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Small Molecules Affect Human Dental Pulp Stem Cell
Properties Via Multiple Signaling Pathways
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One fundamental issue regarding stem cells for regenerative medicine is the maintenance of stem cell stemness.
The purpose of the study was to test whether small molecules can enhance stem cell properties of mesenchymal
stem cells (MSCs) derived from human dental pulp (hDPSCs), which have potential for multiple clinical ap-
plications. We identified the effects of small molecules (Pluripotin (SC1), 6-bromoindirubin-3-oxime and rapa-
mycin) on the maintenance of hDPSC properties in vitro and the mechanisms involved in exerting the effects.
Primary cultures of hDPSCs were exposed to optimal concentrations of these small molecules. Treated hDPSCs
were analyzed for their proliferation, the expression levels of pluripotent and MSC markers, differentiation
capacities, and intracellular signaling activations. We found that small molecule treatments decreased cell
proliferation and increased the expression of STRO-1, NANOG, OCT4, and SOX2, while diminishing cell dif-
ferentiation into odonto/osteogenic, adipogenic, and neurogenic lineages in vitro. These effects involved Ras-
GAP-, ERK1/2-, and mTOR-signaling pathways, which may preserve the cell self-renewal capacity, while
suppressing differentiation. We conclude that small molecules appear to enhance the immature state of hDPSCs
in culture, which may be used as a strategy for adult stem cell maintenance and extend their capacity for

regenerative applications.

Introduction

HUMAN DENTAL PULP STEM CELLS (hDPSCs) are the first
type of dental mesenchymal stem cells (MSCs) isolated
and characterized from dental tissues [1]. Since then, significant
progress on the understanding of DPSCs and especially the
utilization of DPSCs for regenerative purposes has been made.
Our group and others have shown that DPSCs may be used to
regenerate pulp and dentin in emptied root canal space in both
small and large animal models [2,3]. DPSCs also demonstrate
many other clinical potentials, including facilitating cardiac
angiogenesis and differentiating into neurogenic cells or in-
ducing neural stem cells to differentiate into neural cells for
repairing the nervous system [4-7]. Adult stem cells have
shown tremendous promise in regenerative and therapeutic
medicine evidenced by an increasing number of clinical trials
that have been undertaken [8-15]. Besides their obvious po-
tential for tissue regeneration, subpopulations of MSCs have
shown a capacity to regulate immune reactions. One promi-
nent feature is their immunosuppressive function, which has
been utilized to treat various immunological disorders, in-
cluding acute graft-vs-host disease and systemic lupus er-
ythematosus clinically [16,17]. The list of MSC versatility

appears to keep expanding. Recently, it was shown that bone
marrow-derived MSCs (BMMSCs) are capable of effectively
suppressing injury-induced hyperalgesia in a rat model [18].

Despite such compelling properties for adult stem cells,
the inevitable drawback of these MSCs, including DPSCs, is
their limited tissue source and life span in cultures [19]. Each
isolation of these cells from tissues is a major undertaking
involving acquiring the tissue, transportation to the labora-
tory, processing the tissue, isolation of the cells, waiting for
the initial phase of cell growth, passaging, and characterizing
the cells until ready for clinical use. The higher the amount of
cells needed for the medical application, the more the
amount of tissue has to be taken from the hosts/donors. For
this reason alone, researchers have long sought for other
sources of stem cells that are longer lasting in cultures, that
is, a greater population doubling, and more potent in lineage
differentiation. The alternative is embryonic stem cells
(ESCs) or more recently, the induced pluripotent stem cells
(iPSCs) that are pluripotent and essentially immortal in cul-
tures [20,21]. Unfortunately, the more potent the stem cells
are, the more safety concerns they carry with them. For this
reason, so far there has been only one preliminary clinical
trial reported using ESCs as a cell source [22].
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Seeking a way to maintain the stemness of adult stem cells
in cultures has been considered an important approach to
increase the utility of adult stem cells. Growth factors such as
the basic fibroblast growth factor (bFGF) have been tested
and shown to be promising [23-26]. However, recombinant
protein factors are always difficult to produce and expensive.
Small molecules that can be more easily synthesized have
played an important role in affecting cell behaviors for var-
ious purposes. It has been very difficult to maintain ESCs,
especially human ESCs (hESCs) in their undifferentiated
state in cultures. Small molecules have been searched to treat
ESCs to prevent them from differentiation. A small molecule
6-bromoindirubin-3-oxime (BIO) that activates the Wnt
pathway by inhibiting glycogen synthase kinase-3 (GSK-3)
has been shown to maintain hESC self-renewal and their
expression of pluripotency-associated genes [27]. BIO also
increases proliferation of hMSCs [28]. Another small mole-
cule, pluripotin (SC1), has also been identified and shown to
enhance ESC self renewal, while inhibiting differentiation
[29,30]. The immunosuppressant drug rapamycin produced
by streptomyces hygroscopicus has been tested on a number
of adult stem cells for its various biological effects, including
promoting stemness and preventing differentiation [31,32].
Therefore, in the present study, we aimed to use small
molecules/chemical compounds BIO, pluripotin (SC1), and
rapamyecin to treat DPSCs and determine their effects on the
stem cell properties of DPSCs. We show herein that small
molecules are capable of affecting DPSC properties by in-
creasing the expression of genes associated with stemness,
decreasing their differentiation tendency, and by acting
through multiple cellular signaling pathways, including
Ras-GAP, ERK1, and mTOR.

