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Abstract

Background: Kir2.1 channels are responsible for membrane hyperpolarization of many cell types. While these Kir2.1 channels are
known to be necessary for proper bone development and play a critical role in osteogenesis, the underlying mechanisms remain poorly
understood. Here, we examined the effect of Kir2.1-mediated membrane hyperpolarization on the osteogenic differentiation of human
dental follicle stem cells (hDFCs), a type of mesenchymal stem cell (MSC), and explored the underlying mechanisms. Methods: Levels
of Kir2.1 and osteogenic marker expression were evaluated by quantitative real-time polymerase chain reaction (QRT-PCR) and western
blotting. Alkaline phosphatase (ALP) and Alizarin red staining were employed to evaluate ALP enzymatic activity and mineralized
nodule formation, respectively. Intracellular Ca?* levels were measured using fluorescent Ca>* indicators with Ca>” imaging. Results:
Reversal of membrane hyperpolarization via modulation of extracellular K concentration ([K']c) was shown to suppress osteogenic
differentiation of hDFCs, whereas the induction of membrane hyperpolarization through the opening of ATP-sensitive K* channels had
the opposite effect, enhancing hDFC osteogenesis. Kir2.1 channel expression was upregulated during the osteogenic differentiation of
hDFCs. Inhibition of Kir2.1 using short hairpin RNA (shRNA) or a pharmacological inhibitor suppressed osteogenic differentiation.
Hyperpolarizing the membrane by decreasing [K']. led to the elevation of intracellular Ca®* levels, whereas this effect was eliminated by
the removal of extracellular Ca®>*, Kir2.1 inhibition, or treatment with La*", a store-operated Ca** channel (SOC) blocker. Conclusions:
Our findings indicate that membrane hyperpolarization promotes osteogenic differentiation of hDFCs by increasing intracellular Ca*"
levels and that the Kir2.1 and SOC channels play important roles in this process.
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1. Introduction important role in non-excitable cells. For example, the
Kir2.1-mediated modulation of macrophage membrane po-
tential serves as a critical regulator of nutrient uptake and
downstream metabolic reprogramming, thereby modulat-
ing inflammatory responses [4]. Blockade of Kir2.1 chan-

While stem cell transplantation holds immense
promise for tissue regeneration and disease treatment, in-
sights into the fundamental processes controlling stem

cell biological behaviors are crucial. Dental follicle cells i
(DFCs) are dental-derived mesenchymal stem cells (MSCs) nels causes membrane depolarization and thereby enhances
capable of differentiating into periodontal ligament cells, endothelial progenitor cell differentiation [5]. Andersen’s

cementoblasts, and osteoblasts [1]. In recent years, there syndr(')me' is a rare clﬁnical ent'ity deﬁned by the Symp-
has been growing interest in DFCs owing to both their cru- tomatic triad of periodic paralysis, cardiac arrhythmia, and
cial role in tooth eruption and bone remodeling, as well as bone developmental defects [6,7]. In induced pluripotent

their potential use for cell-based tissue engineering and dis- ~ Stem cell MSCs from patients with Andersen’s syndrome,
ease treatment applications [2]. loss of Kir2.1 channel function caused by KCNJ2 gene

mutations has been found to impair the osteoblastic pro-
cess, suggesting a critical role of the Kir2.1 channel during
the process of osteogenesis [8,9]. However, the underly-
ing electrophysiological mechanisms have not been inves-
tigated at length.

