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Abstract

Osteoporosis is a silent systemic disease that causes bone deterioration, and affects over 10 million
people in the US alone. This study was undertaken to develop a potential stem cell therapy for
osteoporosis. We have isolated and expanded human dental pulp-derived stem cells (DPSCs),
characterized them, and confirmed their multipotential differentiation abilities. Stem cells often
remain quiescent and require activation to differentiate and function. Herein, we show that
ferutinin activates DPSCs by modulating the Wnt/p-catenin signaling pathway and key osteoblast-
secreted proteins osteocalcin and collagen 1Al both mRNA and protein levels. To confirm that
ferutinin modulates the Wnt pathway, we inhibited glycogen synthase kinase 3 (GSK3) and found
that protein expression patterns were similar to those found in ferutinin-treated DPSCs. To
evaluate the role of ferutinin in epigenetic regulation of canonical Wnt signaling, the pathway
molecules Wnt3a and DvI3 were analyzed using chromatin immunoprecipitation (ChIP)-
quantitative PCR approaches. We confirmed that active marks of both H3K9 acetylation and H3K4
trimethylation were significantly enhanced in the promoter sites of the WNT73A and DVL 3 genes
in DPSCs after addition of ferutinin. These data provide evidence that ferutinin activates and
promotes osteogenic differentiation of DPSCs, and could be used as an inducer as a potentially
effective stem cell therapy for osteoporosis.
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1. Introduction

Osteoporosis is a silent systemic skeletal disease of progressive bone loss that each year
causes 9 million fractures worldwide [1, 2] and about 1.5 million fractures in the United
States [3]. In the US alone, over 10 million people aged 50 or older suffer from osteoporosis
and an additional 43 million have low bone mass that may progress into osteoporosis [4].
The incidence of osteoporosis is roughly twice greater in women than in men [5]. A number
of environmental, endocrine, and genetic factors contribute to the development of
osteoporosis [6]. Other contributing factors include nutritional deficiencies, smoking, lack of
exercise, and the presence of other diseases or medications [7]. Several treatment options for
osteoporosis exist currently, including calcium and vitamin D supplements as preventative
measures [6], bisphosphonates as the first line of therapy [8], and other hormonal and
biologic treatments.

Under normal physiologic conditions, bone undergoes a constant process of remodeling
whereby it is simultaneously resorbed and deposited by osteoclasts and osteoblasts,
respectively [17]. Osteoporosis results from excessive resorption by osteoclasts coupled with
inadequate osteoblast activity that is insufficient to properly restore bone [18], leading to
structural alterations and reduction in BMD. Osteoblasts are derived from mesenchymal
precursors and osteoclasts are derived from myeloid cells. Dental pulp stem cells (DPSCs)
are mesenchymal in nature, retain self-renewal and mutipotential capacity, and are capable
of mediating tissue regeneration [19, 20]. These cells have been shown to maintain their
“stemness” without changes in either morphology or expression of stem cell markers over
time in culture [21]. DPSCs have been used to regenerate lost dental pulp as well as dentin
[22]. The potential of DPSCs for bone tissue engineering has been demonstrated both /n
vitroand in vivo [23, 24]. Osteogenic differentiation has been enhanced by the addition of
bone morphogenetic protein (BMP)-2 [25] and by growth on various polymeric and biologic
scaffolds [26]. However, it is not well established how DPSC are regulated during
osteogenic differentiation.

Wnt signaling plays essential roles in cell proliferation and differentiation during
embryogenesis, post-natal development, and tissue homeostasis [27]. Wnt signaling is also
important for maintenance and expansion of stem cells [28, 29]. Moreover, it is important in
regulating the osteogenic process [30, 31], and its disruption is associated with several bone
diseases, including osteoporosis [32].