Materials and Methods
Sample collection

Normal human impacted third molars (1=12) were col-
lected from healthy patients (eight donors aged 1624 years)
in the Oral Surgery Clinics at the Boston University. Freshly
extracted teeth were stored in a cell culture medium and
transported to the laboratory for processing. The sample
collection process was approved by the Boston University
Medical Institutional Review Board (#H-28882).

Cell culture

Isolation of hDPSCs followed a protocol described previ-
ously [1,2]. In brief, pulp tissue was removed from the teeth,
minced, and digested in a solution of 3 mg/mL collagenase
type I and 4mg/mL dispase (Sigma-Aldrich) for 30-60 min
at 37°C. The digested mixtures were passed through a 70-um
cell strainer (Falcon; BD Labware) to obtain single-cell sus-
pensions. Cells were seeded into six-well plates and cultured
in the standard medium consisting of the ¢-Minimum
Essential Medium (o-MEM; GIBCO/Invitrogen), supple-
mented with 10% fetal bovine serum (FBS; Gemini
Bio-Products, Inc.), 2mM L-glutamine, 100 uM L-ascorbic
acid-2-phospate, 100 units/mL penicillin-G, 100 pug/mL
streptomycin, and 0.25ug/mL fungizone (Gemini Bio-
Products, Inc.) and maintained in 5% CO, at 37°C. Colony
formation units of fibroblastic cells (CFU-F) were normally
observed within 1-2 weeks after cell seeding and were
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passaged from one into three wells when they reached
~70% confluence. Heterogeneous populations of DPSCs
were frozen and stored in liquid nitrogen at passages (p) 0-2.
Cells were thawed and expanded for experimentation at p3.
Cells isolated from each tooth were grown, maintained, and
frozen down separately. Cells used for each independent
experiment was from one tooth and different donors.

hESCs H9 (obtained from WiCell Research Institute) were
grown and maintained on mouse embryonic fibroblasts
(feeder cells) with the hESC medium (80% DMEM/F12, 20%
knockout serum replacement, 1x nonessential amino acid,
1mM L-glutamine, and 0.1 pM B-mercaptoethanol) contain-
ing 4ng/mL of the bFGF.

Small molecular treatment and cell viability study

BIO (6-bromoindirubin-3’-oxime; EMD Biosciences), plur-
ipotin (SC1) (Stemgent), or rapamycin (Sigma) each was
dissolved in dimethyl sulfoxide (DMSO) at 100, 300, 600, or
900nM to test for their cell toxicity compared to the control
group with DMSO only. For the cell viability study, DPSCs
were seeded in 12-well plates at 2-6x10* cells/well and
cultured in the absence or presence of small molecules added
to the standard hDPSC medium. Cells were harvested at
every 2-3 days and subjected to Trypan Blue cell counting in
a hemocytometer under the microscope. Nonviable cells
were stained and excluded in the counting. Optimal con-
centrations of small molecules were determined by choosing
the concentration with the highest viable cells.

Flow cytometry

The mouse anti-human antibodies used for flow cytometry
analysis were the following: Alexa Fluor-conjugated NANOG,
OCT4, SOX2, and STRO-1; phycoerythrin (PE)-conjugated
CD34; fluorescein isothiocyanate (FITC)-conjugated CD45,
CD73, CD90, and CD105. Nonimmune, isotype-matched and
-conjugated mouse IgG; and IgM (Invitrogen) antibodies were
used as negative controls.

For direct staining of cell surface antigens, cell aliquots of
DPSCs (2-5x10° cells) were washed, resuspended in a buffer
[0.1% FBS in phosphate-buffered saline (PBS)], and incubated
with conjugated PE, FITC, or Alexa Fluor antibodies according
to the manufacturer’s recommendations. For intracellular anti-
gens, single-cell suspensions were first fixed in 4% parafor-
maldehyde in PBS for 10min, washed with the buffer,
permeabilized in 0.1% TritonX100 for 10 min, washed with the
buffer again, and incubated with the antibodies for 1h at 4°C in
the dark, and then washed twice and re-suspended in 0.1%
FBS/PBS for analysis on a flow cytometer (FACSCalibur; BD
Biosciences) using the CellQuest ProTM software (BD Bios-
ciences). These heterogeneous populations of DPSCs were tes-
ted positive for STRO-1, CD73, CD90, and CD105, and negative
for CD34 and CD45, typical of mesenchymal cell type. For
detecting the protein expression of pluripotency-associated
genes NANOG, OCT4, and SOX2, a hESC line H9 was used as
a positive control (Supplementary Fig. S1; Supplementary Data
are available online at www.liebertpub.com/scd).

