Mol. Cells 36, 556-563, December 31, 2013
DOI/10.1007/s10059-013-0260-1
elSSN: 0219-1032

Molecules
and
Cells

http://molcells.org

Established in 1990

Novel In Vitro Culture Condition Improves the
Stemness of Human Dermal Stem/Progenitor Cells

Joong Hyun Shim, Tae Ryong Lee*, and Dong Wook Shin*

Cell therapy using adult stem cells has emerged as a po-
tentially new approach for the treatment of various diseas-
es. Therefore, it is an essential procedure to maintain the
stemness of adult stem cells for clinical treatment. We
previously reported that human dermal stem/progenitor
cells (hDSPCs) can be enriched using collagen type IV.
However, hDSPCs gradually lose their stem cell properties
as in vitro passages continue. In the present study, we
developed optimized in vitro culture condition to improve
the stemness of these hDSPCs. To evaluate whether the
stemness of hDSPCs is well sustained in various culture
conditions, we measured the expression levels of SOX2,
NANOG, and S100B, which are well-known representative
dermal progenitor markers. We observed that hDSPCs
grown in three-dimensional (3D) culture condition had
higher expression levels of those markers compared with
hDSPCs grown in two-dimensional (2D) culture condition.
Under the 3D culture condition, we further demonstrated
that a high glucose (4.5 g/L) concentration enhanced the
expression levels of the dermal progenitor markers, whe-
reas O, concentration did not affect. We also found that
skin-derived precursor (SKP) culture medium was the
most effective, among various culture media, in increasing
the dermal progenitor marker expression. We finally dem-
onstrated that this optimized culture condition enhanced
the expression level of human telomerase reverse tran-
scriptase (hTERT), the proliferation, and the multipotency
of hDSPCs, an important characteristic of stem cells. Tak-
en together, these results suggested that this novel in vitro
culture condition improves the stemness of hDSPCs.

INTRODUCTION

Adult stem cells are indispensable for maintaining the homeos-
tasis of all of the tissues in our body. These cells have been
identified in various tissues of the body, including bone marrow
(Anderson et al., 2001; Jiang et al., 2002a; Pereira et al., 1995;
Pittenger et al., 1999), brain, skeletal muscle (Jiang et al., 2002b),
heart (Yoon et al., 2007) and adipose tissue (Zuk et al., 2001;
2002). These cells can differentiate into various cell types and
have the characteristic of self-renewal.

Skin, the largest tissue in our body, is considered to be an at-
tractive resource for isolating stem cells owing to its easy ac-
cessibility. Adult stem cells have also been found in skin dermis
(Amonh et al., 2005; Biernaskie et al., 2009; Blanpain et al., 2006;
Driskell et al.,, 2009; Fernandes et al 2004; Fuchs, 2009;
Ohyama et al., 2006; Shim et al., 2012; 2013; Toma et al.,
2001; 2005). Although some scientists have tried to search for
universal dermal stem cell markers on the plasma membrane
for easy isolation, specific markers have still not been identified.
On the contrary, a few intracellular specific markers are identi-
fied in dermal stem cells. SOX2, a SRY transcription factor,
plays an essential role in maintaining stemness in embryonic
stem cells and some adult stem cells such as the dermal papilla
cells (Rendl et al., 2005; Wegner and Stolt, 2005). NANOG,
another embryonic stem cell marker, is also expressed in adult
mesenchymal stem cell populations derived from bone marrow,
adipose tissue, and dermis (Hill et al., 2012; Riekstina et al.,
2009; Szade et al., 2011). S100B are known to be specifically
upregulated in dermal stem cells (Driskell et al., 2009).

We have previously reported that collagen type IV-enriched
human dermal stem/progenitor cells (hDSPCs) show stem cell-
like characteristics (Shim et al., 2012). Compared to other so-
matic cells, hDSPCs have a relatively high proliferation property
and show higher expression levels of SOX2 and S100B. They
can also differentiate into mesodermal cells, such as adipocytes,
osteoblasts, chondrocytes, and ectodermal progeny, such as
neuronal cells. Thus, hDSPCs can serve as a good model for
studying the regenerative capability of all tissues, which can aid
in the development of human cell therapies.

Generally, all primary cells, including adult stem cells, under-
go only a limited number of cell divisions under standard culture
conditions, due to a phenomenon called cellular senescence
and adult stem cells lose their stemness during long-term cul-
ture. It is also difficult to obtain adult stem cells because of their
limited quantities in the tissue. According to some previous
literatures, they are considered to be composed of 0.01% to
0.001% of the total cell number (Hill et al., 2012; Rendl et al.,
2005; Riekstina et al., 2009; Shim et al., 2013; Wegner and
Stolt, 2005; Wu et al., 2010). We found that hDSPCs in small
quantity gradually lose pluripotency and the ability to proliferate
once they are grown over long-term culture. Thus, the devel-
opment of optimized in vitro culture conditions is necessary for
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studying and using these hDSPCs.

