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Adult stem cells from the dermis would be an attractive cell source for therapeutic purposes as well as studying
the process of skin aging. Several studies have reported that human dermal stem/progenitor cells (hDSPCs) with
multipotent properties exist within the dermis of adult human skin. However, these cells have not been well
characterized, because methods for their isolation or enrichment have not yet been optimized. In the present
study, we enriched high side scatter (SSC"&")-hDSPCs from normal human dermal fibroblasts using a structural
characteristic, intracellular granularity, as a sorting parameter. The SSC"8"-hDSPCs had high in vitro prolifer-
ation properties and expressed high levels of SOX2 and S100B, similar to previously identified mouse SOX2*
hair follicle dermal stem cells. The SSC™8"-hDSPCs could differentiate into not only mesodermal cell types, for
example, adipocytes, chondrocytes, and osteoblasts, but also neuroectodermal cell types, such as neural cells. In
addition, the SSCM#"-hDSPCs exhibited no significant differences in the expression of nestin, vimentin, SNAI2,
TWIST1, versican, and CORIN compared with non-hDSPCs. These cells are therefore different from the previ-

ously identified multipotent fibroblasts and skin-derived progenitors. In this study, we suﬁgest that hDSPCs can
be enriched by using characteristic of their high intracellular granularity, and these SSC"&"-hDSPCs exhibit high

in vitro proliferation and differentiation potentials.

Introduction

ADULT STEM CELLS HAVE attracted much attention because
of their possible use as a cell replacement therapy, as a key
tool for understanding how humans develop, as a means of
screening drugs, and as delivery vehicles for molecular medi-
cine [1]. These adult stem cells have the self-renewal ability and
can differentiate into cell types present in other organs, either in
vitro or in vivo [2-10]. Adult stem cells exist in multiple tissues
of the body, including the bone marrow [2-5], brain, skeletal
muscle [6], adipose tissue [7,8], umbilical cord [9], and placenta
[10]. The skin is the largest organ in the body, and its stem cells
have been identified in all regions of the skin, including the
epidermis [11,12], dermis [13-20], and hair follicles [21,22].
Although many scientists have tried to identify universal
dermal stem cell markers, no specific markers have been
accepted. SOX2 is an SRY-related transcription factor that
promotes somatic stemness, and that is expressed in the
dermal papilla [23,24]. SOX2 is known to play an essential
role in maintaining self-renewal of embryonic stem cells and
is 1 of the 4 reprogramming factors (SOX2, OCT-3/4, KLF4,
and c-Myc) used to dedifferentiate somatic cells into the in-
duced pluripotent stem cells [25,26]. SOX2 was recently re-
ported to be expressed in adult stem cells, where it may have
a specific function in their differentiation and growth [27].

Biernaskie et al. [18] sorted skin-derived progenitors (SKPs)
from the mouse using a vector carrying enhanced green
fluorescent protein (EGFP) under the control of the SOX2
gene promoter (SOX2:EGFP). They demonstrated that mul-
tipotent SKPs derived from Sox2™ cells display dermal stem
cell properties, including wound healing, hair follicle re-
generation, and dermal homeostasis.

If human dermal stem/progenitor cells (hDSPCs) could be
easily isolated from human dermal fibroblasts, they would
become a useful resource for stem cell-based therapies as
well as a good tool for researching the homeostatic and re-
generative capacity of many human tissues and organs. At
present, no specific cell surface markers are available for
distinguishing hDSPCs in culture systems. The development
of a method to enrich these cells is therefore a prerequisite for
their future application. We previously demonstrated that
collagen type IV-sorted hDSPCs (cells adhered within 5 min
on the collagen type-IV-coated culture dishes) showed stem
cell-like characteristics [28]. Compared with collagen type
IV-sorted non-hDSPCs (cells adhered between 5 min and 12h
on the collagen type IV-coated culture dishes), collagen type
IV-sorted hDSPCs can form many colonies, in vitro prolif-
erate relatively rapidly, and differentiate into mesodermal
progenies, including adipocytes, chondrocytes, and osteo-
blasts, and neuroectodermal progeny such as neural cells.
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In this study, we found that collagen type IV-sorted
hDSPCs had higher intracellular granularity than collagen
type IV-sorted non-hDSPCs by flow cytometry. Therefore,
we isolated the cells with high intracellular granularity (high
side scatter [SSCM8"]) from normal human dermal fibroblasts
(NHDFs). These cells, termed SSCM8"-hDSPCs, expressed 2
specific markers, SOX2 and S100B. The SSC"&"-hDSPCs
were differentiated into adipogenic, osteogenic, chondro-
genic, and neurogenic cells under defined conditions.

