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We have previously demonstrated that the neural stem-cell marker nestin is expressed in hair follicle stem cells
located in the bulge area which are termed hair-follicle-associated pluripotent (HAP) stem cells. HAP stem cells from
mouse and human could form spheres in culture, termed hair spheres, which are keratin 15-negative and CD34-positive
and could differentiate to neurons, glia, keratinocytes, smooth muscle cells, and melanocytes in vitro. Subsequently, we
demonstrated that nestin-expressing stem cells could effect nerve and spinal cord regeneration in mouse models. In
the present study, we demonstrated that HAP stem cells differentiated to beating cardiac muscle cells. We separated
the mouse vibrissa hair follicle into 3 parts (upper, middle, and lower), and suspended each part separately in DMEM
containing 10% FBS. All three parts of hair follicle differentiated to beating cardiac muscle cells as well as neurons, glial
cells, keratinocytes and smooth muscle cells. The differentiation potential to cardiac muscle is greatest in the upper part
of the follicle. The beat rate of the cardiac muscle cells was stimulated by isoproterenol and inhibited by propanolol.
HAP stem cells have potential for regenerative medicine for heart disease as well as nerve and spinal cord repair.

Introduction

The stem cell marker nestin is expressed in hair follicles in
cells located above the bulge area, below the sebaceous gland.
The nestin-expressing hair follicle cells were discovered in trans-
genic mice with nestin-driven green fluorescent protein
(ND-GFP)."* The nestin-expressing cells can differentiate into
neurons, glial cells, smooth muscle cells, keratinocytes and other
cell types.” We have termed these cells hair follicle-associated plu-
ripotent (HAP) stem cells.?

HAP stem cells originate in the bulge area (BA) and migrate
to the DP. HAP stem cells from the DP and BA cells differenti-
ated into neuronal and glial cells after transplantation to the
injured spinal cord and enhanced injury repair and locomotor
recovery within 4 weeks.®®

In Gelfoam® histoculture, HAP stem cells from mouse
whisker follicles formed nerve-like structures contained B-III
tubulin-positive fibers.” The growing fibers had growth cones on
their tips expressing F-actin, indicating they were growing axons.
These results suggest a major function of HAP stem cells is for
growth of the follicle sensory nerve.” HAP stem cells can be cryo-
preserved with full function.'®

In the present study, we demonstrate that HAP stem cells can
differentiate to beating cardiac muscle cells.

Results

The differentiation potential to cardiac muscle cells
is greatest in the upper part of the hair follicle

We divided the mouse vibrissa hair follicle into 3 parts (upper,
middle, and lower part), and suspended each part separately in
DMEM containing 10% FBS (Fig. 1a, b). Two weeks after cul-
ture all 3 parts (upper, middle, and lower part) of the hair follicle
cells that differentiated to troponin- and desmin-positive cardiac
muscle cells appeared. The number of cardiac muscle cells differen-
tiating from the upper part of the hair follicle was significantdy
higher compared to the middle, and lower parts of the hair follicle
(Figs. 1c, 2). Fluorescence-activated cell sorting (FACS) analysis
showed that all 3 parts of hair follicle could produce troponin-pos-
itive cardiac muscle cells as well as BIII-tubulin-positive neurons,
K15-positive keratinocytes, smooth muscle actin-positive cells, and
GFAP-positive glial cells. The differentiation potential to form all
these cell types was greatest in the upper part of the hair follicle
compared to the middle, and lower parts (Fig. 3, Table 1).

Isoproterenol increases the spontaneous beating rate
in cardiac muscle cells differentiated from the hair follicle

The spontaneous, unstimulated beating rate of cardiac muscle
cells differentiated from the whisker hair follicle ranged from
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Figure 1. (A) Schematic of the separated mouse vibrissa hair follicle. The upper part of the vibrissa hair follicle contains nestin-expressing, CD34-positive,
K15-negative hair-follicle-associated-pluripotent (HAP) stem cells. (B) The mouse vibrissa hair follicle was separated into 3 parts (upper, middle, and lower
part). Each hair follicle part was separately suspended in DMEM containing 10% FBS. (C) Two weeks after culture all 3 parts (upper, middle, and lower) of
the hair follicle, incubated in DMEM with 10% FBS cells differentiated to troponin- and desmin-positive cardiac muscle cells. The number of cardiac mus-
cle cells was significantly higher in the upper part compared to the middle, and lower part of the hair follicle. Bars 100 pm.

