavidin Magnetic Beads (88816,
Thermo Fisher Scientific) for 2 h at 4 �C. After HOS and 143B cells
were lysed, cell lysates were used to set up three groups (Input,
Bio-NC, and Bio-RNA) and incubated with bead-probe complex at
4 �C overnight. After the extraction of total RNAs or proteins from
pull-down products, q-PCR or western blot was conducted to
detect the enrichment. Each experiment was done in triplicate.

2.11. Luciferase reporter assay

Dual Luciferase Reporter Gene Assay Kit (RG027, Beyotime,
Shanghai, China) was used to perform luciferase reporter assay.
30untranslated region (30UTR) of YTHDC1 was sub-cloned into
pmirGLO vector for the construction of the wild type luciferase
reporter vector (pmirGLO-YTHDC1 30 UTR-Wt). Then, the binding
sites of YTHDC1 30 UTR to miR-3121-3p were mutated and
mutated YTHDC1 30 UTR was cloned into the vector to generate
pmirGLO-YTHDC1 30UTR-Mut reporter construct. The empty vector
was used as negative control. After the co-transfection of the
reporter vectors with miR-451a mimics or mimics NC into HOS
and 143B cells, the luciferase reporter activity was determined
with Renilla luciferase as internal reference. As for the detection
of methylation site, luciferase reporter assay was conducted using
pGL3 vector. The full sequence of PDPK1 was subcloned into pGL3
vector to construct pGL3-PDPK1 (m6A-Wt). PDPK1, with the site
1588 and 1732 mutated, were inserted into pGL3 vector to create
pGL3-PDPK1 (m6A-1588 Mut) and pGL3-PDPK1 (m6A-1732
Mut). Subsequent to co-transfection with pcDNA3.1-YTHDC1 or
pcDNA3.1, the reporter vectors were analyzed in terms of their
luciferase activity with Renilla luciferase as internal reference.
Each experiment was done three times.

2.12. Co-immunoprecipitation (Co-IP) assay

HOS and 143B cells were lysed. Then, cell lysate was incubated
with A/G Agarose magnetic beads conjugated with Anti-PDPK1 and
Anti-AKT. After being washed, the cell samples were subjected to
western blot analysis. Bio-repeats were performed in triplicate.

2.13. In vitro kinase assay

At the condition of 30 �C, Anti-PDPK1 and Anti-AKT antibodies
(8 lg) were co-incubated in the kinase buffer (20 mmol/L Tris-
HCl, 50 mmol/L KCl, 10 mmol/L MgCl2 [pH 8.0], 2.5 mmol/L cold
ATP and 1 lCi [c-32P]ATP) for 30 min. The products were sepa-
rated by SDS-PAGE. The phosphorylation of AKT was detected
using 32p labeled probe antibody. The 32p-labeled proteins were
detected by BAS-2500 Bioimaging Analyzer (Fujifilm, Tokyo,
Japan). Each experiment was done three times.
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2.14. Analysis of mRNA stability

HOS and 143B cells were seeded into 6-well plates before trans-
fection. When cells grew to 70% confluency, sh-NC or sh-YTHDC1-1
was transfected into HOS and 143B cells. The transfected cells were
treated with 50 mM a-amanitin for the inhibition of transcription.
Afterwards, the expressions of PDPK1 and b-actin were measured
at different time points (0, 6, 12, 18, and 24 h) by q-PCR. Bio-
repeats were performed in triplicate.

2.15. Tumor xenograft experiments

Male BALB/c nude mice (6–8 weeks old) were purchased from
Shanghai Laboratory Animal Co., Ltd. (SLAC) and were divided into
four groups randomly (n = 3–5). After different transfection treat-
ment for 48 h, HOS and 143B cells (100 lL, 2 � 106) were subcuta-
neously injected into each nude mouse. The tumor volume were
detected every three days post one-week injection with a compu-
tational formula that 1/2 (length �width2). 28 days post injection,
the mice were sacrificed. Then, the xenografts were removed and
tumor weight was measured. All animal study was approved by
First Hospital of Shanxi Medical University.