Materials and Methods
Cell culture

NHDFs (Lonza) are derived from the breast or abdomen
(man, 18 years, Black; woman, 38 years, Black; woman, 41
years, Asian) or neonatal foreskin (each n=3).

NHDFs were cultured in the Dulbecco’s modified Eagle’s
medium (DMEM; Lonza) containing 10% fetal bovine serum
(FBS; Lonza), 100 U/mL penicillin, and 100 pg/mL strepto-
mycin at 37°C in 5% CO,. NHDFs were used for the exper-
iments within 3 passages.

Fluorescence-activated cell sorter analysis
of collagen type IV-sorted hDSPCs

Collagen type IV (Sigma)-coated dishes were prepared by
coating 100-mm dishes with collagen type IV (20 ug/mL)

1265

overnight at 4°C. NHDFs were plated onto collagen type IV-
coated dishes and were then sorted on the basis of their
ability to adhere to collagen type IV within 5min (collagen
type IV-sorted hDSPCs) or within 12 h (non-hDSPCs) at 37°C
as described previously [28]. Each collagen type IV-sorted
hDSPCs and collagen type IV-sorted non-hDSPCs was wa-
shed with phosphate-buffered saline (PBS) 3 times, and cell
suspensions were filtered through BD Falcon Cell-Strainer
Caps. Each specific region of collagen type IV-sorted hDSPCs
and collagen type IV-sorted non-hDSPCs was sorted as R1,
R2, and R3, respectively, for flow cytometric analysis with a
fluorescence-activated cell sorter (FACS), FACSCalibur (BD
Biosciences), which measured forward scatter (FSC; a rela-
tive measure of cell size) and SSC (a relative measure of
intracellular granularity).

Enrichment of hDSPCs using high intracellular
granularity (SSC""-hDSPCs)

To isolate SSCM&"-hDSPCs, NHDFs were resuspended in
PBS containing 1pg/mL of 4,6-diamidino-2-phenylindole
dihydrochloride (DAPI; Sigma) and filtered through a 100-
pum nylon mesh. FACSAria II (BD Biosciences) was used for
sorting and analysis. On the basis of FACS analysis by col-
lagen type IV-mediated enrichments (Fig. 1), the gate of
SSCMs" was determined as top 3.5% cells in SSC. The
set point of FSC"8"/FSC'*" was selected as previously
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FIG. 1. Flow cytometry analysis of collagen type IV-sorted hDSPCs and non-hDSPCs. (A, B) The SsChigh fraction of the
collagen type IV-sorted hDSPCs group was increased 3-fold as compared with the collagen type IV-sorted non-hDSPCs
group. A representative sample is shown for each condition (1 =3). (C) Relative distributions of specific structural properties
in 2 groups of cells isolated from NHDFs using collagen type IV. hDSPCs, human dermal stem/progenitor cells; FSC,
forward scatter; SSC, side scatter; NHDFs. normal human dermal fibroblasts.
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described [3]. Thus, sorting parameters were set as follows.
Each specific region of NHDFs was gated as the Q1, Q2, Q3,
and Q4 region (Q1: FSC'°VssChigh, Q2. FSChishssChish, (3:
FSC'°"SSC'*"; Q4: FSCM8"SSC'oW), respectively. Nozzle di-
ameter was set at 70 um, and flow velocity was determined
as follows: FSCow/sschsh 23, FsCMeh/sschish,  271;
FSC'™ /SSClov, 1,427; FSCMigh /ssClov, 5,932,

Colony-forming assay

SSCM8"-hDSPCs were isolated from NHDFs by an FACS
analysis. Before cell seeding, a 6-well plate was coated with
0.1% gelatin (Sigma) for 30 min at 37°C. About 5x 10> cells
were seeded in a gelatin-coated 6-well plate and grown at
37°C in 10% FBS-DMEM. Cells were grown for 10 days and
then photographed using a digital camera system (Canon).
Growth capacity was visualized on day 10 by staining cul-
tured cells with 0.1% crystal violet in 10% ethanol for 5 min
at room temperature (RT) and then rinsing with PBS 4 times.