Kir2.1 channels, encoded by potassium inwardly rec-
tifying channel subfamily J member 2 (KCNJ2), are re-
sponsible for the membrane hyperpolarization of excitable
cells, such as cardiomyocytes and neurons [3]. Increas-
ing evidence has shown that Kir2.1 channels also play an
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The regulation of Ca?" dynamics plays a central role
in MSC differentiation, with Ca?>" entry across the plasma
membrane representing a key mechanism through which
MSCs mobilize their Ca>" stores [10,11]. Electrical stim-
ulation that facilitates Ca®>" entry across the plasma mem-
brane enhances the osteogenic differentiation of MSCs
[12]. Of the Ca*"-permeable channels expressed in MSCs,
store-operated Ca’* channels (SOCs) have been proposed
as the main mediators of Ca®" entry through the plasma
membrane [10,11,13]. Ca?" influx is driven by the es-
tablishment of a Ca?>" concentration gradient across the
plasma membrane, which is controlled by membrane po-
tential. Membrane hyperpolarization increases the driving
force for Ca?" influx, whereas membrane depolarization has
the opposite effect [14,15]. Changes in membrane potential
can therefore modulate intracellular Ca* signaling activity
by modulating the degree of plasma membrane ion channel
Ca’" permeability.

In this study, we investigated the role of Kir2.1-linked
membrane hyperpolarization in the differentiation of hu-
man DFCs (hDFCs). To gain insight into the functional role
of Kir2.1 in these cells, lentiviral vectors were used to stably
knock down this protein, after which the osteogenic differ-
entiation capacity of these cells was assessed. Single-cell
Ca’" imaging was then performed to examine the effects of
Kir2.1-linked membrane hyperpolarization on intracellular
Ca’" levels and to identify the pathways of Ca®" entry as-
sociated with these effects in hDFCs.

2. Materials and Methods
2.1 Cell Culture and Lentiviral Transduction

Dental follicles were obtained from embedded third
molars collected from the orthodontics department at the
Affiliated Stomatology Hospital of Southwest Medical Uni-
versity in Luzhou, China. Ethical approval for all human
cell culture experiments was obtained from the Ethics Com-
mittee of the Affiliated Stomatology Hospital of Southwest
Medical University (reference number: 220815003). Pri-
mary hDFCs were derived from dental follicle tissues using
a previously reported approach [16]. The primary hDFC
cell was validated by short tandem repeat (STR) profiling
and tested negative for mycoplasma. Briefly, tissue blocks
were cut into small pieces and digested with 1% collagenase
and 1% dispase at 37°C for 40 min. Dissociated cells and
partially digested tissue were then transferred into DMEM
(Gibco, Grand Island, NY, USA) containing 10% FBS, 100
U/mL penicillin, and 100 pg/mL streptomycin, followed by
culture at 37 °C under 5% CO,. The culture medium was re-
placed every 2 days prior to passaging, and all experiments
were performed with cells from passages 2-3.

For knockdown experiments, recombinant lentivi-
ral vectors were generated by cloning Kir2.1-specific
short hairpin RNA (shRNA) sequences (GCAGATCTGC-
TAGCGTATATTCTCGAG) or a scrambled non-targeting
shRNA into the LV-U6-mPGK-EGFP-T2A-Puro plasmid

(Cyagen, Guangzhou, China). In this construct, GFP func-
tions as a reporter for successful transduction. hDFCs were
infected with lentiviruses at a concentration of 10'* plaque-
forming units/mL. Transduced cells were identified based
on GFP positivity.

2.2 Osteogenic Differentiation

Osteogenic differentiation was induced by culturing
hDFCs in DMEM supplemented with 10% FBS, 10 mM
B-glycerophosphate, 10 M dexamethasone, 50 pg/mL
ascorbic acid, and 10 nM vitamin D3. After 14 days,
cells were fixed with 4% paraformaldehyde and subjected
to Alizarin red staining to visualize calcium deposits. To
quantify the results of this staining approach, the stain was
then dissolved in 10% cetylpyridinium chloride monohy-
drate for 30 min, and absorbance at 562 nm was subse-
quently read on a microplate reader.