51.3 to 66.6 (n = 10; average 51.3 % 14) beats/minute (Supple-
mental video). The spontaneous beating rate increased signifi-
cantly by 130.3% with isoproterenol treatment. Propranolol
reduced the isoproterenol-induced increase in the beating rate by

99.2% (Fig. 4).

Cardiac muscle cells differentiated from hair-spheres

Four weeks after culture of the upper part of the hair follicle in
DMEM with 10% FBS, out-growing cells were transferred to
DMEM/F12 without fetal bovine serum (FBS). One week after
culture in DMEM/F12 without FBS, the growing cells formed
many hair spheres containing nestin-expressing HAP stem cells
(Fig. 5b). Two days after transfer to DMEM with FBS, the hair
spheres began to differentiate (Fig. 5c). One week after transfer to
DMEM/F12 without FBS, the hair spheres differentiated to tropo-
nin- and desmin-positive cardiac muscle cells as well as nestin- and
BIII-tubulin-positive neurons, GFAP-positive glial cells, K15-posi-
tive keratinocytes and actin-positive smooth muscle cells (Fig. 5d).

Woada et al.'" reported that induced cardiomyocyte-like cells
(iCMs) can be directly generated from mouse cardiac fibroblasts in
vitro and vivo by transduction of 3 transcription factors: Gata4,
Mef2c, and Tbx5. Berry et al." reported that new cardiomyocytes
formed in the dystrophic heart and that nestin-expressing
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interstitial cells could generate them in addition to other cells of
the cardiac lineage. Wang et al.'> showed that transplantation of
mesenchymal stem cells facilitated cardiac muscle repair.

In the present study, the hair follicle differentiated to multiple
cell types, including beating cardiac muscle cells expressing tropo-
nin. The differentiation potential to form beating cardiac muscle
cells is greatest in the upper part of the hair follicle which is
enriched in HAP stem cells above the bulge. Hair spheres, consist-
ing of nestin-expressing HAP stem cells formed from the upper
part of hair follicle also differentiated to cardiac muscle cells as
well as neurons, glial cells, keratinocytes, smooth and muscle cells.

HAP stem cells are autologous, easily accessible and can be cryo-
preserved for banking,'® making them highly attractive for regenera-
tive medicine for heart disease as well as nerve and spinal cord repair.

Materials and Methods

C57BL/6-mice

C57BL/6 mice (CLEA Japan, Tokyo Japan) were used to iso-
late the vibrissa hair follicles. All animal experiments were con-
ducted according to the Guidelines for Animal Experimentation at
Kitasato University.
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Figure 2. (A) Total cell number differenti-
ated from the upper, middle and lower part
of the hair follicle. (B) The number of car-
diac muscle cells differentiated from the
upper, middle and lower parts of the hair
follicle. *P < 0.01 vs upper part.

Isolation and division of vibrissa hair
follicles

To isolate vibrissa hair follicles from
C57BL/6 mice, the upper lip containing
the vibrissa pad was cut under anesthesia,
and the inner surface was exposed.
Whole vibrissae hair follicles were dis-
sected under a binocular microscope and
plucked from the pad by pulling them
gently by the neck with fine forceps. The
isolated vibrissae were washed in
DMEM/F12 (GIBCO, Grand Island,
NY) with 50 pg/ml  gentamicin
(GIBCO). All surgical procedures were
done under a sterile environment. The
vibrissa hair follicles were surgically sepa-
rated into 3 parts, upper, middle, and
lower under a binocular microscope.

