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Abstract
Stem cells are generally believed to contain a small number of mitochondria, thus accounting for their glycolytic phenotype.
We demonstrate here, however, that despite an indispensable glucose dependency, human dermal stem cells (hDSCs)
contain very numerous mitochondria. Interestingly, these stem cells segregate into two distinct subpopulations. One exhibits
high, the other low-mitochondrial membrane potentials (Δψm). We have made the same observations with mouse neural stem
cells (mNSCs) which serve here as a complementary model to hDSCs. Strikingly, pharmacologic inhibition of
phosphoinositide 3-kinase (PI3K) increased the overall Δψm, decreased the dependency on glycolysis and led to formation of
TUJ1 positive, electrophysiologically functional neuron-like cells in both mNSCs and hDSCs, even in the absence of any
neuronal growth factors. Furthermore, of the two, it was the Δψm-high subpopulation which produced more mitochondrial
reactive oxygen species (ROS) and showed an enhanced neuronal differentiation capacity as compared to the Δψm-low
subpopulation. These data suggest that the Δψm-low stem cells may function as the dormant stem cell population to sustain
future neuronal differentiation by avoiding excessive ROS production. Thus, chemical modulation of PI3K activity,
switching the metabotype of hDSCs to neurons, may have potential as an autologous transplantation strategy for
neurodegenerative diseases.

Introduction

Energy metabolism is fundamental for survival and normal
function of living organisms. Similar to glycolysis-
dependent cancer cells [1, 2], human pluripotent stem
cells (hPSCs) and human embryonic stem cells (hESCs) are
known to have a glycolytic phenotype to avoid excessive
production of reactive oxygen species (ROS), thus pro-
tecting the cells from ROS-induced genomic damage [3–6].
In addition, a high level of type I phosphoinositide 3-kinase
(PI3K) signaling has been shown to ensure the glycolytic
metabotype of stem cells to enhance biosynthesis-
supporting metabolic activities, e.g., increased expression
of nutrient transporters [3, 7–9]. Interestingly, a metabolic
switch upon cellular differentiation, as well as during the
reprogramming of fibroblasts to induced pluripotent stem
cells (iPSCs) has also been observed [10].

In contrast to generally consistent reports about the
glycolytic phenotype of hPSCs and hESCs, descriptions
about the different features of the mitochondria in these
cells are conflicting. Earlier investigators had described a
low mitochondrial content, whereas recent work has
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suggested a comparable mitochondrial content for stem
cells and their differentiated counterparts [6, 11–13].
Interestingly, a very recent work demonstrated that the
efflux of mitochondrial dye by hematopoietic stem cells
(HSCs) was the reason for the misleading conclusion that
these cells had a low mitochondrial content [14]. Besides
their prominent role in OXPHOS-coupled energy produc-
tion, mitochondria are also directly involved in the deter-
mination of cell fate. Inhibiting mitochondrial function
favors pluripotency and hinders differentiation [15],
whereas stimulating mitochondrial biogenesis reduces
pluripotency and promotes cell differentiation [16]. More-
over, mitochondrial maturation is needed for stem cell dif-
ferentiation [10].

Among other adult stem cells, hDSCs are multipotent
adult stem/progenitor cells in the dermis of the skin. They
promise great therapeutic potential due to their easy
accessibility and capability for differentiation to adipocytes,
smooth muscle cells, as well as “neuron-like cells” [17–19].
They can be isolated from the dermis of human skin and
cultured as floating spheres in serum-free medium using
appropriate growth factors [20]. In contrast to other adult
stem cells, such as HSCs and iPSCs, the metabolism of
hDSCs is so far poorly characterized.

Here we show that hDSCs exhibit a high-mitochondrial
content, but actually represent two subpopulations of cells,
which can be characterized as having either a low or a high-
mitochondrial membrane potential (Δψm). These two sub-
populations were also identified in mouse neural stem cells
(mNSCs), which were subsequently studied as a com-
plementary model for additional mechanistic studies. Dur-
ing neuronal differentiation, mNSCs consolidate into a
single Δψm-high population exhibiting a continuous
increase in Δψm. The two subpopulations of mNSCs do not
differ in their expression of the stem cell marker Nestin nor
in their proliferation status, but they do show differences in
their potential for neuronal differentiation, i.e., the Δψm-
high stem cells are prone to neuronal differentiation.
Moreover, whereas PI3K activity normally declines during
differentiation of mNSCs to neurons, a deliberate block of
PI3K signaling in mNSCs or hDSCs actually induces an
increased Δψm and a coincident reduction in the dependence
on glycolysis, thereby inducing neuronal characteristics.
Strikingly, the application of pharmacological inhibitors of
PI3K in hDSCs induces the formation of electro-
physiologically functional neurons in the absence of any
neuronal growth factors. Our work emphasizes the activity,
rather than the number of mitochondria as the leading cause
for the glycolytic metabolism and suggests that the stem cell
population with low Δψm represents the dormant stem cells
needed to sustain a neuronal precursor pool. Furthermore,
our data reveal the importance of metabolic control in cell
fate determination and provide a simple alternative to

current protocols for inducing neuronal differentiation of
hDSCs, demonstrating that the inhibition of PI3K elicits a
subsequent modulation of stem cell metabolism with the
accompanying accession of neuronal phenotype.