In vitro cell proliferation assay

After sorting, the proliferation capacity was measured
with the cell counting kit-8 (CCK-8 kit; Dojindo). Cells were
treated with 100 pL of the CCK-8 solution in 1 mL of DMEM,
incubated for 1h at 37°C, and the optical density was mea-
sured at 450nm with a SpectraMax 190 microplate reader
(Molecular Devices).

RNA isolation and real-time reverse
transcription—polymerase chain reaction

Total RNA was extracted using Trizol” (Invitrogen), and
RNA concentrations were determined using a NanoDrop
spectrophotometer (Thermo Scientific). Four micrograms of
RNA was reverse-transcribed into cDNA using SuperScript®
III reverse transcriptase (Invitrogen). The reverse transcrip-
tion reaction was stopped by adding the Tris—ethylenedia-
minetetraacetic acid buffer (pH 7.8) to a total of 200 pL of
cDNA solution. Real-time reverse transcription—polymerase
chain reaction (RT-PCR) was performed according to the
manufacturer’s instructions. Briefly, the 20-pL PCR reaction
contained 10 puL of 2><TaqMan® universal II PCR Master
Mix, 1uL of 20xTagMan Gene Expression assay with
FAM™ dye-labeled TagMan MGB probe (Applied Biosys-
tems), and 50ng of cDNA. Real-time RT-PCR was per-
formed with a 7500 Fast Real-Time PCR System (Applied
Biosystems). cDNA samples were analyzed for the following
genes: SOX2 (Hs01053049_s1); S100B (Hs00389217_m1);
nestin (Hs00707120_s1); vimentin (Hs00185584_m1); os-
teoglycin (Hs00247901_m1); osteocalcin (Hs01587814_g1);
peroxisome proliferator-activated receptor-gamma (PPARy;
Hs01115513_m1); leptin (Hs00174877_ml); adiponectin
(Hs00605917_m1); fatty acid-binding protein 4 (FABP4;
Hs00609791_m1); aggrecan (Hs00153936_m1); collagen type
2 alpha (COL2A1; Hs00264051_m1); microtubule-associated
protein 2 (MAP2; Hs00258900_m1); SNAI2 (Hs00950344_m1);
TWIST1  (Hs00361186_m1); versican (Hs00171642_m1);
CORIN (Hs00198141_m1); human GAPDH (43333764F) (Ap-
plied Biosystems). Gene expression data were analyzed as per
the manufacturer’s instruction. The baseline and threshold
values were set to determine the threshold cycles (Cr) for the
amplification curves. Then, relative expression of each gene
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was calculated by using the comparative Cr method. GAPDH
was used as normalization control.

In vitro differentiation

Isolated SSCM8"-hDSPCs were analyzed for their capacity
to differentiate into adipogenic, osteogenic, chondrogenic,
and neural lineages. The differentiation medium was chan-
ged every 2-3 days.

Adipogenic differentiation was induced in an adipogenic
medium (1g/L glucose-DMEM supplemented with 10%
FBS, 100 U/mL penicillin, 100 pg/mL streptomycin, 0.5 mM
3-isobutyl-1-methylxanthine (IBMX), 1M dexamethasone,
10pug/mL insulin, and 2puM troglitazone (Sigma) for 2
weeks [29].

To induce osteogenic differentiation, the cells were treated
with the human mesenchymal stem cell (hMSC) Osteogenic
BulletKit (Lonza) for 3 weeks [30].

For chondrogenic differentiation, cells were cultured with
the hMSC Chondrogenic Bulletkit (Lonza) for 2 weeks [31].

To induce neural differentiation, the cells were plated on
culture plates coated with laminin (0.02 mg/mL; Sigma) and
poly-D-lysine (0.2mg/mL; Sigma) [18]. Cells were main-
tained in the DMEM supplemented with 10% FBS, 100 U/mL
penicillin, and 100 pg/mL streptomycin for 24 h. Neural dif-
ferentiation was induced by exposing cells to 10 ng/mL basic
fibroblast growth factor (bFGF) (R&D Systems) for 24 h, fol-
lowed by 2 days of treatment with 1mM B-mercaptoethanol
(Invitrogen) and 10ng/mL NT-3 (R&D Systems). Finally,
cells were treated with 10ng/mL NT-3, 10ng/mL nerve
growth factor (NGF) and 50 ng/mL brain-derived neutrophic
factor (BDNF) (R&D Systems) in the DMEM for 7 days [32].

