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ABSTRACT: Objectives: The discovery of novel molecular targets to enhance the osteogenesis of human bone
marrow-derived mesenchymal stem cells (H-BMSCs) represents a promising strategy for preventing and treating
osteoporosis. Thus, the primary objective of this study is to elucidate the mechanisms by which long non-coding
RNA FOXD2-AS1 (IncRNA FOXD2-AS1) regulates early osteogenic differentiation in H-BMSCs, thereby identi-
tying potential therapeutic targets. Methods: Lentivirus-mediated vectors were constructed to either overexpress
or silence FOXD2-ASl in H-BMSCs. The effects of FOXD2-AS1 on osteogenesis were subsequently assessed by
analyzing osteogenic marker expression and alkaline phosphatase (ALP) staining. To clarify the role of the Janus
kinase 2/signal transducer and activator of transcription 3(JAK2/STAT3) pathway in this process, AG490 inhibitor
(a JAK2/STAT3 pathway inhibitor) and knockdown of STAT3 were used to investigate the mechanisms of FOXD2-AS]1.
Results: FOXD2-ASI overexpression increased ALP activity and osteogenic marker expression, while its knockdown
had the opposite effects. From a mechanistic perspective, FOXD2-ASI overexpression promoted JAK2 and STAT3
phosphorylation, whereas its suppression attenuated their activation. Also, the osteogenic increase induced by FOXD2-
AS] overexpression was reversed by AG490 treatment or STAT3 silencing, indicating that the pathway plays a role in
this process. Conclusion: FOXD2-AS1 was identified as a novel genetic switch driving osteogenic commitment via
JAK2/STATS3 activation, revealing a new regulatory mechanism and a potential therapeutic target for osteoporosis.

KEYWORDS: LncRNA FOXD2-ASl; human bone-derived mesenchymal stem cells; osteogenic differentiation;
Janus kinase 2/signal transducer and activator of transcription 3 (JAK2/STAT3) signaling pathway

1 Introduction

The therapeutic potential of human bone marrow-derived mesenchymal stem cells (H-BMSCs) stems
from their multipotency, which permits commitment to osteoblastic, adipocytic, and chondrocytic lineages.
Osteoblasts generated from H-BMSCs are one of these lineages that are essential for bone production,
remodeling, and repair [1]. Extensive evidence indicates that reduced osteogenic differentiation capacity
of H-BMSCs disrupts the balance between bone formation and resorption, resulting in abnormal bone
metabolism and compromised skeletal homeostasis. This imbalance represents a key pathological factor in
the development of osteoporosis. Although anabolic agents such as teriparatide have been introduced to
stimulate bone formation, their clinical application is constrained by high cost, potential adverse effects,
and limited treatment duration. Therefore, identifying novel molecular targets that enhance H-BMSC
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osteogenesis represents a promising strategy for the management and prevention of osteoporosis [2,3].
Therefore, promoting osteogenesis in H-BMSCs is an attractive approach for treating osteoporosis.

The transcriptome is rich with long non-coding RNAs (IncRNAs), RNA molecules longer than 200
nucleotides that lack open reading frames. These elements have rapidly emerged as essential components in
the control of cellular programming and gene regulatory networks [4]. Accumulating evidence establishes
long non-coding RNAs as key regulators of diverse biological processes, including cell differentiation,
proliferation, apoptosis, and metabolic homeostasis. The human gene encoding the long non-coding RNA
FOXD2-AS1 (NR_026878) is located on chromosome 1p33 and produces a primary transcript of 2527
nucleotides [5]. Previous studies have reported elevated FOXD2-AS1 expression in multiple malignancies,
including esophageal cancer [6], renal cancer [7], oral cancer [8], and ovarian cancer [9], where it enhances
the invasive, migratory, and proliferative capacity of cancer cells through various regulatory mechanisms.
However, despite its documented functions in cancer biology, the involvement of FOXD2-AS1 in cell
differentiation, particularly osteogenic differentiation, remains largely unexplored.