Results

Despite having a glycolytic metabolism, hDSCs
exhibit a high mitochondrial content and represent
a heterogeneous cell population containing Δψm-
low and Δψm-high subpopulations

Given the apparent discrepancy in reports on the mito-
chondrial content in different types of stem cells [11, 13,
21], we decided to investigate this content and to char-
acterize the metabolic behavior of hDSCs isolated from 30
healthy women and men with ages ranging from 23 to 86
years. hDSCs cultured in vitro formed floating spheres
(Fig. 1a), which express the intermediate filament protein
NESTIN (Fig. 1a) typical for neuroectodermal stem cells
[17, 22]. The differentiation of hDSCs to fibroblasts, mel-
anocytes, and smooth muscle cells (SMCs) was demon-
strated by immunofluorescence staining of fibroblast surface
protein (FSP), MELAN A, and smooth muscle actin
(Fig. 1b), respectively, indicating the multipotency of
hDSCs, as previously described [17, 22, 23].

From the dermis of adult human skin, fibroblasts were
also isolated and cultured in parallel to hDSCs to serve as an
autologous differentiated counterpart. Transcriptome ana-
lysis of hDSCs and autologous fibroblasts revealed 37
mitochondrion-encoding genes, which show differential
expression. We observed a general trend to upregulation of
these genes in hDSCs as compared with fibroblasts (Fig. 1c
and Supplementary Table S1), suggesting a high-
mitochondrial content in hDSCs. In addition, we also
found that expression of genes encoding subunits of the
mitochondrial electron transport chain (ETC) was lower in
hDSCs as compared to fibroblasts (Fig. 1d and Fig. S1a),
indicating a possibly diminished capability of hDSCs to
perform OXPHOS.

In line with the RNAseq data, hDSCs expressed more
mitochondrial proteins, such as the voltage-dependent anion
channel (VDAC) and complex IV/cytochrome C oxidase
subunit II (CoxII) than autologous fibroblasts (Fig. 1e).
Mitochondrial content was further examined by analyzing
the amount of mitochondrial DNA (mtDNA) using quanti-
tative real-time PCR as described [24, 25]. The mtDNA
content per cell was larger in hDSCs than in fibroblasts
(Fig. 1f), again indicating that hDSCs had a larger mito-
chondrial content.

When the bioenergetic dependency of the cells was
characterized, as previously described [26], hDSCs showed a
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lower ATP level in comparison with the differentiated
fibroblasts and exhibited a glycolytic metabotype, similar to
the breast cancer cell line MDA-MB-231, which was used as
a control (Fig. 1g, h and Fig. S1b). Interestingly, despite their

differentiated state, fibroblasts were still relatively dependent
on glycolysis for their energy supply (Fig. 1h and Fig. S1b).

Morphologically, we observed condensed, globular,
perinuclear mitochondria in hDSCs, evidenced by the
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immunofluorescence staining of two mitochondrial marker
proteins: single strand DNA binding protein (SSBP1) [27]
and the 60-kDa non-glycosylated protein component of
mitochondria, MTC02 (Fig. S1c). In contrast, autologous
fibroblasts showed mainly long, fibrillary mitochondria
spreading along the cell axis, although some small globular
structures were also visible at the cell extremities (Fig. S1c).
Moreover, a more intense staining of these mitochondrial

proteins was evident in hDSCs as compared with auto-
logous fibroblasts (Fig. 1i, images). Quantification of the
integrated densities (ID) of the mitochondrial staining in
single cells again indicated that hDSCs had a larger mito-
chondrial content than fibroblasts (Fig. 1l, diagram). How-
ever, we noticed an obvious inter-cellular variance (Fig. 1l,
diagram), suggesting a possible heterogeneity among cells
within the hDSC spheres.

To study the Δψm, we stained the cells with the potential-
dependent mitochondrial dye tetra-
ethylbenzimidazolylcarbocyanine iodide (JC-1) that con-
sists of green fluorescent monomers and forms red
aggregates in polarized mitochondria. The red fluorescence
of JC-1 aggregates can be detected in the PE channel of
flow cytometry/fluorescence-activated cell sorting (FACS)
[21]. Intriguingly, the hDSCs were found to be made up of
two subpopulations of cells with either high or low Δψm.
This was in contrast to autologous fibroblasts and MDA-
MB-231 cells, which showed rather homogenous cell
populations with high Δψm (Fig. 1j). Culturing fibroblasts in
hDSC medium did not lead to the formation of two sepa-
rated subpopulations, despite obvious cell death and mor-
phological changes (Fig. S2), indicating that culture
medium with hDSCs is not the leading cause for the het-
erogeneous cell population of hDSCs.

In contrast to previous reports emphasizing the low
content of mitochondria as the leading cause for the pre-
ponderantly glycolytic metabolism [28, 29], our data sug-
gest that the reliance on glycolysis to meet the energy
demands of stem cells is probably not owing to the quantity,
but the quality of the mitochondria as reflected by the low

Δψm.

mNSCs are glycolytic and have an abundant
mitochondrial content, but segregate into two
subpopulations with either low or high Δψm

To study in more detail the two subpopulations of hDSCs
with different Δψm, we employed a complementary model,
the multipotent mNSC line C17.2 [30], which behaves
similarly to hDSCs. C17.2 cells have proved to be a simple
model, but complex enough to serve as convenient alter-
native to primary brain tissue cultures [31–35]. MNSCs
expressed the stem cell and neuroectodermal marker Nestin
and were able to differentiate to Tuj1 and NeuN (a neuronal
nuclear antigen) double positive (Fig. 2a and Fig. S3a) and
electrophysiologically functional neurons (Fig. S3b).