Ferutinin is a daucane phytoestrogen found in plants of the Feru/a genus which binds to both
isoforms of the estrogen receptor [33]. Ferutinin has been shown to prevent bone loss in rats
[34]. Furthermore, its efficacy in promoting the recovery of bone density following
ovariectomy-induced osteoporosis has also been demonstrated [35]. The molecular pathways
by which Ferutinin promotes osteogenesis have yet to be elucidated. Furthermore, its
potential therapeutic efficacy is currently unknown.
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This study was undertaken to develop an effective potential stem cell therapy using human
DPSCs for the treatment of osteoporosis. The pharmacological compound ferutinin was
tested to activate and promote osteogenesis in DPSCs. Furthermore, molecular pathways and
epigenetic mechanisms by which ferutinin promotes DPSC differentiation were evaluated.

2. Materials and Methods

2.1. DPSCisolation and expansion

Human dental pulp derived stem cells (DPSC) were isolated from discarded third molar
teeth, which were obtained after surgical extraction from a healthy adolescent donor with
prior approval from the Institutional Review Board (IRB) and consent from donor. Teeth
were thoroughly (at least 3 times) washed with phosphate buffered saline (PBS) containing
1% Penicillin-Streptomycin-Glutamine (PSG) (Gibco, Thermo Fisher, Waltham, MA). Teeth
were cut open to harvest the pulp, which was then minced into approximately 1 mm cubes
and plated onto 60 mm cell culture plates and cultured with alpha (o) Modified Eagle
Medium (MEM) (Gibco) with 20% FBS (Hyclone, Thermo Fisher, USA) and 1% PSG.
Fresh medium was added every third day of culture after removing old medium. Cells that
migrated from the pulp tissues and became confluent were collected by dissociation by
scraping and were re-cultured as passage 1 and maintained using the same medium. Cell
viability was determined using the trypan blue exclusion method. Experiments were
performed using cells between 3-7 passages.

2.2. Flow cytometry

Fluorescently labeled antibodies for cell surface markers included CD73, CD90, and CD105
(eBioscience, San Diego, CA), CD133 and CD34 (Miltenyi Biotec, San Diego, CA), IgG,
CD31, CD45R, CD14, CD11b, CXCR4, and MHC class Il (BD Biosciences, San Jose, CA).
Flow cytometry was carried out according to a previously described method [36]. The DPSC
aliquots were incubated at 4°C for more than 30 min in 2% FBS containing Hanks’ buffer,
each in presence of one of the aforementioned antibodies. After antibody staining, cells were
washed twice using 2% FBS containing Hanks’ buffer and fixed in 1% paraformaldehyde.
Flowcytometric analysis was performed by using a FACS Calibur analyzer machine (BD
Biosciences). Relevant isotype controls were also included for compensation setting. At least
20,000 events were acquired for each sample for analysis using CellQuest Pro software (BD
Biosciences).

2.3. Induced differentiation

The multi-differentiation potential of DPSCs was evaluated /7 vitro using mesenchymal
stem cell (MSC) differentiation kits (Millipore, Burlington, MA). Cells (passage 3) were
plated in 10 cm cell culture dishes and grown to confluency in @ MEM medium with 20%
FBS and 1% PSG before induced differentiation.

2.4. Alizarin red S staining

Alizarin red S staining was carried out according to a previously described procedure [37].
DPSCs were cultured in osteogenic induction medium (Millipore) consisting of basic growth
medium with 0.1 uM dexamethasone, 0.2 mM ascorbic 2-phosphate, and 10 mM glycerol 2-
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phosphate for 14 days on a 6-well collagen-coated plate. Medium was replaced every 3
day. After 14 days of differentiation, cells were subjected to Alizarin red S staining, which
stains calcified deposits produced by osteoblast cells and thus provides evidence of
osteogenic differentiation. For staining, cells were fixed with ice-cold 70% ethanol for 1 h at
room temperature. Ethanol was removed and cells were washed twice with water. Water was
aspirated and Alizarin red solution was added; cells were then incubated for 30 minutes in
the dye at room temperature. Cells were then washed 4 times with water and left in water to
avoid drying. Images were captured under a light microscope at various magnifications.