2.16. Statistical analysis

The experimental data were presented as mean ± SD (standard
deviation) and analyzed by SPSS software. One-way ANOVA (anal-
ysis of variance), two-way ANOVA and Student’s t test were per-
formed for the comparison of difference between groups. P value
below 0.05 indicated statistically significant.
3. Results

3.1. MiR-451a suppresses the malignant progression of osteosarcoma
in vitro

To begin with, GEO database (GSE28423) was firstly used to sift
out the target miRNA as miR-451a and the volcano plot of miR-
451a was shown in Fig. S1A. The expression of miR-451a in
osteosarcoma and normal bone tissues proved that miR-451a
was relatively low-expressed in osteosarcoma cell lines compared
to that in normal bones (Fig. S1B). Also, we detected miR-451a
expression in normal osteoblast hFOB1.19 and osteosarcoma cell
lines (HOS, MG-63, U2OS, and 143B) via q-PCR (Fig. 1A). The results
indicated that miR-451a was notably downregulated in osteosar-
coma cell lines, especially in HOS and 143B cells. After the overex-
pression and knockdown efficiency of miR-451a being certified
(Fig. S1C), we conducted a series of functional assays in HOS and
143B cells to determine whether miR-451a affects the malignant
progression of osteosarcoma cells. Cell proliferation assays certi-
fied that miR-451a overexpression suppressed OD values and
reduced colonies in number and colony size while miR-451a
knockdown caused a totally opposite effect (Fig. 1B-C). Likewise,
we found the decreased EdU positive cells induced by miR-451a
overexpression but increased ones caused by miR-451a deficiency
(Fig. 1D). TUNEL assays showed that upregulated miR-451a
increased total apoptosis rate whereas downregulated miR-451a
decreased it (Fig. 1E). Then Transwell assay indicated that miR-
451a negatively modulated cell migration ability by curbing cell
number in miR-451 mimics groups and increasing cell number in
miR-451a inhibitor groups (Fig. 1F). Wound healing assay further
verified this negative regulation of miR-451a on cell migration
(Fig. 1G). Cell morphology was observed via microscopy to evalu-
ate EMT. After transfection of miR-451a mimics, the cells changed
from a spindle shape to a round or rectangular shape while miR-



Fig. 1. MiR-451a inhibits the malignant progression of osteosarcoma in vitro. (A) Q-PCR detection of miR-451a expression level in human osteosarcoma cell lines. (B-D) CCK-
8, colony formation and EdU assays were performed to assess the effects of miR-451a on the proliferative ability of transfected osteosarcoma cells (HOS and 143B). (E) TUNEL
assay was conducted to evaluate the apoptosis of transfected osteosarcoma cells. (F-G) Cell migration was determined by Transwell migration and wound healing assays. (H)
Representative images of osteosarcoma cell morphology. (I) The protein levels of EMT-related markers (ZO-1, E-cadherin, N-cadherin and Vimentin) in transfected HOS and
143B cells with miR-451a mimics or miR-451a inhibitor were detected. *P < 0.05, **P < 0.01.
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451a inhibitor led to the opposite effect (Fig. 1H). Further, ZO-1, E-
cadherin, N-cadherin and Vimentin protein levels were detected by
western blot analysis to analyze the EMT of osteosarcoma cells
since ZO-1 and E-cadherin are EMT negative associated proteins,
N-cadherin and Vimentin are EMT positive associated proteins.
We found the enhanced ZO-1/E-cadherin protein levels and
reduced N-cadherin/Vimentin protein levels in miR-451a mimics
group, with the opposite result in miR-451a inhibitor group
(Fig. 1I), which verified that miR-451a inhibits the EMT of osteosar-
coma cells. Collectively, miR-451a could suppress osteosarcoma
cell proliferation, migration, EMT and facilitate osteosarcoma cell
apoptosis.