Quantification of mitochondrion-localizing proteins,
such as Vdac and optic atrophy 1 (Opa1) [36], and quan-
tification of mtDNA indicated that mNSCs also had a large
mitochondrial content similar to that observed in hDSCs
(Fig. 2b, c and Fig. S3c). In contrast to the clear OXPHOS-
dependence of differentiated neurons, mNSCs produced

Fig. 1 hDSCs have a higher mitochondrial content than the autologous
fibroblasts; hDSCs, however, represent a heterogeneous population
with cells exhibiting either low or high Δψm. a hDSCs are character-
ized by sphere formation and the expression of the neuronal progenitor
marker NESTIN. Representative images show the hDSC spheres
(scale bar: 100 μm) and NESTIN expression of hDSCs (scale bars:
20 μm). b hDSCs were able to differentiate to FSP positive fibroblasts,
MELAN-A positive melanocytes, as well as smooth muscle actin-
positive smooth muscle cells (SMCs). Scale bars: 50 µm. c RNA of
hDSCs and the autologous fibroblasts of 3 different donors was
assessed with transcriptome analysis by next generation sequencing
using the low input RNA-seq protocol (Clontech SMARTer). Among
differentially expressed genes, 37 mitochondrion-encoded genes were
found to be highly expressed in hDSCs (padjusted < 0.05). TPM tran-
scripts per kilobase million. The Wilcoxon signed rank test was per-
formed for statistical analysis. Detailed information about these genes
can be found in Supplementary Table S1. d Fifteen genes involved in
the mitochondrial ETC were significantly expressed differentially
(p adjusted < 0.05) and are presented as the log2 fold change with hDSCs
as compared to fibroblasts. Color code: red and green indicate genes
which are more highly or less expressed, respectively, in hDSCs.
e Proteins were isolated from hDSCs and the autologous fibroblasts for
Western blotting to investigate the expression of mitochondrially
localizing proteins. A representative Western blot result is shown at
the top. The expression levels of these proteins were quantified using
ImageJ software. Data shown are means ± SDs of 3 independent
experiments with 3 different donors. A two-way paired ANOVA was
performed (pANOVA cell type= 0.045). f DNA of hDSCs and the auto-
logous fibroblasts were isolated and applied to real-time PCR to
quantify the mtDNA content in these cells as described in the Materials
and the Methods. Data shown are means ± SDs with 4 independent
experiments of 4 different donors. A two-way paired ANOVA was
performed (pANOVA cell type < 0.0001). g Cellular ATP contents were
measured and normalized to protein amounts in these cells, then fur-
ther normalized to the ATP content in hDSCs as described in the
Materials and Methods. Data are shown as means ± SDs of >5
experiments using samples from 5 different donors. An unpaired one-
way ANOVA with Tukey’s multiple comparisons test was performed.
h Glucose consumption and lactate production were measured and the
bioenergetics of these cells was calculated as described in the Mate-
rials and Methods. Data shown are means ± SDs with 3 independent
experiments of 3 different donors. An unpaired one-way ANOVA with
Tukey’s multiple comparisons test was performed. i hDSCs were co-
stained with NESTIN and the mitochondrially localizing proteins,
MTC02 or SSBP1. Images were prepared with the confocal micro-
scope. Scale bars: 20 μm. The staining intensities of these proteins
were quantified by ImageJ software and are represented by the inte-
grated density (ID). Dots and squares in the graphs represent single
cells of hDSCs or fibroblasts respectively. Data shown are means ±
SDs with 3 independent experiments of 3 different donors. P values
were obtained with Mann–Whitney test. j hDSCs and fibroblasts were
stained with JC-1 to investigate the Δψm. Data shown are means ± SDs
of 5 independent experiments with 5 different donors. An unpaired
one-way ANOVA with Tukey’s multiple comparisons test was
performed
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less ATP and were largely dependent on glycolysis for ATP
production (Fig. 2d, e). Recalling our observation of a
glycolytic metabotype for fibroblasts (Fig. 1h), it seems that
differentiation does not necessarily determine the metabo-
type of the cells. As with hDSCs, mNSCs also exhibited
two distinct subpopulations displaying either low or high

Δψm, whereas differentiated neurons represented

exclusively the Δψm-high phenotype (Fig. 2f). Interestingly,
we observed a continuous increase in Δψm during neuronal
differentiation of mNSCs (Fig. 2g). The slight decrease in

Δψm-high cells on the 6th day of differentiation was prob-
ably due to a confluence-induced cell detachment (Fig. 2g).
Furthermore, using MitoSox that detects mitochondrial
superoxide [37], we observed that mNSCs produced less
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Fig. 2 mNSCs contain a higher amount of mitochondria than differ-
entiated neurons and are composed of two distinct cell populations
with either low or high Δψm. a mNSCs express Nestin and are able to
differentiate to Tuj1 and NeuN double positive neurons. Scale bars: 50
µm. b Proteins were isolated from mNSCs and their differentiated
neurons and protein expression assessed with Western blotting.
Quantification was done with ImageJ software by measuring the
intensity of the bands detected. The relative expression of Vdac and
Opa1 were normalized to expression in mNSCs (see diagram on the
right). Data shown are means ± SDs of 3 independent experiments. An
unpaired, two-tailed student t test was performed. c Total cellular DNA
was isolated from mNSCs and their differentiated neurons, and ana-
lyzed with qPCR. Data shown are means ± SDs of 3 independent
experiments. An unpaired, two-tailed student t test was performed. d
ATP levels in mNSCs and differentiated neurons were measured as
described in Materials and Methods. Data shown are means ± SDs of 3
independent experiments. An unpaired, two-tailed Student's t test was