blue staining

Chondrogenic differentiation of hMSCs was accomplished by a modification of the protocol
outlined by Johnstone et al. [38]. In brief, aliquots of 250,000 DPSCs suspended in 0.5 mL
medium were distributed to 15 mL conical polypropylene centrifuge tubes (VWR, West
Chester, PA). The cells were centrifuged for 5 min at 600 g and pelleted at the bottom of the
tube, and cultured in serum-free chondrogenic medium (Millipore). Tubes were placed in an
incubator with caps loosened to permit gas exchange. The sedimented cells formed a
spherical mass at the bottom of the tube within 24 h. Medium was replaced three times per
week. Cell pellets were harvested by rinsing in D-PBS followed by fixation for 1 h in 4%
formaldehyde in D-PBS, made fresh. Samples were then transferred into 70% ethanol,
dehydrated in ethanol and xylene series, and paraffin-embedded. Sections of 5 pm were cut
through the center of each pellet. Sections were stained with Alcian blue stain and images
were captured with a light microscope.

2.6. Oil Red O staining

DPSCs were cultured in adipogenic induction medium (Millipore) for 14 days.
Differentiated cells produced lipid droplets that were subsequently stained using Oil Red O
dye. To stain cells, medium was removed and cells were washed 3 times for 5 minutes each
with 1X PBS. Cells were fixed in 4% paraformaldehyde for 10 minutes at room temperature.
The fixative was aspirated and the cells were washed 3 times for 5 minutes each with 1X
PBS, then washed twice with water. The water was aspirated and Oil Red O solution was
added; cells were incubated for 50 minutes at room temperature. The Oil Red O solution
was removed and cells were washed 3 times with water. Nuclei were stained with
hematoxylin solution for 3 minutes. Images were captured under a light microscope at
various magnifications.

2.7. Quantitative RT-PCR

Total RNA was isolated from DPSCs treated with ferutinin for 12, 24, and 48 h and from
vehicle-treated DPSCs using a TRIzol purification method (Thermo Fisher). Complementary
(c) DNA synthesized from the mRNA was used for quantitative PCR using a Bio-Rad
CFX96 Real-Time System. Primers for COL1A1, BGLAP (Osteocalcin), LRP6, DVL3,
GSK3B, CTNNBI (B-catenin), and GAPDH were purchased from Integrated DNA
Technologies (Coralville, 1A). Sequences are presented in Supplemental Table 11. Cq
measurements were obtained, and data are presented as fold difference of AACT values
corrected with GAPDH expression.
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2.8. Western blot

Whole cell lysates were obtained from DPSCs cultured under control conditions or
stimulated with ferutinin (10 ug/mL in aMEM) or CHIR-98014 (50 nM) for 12, 24, and 48
h. Protein was quantified by colorimetric assay using the Bradford method (Bio-Rad,
Hercules, CA) and the proteins were separated in a polyacrylamide gel. Briefly, a
polyacrylamide gel was cast and denatured proteins (20 ug) were loaded and separated
through the gel by electrophoresis; a protein ladder was loaded as a marker (Sigma, St.
Louis, MO). The proteins were transferred from the gel to a 0.45 pm nitrocellulose
membrane (Bio-Rad) at 4 °C. The membrane was blocked for 1 h at room temperature (RT)
with a blocking buffer composed of 5% nonfat milk in TBS-Tween-20 (TBST) (Boston
BioProducts, Ashland, MA). The membrane was washed and incubated with primary
antibody against LRP6, DvI3, Axinl, Naked1, p-catenin, GAPDH (Cell Signaling, Danvers,
MA), and GSK3 (Santa Cruz Biotechnology, Dallas, TX) (1:1000 diluted in a solution of 5%
BSA in TBST) for 2 h. The membrane was washed, then incubated in secondary antibody
(1:3000 in a solution of 5% milk in TBST) (Cell Signaling). The membrane was then
washed, placed in the cassette holder and incubated briefly in chemiluminescent substrate
(Sigma). Films were then exposed and developed. Densitometric quantification of bands was
performed using ImagelJ software (NIH).