Histochemical analyses

The presence of intracellular lipid droplets in differenti-
ated adipocytes was verified by Oil-Red-O staining. Cells
were fixed for 10min at RT in 4% paraformaldehyde and
then washed with 60% isopropanol. The cells were then in-
cubated in an Oil-Red-O staining solution (Sigma) at RT for
10 min. Excess stain was removed by washing with 70%
ethanol, followed by a wash with double-distilled water. The
Oil-Red-O contents were then extracted with 100% iso-
propanol and quantified with a SpectraMax 190 microplate
reader at 500 nm.

The chondrogenic differentiation was detected by
Safranin-O staining. Cells were fixed with 4% paraformal-
dehyde for 10 min, washed with double-distilled water, and
stained with 0.6% Safranin O in 20% ethanol (Sigma) for
2 min.

To examine osteogenic differentiation, an alkaline phos-
phatase (ALP) staining kit (Takara) was used. Briefly, cells
were fixed with a citrate buffer (pH 5.4) containing 10%
methanol and 45% acetone for 5min at RT. The cells were
then incubated in an ALP substrate for 30 min at 37°C and
washed 3 times with double-distilled water.

Immunofluorescence

Cells were fixed with 4% paraformaldehyde at RT for
10min and then permeabilized with 0.3% Triton X-100
with PBS with 0.05% Tween 20 (PBST) for 15 min. Blocking
and diluent solutions contained PBST and 10% normal goat
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serum (Jackson ImmunoResearch). Cells were blocked at RT
for 30min, incubated for 1.5h with primary antibodies
against Ki67 (ab15580-100; Abcam; 1:1,000), perilipin
(ST1592; Calbiochem; 1:500), osteocalcin (ab13420; Abcam;
1:500), Sox9 (ab26414; Abcam; 1:500), beta III tubulin (Tuj1)
(ab7751; Abcam; 1:1,000), and MAP2 (5H11; Novus; 1:1,000),
and then incubated with Alexa-488- or 594-conjugated sec-
ondary antibodies (Invitrogen) for 1.5h at RT. The nuclei
were stained with 5 ug/mL of DAPI (Sigma) for 5 min. PBST
was used for the washes between each step. Slide-mounted
samples were imaged with an EVOS fluorescence micro-
scope (Advanced Microscopy Group).

Statistical analysis

Data were analyzed by one-way analysis of variance or
Student’s t-test with MINITAB software (Minitab, Inc.), and
were presented as the mean *standard deviation of at least 3
independent experiments. The threshold of significance was
set at P<0.05.

Results

Characterization of hDSPCs enriched
with collagen type IV

We previously demonstrated that hDSPCs can be enriched
using collagen type IV [28]. Briefly, when NHDFs were
plated onto collagen type IV-coated culture dishes, a portion
of the population adhered to the culture dish. Cells adhering
within 5min (collagen type IV-sorted hDSPCs) or between
5min and 12h (collagen type IV-sorted non-hDSPCs) were
separated and transferred to different culture dishes.

To characterize these 2 cell populations, the collagen type
IV-sorted hDSPCs and collagen type IV-sorted non-hDSPCs
were analyzed by flow cytometry. These hDSPCs and non-
hDSPCs are plotted according to the cell size (FSC) and in-
tracellular granularity (SSC) (Fig. 1). Each population was
defined into 3 regions by their light-scattering characteristics.
Interestingly, we found that the cell number in the R3 region
of collagen type IV-sorted hDSPCs was increased ~ 3-fold
compared with collagen type IV-sorted non-hDSPCs
(P<0.01). In contrast, the cell number in the R2 region in
collagen type IV-sorted hDSPCs was decreased by about
40% compared with collagen, type IV-sorted non-hDSPCs
(P<0.01) (Fig. 1C).

SSC"9"-hDSPCs possess high in vitro
proliferative potential and express putative
dermal stem cell markers

Next, NHDFs were subfractionated, and 4 subpopulations
were defined as follows. That is, based on the FACS analysis
of collagen type IV-sorted hDSPCs (Fig. 1), SSC™8" was se-
lected as top 3.5% cells in SSC. The criteria of FSC™8" /FSC'"
for experimental analysis were determined according to
previous report, which suggests that MSCs are generally
<0.2% of whole cells inside tissues [3,33,34] (Fig. 2A;
Supplementary Fig. S1; Supplementary Data are available
online at www liebertpub.com/scd; Q1: FSClowsschish. Q2:
FSCM8"SSCM8h; 3: FSC'OSSC'*™; Q4: FSCMe"ssC!om).