performed. e Cellular bioenergetics of mNSCs and differentiated
neurons were calculated by measuring glucose consumption and lac-
tate production. Data shown are means ± SDs of 3 independent
experiments. An unpaired, two-tailed Student's t test was performed. f
Mitochondrial polarization was detected by staining cells with JC-1 in
mNSCs in comparison with differentiated neurons. Data shown are
means ± SDs of 3 independent experiments. An unpaired, two-tailed
student t test was performed. g Δψm was detected by staining cells with
JC-1 during neuronal differentiation at different time points. DM
differentiation medium. SCM: stem cell medium. Data shown are
means ± SDs of 3 independent experiments. An unpaired, two-tailed
Student's t test was performed. h Mitochondrial ROS was measured by
staining cells with MitoSox (5 µM) at 37 °C for 25 min and assessed
by FACS. The geometric means are presented as means ± SDs of more
than 3 independent experiments. An unpaired, two-tailed Student's t
test was performed. mNSCs show two subpopulations of cells exhi-
biting either high, or low mitochondrial ROS (red and blue rectangles)
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mitochondrial ROS compared to differentiated neurons
(Fig. 2h), suggesting that the mitochondria in mNSCs were
not as active as in neurons despite the large mitochondrial
content. There were also two ROS subpopulations apparent
within mNSCs, one exhibiting low, the other high mito-
chondrial ROS levels (Fig. 2h, blue and red rectangles).

In line with what we observed in hDSCs, mNSCs were
found to exhibit a high mitochondrial content.

Δψm-high mNSCs show enhanced neuronal
differentiation capacity

Since collapse of Δψm is often associated with cell death, we
stained the cells with the amine-reactive fluorescent dye
Zombie that accumulates in dead cells [38] in combination
with JC-1 to see whether Δψm-low cells were dead. Cell

death within the Δψm-low subpopulation was negligible (˂ 5
± 5%) and was similar to that in the Δψm-high subpopula-
tion (Fig. 3a). Thus, Δψm-low mNSCs were viable.

To better characterize the two distinct cell populations
within mNSCs, we FACS-sorted mNSCs according to their

Δψm (Fig. 3b). Δψm-low and Δψm-high mNSCs were sepa-
rately cultured in mNSC stem cell medium. In order to see
whether two subpopulations would reestablish, we exam-
ined the mitochondrial ROS production as an indicator of
active or polarized mitochondria to exclude the interference
of residual JC-1 dye on the outcome. Two days after sort-
ing, we observed that Δψm-high mNSCs produced more
mitochondrial ROS than the Δψm-low (Fig. 3c) as expected.
Interestingly, two distinct subpopulations with respect to
mitochondrial ROS levels appeared again after culturing of

Δψm-low mNSCs for 4 days in stem cell medium (Fig. 3c),

a
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Fig. 3 High-Δψm mNSCs produce more ROS and show enhanced
neuronal differentiation capacity as compared to the low-Δψm mNSCs.
a mNSCs were stained with JC-1 and Zombie. The Zombie positive
cells (dead cells) were compared between the gated PE-positive (Δψm-
high) and the gated PE-negative (Δψm-low) cell populations. Data
shown are means ± SDs of 3 independent experiments. An unpaired,
two-tailed student t test was performed. b mNSCs were FACS-sorted
according to their Δψm and cultured in corresponding stem cell or
neuronal differentiation medium. c Mitochondrial and intracellular
levels of ROS were measured by staining the FACS-sorted cells (Δψm-
low and Δψm-high) with MitoSox and DHR, respectively. d mNSCs
were FACS-sorted according to Δψm and ATP content in the cells was
measured over time. Data shown are means ± SDs of one representa-
tive experiment. e Cell lysates were extracted from the Δψm-low and

Δψm-high mNSCs and applied for Western blot analysis. f FACS-
sorted cells were stained for Nestin and Ki-67 and assessed by con-
focal microscopy. The intensity of Nestin was quantified as ID per cell
and the percentage of Ki-67-positive cells was obtained by counting
more than 200 cells. Scale bars: 50 µm. Data shown are means ± SDs
of 3 independent experiments. An unpaired, two-tailed Student's t test
was performed. g FACS-sorted cells were cultured in neuronal dif-
ferentiation medium for 7 days and the neuron markers, Tuj1 and
NeuN were stained. Expression of these markers were observed with
confocal microscopy and the double-positive cells (neurons) were
quantified by evaluating more than 200 cells. Scale bars: 50 µm. Data
shown are means ± SDs of 3 independent experiments. An unpaired,
two-tailed Student's t test was performed

Biochemical re-programming of human dermal stem cells to neurons by increasing mitochondrial membrane. . . 1053



suggesting a possible re-establishment of the Δψm-low and

Δψm-high subpopulations previously observed. Using
dihydrorhodamine 123 (DHR 123) that detects intracellular
hydrogen peroxide and peroxynitrite [39], no difference
between Δψm-low and Δψm-high mNSCs was observed
(Fig. 3c).

The higher mitochondrial ROS levels in Δψm-high
mNSCs suggested that this subpopulation might be more
dependent on OXPHOS for energy production. However,
the levels of ATP measured were comparable between the
two subpopulations over time (Fig. 3d). In addition, the
expression of proteins regulating glycolysis, such as hex-
okinase (HK) I, HK II, and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) [40–42] did not differ (Fig. 3e),
suggesting no metabolic differences between the two sub-
populations of mNSCs. Furthermore, no difference was
observed in the expression of Nestin and the proliferation
marker, Ki-67, between Δψm-low and Δψm-high mNSCs
(Fig. 3f). Intriguingly, however, the two subpopulations of
mNSCs differed significantly in their capacity to differ-
entiate, since the Δψm-high subpopulation was more prone
to differentiate to neurons than the Δψm-low one evidenced
by the larger fractions of Tuj1 and NeuN double positive
neurons (Fig. 3g).