2.9. Immunostaining

DPSCs were plated at medium density on glass cover slips in 6 well plates and with 1.5 mL
complete medium (a MEM, 20% FBS, 1% PSG). Next day, medium was changed for
complete medium containing 10 ug/mL ferutinin or 1 uL/mL DMSO in complete medium as
a vehicle-treated control. 24 h later, medium was aspirated and cells were washed with PBS,
fixed with 4% paraformaldehyde, and permeabilized with 1% Triton-X 100 at room
temperature (RT). After washing with PBS, cells were blocked in 5% FBS in PBS overnight
at 4 °C. Next day, they were washed with wash buffer (PBS with 0.5% FBS and 0.5%
TBST) and incubated in primary antibodies (a-Osteocalcin and a-Collagen1A1; diluted
1:100 in wash buffer) for 2 h at RT; two samples were incubated in secondary antibody
alone to serve as negative controls. Samples were washed with wash buffer and were
incubated with fluorophore conjugated secondary antibody (Alexa Fluor 488 a-Rabbit and
TX Red a-Goat as necessitated by the primary antibodies used; diluted 1:2000 in wash
buffer) for 1 h at RT. Cover slips were mounted upon glass microscopy slides with ProLong
Gold Antifade Mountant with DAPI (Invitrogen, Carlsbad, CA). Upon drying, fluorescence
microscopy was performed and images were obtained.

2.10. Chromatin immunoprecipitation (ChIP) and quantitative PCR

ChIP analysis was performed using Imprint® Chromatin Immunoprecipitation Kit (Sigma)
according to previously described methods [39]. Briefly, after chromatin cross-linking with
1% formaldehyde and DNA shearing, chromatin-protein complexes were
immunoprecipitated from DPSCs with or without stimulation of ferutinin for 24 h, with
antibodies against H3K9Ac (Millipore Sigma), H3K4me3 (Millipore Sigma). Antibody
against goat 1gG (Abcam, Cambridge, UK) was used as a negative control. Quantitative PCR
analysis was performed with the primers described (in Supplementary Table-1 and Fig. 1)
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using SYBR green PCR master mix (Thermo Fisher) and a real-time PCR machine (Bio-Rad
CFX96 Real-Time System). Values obtained from the ChIP assay were normalized to the
background obtained from the precipitation with a non-specific antibody. Percent (%) of
input was analyzed by following standard formula. Each experiment was performed in
triplicate at least three times.

3. Results

3.1.

3.2.

DPSC isolation, expansion and characterization

DPSCs were isolated from the pulp of donor human third molar teeth and were expanded in
plentiful numbers /n vitro. These cells display a fibroblast-like morphology during
expansion. Captured images were shown during early stage of expansion (Fig. 1, left panel),
and after confluence of the culture (Fig. 1, right panel). The phenotype of DPSCs is
elucidated by flow cytometry. Flowcytometric analysis revealed that the expanded DPSCs
are a population of homogenous cells (Fig. 2). These cells express all progenitor stromal
stem cell biomarkers; 99.97% were positive for CD90, 99.94% were positive for CD105,
and 99.96% were positive for CD73. They were negative for hematopoietic stem cell
markers CD133 (2.03%) and CD34 (3.19%). They were negative for platelet endothelial cell
adhesion molecule CD31 (2.01%). They were negative for CD45R (5.67%), a marker
present on B cells and other antigen presenting cells. They were negative for CD14 (2.47%),
a monocytic marker. They were negative for CD11b (2.38%), a dendritic cell marker. They
were negative for chemokine receptor CXCR4 (3.14%). They were also negative for the
antigen presenting molecule MHC class Il (1.48%).