In the present study, we investigated which in vitro culture
conditions are appropriate for maintaining the stemness of
hDSPCs by measuring the expression levels of dermal progeni-
tor markers such as SOX2, NANOG and S100B. We found that
the specific markers of hDSPCs are better preserved in sus-
pension culture conditions than in two-dimensional (2D) culture
conditions. Under the 3D condition, we observed that a high
glucose concentration (4.5 g/L), but not hypoxic condition, in-
duced the expression of the specific markers. We also demon-
strated that skin precursor (SKP) culture medium contributed to
maintain the stemness of hDSPCs relatively well among vari-
ous culture media. We showed that SKP medium containing
high-glucose DMEM under normoxic 3D culture condition en-
hanced the expression level of human telomerase reverse
transcriptase (hTERT) in hDSPCs compared to that of freshly
enriched hDSPCs by collagen type IV. We finally confirmed that
this novel culture condition improved both the proliferative
property and the multipotency of hDSPCs.

MATERIALS AND METHODS

Chemicals and materials
The growth factors, fibroblast growth factor 2 (FGF2) and epi-
dermal growth factor (EGF) were purchased from R&D Sys-
tems (USA). The cell culture media including F12, B27 supple-
ment, and AmnioMAX C-100 complete medium were obtained
from Invitrogen (USA). Hair follicle dermal papilla cell (HFDPC)
growth medium was purchased from Cell Applications (USA).
Normal human dermal fibroblasts (NHDFs), fetal bovine serum
(FBS) and Dulbecco’s modified Eagle medium (DMEM) were
bought from Lonza (Switzerland).

All other chemicals were purchased from Sigma-Aldrich
(USA), and sterile plastic materials were obtained from BD
biosciences (USA) or Nunc (UK).

Cell culture and enrichment of hDSPCs
NHDFs were cultured in DMEM containing 10% FBS, 100 U/ml
penicillin and 100 ug/ml streptomycin at 37°C in 5% CO..
NHDFs were used for the experiments within three passages.
We previously demonstrated that hDSPCs can be enriched
using collagen type IV (Shim et al., 2012). Briefly, when NHDFs
were plated onto collagen type IV-coated culture dishes, a por-
tion of the population adhered to the culture dish. Cells adher-
ing within 5 min (hDSPCs) or between 5 min and 12 h (non-
hDSPCs) were separated and transferred to different culture
dishes.

Adherent culture of hDSPCs

hDSPCs were centrifuged for 5 min at 1,000 x g. The pellet
was resuspended in DMEM, 100 U/ml penicillin and 100 pg/ml
streptomycin and dissociated on the (i) gelatin (1 mg/ml)-
coated; (i) collagen type | (200 ng/ml)-coated; and (jii) collagen
type IV (200 pg/ml)-coated tissue culture dishes, respectively.

Sphere formation of hDSPCs

For suspension cultures, collagen type IV-enriched hDSPCs
were plated in HydroCell plates (Nunc) with SKP medium (Bi-
ernaskie et al., 2009; Toma et al., 2001; 2005) or 2-hydroxyethyl
methacrylate (poly-HEMA) as described previously (Kuroda et
al., 2010). Briefly, 15 mg of poly-HEMA was dissolved in 1 ml of
95% ethanol by shaking at 37°C; the culture dish was coated
with this solution and then air-dried on the clean bench over-
night.
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Morphology analysis

Cell morphology and histochemistry were analyzed at 100X or
200X magnification on a phase-contrast microscopy (IX71;
Olympus, USA). Images were taken with an Olympus camera
(DP70).