Pharmacologic inhibition of PI3K increases Δψm of
mNSCs, inducing OXPHOS, thereby metabocopying
the bioenergetic profile of neurons and, thus
inducing neuronal differentiation

Mechanistically, we investigated the PI3K-mTOR sig-
naling which plays an essential role in controlling the
glycolysis required for pluripotency [3, 7]. Following
growth factor-required neuronal differentiation, we
observed a significant decrease in PI3K activity accom-
panied by a significant reduction in glycolysis-regulating
proteins, e.g., HK II and GAPDH, in differentiated neu-
rons compared with the undifferentiated mNSCs (Fig. 4a).
To see whether an alteration just in PI3K signaling would
also change the mitochondrial polarization, thereby
altering the metabolism of mNSCs, we cultured mNSCs in
a control medium (DMEM/F12), deprived of all neuronal
growth factors, in the presence or absence of the PI3K
inhibitor LY294002 for 4 days and examined their mito-
chondrial polarization. Intriguingly, we observed a sig-
nificant increase in Δψm after mNSCs were treated with
LY294002 (Fig. 4b).

To confirm that the observed increase in Δψm is specific
for neuronal differentiation, we treated cells with the
MEK inhibitor PD98059 that blocks neuronal differ-
entiation [43, 44] or the ROCK inhibitor dimethylfasudil,

which induces neuronal differentiation [45, 46]. Neuron-
like morphology was not observed, nor was the increase
in Δψm seen after treatment of mNSCs with PD98059
(Fig. S4a). In contrast, Tuj1 and NeuN double positive
neuron-like cells appeared after ROCK was blocked (Fig.
S4b). Interestingly, we also observed an increase in Δψm

of mNSCs following inhibition of ROCK (Fig. S4b).
These data suggested that increasing Δψm was not a
unique feature of PI3K inhibition, rather a general event
in neuronal differentiation.

Inhibition of PI3K decreased the expression of HK II and
GAPDH (Fig. 4c), suggesting a likely reduction in glyco-
lysis in treated mNSCs. Indeed, bioenergetic characteriza-
tion showed a significantly reduced reliance on glycolysis in
mNSCs once PI3K signaling was blocked (Fig. 4d), pro-
ducing a metabotype resembling that of the differentiated
neurons (Fig. 2e). Importantly, we observed Tuj1 and NeuN
double positive neurons once mNSCs were treated with
LY294002 in the absence of any neuronal growth factors
(Fig. 4e).

Pharmacologic inhibition of PI3K increases Δψm,
reduces the reliance on glycolysis, and induces
differentiation of hDSCs to electrophysiologically
functional neurons

To reproduce in hDSCs our finding that inhibition of PI3K
induced neuronal differentiation of mNSCs, we treated
hDSCs with LY294002 and cultured the cells in DMEM/
10% FCS medium lacking any neuronal growth factors for
7 days, replacing culture media containing the drug every
second day. Similar to what we observed in mNSCs,
LY294002 increased the Δψm (Fig. 5a) and reduced the
dependency on glycolysis (Fig. 5b). Applying 1 μM
LY294002 to hDSCs allowed the observation of TUJ1-
positive cells with dendrite-like protrusions growing out of
hDSC spheres overlying a layer of flattened cells (Fig. 5c;
red arrowheads). After increasing the drug concentration to
100 μM, only cells with elongated cell shape and bipolar or
multipolar protrusions remained in the culture without any
residual contamination with underlying flattened cells
(Fig. 5c, red arrows). In addition, the neurite-like protru-
sions further elongated and developing cell-to-cell contacts
became visible (Fig. 5c, white arrow). Most importantly, we
detected inward and outward currents in these cells in
whole-cell patch clamp experiments (Fig. 5d). TUJ1-posi-
tive, electrophysiologically functional neuron-like cells
were also observed when hDSCs were treated with other
PI3K inhibitors, including 3-methyladenine and wortman-
nin (Fig. S5), confirming that the inhibition of PI3K facil-
itates neuronal differentiation.
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Discussion

Our work underlines the reality that stem cells maintain a
low level of mitochondrial ROS in order to reduce oxidative
stress that is detrimental for the lifespan of these cells [5].
This is probably not owing to a low amount of

mitochondria, but rather the “inactive state” of their mito-
chondria resulting from a low Δψm. It should be noted that
the terms “Δψm-low” and “Δψm-high” stem cells have been
reported previously, e.g., in mouse ESCs by gating a
homogeneous cell population, but without carrying out a
physical separation according to Δψm [47]. However, there
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to mNSCs. Inhibition of PI3K increases the Δψm, diminishes the
reliance on glycolysis and induces neuronal differentiation of mNSCs.
a Total cell lysates of mNSCs and differentiated neurons were pre-
pared for Western blot analysis. PI3K signaling and proteins asso-
ciated with glycolysis were investigated. b mNSCs were cultured in
stem cell medium in the presence or absence of LY294002 (1 µM) for
4 days and mitochondrial polarization was examined by JC-1 staining
with FACS. The Δψm-high cell subpopulation was quantified and data
are presented in the bar diagram on the right. Data shown are means ±
SDs of 3 independent experiments. An unpaired, two-tailed Student's t
test was performed. c mNSCs were cultured in the presence or absence
of LY294002 (1 µM) for 4 days. Cell lysates were collected for
Western blot analysis. d mNSCs were cultured in stem cell medium in