Differentiation potential of DPSCs

To investigate whether expanded DPSCs retain their multipotential capabilities, we induced
them along the osteogenic, chondrogenic and adipogenic lineages /n vitro for 14 days.
Osteogenic differentiation was detected by using Alizarin red S staining, which stains
calcium deposited by differentiated cells. Images at various magnifications were shown (Fig.
3, upper panels). Red staining indicates that DPSCs have differentiated to osteoblastic cells,
which deposit calcium extracellularly. Chondrogenic differentiation was detected by Alcian
blue staining that stains acidic polysaccharides found in cartilage. Following induced
differentiation, DPSCs were found to possess chondrogenic properties as demonstrated by
positive Alcian blue staining (Fig. 3, middle panels).

Adipogenic differentiation was detected by Qil Red O dye, which stains neutral lipids in
cells. After induced differentiation, lipid droplets within cells were stained red, while cell
nuclei were stained black by hematoxylin. Abundant oil droplets were observed, indicating
that DPSCs are capable of differentiation along the adipogenic lineage (Fig. 3, lower
panels).

3.3. Effect of ferutinin on DPSC activation and differentiation

To further elucidate the role of ferutinin in DPSC activation and differentiation, expression
of osteoblast specific genes (COL1A1 and BGLAP), and key Wnt pathway genes (LRPE,
DVL 3, GSK3B, CTNNBI), and GAPDH as an internal control were evaluated by

Biochim Biophys Acta Mol Basis Dis. Author manuscript; available in PMC 2020 May 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rolph et al. Page 7

quantitative RT-PCR. Quantitative RT-PCR data revealed that all tested genes were elevated
upon stimulation with Ferutinin at various degrees during the time course study (Fig. 4A).
The effects of ferutinin on expression of Wnt/B-catenin pathway molecules were evaluated
by western blot analysis (Fig. 4B). Increased expression of LRP6 was observed at 12 and 24
h of stimulation. DvI3 expression increased at 24 h of stimulation. Wnt3a expression was
markedly increased at 12 and 24 h of stimulation and was completely attenuated by the 48 h
time point. Wnt5a/b expression did not substantially change over the course of the
experiment. Expression of Naked1 increased at 12 and 24 h of stimulation, before returning
to levels akin to the control condition by 48 h. Axin was very minimally expressed
throughout, but was observed at slightly higher levels at the 24 h time point. GSK3
expression was attenuated at 12, 24, and 48 h of stimulation. Correspondingly, expression of
[B-catenin increased at 12 and 24 h of stimulation before returning to control levels by 48 h.
GAPDH expression was assessed as a control to ensure equal loading (quantified data is
presented in Supplemental Fig. 2). Data at the gene expression level corroborate protein-
level observations. A notable exception is the observation of significantly increased mRNA
expression of GSK3B at the 24 and 48 h time points following ferutinin stimulation, while at
the same time points a marked decrease is observed at the protein level. This discrepancy
may be due to post-translational modification of GSK3 or other regulatory mechanisms [32];
however, this stands to be evaluated in greater detail in the future.

3.4. Effect of ferutinin on osteogenic markers

Expression of key matrix proteins secreted by osteoblasts was evaluated by immunostaining
techniques in DPSCs stimulated with ferutinin (10 pg/mL) for 24 h. Immunocytochemical
evaluation revealed that the level of expression of collagen 1A1 was far greater in ferutinin-
treated cells compared to cells treated with the vehicle (Fig. 5A). In addition, expression of
osteocalcin was also increased in stimulated cells compared to vehicle treated cells (Fig.
5B). Samples were visualized and photographed using a Leica DMi8 microscope and Leica
Application Suite X software.

