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Abstract

Elevations in the intracellular Ca2* concentration are a phenomena commonly observed during
stem cell differentiation but cease after the process is complete. The Transient Receptor Potential
Melastatin 4 (TRPM4) is an ion channel that controls Ca2* signals in excitable and non-excitable
cells. However, its role in stem cells remains unknown. The aim of this study was to characterize
TRPM4 in rat dental follicle stem cells (DFSCs) and to determine its impact on Ca2* signaling and
the differentiation process. We identified TRPM4 gene expression in DFSCs, but not TRPMD5, a
closely related channel with similar function. Perfusion of cells with increasing buffered Ca2*
resulted in a concentration-dependent activation of currents typical for TRPM4, which were also
voltage-dependent and had Na* conductivity. Molecular suppression with shRNA decreased
channel activity and cell proliferation during osteogenesis, but not adipogenesis. As a result,
enhanced mineralization and alkaline phosphatase enzyme activity were observed during
osteoblast formation, although DFSCs failed to differentiate into adipocytes. Furthermore, the
normal agonist-induced first and secondary phases of Ca%* signals were transformed into a gradual
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and sustained increase which confirmed the channels’ ability to control Ca2* signaling. Using
whole genome microarray analysis, we identified several genes impacted by TRPM4 during DFSC
differentiation. These findings suggest an inhibitory role for TRPM4 on osteogenesis while it
appears to be required for adipogenesis. The data also provide a potential link between the Ca2*
signaling pattern and gene expression during stem cell differentiation.
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Introduction

Stem cell therapy offers a promising approach to providing an advanced and reliable
therapeutic strategy for tissue regeneration and disease treatment. However, fundamental
processes controlling the fate of stem cells are not well understood. Dental follicle stem cells
(DFSCs) are derived from the neural crest and give origin to the periodontal ligament (1, 2).
These cells are multipotent and can differentiate into various cell types including
osteoblasts, adipocytes and neurons (3). In addition, they can be easily obtained from
extracted third molars that are usually discarded as medical waste. Therefore, DFSCs
represent an alternative source of stem cells for tissue regeneration. The Transient Receptor
Potential (TRP) proteins are a family of ion channels initially identified in the Drosophila
melanogaster visual system (4). Despite intensive research, information regarding their
function in stem cells remains largely unknown. The melastatin subfamily of TRP channels
is comprised of eight members (TRPM1-8), with TRPM4 and TRPMS5 being the only non-
calcium conducting channels (5, 6). Both are permeable mainly to Na*, resulting in
depolarization upon channel activation. The ability of TRPM4 to depolarize cells transforms
the normal intracellular Ca2* oscillations into sustained Ca2* increases in T-lymphocytes
(7). This is due to a decrease in the driving force for Ca2* entry via store-operated CaZ*
channels (SOCs), the main pathway for Ca2* entry in non-excitable cells, such as dental
follicle stem cells (DFSCs) of mesenchymal origin (3). Of the TRPMs, only the TRPM7 has
been reported in stem cells. It is essential for bone marrow-derived mesenchymal stem cell
proliferation and survival and is required for early embryonic development (8, 9).

Oscillations in the intracellular Ca2* concentration ([Ca2*];) are commonly observed during
stem cell differentiation and there is evidence that they may control the differentiation
process. Physical manipulation of Ca2* signals with non-invasive electrical stimulation
enhances Ca2* entry and osteodifferentiation of human mesenchymal stem cells (hMSCs;
(10)). That study suggests that increased Ca?* entry is a result of activation of G-protein
coupled receptors and the opening of Ca2* channels. In addition, activation of gene
transcription by NFAT in immune cells appears to be controlled by the shape and frequency
of the Ca?* signals (7, 11). Interestingly, both Ca%* signals and NFAT-activated gene
transcription disappear at the completion of adipogenesis in hMSCs (12). Similar
observations have been made during the terminal stages of osteoblast differentiation (10),
implying that CaZ* signals may be important for directing and terminating the process.
Furthermore, oscillations in the [Ca2*]; control the transition from the G4 phase to the S
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phase of the cell cycle to preserve embryonic stem cell (ESC) pluripotency (13). Therefore,
the question of how Ca?* signals control stem cell differentiation is fundamentally
important.