the presence or absence of LY294002 (1 µM) for 4 days. Glucose
consumption and lactate production were measured and the bioener-
getic profiles of the cells were calculated as described in the Materials
and Methods. Data shown are means ± SDs of 3 independent experi-
ments. An unpaired, two-tailed student t test was performed. e mNSCs
were cultured in stem cell medium in the presence or absence of
LY294002 (1 µM) for 4 days. Neuronal markers, NeuN and Tuj1 were
stained and images obtained by confocal microscopy. NeuN and Tuj1
double positive neurons were calculated as a percentage of the total
cell number by evaluating more than 5 images per condition of 3
independent experiments. An unpaired, two-tailed student t test was
performed. Scale bars: 200 µm (phase contrast images) and 50 µm
(confocal images)
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have been conflicting reports with respect to the definition
of which population is one-step further along towards dif-
ferentiation. For instance, it has been shown in stem-like
cells that high-quality (high Δψm) mitochondria are required
for maintaining the stem cell pool, suggesting that differ-
entiation is initiated from those with low Δψm [48]. On the
other hand, a high Δψm is beneficial for neuronal differ-
entiation, because an abundant supply of ATP is required
for mitochondrial transport in neurons [49, 50]. Further-
more, mouse HSCs with low mitochondrial activity main-
tain long-term self-renewal activity and those with high

mitochondrial activity are more committed to differentiation
[51]. However, owing to technical limitations, in particular
FACS sorting followed by culturing hDSCs with particular

Δψm properties, the mechanistic study and characterization
of the two cell populations could not be performed with
hDSCs. Future study aiming at elucidating the role of het-
erogeneity among hDSCs would give a clear picture of the
above-mentioned discrepancies, i.e., which population is
one-step further towards neuronal differentiation. A possi-
ble mechanism for maintaining Δψm low cells would be a
high level of uncoupling protein 2 in stem cells that reduces
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4 days and JC-1 staining was performed to monitor Δψm. Data shown
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sence or absence of LY294002 (1 µM) for 4 days were analyzed as
described in the Materials and methods. Data shown are means ± SDs
of 3 independent experiments with 3 different donors. An unpaired,
two-tailed Student's t test was performed. c hDSCs were cultured in
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of the hDSC sphere (dashed line) were observed by light microscopy

(upper images; scale bars: 100 µm). TUJ1-positive neurons (red
arrowheads) were calculated as percentage of the total cell number by
evaluating more than 5 images per condition in 3 independent
experiments (lower images; scale bars: 50 µm). An unpaired, two-
tailed Student's t test was performed. Developing neuron-like cells
following treatment with 100 µM LY294002 exhibited long dendrites
(red and white arrows). d hDSCs treated with 100 µM of LY294002
were employed for patch clamp experiments. Averages for the max-
imal current density (pA/pF) were obtained by whole-cell currents in
voltage-clamp mode; cells were held at −70 mV; step depolarization
from −90 mV to +60 mV at 10-mV intervals was delivered. Repre-
sentative traces of outward and inward currents are shown. Data were
obtained from 3 independent experiments with 3 different donors
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Δψm by pumping protons from mitochondrial inter-
membrane space to the matrix [6].

But why is the increase in Δψm required within the
process of neuronal differentiation? The increase in Δψm

likely reflects an improvement in mitochondrial fitness,
which might well be a prerequisite for the upcoming
metabolic switch from glycolysis to OXPHOS, triggering
an exit from the stem cell state. Indeed, the two sub-
populations of stem cells did not differ in cellular metabo-
lism as evidenced by comparable ATP levels and the HK II
and GAPDH expression, supporting the assumption that
increased mitochondrial polarization occurs prior to the
metabolic switch.

Mechanistically, we have recognized that inhibition of
PI3K in both hDSCs and mNSCs caused an increased Δψm,
simultaneously decreasing the dependency on glycolysis
and inducing neuronal differentiation. Given the important
role of autophagy in stemness and differentiation of adult
stem cells [20], as well as the involvement of PI3K-
mTORC1 in regulating autophagy [52], it is possible that
alterations in autophagic activity play a role during neuronal
differentiation of mNSCs and hDSCs. Preliminary data,
however, suggest that rapamycin, an mTOR inhibitor and
an activator of autophagy, also promoted neuronal differ-
entiation in our system (data not shown). It has been
reported that prolonged administration of rapamycin does
not block mTORC1, acting rather on mTORC2 in certain
cell types and tissues [53, 54]. Interestingly, blocking
ROCK that acts distal to mTORC2 also induced neuronal
differentiation in mNSCs, suggesting that mTORC2 is
central in this case. Clearly, the exact signaling pathway
required for increasing Δψm and the subsequent decrease in
the dependence on glycolysis in stem cells remains to be
investigated.

Whether the knowledge obtained from our study could
be extrapolated to other stem cell types remains uncertain.
A large mitochondrial content has been recently shown in
HSCs. However, segregation of two subpopulations of cells
with different Δψm was not described in this work [14]. It is
therefore possible that the segregation of the two stem cell
populations with different Δψm, which we report here is a
distinct feature of neuroectoderm-derived stem cells, such
as mNSCs and hDSCs. In any case, our study on the role of
mitochondrial polarization and the metabolic switch by
PI3K inhibition in the neuronal differentiation of
neuroectoderm-derived stem cells helps to understand the
essential role of cellular metabolism in stem cell biology.
Moreover, the essential role of mitochondria in stem cell
differentiation rather than energy generation is underlined
through this work. Finally, the successful differentiation of
hDSCs to neurons using PI3K inhibitors emphasizes the
importance of using hDSCs as an easily accessible source of
adult stem cell types in translational medicine.

