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Role of AOX1 on RXR signaling
regulates osteoblastogenesis
in hPDLMSCs

Shiwei Sun & Takanori lwata™

Alveolar bone loss resulting from periodontal disease ultimately leads to tooth loss. Periodontal
ligament mesenchymal stem cells (PDLMSCs) are the tissue-specific cells responsible for maintaining
and repairing the periodontal ligament, cementum, and alveolar bone. In this study, we explored the
role of aldehyde oxidase 1 (AOX1) in regulating the osteoinduction of human periodontal ligament
stem cells ("\PDLMSCs). hPDLMSCs were isolated from clinically healthy donors, and AOX1 expression
was assessed by comparing inducted and non-inducted hPDLMSCs. Remarkably, we observed a
significant upregulation of AOX1 expression during osteoinduction, while AOX1 silencing resulted in
the enhanced osteogenic potential of hPDLMSCs. Subsequent experiments and analysis unveiled the
involvement of retinoid X receptor (RXR) signaling in the inhibition of osteogenesis in hPDLMSCs.
Ligands targeting the RXR receptor mirrored the effects of AOX1 on osteogenesis, as evidenced

by alterations in alkaline phosphatase (ALP) activity and bone formation levels. Collectively, these
findings underscore the potential regulatory role of AOX1 via RXR signaling in the osteogenesis

of hPDLMSCs. This elucidation is pivotal for advancing hPDLMSC-based periodontal regeneration
strategies and lays the groundwork for the development of targeted therapeutic interventions aimed
at enhancing bone formation in the context of periodontal disease.

Periodontitis is a chronic inflammatory disease affecting the supporting tissues of the teeth, including the gums,
periodontal ligament, and alveolar bone. Traditional treatment approaches focus on controlling the infection
and inflammation through mechanical debridement and antimicrobial therapy. However, these approaches
may not always fully restore the damaged tissues'. Regenerative therapies aim to promote the regeneration of
lost periodontal tissues, including the periodontal ligament, cementum, and alveolar bone. These approaches
involve the use of various biomaterials, growth factors, and stem cells to stimulate tissue repair and regeneration.
Mesenchymal stem cells (MSCs) derived from sources such as the bone marrow, adipose tissue, or periodontal
ligament have shown promise in periodontal regeneration due to their ability to differentiate into various cell
types involved in tissue repair®*.

As a type of MSCs found within the periodontal ligament, PDLMSCs play a crucial role in maintaining the
health and integrity of the periodontium, which includes the periodontal ligament, cementum, alveolar bone,
and gingiva*®. One of the key functions of PDLMSC:s is their potential for osteogenesis, which is the process
of forming bone tissue. PDLMSCs have the capacity to differentiate into osteoblasts, the cells responsible for
bone formation by secreting collagen and other proteins that form the organic matrix of bone, subsequently
facilitating the mineralization process’. These functions of PDLMSCs indicate their roles in maintaining peri-
odontal homeostasis or managing periodontal disease. And this differentiation process is regulated by various
signaling pathways and molecular factors®®. This prompts researchers to investigate potential pathways that can
be modulated exogenously to augment the osteogenic capacity of target cells.

Recent studies have emphasized the connection between osteogenesis and aldehyde oxidase 1 (AOX1), an
enzyme belonging to the molybdenum-containing hydroxylase family. AOX1 is an enzyme involved in the
metabolism of various compounds, which plays a role in the conversion of aldehyde into carboxylic acid, there-
fore taking part in many pathways including retinol metabolism, serotonin metabolism, purine metabolism, etc.'
And some of the pathways, such as retinol'*'? and serotonin!® pathway, have reported to be associated with the
osteogenesis and/or adipogenesis of MSCs. AOX1’s relevance in mesenchymal stem cells has garnered attention
in current researches, indicating its potential in osteoblastic genes upregulation and alkaline phosphatase (ALP)
activity enhancement!*!°. These studies found that by inhibiting AOX1 expression by shRNA, osteogenesis or
adipogenesis of bone marrow mesenchymal stem cells (BMMSCs) are significantly regulated.
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Based on prior research findings, an inquiry arises regarding the potential involvement of AOX1 in hPDLM-
SCs osteogenesis and its underlying mechanism. In this study, based on previous results about AOX1’s potential
functions and our RNA-sequencing data of hPDLMSCs, we aimed to experimentally investigate the role of AOX1
in hPDLMSCs osteogenesis and identify possible pathways responsible for its functions.