The TRPM4 channel is a widely expressed protein present in both electrically excitable and
non-excitable cells. Patch-clamp recordings revealed that it is a Ca2*-Activated Non-
selective cation (CAN) channel, inhibited by nucleotides and polyamines (5, 14). Although
not permeable to Ca2*, TRPM4 has a significant impact on Ca2* signals because it provides
a mechanism that allows cells to depolarize in a Ca?*-dependent manner. In non-excitable
cells such as undifferentiated stem cells, TRPM4-mediated depolarization decreases the
driving force for Ca2* entry through SOCs, whereas in excitable cells (e.g. neuron,
endocrine or cardiac muscle), TRPM4 has the opposite effect by providing the
depolarization necessary for the opening of voltage dependent Ca2* channels (VDCCs).
Previous studies identified SOCs in hMSCs and mESCs (15, 16). In fact, molecular
suppression of TRPM4 increases both Ca2* entry via SOCs and IL-2 production in non-
excitable T-lymphocytes(7). Studies in excitable cells revealed a significant reduction in
insulin secretion during glucose stimulation in pancreatic 3-cells after TRPM4 knockdown
(17); this reduction results from a decrease in the magnitude of the Ca2* signals (18). A
similar observation was made in glucagon secreting a-cells (19). In addition to the effects in
immune and islet cells, the control of CaZ* signals by TRPM4 is critical for myogenic
constriction of cerebral arteries, migration of dendritic cells and cardiac function (20-22).
Given the importance of Ca2* signals for stem cell differentiation, it is possible that ion
channels such as TRPM4 could be involved in their regulatory mechanism.

In this study, we investigated the role of TRPM4 in differentiation of rat DFSC, a
mesenchymal stem cell from the first molar tooth. We examined TRPM4 gene expression by
RT-PCR and tested whether currents with the characteristics of those known for this channel
could be detected using the patch-clamp technique. To gain insight into TRPM4 function,
we generated stable knockdown cells via shRNA. These cells were then used in cell
proliferation, Ca?* imaging analysis and differentiation experiments. Finally, we performed
whole genome microarray analysis to examine potential genes regulated by TRPM4 during
DFSC differentiation.

Materials and Methods

Reagents

Cell culture

All reagents were purchased from Sigma-Aldrich (St. Louis, MO, USA.), except for fura-2
acetoxymethyl ester (Fura-2AM), which was from Molecular Probes (Eugene, OR, USA).

Dental follicle stem cells of the first mandibular molar were harvested from Sprague-
Dawley rat pups 57 days post-natal and cultured according to published methods (23).
Cells were grown in a-MEM medium supplemented with 20% FBS and aerated with 5%
CO, and 95% air at 37°C. Experiments were performed with cells from passages 2 through
8. MC3T3-Elpreosteoblast cells were grown in a-MEM medium supplemented with 10%
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FBS and cultured as described for DFSCs. Human adipocyte stem cells (hACSs) were
maintained in Dulbecco’s Modified Eagles Medium (DMEM)/Ham’s F-12 medium (Sigma-
Aldrich, St. Louis, MO, USA) with 10% FBS and aerated with 5% CO5 at 37°C. All
experiments were performed with cells from passages 6 through 8.

Induction and detection of cell differentiation

RT-PCR

Osteogenesis—Cells were induced with osteogenic medium, consisting of DMEM-LG
supplemented with 10% FBS, 10nM dexamethasone, 0.1mM ascorbic-acid-2-phosphate and
10mM B-glycerophosphate. The medium was changed every four days during osteogenesis.
After a 14-day period, the medium was aspirated and the cultures washed twice with PBS,
fixed with 10% formaldehyde, washed again with distilled water and incubated with 1%
Alizarin Red S (ARS) in dH,0. After incubation, the staining solution was removed and the
cultures washed with distilled water to remove excess dye. Stained monolayers were
visualized by phase contrast microscopy with an inverted microscope (Zeiss, Thornwood,
NY, USA).

Adipogenesis—Cells were induced with adipogenic medium containing DMEM-LG
supplemented with 10% FBS, 50ug/ml ascorbic acid, 0.1uM dexamethazone, and 50ug/ml
indomethacin. Adipogenesis was determined by Oil Red O (ORO) staining. Briefly, cells
were washed with PBS, fixed with 10% formalin for 10 min, washed twice with dH,0 and
incubated with 60% isopropanol for 5 min. Cells were then stained with ORO solution for 5
min and washed again to remove excess dye. The presence of lipid droplets was visualized
by phase contrast microscopy with an inverted microscope.

RNA was extracted from DFSCs, hASCs, MC3T3-E1 cells and bone tissue using the
RNAgqueous-4PCR® kit according to manufacturer’s instructions (Ambion, Austin, TX,
USA). The RNA was purified with DNase 1 treatment. Reverse transcription was performed
with MMLV-Reverse Transcriptase. PCR was performed with Ambion’s RETROscript® kit
and rat primers with the sequences listed (forward/reverse [5° to 3']):
TTGGCATACTGGGAGACGCA/GGCCCAAGATCGTCATCGT (TRPM4; 301bp);
CAAGTGTGACATGGTGGCCATCTT/GCTCAGGTGGCTGAGCAGGAT (TRPMS5;
600bp); GCAAATGACTCCACTCTC/GATTCTCTCTTCACTCCCAG (TRPM7; 422bp).
Rat GAPDH (420bp) and ultrapure water were used as positive and negative controls,
respectively. The human primers (forward/reverse [5’ to 3’]) were:
AGCATGGTGCCGGAGAA/GGTGTCTCTATTCCGGACCACA (TRPM4; 600bp);
CAGAACATCACCTCACACCAG/GGTTCTCGCTCTTCTGGTTC (TRPM5; 640 bp);
TGAAACGAGTGAGTTCTCTTGCTG/CACAGGTGTAAATGGAATGCTC (TRPM7,
309hbp); AACAGCGACACCCACTCCTC/GGAGGGGAGATTCAGTGTGGT (GAPDH;
258bp).