Materials and methods

Cell culture

hDSCs and human dermal fibroblasts were isolated and
cultured from normal adult skin obtained from body con-
touring procedures performed in the Clinic for Plastic Sur-
gery, University Hospital of Bern, with the consent of
patients using protocols as previously described [17, 20, 22]
with our own modifications. The skin samples originated
from breast, medial thigh, or lower abdomen resection
specimens of healthy individuals aged from 23 to 86 and
were harvested under sterile conditions in the operating
theater.

Skin pieces were cut free of fat and blood vessels and
washed intensively with PBS supplemented with 2%
penicillin-streptomycin (P/S) (Thermo Fisher Scientific).
The clean skin without fat and blood was then cut into small
pieces, incubated in Petri dishes filled with 2.5 mg/ml of
Dispase II (Roche) at room temperature (RT) overnight.
Next day, the Dispase II-treated skin pieces were incubated
at 37 °C for 2 h and then washed with Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 1% P/S to
remove Dispase. The epidermis was separated from the
dermis using forceps. The remaining dermis was washed
with DMEM, cut into small pieces (1–3 mm) and incubated
with 0.25% trypsin at 37 °C for 2 h with gentle agitation.
The digested dermis was then passed through strainers
(100–70 µm, Millipore) after inactivating trypsin with fetal
calf serum (FCS). The strained cell suspension was washed
once with DMEM. Cells were counted and cultured either
in DMEM with 10% FCS and 1% P/S (fibroblast medium)
to obtain fibroblasts or in DMEM/F12 medium supple-
mented with FGF2 (40 ng/ml), EGF (20 ng/ml), B27 (1:50),
P/S (1%), as well as fungizone (1 ug/ml) and gentamycin
(10 µg/ml) (all obtained from Thermo Fisher Scientific) to
expand hDSCs (hDSC medium).

hDSCs were first cultured in coated flasks for 1 week to
remove the contaminated fibroblasts from the starting cul-
ture, then transferred to ultra-low attachment plates (Corning)
to grow spheres in “3D”. Fresh growth factors were added
every 3 days into the conditioned culture medium of hDSCs.

mNSCs were cultured in DMEM/10% FCS/1% P/S/5%
horse serum/fungizone (1:2000) [55]. To differentiate
mNSCs to neurons, cells were first seeded in stem cell
medium for 2 days to allow an optimal attachment of
mNSCs. After that, stem cell medium was replaced with the
neuronal differentiation medium consisting of DMEM/F12/
2.5% FCS/1% P/S/B27 (1:50). The differentiation medium
was changed to 1:1 conditioned medium: fresh medium
every 3–4 days. The differentiation process took 6–12 days.

MDA-MB-231 cells were cultured in DMEM with 10%
FCS and 1% P/S.
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Immunofluorescence

hDSCs were first spun down onto glass slides; fibroblasts,
mNSCs and their differentiated neurons were first seeded on
coverslips in a 24-well plate allowing them to adhere before
staining. Cells were then fixed with 4% paraformaldehyde
at RT for 10 min and washed once with PBS. Cells were
permeabilized with 10% saponin for 5 min followed by
acetone treatment at −20 °C for 10 min. After washing the
slides with PBS, cells were blocked with normal goat serum
at RT for 1 h. Cells were incubated with primary antibodies
diluted in the blocking solution at 4 °C overnight. The
primary antibodies were: rabbit anti-NESTIN (1:200; Mil-
lipore), mouse anti-Nestin (1:200; Gene Tex), rabbit anti-
SSBP1 (1:100; Novus Biologicals), mouse-anti-MTC02
(1:100; Abcam), mouse anti-Ki-67 (1: 500; Dako), mouse
anti-MELAN A (1:100; Dako) and mouse anti-smooth
muscle actin (Abcam). For experiments where Mitotracker
Orange was co-stained with NESTIN, cells were first
incubated with Mitotracker Orange (1:10,000; Thermo
Fisher Scientific) at 37 °C for 20 min; thereafter, we pro-
ceeded as described above. After incubation with primary
antibodies, cells were washed with PBS and incubated with
secondary antibodies (goat anti-mouse IgG Alexa Fluor
488, goat anti-rabbit IgG Alexa Fluor 563, goat anti-mouse
IgG Alexa Fluor 555 and goat anti-rabbit Alexa Fluor 488;
Thermo Fisher Scientific) at RT for 1 h, protected from the
light. Nuclei were stained with DAPI (Thermo Fisher Sci-
entific) and slides were mounted with fluorescence mount-
ing medium (Dako), and subsequently analyzed by confocal
laser scanning microscopy (LSM 510).

Quantification of the mitochondrial content was per-
formed using ImageJ software by automatically calculating
the integrated density (ID) of the selected mitochondrial
staining areas after manually selecting the cells. The cal-
culated values of ID of cells per image from 3 independent
experiments were plotted.

Quantitative real-time PCR

Total cellular DNA samples of cells were isolated using a
commercially available kit as described by the manufacture
(Macherey-Nagel). The mtDNA content of mNSCs and
differentiated neurons was quantified, as previously
described [56] using the following primers: mouse mito-
chondrial DNA region, 5′-CTA GAA ACC CCG AAA
CCA AA-3′ and 5′-CCA GCT ATC ACC AAG CTC GT-
3′, mouse genomic nuclear DNA control region (β2M
gene), 5′-ATG GGA AGC CGA ACA TAC TG -3′ and
5′-CAG TCT CAG TGG GGG TGA AT -3′.