Cell proliferation and cell cycle analysis

For cell proliferation studies, hDPSCs (p3) were seeded at
densities of 0.3-0.5x10° /well of 12-well plates and cultured
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in the absence or presence of small molecules. Cells were
then harvested and counted at different time points. For cell
cycle analysis, cells were seeded at a density of 0.5-3x10°/
10-cm dish and cultured for 5 days. The medium was
replaced every 2-3 days in the presence or absence of che-
micals. At subconfluence, DPSCs were harvested into single-
cell suspensions, collected by centrifugation, and washed
twice with PBS. The cells were suspended in 0.5mL PBS,
fixed by adding 4.5mL ice-cold 70% ethanol dropwise with
gentle vortex, and incubated at 4°C overnight. After further
washing, cell suspensions were stained with the propidium
iodide staining solution (100 pg/mL RNAse A, 40pug/mL
propidium iodide; Sigma) at 37°C for 30 min, filtered, and
subjected to a flow cytometry system (BD Biosciences LSRII)
for cell cycle analysis. Cell cycle distributions were analyzed
in the form of percentage of cells in the G1, S, and G2 phases.

Multiple lineage differentiation

Odonto-/Osteogenic differentiation. Cells were seeded into
12- or 24-well plates, grown to ~70% confluence, and in-
cubated in a differentiation medium containing 10nM
dexamethasone, 10mM B-glycerophosphate, 50 pg/mL
ascorbate phosphate, 10nM 1, 25 dihydroxyvitamin D3, and
10% FBS for 4 weeks. This differentiation medium has been
used for osteogenic studies for osteoblast differentiation.
DPSCs mainly undergo odontogenic differentiation; there-
fore, we designated the term the odonto-/osteogenic differ-
entiation medium. Cultures were then fixed in 60%
isopropanol, and mineralization of the extracellular matrix
stained with 1% Alizarin Red S (ARS) [2]. For quantitative
analysis, the culture wells were washed three times with
dH,O0, fixed with 70% ice-cold ethanol, and the ARS stain
was dissolved in the cetylpyridinium chloride (CPC) buffer
(10% CPC (w/v) in 10 mM Sodium Phosphate Buffer, Sigma)
for 1h. Three aliquots in 200 pL of ARS/CPC extract from
each well were then transferred to a 96-well reading plate
and quantified by absorbance measurement at 550 nm by
a spectrophotometer (Bio-Rad). In parallel experiments, cells
were harvested at the end of differentiation induction for
analysis of odonto/osteogenic gene expression by real time
polymerase chain reaction (qQPCR).

Adipogenic differentiation

Cells were seeded into 12- or 24-well plates, grown to sub-
confluence, and incubated in an adipogenic medium containing
1uM dexamethasone, 1pg/mL insulin, 0.5mM 3-isobutyl-1-
methylxantine (IBMX), and 10% FBS for 8 weeks. Cells were
then fixed in 10% formalin for 60 min, washed with 70% eth-
anol, and lipid droplets were stained with 2% (w/v) Oil Red O
reagent for 5min and washed with water [2]. For quantitative
analysis of the staining, 60% isopropanol was added to each
well to extract Oil Red O for 10min. The supernatant was
collected and transferred into a 96-well plate for spectropho-
tometry at 540 nm. Parallel experiments were performed and
cells were harvested at the end of differentiation induction for
analysis of adipogenic gene expression by qPCR.

Neurogenic differentiation

Neurogenic differentiation was initiated by adding 10ng/
mL of the bFGF (BD Biosciences) to the medium of sub-
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confluent DPSCs for at least 24h, followed by adding the
neural induction medium consisting of the aMEM with a
10ng/mL bFGF, 10 uM forskolin, 25 mM KCl, 2 mM valproic
acid, and 5pg/mL insulin (the latter four items all from
Sigma) [33].

After 5 weeks, cells were harvested and analyzed by gPCR
for the expression of the neural cell markers.

Reverse transcription polymerase chain reaction
(RT-PCR) and real time polymerase chain reaction
(gPCR)

Total cellular RNA was isolated using an RNeasy mini kit
(Qiagen) with DNase I (Invitrogen) to remove the genomic
DNA contaminant. The extracted RNA (1pg) was reverse
transcribed to generate the first-strand cDNA using Super-
script II (Invitrogen). The produced cDNA was used as a
template for each reverse transcription polymerase chain
reaction (RT-PCR) and real time polymerase chain reaction
(gPCR). cDNA, gene-specific primers (200nM final concen-
tration) (designed according to published cDNA Genbank
sequences shown in Table 1), and 45pL of Platinum Blue
SuperMix containing 1U Taq DNA Polymerase (Invitrogen)
in a 50 pL final volume underwent PCR processes with the
following program in the Thermocycler machine (AB Ap-
plied Biosystems): Initial denaturation at 94°C for 3min,
followed by 35 cycles of 94°C for 30's, 53°C-58°C (depending
on the primers used) for 30s, 72°C for 60s, and a final ex-
tension of 72°C for 5min. The resulting RT-PCR products
were run on a 1.5% agarose gel with ethidium bromide, and
gel images were captured and quantified with BIO-RAD
Image Lab 3.0 system.