3.5. Effect of GSK3 inhibitor on Wnt/p-Catenin signaling pathway molecules in DPSCs

The effect of CHIR-98014, a pharmacological compound that inhibits GSK3 was tested on
Whnt/B-Catenin signaling pathway molecules of DPSCs at various time points (Fig. 6). In
untreated DPSCs, LRP6 is expressed faintly; after 24 h of stimulation, however, it was
substantially upregulated. DvI3 was minimally expressed in untreated cells and was
increased over time. Wnt3a was significantly upregulated over the course of differentiation.
Whnt5a/b expression was upregulated following 12 and 24 h of stimulation before attenuating
by 48 h. Nakedl was upregulated at all time points after stimulation. Axin1 was most
strongly expressed at 24 h following stimulation. Decreased expression of GSK3 was
observed in stimulated cells. Expression of p-catenin was increased over all three time
points. GAPDH served as a loading control and minimal changes were observed (quantified
data is presented in Supplemental Fig. 3). These results indicate that inhibition of GSK3
pathway causes modulation of Wnt pathway molecules similar to that observed when
DPSCs are stimulated with ferutinin.
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3.6. Epigenetic evaluation of Wnt3a and DVL3 molecules upon ferutinin stimulation

To evaluate the role of ferutinin in epigenetic regulation of canonical Wnt signaling in
DPSCs, the pathway molecules Wnt3a and DvI3 were analyzed by chromatin
immunoprecipitation (ChlP) quantitative PCR approaches with and without stimulation by
ferutinin. ChIP analysis revealed that the active marks of both histone 3 lysine 9 (H3K9)
acetylation and histone 3 lysine 4 (H3K4) trimethylation were significantly enhanced in the
promoter sites of the WNT3A and DVL3genes in DPSCs after stimulation with ferutinin

(Fig. 7).

4. Discussion

Osteoblasts are derived from mesenchymal precursor cells and are the key mediators of bone
regeneration in health and disease states. Human dental pulp tissues from the wisdom teeth
contain clonogenic, highly proliferative stem cells capable of tissue regeneration [19]. These
DPSCs show fibroblast-like morphology and express markers similar to those of human
bone marrow stromal cells (BMSC). DPSCs have also been shown to self-renew /n vivo
after /n vitro expansion [20]. These cells have been shown to maintain their “stemness”
without changes to morphology or expression of stem cell markers over time in culture [21].
DPSCs have been used to regenerate lost dental pulp as well as dentin by differentiation into
odontoblasts [22]. DPSCs show promise for bone tissue engineering, as their capacity for
osteogenic differentiation has been demonstrated both /n vitroand in vivo [23, 24].
However, the molecular mechanism by which DPSCs differentiate has yet to be defined. In
this study, we have demonstrated that DPSCs can be cultured successfully /n vitro (Fig. 1)
while maintaining their MSC-like multilineage differentiation capacity along the osteogenic,
chondrogenic and adipogenic lineages (Fig. 3). They possess specifically mesenchymal
properties, as they express the cell surface markers CD73, CD90, and CD105, and do not
express markers of hematopoietic lineage cells (CD34, CD133, CD11b, CD14, CD31,
CD45R, CXCR4, MHC class II) (Fig. 2). Because they do not express MHC class I, they
are considered to possess low immunogenicity and thus be suited for transplantation with
low risk of rejection. Although they possess multilineage differentiation potential, our goal
is to direct them towards the osteogenic lineage for the regeneration of bone. For that
purpose, we have investigated several compounds and found a phytoestrogen, ferutinin,
which could be a potential molecule of interest.

Phytoestrogens are plant-derived polyphenols that share structural similarity to the
endogenous estrogen 17p-estradiol. Many such compounds have been shown to share the
osteoprotective effects of estrogens without possessing their carcinogenic side effects [40].
Ferutinin is a daucane phytoestrogen found in plants of the Feru/a genus and has affinity for
both isoforms of the estrogen receptor; it is therefore speculated that the compound may be
useful as a selective estrogen receptor modulator [41]. The effects of ferutinin on bone
metabolism have previously been evaluated in ovariectomized rats with known protective
effects on bone density [34]. Furthermore, it has been shown to aid in recovery of bone
density in animal models of osteoporosis [35]. However, the mechanisms by which ferutinin
promotes bone density have not yet been evaluated. We found that ferutinin promotes
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osteogenic differentiation by modulating the various molecules of the Wnt/B-catenin
signaling pathway, which critically regulates osteogenesis (Fig. 4).