2.3 Measurement of Alkaline Phosphatase Activity

For alkaline phosphatase (ALP) staining, the hD-
FCs were fixed in 4% paraformaldehyde, washed with
phosphate-buffered saline (PBS), and stained according to
the ALP Staining Kit (C3206, Beyotime Biotechnology,
Shanghai, China) in accordance with the manufacturer’s in-
structions. Stained cells were observed and photographed
using a phase-contrast microscope. We also measured ALP
activity using a commercial ALP kit (P0321S, Beyotime
Biotechnology, Shanghai, China). hDFCs were washed
with PBS and incubated in 0.5 mL of 0.2% Triton X-100 in
distilled water to lyse cells for ALP activity analysis. Sam-
ples were analyzed at 405 nm using a microplate reader, and
ALP-specific activity was calculated. Quantification was
conducted by dividing the absorbance by the protein con-
centration, as determined by the BCA protein assay (P0009,
Beyotime Biotechnology, Shanghai, China).

2.4 Quantitative Real-Time Polymerase Chain Reaction
(qRT-PCR)

Total RNA was purified from hDFCs using TRIzol
(Thermo Fisher Scientific, Waltham, MA, USA) per the
manufacturer’s guidelines. cDNA synthesis was subse-
quently carried out with the PrimeScript™ RT reagent kit
(TaKaRa, Tokyo, Japan). qRT-PCR was performed using
an Applied Biosystems Prism 7900HT Sequence Detection
System (Thermo Fisher Scientific) with a PrimeScript
RT-PCR Kit (TaKaRa). Gene expression levels were
normalized to glyceraldehyde 3-phosphate dehydrogenase
(GAPDH), and the mean fold change in gene expression
relative to GAPDH was calculated using the 2744t method.
Specific primers used for the detection of runt-related tran-
scription factor 2 (RUNX2), osteocalcin (OCN), and
GAPDH were synthesized by Sangon Biotech (Shanghai,
China). Utilized primers were as follows (5'-3"): Kir2.1:
forward TCAGAAGAAGACGGTATGAAGTTGGC,
reverse GTGGTGAAGATGTCTGCGAGGTAC; RUNX2:
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forward GCAGCAGCAGCAGCAGGAG,
GCACCGAGCACAGGAAGTTGG; OCN: forward
GCCAGGCAGGTGCGAAGC, reverse GTCAGC-
CAACTCGTCACAGTCC; GAPDH: forward CAAT-
GACCCCTTCATTGACC, reverse GACAAGCTTCC-
CGTTCTCAG

reverse

2.5 Measurement of Intracellular Ca®*

Intracellular Ca>* was monitored ratiometrically us-
ing Fura-2. After seeding hDFCs onto sterile glass cover-
slips and allowing 30 min for attachment, cells were loaded
with Fura-2/AM (5 uM) for 30 min at room temperature.
The coverslip was then positioned in a 1-mL chamber on
a Leica inverted microscope (Leica, Wetzlar, Germany).
Cells were perfused for 20 min with a physiological salt
solution containing (mM) 130 NaCl, 1.8 CaCl,, 5.4 KClI,
1.0 MgCl,, 10 glucose, and 10 HEPES (pH 7.4). Fluo-
rescence was acquired using the TILLvisION 4.0 imaging
system (TILL Photonic, Munich, Germany) coupled to a
cooled CCD camera. Ca?" signals were calculated as the
F340/F380 ratio based on excitation wavelengths of 340
and 380 nm and emission at 510 nm, with analysis using the
AF/F0 method. To observe the effects of low [K*]. on in-
tracellular Ca?" concentrations, the basal external solution
was exchanged for a solution containing low [K*]., which
was obtained by decreasing [K™],, levels and replacing them
with equimolar [Na*].

2.6 Immunofluorescence Staining

For immunofluorescence analysis, hDFCs cultured on
glass coverslips were first fixed using paraformaldehyde
(4%, 20 min) and then subjected to permeabilization with
0.25% Triton X-100 (15 min) and quenching with 3% hy-
drogen peroxide (15 min). Following blocking with 10%
goat serum at 37 °C for 30 min, the cells were probed with
primary antibodies targeting Vimentin or CK-14 (both di-
luted 1:400) at 37 °C for 1 h. After washing with PBS,
fluorophore-conjugated secondary antibodies (1:200) were
added in the dark and incubated at 37 °C for 1 h. Samples
were then counterstained with DAPI (1 min) and examined
under a fluorescence microscope.