Results
AOXz expression upregulates in hPDLMSCs osteoinduction
Our RNA-sequencing data'® showed three times increase in AOX1 expression after the transition to osteo-
inductive medium over a four-day period. To substantiate these findings, we conducted real-time reverse tran-
scription—polymerase chain reaction (RT-PCR) assays to assess mRNA fold changes in hPDLMSC:s after 5 days
of induction. Given that our osteoinduction medium incorporates dexamethasone, a potent hormone with broad
influence on cellular pathways, mRNA from both AOX1 and the reference gene (ACTB) was extracted from
cells cultured in a standard medium as well as various osteo-inductive medium to delineate dexamethasone’s
impact. Subsequent rt-PCR analysis demonstrated about two times increase in AOX1 expression following
osteoinduction (Fig. 1A).

Despite observed further enhancements in alkaline phosphatase (ALP) activity upon supplementation with
B-glycerophosphate (BGP) and dexamethasone (Dex), the AOX1 fold changes across induction groups remained
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Figure 1. AOX1 expression under osteo-induction medium and AOX1 knockdownss effects on ALP activity.
Cells were cultivated in basic medium consisting of alpha-minimum essential medium (a-MEM; Thermo Fisher
Scientific) supplemented with 10% fetal bovine serum (FBS; Thermo Fisher Scientific), 100 U ml™ penicillin
and 100 ug ml™ streptomycin (P/S; Thermo Fisher Scientific). Transfections were done 1 day after seeding.
And osteoinduction started 2 days after seeding. *P <0.05, **P <0.01, ***P <0.001, ****P <0.0001; by Brown-
Forsythe and Welch ANOVA test (A), two-way ANOVA test (C) and student’s ¢-test (D). (A) AOX1 expression
under different osteo-induction medium with ascorbic acid (AA), with or without p-glycerophosphate (bGP)
and dexamethasone (Dex). (B) Knockdown efficiency of different siRNA product targeting AOX1. (C) Impact
of AOX1 knockdown to ALP activity in PDLMSC. (D) Osteogenic genes expression changes under AOX1
knockdown by siRNA. Neg Ctrl Silencer” Select negative control #1 siRNA, ABD osteoinduction with ascorbic
acid, p-glycerophosphate and dexamethasone.
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nonsignificant. This suggests that the upregulation of AOX1 was not closely associated with the addition of PGP
and dexamethasone, but rather may be more closely linked to the presence of ascorbic acid as an osteo-inductive
component.

siRNA-Mediated knockdown of AOX1 enhances ALP activity and osteogenic gene expression
To elucidate the role of AOX1 in osteoinduction process of hPDLMSCs, small interfering RNA (siRNA) technol-
ogy was employed to suppress AOX1 expression. A preliminary investigation was conducted to determine the
optimal siRNA concentration for efficient knockdown, in accordance with the manufacturer’s recommenda-
tions. Experimental findings demonstrated a robust suppression of AOX1 expression after siRNA transfection,
with both s33 and s34 siRNA variants exhibiting satisfactory knockdown efficiencies. Concentrations as low as
10 nM yielded approximately 95% inhibition of AOX1 expression (Fig. 1B). Considering the superior stability of
knockdown achieved by s33 within the tested concentration range, it was selected for subsequent experimental
investigations. This approach enabled the establishment of a reliable model for assessing the functional signifi-
cance of AOX1 in hPDLMSC osteoinduction, providing a foundation for further mechanistic elucidation of its
role in bone regeneration processes.