3.2. MiR-451a inhibits AKT/mTOR pathway via PDPK1-mediated
phosphorylation modification

Although we have certified that miR-451a could impede the
malignant progression of osteosarcoma cell, the mechanism of
miR-451a needs further exploration given that miR-451a has no
protein-coding ability. Previous study has reported that miR-
451a plays a tumor suppressive role in gastric cancer via targeting
AKT/mTOR pathway [21]. Nevertheless, the specific mechanism
remains to be explored. Therefore, we conducted experiment to
assess the mechanism of the regulation of miR-451a on AKT/mTOR
pathway in osteosarcoma. The key proteins associated with AKT/
4

mTOR pathway were firstly detected via western blot analysis.
The results indicated that in HOS and 143B cells, the protein levels
of phosphorylated AKT and mTOR (p-AKT and p-mTOR) were sig-
nificantly impaired in miR-451a mimics group whereas the protein
levels of AKT and mTOR were almost not changed (Fig. 2A). Fur-
ther, we found that miR-451a knockdown could impede the inhibi-
tion of MK2206 (AKT inhibitor) on the protein levels of p-AKT and
p-mTOR (Fig. 2B). Consequently, we concluded that miR-451a sup-
presses AKT/mTOR pathway. PPK1 (also known as PDPK1) was
reported to play a critical role in AKT/mTOR pathway [22,23] and
facilitate the malignant progression of osteosarcoma [24]. Given
that PDPK1 shares the alias PDK1 with another enzyme, we chose
the ‘‘PDPK1” in this research to avoid ambiguity. We speculated
that miR-451a could modulate PDPK1 to suppress AKT/mTOR
pathway. To verify this assumption, PDPK1 expression was firstly
measured via q-PCR and the results showed that overexpressed
miR-451a curbed PDPK1 expression (Fig. 2C). The results of Co-IP
assays proved the interaction between AKT and PDPK1 in osteosar-
coma cells (Fig. 2D), providing evidence for PDPK1 phosphorylation
of AKT. According to the previous literature [25], PDPK1 could
phosphorylate AKT at Thr308 site. Then, in vitro phosphorylation
assays proved that the phosphorylation site of PDPK1 interacting
with AKT in osteosarcoma is Thr308 site since PDPK1 could phos-
phorylate the wild type AKT instead of AKT-T308 mutated protein
(Fig. 2E). To sum up, PDPK1 phosphorylates the Thr308 site on AKT



Fig. 2. MiR-451a inhibits AKT/mTOR signaling pathway via PDPK1-induced phosphorylation modification. (A) Western blot was applied to measure the expression of AKT/
mTOR signaling pathway associated proteins (AKT, p-AKT, mTOR, and p-mTOR) in transfected HOS and 143B cells with miR-451a mimics, taking b-actin as internal reference.
(B) AKT/mTOR signaling pathway associated protein levels were evaluated by western blot analysis. (C) Q-PCR detection of PDPK1 expression level in transfected HOS and
143B cells with miR-451a mimics or mimics NC. (D) Co-IP assay was used to detect the interaction between PDPK1 and AKT proteins in osteosarcoma cells. (E) In vitro
phosphorylation experiment was carried out to verify Thr308 as PDPK1-specific phosphorylation site in the sequence of AKT. **P < 0.01.
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and miR-451a curbs AKT/mTOR pathway via PDPK1-mediated
phosphorylation modification.

3.3. YTHDC1 modifies PDPK1 mRNA with m6A methylation

According to the bioinformatics prediction on starBase, miR-
451a could bind to PDPK1, but with low predicted interactions
(Fig. S2A). Hence, we focused on the specific mechanism between
miR-451a and PDPK1 via a series of experiments. RNA pull-down
assay detected that there was no enrichment of miR-451a in
biotin-labeled PDPK1 (Bio-PDPK1) group (Fig. 3A). Subsequently,
downstream mRNAs of miR-451a were screened on starBase data-
base (CLIP-Data>=3, pan-Cancer>=10; Fig. S2B) and q-PCR was used
to measure the expression of candidate mRNAs (Fig. 3B). It turned
out that only YTHDC1 expression was markedly decreased after
5