2.7 Western Blotting

Cells were first lysed in RIPA buffer (PC102, Epizyme
Biotech, Shanghai, China) to obtain total protein extracts.
Protein concentrations were then assessed via BCA as-
say (P0011, Beyotime, Shanghai, China). After elec-
trophoretic SDS-PAGE (TF107, Epizyme Biotech, Shang-
hai, China) separation and transfer onto PVDF membranes
(WJ002PS, Epizyme Biotech, Shanghai, China), nonspe-
cific protein binding was blocked using the QuickBlock™
Western blocking reagent (Beyotime Institute of Biotech-
nology, Shanghai, China) at 37 °C for 15 min. Membranes
were then subjected to overnight incubation at 4 °C with pri-
mary antibodies specific for Kir2.1 (MA567352, Thermo
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Fisher Scientific, Waltham, MA, USA), Runx2 (ab23981,
Abcam, Cambridge, UK), OCN (ab93876, Abcam, Cam-
bridge, UK), and GAPDH (D16H11, Cell Signaling Tech-
nology, Danvers, MA, USA), all ata 1:1000 dilution. After
overnight incubation, membranes were washed and probed
with secondary antibodies (1:1000, Beyotime, China) for 1
h at room temperature. Signals were developed using ECL
reagent (345818, Millipore Corporation, Burlington, MA,
USA) and analyzed using ImageJ 1.8.0 (version 1.8.0, NIH,
Bethesda, MD, USA), normalizing the results to GAPDH.

2.8 Statistical Analysis

Data are presented as the mean = SEM. Two-group
and multi-group comparisons were made using ¢-tests and
one-way ANOVAs, respectively, in GraphPad Prism (v 9.0,
GraphPad Software, San Diego, CA, USA).

3. Results

3.1 Membrane Hyperpolarization Is Essential for the
Osteogenic Differentiation of hDFCs

hDFCs expressed the MSC marker Vimentin, while
lacking the epithelial marker CK-14 (Fig. 1A,B), demon-
strating their mesenchymal origin and absence of epithelial
contamination. Using these cells, we examined whether
membrane hyperpolarization is functionally necessary for
hDFC osteogenesis by inducing the osteogenic differentia-
tion of these cells in the presence of high concentrations of
extracellular K* ([K*].), which inhibits membrane hyper-
polarization [17], or pinacidil, which opens ATP-sensitive
K* channels to promote membrane hyperpolarization [17].
As shown in Fig. 1, after 14 days of osteogenic induc-
tion, control cells exhibited modest mineralization. Com-
pared with these positive control cells, cells exposed to 50
mM [K*]. displayed sparse mineral deposits, whereas those
treated with 10 uM pinacidil exhibited robust mineralized
nodule formation (Fig. 1C). These findings were corrobo-
rated by quantitative analysis of Alizarin red staining (Fig.
1D). ALP, OCN, and RUNX2 are markers of osteogenic
differentiation, are critical to osteogenesis and matrix min-
eralization [18]. In these experiments, ALP activity (Fig.
1E,F) as well as RUNX2 and OCN gene and protein lev-
els decreased in cells treated with 50 mM [K*]. relative
to positive control conditions, whereas they increased with
pinacidil treatment (Fig. 2A-J). Taken together, these data
suggest that membrane hyperpolarization is essential for the
osteogenic differentiation of hDFCs.