Whnt signaling plays essential roles in embryogenesis, post-natal development, and tissue
homeostasis as a regulator of cell proliferation and differentiation [27]. In the absence of the
Whnt ligand, the transcription factor p-catenin is held within the destruction complex,
composed of Axin, adenomatous polyposis coli protein (APC), and GSK3. GSK3
phosphorylates p-catenin, marking it for ubiquitination and proteasomal degradation [42].
When Whnt binds to the Frizzled/LRP receptor complex on the cell surface, the destruction
complex is inhibited. Hypophosphorylated p-catenin is released from its interaction with
destruction complex proteins and subsequently accumulates in the cytoplasm and enters the
nucleus, where it acts to regulate transcription [43]. Moreover, its importance as a pathway
involved in regulating osteogenic differentiation of mesenchymal stem cells has been
demonstrated [30, 31]. Wnt signaling is central to bone modeling and especially to
osteoblast function; its disruption is associated with several bone diseases including
osteoporosis [32]. Our observations of the effect of ferutinin on molecules of the Wnt/p-
catenin signaling pathway are in accord with the canonical mechanism of this pathway’s
activation.

Observing Wnt pathway dynamics alone is insufficient to state that cells are undergoing
osteoblastic differentiation, as this pathway is involved in myriad cell growth, proliferation,
and differentiation processes. Expression of key osteogenic markers was thus assessed to
confirm DPSC differentiation toward the osteogenic lineage. Collagen 1Al is expressed in
osteoblasts from an early stage of differentiation and is a key component of the organic bone
matrix [44, 45]; we observed its upregulation in DPSCs as early as 24 h after stimulation
with ferutinin (Fig. 5A). Osteocalcin is an osteoblast-specific protein with important
metabolic functions in bone [46]; we observed that it was markedly upregulated in ferutinin-
stimulated DPSCs (Fig. 5B). Expression of these key proteins indicates that ferutinin
promotes osteoblastic differentiation of DPSCs.

Recent reports of DPSC activation and subsequent tooth repair by GSK3 antagonists piqued
our interest in the possibility that these cells can be stimulated with such pharmacologic
agents to undergo osteogenic differentiation [47]. For this reason, we employed the GSK3
inhibitor CHIR-98014 to explore the role of Wnt signaling in osteoblastogenesis and
validate the role of ferutinin as a Wnt pathway modulator (Fig. 6). When CHIR-98014 was
administered, protein expression patterns similar to those seen with ferutinin were observed.
This leads us to propose that ferutinin may act by a similar mechanism of GSK3 inhibition.

To confirm further, we have performed molecular analysis at the epigenetic level to assess
the regulation of the genes that we found were most changed in DPSCs after stimulation
with ferutinin. We evaluated histone 3 lysine 9 acetylation (H3K9ac) and histone 3 lysine 4
trimethylation (H3K4me3). Both of these are hallmarks of active promotors and therefore
indicate that transcription of the target gene is active [48, 49]. We found that active marks of
both H3K9 acetylation and H3K4 trimethylation were significantly enhanced in the
promoter sites of the WNT3A and DVL3genes in DPSCs after stimulation with ferutinin

(Fig. 7).
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Though the Wnt pathway plays a significant role in osteoblastogenesis, it is one of the
several key pathways in this process. The BMP2 pathway, for instance, is a critical regulator
at various stages of osteoblastic differentiation and maturation [43]. Signaling via estrogen
receptors is also of great importance in osteoblastogenesis and bone health [44]. Moreover,
these pathways hardly act independently of one another; there is growing evidence of cross-
talk among the many pathways involved [45]. The effects of ferutinin on the activity of
pathways, such as shown above in DPSCs, represents an ongoing research effort in our
laboratory.