RNA isolation and real-time quantitative RT-PCR

Total RNA was extracted using TRIzol™ (Invitrogen) according
to the manufacturer’s instructions. cDNA was generated using
the First Strand cDNA Synthesis Kit (Toyobo, Japan). Real-time
quantitative RT-PCR was performed with TagMan® universal Il
PCR Master Mix and results were analyzed using 7500 Fast
Real-Time PCR System (Applied Biosystems, USA). The reac-
tion was run at 50°C for 20 s and 95°C for 10 min followed by
45 cycles at 95°C for 15 s and 60°C for 1 min and then one
cycle at 95°C for 1 min. TagMan® Gene Expression Assays
were obtained from Applied Biosystems. cDNA samples were
analyzed for the following genes: SOX2 (Hs01053049_s1);
S100B (Hs00389217_m1); NANOG (Hs04260366_g1); hTERT
(Hs00972656_m1); osteoglycin, Hs00247901_m1; osteocalcin,
Hs01587814_g1; peroxisome proliferator-activated receptor
gamma (PPARy), Hs01115513_m{1; leptin , Hs00174877_m1;
adiponectin, Hs00605917_m1; fatty acid binding protein 4
(FABP4). Quantification was obtained by normalizing the target
genes against the GAPDH housekeeping gene. Data were
analyzed using the Comparative Ct method.

Multilineage differentiation of hDSPCs
Collagen type IV-enriched hDSPCs were analyzed for their
capacity to differentiate into adipogenic and osteogenic lineages
as described previously (Shim et al., 2012; 2013).
Adipogenic differentiation was induced in adipogenic medium
(1 g/L glucose-DMEM supplemented with 10% FBS, 100 U/ml
penicillin, 100 pug/ml streptomycin, 0.5 mM IBMX, 1 uM dex-
amethasone, 10 ng/ml insulin and 2 uM troglitazone (Sigma) for
10 days. To induce osteogenic differentiation, hDSPCs were
treated with the hMSC Osteogenic BulletKit (Lonza) for 2 weeks.
The differentiation medium was changed every 2-3 days.

Histochemical analyses

To examine the presence of intracellular lipid droplets in diffe-
rentiated adipocytes, Oil Red O staining was performed. The
cells were fixed with 4% paraformaldehyde for 10 min at RT
and then washed with 60% isopropanol. Then the cells were
treated with Oil Red O staining solution (Sigma) at RT for 10
min. Excess staining was removed with 70% ethanol followed
by wash with PBS. The Oil Red O contents were extracted with
100% isopropanol and quantified with a SpectraMax 190 mi-
croplate reader at 500 nm.

Alkaline phosphatase (ALP) staining was performed to ex-
amine osteogenic differentiation (Takara, Japan). Differentiated
cells were fixed with citrate buffer (pH 5.4) containing 45% ace-
tone and 10% methanol for 5 min at RT. Then the cells were
incubated with ALP substrate for 30 min at 37°C and washed
three times with double-distilled water.

Statistical analyses

Statistical analyses were performed using Student’s ttest with
the MINITAB software (Minitab Inc., USA). The results are ex-
pressed as the mean + standard deviation of at least three
independent experiments.
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RESULTS

Effects of matrix environments on the stemness of hDSPCs
We previously demonstrated that hDSPCs can be enriched
using collagen type IV (Shim et al., 2012). After NHDFs are
plated onto culture dishes coated with collagen type IV, a small
population adheres to the culture dish quickly, while the rest of
the cells take more time to adhere. In particular, 1-5% of cells
adhere within 5 min, which are classified as hDSPCs, whereas
the remaining cells adhere between 5 min and 12 h, and are
classified as non-hDSPCs. The different type of cells are sepa-
rated and transferred to different culture dishes. Although we
demonstrated that the hDSPCs shows both multipotency and
higher proliferative ability, similar to the characteristics of other
adult stem cells, we also found that the hDSPCs gradually lose
their stemness with consecutive in vitro culture on 2D culture
dishes.

Thus, we first evaluated whether extracellular matrix mate-
rials such as gelatin, collagen type |, and collagen type IV or
suspension culture condition in serum-free DMEM have an
effect on the stemness of hDSPCs. Real-time quantitative RT-
PCR revealed that monolayer cultures with gelatin, collagen
type | and collagen type IV reduced the mRNA levels of dermal
progenitor cell markers, SOX2, NANOG, and S100B more than
2-fold compared to those of freshly enriched hDSPCs by colla-
gen type IV, suggesting that a monolayer culture cannot retain
the stemness of hDSPCs (Fig. 1). Interestingly, we found that
the formation of spheroid aggregations of hDSPCs in suspen-
sion culture significantly increased the expression levels of
SOX2 and S100B mRNA compared to those of collagen type
IV-enriched hDSPCs (Figs. 1A and 1C), indicating that 3D cul-
ture condition is appropriate for improving the stemness of
hDSPCs.
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Fig. 1. Effects of suspension culture condi-
tion on hDSPCs. NHDFs were plated onto
collagen type IV-coated culture dishes. Cells
adhering within 5 min (hDSPCs) or between
5 min and 12 h (non-hDSPCs) were sepa-
rated and transferred to different culture
dishes. Collagen type IV-enriched hDSPCs
were cultured on gelatin, collagen type |, or
collagen type IV-coated tissue culture dishes
or HydroCell plates for suspension culture
during 48 h. Total RNA was extracted, and
real-time quantitative RT-PCR was perfor-
med to measure SOX2 (A), NANOG (B) and
S100B (C). Values represent the mean ex-
pression + standard deviation (S.D.) of three
independent experiments. *p < 0.01.