Next, the impact of siRNA-mediated AOX1 knockdown on ALP activity in hPDLMSCs was assessed. Remark-
ably, irrespective of osteo-inductive conditions employed, AOX1 knockdown alone significantly upregulated the
ALP activity of hPDLMSC:s (Fig. 1C). Intriguingly, consistent with the observations regarding AOX1 expression
under various osteo-inductive conditions, the addition or omission of PGP and dexamethasone didn’t alter the
pattern of AOX1 knockdown effects on ALP activity.

The function of AOX1 in the osteogenesis of hPDLMSCs was further validated by PCR analysis of osteogenic-
related genes. The results demonstrated that the expression levels of RUNX2, ALPL, and COL1A1 were signifi-
cantly upregulated following the knockdown of AOX1 via siRNA (Fig. 1D).

While osteo-inductive stimuli led to an upregulation in the expression of AOX1, its silencing enhanced
ALP activity. This observation raises the hypothesis that AOX1 may regulate the osteogenic differentiation of
hPDLMSC:s in a negative feedback manner, suggesting a nuanced interplay between AOX1 expression and ALP
activity in the context of hPDLMSCs.

Retinaldehyde exhibits a close relationship with AOX1’s inhibitory effect

AOX1 has broad substrate specificity, contributing to various pathways. To gain deeper insights into the mecha-
nisms underlying AOX1-mediated inhibition of osteogenesis in hPDLMSCs, an extensive investigation was
undertaken to identify the pathways in which AOX1 is implicated and could be related to the osteogenic process.
Among all direct substrates for AOX1, retinaldehyde and hydroxyindoleacetaldehyde (a metabolite of retinol
and serotonin metabolism) emerged as particularly promising candidates. Previous research has indicated their
close association with the osteogenesis or adipogenesis of MSCs"! 1.

To explore how AOX1 functions in hPDLMSCs osteoinduction, retinaldehyde (all trans-retinaldehyde, R2500,
Sigma-Aldrich), retinoic acid (retinoic acid, R2625, Sigma-Aldrich), and serotonin (serotonin hydrochloride,
H9523, Sigma-Aldrich) were selected as potential substrates for AOX1. Experimental findings revealed that all
three substrates could inhibit ALP activity at physiological concentration (Fig. 2A-C). Considering that AOX1
knockout may prevent the metabolism of these substrates, the observed inhibitory effect of retinal, retinoic acid,
and serotonin on ALP activity in hPDLMSCs suggests their involvement in mediating AOX1’s inhibitory effect
on osteogenesis, underscores the sophisticated interplay between AOXI1 activity and the metabolic pathways
regulated by its substrates.

Subsequent experiments investigated the interplay between all three substrates—retinaldehyde, retinoic
acid, and serotonin—and siRNA targeting AOXI1 (Fig. 2D-F). 5 nM retinal, 5 nM ATRA, or 100 pM serotonin
were added separately into the osteoinduction medium (ascorbic acid only). Interestingly, as the substrate and
product of AOX1, retinaldehyde and retinoic acid yielded contrasting outcomes. While the inhibitory effect of
retinaldehyde on ALP activity could be entirely reversed by AOX1 siRNA, retinoic acid’s effect remained unaf-
fected by siRNA intervention.

In contrast, the inhibitory effect of serotonin on ALP activity could be partially mitigated by AOX1 siRNA.
Considering that siRNA yielded about 95% inhibition of AOX1 expression, the observed partial mitigation
does not conclusively establish a direct causal relationship between serotonin and AOX1’s inhibitory effect.
Consequently, our subsequent experimental endeavors primarily focused on retinaldehyde metabolism and its
potential role in mediating AOX1’s inhibitory effect on osteogenesis.