According to several previous reports [18,19], SOX2*
dermal precursors and SKPs share similar function and
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transcriptional profile. To assess that subfractionated cells in
Q1 or Q2 (SSC"8") may have similarity with SOX2* dermal
precursors and SKPs at a molecular level. Real-time RT-PCR
analysis was performed. The results revealed that cells in Q1
or Q2 (SSCM8M express high levels of SOX2 and S100B
mRNA compared with cells in Q3 or Q4 (8sC™%) (P<0.01)
(Fig. 2B). Therefore, we fractionated NHDFs into 2 subpop-
ulations with SSCM8" (SSCM8M-hDSPCs) and SSC°% (non-
hDSPCs) by using high-intracellular-granularity criteria
(<3.5% cells of total NHDFs), regardless of the FSC value.
Phase-contrast images showed that isolated SSC"&"-hDSPCs
have higher intracellular granularity than non-hDSPCs, in
accordance with the FACS analysis (Fig. 2C).

Recent studies demonstrated that multipotent fibroblasts
clonally isolated from human dermis are negative for nestin
and positive for vimentin [16]. Another group reported that
SKPs express both nestin and vimentin [13,15]. Thus, the
characteristics of SSC"8"-hDSPCs at a molecular level were
examined by real-time RT-PCR analysis. Interestingly, we
found that there were no significant differences in the mRNA
expression levels of nestin and vimentin between the
SSChs"-hDSPCs and non-hDSPCs (P >0.05) (Supplementary
Fig. S2A, B). In addition, real-time RT-PCR analysis revealed
that there were no significant differences in the expression
levels of SKP markers, such as SNAI2 and TWIST1, and
dermal papilla markers such as versican, CORIN between 2
cell populations (P>0.05) (Supplementary Fig. S2C-F).

Colony-forming assay provides a convenient method of
measuring the proliferative capacity that MSCs retain [35-
37]. To examine growth capacity, isolated cells from each cell
population were seeded on gelatin-coated 6-well culture
plates in triplicate at a density of 5x10* cells per well.
Compared with non-hDSPCs, Sschigh hDSPCs produced a
large number of colonies after 10 days of culture (Fig. 2D).
CCK-8 analysis also showed that SSC™&"-hDSPCs were sig-
nificantly more proliferative than non-hDSPCs (P <0.01) (Fig.
2E). In addition, we found that the number of ssChish.
hDSPCs stained with proliferation marker Ki67 antibody
was larger than that of non-hDSPCs (P <0.01) (Fig. 2F). These
results indicate that these SSC™&"-hDSPCs have high in vitro
proliferative potential compared with non-hDSPCs.

According to previous reports [13,15,38], we further ex-
amined whether SSC"'8"-hDSPCs can be able to form floating
spheres in the SKP medium, which is supplemented with
both bFGF and epidermal growth factor (EGF). We found
that SSCM"-hDSPCs showed higher gene expression level of
both SOX2 and S100B under the SKP medium than the 10%
FBS-DMEM (P <0.01) (Supplementary Fig. S3B), suggesting
that the SKP medium is more suitable for maintaining the
characteristics of SSCM&"-hDSPCs than the 10% FBS-DMEM.

Analysis of SSC""-hDSPC multipotency

The multipotency of SSChshhDSPCs was evaluated by
inducing the cells to differentiate into mesodermal cell types
(adipogenic, osteogenic, and chondrogenic) and neural line-
ages under specific culture conditions, as described in the
section Materials and Methods.

Adipogenic differentiation was ascertained by Oil-Red-O
staining. Oil-Red-O accumulation demonstrated that
SSCM8P-hDSPCs can more efficiently differentiate into an
adipogenic lineage than non-hDSPCs (Fig. 3A). About 35% of
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genitors; DAPI, 4’,6-diamidino-2-phenylindole dihydrochloride; SD, standard deviation.

the differentiated cells derived from the SSCM8"-hDSPCs
were stained with Oil Red O (36+4.58, n=3). Densitometric
quantification of Oil-Red-O-stained cells showed that lipid
accumulation was increased by 7.6-fold in the SSC"&"-
hDSPCs compared with non-hDSPCs (P<0.01) (Fig. 3C).
These SSCM&"-hDSPC-derived cells were also positively
stained for perilipin on lipid droplets (Fig. 3B). Adipogenic
differentiation was further confirmed by real-time RT-PCR.
PPARy, adiponectin, leptin, and FABP4, which are expressed
in mature adipocytes, were highly expressed in the SSC™&"-
hDSPCs after 2 weeks of differentiation compared with non-
hDSPCs (P<0.01) (Fig. 3D). Thus, SSC"8"-hDSPCs have the
ability to differentiate into the adipogenic lineage.