For gPCR, the same cDNA was used with SYBR Green
PCR Master Mix (AB Applied Biosystems). The PCR was
performed using 7500 Real-Time PCR System (AB Applied
Biosystems) with the following thermal cycling conditions:
50°C for 2min, 95°C for 10min, 95°C for 15s, 53°C-58°C
(depending on the primers used) for 30s, 60°C for 1min,
cycled to step 3 for 40 cycles. PCR were performed using the
human-specific sense and anti-sense primers (Table 1). A
relative quantitative analysis method was performed to
quantify the relative gene expression compared to the level
of the housekeeping gene glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH).

Western blot

hDPSCs were harvested and lysed in an ice-cold Triton
X-100/ B-octylglucoside buffer (10mM imidazole, 100 mM
NaCl, ITmM MgCl,, 5mM NaEDTA, 1% Triton X-100,
and 0.87mg/mL B-octylglucoside) containing 0.5pM
phenylmethylsulfonyl fluoride and 1% protease inhibitor.
Lysates were centrifuged at 12,000 rpm for 20 min. The su-
pernatant was collected and protein concentrations were
determined using a BCA (bicinchoninic acid) protein assay
(Pierce). The Laemmli sample buffer (Bio-Rad) was added to
the lysates, which were then heated to 95°C for 5min. Ty-
pically, 15 ug of the total cellular protein was used for com-
parison of expression levels of chemically treated DPSCs and
nontreated controls. Whole cell lysates were fractionated on
a 7.5% SDS-PAGE, transferred onto a polyvinylidene di-
fluoride membrane, blocked with 5% nonfat dry milk, and
incubated with primary antibodies to selected proteins. The
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TABLE 1. PRIMERS USED FOR REVERSE TRANSCRIPTION POLYMERASE CHAIN REACTION

AND REAL TIME POLYMERASE CHAIN REACTION ANALYSIS
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Gene function Gene Primer (5'— 3') sense Antisense Product size (bp)
Pluripotency associated NANOG TAATAACCTTGGCTGCCGTCTCTG 150
GCCTCCCAATCCCAAACAATACGA
OCT-4 CAGTGCCCGAAACCCACAC 161
GGAGACCCAGCAGCCTCAAA
S0X-2 ACACCAATCCCATCCACACT 224
GCAAACTTCCTGCAAAGCTC
Senescence-associated P16 CCCAACGCACCGAATAGTTAC 135
CACGGGTCGGGTGAGAGT
Odonto/Osteogenic markers ALP CCACGTCTTCACATTTGGTG 196
AGACTGCGCCTGGTAGTTGT
BSP AAAGTGAGAACGGGGAACCT 161
GATGCAAAGCCAGAATGGAT
CBFA1 TTTGCACTGGGTCATGTGTT 156
TGGCTGCATTGAAAAGACTG
OCN GGCAGCGAGGTAGTGAAGAG 230
CTGGAGAGGAGCAGAACTGG
Adipogenic markers LPL AGTGGCCAAATAGCACATCC 186
CCGAAAGATCCAGAATTCCA
PPARy2 TCCATGCTGTTATGGGTGAA 193
TCAAAGGAGTGGGAGTGGTC
Neurogenic markers PIII tubulin CAGATGTTCGATGCCAAG 164
GGGATCCACTCCACGAAGTA
Nestin AACAGCGACGGAGGTCTCTA 220
TTCTCTTGTCCCGCAGACTT
NFM CGACCTCAGCAGCTACCAGGACAC 200
CAGTGATGCTTCCTGCAATGTGCT
Housekeeping GAPDH CAAGGCTGAGAACGGGAAGC 194

AGGGGGCAGAGATGATGACC

following rabbit anti-human primary antibodies were used:
anti-P70S6 kinase, anti-phosphorylated (p)-P70S6 kinase,
anti-ERK1/2, anti p-ERK1/2, anti-mTOR, anti p-mTOR (Cell
Signaling Technology), and anti-RAS-GAP (Abcam). Mem-
branes were reprobed with anti-GAPDH antibodies (Che-
micon) for control of equal loading. Protein-specific detection
was carried out with horseradish peroxidase-labeled anti-
rabbit secondary antibodies (GE Healthcare) and Immun-
Star HRP Chemiluminescent Kit (Bio-Rad). The luminescent
protein bands were detected by x-ray films.

Data analysis

All experiments were performed at least in triplicate. All
values are expressed as mean+SD. Statistical analyses of the
data were performed using the Student’s t-test when only
two groups were compared. One-way analysis of variance
(ANOVA) was used followed by Tukey’s honestly signifi-
cant difference (HSD) when comparing three groups or
more. Values of P less than 0.05 were considered statistically
significant.

Results

Effects of small molecules on cell viability
and proliferation

We first determined the optimal doses for each small
molecule that did not affect the viability of DPSCs. The
graphs in Fig. 1A show that BIO at 100nM and SC1 at

300nM had a minimal effect on cell viability, while at higher
concentrations, the cell viability dramatically decreased.
Rapamycin did not affect cell viability even at the highest
concentration tested (900nM). There were no or minimal
observable morphological changes of the cells observed in the
treated cells (Fig. 1B). With the presence of these small mole-
cules under the selected nontoxic concentrations, cells main-
tained viability after expansion in cultures to >10 passages.

