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Adult Human Mesenchymal Stem Cell Differentiation
at the Cell Population and Single-Cell Levels
Under Alternating Electric Current
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Mesenchymal stem cells, precursors that can differentiate into osteoblasts, chondrocytes, and adipocytes, have
tremendous potential for derivation of cells with specific (e.g., osteogenic) phenotypes for tissue engineering and
tissue regeneration applications. To date, the predominant strategy to achieve directed differentiation of MSCs
into osteoblasts was to recapitulate the normal developmental ontogeny of osteoblasts using growth factors
(e.g., bone morphogenetic proteins). In contrast, the effects of biophysical stimuli alone on such outcomes remain,
at best, partially understood. This in vitro study examined and optimized the effects of alternating electric current
alone on the differentiation of adult human mesenchymal stem cells (hMSCs) at the cell population and single-cell
levels. hMSCs, cultured on flat, indium-tin-oxide-coated glass in the absence of supplemented exogenous growth
factors were exposed to alternating electric current (5—40 pA, 5-10Hz frequency, sinusoidal waveform), for
1-24 h daily for up to 21 consecutive days. Compared to results obtained from the respective controls, hMSC
populations exposed to the alternating electric current alone (in the absence of exogenous growth factors) ex-
pressed genes at various stages of differentiation (specifically, TAZ, Runx-2, Osterix, Osteopontin, and Osteo-
calcin). Optimal osteogenic differentiation was achieved when hMSCs were exposed to a 10 pA, 10 Hz alternating
electric current for 6 h daily for up to 21 days. Exclusive osteodifferentiation was observed since genes for the
chondrocyte (Collagen Type II) and adipocyte (FABP-4) lineages were not expressed under all conditions of the
biophysical stimulus tested. Single cell nRNAs for 45 genes (indicative of hMSC differentiation) were monitored
using Fluidigm Systems. Homogeneous expression of the early osteodifferentiation genes (specifically, TAZ
and Runx-2) was observed in hMSCs exposed to the alternating electric current at 7 and 21 days. Heterogeneity
for all other genes monitored was observed in hMSCs exposed to alternating electric current and in their
respective controls. These results provide the first glimpse of gene expression in differentiating hMSCs at the
cell population and single-cell levels and represent novel approaches for stem cell differentiation pertinent to
new tissue formation.

Introduction

HE PRESENT IN VITRO study was motivated by scientific
literature reports of enhanced healing of bone fractures
in experimental animals in response to electrical stim-
ulation. These early studies used the methodologies and
instrumentation available at those times and focused on
tissue-level healing outcomes using direct electric current,'?
electromagnetic fields,> and pulsed electric fields.*
Availability of in vitro cell models enabled examination of
alternating electric current at the cell-level, specifically, select
functions of osteoblasts pertinent to new tissue formation.>°
Investigations at this level addressed the effects of various
aspects of this biophysical stimulus on functions (including

differentiation) of mesenchymal stem cells, the multipotent
stem cells that have the ability to differentiate into osteoblasts,
chondrocytes, and adipocytes.” Pulsed electric magnetic
ﬁelds,8 biphasic electric cur1rent,9 and alternating electric cur-
rent'® were examined in conjunction with select biochemical
compounds as stimuli to induce osteodifferentiation of these
stem cells. It should be noted that osteodifferentiation of
mesenchymal stem cells also has been achieved in the presence
of exogenous osteogenic factors (such as dexamethasone and/
or bone morphogenetic proteins [BMPs]) in the absence of
biophysical stimuli.'"'?

To date, only one study examined and reported that, in the
absence of exogenous osteogenic factors, alternating electric
current induces exclusive mesenchymal stem cell differentiation
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along the osteogenic pathway.'® The optimal conditions that
induce this remarkable result and pertinent aspects at the
gene-level were not addressed at that time.