After 3 weeks of culture in an osteogenic medium, over
60% of the SSCM8"-hDSPC-derived cells stained positive for
ALP (61.67%6.12, n=3) (Fig. 4A). When non-hDSPCs were
differentiated with an osteogenic medium, very few cells
showed weak ALP staining (Fig. 4A). Osteoblast-like cells
were observed by osteocalcin staining after osteogenic in-
duction (Fig. 4B). The expression of both osteoglycin and
osteocalcin significantly increased in the SSC™8"-hDSPCs

after osteogenic induction compared with non-hDSPCs
(P<0.01) (Fig. 4C), suggesting that SSC™&"-hDSPCs have the
ability to differentiate into osteoblast-like cells.

Chondrogenic differentiation was evaluated after 14 days of
culture in a chondrogenic differentiation condition. Safranin-O
staining was used to detect the expression of proteoglycans,
the extracellular matrix molecules synthesized by chon-
drocytes. A high level of Safranin-O staining was observed in
the differentiated SSCM&"-hDSPCs, indicating that these cells
can differentiate into chondrogenic cell types (Fig. 5A). About
60% of the differentiated cells derived from the SSCM&-
hDSPCs were positive for SOX9 after 2 weeks under differ-
entiation conditions (58.67+7.23, n=3) (Fig. 5B). Real-time
RT-PCR analysis revealed increased mRNA expression levels
of the chondrocyte gene markers COL2A and aggrecan in the
SSCMs"hDSPC-derived cells compared with non-hDSPCs
(P<0.01) (Fig. 5C). These results indicate that SSChigh hDSPCs
have the potential to differentiate into chondrocytes.

For neural induction, SSC"8"-hDSPCs were plated on cul-
ture dishes coated with laminin/poly-p-lysine. After neural
differentiation, the SSCM#M-hDSPC-derived cells showed
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neural cell-like morphology. Expression of beta III tubulin
(Tuj1) and MAP2 was detected in ~20%, and 10% of dif-
ferentiated SSCM&"-hDSPCs, respectively (20.66+4.5, n=3;
9.33+2.3, n=3), whereas no staining was detected in non-
hDSPCs exposed to the same culture condition (Fig. 6A).
Neural differentiation was further confirmed by real-time
RT-PCR. The expression levels of both MAP2 and nestin
were significantly increased in the ssChish_hDSPC-derived
cells compared with non-hDSPCs (P <0.01) (Fig. 6C).

Overall, these experiments demonstrated that SSCMsh-
hDSPCs have the in vitro potential to differentiate into not
only mesodermal but also neuroectodermal cell types.

Discussion

It has long been believed that adult stem cells, which are
present in most mammalian tissues, are necessary for
maintaining normal tissue homeostasis, and are helpful for
tissue repair and regeneration in response to various dam-
ages such as ultraviolet and oxidative stress [39—42]. Adult
stem/progenitor cells are also known to exist in the dermis
[13-20]. These cells can be characterized into various cell
types, including those that differentiate into adipocytes,
chondrocytes, smooth muscle cells, and osteoblasts, and
those that differentiate into nonmesodermal cells, including
neural cells, hepatocytes, and pancreatic cells [13-20,43,44].

The development of specific methods to easily isolate
these adult stem cells from their host tissues is important not
only to elucidate their molecular mechanisms, but also to
investigate their physiological functions. According to pre-
vious reports, adult human dermal fibroblasts are a hetero-
geneous cell population comprising multipotent stem/
progenitor cells and fully differentiated fibroblasts [16,28,45].

In our previous study, we found that putative hDSPCs can
be enriched from NHDFs on the basis of their ability to ad-
here to collagen type IV, which is a binding partner of CD29,
within 5min [28]. These collagen type IV-sorted hDSPCs
showed stem cell-like characteristics. That is, these collagen
type IV-sorted hDSPCs exhibited a higher in vitro prolifer-
ative potential than non-hDSPCs, and were able to differ-
entiate into mesodermal lineage and neuroectodermal
lineage cells.