Electrophysiology

Cells were maintained in standard modified Ringer’s solution of the following composition
(in mM): NaCl 140, KCI 2.8, CaCl, 1, MgCls 2, glucose 4, HEPES-NaOH 10, pH 7.2
adjusted with NaOH. The standard internal solution contained (in mM): Cs-glutamate 120,
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NaCl 8, MgCl, 1, Cs-BAPTA 10, HEPES-CsOH 10, pH 7.2 adjusted with CsOH. The
internal solution’s buffered Ca2* concentration was adjusted as necessary with CaCl,
(calculated with WebMaxC http://www.stanford.edu/~cpatton/webmaxcS.htm). The Na*-
free modified Ringer’s solution contained (in mM): choline-CI 140, KCI 2.8, CaCl, 1,
MgCl, 2, glucose 4, HEPES-CsOH 10, pH 7.2 adjusted with CsOH. The osmolarity of the
solutions were ~300 mOsm/L. TRPM4 currents were recorded in the tight-seal whole-cell
configuration mode at 21-25 °C. High-resolution current recordings were acquired by a
computer-based patch-clamp amplifier system (EPC-10, HEKA, Lambrecht, Germany).
Patch pipettes had resistances of 4—7 MQ and were coated in Sigmacote® silicon solution
(Sigma-Aldrich, St. Louis, MO, USA). Immediately following establishment of the whole-
cell configuration, voltage ramps of 50 ms duration spanning the voltage range of —100 to
+100 mV at a rate of 0.5 Hz over a period of 300-600 s. All voltages were corrected for a
liquid junction potential of 10 mV between external and internal solutions, calculated with
Igor PPT Liquid Junction Potential software (Wavemetrics, Portland, OR, USA).

Generation of TRPM4 knockdown cells

Lentivirus plasmids were obtained from Sigma-Aldrich (Saint Louis, MO, USA) in a pLKO.
1 backbone and contained either nonspecific control (SHC002) or TRPM4 specific ShRNA
(SHDNA-NM_175130, TRCN0000068684 and TRCN0000068686) under the control of the
U6 promoter, plus the puromycin resistance and GFP reporter genes. Cells were selected in
1pg/mL puromycin for one week, and transduction efficiency determined by FACScan flow
cytometry (BD Biosciences, Franklin Lakes, NJ, USA) to sort GFP* cells. Stably transduced
cells were used for functional experiments.

Cell proliferation assay

An MTT assay was used to compare the proliferation rates between control and TRPM4
knockdown cells. One week following lentiviral transduction 10* cells/well were seeded into
three 96-well plates and cultured in normal growth medium for three days. Cells were then
placed in osteogenic or adipogenic medium and analyzed by an MTT-based assay kit
(Bioassay Systems, Hayward, CA, USA) at 48, 72, and 96 hrs. MTT solution was added to
each well and incubated at 37°C for 4 hrs. Then, solubilization buffer was added to dissolve
the insoluble formazan product. The absorbance at 550nm was measured with an Ultramark
Microplate Imaging System (BioRad, Hercules, CA, USA). Cell proliferation was expressed
as the absorbance of the cells minus the background.

Calcium imaging analysis

Cells were loaded with 5uM Fura-2AM for 30 min at 37°C. A CaZ*-imaging buffer
containing (in mM) NaCl 136, KCI 4.8, CaCl, 1.2, MgSO,4 1.2, HEPES 10, glucose 4, and
0.1% BSA at a pH of 7.3 was used for Fura-2AM loading and perfusion throughout imaging
experiments. Calcium measurements were obtained with a dual excitation fluorometric
imaging system (TILL-Photonics, Grafelfingen, Germany) controlled by TILLvisION
software. Fura-2AM loaded cells were excited by wavelengths of 340nm and 380nm.
Fluorescence emissions were sampled at a frequency of 1 Hz and computed into relative
ratio units of the fluorescence intensity of the different wavelengths (F340/Fsgg).
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Alkaline phosphatase activity

Quantification of alkaline phosphatase (ALP) enzyme activity at different time points during
osteogenesis was made with an ALP assay kit (BioChain, Newark, CA, USA) according to
the manufacturer’s instructions. Differentiation experiments were performed in
quadruplicate in a 24-well plate (4 wells/time point) and repeated three times. The cells were
washed in PBS and lysed with 0.5 ml 0.2% Triton X-100 in distilled water prior to ALP
activity determination. Samples were assayed in duplicate in a 96-well plate and analyzed at
405nm with a microcount plate reader BS10000 (Packard Instrument Co., Downers Grove,
IL, USA).