The Janus kinase/signal transducer and activator of transcription (JAK/STAT) pathway is a key signaling
cascade that mediates cellular responses to growth factors and cytokines. Upon activation, JAKs phosphory-
late STAT proteins, promoting their dimerization and subsequent regulation of target gene transcription. As
a central signaling hub, the Janus kinase 2/signal transducer and activator of transcription 3 (JAK2/STAT3)
pathway integrates diverse signals that regulate fundamental processes, including cell proliferation, survival,
differentiation, and immune function [10,11]. As a result, its dysregulation is a hallmark of numerous
pathological conditions. Accumulating evidence now indicates that there exists a regulatory mechanism in
which IncRNAs directly influence the JAK/STAT signalling cascade, modulating a wide spectrum of cellular
activities [12-14].

Hence, this study hypothesized that FOXD2-ASI promotes the early osteogenic differentiation of H-
BMSC:s by activating the JAK2/STAT3 pathway.

2 Materials and Methods
2.1 Culture of H-BMSCs and Induction of Osteogenesis

H-BMSCs were purchased from Cyagen Biosciences (cat. no. HUXMA-01001, Guangzhou, China). The
phenotypic characteristics of H-BMSCs (cell lots from three donors: 150724131, 160202131, and 161125R41)
were analyzed to confirm mesenchymal stem cell identity (Figs. S1-S3). Flow cytometric analysis demon-
strated that >95% of cells expressed the mesenchymal markers CD73 (cat. no. 561014, BD Biosciences, San
Jose, CA, USA), CD90 (cat. no. 561969, BD Biosciences), and CD105 (cat. no. 560839, BD Biosciences). In
comparison, <5% of cells were negative for the hematopoietic and immune markers CD34 (cat. no. 560941,
BD Biosciences), CD19 (cat. no. 560994, BD Biosciences), CD11b (cat. no. 561001, BD Biosciences), CD45
(cat. no. 560976, BD Biosciences), and HLA-DR (cat. no. 560944, BD Biosciences), consistent with the
established surface marker profile of H-BMSCs. Analyses were performed using a BD FACSAria™ Fusion
cell sorter (BD Biosciences). All H-BMSC cultures were routinely screened and confirmed to be free of
mycoplasma contamination.

H-BMSCs were cultured in oriCell™ H-BMSC growth medium (cat. no. HUXMA-90011, Cyagen
Biosciences, Guangzhou, China) supplemented with penicillin-streptomycin (cat. no. 15140122, Gibco,
Thermo Fisher Scientific, Waltham, MA, USA), L-glutamine (cat. no. 25030081, Gibco), and 10% fetal bovine
serum (FBS; cat. no. 10270106, Gibco). Cells were seeded at a density of 5 x 10° cells/cm? and maintained
under standard culture conditions at 37°C in a humidified atmosphere with 5% CO,. To ensure cellular
consistency, subculturing was performed every 3-4 days using 0.25% trypsin-EDTA (cat. no. 25200056,
Gibco). Cells at passage 6 were used for all subsequent experiments.
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Upon reaching approximately 70% confluency, osteogenic differentiation was initiated by replacing
the growth medium with osteogenic induction medium supplemented with ascorbic acid (50 pM; cat. no.
A7506, Sigma-Aldrich, St. Louis, MO, USA), dexamethasone (100 nM; cat. no. D4902, Sigma-Aldrich),
and B-glycerophosphate (10 mM; cat. no. G9422, Sigma-Aldrich). Cells were maintained under induction
conditions for the designated differentiation period, with medium changes performed every 3 days.

2.2 Lentiviral Transduction

Lentiviral vectors (Shanghai Genechem Co., Ltd., Shanghai, China) were employed to either knock
down or overexpress FOXD2-AS1 in H-BMSCs. Short hairpin RNAs (shRNAs) targeting FOXD2-AS1 and
STAT3 were designed, which are artificial RNA molecules that form a hairpin structure and are processed
into mature siRNAs within cells to mediate gene silencing.

FOXD2-AS1 shRNA: 5'-GATCCGCGAAGAGTACGTTGCTATTTCAAGAGAATAGCAACGTACTC
TTCGCTTTTTTC-3'; STAT3 shRNA: 5'-AATCGTGGATCTGTTCAGAAACTAGTGAAGCCACAGATG
TAGTTTCTGAACAGATCCACGATC-3. To control for off-target effects, cells were transduced with a
scrambled shRNA construct (5'-TTCTCCGAACGTGTCACGT-3'). Oligonucleotides were engineered into
lentiviral vectors to achieve either knockdown (pGV493-FOXD2-ASI; pGV493-STAT3) or overexpression
(pGV280-FOXD2-ASI1). Successful transduction was confirmed via the green fluorescent protein (GFP)
reporter present in both vector backbones.