RXR receptor demonstrates a strong correlation with AOX1 catalyzed retinaldehyde inhibi-
tory effect

Considering AOX1’s enzymatic role in catalyzing the oxidation of retinaldehyde into retinoic acid, the contrasting
responses of these substrates hint at retinol metabolism stand as a possible answer for AOX1’s inhibitory effect
on osteogenesis. And this highlighted the need for further elucidation of the molecular mechanisms underlying
this regulatory pathway. In search of receptors related to retinaldehyde and retinoic acid, we searched online
database'® combined with recently published papers'”!%. Two notable receptors for retinoic acid, retinoic acid
receptor (RAR) and retinoid X receptor (RXR) have been implicated in the osteogenesis or adipogenesis of
hMSCs. Research focusing on these two proteins has yielded diverse findings concerning their impact on osteo-
genesis and adipogenesis'*'. Leveraging insights from previous studies, popular agonists and antagonists of RAR
and RXR were selected to examine their impact on the osteoinduction of hPDLMSCs. Within the concentration
used in previous researches'”?, LG100268 (RXR agonist) (SML0279, Sigma-Aldrich) and AGN194310 (RAR
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Figure 2. Impact of different substrates on ALP activity and their interplay with siRNA of AOXI. Cells

were cultivated in basic medium consisting of alpha-minimum essential medium (a-MEM; Thermo Fisher
Scientific) supplemented with 10% fetal bovine serum (FBS; Thermo Fisher Scientific), 100 U ml™ penicillin
and 100 ug ml™ streptomycin (P/S; Thermo Fisher Scientific). Transfections were done 1 day after seeding.
And osteoinduction started 2 days after seeding with the addition of 5 nM retinal, 5 nM ATRA or 100 uM
serotonin. *P <0.05, **P <0.01, ***P <0.001, ****P <0.0001; by two-way ANOVA test (A-C) and Brown-
Forsythe and Welch ANOVA test (D-F). (A-C) Impact of retinal, retinoic acid (ATRA) and serotonin on
ALP activity of PDLMSCs. (D-F) Interaction of retinal, ATRA and serotonin with siRNA of AOX1 on ALP
activity of PDLMSCs (osteoinduction medium is ascorbic acid only). ABD osteoinduction with ascorbic acid,
B-glycerophosphate and dexamethasone.

antagonist) (SML2665, Sigma-Aldrich) exhibited inhibitory effects on ALP activity. Conversely, HX531 (RXR
antagonist) (SML2170, Sigma-Aldrich) showed contrasting results (Fig. 3A-C).

The comparative analysis between RAR and RXR ligands’ osteogenic impacts revealed striking similarities
in HX531’s (RXR antagonist) effects with siRNA targeting AOX1 on hPDLMSCs. As RXR receptor inhibition
elicited a comparable osteogenic response to AOX1 knockdown, suggesting a potential functional convergence
between RXR signaling and AOX1-mediated pathways in regulating hPDLMSCs osteogenesis. In contrast, the
retinoic acid receptor (RAR) antagonist AGN194310 yielded divergent outcomes, exhibiting a suppressive effect
on ALP activity and downregulating osteogenesis in hPDLMSCs.

This disparity in the effects of RXR and RAR receptor inhibition underscores the regulatory mechanisms
of retinoic acid signaling in the context of osteogenic differentiation. In light of our findings implicating RXR
signaling in negatively modulating osteogenesis, subsequent experimental investigations were directed toward
elucidating the interplay between RXR and AOXI. This focused exploration aims to unravel the crosstalk between
RXR-mediated signaling pathways and AOX1 function, thereby providing deeper insights into the regulatory
networks governing hPDLMSCs osteogenesis.

ALP assay results revealed that both LG268 and HX531 attenuated the effect of siRNA targeting AOX1
(Fig. 3D, E). 100 nM LG268 or 5 nM HX531 were added separately into the osteoinduction medium (ascorbic
acid only). Intriguingly, the introduction of siRNA targeting AOX1 failed to elicit a significant upregulation in
ALP activity of hPDLMSCs in the presence of RXR ligands.