Microarray analysis

Raw/normalized intensity values and the log-Ratios of all possible pair wise comparisons
were pre-processed by the microarray manufacturer (PhalanxBio Inc., Belmont, CA, USA).
The genes that were associated with osteogenesis or adipogenesis and affected by TRPM4
knockdown, were selected based on the following two criteria: first, genes displaying at least
2-fold up/down-regulation during cell differentiation in either cell population [minimum
absolute fold-change = 2 between control cells prior to differentiation (CO) and after 14 days
(C14) and between TRPM4 knockdown cells prior to differentiation (KDO0) and after 14
days (KD14)]. Second, fold change differences in genes exhibiting differential up/down-
regulation between control and knockdown cell populations during cell differentiation (i.e.,
differences that exist between fold-change values found in control and knockdown cells).

Following gene selection, we identified the biological functions that are most significantly
associated (P<0.05) with selected gene-sets via Ingenuity Pathway Analysis (IPA 9.0,
Ingenuity Systems, Redwood City, CA, USA). A right-tailed Fisher’s exact test was used to
calculate a P-value, determining the probability that each biological function assigned to that
gene-set is due to chance alone. Gene networks were created with Ingenuity pathway
designer.

Data analysis

Results

Patch-clamp recordings are shown as means + S.E.M. and were plotted with Igor Pro 5
software program (Wavemetrics, Portland, OR, USA). The OD values from control and
TRPMA4 knockdown groups in the MTT and alkaline phosphatase assays are shown as
means + S.E.M. and were compared by a two-tailed, unpaired Student’s t-test for each time
point. Statistical significance was established at P<0.05.

Dental follicle stem cells express TRPM4 and differentiate into osteoblasts and adipocytes

First, we used RT-PCR analysis to determine whether DFSCs expressed the TRPM4 gene.
We identified TRPM4 expression with the predicted molecular size (301bp), but not the
TRPMS5 (600bp), a closely related channel with similar function (Fig. 1A). We also
confirmed TRPM4 expression in murine preosteoblast MC3T3-E1cells and rat mandible and
tibia bones. Both cells and bone tissues expressed the TRPM7 (422bp), which is required for
cell proliferation and viability (8, 24). In order to investigate whether stem cells of human
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origin expressed TRPM4, we performed RT-PCR with RNA extracted from human
adipocyte stem cells (hASCs). We identified similar gene expression pattern as the one
observed with DFSCs (Fig. 1A). To demonstrate the multipotency of DFSCs, we tested their
differentiation capability into osteoblasts and adipocytes determined by ARS and ORO
staining at the end of 14 days (Fig. 1B). These stem cells were capable of differentiation into
the respective cell types as indicated by extracellular matrix mineralization and lipid droplet
accumulation. The adipogenic potential of hASCs is shown in Figure 1B.

Dental follicle stem cells have functional TRPM4 channels

Next, we performed electrophysiological recordings to investigate the biophysical properties
of TRPM4, which is activated by increases in [Ca2*]; (5). We performed whole-cell patch-
clamp recordings during perfusion of DFSCs with buffered Ca* concentrations ranging
from 0.1-3uM at OmV holding potential (Fig. 2A). These experiments resulted in a
concentration-dependent activation of TRPM4 currents with an ECgg of 0.94uM and Hill
coefficient of 7.79 (Fig. 2C and D). The current-voltage relationships (1/V), that are the
signature of an ion channel, are typical of those reported for TRPM4 (Fig. 2B). Perfusion of
hASCs with increasing buffered Ca2* concentrations (0.1-3 uM) also resulted in a
concentration-dependent activation of currents and 1/V similar to those described for channel
(Fig. 2E and F). In addition to Ca2* activation, TRPM4 is voltage-dependent, where
negative potentials inhibit and positive potentials increase its open probability (5, 25). We
tested the effect of -60mV, OmV and +60mV holding potentials on TRPM4 currents with
1uM buffered Ca2*. Patch-clamp recordings at negative potentials suppressed and at positive
potentials increased the current amplitude compared to OmV (Fig. 3A). The effect of voltage
on TRPM4 is shown by the I/V from representative cells (Fig. 3B). The opening of TRPM4
results in Na* entry into cells and depolarization. Hence, we examined channel conductivity
by replacing NaCl in the extracellular solution with choline chloride. Under this condition,
inward currents were completely abolished compared to cells maintained in NaCl solution
during experiments with 1uM buffered Ca2* and OmV holding potential (Fig. 3C). The
replacement of Na* caused a noticeable shift in the reversal potential due to
hyperpolarization (Fig. 3D; black arrow).