The divided vibrissa hair follicle part
were resuspended into fresh DMEM
(Sigma-Aldrich, St. Louis, MO) con-
taining 10% fetal bovine serum (FBS),
50 pg/ml gentamicine, 2 mM L-gluta-
min (Gibco), 10 mM HEPES (MP Bio-
medicals, Santa Ana, CA).
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100 % ; Table 1. Percentage of cardiac muscle cells and other cell types differentiate
o 1 | from the separated upper, middle and lower parts of the mouse whisker
= follicle
1
= Upper part Middle part Lower part
==~ 60
c [ l I Cardiac muscle cells 6.9 + 2.6% 49 4+ 2.8% 3.8+ 1.8%
3 [ l Neurons 15.4 + 0.9% 103+34% 115+ 23%
o 40 Glial cells 3534+ 113%  266+3.0%  284+53%
Ei; Keratinocytes 794 13% 57 +22% 5.0 + 1.3%
m 20 Smooth muscle cells 15.6 + 4.6% 12.9 + 0.8% 13.7 + 2.0%
0
Control  Isoproterenol  Propranolol whisker with in DMEM with FBS as described above, they were

transferred to DMEM/F12 without FBS. One week after culture
Figure 4. Effect of isoproterenol and propranolol on the beat rate of car- in DMEM/F12 without FBS, the cells growing out from the fol-
diac muscle cells differentiated from the upper part of the hair follicle. licle formed hair spheres14 containing HAP stem cells. Two days
*P < 0,01 vs control, P < 0.01 vs isoproterenol. after transfer to DMEM with 10% FBS, the hair spheres began
to differentiate and one week later, the HAP stem cells differenti-
ated to multiple types of cells.

Keratin 15

Troponin

Figure 5. (A) The upper part of hair follicle was cultured for 4 weeks in DMEM with 10% FBS. (B) Cells growing out from the upper part of the hair follicle
were transferred to DMEM/F12 without FBS. Two weeks later, the growing cells formed many nestin-expressing hair spheres. (C) Two days after transfer
to DMEM with 10% FBS, the hair spheres started to differentiate. (D) One week after switching to DMEM containing 10% FBS, the hair spheres differenti-
ated to desmin-positive cardiac muscle cells, nestin- and Blll-tubulin-positive neurons, GFAP-positive glial cells, K15-positive keratinocytes, and actin-pos-
itive cells.
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Immunofluorescence staining and FACS of differentiated
cells

The primary antibodies used were: anti-BIII-tubulin
monoclonal (1:500, Tujl clone; Covance, San Diego, CA);
anti-glial fibrillary acidic protein (GFAP) chicken polyclonal
(1:300; Abcam, Kinxton, Cambridge, UK); anti-keratin 15
(K15) monoclonal (1:100; Lab Vision, Fremont, CA); anti-
smooth muscle actin (SMA) monoclonal (1:200; Lab Vision);
anti-cardiac toroponin T monoclonal (1:500; GeneTex, Hsin-
chu City, Taiwan); anti-desmin rabbit polyclonal (1:25; Cell
Signaling, Tokyo, Japan); and anti-nestin monoclonal (1:200,
rat401 clone; Millipore, Tokyo, Japan).

Secondary antibodies for immunofluorescence were Alexa
Fluor®
Probes, Eugene, Oregon); Alexa Fluor® 488-conjugated goat
anti-rabbit (1:400; Molecular Probes) and Alexa Fluor® 568-
conjugated goat anti-chicken (1:1000; Molecular Probes). For

568-conjugated goat anti-mouse (1:400; Molecular

immunofluorescence staining quantification of the percentage of
cells producing a given marker protein, in any given experiment
at least 4 fields were photographed, and the number of positive
cells determined relative to the total number of cells.

Secondary antibodies for fluorescence-activated cell sorting
(FACS) were goat anti-mouse IgG H&L phycoerythrin (1:500;
Abcam), and goat anti-chicken IgY biotinylated (1:1000; R&D
Systems, Minneapolis, MN), Brilliant Violet 421™ streptavidin
(1:1000; BioLegend, San Diego, CA) was also used. Immunofluo-
rescence staining and FACS were repeated in triplicate.

Effect of isoproterenol and proterenol on cardiac muscle cells
differentiated from HAP stem cells

Cardiac muscle cells differentiated from HAP stem cells were
treated with isoproterenol (Sigma-Aldrich) (200 nm) and

propranolol (Sigma-Aldrich) (200 nM). The beat rate per min-
ute of the cardiac muscle cells was recorded by video microscopy

(ScopPad-500, GelleX, Tokyo, Japan).

Statistical analysis

The experimental data are expressed as the mean = SD. Statis-
tical analyses were performed with the paired Student’s 7 test with
a p-value of < 0.05 considered significant.
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