These interesting findings shed light on the potential regulatory role of AOX1 in hPDLMSC osteogenesis
within the context of RXR-mediated signaling pathways. The observed attenuation of AOX1-mediated effects
in the presence of RXR antagonists suggests a functional interplay between AOX1 and RXR signaling cascades
in modulating hPDLMSCs osteogenic differentiation.

Alizarin red and oil red O staining results of PDLMSCs

To comprehensively evaluate the osteo-inductive effects of siRNA targeting AOX1 and RXR ligands (HX531 and
LG100268), we conducted alizarin red staining and oil red O staining. In alizarin red staining, both HX531 and
siRNA demonstrated noticeably stronger staining results compared to control groups (Fig. 4A, B). After 14 day
induction, the difference between siRNA group and control group seems more significant comparing with ALP
assay results at day 5. These staining results compellingly confirmed the inhibitory effects of AOX1 and RXR
pathway inhibition on osteogenic differentiation in hPDLMSCs. Importantly, the observed enhancement in
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Figure 3. Impact of different RXR and RAR ligands on ALP activity and their interplay with siRNA of AOX1.
Cells were cultivated in basic medium consisting of alpha-minimum essential medium (a-MEM; Thermo Fisher
Scientific) supplemented with 10% fetal bovine serum (FBS; Thermo Fisher Scientific), 100 U ml™! penicillin
and 100 pg ml™ streptomycin (P/S; Thermo Fisher Scientific). Transfections were done 1 day after seeding.

And osteoinduction started 2 days after seeding with the addition of 100 nM LG268 or 5 nM HX531. *P <0.05,
**P <0.01, **P <0.001, ***P <0.0001; by two-way ANOVA test (A-C) and Brown-Forsythe and Welch
ANOVA test (D-E). (A-C) LG100268, HX531 and AGN194310’s effects on ALP activity of PDLMSCs. (D-E)
RXR ligands’ cross reaction with siRNA of AOX1 on ALP activity of PDLMSCs (osteoinduction medium is
ascorbic acid only). ABD osteoinduction with ascorbic acid, -glycerophosphate and dexamethasone.

calcium accumulation, as evidenced by the intensified staining, occurred without compromising the viability
of hPDLMSCs. This unequivocally supports the notion that AOX1-mediated activation of the RXR signaling
pathway exerts inhibitory effects on osteogenic differentiation in hPDLMSCs, as hypothesized.

In the oil red O staining assay, it was observed that the LG100268 group exhibited relatively stronger stain-
ing results. However, the control group, HX531 group, and siAOX1 group exhibited similarly weak staining
results, making it difficult to discern any significant differences between these groups (Fig. 4C). However, the
differences between the staining intensities were not deemed significantly notable, likely due to the overall
modest lipid accumulation observed in hPDLMSCs. This observation is evident when considering the staining
intensity in the control group, which was relatively weak. Despite the visible enhancement in staining intensity
in the LG100268 group, the overall lipid accumulation in hPDLMSCs appeared to be relatively limited across
all experimental conditions.

Discussion

Periodontitis is a chronic inflammatory condition that leads to the destruction of the supporting structures of
the teeth, including the periodontal ligament and alveolar bone. A key feature of periodontitis is bone resorption,
where the inflammatory process triggers the breakdown of bone tissue, resulting in tooth instability and poten-
tial loss. To counteract this destructive process, bone regeneration is essential, and one promising approach is
through regenerative therapy. This involves the use of various techniques and materials to promote the formation
of new bone. Central to bone regeneration is the differentiation of MSCs into osteoblasts, the cells responsible
for new bone formation. By enhancing osteoblastogenesis, regenerative therapies aim to restore the lost bone
and improve periodontal health, offering a potential solution for patients suffering from the detrimental effects
of periodontitis.

Recently, researches about AOX1’s function in MSCs came out, suggesting its function in the regulation and
induction of MSCs towards osteogenesis and adipogenesis. Firstly, recent bioinformatic analysis suggested its
potential in osteogenic differentiation in hMSCs, and identified AOX1 as a potential regulator of osteogenic
differentiation in bone marrow-derived mesenchymal stem cells (BMSCs)*. Furthermore, research in hMSCs
revealed that AOX1 silencing induced by miR-513a-5p enhances osteogenic proliferation and differentiation'.