Molecular suppression of TRPM4 inhibits channel activity and cell proliferation

To investigate the functional significance of TRPM4 in DFSCs, we used shRNA and a
lentiviral vector to generate stable TRPM4 knockdown cells. We confirmed the
effectiveness of the SARNA by performing patch-clamp recordings with 1uM buffered Ca2*
and 0 mV HP to activate the channel. TRPM4 currents were significantly reduced in
knockdown cells compared to control ShRNA (Fig. 4A), and confirmed by the I/V (Fig. 4B).
In stem cells, a decrease in cell proliferation is required prior to differentiation (26, 27).
Therefore, we used the MTT assay to examine whether cell proliferation was impacted by
TRPMA4 during osteogenesis and adipogenesis. Inhibition of TRPM4 significantly decreased
cell proliferation compared to control ShRNA cells during a 96-hr period when placed in
osteogenic medium (Fig. 4C). Under adipogenic conditions, there was a reduction in cell
proliferation only during the initial 48-hrs with TRPM4 knockdown (Fig. 4D). Based on
these results, we reasoned that if cell proliferation decreased during osteogenesis, there was

Sem Cells. Author manuscript; available in PMC 2015 September 24.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nelson et al. Page 8

a possibility that TRPM4 suppression would facilitate osteoblast, but not adipocyte
differentiation.

TRPM4 inhibits osteogenesis but facilitates adipogenesis

In order to test TRPM4’s function on DFSC differentiation, we cultured cells in osteogenic
and adipogenic media over 21-days and performed ARS and ORO staining on days 0, 7, 14
and 21. Inhibition of TRPM4 with two different sets of ShRNAs (I and I1) enhanced
mineralization of DFSCs under osteogenic conditions compared to control shRNA cells, as
determined by ARS staining (Fig. 5A). Furthermore, DFSCs cultured under adipogenic
conditions failed to differentiate into adipocytes, as indicated by the absence of ORO
staining (Fig. 5B). These results suggest that TRPM4 inhibits osteogenesis, but is required
for or at least facilitates adipogenesis.

TRPM4 controls Ca?* signals and alkaline phosphatase enzyme activity

Calcium oscillations are linked to stem cell differentiation and TRPM4 is key regulator of
Ca?* signaling in different cell types (7, 18, 19, 28). Therefore, we performed real-time CaZ*
imaging analysis to determine its impact on Ca2* signals generated by ATP, which influence
stem cell differentiation (29, 30). Stimulation of control shRNA cells with 100uM ATP
resulted in the typical increase in [Ca2*]; characterized by a first phase due to Ca2* release
from the ER, followed by a secondary phase due to Ca2* influx via SOCs (Fig. 6A). TRPM4
knockdown transformed the biphasic Ca2* pattern into a gradual and sustained increase (Fig.
6B). The average responses of cells from three different cell passages are shown in Figure
6C. The proliferation and osteogenic differentiation assays combined with the CaZ*
signaling data prompted us to investigate whether enhanced osteoblast differentiation and
mineralization in knockdown cells were associated with an increase in alkaline phosphatase
enzyme activity. This enzyme is one of the hallmarks for osteogenesis (31). We found that
there was also a significant increase in alkaline phosphatase enzyme activity on days 14 and
21 of osteoblast differentiation compared to control ShRNA cells (Fig. 6D).