Lentiviral transduction was performed on H-BMSCs seeded at a density of 75 x 10* cells/cm? in 6-well
plates. The transduction procedure used a lentiviral stock at 1 x 10° ITU/mL, with an MOI of 5, supplemented
with 5 pg/mL polybrene, and incubated for 10 h at 37°C. The viral supernatant was then replaced with fresh
growth medium, and the cells were cultured for 72 h to recover. Subsequently, stable transfectants were
selected by treating the cells with 0.5 pg/mL puromycin for 6 days, with the selection medium being refreshed
every 2 days.

2.3 Cell Grouping

H-BMSCs were assigned to the FOXD2-ASI overexpression group, the FOXD2-AS1 shRNA group, the
AG490 group (cells treated with 100 nM of the selective JAK2/STAT3 inhibitor AG490 [15,16]; cat. no. S1143,
Selleck Chemicals, Houston, TX, USA), and the STAT3 knockdown group. Corresponding control groups
were established for each treatment group. Then, osteogenic culture medium was prepared using specialized
media, and subsequent experiments were conducted.

2.4 Alkaline Phosphatase (ALP) Activity Analysis

Cellular ALP staining was conducted using a commercial detection kit (cat. no. P0321S, Beyotime Insti-
tute of Biotechnology, Shanghai, China) in accordance with the manufacturer’s instructions. Before staining,
cells were washed twice with PBS and fixed in 4% paraformaldehyde for 20 min at room temperature.
Following fixation, cells were equilibrated twice for 5 min in ALP buffer containing 50 mM MgClL-6H,0
(pH 9.5), 0.1 M Tris-HCI, and 0.1 M NaCl. Then, 1 mL of ALP substrate solution supplemented with 10 uL
NBT and 5 pL BCIP was added to each well, and samples were incubated for 30 min at room temperature in
the dark. The reaction was terminated by rinsing with distilled water, and stained cells were imaged using a
light microscope (BX53, Olympus, Shinjuku, Tokyo, Japan).

Alkaline phosphatase (ALP) activity was quantitatively measured in accordance with the manufacturer’s
instructions using a commercial assay kit (cat. no. A059-2, Nanjing Jiancheng Bioengineering Ltd., Nanjing,
China). To release endogenous ALP, cells were subjected to four freeze-thaw cycles. The resulting lysates
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were incubated with 100 pL of ALP substrate in 96-well plates at 37°C, after which the addition of stop
solution terminated the reaction. ALP activity, calculated from p-nitrophenol concentration, was determined
by measuring absorbance at 520 nm with a Bio-Rad microplate reader (Model 680, Bio-Rad, Hercules,
CA, USA).

2.5 Reverse Transcription Quantitative Polymerase Chain Reaction (RT-qPCR)

The complementary DNA (cDNA) was synthesized from purified total RNA (extracted with TRIzol
reagent; cat. no. 15596026, Invitrogen, Thermo Fisher Scientific, Carlsbad, CA, USA) by reverse transcription
using an Oligo (dT) primer system (cat. no. K1622, Thermo Fisher Scientific, Waltham, MA, USA), following
the manufacturer’s protocols. The specific operation is as follows: a 20 uL reverse transcription reaction was
prepared with 1 pg total RNA, 1 uM Oligo(dT) primer, reaction buffer, 1 mM dNTPs, 100-200 U reverse
transcriptase, and RNase inhibitor. The thermal profile consisted of primer annealing (65°C for 5 min)
followed by immediate cooling on ice, cDNA synthesis (42°C for 60 min), and final enzyme inactivation

(70°C for 5 min). Gene expression was quantified by RT-qPCR with the SYBR"” Premix Ex Taqm kit (cat. no.
QPK-212, TOYOBO, Osaka, Japan) on an ABI 7500 system (Applied Biosystems Inc., Foster City, CA, USA).
Gene expression levels were analyzed using the 27*4“T method with B-actin normalization. The sequences
of the primers used are as follows:

Runt-Related Transcription Factor 2 (RUNX2):

forward primer:5’-GGACGAGGCAAGAGTTTCACC-3/,
reverse primer:5-GGTTCCCGAGGTCCATCTACT-3’ ;
Osteocalcin(OCN):

forward primer:5-TGAGAGCCCTCACACTCCTC-3,
reverse primer:5-CGCCTGGGTCTCTTCACTAC-3';

ALP:

forward primer:5'-CCCCGTGGCAACTCTATCTTT-3,
reverse primer:5’-GCCTGGTAGTTGTTGTGAGCATAG-3';
FOXD2-ASI:

forward primer:5'-GCCCAGAACAATTGGGAGGA-3,
reverse primer:5-AAGAGAGGGAGAGACGACCC-3;
STAT?3:

forward primer:5’-TGGCCCCTTGGATTGAGAGT-3/,
reverse primer:5 -ATTGGCTTCTCAAGATACCTGCT-3';
B-actin:

forward primer:5'-GCGAGAAGATGACCCAGATCATGT-3,
reverse primer:5’-TACCCCTCGTAGATGGGCACA-3'.

2.6 Western Blot Analysis

Cellular proteins were extracted using RIPA lysis buffer and quantified with a BCA protein assay kit
(cat. no. 23225, Thermo Fisher Scientific Inc.) in accordance with the manufacturer’s instructions. Briefly,
protein samples were mixed with the BCA working reagent (cat. no. 23225, Thermo Fisher Scientific Inc.)
and incubated at 60°C for 30 min. Absorbance was measured at 562 nm, and protein concentrations
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were calculated using a bovine serum albumin (BSA) standard curve (cat. no. 232029, Thermo Fisher
Scientific Inc.). For denaturation, equal volumes of protein lysate were mixed with 5x SDS sample buffer
and heated for 5 min. Afterwards, 15 pg of total protein per sample was separated on 10% SDS-PAGE gels
and transferred onto polyvinylidene difluoride (PVDF) membranes (cat. no. IPVH00010, EMD Millipore,
Burlington, MA, USA).

Membranes were blocked for 2 h in 5% non-fat milk/TBST at 25°C. Subsequently, they probed overnight
at 4°C with specific primary antibodies targeting RUNX2 (cat. no. AF5186, Affinity Biosciences, Suzhou,
China), OCN (cat. no. DF12303, Cell Signaling Technology, Danvers, MA, USA), JAK2 (cat. no. AF3024,
Affinity Biosciences), phospho-JAK2 (cat. no. AF6022, Affinity Biosciences), STAT3 (cat. no. AF6294,
Affinity Biosciences), phospho-STAT3 (cat. no. AF3293, Affinity Biosciences), and B-actin (cat. no. AF7018,
Affinity Biosciences) at a 1:1000 dilution. The membranes were subjected to three sequential washes with
Tris-Buffered Saline with Tween® 20 (TBST) before a one-hour incubation at ambient temperature with an
HRP-linked anti-rabbit secondary antibody (cat. no. 7074, Cell Signaling Technology) diluted 1:5000. An
enhanced chemiluminescence reagent (BeyoECL Plus, cat. no. P0018; Beyotime Institute of Biotechnology)
was used to identify protein signals. Band intensities were quantified using Image] software (version 1.53;
National Institutes of Health, NIH, Bethesda, MD, USA), and protein expression levels were normalized to
B-actin as a loading control.

2.7 Statistical Analysis

For statistical analysis, SPSS v. 16.0 (SPSS Inc., Chicago, IL, USA) was used. Quantitative findings are
reported as mean + standard deviation (SD) from a minimum of three biological replicates. The data were
analyzed using a student’s ¢-test or a one-way ANOVA with Tukey’s post hoc test for multiple comparisons.
The results were considered statistically significant if p < 0.05.

3 Results
3.1 FOXD2-AS1 Expression during Osteogenesis of H-BMSCs

FOXD2-ASI expression was investigated at days 0, 3, 7, and 9 of differentiation. The results showed a
gradual increase in FOXD2-ASI levels, peaking on day 7 (Fig. 1). These results suggest that FOXD2-ASI may
have a regulatory function in the early stages of osteogenic differentiation in H-BMSCs.