Undoubtedly elucidation of the underlying events at the
cellular- and molecular- levels and optimization of the os-
teodifferentiation of mesenchymal stem cell populations un-
der alternating electric current, require further investigation.
Furthermore, recent advances in technologies and method-
ologies have expanded the scope of scientific investigations
to include single-cell analysis.

This study was motivated by the aforementioned scien-
tific needs and utilized interdisciplinary approaches, novel
laboratory setups, cellular models, in addition to biochem-
ical and molecular assays to examine human mesenchymal
stem cells (hMSCs) differentiation in response to alternating
electric current at the population level and, for the first time,
at the single-cell level.

In addition to providing fundamental information perti-
nent to stem cell physiology, the unique biophysical stim-
ulus examined provides an untapped (to date) alternative
approach to obtain critically needed differentiated cell
(specifically, osteoblasts, the bone-forming cells) supplies
for cell-based assays and/or therapies needed for regenera-
tion/repair of damaged tissues in the clinical milieu.

Materials and Methods
Cells and cell culture

Adult, hMSCs were obtained commercially (Lonza Walk-
ersville, Inc.). These cells, characterized by the vendor, were
used in this study without any further characterization. For
passaging, the hMSCs were treated with trypsin/EDTA ob-
tained from, and according to protocols provided by, the vendor
(Lonza Walkersville, Inc.), and were cultured under standard
cell culture conditions (i.e., a sterile, humidified, 37°C, 5%
C0O,/95% air environment) in mesenchymal stem cell growth
medium (consisting of mesenchymal stem cell basal medium
supplemented with serum, L-glutamine, and gentamicin/
amphotericin-B). The concentrations of all supplements in this
medium were considered proprietary information and were not
disclosed by the vendor (Lonza Walkersville, Inc.). hMSCs of
passage number 3-5 were used for all experiments.

Alternating electric current stimulation laboratory setup

hMSCs were exposed to alternating electric current using a
custom-made laboratory setup adapted from Ulmann® and Su-
pronowicz ef al.® The system consisted of five components: (i) a
function generator; (ii) a multimeter; (iii) an oscilloscope; (iv) a
1000 Q resistor; and (v) a cathode. Coaxial cables connected the
positive output of the function generator to the positive end of a
1000 Q resistor, and the negative output of the function gener-
ator to the current-conducting cathode substrate; this arrange-
ment assured that electric current stimulation was delivered to
the cells cultured on the indium tin oxide (ITO)-coated glass. To
monitor the signal output from the function generator, another
coaxial cable connected the positive output of the oscilloscope
to the positive end of the resistor, and the negative output from
the oscilloscope to the current-conducting cathode substrate. A
multimeter recorded readings of the alternating current as
voltage difference across the 1000 Q resistor.

The alternating electric current stimulation system de-
livered a sinusoidal waveform output with a frequency of
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either 5 or 10Hz. Additionally, the system delivered a
voltage (peak to peak) corresponding to a current in the
range of 540 LA.

Exposure of adult hMSCs to alternating electric current

hMSCs in mesenchymal stem cell growth medium (as
described in the Cells and Cell Culture section) cultured on
flat, ITO-coated substrates (precoated with 1 mg/mL fibro-
nectin) were exposed to an alternating electric current re-
gime consisting of the following parameters: (i) alternating
electric current in the ranges of 5-40 pA; (ii) frequency of
either 5 or 10 Hz; (iii) sinuosoidal waveform; and (iv) du-
ration of exposure of either 1, 3, 6, or 24 h/day for up to 21
consecutive days. In this study, the hMSCs were exposed to
alternating electric current alone, that is, in the absence of
exogenous growth factors. The supernatant medium was
changed every 3 days for the duration of the experiments (up
to 21 consecutive days).

Controls were hMSCs cultured in parallel under similar
conditions but not exposed to alternating electric current.