Genes regulated by TRPM4 during osteogenic and adipogenic differentiation

Finally, we used whole genome microarray analysis to investigate potential genes controlled
by TRPM4 during 14 days of differentiation. Based on the approach described for
microarray analysis, we first examined genes involved in osteogenesis because of the
enhancement of mineralization and osteoblast formation with TRPM4 knockdown. We
identified four genes involved in bone mineralization (Nuclear factor erythroid-derived 2
(NFE2), Asporin (ASPN), matrix extracellular phosphoglycoprotein (MEPE) and matrix vy-
carboxyglutamate protein (MGP)). All four genes were up-regulated (MEPE 11 fold; MGP
8.6 fold; NFE2 1.9 fold) compared to control shRNA cells, while ASPN gene expression
was 37.4 fold higher in controls than knockdown cells (Fig. 7A). We also identified four
genes involved in osteoblast differentiation (Cbp/p300-interacting transactivator 1
(CITED1), Cyclin-dependent kinase 6 (CDK®), c-fos induced growth factor (FIGF) and
Interleukin 6 receptor (IL6R)). Both CITED1 and CDK6 genes were down-regulated 1.5 and
0.9 fold in controls compared to TRPM4 shRNA cells, whereas FIGF and IL6 were up-
regulated 2 and 0.7 fold respectively (Fig. 7A). In addition, we found the bone development
gene, Lumican (LUM), up-regulated 12.6 fold with TRPM4 suppression. Furthermore, our
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results indicated that TRPM4 knockdown inhibited adipogenesis. We identified eight genes:
Lipin 1 (LPIN1), tribbles homolog 3 (TRIB3), WNT inhibitory factor 1 (WIF1), secreted
frizzled-related protein 1 (SFRP1), matrix metallopeptidase 3 (MMP3), selenium binding
protein 1 (SELENBP1), aldehyde dehydrogenase 6 family member Al (ALDH6AL) and
regulator of G-protein signaling 2 (RGS2) involved in this process (Fig. 7B). Of the eight,
the TRIB3 was the only gene down-regulated, with a 24.7 fold reduction in knockdown
compared to control cells. From the up-regulated genes, SFRP1 (10.8 fold) and RGS2 (1
fold) expression were higher in control cells. TRPM4 suppression increased LPIN1 (3.7
fold), WIF1 (1.3 fold), MMP3 (22.9 fold), SELENBP1 (3.2 fold) and ALDH6A1 (1.4 fold)
over control cells. The genes involved in brown fat differentiation are shown in the diagram
(Fig. 7B).

Discussion

The study describes for the first time the expression and functions of TRPM4 in stem cells.
Using rat DFSCs, we identified TRPM4 gene expression and currents typical for the
channel, which were Ca%*-dependent, voltage sensitive and conducted mainly Na*.
Perfusion of cells with increasing Ca2* concentrations resulted in the activation of TRPM4
with an ECsgg of 0.94uM and Hill coefficient of 7.79. This is consistent with previous
findings in pancreatic a and 3 cells (19); thus it appears that in DFSCs, TRPM4 is more
sensitive to changes in [Ca2*];. The TRPM4 channel also exhibited a strong voltage
dependency with currents suppressed at negative, and facilitated at positive holding
potentials (5, 25). These currents were mainly due to Na* entry into cells, since replacement
of extracellular NaCl by choline-Cl resulted in almost complete abolishment under elevated
Ca®* concentrations. The absence of Na* entry resulted in hyperpolarization, which was
confirmed by the shift in the reversal potential to more negative values. These findings
reveal that DFSCs posses functional TRPM4 channels. We also identified TRPM4 gene
expression in mouse pre-osteoblast cells and rat bone tissue from mandible and tibia. This
suggests that in addition to osteogenesis, TRPM4 may be important for osteoblast function.
Because DFSCs are derived from mesoderm neural crest (23), we tested their differentiation
capability into osteoblasts and adipocytes to confirm their multipotency prior to performing
functional studies. Under both conditions, we were able to identify mineralization and lipid
droplet accumulation after 14 days.

To investigate the role of TRPM4 in DFSC differentiation, we generated stable knockdown
cells with shRNA and a lentiviral vector. We selected this approach because of concern over
loss of knockdown effect with transient transfection during differentiation. Inhibition of
TRPMA4 was confirmed with elevated Ca2* concentration and +60mV holding potential that
resulted in a significant reduction in current amplitude. In DFSCs, inhibition of TRPM4 did
not cause cell death, which is similar to findings in knockout mice (32, 33), suggesting that
TRPMA4 is not lethal. With the availability of the knockdown cells, we examined TRPM4’s
impact on proliferation and differentiation. A decrease in stem cell proliferation is a pre-
requisite for osteogenesis and adipogenesis (26, 27). The fact that TRPM4 suppression
decreased DFSCs proliferation during the initial 96-hrs of osteogenesis, but not of
adipogenesis, indicated a possible enhancement of osteoblast differentiation. This hypothesis
was supported by the increased mineralization and alkaline phosphatase enzyme activity;
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however, under adipogenic conditions, DFSCs failed to differentiate into adipocytes. These
findings suggest that TRPM4 functions as an inhibitor of osteogenesis, while it is required
and/or facilitates adipogenesis.

Calcium oscillations are often present during stem cell differentiation and are linked to the
differentiation process by activating specific transcription factors (12, 13). To provide
insights into the mechanism controlling DFSC differentiation, we investigated their Ca2*
signaling pattern of DFSCs during agonist stimulation. Inhibition of TRPM4 transformed
the normal ATP-induced a biphasic Ca2* pattern, characterized by a sharp increase (ER
release - first phase) followed by influx (Ca2* entry via SOCs - secondary phase) and then a
gradual increase followed by a sharp decrease. This was unexpected and different from
observations in T-lymphocytes, which also utilize SOCs as the main Ca?* entry pathway.
TRPM4 suppression in immune cells results in a sustained secondary phase without
impacting the first phase, and increases I1L-2 production via the calcineurin-NFAT pathway
(7, 11). It is possible that in DFSCs there could be direct interaction between TRPM4 and
the ER to control the rate of Ca?* release and refill. Such relationship between ER proteins
(e.g. Stromal interaction molecule 1 (STIM1)) and ion channels (e.g. SOCs) are essential for
Ca?* signaling in non-excitable cells (34, 35). Another possibility is that of TRPM4
multimerization with SOCs to control the rate of Ca2* influx. Several TRP members are
capable of homo- and heteromultimerization (36-39). However, the gradual increase in
[Ca?*]; with TRPM4 suppression, suggests a regulatory mechanism between TRPM4 and
the ER. Further studies will be required to elucidate the mechanism underlying the control of
Ca?* signals by TRPM4 in DFSCs.