Cell proliferation was tested comparing treated and non-
treated controls. There was a significant decrease after
treatment with rapamycin and SC1 (P <0.05), but not BIO
(P>0.05) (Fig. 2A). Cell cycle analysis using propidium io-
dide to label DNA showed that lower percentage of S phase,
while a higher percentage of G2 phase was observed in cells
treated with rapamycin compared to control cells (P <0.05).
For the SC1-treated group, there was a higher percentage of
cells at the G1 phase, while less at S and G2 phases (P <0.05).
BIO treatment showed no obvious change of the cell num-
bers in the cell cycle interphases compared to the nontreated
controls (Fig. 2B, C).

Increased STRO-1 and pluripotent gene expression
following small molecule treatment

STRO-1 is associated with the immaturity of MSCs as its
expression decreases when the cell passage number in-
creases. NANOG, OCT4, and SOX2 are known to be associ-
ated with pluripotency, and their expression has been used
to indicate stem cell immaturity [20]. We therefore measured
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FIG. 1. Cell viability analysis after treatment with small molecules. Dental pulp stem cells (DPSCs) were seeded in 12-well
plates and treated with BIO, Rapa (rapamycin), or SC1 of various concentrations. At different time points, cells were
harvested and the viable cells were counted. (A) Cell viability counts over time. (B) Cell images after 10 days in cultures at
indicated concentrations. Scale bar: 80 pm. Only dimethyl sulfoxide (DMSO) was present in control cells. Data represent three
independent experiments each performed in triplicate. Color images available online at www .liebertpub.com/scd

the expression of these pluripotent genes in DPSCs after
being treated by the selected small molecules. Both protein
and mRNA expression levels were examined. We first tested
their expression after treatment in cultures for 3, 5, or 7 days.
We found that day 5 revealed the most difference between
the treated and nontreated group under this experimental
setting, and therefore, more extensive comparison was per-
formed for the day 5 time point. The results in Fig. 3A show
that protein levels of STRO-1 and pluripotent genes
NANOG, OCT4, and SOX2 all had some levels of increase in
DPSCs treated by these small molecules. STRO-1 was mildly

increased in response to the three small molecule treatments.
For pluripotent gene expression at p3, protein levels of
NANOG had the most increase by SC1, BIO, and rapamycin
treatments, whereas OCT4 and SOX2 only mildly responded
to BIO and rapamycin. At a higher passage (p10), NANOG
was more drastically responsive, while OCT4 only mildly
responsive to SC1 and rapamycin treatment (flow cytometry
data presented in Supplementary Fig. S1). The effects of
these small molecules appeared to continue after their
withdrawal as shown in Supplementary Fig. S2 that DPSCs
expressed increased pluripotency-associated genes after
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FIG. 2. Cell proliferation and cell cycle analysis of DPSCs treated with small molecules. (A) Cell proliferation analysis. Total
cell counts at days 0, 3, and 5 after small molecule treatments. (B) Representative data of flow cytometry analysis of cell cycle.
After 5 days of treatment, cells were analyzed and the percentage of cells in different cell cycle interphases G1, S, and G2 are
indicated. (C) Quantitative comparison of the levels of different cell cycle phases. CTRL: control without small molecule
treatments (only DMSO); BIO at 100 nM, SC1 at 300 nM, and Rapa (rapamycin) at 900 nM in DMSO. DPSCs at P3 were used.
*Significantly different between treated and CTRL (ANOVA; P<0.05). Data from one representative experiment performed in
triplicate. Color images available online at www liebertpub.com/scd
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FIG. 3. Expression of stem cell-associated and senescence-associated genes after small molecule treatment. (A) Flow cytometry
analysis of STRO-1 and pluripotency-associated gene protein products after 5 days of small molecule treatments. Expression
levels of STRO-1 and pluripotent genes after small molecule treatments of DPSCs at passages 3 and 10. (B) RT-PCR gel images
of amplified target genes and the band intensities were quantitated as shown in bar charts on the right. (C) qPCR analysis
showing relative levels of gene expression with or without small molecule treatments for 5 days. * Significantly different
between treated and CTRL (ANOVA; P<0.05). (D) RT-PCR analysis of p16™“** expression after 5 days of small molecule
treatment of DPSCs at passages 3 and 10. RT-PCR gel images of amplified target genes are shown in the top panel and the band
intensities of DPSCs at P10 were quantitated as shown in the bottom graph. Data represent two independent experiments each
performed in triplicate. RT-PCR, reverse transcription-polymerase chain reaction; qPCR, real time polymerase chain reaction.

continuous culturing and passaged compared to the non-
treated controls.

More quantifiable analysis to see the increase of gene ex-
pression was verified at the mRNA levels examined by RT-
PCR and especially by qPCR. As shown in Fig. 3B and C, the
profiles of the increased pluripotent mRNA expression are
similar to those of protein levels. The consistent part of the
qPCR data and RT-PCR data is that SC1 and Rapa, not BIO,
considerably increased all three pluripotent gene expressions
(Fig. 3C).