Our experimental findings elucidate the involvement of AOX1 in the osteogenic differentiation of hPDLM-
SCs through the retinoic acid-retinoid X receptor (RA-RXR) pathway. Initially, AOX1 catalyzes the oxidation
of retinaldehyde into retinoic acid, a pivotal product with significant implications in MSCs researches. While
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Figure 4. Alizarin red staining and oil red O staining results of siRNA and RXR ligands in PDLMSCs. (A)
siRNA’s impact on alizarin red staining results of PDLMSCs. (B) RXR ligand’s impact on alizarin red staining
results of PDLMSCs. (C) RXR ligand’s impact on oil red O staining results of PDLMSCs. (D) Mechanism of
AOXT’s inhibition to the osteo-induction of PDLMSCs.

retinaldehyde has wide functions in cell differentiation like neurogenesis®, it also serves as the chromophore
of rod and cone visual pigments®. In our research, we mainly focused on its effects in osteogenesis. Also, the
functional role of retinoic acid in MSCs remains a subject of considerable debate, characterized by divergent
findings across different studies, particularly concerning its effects on osteogenesis and adipogenesis*>?°.

According to our observations, retinoic acid demonstrates a negative impact on osteogenic differentiation
in hPDLMSCs. Subsequent experiments aimed at elucidating the specific receptor-mediated signaling pathways
involved revealed that, between the two receptors—RAR and RXR—RXR receptor is predominantly associated
with the inhibitory effects exerted by retinoic acid. Suggesting a plausible pathway wherein retinoic acid, oxi-
dized by AOX1*%, binds to RXR receptors to suppress osteogenesis in hPDLMSCs (Fig. 4D). This novel insight
underscores the complexity of the molecular mechanisms governing bone formation processes and highlights
the need for further elucidation of the regulatory interactions between AOX1 and RXR-mediated pathways. Such
endeavors hold promise for advancing our understanding of periodontal tissue regeneration and may pave the
way for the development of targeted therapeutic strategies aimed at enhancing bone formation and regeneration
in periodontal disease contexts. Our results are in accordance with previous research about AOX1’s function in
BMSCs!*!5, that AOX1 inhibition leads to enhancement of osteogenesis. As for RXR signaling, there wasn't much
study about its relation with osteogenesis. However, some researches reported that RXR signaling is related to
the adipogenesis of MSCs**°.

In some studies, RXR activation has been shown to direct mesenchymal stem cells toward an adipogenic
lineage'®?!. However, our experiments yielded different results. The administration of LG100268 did induce
some lipid accumulation in hPDLMSCs, but the overall magnitude of this effect was modest. Additionally, the
weak staining intensity observed in the control group suggests that the current adipogenic induction medium
may not be fully optimized. Further investigation is warranted to elucidate the specific mechanisms underlying
lipid metabolism in hPDLMSCs and to understand the potential implications of RXR pathway modulation on
this process.

In this experimental setup, we explored the osteogenic outcomes of two osteoinduction media formula-
tions. Alongside the standard formulation comprising ascorbic acid, BGP and dexamethasone®, a simplified
formula containing solely ascorbic acid was employed. Initially, this comparative approach aimed to elucidate
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the individual contributions of each component to the upregulation of AOX1. Subsequent PCR analysis revealed
no significant differences in AOX1 expression levels between the osteo-inductive groups, mitigated any poten-
tial confounding effects arising from PGP and dexamethasone, such as proliferation, apoptosis, and tissue
remodeling®**.

Encouragingly, our subsequent experiments using both osteoinduction formulas yielded consistent results,
as evidenced by the congruent patterns observed in the data (Supplementary Figs. S1, S2). This internal con-
sistency provided robust justification for excluding the potential influence of PGP and dexamethasone on our
experimental outcomes, thus suggesting specific effects of ascorbic acid on AOX1 expression and osteogenic
differentiation in our model system. As there is no previous research reporting the relationship between AOX1
and ascorbic acid, the underlying mechanism remains unclear and warrants further investigation.