miR-451a overexpression, suggesting that YTHDC1 may be the
downstream gene of miR-451a. Further, RNA pull-down assay
showed that miR-451a was notably enriched in the complex pulled
down by biotinylated wild type YTHDC1 30UTR (Bio-YTHDC1
30UTR-Wt) instead of mutant type (Bio-YTHDC1 30UTR-Mut) versus
control group (Fig. 3C). Luciferase reporter assay indicated that the
luciferase activity of wild type YTHDC1 30UTR (pmirGLO-YTHDC1
30UTR-Wt) was impaired with overexpressed miR-451a while that
of mutant YTHDC1 30UTR (pmirGLO-YTHDC1 30UTR-Mut) was not
changed (Fig. 3D). Thus, it was concluded that miR-451a interacts
with YTHDC1 30UTR in osteosarcoma cells. Based on the prediction
from starBase database, we found that RNA binding protein (RBP)
YTHDC1 could bind with PDPK1 (Fig. S2C). We also found that
YTHDC1 plays a role as an m6A reader in a variety of cancers
[26,27]. We then explored the effect of YTHDC1 on the malignancy



Fig. 3. YTHDC1modifies the m6Amethylation of PDPK1. (A) RNA pulldown followed by q-PCR was performed to determine the binding between miR-451a and PDPK1 in HOS
and 143B cells. (B) The levels of candidate mRNAs in transfected HOS and 143B cells with miR-451a mimics or NC mimics were measured. (C) RNA pulldown assay was
carried out to validate the binding between miR-451a and YTHDC1 30UTR. (D) Luciferase reporter assay was conducted to further verify that miR-451a binds to YTHDC1
30UTR. (E) RIP followed by q-PCR was performed to determine whether m6A modification occurs in the sequence of PDPK1. (F) Luciferase reporter assay was used to
determine the YTHDC1-specific methylation site in the sequence of PDPK1. (G) RNA pulldown assay was done to further verify m6A-1588 site as the YTHDC1-specific
methylation site in the sequence of PDPK1. (H) Remaining levels of PDPK1 and b-actin mRNA were detected via q-PCR in the transfected HOS and 143B cells after 50 mM a-
amanitin treatment, with 18S rRNA as internal reference. **P < 0.01.
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of osteosarcoma. Firstly, YTHDC1 expression was detected in
osteosarcoma cell lines (HOS and 143B) and normal bone cell
hFOB1.19 via q-PCR (Fig. S3A). The results showed that YTDHC1
was highly expressed in osteosarcoma cell lines (HOS and 143B)
versus hFOB1.19. After the verification of the knockdown efficiency
of sh-YTHDC1-1/2/3 in Fig. S3B, functional assays were imple-
mented in HOS and 143B cells with downregulated YTHDC1.
CCK-8 and colony formation assay certified that YTHDC1 knock-
down impeded proliferation of osteosarcoma cells (Fig. S3C-D).
Similarly, EdU positive cells were reduced by YTHDC1 deficiency
(Fig. S3E), further proving the inhibitory effect of YTHDC1 inhibi-
tion on cell proliferation. Inversely, TUNEL assay indicated that
YTHDC1 knockdown facilitates cell apoptosis (Fig. S3F). Then the
results of Transwell and wound healing assays indicated that
YTHDC1 knockdown could propel cell migration (Fig. S3G-H). The
6

ablation of YTHDC1 caused the change of cell morphology that
cells changed from spindle shape to a round or rectangular shape
(Fig. S3I), suggesting the suppression of YTHDC1 knockdown on
EMT of HOS and 143B cells. Likewise, western blot analysis further
verified this finding accompanied with the increased ZO-1, E-
cadherin expressions and decreased N-cadherin and Vimentin
expressions (Fig. S3J). In a word, YTHDC1 promotes the malignant
progression of osteosarcoma cells.