Differentiation of adult h(MSCs in response
to alternating electric current

Differentiation of hMSCs cultured on flat, ITO-coated
glass substrates in response to the chosen alternating electric
current conditions (described in the Exposure of Adult
hMSCs to Alternating Electric Current section) after 1, 2, 3,
5,7, 14, and 21 consecutive days of culture was determined
by monitoring the expression profiles of select genes.

Determination of select gene expression
by adult h(MSC populations

At the prescribed time points, total RNA was isolated from
the hMSC populations cultured on ITO-coated glass slides
using TRIzol Reagent (Life Technologies) following standard
laboratory techniques. RNA from the aqueous phase was
further purified (to remove impurities) using the RNeasy®
Mini kit (Qiagen) and following protocols supplied by the
vendor. RNA from hMSCs either exposed to alternating
electric current or respective controls were converted to
complementary DNA (cDNA) using a commercially avail-
able reverse-transcriptase kit (Finnzymes; Thermo Scientific)
and protocols provided by the vendor. Quantitative real-time
polymerase chain reaction (QRT-PCR) of the cDNA products
from the hMSCs was performed using a commercially
available DyNAmo SYBR green qRT-PCR kit (Finnzymes;
Thermo Scientific) and the DNA Engine Opticon II contin-
uous fluorescence detection system (Bio-Rad).

Expression of genes indicative of the lineage-specific, oste-
oblastic pathway (specifically, TAZ, Runx-2, Osterix, Osteo-
pontin, and Osteocalcin), and the chondrogenic (Collagen Type
II) and adipogenic (FABP-4) lineages were also monitored.

Relative Agene expression (fold change) was calculated
using the 2~ ACT method'*; ribosomal protein L13a was used
as a housekeeping gene to ensure equal loading of RNA into
all qRT-PCR reactions. The results obtained from hMSCs
exposed to alternating electric current were compared to those
obtained from the respective controls, that is., cells cultured in
parallel under similar conditions but not exposed to alter-
nating electric current.
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Determination of select gene expression by adult
hMSCs at the single-cell level

Following exposure of hMSCs to 10pA, 10Hz, alter-
nating electric current for 6 h daily for 7 and 21 consecutive
days, or their respective controls, a single-cell suspension in
hMSC medium was obtained and used for qRT-PCR mea-
surement of mRNA levels in individual cells using the C1
Single-Cell Autoprep System and BioMark HD instruments
(Fluidigm) as described in literature reports.'> Briefly, in-
dividual hMSCs were captured on a C1 Integrated Fluidic
Circuit (17-25 pm cells) using the Fluidigm C1 Single-Cell
Autoprep System, stained using LIVE/DEAD Cell Viability/
Cytotoxicity Kit (Life Technologies), and imaged using an
Axiolmager M1 microscope (Zeiss).

Subsequently, on the Cl chip, preamplified cDNA was
generated from each cell using the Single Cells-to-CT Kit (Life
Technologies), pooled gRT-PCR primers (Table 1), and Flui-
digm specific target amplification reagents according to the
manufacturer’s (Fluidigm) recommendations. Preamplified
cDNA harvested from the C1 was then used for high-throughput
qRT-PCR measurement of each amplicon using a BioMark HD
system as described in literature reports,'>~"” with modifications.
Briefly, a 2.25 uL aliquot of each amplified cDNA was mixed
with 2.5 pL of 2X SsoFast EvaGreen Supermix with Low ROX
(Bio-Rad) and with 0.25 pLL of 20X DNA Binding Dye Sample
Loading Reagent (Fluidigm). Each sample mix was then pi-
petted into one sample inlet in a Dynamic Array IFC chip
(Fluidigm). Individual qRT-PCR primer pairs (100 mM, Table
1) were diluted 1:10 with Tris-EDTA (2.5 uL total volume),
mixed with 2.5 pL. Assay Loading Reagent (Fluidigm), and then
individually pipetted into one assay inlet in the same Dynamic
Array IFC chip. Subsequent sample/assay loading was per-
formed with an IFC Controller HX (Fluidigm), and qRT-PCR

Chondrogenesis
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was performed on the BioMark HD real-time polymerase chain
reaction (PCR) reader (Fluidigm) following the manufacturer’s
instructions using standard fast cycling conditions and melt-
curve analysis, generating an amplification curve for each gene
of interest in each sample.

