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Abstract

Background: Odontogenesis-associated phosphoprotein (Odaph) is essential for tooth development. However, its role in osteoblast
function and bone remodeling remains unclear. Recent studies suggest that Odaph may influence bone integrity, particularly in the
maxillofacial region, thereby implicating it in craniofacial skeletal disorders. The study is designed to clarify the regulatory roles of
Odaph in the proliferation, differentiation, and autophagy of osteoblasts, with particular emphasis on its participation in the AMP-
activated protein kinase (AMPK)/mechanistic target of rapamycin (mTOR) signaling pathway. Methods: The MC3T3-E1 osteoblast
cell line was employed as an in vitro model, and the effects of Odaph overexpression on cell proliferation, differentiation, and migration
were assessed via qPCR, Western blotting, CCK-8 assay, EdU staining, alkaline phosphatase (ALP) staining, and Alizarin Red S (ARS)
staining. RNA sequencing (RNA-seq) was carried out to screen for differentially expressed genes, and subsequent Kyoto Encyclopedia of
Genes andGenomes (KEGG)/GO enrichment analyses were conducted to verify the participation of theAMPK/mTOR signaling pathway.
Autophagy was assessed via Western blotting, fluorescence double staining, transmission electron microscopy, and autophagy tandem
lentiviral detection. For exploring the function of autophagy in osteogenic differentiation, the autophagy inhibitor 3-MA was used to
treat the cells. Furthermore, a mouse model was utilized to confirm the impacts of Odaph overexpression on osteogenesis and autophagy
in vivo. Results: Overexpression of Odaph markedly enhanced the proliferation, migration, and osteogenic differentiation of MC3T3-E1
cells, which was supported by the increased expression of osteogenic markers runt-related transcription factor 2 (RUNX2), Collagen I
(COL1), and ALP. RNA-seq analysis demonstrated that genes regulated by Odaph were notably enriched in the AMPK/mTOR signaling
pathway. Further validation demonstrated that Odaph increased AMPK phosphorylation while suppressing mTOR activity. Odaph
overexpression also enhanced the expression of autophagy-related proteins LC3B-II and BECLIN1 while reducing p62 levels, whereas 3-
MA treatment markedly attenuated these pro-osteogenic effects. Consistently, animal experiments confirmed that Odaph overexpression
enhanced osteogenesis in vivo, accompanied by increased AMPK activation and autophagy induction. Conclusions: Odaph enhances
osteoblast function through autophagy induction mediated by the AMPK/mTOR axis. These results reveal a new regulatory mechanism
in bone biology and indicate that Odaph could serve as a potential therapeutic target for maxillofacial bone conditions, including jaw
osteopenia and periodontal bone loss.
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1. Introduction

Bone formation and remodeling are tightly regulated
processes governed by complex molecular signaling net-
works [1]. Among these, the AMP-activated protein kinase
(AMPK)/mechanistic target of rapamycin (mTOR) signal-
ing pathway exerts a central function in the maintenance
of cellular energy homeostasis, metabolic adaptation, and
the regulation of autophagy [2–4]. Autophagy, a degra-
dation process mediated by lysosomes, is critical for pre-
serving cellular homeostasis and has been increasingly ac-
knowledged as a pivotal regulator of osteoblast differenti-
ation and bone metabolism [5–7]. Dysregulated autophagy
contributes to impaired osteogenesis and skeletal disorders

such as osteoporosis [8,9]. AMPK functions as an energy
sensor that suppresses mTOR following its activation, and
in turn regulates osteoblast differentiation via transcription
factors such as runt-related transcription factor 2 (RUNX2)
and osterix (SP7) [10–14]. Moreover, AMPK activation
enhances autophagic activity, which facilitates osteoblast
differentiation and mineral deposition, whereas excessive
mTOR activation impairs bone formation [15–18]. Al-
though accumulating evidence connects the AMPK/mTOR
pathway to osteogenesis, the upstream modulators of this
axis in osteoblasts are still not well characterized.

Odontogenesis-associated phosphoprotein (Odaph) is
a phosphoprotein predominantly expressed in ameloblasts
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and is critical for enamel formation and hydroxyapatite
mineralization [19–21]. Beyond enamel, Odaph has been
associated with epithelial integrity and cell–matrix adhe-
sion, implying potential relevance in bone-forming cells
[22–24]. Given the shared mechanisms of hydroxyapatite
deposition in enamel and bone, Odaph may similarly influ-
ence osteoblast differentiation. Our preliminary transcrip-
tomic data indicated that Odaph modulates multiple genes
associated with autophagy and the AMPK/mTOR signal-
ing pathway, suggesting a potential regulatory role in skele-
tal metabolism. Our group has previously demonstrated
that Odaph promotes osteoblast adhesion and mineraliza-
tion, indicating its involvement in bone formation [19–21].
However, the molecular mechanisms through which Odaph
regulates osteoblast function—particularly via autophagy
and energy-sensing pathways such as AMPK/mTOR—
remain unclear.

Therefore, this study sets out to explore the function
of Odaph in osteoblast proliferation, differentiation, and
migration, and to ascertain whether Odaph regulates os-
teogenesis through the AMPK/mTOR signaling axis and
autophagy. By employing both MC3T3-E1 cells and
osteoblast-specific Odaph-overexpressing mouse models
[25], we aim to clarify the molecular mechanisms under-
lying Odaph-mediated regulation of bone formation, as
well as its potential to serve as a therapeutic target for
bone-related diseases including osteoporosis and periodon-
tal bone loss.