5. Conclusion

These data provide evidence that ferutinin activates and promotes osteogenic differentiation
of DPSCs canonical Wnt/p-catenin signaling pathway by activating marks of both H3K9
acetylation and H3K4 trimethylation in the promoter regions of WN73A and DVL3. It could
be used as an inducer to modulate DPSCs towards osteogenic differentiation for a potentially
effective stem cell therapy for osteoporosis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

. Isolation and homogeneous expansion of multipotent human dental pulp-
derived stem cells (DPSCs).

. Ferutinin activates DPSCs via the Wnt/B-catenin signaling pathway, and
induces osteocalcin and collagen 1Al both mRNA and proteins.

. GSKa inhibitor also activates DPSCs through the Wnt/B-catenin signaling
pathway.

. Ferutinin induces H3K9 acetylation and H3K4 trimethylation in the promoter
sites of the WWNVT3A and DVL3genes in DPSCs.
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Figure 1. DPSC morphology during expansion.
Dental pulp tissues were plated to expand stem cells. Left panel shows early growth of stem

cells and right panel shows stem cells after confluence.
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Figure 2. DPSC phenotype.
Flowcytometric analysis reveals that expanded cells represent a homogeneous population

characterized by expression of CD90, CD105, and CD73. They do not express CD133 and
CD34 (hematopoietic stem cell markers), CD31 (endothelial progenitor cell marker),
CD45R (B cell marker), CD14 (monocyte marker), CD11b (dendritic cell marker), CXCR4
(chemokine receptor), or MHC class Il (antigen presentation protein).
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Induced Differentiation

Figure 3. Expanded DPSCs maintain multipotential differentiation abilities.
DPSCs were differentiated towards the osteogenic, chondrogenic, and adipogenic lineages.

(A) Micrographs at various magnifications of differentiated DPSCs following alizarin red
staining. (B) Chondrogenic differentiation visualized by microscopy after Alcian blue
staining. (C) Micrographs of adipogenic differentiation shown after oil red o staining.
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Figure 4.
A. Ferutinin modulates mRNA expression of osteoblast specific and key Wnt pathway

genes. RT-PCR was carried out to evaluate gene expression of COL1A1, BGLAF, LRPE,
DVL3, GSK3B, and CTNNBI. Expression is shown as fold difference + SEM derived from
calculated AACT values. Statistical significance, p<0.05 was shown (*), compared to
vehicle-treated controls. B. Ferutinin modulates Wnt/ S -catenin signaling pathway
moleculesin DPSCs. Various Wnt/p-catenin signaling pathway proteins were evaluated in
DPSCs after stimulation with ferutinin (10 pg/mL) for 12, 24, and 48 h using western blot
methods. GAPDH was used as an internal loading control. Band density is presented as
protein expression relative to GAPDH + SEM.
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Figure 5. DPSCs treated with ferutinin express osteogenic molecules.
Immunostaining was performed to visualize expression levels of (A) collagen 1A1, and (B)

osteocalcin in ferutinin-treated DPSCs compared to vehicle-treated cells. DAPI was used for
nuclear staining.
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Figure 6. GSK3 inhibition modulates Wnt/B-catenin signaling pathway molecules in DPSCs.
Various Wnt/B-catenin signaling pathway molecules in DPSCs were evaluated after

stimulation with a GSK3 inhibitor molecule CHIR-98014 for 12, 24 and 48 h. Western blot

results are shown.
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Figure 7. Ferutinin regulates Wnt3a and Dvl3 genes epigenetically.
Whnt signaling pathway molecules Wnt3a and DvI3 were analyzed using chromatin

immunoprecipitation (ChlP) quantitative PCR methods to assess epigenetic regulation in
DPSCs after stimulation with ferutinin for 24 h. Promoter site active marks of Wnt3a and
DvI3 genes for both H3K9 acetylation and H3K4 trimethylation were evaluated and shown
graphically. (* indicates p < 0.05, ** indicates p < 001).
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