Data were analyzed using real-time PCR analysis software
(Fluidigm) with the following settings: curve quality threshold
0.65, linear derivative baseline correction, automatic thresh-
olding by assay, and manual melt curve exclusion. Cycle
threshold (Ct) values for each reaction from live single cells
were exported and further analyzed using an R-script package,
SINGuLar Analysis Toolset 2.1 (Fluidigm), with a limit of
detection of 24 and default outlier exclusion; this analysis
generated the violin plots of Log2-transformed Ct values for
each gene of interest in live, single, hMSCs.

Results
Adult hMSC differentiation at the cell population level

Differentiation of adult hMSCs was determined, in the
absence of exogenous growth factors, after cell exposure
to a sinusoidal alternating electric current in the ranges of
5-40 pA, frequency either at 5 or 10Hz, for various dura-
tions (1-24h) daily, for up to 21 consecutive days.

Figure 1 illustrates the sequence of targeted genes, ex-
pressed by differentiating hMSCs and monitored in this study.

The experimental parameters tested affected expression
of the monitored differentiation-related genes differently.
TAZ, an early gene, exhibited the highest expression after
the shortest (i.e., 1 h) duration of hMSC exposure to 10 pA,
10 Hz alternating electric current for 1 day (Fig. 2A). The
level of electric current affected expression of Runx-2,
which was maximally expressed when hMSCs were exposed
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monitored at the cell population level. Schematic representation of the time course of genes expressed during adult hMSC
differentiation into the adipogenic, chondrogenic, and osteogenic lineages. During osteogenesis, mesenchymal stem cells
go through four major phases: multipotent mesenchymal stem cells, committed osteoprogenitor cells, pre-osteoblasts, and
osteoblasts. Genes indicative of the respective early, middle, and late stages of the osteogenic phenotype pathway are
expressed by the differentiating mesenchymal stem cells. FABP-4, fatty acid-binding protein 4. Adapted from Hughes ef al."'



hMSC DIFFERENTIATION UNDER ALTERNATING ELECTRIC CURRENT
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FIG. 2. Effect of alternating electric current on the ex-
pression of select “Early”” and “Middle” osteodifferentiation
genes by adult hMSCs. For the three frames of Figure 2: The
axes indicate fold change compared to the “‘baseline,” that is,
results obtained from adult hMSCs in numbers similar to
those seeded on ITO-glass (on day 0), but not exposed al-
ternating electric current. (A) Effect of the duration of adult
hMSC exposure to electric current on the expression of TAZ.
Adult hMSCs were exposed to 10pA, 10Hz alternating
electric current for various durations (hours) daily for up to
seven consecutive days of culture. (B) Effect of the current
level on the expression of Runx-2. Adult hMSCs were ex-
posed to either 5 A (orange line) or 10 pA (blue line), 10Hz
alternating electric current for 6 h daily for up to 21 consec-
utive days of culture. (C) Effect of electric current frequency
on the expression of Osterix. Adult hMSCs were exposed to
10 pA alternating electric current at either 5 Hz ( pink line) or
10Hz (blue line) frequency, for 6h daily for up to 21 con-
secutive days of culture. ITO, indium tin oxide. Color images
available online at www liebertpub.com/tec
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FIG. 3. Time course of the effect of alternating electric cur-
rent duration of exposure on the osteodifferentiation of adult
hMSC. For the three frames of Figure 3: The axes indicate fold
change compared to the “baseline,” that is, results obtained
from adult hMSCs in numbers similar to those seeded on ITO-
glass (on day 0), but not exposed alternating electric current. (A)
Effect of the duration of exposure on the osteodifferentiation of
adult hMSCs at 7 days of culture. Adult hMSCs were exposed to
10 A, 10 Hz alternating electric current for either 3 h (red line)
or 6h (blue line) daily at 7 days of culture. (B) Effect of the
duration of exposure on the osteodifferentiation of adult hMSCs
at 14 days of culture. Adult hMSCs were exposed to 10 pA,
10 Hz alternating electric current for either 3 h (red line) or 6h
(blue line) daily at 14 days of culture. (C) Effect of the duration
of exposure on the osteodifferentiation of adult hMSCs at 21
days of culture. Adult hMSCs were exposed to 10 pA, 10Hz
alternating electric current for either 3 h (red line) or 6 h (blue
line) daily at 21 days of culture. Color images available online at
www liebertpub.com/tec
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to SpHA (rather than 10 pA), 10 Hz alternating electric cur-
rent for 6 h daily for 21 consecutive days (Fig. 2B). Varia-
tion in the tested frequency (5 Hz versus 10Hz) affected
expression of Osterix (a gene expressed in the middle of the
osteodifferentiation pathway) when hMSCs were exposed to
10 pA alternating electric current for 6 h daily for 14 con-
secutive days (Fig. 2C).