2. Materials and Methods
2.1 Cell Culture

MC3T3-E1 cells (ATCC, CRL-2593) were main-
tained in α-MEM supplemented with 10% fetal bovine
serum (FBS, A5256701, Gibco, Brazil) and 1% penicillin–
streptomycin, under conditions of 37 °C in a humidified
incubator with 5% CO₂. Lentiviral transduction was used
to generate Odaph-overexpressing MC3T3-E1 cells, which
were then selected with puromycin (2 µg/mL) for 7 days to
establish stable cell lines. Prior to experimentation, all cell
lines underwent validation via short tandem repeat (STR)
profiling and tested negative for mycoplasma contamina-
tion.

2.2 Cell Transfection
MC3T3-E1 cells were seeded in 6-well or 12-well

plates at 50–70% confluence 24 hours prior to transfection
or infection. For Odaph overexpression, the Odaph overex-
pression lentiviral vector (Odaph-OE) and its correspond-
ing empty vector control (Vector) were purchased from
GenePharma Corporation (Shanghai, China). To achieve
Odaph knockdown, Odaph-specific small interfering RNA
(si-Odaph) and its matched negative control siRNA (si-
NC) were obtained from GenePharma Corporation. Trans-
fection was conducted using Lipofectamine 3000 (Invitro-
gen, Carlsbad, CA, USA) in accordance with the manufac-

turer’s recommended protocol. In brief, siRNA and Lipo-
fectamine 3000 reagent were individually diluted in Opti-
MEM (Gibco, Grand Island, NY, USA) before being gen-
tly mixed. This mixture was added to the cells and incu-
bated for 6 hours; subsequently, the transfection medium
was replaced with fresh complete α-MEM supplemented
with 10% fetal bovine serum.

Transduction or knockdown efficiency was assessed
48–72 hours post-treatment by qPCR and Western blotting.
Expression levels of Odaph, alkaline phosphatase (ALP),
Collagen I (COL1), RUNX2, and Osteocalcin (OCN) were
evaluated to determine the functional effects of Odaph over-
expression or silencing.

2.3 Animal Model
Eight-week-old male mice (20–23 g) from three dif-

ferent genotypes were used: wild-type (WT), OC-Cre
KI+/−, and OC-Odaph KI+/+ mice. Mice were randomly
assigned to three groups: WT, OC-Cre KI+/−, and OC-
Odaph KI+/+ (n = 6 per group). WT mice, heterozygous
OC-Cre knock-in (OC-Cre KI+/−) mice, and homozygous
OC-Odaph knock-in (OC-Odaph KI+/+) mice were used
in this study. The OC-Cre KI+/− mice express Cre re-
combinase specifically in osteoblasts under the control of
the osteocalcin (OC) promoter. In OC-Odaph KI+/+ mice,
Odaph is overexpressed in osteoblasts as a result of Cre-
mediated activation driven by the OC-Cre transgene. WT
littermates lacking both knock-in alleles served as controls.

Mice were maintained under standard pathogen-free
housing conditions, with free access to food and water pro-
vided ad libitum. When the mice reached 8 weeks of age,
they were anesthetized to a deep state using 3% isoflurane.
After deep anesthesia, CO₂ asphyxia was used for euthana-
sia (flow rate was 10% to 30% of the vessel volume per
minute, and the concentration was 30% to 40%). Teeth
were processed for Hematoxylin and Eosin (H&E) staining,
immunohistochemistry (IHC) for Odaph, RUNX2, COL1,
P62, LC3, p-mTOR and p-AMPK to assess the effects of
the genetic modifications on dental development, osteoge-
nesis, and autophagy. In terms of histological assessment,
tissue samples were immersed in 4% paraformaldehyde for
a 24-hour fixation period, subjected to decalcification in
10% EDTA for three weeks, and subsequently embedded
in paraffin wax. Sections of 5 µm thickness were prepared
for H&E and IHC staining. Immunohistochemical stain-
ing was performed using standard procedures and appro-
priate primary antibodies against Odaph, RUNX2, COL1,
P62, LC3, p-mTOR and p-AMPK.

2.4 RT-qPCR
Total RNA was isolated from MC3T3-E1 cells with

the TRIzol Reagent Kit (TCH021, TaKaRa Biotechnology,
Kyoto, Japan), in accordance with the manufacturer’s pro-
tocol. RNA concentration and purity were determined via
a NanoDrop spectrophotometer. To quantify mRNA, 2 µg
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of total RNA was converted to cDNA via reverse transcrip-
tion using a kit from Sangong Biotech (Shanghai, China).
Quantitative real-time PCR (RT-qPCR)was carried out with
SYBRGreen qPCRMaster Mix (Vazyme, Nanjing, China).
Gene expression levels were calibrated against GAPDH
serving as the endogenous reference, and relative expres-
sion was determined with the 2−∆∆Ct method. Primer se-
quences are provided in Table 1.

Table 1. qPCR primer sequence.
Name Primer sequence: forward primers (F), reverse primers (R)

Alp
Forward: 5′-AGATGTGATGCTGAAAGAGAAAGG-3′

Reverse: 5′-CTTTGTGAGCATACGGTCTTTG-3′

Col1
Forward: 5′-GAGCGGAGAGTACTGGATCG-3′

Reverse: 5′-TTGAGTTTGGGTTGTTTGGA-3′

Runx2
Forward: 5′-CCGCCTCAGTGATTTAGGGC-3′

Reverse: 5′-GGGTCTGTAATCTGACTCTGTCC-3′

Ocn
Forward: 5′-CTCACACTCCTCGCCCTATT-3′

Reverse: 5′-GCTCCCTCATGTGTTGTCC-3′

ALP, alkaline phosphatase; COL1, Col1a1; RUNX2, runt-
related transcription factor 2; OCN, Osteocalcin.