Functional studies in different cell types provide a direct link between TRPM4, Ca2*
signaling and cellular responses. Together, they control dendritic cell migration and cytokine
production in T-lymphocytes (7, 11, 21). They also regulate in insulin and glucagon
secretion from pancreatic islet cells and myogenic constriction in cerebral arteries (18-20).
Because gene transcription is one of the downstream events regulated by TRPM4, we
performed whole genome microarray analysis to identify potential genes responsible for the
enhancement of osteogenesis and inhibition of adipogenesis. We identified four genes
involved in osteoblast differentiation (CITED1; CDK®6; FIGF; IL6R) and four in bone
mineralization (NFE2; ASPN; MEPE; MGP). Comparison between osteogenic
differentiation genes from control and knockdown cells revealed a maximum of two fold
differences, whereas for bone mineralization, the MEPE and MGP genes were up-regulated
11 and 8.6 fold with TRPM4 suppression. These findings are consistent with studies in
human dental pulp and murine preosteoblast cells, where MEPE expression enhances
osteoblast differentiation and mineralization via the BMP-2 signaling pathway (40, 41).
Although the role of MGP in dental tissue is unclear, studies in knockout mice show
increased mineralization of pulmonary and renal arteries via the BMP-4 pathway (42). This
is contrary to our observation in DFSCs. Perhaps the differences in signaling pathway and
tissues affected by MGP expression could account for this disparity. In fact, the BMP-2
pathway is reported to control DFSC differentiation into osteoblasts (43). Furthermore,
TRPM4 knockdown inhibited ASPN expression 39.4 fold over control cells. This is relevant
to DFSCs because this gene is predominantly expressed in the periodontal ligament (PDL)
and in dental follicle cells that give rise to the ligament (44). Since ASPN expression
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inhibits differentiation and mineralization of the PDL (44), its suppression by TRPM4
knockdown may have contributed to the enhanced osteogenesis. Interestingly, we found the
LUM gene up-regulated 12.6 fold over control cells. Its roles in collagen formation,
epithelial cell migration and tissue repair suggest a possible role for TRPM4 on bone
development (45, 46).

When TRPM4 knockdown cells were placed in adipogenic medium, they failed to
differentiate into adipocytes. Of the genes related to this process, the TRB3 was down-
regulated 24.7 fold compared to control cells. This finding is consistent with reports in type
2 diabetic rats, where silencing of the TRB3 decreases adipocyte formation (47). Two other
notable genes, SFRP1 and MMP3, were up-regulated in both groups. TRPM4 knockdown
inhibited SFRP1 expression 10.8 fold compared to control cells and SFRP1 is reported to be
a regulator of the Wnt/beta-catenin pathway. Its expression enhances adipocyte
differentiation in humans and mice (48). The analysis also revealed a 22.9 fold increase in
MMP3 expression compared to control cells. The knockout of this gene also enhances
adipogenesis during mammary gland involution in mice, along with adipocyte hypertrophy
(49). The effects of TRPM4 knockdown on the TRB3, SFRP1 and MMP3 genes are
expected to inhibit adipocyte differentiation based on their roles during adipogenesis.
Conclusion

TRPM4 is a CAN channel present in DFSCs. These stem cells not only express the TRPM4
gene, but have currents typical for the channel. Functional experiments suggested that
TRPM4 acts as an inhibitor of osteogenesis, since channel suppression increased
mineralization and ALP enzyme activity. However, it appears to be required and/or
facilitates adipogenesis due to the absence of adipocyte differentiation in TRPM4
knockdown cells. The effect of TRPM4 on osteogenesis and adipogenesis seems to be
linked to the Ca2* signals, which could be a key factor controlling expression of certain
genes.
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Figure 1. TRPM4 gene expression and multipotency of dental follicle stem cells
(A) Total RNA isolated from rat DFSCs, mandible and tibia bones, mouse pre-osteoblast