Exposure of hMSCs to a sinusoidal, 10 pA, 10 Hz alter-
nating electric current for 3 h daily for up to 21 consecutive
days of cell culture resulted in a similar trend of gene ex-
pression compared to results obtained under the optimal
(i.e., 10 pA, 10Hz for 6 h daily) electric current conditions
(Fig. 3).

This study determined the optimal osteodifferentiation of
hMSCs under the electric current conditions tested. Com-
pared with results obtained from the respective controls,
exposure of hMSCs to a sinusoidal, 10 pA, 10 Hz alternating
electric current for 6 h daily (in the absence of supplemented
exogenous growth factors) induced statistically significant
(p<0.05) upregulation of TAZ, Runx-2, Osterix, and Os-
teopontin after 14 consecutive days, and of Osterix, Osteo-
pontin, and Osteocalcin after 21 consecutive days of
exposure to the biophysical stimulus tested (Fig. 4).

Adult hMSCs differentiation at the single-cell level

Since, it was not possible, to determine the uniformity of
hMSC-directed differentiation using the bulk cell ap-
proaches of the cell population level analysis, a series of
single-cell gene expression experiments were performed to

WECHSLER ET AL.

determine how hMSCs similarly responded to the optimal
alternating electric current (i.e., sinusoidal, 10 uA, 10 Hz,
6h daily for up to 21 consecutive days in the absence of
exogenous growth factors) conditions during osteodiffer-
entiation. To define the degree of gene expression hetero-
geneity among individual cells, mRNA levels of a panel of
45 genes in individual cells were determined by examining
their expression (and that of their respective controls) levels
(log2-transformed Ct values) after 7 and 21 days of expo-
sure to the alternating electric current.

These data (Fig. 5) are presented as violin plots, which are
two-dimensional histograms in which the vertical position
denotes the relative expression level for a given sample set
(i.e., cells exposed to alternating electric current and their
respective controls); the width of the histogram reflects the
relative proportion of cells in a given sample set, which have
the same gene expression level. Differences in mRNA abun-
dance patterns between the treatment groups were largely
quantitative (differences in mRNA levels), rather than quali-
tative (on/off or detectable/undetectable).