2.5 Western Blotting

Proteins were isolated from MC3T3-E1 cells with
RIPA lysis buffer (Beyotime Biotechnology, Shanghai,
China), which was supplemented with protease and phos-
phatase inhibitors (Sangong Biotech, Shanghai, China).
Protein concentrations were measured using the BCA
Protein Assay Kit (Beyotime Biotechnology, Shanghai,
China). Equal quantities of protein samples were resolved
via SDS-PAGE and then transferred to polyvinylidene fluo-
ride (PVDF) membranes (Biosharp, Beijing, China). Mem-
branes were blocked using 5% non-fat dry milk in TBST
(Tris-buffered saline containing 0.1% Tween-20) for 1 hour
at ambient temperature, followed by overnight incubation
at 4 °C with primary antibodies against: anti-ALP (1:100,
sc-365765, Santa Cruz, Dallas, TX, USA); anti-COL1A1
(1:1000, 72026s, Cell Signaling Technology, Danvers, MA,
USA); anti-RUNX2 (1:2000, 82636-2-RR, Proteintech,
Wuhan, China ); anti-OCN (1:1000, 16157-1-AP, Protein-
tech, Wuhan, China); anti-LC3 (1:2000, 14600-1-AP, Pro-
teintech, Wuhan, China); anti- p62(1:5000, 84826-1-RR,
Proteintech, Wuhan, China); anti-Beclin 1 (1:1000, 11306-
1-AP, Proteintech, Wuhan, China); anti-AMPK (1:5000,
10929-2-AP, Proteintech, Wuhan, China); anti-phospho-
AMPK (P-AMPK) (1:1000, ab133448, Abcam, Cam-
bridge, UK); anti-mTOR (1:5000, 66888-1-lg, Protein-
tech, Wuhan, China); anti-phospho-mTOR (P-mTOR)anti-
β-actin (Proteintech, Cat No: 20536-1-AP). Following pri-
mary antibody incubation, membranes were rinsed with
TBST and then incubated with HRP-conjugated secondary
antibodies (Beyotime Biotechnology, Shanghai, China) for
1 hour at ambient temperature. Protein bands were detected

using an enhanced chemiluminescence (ECL) detection kit
(Beyotime Biotechnology, Shanghai, China). Band den-
sities were quantified via Image J software and calibrated
against β-actin.

2.6 Transwell Assays
Cell migration was evaluated using Transwell cham-

bers (Corning Inc., Corning, NY, USA) equipped with 8µm
pore size inserts. MC3T3-E1 cells (6 × 10⁴ cells per well)
were plated in the upper compartments of the Transwell,
suspended in serum-free medium. The lower compart-
ments were filled with medium containing 20% FBS, which
served as a chemoattractant. Following 24 hours of incuba-
tion, non-migratory cells on the upper membrane surface
were wiped off with a cotton swab, whereas migratory cells
on the lower surface were fixed in 4% paraformaldehyde
and stained with 0.5% crystal violet. Stained cells were im-
aged from at least four randomly chosen fields. The count
ofmigrated cells was quantified using ImageJ software (Na-
tional Institutes of Health, Bethesda, MD, USA). This ex-
periment was conducted to assess how Odaph overexpres-
sion affects the migration of MC3T3-E1 cells.

2.7 Wound Healing Assay
Cell migration was further assessed via the wound

healing assay. MC3T3-E1 cells (5 × 105 cells per well)
were plated into 6-well plates and permitted to reach 90–
95% confluence. A straight scratch was made across the
monolayer of cells with a sterile 200 µL pipette tip. Fol-
lowing the removal of detached cells by rinsing with PBS,
the cells were incubated in serum-freemedium for 24 hours.
Images of the wounded area were taken at 0 and 24 hours
after scratching. The distance of cell migration was mea-
sured by quantifying the wound width via Image J software
(National Institutes of Health, Bethesda, MD, USA). This
experiment was performed to determine how Odaph over-
expression influences the migratory ability of MC3T3-E1
cells.

2.8 ALP Staining Method
ALP staining was performed to assess the osteogenic

differentiation ofMC3T3-E1 cells. MC3T3-E1 cell suspen-
sion (2× 104 cells per well) was seeded into a 24-well plate
and incubated for 24 hours in a standard incubator. Fol-
lowing incubation, the culture medium was replaced with
osteogenic induction medium, formulated with 50 µg/mL
ascorbic acid (Beyotime, ST1434), 10 nmol/L dexametha-
sone (MCE, HY-14648, Shanghai, China), and 10 mmol/L
β-glycerophosphate (Beyotime, ST637). After 7 days of
osteogenic induction, ALP staining was performed on the
cells using an ALP staining kit (Beyotime, C3206) in accor-
dance with the manufacturer’s protocol. The stained cells
were examined under a bright-field microscope (OLYM-
PUS, BX63, Kyoto, Japan), and images were taken for sub-
sequent analysis.
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2.9 ARS Staining Method
Alizarin Red S (ARS) staining was employed to as-

sess matrix mineralization during osteogenic differentia-
tion. After 21 days of osteogenic induction, the cells were
immersed in 70% ethanol for a 30-minute period at ambi-
ent temperature to achieve fixation. Next, the cells were
stained with a 2% Alizarin Red S solution (OriCell, ALIR-
10001, Suzhou, China) for 30 minutes at ambient tempera-
ture. Post-staining, the cells were rinsed with distilled water
to eliminate excess dye. Mineralized nodules were visual-
ized under a bright-field microscope (OLYMPUS, BX63,
Kyoto, Japan), and representative images were taken to
quantify and analyze the degree of mineralization.