- <0.001
10 p<0.001 o

p—

wn

<«

&

5]

" °
=2 p=0.026

2% 4 r—

Ea. °
29 2

Day 0 Day 3 Day 7 Day 9

Figure 1: The temporal expression profile of FOXD2-AS1 during H-BMSC osteogenesis was analyzed by reverse
transcription quantitative polymerase chain reaction (RT-qPCR) at serial time points. Results, derived from three
independent replicates (n = 3), are expressed as means + Standard Deviation (SD). Statistical analysis was performed
using one-way ANOVA
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3.2 Efficient Overexpression and Knockdown of FOXD2-AS1 in H-BMSCs

Following lentiviral transduction, H-BMSCs that survived puromycin selection by day 6 showed strong
resistance, suggesting a high transduction efficiency. Further, fluorescence microscopy revealed healthy
cell morphology and prominent GFP fluorescence (Fig. 2A). RT-qPCR analysis confirmed the efficacy of
lentivirus-mediated FOXD2-ASI overexpression and knockdown (Fig. 2B).
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Figure 2: Efficient lentiviral transduction and resultant FOXD2-ASI expression. (A) Fluorescence and corresponding
bright-field micrographs of H-BMSCs captured 6 days after lentiviral infection (10x magnification; scale bar represents
50 pm). (B) RT — qPCR analysis was performed to assess the success of FOXD2-ASI manipulation, demonstrating
significant suppression in the ShRNA group and elevation in the overexpression (OE) group compared to controls.
Data points are the average of three independent trials + standard deviation (n = 3; Student’s ¢-test). Abbreviations:
Overexpression, FOXD2-AS1 overexpression; shRNA, FOXD2-AS1 short hairpin RNA

3.3 FOXD2-ASI Regulates Early Osteogenic Differentiation of H-BMSCs

On day 7 of osteogenic induction, the osteogenic capacity of H-BMSCs was evaluated by ALP stain-
ing, with ALP-positive cells demonstrating a characteristic blue-violet colour. FOXD2-ASI overexpression
resulted in markedly stronger ALP staining (Fig. 3A). Consistent with this finding, quantitative measurement
of intracellular ALP activity demonstrated significantly elevated ALP levels in FOXD2-ASl-overexpressing
cells compared with control cells (Fig. 3B). The expression of key osteogenic markers, including OCN, ALP,
and RUNX2, was assessed in transduced H-BMSCs. At day 7 of differentiation, FOXD2-AS1 overexpression
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significantly increased both the mRNA and protein levels of these markers (Fig. 3C-E). Silencing of FOXD2-
ASl led to weaker ALP-positive staining (Fig. 4A) and a corresponding reduction in ALP activity (Fig. 4B).
Similarly, FOXD2-AS1 ksnockdown resulted in a pronounced decrease in the transcriptional and protein
expression of these osteogenic markers (Fig. 4C-E).
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Figure 3: FOXD2-ASI overexpression enhances the osteogenic potential of H-BMSCs. (A) Alkaline phosphatase (ALP)
activity, an early osteogenic marker, was visualized by staining at various differentiation stages (bright-field microscopy,
10x; scale bar = 50 pm). (B) ALP enzymatic activity was quantified spectrophotometrically. Data are presented as the
mean = SD (n = 3 independent experiments). Statistical analysis was performed using Student’s t-test. (C) Transcript
levels of the osteogenic genes OCN, ALP, and RUNX2 were measured by RT-qPCR. Data are presented as the mean + SD
(n = 3 independent experiments). Statistical analysis was performed using one-way ANOVA. (D,E) Protein expression
of OCN and RUNX2 was confirmed by western blot analysis. For all quantitative panels, data are shown as mean +
standard deviation from three biological replicates (n = 3). Statistical significance vs. the negative control (NC) group
was determined by one-way ANOVA. Abbreviations: NC, negative control; OE, FOXD2-ASI overexpression
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Figure 4: (Continued)
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Figure 4: Knockdown of FOXD2-AS]impairs osteogenic differentiation in H-BMSCs. (A) Alkaline phosphatase (ALP)
staining at various differentiation time points revealed reduced early osteogenic commitment in knockdown groups
(bright-field microscopy, 10x; scale bar = 50 um). (B) Quantitative analysis of ALP activity showed a significant
reduction upon FOXD2-AS1 suppression. The bar plot shows the mean + SD from 3 independent experiments. Statistical
significance was determined using Student’s ¢-test. (C) mRNA expression levels of osteogenic markers (OCN, ALP,
RUNX?2) were downregulated, as measured by RT-qPCR. The bar plot shows the mean + SD from 3 independent
experiments. Statistical significance was determined using one-way ANOVA. (D,E) Western blot analysis confirmed
decreased OCN and RUNX2 protein expression. Data represent mean + SD from three independent experiments
(n = 3). Statistical significance was determined using one-way ANOVA. Abbreviations: NC, negative control; sh,
FOXD2-AS1 shRNA