According to the information shown in Fig. S4A, PDPK1 has mul-
tiple m6A methylation sites. Then, m6A-1588 and m6A-1732 sites
were chosen in the subsequent studies. We then speculated that
YTHDC1 influences PDPK1 expression through regulation of PDPK1
m6A methylation. RIP assays certified that PDPK1 was notably
enriched in anti-m6A group, suggesting that PDPK1 mRNA could
undergo m6A methylation (Fig. 3E). The overexpression efficiency
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of pcDNA3.1-YTHDC1 was verified by q-PCR analysis (Fig. S4B).
Luciferase reporter assay was performed to determine the YTHDC1
specific methylation site in the sequence of PDPK1. The results
showed that the luciferase activity of pGL3-PDPK1 (m6A-Wt) or
pGL3-PDPK1 (m6A-1732 Mut) was markedly strengthened in
pcDNA3.1-YTHDC1 group versus control groups while that of
pGL3-PDPK1 (m6A-1588 Mut) had no marked change, revealing
that YTHDC1 mediates the methylation of PDPK1 at site 1588
(Fig. 3F). RNA pull-down assay further proved this finding with
the verification that YTHDC1 was pulled down by wild type PDPK1
while there was no abundance of YTHDC1 in PDPK11588M group
(Fig. 3G). In HOS and 143B cells treated with a-amanitin, the stabil-
ity of PDPK1 and b-actin mRNA was assessed by q-PCR analysis
with YTHDC1 knockdown (Fig. 3H). The results verified that
YTHDC1 could stabilize PDPK1 mRNA. To sum up, YTHDC1 regu-
lates PDPK1 mRNA m6A methylation at site 1588.

3.4. MiR-451a inhibits AKT/mTOR signaling pathway via YTHDC1-
mediated PDPK1

PDPK1 RNA and protein levels were detected via q-PCR and
western blot analyses under different transfections (Fig. 4A-B).
The results showed that overexpressed YTHDC1 could reverse the
inhibition of miR-451a overexpression on RNA and protein levels
of PDPK1 and YTHDC1 overexpression (mutated one also included)
gave a higher level of PDPK1, indicating that miR-451a modulates
PDPK1 level via YTHDC1. Then, protein levels of p-AKT after the
indicated transfections were also measured by western blot
(Fig. 4C). The results certified that PDPK1 overexpression could
partly counteract the suppression of YTHDC1 knockdown on p-
AKT level, revealing that YTHDC1 regulates p-AKT level by PDPK1.
In a word, miR-451a represses AKT/mTOR signaling pathway via
YTHDC1-mediated PDPK1.
Fig. 4. MiR-451a inhibits AKT/mTOR signaling pathway via YTHDC1-mediated PDPK1.
mimics NC, miR-451a mimics, miR-451a mimics + pcDNA3.1-YTHDC1, or miR-451a mim
protein levels in the transfected HOS and 143B cells respectively. (C) Rescue experimen
analysis of p-AKT expression in the transfected HOS and 143B cells was shown. **P < 0.
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3.5. MiR-451a impairs the progression of osteosarcoma cells via
YTHDC1/PDPK1 axis

Next, we designed rescue experiments to determine whether
miR-451a/YTHDC1/PDPK1 axis affects the progression of osteosar-
coma cells. A series of functional assays were performed to evalu-
ate the proliferation, apoptosis, migration and EMT of
osteosarcoma cells transfected with the indicated plasmids. As
the results of CCK-8, colony formation and EdU assays showed,
overexpressing PDPK1 altered the inhibitory effect of YTHDC1 defi-
ciency on osteosarcoma cell proliferation (Fig. 5A-C). Meanwhile,
overexpressing YTHDC1 counteracted the repressive effect of
miR-451a mimics on cell proliferation (Fig. S5A-C). TUNEL assays
showed that PDPK1 overexpression altered the promoting effect
of YTHDC1 silencing on cell apoptosis, and YTHDC1 upregulation
counteracted the facilitating role of miR-451a mimics on cell apop-
tosis in osteosarcoma (Fig. 5D, Fig. S5D). Transwell migration and
wound healing assays showed that PDPK1 overexpression counter-
vailed the suppressive effect of inhibited YTHDC1 on the migratory
ability of osteosarcoma cells (Fig. 5E-F). Ihe upregulation of
YTHDC1 altered the suppressive effect of miR-451a mimics on cell
migration (Fig. S5E-F). Through the observation of osteosarcoma
cell morphology and western blot analysis of EMT-related markers,
it was indicated that miR-451a represses EMT in osteosarcoma via
regulating YTHDC1-mediated PDPK1 (Fig. 5G-H, Fig. S5G-H). In
conclusion, miR-451a inhibits the progression of osteosarcoma
cells via YTHDC1/PDPK1 axis.