2.10 Transmission Electron Microscopy (TEM) Analysis of
Autophagosomes

To evaluate the formation of autophagosomes in
Odaph-overexpressingMC3T3-E1 cells, transmission elec-
tron microscopy (TEM) was performed. In brief, cells
were immersed in 2.5% glutaraldehyde diluted in PBS for
2 hours at 4 °C. Post-fixation, the cells were rinsed three
times with PBS and subjected to post-fixation with 1% os-
mium tetroxide for 1 hour. The specimens were then dehy-
drated using a graded ethanol series (50%, 70%, 90%, and
100%) and embedded in Epon resin. Thin sections (approx-
imately 70 nm) were cut using an ultramicrotome (Leica,
EM UC7, Wetzlar, Germany), stained with uranyl acetate
and lead citrate, and examined under a transmission elec-
tron microscope (JEOL, JEM-1400, Kyoto, Japan). Au-
tophagosomes were identified as double-membraned vesi-
cles containing cytoplasmic material, and their number and
morphology were analyzed in both the control and Odaph-
overexpressing groups.

2.11 RNA-seq
Total RNAwas isolatedwith the RNeasyMini Kit (Qi-

agen, Hilden, Germany). RNA integrity was verified be-
fore library preparation using the TruSeq Stranded mRNA
Library Prep Kit (Illumina, California, CA, USA), in accor-
dance with the manufacturer’s instructions. Libraries were
initially sequenced on a NextSeq platform (75 cycles) and
further sequenced on a NovaSeq 6000 system (Illumina) at
HongXu Biotechnology Co., Ltd. (Shanghai, China), after
dilution to 10 µM and clustering with cBot.

Clean reads were mapped to the mouse reference
genome (GRCm38) via HISAT2, and gene-level read
counts were acquired using HTSeq-count. Gene expres-
sion levels were computed as FPKM. Differential expres-
sion analysis was conducted with the DESeq2 R package.
Genes meeting the criteria of |log2FC| >1 and adjusted p-
value (q < 0.05) were regarded as significantly differen-
tially expressed and used for downstream analyses.

2.12 Histology and Immunohistochemical Staining
Paraffin-embedded mouse tooth tissue sections were

prepared according to standard protocols. To evaluate over-
all tissue morphology, sections were stained with H&E. Im-
munohistochemical staining was performed to detect ALP,
Odaph, RUNX2, P62, phosphorylated AMPK (P-AMPK),
LC3 and phosphorylated mTOR (P-mTOR), following pre-
viously described procedures. In brief, primary antibodies
were incubated with sections at 4 °C overnight. After wash-
ing, biotinylated secondary antibodies were applied for 1
hour at 37 °C. Signal detection was achieved using 3,3′-
diaminobenzidine (DAB), and the sections were counter-
stained with hematoxylin and permanently mounted. In the
negative control group, phosphate-buffered saline (PBS)
was employed in place of the primary antibody. This stain-
ing strategy was employed to evaluate osteogenic differen-
tiation, autophagic activity, and the activation status of the
AMPK/mTOR signaling pathway inOdaph-overexpressing
mice.

2.13 Immunofluorescence Assay
MC3T3-E1 cells were cultured on coverslips

and treated as described. Following fixation in 4%
paraformaldehyde for 15 minutes, cells were made per-
meable using 0.1% Triton X-100 diluted in PBS for
10 minutes. To assess autophagic activity, cells were
incubated with primary antibodies against LC3 (1:200,
proteintech, Cat No: 18725-1-AP) and Phalloidin overnight
at 4 °C. After rinsing with PBS, the cells were incubated
with a FITC-conjugated secondary antibody at 37 °C for
1 hour. Nuclei were stained with DAPI for 10 minutes,
and coverslips were mounted using an antifade mounting
medium. The slides were visualized using a ZEISS
confocal microscope. The fluorescence intensity of LC3
puncta was quantified to assess the autophagic activity in
Odaph-overexpressing MC3T3-E1 cells. This assay was
used to investigate the autophagy activation induced by
Odaph.

2.14 Statistical Analysis
All experiments were independently repeated at least

three times (n = 3). Data were expressed as the mean± SD.
Statistical analysis was performed with GraphPad Prism
10.0 (San Diego, CA, USA). A t test was used to test the
differences between two groups, and comparisons among
multiple groups were performed with a one-way analysis
of variance (ANOVA) followed by Tukey’s post hoc test.
A p value < 0.05 was considered to be statistically signifi-
cant. All data were obtained from at least three independent
experiments.
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3. Results
3.1 Odaph Enhances Proliferation and Osteogenic
Differentiation of MC3T3-E1 Cells

To elucidate the functional role of Odaph in os-
teoblast proliferation and differentiation, we established
both Odaph-overexpressing (OE) and Odaph-silenced (si-
Odaph) MC3T3-E1 cell models. The successful regula-
tion of Odaph expression was verified at both the pro-
tein and mRNA levels via Western blot and quantitative
PCR (Fig. 1A–C, Supplementary Fig. 1C). EdU staining
andCCK-8 assays demonstrated that Odaph overexpression
markedly increased the proportion of proliferating cells and
enhanced cell viability over time compared with the con-
trol group (Fig. 1D–F). Conversely, Odaph knockdown sig-
nificantly decreased EdU-positive cells, indicating reduced
proliferative activity (Fig. 2C). At day 7, Western blot and
qPCR analyses revealed that Odaph overexpression upregu-
lated the early osteogenic markers ALP and COL1, accom-
panied by intensified ALP staining (Fig. 1G,H,K). Addi-
tional staining at day 14 further identified persistent ALP
activity and enhanced mineralized nodule formation in the
OE group but was not significant compared to the control
(Supplementary Fig. 1A,B). In contrast, Odaph silencing
resulted in a marked decrease in ALP activity and expres-
sion levels of ALP and COL1 (Fig. 2A,E,G). By day 21, the
expression levels of the late osteogenic markers RUNX2
and OCN were significantly increased in the OE group,
while being markedly decreased in Odaph-silenced cells
(Figs. 1I,J,2B–F). ARS staining further revealed enhanced
mineralized nodule formation followingOdaph overexpres-
sion and diminishedmineralization after Odaph knockdown
(Figs. 1L,2B).