3.4 FOXD2-AS1/JAK2/STAT3 Regulatory Axis Drives Osteogenesis in H-BMSCs

The activation status of the JAK2/STAT3 pathway under FOXD2-AS1 modulation at day 7 post-
osteogenic induction was assessed by western blot analysis. Our results showed that JAK2 and STAT3
phosphorylation levels were significantly increased by FOXD2-ASI overexpression, while their phosphory-
lated forms were reduced considerably by FOXD2-ASl silencing (Fig. 5A-D). To investigate the involvement
of the JAK2/STAT3 pathway in FOXD2-ASl-induced osteogenesis, cells were treated with the JAK2/STAT3
inhibitor AG490 to block phosphorylation (Fig. 5E,F).
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Figure 5: The phosphorylation of the JAK2/STAT3 pathway during H-BMSC osteogenesis. (A,B) FOXD2-
AS1 overexpression promoted JAK2/STAT3 phosphorylation (p-JAK2, normalized to total JAK2; p-STATS3,
normalized to total STAT3). Data are presented as the mean + SD (n = 3 independent experiments).
Data were analyzed by Students t-test. (C,D) Knockdown of FOXD2-ASI inhibited p-JAK2/STAT3 levels.

(Continued)
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Figure 5: (continued) Data are presented as the mean + SD (n = 3 independent experiments). Data were analyzed
by Student’s ¢-test. (E,F) Treatment with the JAK2/STAT?3 inhibitor reduced the intracellular p-JAK2/STAT3 levels
compared with FOXD2-AS1 overexpression alone. All data are presented as means + SD (X + SD, n = 3). Data were
analyzed by Student’s ¢-test. The experiment was independently repeated three times. Abbreviations: OE, FOXD2-AS1
overexpression; OE+AG490, FOXD2-AS1 overexpression+inhibitor (AG490); sh, FOXD2-ASI short hairpin RNA; NC,
negative control; T-JAK2, total JAK2; T-STAT3, total STAT3

3.5 The Differentiation-Promoting Effect of FOXD2-ASI1 Was Reversed by Signal Pathway Inhibition

To determine whether the pro-osteogenic effects of FOXD2-AS1 are dependent on AG490-sensitive
signaling, we compared H-BMSCs overexpressing FOXD2-AS1 in the presence or absence of AG490. On
day 7 of osteogenic induction, ALP staining demonstrated that FOXD2-AS1 overexpression produced
more intense staining in the absence of AG490 (Fig. 6A). Similarly, quantitative analysis of intracellular
ALP activity revealed significantly higher levels in cells not exposed to AG490 (Fig. 6B). FOXD2-AS1
overexpression significantly increased the mRNA and protein expression of key osteogenic markers, an effect
that was substantially diminished following AG490 co-treatment (Fig. 6C-E).
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Figure 6: (Continued)
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Figure 6: FOXD2-AS1 drives osteogenic differentiation via JAK2/STAT3 Activation. (A) Alkaline phosphatase (ALP)
staining demonstrated that inhibition of JAK2/STAT?3 signaling partially rescues the pro-osteogenic effect of FOXD2-
ASI overexpression (10x; scale bar = 50 um). (B) Quantitative ALP activity confirmed a significant reduction upon
AG490 treatment in FOXD2-ASl-overexpressing cells. The bar plot shows the mean + SD from 3 independent
experiments. Statistical significance was determined using Student’s t-test. (C) mRNA levels of osteogenic markers
(OCN, ALP, RUNX2) were downregulated following JAK2/STAT3 inhibition. The bar plot shows the mean + SD from 3
independent experiments. Statistical significance was determined using one-way ANOVA. (D,E) Western blot analysis
showed corresponding decreases in OCN and RUNX2 protein expression. Data are presented as mean + SD from
three independent experiments (n = 3). Data were analyzed by one-way ANOVA. Abbreviations: OE, FOXD2-AS1
overexpression