3.2 Kir2.1 Controls the Osteogenic Differentiation of
hDFCs

Kir2.1 channels are responsible for the hyperpolarized
membrane potentials observed in various cell types. To test
the effect of Kir2.1 on hDFC differentiation, we first ex-
amined Kir2.1 gene and protein expression levels in hDFCs
before and after osteogenic differentiation by qRT-PCR and
Western blotting. As shown in Fig. 3A—C, Kir2.1 gene and
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Fig. 1. Membrane potential controls the osteogenic differentiation of hDFCs. Cells were induced in osteogenic medium for 14 days
in the absence or presence of 50 mM [K']. or 10 uM pinacidil. (A) Vimentin and DAPI staining. Scale bar: 100 pm. (B) CK-14 and
DAPI staining. Scale bar: 100 pm. (C) hDFC mineralization was assessed via Alizarin red staining. (D) Semi-quantitative analysis
of Alizarin red staining at 562 nm. (E) ALP staining. (F) ALP activity was detected via colorimetric assay in cell lysates of hDFCs.
(C,E) Upper panel: As observed by the naked eye; lower panel: As observed by microscopy (magnification: 200x). Scale bar: 100 um.
Osteogenic media served as a control treatment. Bars represent the mean + SEM, **p < 0.01. hDFCs, human dental follicle stem cells;
CK-14, cytokeratin-14; ALP, alkaline phosphatase.
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Fig. 2. Membrane potential controls osteogenic marker expression in hDFCs. Cells were induced in osteogenic medium for 14
days in the absence or presence of 50 mM [K '] or 10 pM pinacidil. (A) RUNX2 gene expression levels were determined by qRT-PCR.
(B,C) RUNX2 protein levels were determined by Western blotting. (D,E) Relative band densities in (B,C). (F) OCN gene expression
levels were determined by qRT-PCR. (G,H) OCN protein levels were determined by Western blotting. (I,J) Relative band densities in
(G,H). Osteogenic media served as a control treatment. Bars represent the mean + SEM, *p < 0.05, **p < 0.01. RUNX2, runt-related
transcription factor 2; qRT-PCR, quantitative real-time polymerase chain reaction; OCN, osteocalcin.
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Fig. 3. Kir2.1 is upregulated during the osteogenic differentiation of hDFCs. Cells were induced in osteogenic medium for 14 days.
(A) KCNJ2 mRNA expression levels were determined by qRT-PCR. (B) Kir2.1 protein levels were determined by Western blotting.
(C) Relative band density in (B). Basal media served as the control treatment. OS, osteogenic medium; KCNJ2, potassium inwardly

rectifying channel subfamily J member 2. Bars represent the mean + SEM, **p < 0.01.

protein expression levels increased with osteogenic differ-
entiation.

Next, we explored the potential association between
increased Kir2.1 expression levels and the osteogenic dif-
ferentiation of hDFCs. We generated hDFCs in which
Kir2.1 had been stably knocked down, confirming the ef-
ficiency of Kir2.1 knockdown by qRT-PCR and Western
blotting (Fig. 4A—C). On day 14 of osteogenic differentia-
tion, the osteogenic capacity of the Kir2.1 knockdown cells
and that of the cells treated with ML133 (a Kir2.1-specific
pharmacological inhibitor) was significantly inhibited com-
pared to the positive control cells, as demonstrated by anal-
yses of mineralization capacity (Fig. 4D,E), ALP activ-
ity (Fig. 4F,G). Furthermore, the gene and protein expres-
sion of RUNX2 and OCN of the Kir2.1 knockdown cells
were significantly decreased compared to the positive con-
trol cells (Fig. 5A—F). These results indicated that Kir2.1
regulates the osteogenic differentiation of hDFCs.

3.3 Kir2.1-Linked Membrane Hyperpolarization Increases
Intracellular Ca®" Levels in hDFCs

Ca”" plays an essential role in stem cell differentiation,
and membrane potential is a key regulator of intracellular
Ca’" levels. Therefore, we next performed single-cell Ca>*
imaging to determine whether membrane hyperpolarization
modulates intracellular Ca®>" signaling in hDFCs. As de-
creasing [K*]. is a standard method of hyperpolarizing cells
[19], we decreased [K™]. to 1 mM and observed the effects
of low [K*]. on intracellular Ca®" levels in hDFCs. Perfu-
sion with 1 mM [K*], increased intracellular Ca®>* levels in
hDFCs, as evidenced by a rapid upstroke before reaching a
steady state (Fig. 6A). To confirm that Kir2.1-linked mem-
brane hyperpolarization controls the osteogenic differenti-
ation of hDFCs by increasing intracellular Ca?" levels, we
observed the effects of low [K*]. on intracellular Ca®* lev-
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els in Kir2.1 knockdown cells and in cells pretreated with
ML133. Kir2.1 knockdown or pretreatment with ML133
significantly suppressed the effects of low [K*] on the in-
tracellular Ca>* levels (Fig. 6B,C,E). The average cell re-
sponses are shown in Fig. 6D. These results demonstrate
that Kir2.1-linked membrane hyperpolarization increases
intracellular Ca®* levels in hDFCs.