Collectively, these results demonstrate that Odaph
positively regulates both the proliferation and osteogenic
differentiation of MC3T3-E1 cells. Overexpression of
Odaph promotes osteogenic marker expression and ma-
trix mineralization, whereas its silencing impairs these pro-
cesses, highlighting Odaph as a critical modulator of os-
teoblast function.

3.2 Odaph Promotes Migration of MC3T3-E1 Cells
The effect of Odaph on the migration ability of

MC3T3-E1 osteoblasts was evaluated using both wound
healing and Transwell migration assays. In the wound
healing assay, Odaph overexpression markedly acceler-
ated wound closure compared with the control group, in-
dicating enhanced migratory activity (Fig. 3A,E). Con-
versely, Odaph knockdown significantly delayed wound
closure, suggesting impaired migration ability in si-Odaph
cells (Fig. 3B,G). Consistent results were observed in the
Transwell migration assay. The number of migrated cells
was substantially increased in the Odaph-overexpressing
(OE) group, whereas silencingOdaphmarkedly reduced the
number of migrating MC3T3-E1 cells compared with the
respective control or siNC group (Fig. 3C,D,F–H).

Taken together, these findings demonstrate that Odaph
positively regulates the migratory capacity of MC3T3-E1
osteoblasts, and loss of Odaph expression suppresses cell
motility. This enhanced migration ability may facilitate the
early phases of osteogenesis and bone matrix remodeling.

3.3 Odaph Activates the AMPK/mTOR Signaling Pathway

To investigate the molecular mechanisms governing
Odaph-mediated osteogenesis, RNA sequencing (RNA-
seq) was carried out to detect differentially expressed
genes (DEGs) between the control and OE groups. The
volcano plot showed 2718 genes were upregulated and
4140 were downregulated in the OE group relative to the
control (Fig. 4A). Hierarchical clustering analysis further
demonstrated distinct transcriptomic profiles between the
two groups (Fig. 4B). Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway enrichment analysis revealed
significant enrichment in multiple signaling cascades as-
sociated with osteogenesis, including the mTOR, PI3K–
AKT and AMPK signaling pathways (Fig. 4C). In addi-
tion, visualization of the AMPK signaling pathway within
the KEGG framework suggested a potential interaction be-
tween AMPK activation and downstream mTOR modula-
tion, implicating this axis in Odaph-mediated osteogenic
regulation. To verify these transcriptomic predictions,
Western blot analysis was performed to assess the phos-
phorylation status of key components in the AMPK/mTOR
axis. Overexpression of Odaph led to a significant increase
in the phosphorylation of AMPK (p-AMPK) and a no-
table decrease in the phosphorylation of mTOR (p-mTOR).
Moreover, consistent changes were observed in p-AKT and
p-PI3K, indicating concurrent modulation of upstream reg-
ulators (Fig. 4D,E).

Collectively, these results demonstrate that Odaph ac-
tivates AMPK signaling and suppresses mTOR phosphory-
lation, thereby coordinating the AMPK–mTOR axis to pro-
mote osteogenic differentiation in MC3T3-E1 cells.

3.4 Odaph Induces Autophagy

Given the observed effects of Odaph on osteoge-
nesis, we next examined whether autophagy contributes
to the underlying mechanism. Autophagy is recognized
as a key regulatory mechanism in cellular homeostasis,
and we proposed that Odaph may affect this process in
MC3T3-E1 osteoblasts. Western blot analysis showed that
Odaph overexpression led to a significant increase in the
conversion of LC3-I to LC3-II, an upregulation of Be-
clin1, and a decrease in P62 expression, all of which in-
dicate enhanced autophagic activity (Fig. 5A). To further
confirm this, we performed immunofluorescence staining,
which showed a significant rise in LC3 puncta formation in
Odaph-overexpressing cells relative to the control group,
accompanied by a substantial increase in fluorescence in-
tensity (Fig. 5B). These findings were corroborated by au-
tophagic flux analysis using the tandem mRFP-GFP-LC3
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Fig. 1. Odaph overexpression promotes proliferation and osteogenic differentiation ofMC3T3-E1 cells. (A,B)Western blot analysis
of Odaph protein expression in MC3T3-E1 cells from the control and Odaph-overexpressing (OE) groups. (C) Quantification of Odaph
protein and mRNA expression levels by qPCR, respectively. (D) Representative EdU staining images showing proliferating cells in the
control and OE groups. Scale bar = 100 µm. (E) Quantification of EdU fluorescence intensity. (F) CCK-8 assay measuring cell viability
at different time points. (G,H) Western blot and qPCR analyses of ALP and COL1 protein and mRNA expression levels on day 7. (I,J)
Western blot and qPCR analyses of RUNX2 and OCN protein and mRNA expression levels on day 21. (K) ALP staining of MC3T3-E1
cells in the control and OE groups on day 7. Scale bar = 200 µm. (L) Alizarin Red S (ARS) staining of mineralized nodules in control
and OE groups on day 21. Scale bar = 200 µm. Data are expressed as mean ± standard deviation (SD), where statistical significance is
denoted as *p < 0.05, **p < 0.01, and ***p < 0.001. ALP, alkaline phosphatase; COL1, Col1a1; RUNX2, runt-related transcription
factor 2; OCN, Osteocalcin.
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Fig. 2. Silencing of Odaph inhibits the proliferation and osteogenic differentiation of MC3T3-E1 cells. (A) ALP staining at day
7 indicating reduced alkaline phosphatase activity after Odaph knockdown. Scale bar = 200 µm. (B) ARS staining at day 21 showing
diminishedmineralized nodule formation in the si-Odaph group. Scale bar = 200 µm. (C,D) Representative EdU staining images showing
decreased proliferative activity in Odaph-silenced cells (si-Odaph) compared with negative control (siNC). Scale bar = 100 µm. (E,F)
Western blot analyses of early osteogenic markers (ALP, COL1) and late markers (RUNX2, OCN) showing significantly decreased
expression levels in si-Odaph cells compared with siNC. (G) ALP, COL1 and RUNX2, OCN were quantitatively analyzed. Data are
expressed as mean ± standard deviation (SD), where statistical significance is denoted as ***p < 0.001.