Ascorbic acid, commonly known as vitamin C, plays a crucial role in osteogenesis®. It acts as a cofactor for
the enzyme prolyl hydroxylase, which catalyzes the hydroxylation of proline residues in procollagen, a precursor
to collagen®. Moreover, ascorbic acid plays a pivotal role in the regulation of osteoblast differentiation and func-
tion. Research has demonstrated that ascorbic acid augments the expression of genes critical for osteogenesis,
such as alkaline phosphatase and osteocalcin. Recent investigations have further elucidated its involvement in
epigenetically orchestrating osteogenic differentiation and function®.

Ascorbic acid-induced AOX1 upregulation may also be linked to these multifaceted functions of ascorbic acid
in osteogenesis, particularly its involvement in epigenetic regulation of osteogenic genes by modulating chroma-
tin structure and transcriptional activity. This suggests a potential mechanism through which AOX1 upregulation
in hPDLMSCs may be linked to the epigenetic control of osteogenic gene expression by ascorbic acid.

Further investigations into these aspects could yield valuable insights into the regulatory mechanisms and
functional significance of AOX1 in hPDLMSCs. By elucidating the interplay between AOX1, ascorbic acid-
mediated epigenetic regulation, and osteogenic gene expression, we may uncover novel targets in AOX1/RXR
pathway for bone tissue regeneration and repair. Ultimately, such insights could inform the development of
targeted therapeutic strategies aimed at enhancing bone regeneration and accelerating the healing process in
various clinical contexts.

Conclusion

In summary, this study highlights the potential therapeutic application of PDLMSCs in the treatment of peri-
odontal diseases. Our findings demonstrate that AOX1 expression in PDLMSCs can enhance the RXR pathway,
thereby inhibiting osteogenesis. This pathway could be leveraged in PDLMSC-based products for clinical treat-
ment. Further research is needed to elucidate the mechanisms behind AOX1 upregulation in osteoinductive
environments, as well as the role of ascorbic acid in this regulation. This may enhance our understanding of
AOXT’s role in PDLMSC osteogenesis and further improve PDLMSC-based products.

Methods

Cell culture

This study was conducted in accordance with the principles expressed in the Declaration of Helsinki. It received
approval from the Institutional Review Board of Tokyo Medical and Dental University Human Subjects Research
(D2020-077). All patients or their guardians were fully informed about the study’s purpose and procedures,
and provided written consent for the donation of their teeth and their subsequent use in this research project.
hPDLMSCs were isolated from healthy patients as previously reported* and were cultured in each T-225 flask
with a density of 1 x 10° cells. A basic medium consisting of alpha-minimum essential medium (a-MEM; Thermo
Fisher Scientific) supplemented with 10% fetal bovine serum (FBS; Thermo Fisher Scientific), 100 U ml™! peni-
cillin and 100 pg ml™" streptomycin (P/S; Thermo Fisher Scientific), was utilized for APDLMSCs maintenance.
Weekly cell passaging was followed. Cells were detached with 0.25% Trypsin—-EDTA (Thermo Fisher Scientific)
and then re-seeded in a new T-225 flask. Medium change was performed every 3 days. Data shown in this study
was from one cell line of one patient, and the reproducibility was confirmed with two other cell lines of two
other patients.

Differentiation assay

In osteogenesis studies, 15,000 cells were initially plated in 12-well plates and cultured for 2 days, following a
previously established protocol. Subsequently, the medium was switched to a calcification medium, comprising
complete medium supplemented with 100 M ascorbic acid, 10 mM B-glycerophosphate (BGP), and 10 nM dexa-
methasone (Dex) (osteo-inductive medium)'?, and maintained for an additional 14 days. Additional reagents,
such as retinal, ATRA, or serotonin, as well as ligands like LG268, HX531, or AGN194310, were incorporated
into the osteoinduction medium starting from the first day of induction. The medium was subsequently changed
every three days. The resulting cell cultures were then subjected to staining with a 1% alizarin red solution. All
experiments were done with biological triplicates.