Four general patterns of mRNA abundance were observed:
(i) genes in which mRNA levels were detectable and normally
distributed in a relatively uniform fashion (e.g., COLIAI in
7 day alternating electric current; Fig. 5A); (ii) genes that were
largely undetectable (e.g., BGLAP; Fig. 5A); (iii) genes with a
bimodal distribution in which two groups of cells had mRNA
levels that were different and normally distributed (e.g., SPP1
at 21 days control; Fig. 5SA); and (iv) heterogeneous patterns
of mRNA abundance spanning multiple levels (e.g., SOX9 and
IGFI in 21 days control; Fig. 5B, D). Since different genes
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FIG. 4. Time course of gene expression by adult hMSCs exposed to sinusoidal, 10 pA, 10 Hz alternating electric current for
6 h daily for up to 21 consecutive days. ‘‘Baseline #’ refers to the results obtained from adult hMSCs in numbers similar to
those seeded on indium tin oxide-glass (on day 0), but not exposed to alternating electric current. n=4 for data presented by
the white; n=3 for data presented by the black bars; *p <0.05 compared to the respective controls at each time point tested.
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FIG. 5. Single-cell gene expression by mesenchymal stem cells exposed to sinusoidal, 10 pA, 10 Hz, alternating electric
current (AC) for 6h daily for 7 and 21 consecutive days. (A) osteogenic genes; (B) chondrogenic genes; (C) adipogenic
genes; (D) growth factors; (E) extracellular matrix proteins and adhesion molecules. Data are presented as violin plots of the
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Color images available online at www.liebertpub.com/tec

exhibited different expression profiles among individual cells,
this result underscored the importance of examining gene
expression as a readout of cellular differentiation both at
the cell population and single-cell levels for understanding
the differentiation process and pertinent characteristics of
the differentiated cells.

At early (7 days) stages of osteodifferentiation, some
osteogenic genes, including collagen type I (COLIAI; the
predominant protein in the bone extracellular matrix), WW
domain-containing transcription regulator 1 (TAZ), and
runt-related transcription factor 2 (RUNX2) were more
homogeneous among the cells exposed to alternating
electric current than the respective controls (Fig. 5A),
suggesting more uniformity in initial osteodifferentiation
under the electric current stimulus. Levels of mRNA for
tissue growth factor B 1 (TGFBI; which is a mediator of
the osteoprogenitors to the preosteoblast stages of hMSCs

osteodifferentiation!!; Fig. 6), the matrix adhesion mole-
cule and integrin B 1 (/TGBI), and to a lesser extent vas-
cular endothelial growth factor A, were also more
homogeneous at 7 days of cell exposure to alternating
electric current (Fig. 5D, E). Not all osteogenic genes,
however, followed this pattern: the results obtained for
Osterix (SP7) and Osteopontin (SPPI) suggest that expo-
sure to alternating electric current did not affect similarly
all aspects of hMSC osteogenic induction.

Of the five genes examined, which mark chondrogenic
and adipogenic lineages, only sex determining region Y-box
9 (SOX9, a chondrogenic marker) was differentially ex-
pressed but showed a muted expression profile at 21 days
(Fig. 5B) in cells exposed to alternating electric current in
comparison to the respective controls; this outcome may
indicate a reduced level of chondrogenic differentiation
under the biophysical stimulus tested.
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FIG. 6. Sequence of genes expressed at the single-cell level by differentiating adult hMSCs. Schematic representation of
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morphogenetic proteins; IGFs, insulin-like growth factors.

Discussion

This in vitro study investigated the effects of alternating
electric current alone, that is, in the absence of exogenous
osteogenic chemical promoters (such as dexamethasone and/
or BMPs) on adult hMSC differentiation, and was the first to
(1) identify the alternating electric current experimental con-
ditions (specifically, 10pA, 10Hz, sinusoidal alternating
electric current and cell exposure for 6 h daily for several [and
up to 21] consecutive days) that optimize osteodifferentiation
of mesenchymal stem cell populations; and (ii) investigate the
effects of alternating electric current on mesenchymal stem
cell differentiation at the single-cell level.

The results provided evidence that exposure of hMSC pop-
ulations under all conditions of the alternating electric current
regime tested, specifically, to sinusoidal alternating electric
current in the ranges of 5-40 pA, 5-10Hz, for 1-24 h daily for
up to 21 consecutive days (in the absence of exogenous growth
factors), and at all time points tested did not induce expression
of genes associated with either the chondrogenic (Collagen
Type 1) or adipogenic (FABP-4) lineages (Figs. 2-4).