reporter system. In Odaph-overexpressing cells, we ob-
served a significant increase in red puncta, reflecting en-
hanced autophagosome-lysosome fusion (Fig. 5C,D). Fur-
thermore, transmission electron microscopy (TEM) images
showed a greater accumulation of double-membrane au-
tophagosomes in the OE group, which further supports the
conclusion that Odaph enhances autophagy (Fig. 5E). Col-
lectively, these findings indicate that Odaph has a critical
role in activating autophagy in MC3T3-E1 osteoblasts.

3.5 Autophagy Inhibition Impairs the Osteogenic
Differentiation-Promoting Effect of Odaph

Given the apparent role of autophagy in Odaph-
mediated osteogenesis, we next examined whether au-
tophagic activity is essential for the pro-osteogenic effects
of Odaph. To address this, MC3T3-E1 cells were divided

into six groups—Control, OE, 3-MA, Baf A1, OE + 3-
MA, and OE + Baf A1—and treated with either 3-MA
(a class III PI3K inhibitor that suppresses autophagosome
formation) or Bafilomycin A1 (Baf A1) (an inhibitor of
autophagosome–lysosome fusion). Western blot and qPCR
analyses showed that Odaph overexpression significantly
increased the expression of ALP and COL1, whereas both
3-MA and Baf A1 treatment markedly reduced these ef-
fects. The inhibitory influence was more pronounced in the
combined groups (OE + 3-MA and OE + Baf A1), indi-
cating that autophagy blockade attenuates Odaph-induced
early osteogenic activation (Fig. 6A,E,G, Supplementary
Fig. 2A). At day 21, Odaph overexpression strongly el-
evated RUNX2 and OCN expression, which was signifi-
cantly suppressed upon treatment with either 3-MA or Baf
A1 (Fig. 6B,F,H). Consistent with these molecular find-
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Fig. 3. Effect of Odaph on the migration ability of MC3T3-E1 osteoblasts. (A,B) Wound healing assays showing the migration
of MC3T3-E1 cells in the Odaph-overexpressing (OE) and Odaph-silenced (si-Odaph) groups compared with their respective controls.
The OE group exhibited accelerated wound closure, whereas the si-Odaph group showed delayed closure. Scale bar = 200 µm. (C,D)
Transwell migration assays assessing the number of migrated cells in the OE and si-Odaph groups. Odaph overexpression significantly
increased, while Odaph knockdown reduced, the number of migrated MC3T3-E1 cells relative to the control or siNC group. Scale bar =
100 µm. (E–H) Quantification of wound healing (E,G) and Transwell migration (F,H) assays. Statistical analyses confirmed a significant
promotion of migration in Odaph-overexpressing cells and inhibition upon Odaph silencing. Data are expressed as mean ± standard
deviation (SD), where statistical significance is denoted as *p < 0.05, **p < 0.01, and ***p < 0.001.

ings, both inhibitors attenuated Odaph-induced mineralized
nodule formation, as confirmed by Alizarin Red S staining
(Supplementary Fig. 2B), supporting the essential role of
autophagy in maintaining Odaph-driven osteogenic poten-
tial. Western blot analysis revealed that Odaph overexpres-
sion increased LC3-II/I ratio and Beclin1 levels while de-
creasing P62, indicative of enhanced autophagic flux. In
contrast, treatment with 3-MA or Baf A1 reversed these
effects—reducing LC3 conversion and Beclin1 expression
while causing P62 accumulation (Fig. 6C,I). Consistent re-
sults were obtained from tandemGFP-LC3/mRFP-LC3 flu-
orescence assays, which showed that both inhibitors signif-

icantly reduced Odaph-induced autophagosome formation
and flux activity (Fig. 6D,J).

Collectively, these findings demonstrate that au-
tophagy plays a crucial role in mediating the osteogenic ef-
fects of Odaph. Pharmacological inhibition of autophagy,
through either early-stage blockade (3-MA) or late-stage
disruption (Baf A1), effectively abolishes the Odaph-
induced enhancement of osteoblast differentiation and min-
eralization.
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Fig. 4. Odaph activates the AMPK/mTOR signaling pathway. (A) RNA sequencing (RNA-seq) analysis detected differentially ex-
pressed genes (DEGs) between the control andOdaph-overexpression (OE) groups, which is visualized as a volcano plot. (B) Hierarchical
clustering heatmap showing distinct gene expression patterns between the two groups. (C) Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway enrichment analysis of DEGs, highlighting the AMPK/mTOR signaling pathway. (D) Western blot (WB) analysis of
p-AMPK, p-mTOR, p-AKT and p-PI3K protein expression in control and OE groups, with (E) quantification of relative protein levels.
Data are expressed as mean ± standard deviation (SD), where statistical significance is denoted as ***p < 0.001.