Decreased expression of p16 after small
molecule treatment

p16™** or the cyclin-dependent kinase inhibitor 2A,

(CDKN2A) is a tumor suppressor protein that plays an im-
portant role in regulating the cell cycle. Elevated p16 is as-
sociated with cell senescence [34]; therefore, we tested
whether small molecule treatment of DPSCs would decrease
the expression of p16. Our data presented in Fig. 3D show
that p16 levels at passage 3 were too low after PCR ampli-
fication for any meaningful analysis. pl6 expression in
DPSCs was increased at passage 10 and treatment with SC1
and Rapa, not BIO, decreased the p16 expression.

Effects of small molecule treatment on DPSC
differentiation capacities

To determine whether DPSC differentiation is affected
after the treatment of small molecules, we examined multiple
differentiation pathways. Under odonto/osteogenic induc-
tion, cells exhibited stronger odonto/osteogenicity with the
presence of small molecules. Interestingly, if the cells were
pretreated with the small molecules for 5 days first and fol-
lowed by odonto/osteogenic induction without the contin-
ual presence of the small molecules, the level of odonto/
osteogenicity is lower than those with a continual presence of
the small molecules (Fig. 4A). This phenomenon was drastic
when cells were pretreated with SC1 and rapamycin first,
and then without their presence during the odonto/osteo-
genic induction.

We next determined the effects of small molecule treat-
ment on odonto/osteogenic marker expression. As shown in
Fig. 4B, if cells were pretreated with small molecules, and
then the small molecules removed during the odonto/oste-
ogenic induction, the expression of odonto/osteogenic gene
markers ALP and BSP was enhanced, whereas RUNX2 and
OCN expression decreased. When the cells were pretreated
with small molecules, which were also present during
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FIG. 4. Effects of small molecules on DPSC odonto/osteogenesis. (A) DPSCs were pretreated or nonpretreated with small
molecules for 5 days before differentiation induction for 4 weeks. (- / —): no pretreatment and no small molecules presence
during odonto/osteogenic induction; (+ / —): with pretreatment, but no small molecules presence during odonto/osteogenic
induction; (+/+): with pretreatment and with small molecules presence during odonto/osteogenic induction; CTRL (con-
trol); OSTEO (odonto/osteo induction); SMT (small molecule treatment). Cell cultures were stained with Alizarin Red and
representative data are shown in the top panel and the quantitative Alizarin Red measurements are shown in the bottom graph.
*Significantly different between treated, odonto/osteogenic induced, and CTRL (ANOVA; P<0.05). (B) gPCR analysis of
odonto/osteogenic gene expression of DPSCs under odonto/osteogenic induction treated by small molecules. (C) qPCR
analysis of pluripotent gene expression by DPSCs treated with small molecules and underwent odonto/osteogenesis. Data
represent two independent experiments each performed in quintuplicate. Color images available online at www.liebertpub

.com/scd

odonto/osteogenic induction, the ALP and BSP expression
was also enhanced as well as OCN except RUNX2.

In examining the pluripotency-associated gene expression
during the odonto/osteogenic differentiation, we found that
the pluripotent gene expression is reduced when the odon-
to/osteogenic differentiation is enhanced, while their ex-
pression is increased when the differentiation is impeded,
particularly in the cases of SC1 and rapamycin treatments
(Fig. 4C).

Pretreatment of cells with small molecules and their con-
tinuous presence during the adipogenic and neurogenic in-
duction media resulted in cell death, therefore, the effects of
this treatment protocol on the two differentiation pathways
could not be observed. However, pretreatment of cells with
small molecules and then without their presence during the
adipogenic and neurogenic induction, we were able to ob-
serve the effects without cell death. In the adipogenic group,
cell cultures showed decreased Oil Red staining compared to
the nontreated controls with lower gene expression of adi-
pogenic markers LPL and PPARy2 (Fig. 5A). In neurogenic

experiments, the expression of neural markers nestin and f-
III tubulin was increased, whereas the expression of CNPase,
GFAP, and NFM did not change or decrease compared to the
nontreated controls (Fig. 5B).

Effects of SC1 and rapamycin on signal
transduction pathways

SC1 was first shown to allow propagation of murine ES
cells in an undifferentiated, pluripotent state in the absence
of feeder cells, serum, and leukemia inhibitory factor (LIF).
SC1 functions through dual inhibition of Ras-GAP and ERK1
[29]. Our western blot analysis of treated DPSCs shown in
Fig. 6A revealed that SC1 activated Ras by inhibition of Ras-
GAP function, which led to the increased phosphorylation of
P70S6K (p-P70S6K), a mitogen-stimulated serine/threonine
kinase regulated by the PI3K pathway. SC1 also inhibited the
phosphorylation of ERK1 (44 kDa).