3.6. MiR-451a hampers the tumorgenesis of osteosarcoma in vivo

Besides in vitro assays, we performed in vivo experiments to
verify this mechanism. BALB/c nude mice (male, 6 � 8-week-old)
were subcutaneously injected with HOS and 143B cells transfected
(A-B) Rescue experiments were performed in HOS and 143B cells transfected with
ics + pcDNA3.1-YTHDC1-Mut. Q-PCR and western blot analyses of PDPK1 RNA and
ts were performed in the indicated transfected HOS and 143B cells. Western blot

01.



Fig. 5. YTHDC1 regulates the progression of osteosarcoma via PDPK1. (A-C) The proliferative ability of osteosarcoma cells transfected with sh-NC, sh-YTHDC1-1 or sh-
YTHDC1-1 + pcDNA3.1-PDPK1 was evaluated by proliferation assays. (D) The apoptosis of transfected osteosarcoma cells in different groups was determined by TUNEL assay.
(E-F) The migratory ability of differently transfected osteosarcoma cells was assessed by Transwell migration and wound healing assays. (G) The morphology of transfected
osteosarcoma cells was observed via microscopy. (H) Western blot analysis of EMT markers in the transfected osteosarcoma cells. **P < 0.01.
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with agomir NC or miR-451a agomir. Tumor volume and tumor
weight were overtly reduced by miR-451a agomir (Fig. 6A-B).
IHC analysis of cell proliferation markers (Ki67 and PCNA) in xeno-
grafts showed that in mice model, miR-451a agomir significantly
hampers tumor growth of HOS and 143B tumor xenografts accom-
panied by decreased Ki67-positive cells and PCNA-positive cells
(Fig. 6C-D). TUNEL assay indicated that miR-451a agomir induces
apoptosis in osteosarcoma xenografts in mice (Fig. 6E). The above
results indicated that miR-451a inhibits tumor growth but triggers
apoptosis. According to q-PCR and western blot analyses, PDPK1
expression in xenografts was decreased in miR-451a agomir
groups (Fig. 6F-G), which indicated that miR-451a downregulates
PDPK1 expression in osteosarcoma xenografts in mice. Addition-
ally, ZO-1 and E-cadherin expressions were increased while N-
cadherin and Vimentin expressions were reduced in miR-451a
agomir group, which indicated that miR-451a suppresses EMT in
osteosarcoma xenografts in mice (Fig. 6H). Collectively, miR-451a
impedes the tumorgenesis of osteosarcoma in vivo.
4. Discussion

Previous studies have reported the crucial roles of miRNAs in
the diagnosis, treatment, and prognosis of osteosarcoma [28].
Herein, we validated the markedly downregulated expression of
miR-451a in osteosarcoma cell lines via q-PCR analysis, which is
8

consistent with the expression profile of miR-451a in osteosar-
coma tissues as identified in GEO datasets (GSE28423) and the
finding in the previous study [29]. Compared to the former studies
on the suppressive role of miR-451a in osteosarcoma cells from the
aspects of cell growth and invasion [29], our study also verified its
inhibitory effect on osteosarcoma cell proliferation through CCK-8,
colony formation, and EdU assays. Additionally, our study further
validated that miR-451a induces cell apoptosis and hampers cell
migration, EMT in osteosarcoma through TUNEL, transwell migra-
tion, wound healing assays and observation of tumor cell morphol-
ogy as well as western blot analysis of EMT-associated markers
(ZO-1, E-cadherin, N-cadherin, and Vimentin).