Effects of glucose concentration on the stemness of
hDSPCs

Previous studies reported that human bone marrow derived
mesenchymal stem cells (hBM-MSCs), another type of mesen-
chymal stem cells, are grown and maintained in DMEM con-
taining low glucose (1 g/L) (Chen et al., 2007; Shin et al, 2009).
Thus, we performed real-time quantitative RT-PCR to deter-
mine if glucose concentration has effects on the gene expres-
sion levels of specific markers for hDSPCs under the 3D culture
condition. DMEM supplemented with a low glucose (1 g/L) had
no effect on the expression level of SOX2 (Fig. 2A). On the
contrary, DMEM containing a high concentration of glucose (4.5
g/L) significantly increased the level of SOX2 gene transcript
compared to the value of collagen type IV-enriched hDSPCs
(Fig. 2A). The expression level of NANOG mRNA was relatively
well retained by high glucose treatment, whereas it was signifi-
cantly decreased under low glucose condition (Fig. 2B). In con-
trast, we found that the mRNA level of S100B was enhanced
compared to that of collagen type IV-enriched hDSPCs, regard-
less of glucose concentration (Fig. 2C).

Effects of oxygen in maintaining the stemness of hDSPCs

Recent reports suggested that hypoxia contributes to maintain
the stemness of MSCs (Grayson et al., 2007; Ren et al., 2006).
Thus, we tested the effects of oxygen level on dermal progeni-
tor markers and found that there were no significant differences
between normoxic (20% of Oy) and hypoxic (1% or 5% of Oy)
conditions in the mRNA expression levels of SOX2, NANOG
and S100B (Supplementary Figs. 1A-1C). These results indi-
cate that the stemness of hDSPCs did not depend on oxygen
levels for cells grown in vitro. Initial in vitro experiments con-
firmed the stimulatory effect of hypoxia on VEGF expression
(Minchenko et al., 1994). Thus, we also demonstrated that VEGF
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mRNA expression was increased in our hypoxic condition
(Supplementary Fig. 1D).
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Fig. 2. Effects of glucose concentration on
hDSPCs. Collagen type IV-enriched hDSPCs
were cultured in two different glucose (1 g/L
or 45 g/L) concentrations for 48 h. Total
RNA was extracted, and real-time quantita-
tive RT-PCR was performed to measure
SOX2 (A), NANOG (B) and S100B (C). Val-
ues represent the mean expression + S.D. of
three independent experiments. *p < 0.01.

Fig. 3. Effects of various culture media on
hDSPCs. Collagen type IV-enriched hDSPCs
were cultured in five different media for 48 h.
Total RNA was extracted, and real-time
quantitative RT-PCR was performed to mea-
sure SOX2 (A), NANOG (B) and S100B (C).
Values represent the mean expression +
S.D. of three independent experiments. *p <
0.01.

Optimal medium formulation for maintaining the stemness
of hDSPCs
We cultured hDSPCs in four commonly available culture media
and compared them with serum-free DMEM for their effects on
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Fig. 4. Characterization of hDSPCs under a novel in vitro culture condition. Collagen type IV-enriched hDSPCs were cultured in SKP medium
supplemented with high-glucose DMEM in a normoxic 3D culture condition during 10 days. Microscopic images of hDSPCs were shown at 0,
2, 5, 10 days after suspension culture (A). The diameter of hDSPCs obtained at 2, 5, 10 days was measured (B). The cell number of hDSPCs
obtained at 0, 2, 5, 10 days was counted (C). Total RNA was extracted, and real-time quantitative RT-PCR was performed for SOX2 (D),
NANOG (E), S100B (F), and hTERT (G). Values represent the mean expression + S.D. of three independent experiments. *p < 0.01.

the stemness of hDSPCs. The four media evaluated were as
follows: (i) DMEM containing 10% FBS; (ii) AmnioMAX C-100,
which has been reported to maintain dermal papilla gene ex-
pression (Driskell et al., 2012; Rendl et al., 2005). (i) skin-
derived precursor (SKP) medium containing fibroblast growth

factor 2 (FGF2) and epidermal growth factor (EGF) (Toma et al.,

2001; 2005) and (iv) Hair follicle dermal papilla cell (HFDPC)
growth medium supplemented with FGF2 and insulin (Reiter et
al., 2008). Real-time quantitative RT-PCR was used to meas-
ure the mRNA levels of SOX2, NANOG, and S100B. We found
that these dermal progenitor markers were significantly in-
creased when cells were cultured in SKP medium compared to
the other media (Fig. 3).