3.4 Identification of Ca’* Entry Pathways Responsible for
Membrane Hyperpolarization in hDFCs

Next, we sought to determine whether the elevation of
intracellular Ca®* levels resulting from membrane hyperpo-
larization was a result of Ca®" entry across the plasma mem-
brane. To that end, we removed Ca?" from the bath solution
and tested the effects of low [K*]. on intracellular Ca®" lev-
els in hDFCs. The low [K*].-induced increase in intracellu-
lar Ca?" levels was abolished by the removal of extracellular
Ca" (Fig. 7A), demonstrating that membrane hyperpolar-
ization caused Ca’" entry across the plasma membrane.

SOCs and L-type voltage-gated Ca®" channels are
the most important Ca?"-permeable channels that mediate
Ca" entry in most non-excitable cells. Previous studies
have demonstrated that MSCs express both of these chan-
nels [13,20,21]. To investigate the Ca>* entry pathways
on the hDFC plasma membrane associated with membrane
hyperpolarization-induced Ca?" entry, we first tested the ef-
fects of nifedipine, an L-type Ca?>" channel blocker, on the
elevation of intracellular Ca** induced by membrane hy-
perpolarization. As shown in Fig. 7B,F, pretreatment with
1 uM nifedipine had no significant effect on the elevation of
intracellular Ca®* levels observed in response to low [K*]..
To test the contribution of SOCs to this effect, we first pre-
treated hDFCs with 1 uM thapsigargin (TG; a Ca>* pump
blocker) in a Ca*-free solution to deplete the intracellular
Ca?" store, followed by perfusion with extracellular solu-
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Fig. 4. Inhibition of Kir2.1 suppresses the osteogenic differentiation of hDFCs. (A) Kir2.1 gene expression levels were determined
by qRT-PCR. (B) Kir2.1 protein levels were determined by Western blotting. (C) Relative band density in (B). Cells transfected with a
scrambled shRNA served as the control group. Cells transfected with a scrambled shRNA or Kir2.1 shRNA were induced in osteogenic
medium for 14 days in the absence or presence of 20 uM ML133. (D) Mineralization of hDFCs was assessed via Alizarin red staining.
(E) Semi-quantitative analysis of Alizarin red staining at 562 nm. (F) appearance of ALP staining is shown. (G) ALP activity was
detected via colorimetric assay in cell lysates of hDFCs. (D,F) Upper panel: As observed by the naked eye; lower panel: as observed by
microscopy (magnification: 200%). Scale bar: 100 um. Cells transfected with scrambled shRNA induced in osteogenic media served as
a control group. Bars represent the mean = SEM, **p < 0.01. shRNA, short hairpin RNA.

tions containing 4 mM Ca?". This experimental design is  solutions containing 1 uM TG induced intracellular Ca>* re-
a classical means of characterizing SOC-mediated Ca>* en- lease, and the addition of 4 mM Ca?" caused SOC-mediated
try [22]. As shown in Fig. 7C, perfusion with Ca’>"-free ~ Ca’’ entry. We then tested the effects of 0.1 mM La’*, a
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Fig. 5. Inhibition of Kir2.1 attenuates osteogenic marker expression by hDFCs. Cells transfected with a scrambled shRNA or Kir2.1
shRNA were induced in osteogenic medium for 14 days. (A) RUNX2 gene expression levels were determined via qRT-PCR. (B) RUNX2
protein levels were determined by Western blotting. (C) Relative band density values in (B). (D) OCN gene expression levels were

determined utilizing qRT-PCR. (E) OCN protein expression levels were determined by Western blotting. (F) Relative band density in