The results obtained under the established optimal conditions
in which alternating electric current induced osteodifferentia-
tion of hMSC populations are in agreement with the only other
pertinent data published in the literature to date.'* Both the
Creecy et al."? and the present study used hMSCs that exhibited
specific osteodifferentiation in the presence of select bone
morphogenetic proteins (BMP-2 and BMP-6) alone. It should

be noted, however, that the Creecy et al. study did not optimize
the conditions that result in osteodifferentiation of these cells
under electric current stimulation. In this respect, this study
expanded the scope of the investigation to include a range of
current levels (540 pA), frequency (5 and 10 Hz), and duration
(1-24 h daily) of cell exposure to the alternating electric current
regime tested in search of the optimal experimental conditions
that lead to osteodifferentiation of hMSC populations.

Osteodifferentiation of hMSCs was determined by moni-
toring expression of targeted select osteogenic genes (namely,
“early” TAZ, Runx-2, “middle” Osterix, and ‘“‘late’” Os-
teopontin, and Osteocalcin genes) along the various stages of
the time course of this process (Figs. 1 and 6). Collagen type I,
a hallmark of the osteoblast phenotype, however, was not
used as an indicator of osteodifferentiation in this study be-
cause it is expressed by both undifferentiated mesenchymal
stem cells and osteoblasts.'>!®

Exposure to low frequency (5Hz), low current level
(5pA), and short duration (1h) daily to the alternating
electric current for up to 7 days, induced expression of early
(specifically, TAZ and Runx-2) and middle (specifically,
Osterix) osteodifferentiation genes by hMSCs (Fig. 2). Ex-
posure of hMSCs to the alternating electric current tested at
10 pA, 10Hz for 3 h daily for 21 days resulted in a similar
trend of gene expression compared to cells exposed to the
optimal electric current conditions (Fig. 3).

Specific gene expression was dependent on the time course
of cell exposure to the biophysical stimulus; for example,
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compared to results obtained from the respective controls (i.e.,
cells cultured in parallel under similar conditions but not ex-
posed to alternating electric current), exposure of hMSCs to the
optimal electric current regime tested induced statistically
significant (p <0.05) upregulation of TAZ, Runx-2, Osterix,
and Osteopontin after 14 consecutive days, and of Osterix,
Osteopontin, and Osteocalcin after 21 consecutive days (Fig.
4B); these genes represent all stages (i.e., early, middle, and
late) of osteodifferentiation under the optimal regime tested.

Furthermore, this study was the first to utilize the Flui-
digm analysis method to investigate, at the single-cell level,
aspects of the differentiation of hMSCs exposed to alter-
nating electric current, and provided information regarding
(i) the homogeneity/heterogeneity of hMSCs and (ii) the
genes expressed by these cells under the conditions of in-
terest to this study.

To date, the Fluidigm single-cell analysis method has been
used with various stem cells types, such as, mouse hemato-
poietic stem cells,lg’20 mouse embryonic stem,21 human
cancer stem cells,16 and human?? and mouse>> mesenchymal
stem cells mostly in the presence of bioactive chemicals but
not under a biophysical stimulus. Exposure of hMSCs to the
optimal alternating electric current conditions examined in
the present study provided evidence of homogeneous (defined
as the uniform expression of a specific gene between 5 and 15;
Fig. 5) expression of transforming growth factor-beta 1(TBFBI;
a growth factor associated with stem cell proliferation), integrin
B1 (ITGBI; associated with the early differentiation phases of
stem cells) (Fig. 5D, E), of WW domain-containing transcription
regulator 1 (TAZ), and of runt-related transcription factor 2
(RUNX2; an early osteodifferentiation gene) (Fig. SA). In other
words, the biophysical stimulus tested promoted homogeneous
expression of genes pertinent to the proliferative and early stages
of the osteodifferentiation of hMSCs.