Rapamycin is known to inhibit mTORC1 by associating
with its intracellular receptor FKBP12 (FK506 binding
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FIG. 5. Effects of small molecules on DPSC adipogenesis
and neurogenesis. DPSCs were pretreated or nontreated
with small molecules for 5 days before differentiation in-
duction; 8 weeks for adipogenic induction and 5 weeks for
neurogenic induction. (A) Top graph: quantitative Oil Red O
stain measurement; bottomn graph: qPCR analysis of adipo-
genic gene expression by DPSCs pretreated with small
molecules for 5 days. *Significantly different between trea-
ted, adipogenic induced, and CTRL (ANOVA; P<0.05). (B)
qPCR analysis of neurogenic gene expression after a 5-week
neurogenic induction of DPSCs pretreated with small mole-
cules for 5 days. *Significantly different between treated and
CTRL (ANOVA; P<0.05). Data represent two independent
experiments each performed in quintuplicate.

protein-12). The FKBP12-rapamycin complex binds directly
to the FKBP12-rapamycin binding (FRB) domain of mTOR
forming FKBP-rapamycin-associated protein (FRAP)/mTOR
complex; as such, inhibiting the activity of mTORCI1. Our
results showed that treatment of DPSCs with rapamycin
reduced phosphorylated mTOR (p-mTOR) and P70S6K
(p-P70S6K) levels (Fig. 6B). The reduction of p-P70S6K was
in opposite to the effect of SC1.
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Discussion

Maintaining stem cell properties in vitro has been a chal-
lenge in the field of regenerative medicine. Identifying small
molecules instead of recombinant proteins or via gene trans-
duction to retain the stemness of cultured stem cells have been
a focus of interest in stem cell biology. Along this line of
thought, we selected three small molecules known to affect
stem cell properties and determine whether they can enhance
the stemness of DPSCs. Our findings revealed that these three
chemicals affect DPSCs in various ways. BIO has shown to
enhance hMSC proliferation and maintain hESCs and mouse
ESCs (mESCs) in an undifferentiated state [27,28]. In our
present studies, while BIO did not increase DPSC pluripotent
gene expression, it appeared to prevent full differentiation of
DPSCs into the three lineages tested. SC1 and rapamycin had a
more conspicuous effect on DPSC stemness by increasing
pluripotent gene expression and prevent cell differentiation.

ESCs have been a valuable tool to study stem cell self-
renewal and differentiation because they can grow in cul-
tures and be maintained in an undifferentiated pluripotent
state. Most ESCs in the colonies are undergoing self-renewal
with a symmetrical division such that, these cells can prop-
agate indefinitely. However, to maintain this state for
mESCs, it requires the presence of feeder cells and LIF along
with other specific chemicals. To effectively maintain their
ESC state, a small molecule SC1 has been tested and found to
be effective in maintaining mESC stemness [29]. In our
present studies, we showed that SC1 had similar effects on
DPSCs to those on mESCs in some aspects. However, to
understand self-renewal of MSCs in cultures is more difficult
compared with ESCs because the self-renewal MSCs cannot
be assessed or observed easily. For MSCs, their self-renewal
is a slow process, while their progenitor cells undergo transit
rapid proliferation in response to stimulation in vivo.
hDPSCs normally proliferate rapidly in culture at low pas-
sages (~p3) with a population doubling time ~22h [35]. At
the nontoxic concentration, SC1 and rapamycin decreased
the proliferation rate, while BIO had little to no effect. Both
SC1 and rapamycin altered the percentage of cells in the
phases of the cell cycle by locking cells in the G1 and G2
phases, respectively, leading to a lower proliferation rate.
This is in contrast to the effect of bFGF treatment of stem cells
from apical papilla (SCAP) that the cell proliferation rate was
increased by the growth factor [26].

To assess whether the small molecules enhance the
stemness of DPSCs, examining the expression levels of
pluripotency-associated genes NANOG, OCT4, and SOX2 is
an important approach as these genes are downregulated in
differentiated cells, while maintained at high levels in ESCs.
SC1 and rapamycin, more conspicuously than BIO, increased
the levels of these pluripotent genes, while suppressing
p161“k4a, which is a cyclin-dependent kinase inhibitor (CKI)
that prevents cells from entering the cell cycle phases and is
associated with cell senescence [36]. Therefore, it appears
that SC1 and rapamycin help DPSCs maintain their stemness
by boosting the pluripotent gene expression as well as in-
hibiting the cell senescence process. Additionally, STRO-1,
which has been associated with the stemness of some types
of MSCs such as BMMSCs and DPSCs, was also increased in
DPSCs by these three small molecules in various degrees.
There is a concern regarding the induction of a more primitive
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FIG. 6. Western blot analysis of signaling events in DPSCs after treatment with SC1 or rapamycin (Rapa). Cells were treated
with 300nM SC1 (A) or 900 nM Rapa (B) for 5 days and subjected to protein extraction for detection of signaling factors RAS
GAP, phosphorylated (p)-ERK1(44)/2(42), and p-P70S6K shown in (A) or p-mTOR and p-p70S6K in (B). GAPDH: glycer-
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bottom panel. *Significantly different between treated and CTRL (t-test; P <0.05). (C) Schematic summary and hypothesis of
the effects of SC1 and Rapa on Ras GAP and mTORCI1 signaling pathways. Data represent two independent experiments

each performed in triplicate.