Novel in vitro culture condition enhanced expression
levels of the dermal stem cell markers of hDSPCs

Taken together, these results suggested that suspension cul-
ture of hDSPCs with SKP medium containing high-glucose
DMEM under normoxic conditions is associated with the ex-
pression of hDSPC-specific markers. To evaluate the culture
condition for long-term maintenance of the stemness, hDSPCs
were cultured for 10 days. The hDSPCs showed typical mor-
phological changes, and started to aggregate themselves, and
formed into sphere clearly by the 2 day of culture (Fig. 4A). We
observed that the size of spheres was maintained similarly
during 10 days (Fig. 4B). Interestingly, we found that the num-
ber of cells was gradually increased until day 5 compared to
day 0, indicating that novel in vitro condition increased the proli-
ferative property of hDSPCs (Fig. 4C). Some of the stemness
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markers were assessed by real-time quantitative RT-PCR. The
mRNA expression levels of SOX2, NANOG and S100B at day
10 were relatively similar to the levels expressed at day 2 (Figs.
4D-4F). We further investigated the expression of human telo-
merase reverse transcriptase (hTERT), which plays an impor-
tant role in maintaining unlimited cell proliferation. Interestingly,
we found that h TERT mRNA expression increased significantly
at day 2 and 10 in our optimized culture condition compared to
that of collagen type IV-enriched hDSPCs (Fig. 4G).

A novel in vitro culture condition improved multipotency
of hDSPCs

To examine whether multipotent property of hDSPCs is en-
hanced under this novel in vitro culture condition, hDSPCs ob-
tained after 3D sphere formation (called as 3D-hDSPCs) were
grown under specific culture conditions for differentiation of
adipogenic and osteogenic lineages. Adipogenic differentiation
was analyzed by measurement of Oil Red O staining after 10
days. The contents of Oil Red O demonstrated that 3D-
hDSPCs could differentiate into mature adipocytes more effi-
ciently than collagen type IV-enriched hDSPCs (Figs. 5A and
5B). The mRNA expression levels of PPARy, adiponectin, leptin,
and FABP4, which are expressed in mature adipocytes, were
highly expressed in 3D-hDSPCs (Fig. 5C).

To verify osteogenic differentiation, ALP staining was per-
formed. After being cultured in osteogenic medium for 2 weeks,
3D-hDSPCs could differentiate into mature osteoblasts more
efficiently than collagen type 1V-enriched hDSPCs (Fig. 5D). As
shown in Fig. 5E, osteoglycin and osteocalcin mRNA expres-
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Fig. 5. Multipotency of hDSPCs obtained after 3D sphere formation under a novel in vitro culture condition. Collagen type 1V-enriched hDSPCs
were cultured in SKP medium containing high-glucose DMEM in a normoxic 3D culture condition for 2 days (called as 3D-hDSPCs). Collagen
type IV-enriched hDSPCs and 3D-hDSPCs were cultured in adipogenic-inducing medium for 10 days. Oil Red O staining was positive in each
sample (x 200) (A). Oil Red O was extracted from each sample and was measured at 500 nm (B). Relative expressions of PPARy, adiponec-
tin, leptin, and FABP4 were determined for each sample (C). Collagen type IV-enriched hDSPCs, and 3D-hDSPCs were cultured in osteogen-
ic-inducing medium for 2 weeks. Alkaline phosphatase staining was positive in each sample (x 200) (D). Relative expressions of osteoglycin
and osteocalcin were determined for each sample (E). The data repre-sent the mean + S.D. of three independent experiments. *p < 0.01.

sion levels were significantly increased in the 3D-hDSPCs after
induction. Taken together, these results suggest that this novel
culture condition contribute to improve the multipotency of
hDSPCs.

DISCUSSION
Many attempts have been made to develop specific culture

procedures for maintaining the stemness of adult stem cells
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including mesenchymal stem cells, such that the cells could be
used for cell therapy (Jiang et al., 2002a; Pereira et al., 1995;
Pittenger et al., 1999).