3.6 Odaph Enhances Osteogenic Differentiation and
Activates Autophagy In Vivo

Lastly, to confirm the effects of Odaph on osteoge-
nesis and autophagy in vivo, we developed a transgenic
mouse model with osteoblast-specific Odaph overexpres-
sion and conducted histological and immunohistochemi-
cal analyses. Mice were divided into three groups: OC-
Cre WT (WT), OC-Cre KI+/−, and OC-Odaph KI+/+.

Hematoxylin-eosin (HE) staining revealed enhanced bone
formation in OC-Odaph KI+/+ mice compared to WT and
OC-Cre KI+/− mice, indicating that Odaph overexpres-
sion promotes osteogenesis in vivo (Fig. 7A). Immunohisto-
chemical staining confirmed successful Odaph overexpres-
sion (Fig. 7B and Supplementary Fig. 3A), with signifi-
cantly increasedOdaph expression in the OC-OdaphKI+/+

group. Additionally, staining for key osteogenic markers,
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Fig. 5. Odaph overexpression induces autophagy in MC3T3-E1 cells. (A) Western blot analysis of LC3 I/II, P62, and Beclin1 protein
expression in control and Odaph-overexpressing (OE) MC3T3-E1 cells, with corresponding quantification. (B) Immunofluorescence
staining for LC3 (red) and phalloidin (green) in control and OE cells, with DAPI nuclear counterstaining (blue). Fluorescence intensity
of phalloidin and LC3 was quantified. Scale bar = 100 µm. (C) Tandem mRFP-GFP-LC3 fluorescence imaging to assess autophagic
flux, showing GFP-LC3 (green), mRFP-LC3 (red), and merged images in control and OE cells. Scale bar = 100 µm. (D) Quantification
of autophagic flux based on mRFP-GFP-LC3 staining. (E) Transmission electron microscopy (TEM) images of autophagosomes (red
arrows) in control and OE groups. Left: scale bar = 2 µm; right: magnified red box, scale bar = 500 nm. Data are expressed as mean ±
standard deviation (SD), where statistical significance is denoted as ***p < 0.001.

including ALP and RUNX2, demonstrated a substantial
upregulation in OC-Odaph KI+/+ mice, further support-
ing that Odaph enhances osteoblast differentiation in vivo
(Fig. 7C,D and Supplementary Fig. 3B,C). Considering
the critical role of autophagy in osteogenesis, we evaluated
LC3 and p62 expression and found that p62 levels were

significantly reduced and LC3 expression was upregulated
in OC-Odaph KI+/+ mice, indicating enhanced autophagic
activity (Fig. 7E,F and Supplementary Fig. 3D,E). To in-
vestigate the underlying signaling mechanism, we also as-
sessed the activation of the AMPK/mTOR pathway. Im-
munohistochemical analysis revealed elevated phosphory-
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Fig. 6. Pharmacological inhibition of autophagy modulates Odaph-induced osteogenic differentiation and autophagic activity.
(A) Western blot (WB) analysis of early osteogenic markers ALP and COL1 in the six indicated groups (Control, OE, 3-MA, Baf A1,
OE + 3-MA, and OE + Baf A1). Both autophagy inhibitors (3-MA and Baf A1) attenuated Odaph-induced upregulation of ALP and
COL1. (B) WB analysis of late-stage osteogenic markers RUNX2 and OCN at day 21 showing a similar inhibitory trend after autophagy
blockade. (C) WB analysis of autophagy-related proteins LC3B, P62, and Beclin 1, with corresponding quantification of the LC3-II/I
ratio, P62, and Beclin 1 levels. Odaph overexpression increased autophagic activity, whereas both inhibitors suppressed LC3 conversion
and elevated P62 accumulation. (D,J) Representative fluorescence images of tandem GFP-LC3/mRFP-LC3 puncta formation in each
group, with quantification of autophagic flux confirming reduced autophagy upon 3-MA or Baf A1 treatment. (E,F,I) ALP, COL1,
RUNX2, OCN, LC3B, P62, and Beclin 1 were quantitatively analyzed. (G,H) ALP, COL1 and RUNX2, OCN were detected by qPCR.
Scale bar = 100 µm. Data are presented as mean ± SD (n = 3). Statistical significance: **p < 0.01, ***p < 0.001.
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Fig. 7. Odaph enhances osteogenic differentiation and activates autophagy in vivo. (A) Hematoxylin-eosin (HE) staining of bone
tissues fromWT, OC-Cre KI+/− and OC-odaph KI+/+mice. (B–H) Immunohistochemical staining of Odaph, ALP, RUNX2, p62, LC3,
p-AMPK, and p-mTOR in bone tissues from WT, OC-Cre KI+/− and OC-odaph KI+/+. Scale bar = 1 mm. WT, wild-type.

lation of AMPK (p-AMPK) and reduced phosphorylation
of mTOR (p-mTOR) in OC-Odaph KI+/+ mice relative
to control mice, which is consistent with our in vitro re-
sults (Fig. 7G,H and Supplementary Fig. 3F,G). These

results indicate that Odaph enhances osteogenesis in vivo
by promoting autophagy through the AMPK/mTOR signal-
ing axis. Collectively, our findings highlight that Odaph
overexpression stimulates osteoblast differentiation and au-
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tophagic activity in vivo, providing potential insights into
bone formation and remodeling.