state that may cause changes in the karyotype due to the
induction of various oncogenes. We performed standard cy-
togenetic analysis of DPSCs from three different donors trea-
ted with small molecules. Cells examined showed a normal
karyotype and the representative data are presented in Sup-
plementary Fig. S3 (Materials & Methods for karyotyping are
also in the Supplementary Data). Although the results ap-
peared normal, it should be noted that a low level of mosai-
cism or a small structural aberration may be undetected due
to the limitation of the band level. Standard karyotyping of
iPSCs does not detect abnormality as evidenced by numerous
reports, including ours [21], while somatic coding nucleotide
mutations and aberrant epigenetic profiles have been detected
in iPSCs via genome sequencing and DNA methylation
analysis [37,38]. Therefore, extensive genome sequencing and
epigenetic analysis will be needed to determine the safety of
small molecule-treated cells for clinical applications.

The small molecules appeared to prevent cells from dif-
ferentiating to the end point. It is interesting that DPSC
pre-exposure to the small molecules prevent the cells from
differentiating, whereas when the osteo/odontogenic stim-
ulus was added simultaneously with the small molecules,
the differentiation is enhanced. Further investigation of the
mechanism underlying this phenomenon is required. Simi-
larly, small molecules decreased adipogenic gene expression.
Neurogenic early markers nestin and f-III tubulin were in-
creased by the three molecules, but not the late markers
CNPase, GFAP, and NFM. In regard to cell death observed in
experiments when cells were pre-exposed to small molecules
followed by continuous exposure of small molecules during
the adipogenic and neurogenic induction, the possible ex-

planation is the activation of intracellular pathways that
leads to cell apoptosis.

The actions of SC1 and rapamycin were further studied
because of their potent upregulation of pluripotent genes
and downregulation of p16 as well as their regulation of
differentiation. Upon examining the signaling pathways
that SC1 and rapamycin interfere, it was confirmed that
both molecules act on the intracellular signaling factors in
DPSCs as they do on other cell types. SC1 inhibited Ras-
GAP leading to the increase of Ras signaling via the PI3
kinase pathway, which promotes DPSC self-renewal. SC1
also inhibited ERK1, which blocked ERK1-dependent cell
differentiation (Fig. 6A). These actions of SC1 on DPSCs
are the same as on mESCs. SC1 reduces the mESC prolif-
eration rate shown in a previous report [29] and in our
present study on DPSCs. Rapamycin has been shown to
inhibit osteogenic differentiation of rat bone marrow MSCs
[39] and odonto/osteogenic differentiation and minerali-
zation of SHED (stem cells from human exfoliated decid-
uous teeth) by restricting the synthesis of dentin
sialoprotien expression [40]. Rapamycin is also known to
inhibit adipogenesis of preadipocytes [41]. For many cell
types, including our findings in this present study, rapa-
mycin slows down cell proliferation [31,32,42-45], as it
decreases p-P70S6K (Fig. 6B). Phosphorylation of P70S6K
and 4EBP by mTORCI1 allows protein translation and,
thus, facilitates cell growth and proliferation. Lowered p-
P70S6K in DPSCs by rapamycin treatment may decrease
cell proliferation. In general, reduced cell proliferation and
growth by rapamycin treatment is considered to prevent
stem cell exhaustion, thereby conserving their stemness.
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Spermatogonial stem cells isolated from mice treated with
rapamycin form more and larger colonies and express
higher levels of oxidative stress response genes than those
from the untreated group, indicating their stemness and
antiaging capacity [46].

There has been a lack of clarity in defining stem cell
stemness in vitro. Cells that have a greater proliferation rate
are considered stem cells [47]. Therefore, growth conditions
such as adding growth factors or small molecules, or under
low oxygen, that increase stem/progenitor cell proliferation
in vitro may be considered as enhancing stemness [26,28,48];
whereas agents that decrease cell proliferation such as SC1
and rapamycin are also considered as having the same effect.
Although increased p-P70S6K in cells normally increases cell
proliferation and growth, SCl-induced p-P70S6K increase
slows down cell proliferation. This opposite finding on the
p70S6K levels after SC1 and rapamycin also implicates that
increased or decreased cell proliferation may not be related
to self-renewal as we hypothesized in Fig. 6C. Other sig-
naling events outside of the scheme depicted in the illustra-
tion are likely causing the increase of pluripotent gene
expression, which may be a more important indicator for
self-renewal capacity.

Taken together, small molecules used in our studies ap-
pear to enhance the stemness of cultured hDPSCs at dif-
ferent capacities evidenced by the increased expression of
the MSC marker STRO-1 and the pluripotent markers
NANOG, OCT4, and SOX2, and decreased expression of
the senescent gene p16. Along with the reduced tendency to
differentiate into the three cell lineages tested, the results
suggest that hDPSCs were guided to a more immature state.
The increase of pluripotency-associated genes also appears
to persist after the withdrawal of the small molecule treat-
ment. The findings in the present study provided a basis
from which a protocol may be established to maintain
cultured DPSC stemness and subsequently verify their
in vivo tissue regeneration capacity.
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