3.6 STATS3 Silencing Abolished the Osteogenic Enhancement Induced by FOXD2-AS1 Overexpression

A rescue experiment was conducted by knocking down STAT3 in FOXD2-ASl-overexpressing cells.
Following confirmation of efficient STAT3 knockdown (Fig. 7A,B), it was found that silencing STAT3
abolished the increased osteogenic potential conferred by FOXD2-AS1 overexpression on day 7 (Fig. 7C-F).
This demonstrates that the pro-osteogenic function of FOXD2-AS1 depends on activation of the JAK2/STAT3
signaling pathway in H-BMSCs.
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Figure 7: STAT3 knockdown attenuates the pro-osteogenic effects of FOXD2-AS1 overexpression. (A,B) Efficient
STAT3 knockdown at the (A) mRNA and (B) protein levels was confirmed by RT-qPCR and western blot, respectively,
following lentiviral transduction. Data are presented as the mean + SD (n = 3 independent experiments). Data were
analyzed by Student’s ¢-test. (C) Alkaline phosphatase (ALP) staining intensity was visibly reduced in FOXD2-ASI-
overexpressing cells upon STAT3 silencing (10x; scale bar = 50 um). (D) Quantitative analysis of ALP activity confirmed
a significant decrease. Data are presented as the mean + SD (n = 3 independent experiments). Data were analyzed by
Student’s t-test. (E,F) The expression of key osteogenic markers (RUNX2, OCN, ALP) was downregulated at the (E)
transcriptional and (F) protein levels in STAT3-deficient cells, even in the presence of FOXD2-ASI overexpression. All
quantitative data represent the mean + SD from three independent experiments (n = 3). Data were analyzed by one-way
ANOVA. Abbreviations: OE, FOXD2-AS1 overexpression

4 Discussion

Reduced bone mass and structural degradation are features of osteoporosis, a degenerative skeletal
condition that increases bone fragility and fracture risk [17]. Dysfunctional osteogenesis in H-BMSCs is a
key etiological factor in osteoporosis, driven by a failure to sustain normal bone formation [18,19]. Therefore,
elucidating the precise mechanisms governing osteogenic differentiation in mesenchymal stem cells provides
a crucial foundation for the development of more effective therapeutic strategies for osteoporosis.

FOXD2-ASI expression was assessed at multiple stages of differentiation (days 0, 3, 7, and 9). The
results revealed a dynamic increase in FOXD2-ASI levels, with peak expression observed on day 7. This
stage corresponds to the critical “commitment phase” of BMSC osteogenic differentiation, during which cells
become irreversibly directed toward the osteogenic lineage. Subsequent matrix mineralization at later stages
largely depends on events that occur during these early differentiation phases [20-23]. These observations
prompted us to hypothesize that FOXD2-AS1 acts as a key initiator of the osteogenic differentiation program.
Thus, day 7 was chosen as the representative time point for subsequent analyses. FOXD2-ASI overexpression
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markedly enhanced osteogenic differentiation, whereas its silencing produced the opposite effect. These
results identify FOXD2-ASI1 as a positive regulator of early osteoblastogenesis in H-BMSCs, supporting its
role in promoting osteogenic commitment and differentiation.

Previous studies have reported elevated FOXD2-ASI expression in osteoarthritis, where it promotes
chondrocyte proliferation and correlates positively with disease severity [24]. However, the role of FOXD2-
AS1 in cell differentiation remains poorly understood. To date, only a single study has reported that
FOXD2-AS1 overexpression promotes glioma stem cell proliferation while suppressing differentiation by
activating the TAF-1-mediated NOTCH signaling pathway [25]. This study broadens this understanding by
elucidating the role of FOXD2-ASI in regulating osteogenic differentiation.

Several IncRNAs critically modulate H-BMSC osteogenesis. IncRNA Ubr5 is a negative regulator
that, under weightlessness, suppresses proliferation, promotes apoptosis, and impedes osteogenic differ-
entiation [26]. In comparison, IncRNA SNHGI inhibits osteogenic differentiation by interacting with
HMGBI [27]. These findings highlight the critical regulatory roles of IncRNAs in H-BMSC osteogenesis.
Furthermore, compromised osteogenic potential in H-BMSCs is a well-established pathological mechanism
underlying primary osteoporosis [2,3]. Approaches to enhance osteogenic differentiation in H-BMSCs
represent a promising therapeutic strategy for osteoporosis. In this context, FOXD2-AS1 was identified as
a key regulator of early osteogenesis. Modulation of this pathway may therefore offer a viable approach to
alleviating the impaired bone-forming capacity characteristic of osteoporosis.