(E). Cells transfected with the scrambled shRNA induced in osteogenic media served as a control group. Bars represent the mean + SEM,

#4p < 0.01.

blocker of SOCs, on the elevation of intracellular Ca®" lev-
els observed in response to membrane hyperpolarization.
As shown in Fig. 7D,F, pretreatment with 0.1 mM La>"
dramatically inhibited the effects of low [K*]. on intracel-
lular Ca®*. Average cellular responses are shown in Fig.
7E,F. These results demonstrate that SOC-mediated Ca"
entry across the plasma membrane contributes to the mem-
brane hyperpolarization-induced elevation of the intracel-
lular Ca*" levels in hDFCs.

4. Discussion

Studies on Andersen’s syndrome-induced pluripotent
stem cells and KCNJ2 knockout animal models have re-
vealed the important role of Kir2.1 channels in osteoblas-
tic processes and bone development [8,9,23,24,25]. How-
ever, the electrophysiological mechanisms by which Kir2.1
channels control the osteogenic differentiation of MSCs re-

&% IMR Press

main poorly understood. In this study, we explored the
precise relationship between Kir2.1 channels and the os-
teogenic differentiation of MSCs in detail. We found that
Kir2.1 channel-linked membrane hyperpolarization con-
trols MSC osteogenic differentiation by increasing intracel-
lular Ca?" levels, and we determined that SOC-mediated
Ca”" influx is essential for this process.

Using hDFCs, we first demonstrated that membrane
hyperpolarization is an essential prerequisite for the in-
duction of osteogenic differentiation activity in hDFCs.
We found that the reversal of membrane hyperpolarization
achieved by increasing [K*]. suppressed hDFC osteogenic
differentiation, whereas promoting membrane hyperpolar-
ization by opening ATP-sensitive K* channels enhanced the
osteogenic differentiation of hDFCs. This finding is consis-
tent with previous results demonstrating that endogenous
membrane hyperpolarization is a functional determinant of
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MSC osteogenic differentiation [17]. Second, we deter-
mined that Kir2.1 channels are responsible for the hyperpo-
larized membrane-linked osteogenic differentiation of hD-
FCs. We showed that the gene and protein expression levels
of Kir2.1 increased with hDFC osteogenic differentiation,
suggesting that Kir2.1 is responsible for hDFCs differenti-
ation. To test this hypothesis, we examined the effects of

Kir2.1-specific shRNA or pharmacological inhibitor treat-
ment on hDFCs. This approach revealed that sShRNA- or
ML133-mediated inhibition of Kir2.1 suppressed hDFC os-
teogenic differentiation, clearly demonstrating the essential
role of Kir2.1 in this process. Similarly, Fischer-Lougheed
et al. [26] and Liu et al. [27] reported that Kir2.1-linked
membrane hyperpolarization initiates the process of dif-
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ferentiation by maintaining membrane hyperpolarization in
human myoblasts. Moreover, Komarova et al. [28] and
Weidema et al. [29] reported that Kir2.1 participates in the
regulation of osteoclast physiological function by maintain-
ing membrane hyperpolarization. As multiple K channel
subtypes are expressed in MSCs and hDFCs are dental-
derived MSCs, we cannot exclude the effects of other K*
channel subtypes when considering these results. However,
in light of the results from gene knockdown and pharmaco-
logical inhibition experiments, we conclude that Kir2.1 acts
as the key regulator of osteogenic differentiation, although
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future studies focused on the potential contributions of other
K* channels may be warranted.