Subsequent to the investigation into its biological role, we
also explored the regulatory mechanism of miR-451a in
osteosarcoma. Unlike the exploration of downstream targets in
the previous study [29], we dug into the regulation mechanism
of miR-451a on the oncogenic AKT/mTOR signaling pathway in
osteosarcoma. Through western blot analysis of AKT/mTOR path-
way related proteins, we found that miR-451a inhibits the AKT/
mTOR signaling pathway via PDPK1 which was previously
reported as a potential diagnostic biomarker for osteosarcoma
[30] and a tumor-propeller in osteosarcoma [24]. Further, we
uncovered that miR-451a suppresses the AKT/mTOR signaling
pathway via PDPK1-induced phosphorylation of AKT at Thr308
site through q-PCR analysis, Co-IP assay and in vitro phosphory-
lation experiment.



Fig. 6. MiR-451a hampers the tumorgenesis of osteosarcoma in vivo. (A) The volume of tumor xenografts in mice was detected every three days after seven days after
treatment (i.e. injection with HOS or 143B cells expressing agomir NC or miR-451a agomir). (B) The weight of tumors excised from the mice sacrificed on the 28th day for
xenografts. The weight of tumor xenografts was measured. (C-D) IHC analysis of cell proliferation markers (Ki67 and PCNA) in tumor xenografts in mice was shown. (E)
TUNEL assay was performed to evaluate the apoptosis of paraffin-embedded tissues. (F-G) QPCR and western blot were applied to detect PDPK1 expression in mice tumor
xenografts. (H) Western blot analysis of EMT markers in mice tumor xenografts. **P < 0.01.
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Moreover, we probed into the regulatory mechanism of miR-
451a on PDPK1 in osteosarcoma. PDPK1 has been reported to be
implicated in malignancy of cervical cancer [31], papillary thyroid
cancer [32], prostate cancer [33], hepatocellular carcinoma [34].
Herein, bioinformatics prediction showed that miR-451a could
bind to PDPK1, but with low predicted interactions. Given that,
we turned to investigate the indirect regulation approach of miR-
451a on PDPK1 in osteosarcoma. In this study, we firstly verified
YTHDC1 as the downstream gene of miR-451a in osteosarcoma
through a combination of bioinformatics prediction, q-PCR analy-
sis, and RNA pulldown as well as luciferase reporter assays. Also,
we validated the promoting role of YTHDC1 in osteosarcoma.

Moreover, m6A modifications and their regulators have been
associated with the development of multiple human cancers
[35,36]. For instance, reduction of RNA m6A methylation activates
Wnt/PI3K-Akt signaling pathway to facilitate malignant pheno-
9

types of gastric cancer cells [37]. Some studies focused on nuclear
m6A reader YTHDC1 and m6A modification. For example, PDPK1
was predicted to bind to RBP YTHDC1 which could regulate human
cancer via acting as m6A reader [26]. In this study, several putative
m6A methylation sites in the sequence of PDPK1 were discovered
owing to the bioinformatics prediction. Subsequently, we validated
that YTHDC1 upregulates PDPK1 expression via m6A methylation
modification and verified m6A-1588 site as the YTHDC1-specific
methylation site in the sequence of PDPK1 through RIP, luciferase
reporter and RNA pulldown assays. Plus, we found that YTHDC1
could stabilize PDPK1 mRNA. Further, we performed rescue exper-
iments followed by q-PCR and western blot analyses and found
that miR-451a-mediated YTHDC1 stabilizes PDPK1 mRNA via the
m6A-dependent regulation. In addition to in vitro assays, we con-
ducted in vivo experiments and found that miR-451a represses the
tumor growth and induces apoptosis. The mRNA and protein levels
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of PDPK1 and EMT markers were also validated to be inhibited by
miR-451a in osteosarcoma in vivo.

5. Conclusions

The current study manifested the suppressive effect of miR-
451a in osteosarcoma and demonstrated that miR-451a regulates
the aggressive behaviors of osteosarcoma cells via modulating
YTHDC1-mediated m6A methylation and PDPK1-mediated phos-
phorylation modifications to activate the AKT/mTOR signaling
pathway, which might provide new perspectives into osteosar-
coma treatment.
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