FOXD2-ASI has recently gained attention as a pivotal IncRNA, primarily recognized for its role as a
molecular sponge that sequesters miRNAs [28]. For example, some studies have reported elevated FOXD2-
ASI expression in multiple malignancies, where it enhances the invasive, migratory, and proliferative capacity
of cancer cells through these regulatory mechanisms [8,9]. Beyond miRNA regulation, FOXD2-ASI also
modulates various cellular processes through downstream signaling pathways. For example, it promotes
progression of non-small cell lung cancer (NSCLC) by activating the Wnt/p-catenin pathway [29]. At the
same time, EGRI-induced upregulation of FOXD2-AS1 enhances hepatocellular carcinoma progression by
epigenetically silencing DKKI and activating the same pathway [30]. Deficiency of FOXD2-AS1 promotes
Achilles tendon healing and ameliorates degeneration by activating the PI3K/AKT signaling pathway [31].
FOXD2-ASI1 acts as a “destroyer” in many cancers, where it promotes tumorigenesis and disease progression.
In comparison, within the context of osteogenesis, it assumes a “builder” role by actively facilitating cellular
differentiation. These observations highlight the multifaceted regulatory capacity of FOXD2-AS1 and provide
the impetus for our investigation into the mechanisms governing its function in osteogenic differentiation.

A key objective of this study was to identify the downstream signaling pathways through which FOXD2-
AS] regulates osteogenesis in H-BMSCs. Several canonical pathways, including BMP/Smad, Hedgehog,
Notch, Wnt/p-catenin, and MAPK, are well recognized as central regulators of H-BMSC differentia-
tion [32-35]. Identifying the precise molecular pathway by which FOXD2-ASI exerts its functional effects
remains a crucial objective. The JAK2/STAT3 pathway is increasingly recognized as a central mediator
of H-BMSC differentiation into the osteoblastic lineage [36,37]. The JAK2/STAT3 signaling pathway is a
well-documented conduit for various IncRNAs that regulate critical oncogenic processes, including tumour
migration, cell proliferation, and differentiation [38-40]. These findings support a model in which a FOXD2-
AS1/JAK2/STAT3 regulatory axis governs early osteogenic fate commitment in mesenchymal stem cells. The
central premise is that FOXD2-AS1 promotes osteogenesis by modulating the JAK2/STAT3 pathway. This was
substantiated through gain and loss-of-function experiments, together with pharmacological inhibition and
genetic knockdown-based rescue assays, which demonstrated that activation of the JAK2/STAT3 pathway
is the primary mechanism by which FOXD2-AS1 drives early osteogenic differentiation. Our results further
identify the FOXD2-AS1/JAK2/STAT3 axis as a critical interface between non-coding RNA regulation and
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canonical signaling pathways in the control of bone metabolism. Therefore, this axis is fundamental to
understanding defective bone formation in osteoporosis and represents a highly promising therapeutic
target. Augmenting its activity provides a direct strategy to enhance bone formation and supports the
development of novel bone-anabolic therapies.

Despite this promise, substantial challenges persist, particularly regarding in vivo stability, efficient
targeted delivery, and precise regulatory control of IncRNA-based therapeutics. Overcoming these obstacles
will be a central objective of future translational research and will ultimately determine their clinical viability.
With continued investigation, FOXD2-AS1 may emerge as a meaningful therapeutic target and provide a
basis for developing new treatment strategies for osteoporosis.

5 Conclusion

This study outlines a mechanistic framework in which the IncRNA FOXD2-ASl facilitates early stages of
osteoblastic differentiation in H-BMSCs by modulating the JAK2/STAT3 signalling pathway. Modulation of
FOXD2-AS], therefore, represents a potentially effective strategy to enhance osteogenesis, although further
in vivo studies are required to validate its therapeutic applicability. Targeting IncRNAs to enhance the
osteogenic capacity of H-BMSCs is a promising approach for developing novel therapeutic interventions
for osteoporosis.
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