MC3T3-E1 cells, human adipocyte stem cells (hASCs) and reverse-transcribed into cDNA.
RT-PCR was performed with specific TRPM4 and TRPM5 primers. TRPM7 and GAPDH
primers served as positive controls. (B) The multipotency of DFSCs was confirmed after 14
days in osteogenic (upper panel) and adipogenic (lower panel) differentiation medium with
Alizarin Red S and Oil Red O staining. The adipogenic potential of hASCs is also shown.
Note the presence of mineralization in the extracellular matrix as well as lipid droplet
accumulation at 32x magnification.
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Figure 2. Calcium-dependent activation of TRPM4 currentsin dental follicle stem cells
(A) Average inward and outward currents during perfusion with increasing buffered Ca?*

concentrations. Traces represent the mean + S.E.M. (n=5-8 cells/concentration) recorded at
OmV holding potential. (B) Current-voltage relationship (I/V) under experimental conditions
described in (A) taken from representative cells at 300s for each Ca2* concentration. (C)
Average inward currents (mean + S.E.M.) from cells represented in panel A. (D) A dose-
response analysis revealed an ECgq of 0.94uM and Hill coefficient of 7.79. (E) Average
inward and outward currents during perfusion of hASCs with increasing buffered Ca2*
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concentrations. Traces represent the mean + S.E.M. (n=3-6 cells/concentration) recorded at
0mV holding potential. (F) Current-voltage relationship (1/V) under experimental conditions
described in (E) taken from representative cells at 600s for each Ca2* concentration.
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Figure 3. Voltage-dependency and ionic conductivity of TRPM4 in dental follicle stem cells
(A) Average inward and outward currents in response to 1uM Ca2* at +60mV, OmV and

-60mV holding potentials. Traces are mean + S.E.M. (n=5-6 cells/holding potential). (B)
Current-voltage relationship (1/V) under experimental conditions described above at 600s
from representative cells. (C) Average inward and outward currents from DFSCs maintained
in NaCl solution compared to cells kept in extracellular buffer with choline-Cl replacing
NaCl. Traces are mean + S.E.M. (n=6-12 cells). (D) Current-voltage relationship (1/V)
taken at 600s from a representative cell. Note the shift in reversal potential (arrow) and
hyperpolarization caused by the lack of Na* entry with choline-Cl substitution.
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Figure 4. TRPM4 knockdown and itsimpact on cell proliferation
(A) Average inward and outward currents from control ShRNA (n=9) and TRPM4 shRNA

cells (n=6) recorded at +60mV holding potential and 1uM buffered Ca2*. A noticeable
reduction in current amplitude is seen with TRPM4 knockdown. Traces represent mean +
S.E.M. (B) Current-voltage relationship (I/V) obtained from representative cells at 300s. (C
and D) The effect of TRPM4 knockdown on cell proliferation was examined by MTT assay.
A significant decrease in cell proliferation was observed in TRPM4 shRNA cells compared
to control shRNA at all time points under osteogenic, but not adipogenic conditions. Data
are shown as mean + S.E.M. (n=6 wells/time point); *P<0.05.
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Figure 5. Molecular suppression of TRPM 4 enhances osteogenesis but inhibits adipogenesis
(A) Extracellular matrix mineralization shown by Alizarin Red S staining during a 21-day

period in control sShRNA and TRPM4 shRNA cells. (B) Lipid droplet accumulation during a
21-day period in control ShRNA and TRPM4 shRNA cells after Oil Red O staining.
Suppression of TRPM4 enhanced mineralization during osteogenesis, but inhibited lipid
droplet accumulation during adipogenesis. Images are representative of three different
experiments (10x magnification).
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Figure 6. TRPM4 regulates ca?* signals and increases alkaline phosphatase enzyme activity
(A) Calcium signals from single control ShRNA cells in response to 100uM ATP. (B) Same

experiment as in A, except with TRPM4 shRNA cells. (C) Average Ca2* signals from
control ShRNA (n=47 cells) and TRPM4 knockdown (n=64 cells) from three different
experiments. (D) Alkaline phosphatase enzyme activity during a 21-day period under
osteogenic differentiation conditions. Results are presented as mean + S.E.M. from three
different experiments (n=4 wells/time point); *P<0.05.
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Figure 7. Whole genome microar ray analysis of osteogenic and adipogenic genesimpacted by
TRPM4

(A) Gene expression related to osteoblast differentiation, bone development and
mineralization in TRPM4 shRNA cells after 14-days in osteogenic conditions. (B) Gene
expression related to adipocyte differentiation from TRPM4 shRNA cells after 14-days in
adipogenic conditions. RNA was extracted from control shRNA [C] and TRPM4
knockdown cells [KD] prior to differentiation induction [CO and KDQ] and after two weeks
of differentiation [C14 and KD14]. The values under each gene represent the difference in
fold change between C14 and KD14 groups. Red/Green color indicates Up/Down regulation
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during differentiation in control (left bars) and knockdown cells (right bars). The biological
functions shown in the diagrams have P<0.05.
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