During in vitro culture, hDSPCs, which exhibited stem cell-
like characteristics in our previous study, gradually lose the
expression of transcription factors associated with multipotency
and self-renewal, such as SOX2 and NANOG for maintaining
the characteristics of stem cells. Several previous reports sug-
gested that the quality of the stem cells strongly depend on the
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culture method (Driskell et al., 2012; Grayson et al., 2007; Ku-
roda et al., 2010; Minchenko et al., 1994; Reiter et al., 2008;
Ren et al., 2006; Rendl et al., 2005). Thus, we investigated
whether hDSPCs retain their stemness in various culture condi-
tions despite long-term culture.

In general, the property of MSCs depends upon the types of
coating materials under in vitro culture conditions (Chen et al.,
2007; Kim et al., 2013). In our study, we found that there is no
significant difference between collagen types, which are repre-
sentative extracellular matrices present in skin dermis. On the
contrary, the stemness of hDSPCs seemed to be enhanced in
3D culture condition compared with other 2D culture conditions.
The results indicated that the expression levels of several der-
mal progenitor gene markers, SOX2, NANOG, and S100B, were
upregulated in 3D culture condition compared to those of fresh-
ly enriched hDSPCs by collagen type IV (Fig. 1). We confirmed
that this phenomenon also occurred when hDSPCs were grown
in another 3D culture system, using poly-HEMA plates (Sup-
plementary Fig. 2). These results suggest that sphere for-
mation of hDSPCs contributes to preserve the stemness prop-
erty and the regenerative potential, which would be useful for
therapeutic use.

According to previous results, oxygen is considered an im-
portant biochemical signaling molecule and a major regulator
during development (Ezashi et al., 2005). It regulates various
cellular events critical to the in vitro growth of cells. In the pre-
vious studies, hypoxia enhances the stemness of bone marrow
mesenchymal stem cells (Grayson et al., 2007; Ren et al., 2006).
Thus, we examined whether O, concentration had effects on
preserving the stemness of hDSPCs. Interestingly, we obser-
ved that there are no significant differences in the expression
levels of specific progenitor markers among hDSPCs cultured
in 1, 5, and 20% O, concentration (Supplementary Fig. 1). Giv-
en that these results differed from what was observed in me-
senchymal stem cells, these results suggest that the particular
response to in vitro hypoxia is cell type-dependent despite me-
senchymal stem cells in the same category.

Various formulations of culture medium have been devel-
oped to retain the stemness of dermal stem cells including
dermal papilla cells. Toma et al demonstrated that small punch
biopsies of human scalp proliferate in response to SKP medium
supplemented with FGF2 and EGF (Toma et al., 2005). Dermal
papilla cells derived from hair follicle show higher proliferative
property in AmnioMAX C-100 or HFDPC growth medium com-
pared to 10% FBS-DMEM (Driskell et al., 2012; Reiter et al.,
2008). In our study, we demonstrated that SKP medium exhi-
bited higher expression level of dermal progenitor genes com-
pared to other culture media, indicating that SKP medium is
appropriate for preserving the stemness of hDSPCs (Fig. 3).

Many studies reported that telomere shortening during cell
division is mainly due to a decrease in telomerase activity (Bod-
nar et al., 1998; Jaskelioff et al., 2011; Wyllie et al., 2000). That
is, it is expected that cells with extensive telomere shortening
have a limited ability to proliferate. Thus, telomere length is also
well known to serve as a marker of aging, The human telome-
rase reverse transcriptase (hTERT) is used as another index
for diagnosing telomere shortening, as hTERT expression inhi-
bits senescence and supports unlimited proliferative property.
Thus, to characterize hDSPCs for the ability to self-renew, we
examined whether hTERT expression was well-maintained in
hDSPCs grown in our optimized culture condition, SKP me-
dium supplemented with high-glucose DMEM in a normoxic 3D
culture. We demonstrated that hnTERT mRNA expression was
significantly increased in hDSPCs compared to that of freshly
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enriched hDSPCs by collagen type IV (Fig. 4G).

We previously reported that hDSPCs has the multipotency to
differentiate into mesodermal lineages (Shim et al., 2012; 2013).
Therefore, we demonstrated that differentiation rate of adipo-
cyte and osteoblast were significantly accelerated in 3D-hDSPCs
(Fig. 5), suggesting that this novel in vitro culture condition en-
hance the multipotency of hDSPCs.

In conclusion, we suggest that this novel in vitro condition
provides a method of safely preserving the stemness of hDSPCs,
which is necessary in utilizing hDSPCs for cell therapy, such as
wound healing, hair follicle regeneration, atopic dermatitis
treatment, and psoriasis treatment.

Note: Supplementary information is available on the Molecules
and Cells website (www.molcells.org).