In contrast, genes (specifically, Osterix [SP7], Osteopontin
[SPPI], and Osteocalcin [BGLAP]) indicative of the ‘‘mid-
dle” and ‘‘late” stages of osteogenic differentiation were
expressed heterogeneously, but at similar levels under both
the control and alternating electric current conditions at days
7 and 21 (Fig. 5). Heterogeneity (defined as the varying ex-
pression of a specific gene between 0 and 20; Fig. 5) was also
observed for the other genes monitored, specifically, select
adipogenic (specifically, peroxisome proliferator-activated
receptor gamma [PPARG] and fatty acid-binding proetin-4
[FABP4]; Fig. 5C) and chondrogenic (e.g., [SRY] sex de-
termining region Y-box 9 [SOX9], and Aggrecan [ACAN])
related genes (Fig. 5B). The heterogeneity observed at the
single-cell level in hMSCs maintained under control condi-
tions in this study is in agreement with literature reports re-
garding hMSC heterogeneity.”** Such an outcome may
reflect the presence of different precursors of distinct mes-
enchymal lineages, for example, cells of either the osteo-
genic, adipogenic, or chondrogenic lineages/phenotypes.?

The differences in the results regarding the lineage-
specific differentiation of hMSCs obtained at the population
and at the single-cell levels are intriguing. Since this study is
the first to use single-cell analysis to investigate bone
marrow-derived mesenchymal stem cell responses to a
biophysical stimulus, definitive conclusions are not yet
possible; for example, the differences in gene expression at
the cell population and single-cell levels cannot be ex-
plained based on the current limited knowledge. The cell
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population analysis revealed that, compared to the respec-
tive controls, genes (such as SPPI and BGLAP) associated
with the latter stages of osteodifferentiation of hMSCs were
upregulated at statistically (p <0.05) significant levels after
21 consecutive days of cell exposure to the optimal electric
current regime tested (Fig. 4).

The single-cell analysis, however, revealed homogeneous
expression of the early (TAZ and RUNX2) osteodifferentiation
genes, and heterogeneous expression of the late (SPP/ and
BGLAP) osteodifferentiation genes when these cells were
exposed to the optimal electric current regime tested at 7 and
21 days (Fig. 5). A possible explanation for these results is
that, the single-cell level analysis revealed differentiation of
the hMSCs under the electric current milieu was delayed.

Another explanation for the observed difference between
the results of the two approaches used in this study may be
due to the different sensitivities of the two analyses methods
used. Since typical cellular and molecular biology approaches
for measuring gene expression yield averaged values for cell
populations, it is possible that, at the population level, ex-
pression of one gene by mesenchymal stem cells is dominant
and, under these conditions, other genes may not be ex-
pressed. Furthermore, paracrine cell communications needed
to ““drive” exclusive osteodifferentiation of hMSCs is active
in the population but not in the single cell milieu.

As far as the differences in adipogenic and chondrogenic
gene expression obtained at the single-cell level versus the
exclusive osteogenic gene expression at the cell population
level are concerned, one possible explanation is that these
stem cells express the same genes at the early stages (spe-
cifically at the osteoprogenitor stage) with adipocytes
(specifically, preadipocytes) and chondrocytes (specifically,
chondroprogenitors). Since the implications of mesenchymal
stem cell differentiation at the population and single-cell levels
for biomedical applications (e.g., tissue engineering and regen-
erative medicine) are possible, but unknown at this time, further
research is needed to establish pertinent correlations in this field.

In summary, one of the key contributions of this study was
establishing the optimal experimental conditions needed to
induce exclusive osteodifferentiation of hMSC populations
exposed to alternating electric current alone. In addition, the
present study provided interesting and intriguing results re-
garding gene expression of bone marrow-derived adult hMSCs
exposed to alternating electric current at the population and, for
the first time, at the single-cell levels. Knowledge of the per-
tinent similarities and differences is needed for insightful im-
plementation of stem cells in successful tissue engineering and
regenerative medicine applications.
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