The mtDNA content of hDSCs and human fibroblasts
was quantified as previously described using primer pairs
specific for the major or minor arch of the mitochondrial

DNA and normalized to the genomic region of β2M gene
[25, 57]. The following primers were used: major arch:
5′-CTG TTC CCC AAC CTT TTC CT-3′ and 5′- CCA
TGA TTG TGA GGG GTA GG -3′; minor arch: 5′- CTA
AAT AGC CCA CAC GTT CCC-3′ and 5′-AGA GCT
CCC GTG AGT GGT TA-3′ and β2M: 5′-GCT GGG TAG
CTC TAA ACA ATG TAT TCA-3′ and 5′- CCA TGT
ACT AAC AAA TGT CTA AAA TGG T-3′. The qPCR
reaction was performed using the CFX Connect detection
system (Bio-Rad).

Western blotting

Cells were washed with cold PBS and lysed with lysis
buffer containing 50 mM Tris pH 7.4, 150 mM NaCl, 10%
glycerol, 1% Triton X-100, 2 mM EDTA, 10 mM sodium
pyrophosphate, 50 mM sodium fluoride, and 200 µM
sodium orthovanadate. Shortly before beginning with the
lysis, a protease inhibitor cocktail and 100 µM PMSF
(Sigma Aldrich) were freshly added to the lysis buffer. The
cell pellet was incubated in lysis buffer on ice with frequent
vortexing for 15 min. Thereafter, the supernatant was col-
lected after centrifugation at 13,000 rpm for 10 min. The
protein concentration was measured with the BCA Protein
Assay kit (Thermo Fisher Scientific). Thirty micrograms of
protein of each sample were loaded on NuPage gels
(Thermo Fisher Scientific).

After electrophoresis, proteins were transferred onto
PVDF membranes (Immobilion-P; Millipore). Membranes
were incubated with a blocking buffer containing Tris-
buffered saline (pH 7.4) with 0.1% Tween 20 (TBST) and
5% non-fat dry milk at RT for 1 h and then incubated with
primary antibodies at 4 °C overnight. The primary anti-
bodies were: rabbit anti-pAKT S473, rabbit anti-AKT,
rabbit anti-pP70S6K T389, P70S6K, rabbit anti-HK II,
rabbit anti-HK I (all 1:1000, Cell Signaling) rabbit anti-
VDAC (1:1000; Millipore), mouse anti-complex IV subunit
II (COX II) (1:1000; Thermo Fisher Scientific), mouse anti-
MTC02 (1:1000; Abcam), rabbit anti-Actin (1:1000;
Cytoskeleton) and mouse anti-GAPDH (1:10000; Chemi-
con International, Inc.). Membranes were then incubated
with the corresponding HRP-conjugated secondary anti-
body (Amersham Pharmacia Biotech) in TBST with 5%
non-fat dry milk at RT for 1 h and developed using an ECL
approach (ECL-kit, Amersham).

Measurement of cellular ATP content

Cells, 3000/microplate well of fibroblasts and 5000/micro-
plate well of mNSCs or MDA-MB-231, were seeded 2 d
before the experiment to allow optimal attachment.
Approximately 10 hDSC spheres were seeded on the day of
the experiment after dissociation with a 0.45mm syringe.
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Cellular ATP was measured as described [26] with the
CellTiter-Glo Luminescent Cell Viability Assay (Promega)
according to the protocol provided. The values of the relative
luminescence units were normalized to the amount of protein.

Analysis of the metabolic phenotype by measuring
glucose consumption and lactate production

Calculation of the bioenergetic phenotype of cells was
performed as previously described with slight modifications
[26]. Briefly, the corresponding cell culture media were
changed 24 h after seeding cells in a 24-well plate. Cells
were either left untreated or treated with 100 ng/ml of oli-
gomycin for 6 h. The cell culture media was then collected
and centrifuged at 13,000 rpm at 4 °C for 5 min; the
remaining cells in the well were used to prepare lysates. The
hDSCs were spun down in a tube, the supernatant collected
as culture media and the remaining cell pellet was used as
the cell lysate. The collected media were then deproteinized
with 1M perchloric acid, thereafter neutralized with 2M
potassium hydroxide until the pH reached ~6.5–8. The
amounts of glucose and lactate present in these deprotei-
nized samples were then measured using the Glucose
Hexokinase Kit and the Lactate Assay Kit II, respectively,
according to the instructions provided by the manufacturer
(Sigma Aldrich). The calculated amount of glucose or lac-
tate was normalized to the total protein values for the cells.

The contribution of glycolysis and OXPHOS to cellular
bioenergetics was calculated, as described [26]. Briefly,
glycolysis (%)= (lactate control/lactate oligomycin) × 100% and
OXPHOS (%)= 100%−glycolysis (%).

Measurement of Δψm by JC-1 staining

The procedure was adapted as described [58] with slight
modifications. Briefly, dissociated hDSCs and other cells
(200,000/condition) were incubated with 2 µM of JC-1 in
DMEM medium with 1% P/S (Thermo Fisher Scientific) at
37 °C for 20 min. After washing with DMEM, cells were
resuspended in this washing medium and analyzed by
FACS (FACSverse, BD).

Quantification and statistical analysis

The integrated density of the protein of interest in a single
cell was measured with ImageJ software from the pixel
intensities of the respective channel.

Data were presented as means ± SDs of at least 3 inde-
pendent experiments from multiple donors (for hDSCs and
human fibroblasts). The individual statistics are described in
the corresponding figure legends and were adjusted for
multiple testing if applicable. Differences between means
were considered significant at the level of p < 0.05.
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