ACKNOWLEDGMENTS

This study was partly supported by a grant of the Korea Health-
care Technology R&D Project Ministry of Health & Welfare,
Republic of Korea (Grant No.: A103017).

REFERENCES

Amoh, Y., Li, L., Campillo, R., Kawahara, K., Katsuoka, K., Penman,
S., and Hoffman, R.M. (2005). Implanted hair follicle stem cells
form Schwann cells that support repair of severed peripheral
nerves. Proc. Natl. Acad. Sci. USA 102, 17734-17738.

Biernaskie, J., Paris, M., Morozova, O., Fagan, B.M., Marra, M.,
Pevny, L., and Miller, F.D. (2009). SKPs derive from hair follicle
precursors and exhibit properties of adult dermal stem cells. Cell
Stem Cell 5, 610-623.

Blanpain, C., and Fuchs, E. (2006). Epidermal stem cells of the skin.
Annu. Rev. Cell Dev. Biol. 22, 339-373.

Bodnar, A.G., Ouellette, M., Frolkis, M., Holt, S.E., Chiu, C.P., Morin,
G.B., Harley, C.B., Shay, J.W., Lichtsteiner, S., and Wright, W.E.
(1998). Extension of life-span by introduction of telomerase into
normal human cells. Science 279, 349-352.

Chen, X.D., Dusevich, V., Feng, J.Q., Manolagas, S.C., and Jilka,
R.L. (2007). Extracellular matrix made by bone marrow cells fa-
cilitates expansion of marrow-derived mesenchymal progenitor
cells and prevents their differentiation into osteoblasts. J. Bone
Miner. Res. 22, 1943-1956.

Driskel,| R.R., Giangreco, A., Jensen, K.B., Mulder, KW., and Watt,
F.M. (2009). Sox2-positive dermal papilla cells specify hair fol-
licle type in mammalian epidermis. Development 7136, 2815-
2823.

Driskell, R.R., Juneja, V.R., Connelly, J.T., Kretzschmar, K., Tan, D.
W., and Watt, F.M. (2012). Clonal growth of dermal papilla cells
in hydrogels reveals intrinsic differences between Sox2-positive
and -negative cells in vitro and in vivo. J. Invest. Dermatol. 132,
1084-1093.

Ezashi, T., Das, P., and Roberts, R.M. (2005). Low O, tensions and
the prevention of differentiation of hES cells. Proc. Natl. Acad.
Sci. USA 102, 4783-4788.

Fernandes, K.J., McKenzie, I.A., Mill, P., Smith, K.M., Akhavan, M.,
Barnabé-Heider, F., Biernaskie, J., Junek, A., Kobayashi, N.R.,
Toma, J.G., et al. (2004). A dermal niche for multipotent adult skin-
derived precursor cells. Nat. Cell Biol. 6, 1082-1093.

Fuchs, E. (2009). Finding one’s niche in the skin. Cell Stem Cell 4,
499-502.

Grayson, W.L., Zhao, F., Bunnell, B., and Ma, T. (2007). Hypoxia en-
hances proliferation and tissue formation of human mesenchymal
stem cells. Biochem. Biophys. Res. Commun. 358, 948-953.

Hill, R.P., Gledhill, K., Gardner, A., Higgins, C.A., Crawford, H.,
Lawrence, C., Hutchison, C.J., Owens, W.A,, Kara, B., James, S.
E., et al. (2012). Generation and characterization of multipotent
stem cells from established dermal cultures. PLoS One 7,
eb0742.

Jaskelioff, M., Muller, F.L., Paik, J.H., Thomas, E., Jiang, S., Adams,
A.C., Sahin, E., Kost-Alimova, M., Protopopov, A., Cadifanos, J.,
et al. (2011). Telomerase reactivation reverses tissue degenera-
tion in aged telomerase-deficient mice. Nature 469, 102-106.

http://molcells.org



Jiang, Y., Jahagirdar, B.N., Reinhardt, R.L., Schwartz, R.E., Keene,
C.D., Ortiz-Gonzalez, X.R., Reyes, M., Lenvik, T., Lund, T., Black-
stad, M., et al. (2002a). Pluripotency of mesenchymal stem cells
derived from adult marrow. Nature 418, 41-49.

Jiang, Y., Vaessen, B., Lenvik, T., Blackstad, M., Reyes, M., and Ver-
faillie, C.M. (2002b). Multipotent progenitor cells can be isolated
from postnatal murine bone marrow, muscle, and brain. Exp.
Hematol. 30, 896-904.