By real-time RT-PCR analysis, we found that there was no
significant expression level of CD29 between collagen type
IV-sorted hDSPCs and collagen type IV-sorted non-hDSPCs.
This result could be occurred, because previous reports
showed that NHDFs express CD29 [16,43]. Interestingly, we
also found that we could enrich hDSPCs by gelatin coating
within 5min (data not shown), implying that their ability to
adhere to collagen type IV or gelatin rapidly may be based
on unknown physical characteristics. We further sought to
develop a better method to isolate/enrich hDSPCs from
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NHDFs using their other physical parameters, because col-
lagen type IV-sorted hDSPCs are still heterogeneous. Several
previous reports characterized neurosphere-derived cells or
neurosphere-specific cells such as limbal cells by the FACS
analysis and using several intracellular markers [46—48].
Thus, both granularity and size of collagen type IV-sorted
hDSPCs were analyzed by flow cytometry. The percentage of
cells in the SSC"8" region was higher in collagen type IV-
sorted hDSPCs than in collagen type IV-sorted non-hDSPCs
by 3-fold, indicating the possibility that a subpopulation of
NHDFs with higher granularity may be hDSPCs (Fig. 1).
Therefore, we isolated SSC"8"-hDSPCs using high-intracel-
lular-granularity criteria (<3.5% cells of total NHDFs). These
SSCM8"-hDSPCs showed a higher in vitro proliferative po-
tential and higher expression levels of both SOX2 and S100B
than non-hDSPCs (Fig. 2B, D-F) and were multipotent and
capable of differentiating into mesodermal as well as neu-
roectodermal lineages (Figs. 3-6). Interestingly, SOX9 was
not detected in the nucleus when the SSC"'8"-hDSPCs were
subjected to the chondrogenic differentiation condition. The
cytoplasmic staining of SOX9 seemed to present a Golgi re-
tention pattern, likely because of the immature state of the
differentiating chondrocytes (Fig. 5B) [49].

Previous studies demonstrated that human dermis-
derived multipotent fibroblasts by clonal isolation are neg-
ative for nestin and positive for vimentin representative
intermediate filament proteins [16,45]. On the other hand,

hDSPCs hDSPCs

another group showed that SKPs derived from the human
foreskin specifically express both nestin and vimentin in
suspension cultures [13,15]. Interestingly, we demonstrated
that SSC"'8"-hDSPCs showed no significant differences in the
expression of nestin or vimentin compared with non-
hDSPCs. Furthermore, we also found that there were no
significant differences in the expression levels of other specific
markers such as SNAI2, TWIST1, versican, and CORIN be-
tween the 2 cell populations (Supplementary Fig. S2). We
previously reported that there were no meaningful differ-
ences in the expression levels of MSC-specific surface markers
such as CD44, CD73, CD90, and CD105 between collagen type
IV-sorted hDSPCs and collagen type IV-sorted non-hDSPCs
[28]. Taken together, these results indicate that sschish.
hDSPCs may be another type of progenitor cells derived from
human dermis, which are different from the previously iso-
lated multipotent fibroblasts and SKPs [13-16,45].

In our previous study [28], the relative percentage of col-
lagen IV-sorted hDSPCs in NHDFs gradually decreased as
passages increased. After 5 passages, even a small percent-
age of cells adhered to the collagen type-IV-coated culture
dishes within 5 min showed no in vitro proliferative potential
and multipotential differentiation capabilities. This phe-
nomenon may be explained by some previous reports
[50,51]. Liu et al. demonstrated that after dissociation from
their physiological environment, SKPs rapidly undergo
senescence and lose their self-renewal property, which is
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mainly due to loss of Akt activity [50]. Another report sug-
gested that TAp63 plays an important role in maintaining
adult skin stem cells by modulating cellular senescence [51].
Thus, further studies are needed to elucidate the cellular
mechanisms underlying senescence of hDSPCs under an in
vitro environment.

According to previous reports [13,15,38], SKPs derived
from adult human dermis can be expanded for extended
periods of time under a specific medium. On the other hand,
Gago et al. insisted that abundance and differentiation po-
tential of human SKPs significantly decrease with the age in
the medium supplemented with FBS under the attachment
condition, providing conflicting results on the expansion of
human SKPs [52]. Thus, we first examined whether stem-
cell-like properties of SSC™8"-hDSPCs are well maintained in
the 10% FBS-DMEM under attachment condition or floating
condition, which contributes to form a sphere. Real-time RT-
PCR analysis revealed that expression levels of both SOX2
and S100B in SSC"&"-hDSPCs were significantly enhanced
under the floating condition compared with the attach-
ment condition (Supplementary Fig. S3A). These data seem
to be similar to several previous reports [53-55]. They sug-
gested that various types of stem cells increase their ability
to maintain them in the undifferentiated state under the
sphere-forming condition compared with the monolayer
condition.