An increase in intracellular Ca®" levels is frequently
observed during stem cell differentiation [30]. To inves-
tigate the mechanisms by which membrane hyperpolariza-
tion regulates the osteogenic differentiation of hDFCs, we
performed single-cell Ca?>" imaging to observe the effects
of low [K*]. on the intracellular Ca®* levels in these cells.
We found that low [K*].-induced membrane hyperpolar-
ization triggered an increase in intracellular Ca®* levels in
hDFCs, and this phenomenon was significantly suppressed
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by Kir2.1 knockdown or treatment with ML133. These re-
sults demonstrate that Kir2.1-linked membrane hyperpolar-
ization increased intracellular Ca>" levels in hDFCs. In line
with this finding, Kir2.1-dependent membrane hyperpolar-
ization has been shown to raise cytosolic Ca>" levels, which
are indispensable for proper myoblast differentiation [31].

We additionally investigated the Ca>" entry pathways
responsible for membrane hyperpolarization-induced in-
creases in intracellular Ca?>" levels in hDFCs. Through this
approach, we determined that the low [K*].-induced in-
crease in intracellular Ca®* levels was abolished by the re-
moval of extracellular Ca®>*, demonstrating that membrane
hyperpolarization induces Ca?" entry across the plasma
membrane in hDFCs. We next investigated the role of L-
type Ca®" channels in this process, revealing that mem-
brane hyperpolarization-induced increases in intracellular
Ca”" levels were unaffected when these L-type Ca®>" chan-
nels were blocked. This supports previous findings that L-
type Ca®" channel function is dispensable for the osteogenic
differentiation of hMSCs [32]. SOCs are considered the
main Ca®" entry pathways at the plasma membrane of non-
excitable cells, such as DFCs of mesenchymal origin [33].
We also confirmed the existence of SOC-mediated Ca>"
entry in hDFCs and further demonstrated that the mem-
brane hyperpolarization-induced increase in intracellular
Ca”" levels was abolished by blocking SOCs. Membrane
depolarization has been reported to convert physiological
Ca?" oscillations into sustained Ca®" elevations in T lym-
phocytes as a result of the disruption of the driving force for
Ca’" entry through SOCs [34]. Our results concur with pre-
vious reports that Ca?" entry through the plasma membrane
is primarily mediated by SOCs, with a more limited contri-
bution from voltage-gated Ca®>" channels in MSCs [11,32].

Limitations

This study has several inherent limitations. First,
membrane potential was modulated indirectly via extra-
cellular K™ manipulation and pharmacological treatments,
whereas direct measurement using voltage-sensitive dyes
was not performed. In addition, Kir2.1 expression was only
examined at day 14 of osteogenic induction, without any
detailed time-course analysis aimed at defining its stage-
specific expression characteristics. However, our results
support a temporal correlation, as the shRNA- or ML133-
mediated inhibition of Kir2.1 significantly suppressed early
markers of osteogenesis (ALP activity and Runx2 expres-
sion) and abolished the hyperpolarization-induced Ca?" re-
sponse, indicating that Kir2.1 activity is required before
initiating the matrix maturation and mineralization phases.
Pini et al. [8] demonstrated that Kir2.1 is critical for early
osteogenic and chondrogenic commitment, functioning up-
stream of master transcription factors such as Runx2. Our
findings align with previous reports that Kir2.1 plays a cen-
tral role during the early stages of differentiation to enable
master osteogenic gene expression. While we confirmed
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the dominant role of Kir2.1 in osteogenic differentiation,
the potential contributions of other endogenous K* chan-
nels in hDFCs were not fully evaluated. Though we verified
that SOC channels mediate Ca®" influx upon membrane hy-
perpolarization, the detailed regulatory network that defines
this signaling cascade requires further investigation.

5. Conclusions

This study describes, for the first time, the electro-
physiological mechanisms by which Kir2.1 regulates MSC
osteogenesis. Using hDFCs, we demonstrated that Kir2.1-
linked membrane hyperpolarization controls the osteogenic
differentiation of these cells by mediating Ca* entry across
the plasma membrane and that SOCs play an important role
in this process. This study extends the findings of previous
research focused on the relationship between membrane po-
tential and MSC differentiation, highlighting a novel elec-
trophysiological mechanism that controls osteogenic differ-
entiation of MSCs.
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