4. Discussion
In this study, we comprehensively investigated the

role of Odaph in osteoblast proliferation, differentiation,
migration, and autophagy, and further elucidated the molec-
ular mechanisms underlying these effects. Our results
demonstrate that Odaph enhances osteoblast proliferation,
migration, and osteogenic differentiation in vitro, and that
the effects are closely associated with activation of the
AMPK–mTOR signaling axis and induction of autophagy.
Importantly, transgenic overexpression of Odaph in mice
confirmed its pro-osteogenic and pro-autophagic functions
in vivo, underscoring its potential significance in bone for-
mation and remodeling.

The enhancement of osteoblast proliferation and dif-
ferentiation by Odaph observed in our in vitro studies is
consistent with previous research that highlights the piv-
otal role of autophagy and metabolic signaling pathways in
osteogenesis [6,8,9]. Transcriptomic profiling revealed en-
richment of the mTOR and PI3K–AKT signaling pathways,
while Western blot validation confirmed that Odaph acti-
vates AMPK phosphorylation and suppresses mTOR phos-
phorylation. The findings indicate that Odaph acts as an
upstreammodulator of the AMPK–mTOR axis, thereby co-
ordinating energymetabolism and autophagic activity to fa-
cilitate osteogenic differentiation. The upregulation of LC3
and Beclin1 and decrease in P62 accumulation in Odaph-
overexpressing cells further support this conclusion, con-
sistent with enhanced autophagic flux.

Pharmacological inhibition experiments using 3-MA
and Bafilomycin A1 (Baf A1) further demonstrated that au-
tophagic activity is essential for Odaph-mediated osteogen-
esis [17]. Blocking autophagy at either the early (3-MA) or
late (Baf A1) stages abolished Odaph-induced upregulation
of ALP, COL1, RUNX2, and OCN and reducedmatrix min-
eralization, confirming that autophagic activation is indis-
pensable for Odaph’s osteogenic effects [13]. These find-
ings highlight a mechanistic interplay between Odaph and
autophagy, suggesting that Odaph promotes osteoblast dif-
ferentiation through the maintenance of active autophagic
flux and metabolic balance.

Importantly, our in vivo data substantiate the in vitro
findings. In transgenic mice with osteoblast-specific over-
expression of Odaph, histological and immunohistochem-
ical analyses revealed increased bone formation and ele-
vated expression of ALP and RUNX2, confirming the pro-
osteogenic function of Odaph in the physiological context.
Moreover, reduced LC3 and P62 staining levels in bone
tissue suggested enhanced autophagic activity in Odaph-
overexpressing mice, while immunostaining for p-AMPK
and p-mTOR indicated activation of the AMPK–mTOR
signaling axis, consistent with our cellular data.

Together, these findings provide strong evidence that
Odaph enhances osteogenesis in vivo by promoting au-
tophagy through AMPK–mTOR–dependent mechanisms.

The enhanced migratory capacity of MC3T3-E1 cells
following Odaph overexpression also suggests that Odaph
may facilitate osteogenesis by promoting the migration of
osteoblasts toward bone formation sites, a critical process in
bone regeneration and remodeling. This observation agrees
with previous studies linking cell motility to early bone
healing stages and highlights Odaph as a potential regula-
tor of osteoblast recruitment and spatial organization during
tissue regeneration.

Taken together, our study demonstrates that Odaph
promotes osteogenesis through dual mechanisms—
stimulating osteoblast proliferation and migration while
simultaneously activating autophagy via the AMPK–
mTOR signaling axis.

The integration of in vitro and in vivo evidence sup-
ports a consistent regulatory framework in which Odaph-
mediated autophagy contributes to efficient osteoblast dif-
ferentiation and bone formation.

Given these findings, Odaph represents a promis-
ing molecular target for enhancing bone regeneration and
for developing therapeutic strategies against bone-related
disorders, including osteoporosis, fracture non-union, and
metabolic bone diseases characterized by impaired os-
teoblast function.

Although this study delineated the key role of au-
tophagy in Odaph-mediated osteogenesis, the precise
molecular interactions between Odaph and upstream au-
tophagy regulators such as LKB1 or CaMKKβ remain to
be clarified.

Future studies employing genetic knockout or co-
immunoprecipitation approaches are needed to identify po-
tential direct interactions and delineate stage-specific regu-
latory mechanisms of autophagy.

Additionally, the long-term effects and safety of
Odaph overexpression in vivo have yet to be evaluated,
which will be critical for assessing its translational potential
in clinical applications [14,25].

5. Conclusion
In conclusion, Odontogenesis Associated Phospho-

protein (Odaph) promotes osteoblast proliferation, migra-
tion, and differentiation both in vitro and in vivo. Mech-
anistically, Odaph activates the AMPK–mTOR signaling
pathway and enhances autophagic flux, thereby facilitat-
ing osteogenic differentiation and bone formation. Au-
tophagy inhibition by 3-MA or Bafilomycin A1 signifi-
cantly attenuated Odaph-induced osteogenesis, confirming
that autophagy is essential for its effects. Consistently,
osteoblast-specific Odaph-overexpressing mice showed in-
creased bone formation and activated AMPK–mTOR sig-
naling, supporting the in vivo relevance of these findings.
Collectively, Odaph functions as a positive regulator of os-
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teogenesis by activating autophagy in an AMPK–mTOR-
dependent manner, underscoring its potential as a thera-
peutic target for boosting bone regeneration and addressing
metabolic bone disorders.
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