We further investigated whether SSC™8"-hDSPCs can be
able to form floating spheres in the SKP medium, which
contains FGF2 and EGF, as described previously [13,15,38].
We found that SSC™8"-hDSPCs exhibited higher expression
levels of both SOX2 and S100B under the SKP medium than
under the 10% FBS-DMEM (Supplementary Fig. S3B). These
results suggest that stem cell characteristics of SSC™&"-
hDSPCs can be relatively well maintained in the SKP me-
dium under the floating condition, implying that these
cells show similarity with human SKPs under this specific
condjition.

A cell population that can differentiate into adipogenic
and osteogenic lineages has been isolated from hair follicles
[56,57]. Therefore, we cannot rule out the possibility that
SSCM8"-hDSPCs may be derived from hair follicles, which
are present in the dermis of breast and abdomen as well as
scalp. Thus, we examined whether we can isolate sschish.
hDSPCs using our current sorting criteria from NHDFs
derived from neonatal foreskin, which does not have hair
follicles. We could isolate SSCM8"-hDSPCs from NHDFs
derived from neonatal foreskin as well as NHDFs derived
from breast and abdomen skin, indicating that the ssChish.
hDSPCs are not originated from only hair follicles. Real-time
RT-PCR analysis also revealed that there were significant
differences in the expression of specific markers such as
SOX2 and S100B in SSCM&"-hDSPCs compared with non-
hDSPCs, regardless of age, race, and gender (Supplementary
Fig. S4). In addition, we found that there were no differences
in dermal papilla markers such as CORIN and versican
among samples (Supplementary Fig. S4).

In the present study, we isolated SSCM8"-hDSPCs using
the characteristics of high intracellular granularity by flow
cytometry, indicating that NHDFs do not exist as uniform
characteristics. Such morphological differences could serve
as a useful indicator for identifying cellular characteristics
that induce cellular growth, arrest, or death. There are a few
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literatures concerning the meaning of the intracellular gran-
ularity in specific cell types [46-48]. Bez et al. [46] investi-
gated whether neurosphere-derived cells with physical
properties such as FSC/SSC parameters can be identified in
each GO/G1, S, and G2/M phases of the cell cycle. They
observed that no significant fluctuations in the percentage of
cells are present in different phases of the cell cycle [46].
Another previous report showed that limbal cells have lower
cytosol granularity than the corneal cells by using the pa-
rameter of SSC, which can be applicable for discriminating
specific cells among various cells [47]. Murayama et al. re-
ported that adult-specific neural stem cells in FSC/SSC
profiles of the developing stratum gain more cellular gran-
ularity between E14.5 and P1-3 [48]. At present, we used
the high intracellular granularity as a parameter for enrich-
ment of hDSPCs, but its biological meaning needs to be
elucidated.

The current method for isolating SSC™8"-hDSPCs is better
than our previous collagen IV-sorting method [28] in the
aspect of cell homogeneity, which is deduced from the re-
sults of biochemical and morphological comparison of 2 cell
populations (Supplementary Fig. S5). However, this present
approach still has a limitation that a subset of SSCM&"-
hDSPCs may include some non-hDSPCs. Homogenous
hDSPCs can be isolated by identification of specific surface
markers, which will also provide an efficient way for
studying the physiological roles of hDSPCs. Although spe-
cific cell surface markers of multipotent fibroblasts or SKPs
have been extensively explored [15,16,45,58,59], no unique
markers have been definitively established. Thus, we will
investigate novel specific markers for the isolation of the
homogenous hDSPCs populations. We will carry out various
trials such as a microarray analysis and other screening
methods for surface markers on SSC™&"-hDSPCs to identify
specific cell surface markers, which may be useful for iso-
lating hDSPCs with high purity.

In summary, we have shown that hDSPCs can be effi-
ciently enriched by FACS using a structural property, intra-
cellular granularity, as a sorting parameter. We found that
these SSC&"-hDSPCs exhibited stemness properties, which
may contribute to enhance wound repair and recover skin
homeostasis in aged human skin.
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