In adipogenesis experiments, 15,000 cells were initially plated in 12-well plates and cultured for 2 days.
Subsequently, the medium was changed to adipogenetic medium, comprising complete medium supplemented
with 100 nM DEX, 0.5 mM isobutyl-1-methyl xanthine (Sigma-Aldrich), and 50 mM indomethacin (Wako
Pure Chemical), and maintained for an additional 21 days. The resulting adipogenetic cultures were fixed with
4% paraformaldehyde and stained with a fresh oil red O solution. All experiments were done with biological
triplicates.
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Isolation of RNA and polymerase chain reaction (PCR)
Total RNA extraction was carried out using a QIA shredder and RNeasy mini kit (Qiagen, Valencia, CA, USA)
following the manufacturer’s instructions. Subsequently, cDNA was synthesized from 500 ng of the total RNA
using the Superscript VILO cDNA synthesis kit (Invitrogen). f-actin was selected as the internal control gene.
For quantitative analysis of mRNA expression levels, real-time PCR (QuantStudio 3 real-time pcr system,
Applied Biosystems) was performed using sequence-specific primers. The primers used included aldehyde
oxidase 1 (AOX1, Hs00154079_m1), Runt-related transcription factor 2 (RUNX2, Hs01047973_m1), alkaline
phosphatase (ALPL, Hs01029144), collagen type I alpha 1 (COL1A1, Hs00164004_m1) and B-actin (ACTB,
Hs99999903_m1). All samples were analyzed in biological triplicates and technical duplicates. The mRNA expres-
sion levels, relative to -actin, were determined, and in some cases, fold changes were calculated using the values
obtained through the 2722 method at each time point®’.

Transfection of small interfering RNA (siRNA)

Pre-designed siRNAs (Silencer” Select Predesigned siRNA) (Thermo Fisher Scientific) for AOX1 (s33 and s34;
4,427,038) were utilized to facilitate the knockdown of the target gene expression. Concurrently, a non-targeting
control (Neg Ctrl) (Silencer” Select Negative Control #1 siRNA; 4390843) was employed to assess the impact
of gene silencing. Prior to experimentation, the siRNAs were reconstituted in RNase-free water following the
manufacturer’s instructions. After siRNA performance test, all later transfection experiments were performed
under the concentration of 10 nM. All experiments were done one day after seeding with biological triplicates.

Alkaline phosphatase (ALP) activity

Cells were plated into a 96-well plate at a density of 1 x 10* cells/well. The cells were cultured in complete medium
for 48 h, after which the medium was changed to complete medium with or without osteo-inductive supplements.
If siRNA transfection was done before, medium without antibiotics was used. All experiments were done with
biological triplicates. Following an additional 5 day culture period, cells were washed once with PBS, and the
alkaline phosphatase (ALP) activity of the cells was assessed using lab assay ALP (Wako Pure Chemical). The
enzyme activity was measured optically at a wavelength of 405 nM using a microplate reader (SpectraMax ABS
Plus, Molecular Devices, Sunnyvale, CA).

Data analysis

All experiments were conducted in triplicate, and means along with standard deviations (SD) were calculated. A
normality test was performed to assess the distribution of the samples. Mean differences were analyzed using the
independent two-tailed student’s t-test between two groups and ANOVA between three or more groups using
GraphPad Prism version 10.0.0 for Windows (GraphPad Software, Boston, Massachusetts USA). A significance
level of less than 0.05 (P <0.05) was considered statistically significant.

Data availability

Data and materials supporting the findings of this study are available in the article and its Supplementary Figures.
The RNA-seq datasets mentioned in this study have been deposited in the DNA Data Bank of Japan (DDB]J)
Sequence Read Archive (DRA) under accession number DRA003917.
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