Kim, S.M., Moon, S.H., Lee, Y., Kim, G.J., Chung, H.M., and Choi,
Y.S. (2013). Alternative xeno-free biomaterials derived from hu-
man umbilical cord for the self-renewal ex-vivo expansion of
mesenchymal stem cells. Stem Cells Dev. 22, 1-14.

Kuroda, Y., Kitada, M., Wakao, S., Nishikawa, K., Tanimura, Y.,
Makinoshima, H., Goda, M., Akashi, H., Inutsuka, A., Niwa, A.,
et al. (2010). Unique multipotent cells in adult human mesen-
chymal cell populations. Proc. Natl. Acad. Sci. USA 107, 8639-
8643.

Minchenko, A., Bauer, T., Salceda, S., and Caro, J. (1994). Hypoxic
stimulation of vascular endothelial growth factor expression in vi-
tro and in vivo. Lab Invest. 71, 374-379.

Ohyama, M., Terunuma, A., Tock, C.L., Radonovich, M.F., Pise-
Masison, C.A., Hopping, S.B., Brady, J.N., Udey, M.C., and Vo-
gel, J.C. (2006). Characterization and isolation of stem cell
enriched human hair follicle bulge cells. J. Clin. Invest. 116, 249-260.

Pereira, R.F., Halford, KW., O’'Hara, M.D., Leeper, D.B., Sokolov,
B.P., Pollard, M.D., Bagasra, O., and Prockop, D.J. (1995). Cul-
tured adherent cells from marrow can serve as long lasting pre-
cursor cells for bone, cartilage, and lung in irradiated mice. Proc.
Natl. Acad. Sci. USA 92, 4857-4861.

Pittenger, M.F., Mackay, A.M., Beck, S.C., Jaiswal, R.K., Douglas,
R., Mosca, J.D., Moorman, M.A., Simonetti, D.W., Craig, S., and
Marshak, D.R. (1999). Multilineage potential of human mesen-
chymal stem cells. Science 284, 143-147.

Reiter, M., Pfaffl, M.W., Schénfelder, M., and Meyer, H.H. (2008).
Gene expression in hair follicle dermal papilla cells after treat-
ment with stanozolol. Biomark Insights. 4, 1-8.

Ren, H., Cao, Y., Zhao, Q. Li, J., Zhou, C., Liao, L., Jia, M., Zhao,
Q., Cai, H., Han, Z.C., et al. (2006). Proliferation and differentia-
tion of bone marrow stromal cells under hypoxic conditions. Bio-
chem. Biophys. Res. Commun. 347, 12-21.

Rendl, M., Lewis, L., and Fuchs, E. (2005). Molecular dissection of

mesenchymal-epithelial interactions in the hair follicle. PLoS Biol.

3, e331.

Riekstina, U., Cakstina, I., Parfejevs, V., Hoogduijn, M., Jankovskis,
G., Muiznieks, I., Muceniece, R., and Ancans, J. (2009). Embry-
onic stem cell marker expression pattern in human mesen-

http://molcells.org

Novel Culture Condition for Improving the Stemness of hDSPCs
Joong Hyun Shim et al.

chymal stem cells derived from bone marrow, adipose tissue,
heart and dermis. Stem Cell Rev. 5, 378-386.

Shin, D.W., Kim, S.N., Lee, S.M,, Lee, W., Song, M.J., Park, S.M.,
Lee, T.R., Baik, J.H., Kim, HK,, Hong, J.H., et al. (2009). (-)-
Catechin promotes adipocyte differentiation in human bone mar-
row mesenchymal stem cells through PPAR gamma transacti-
vation. Biochem. Pharmacol. 77, 125-133.

Shim, J.H., Kang, H.H., Lee, T.R., and Shin, D.W. (2012). Enrich-
ment and characterization of human dermal stem/progenitor
cells using collagen type IV. J. Dermatol. Sci. 67, 202-205.

Shim, J.H., Lee, T.R., and Shin, D.W. (2013). Enrichment and cha-
racterization of human dermal stem/progenitor cells by intracel-
lular granularity. Stem Cells Dev. 22, 1264-1274.

Szade, K., Zuba-Surma, E., Rutkowski, A.J., Jozkowicz, A., and
Dulak, J. (2011). CD45-CD14 +CD34 + murine bone marrow
low-adherent mesenchymal primitive cells preserve multilineage
differentiation potential in long-term in vitro culture. Mol. Cells 31,
497-507.

Toma, J.G., Akhavan, M., Fernandes, K.J., Barnabé-Heider, F.,
Sadikot, A., Kaplan, D.R., and Miller, F.D. (2001). Isolation of
multipotent adult stem cells from the dermis of mammalian skin.
Nat. Cell Biol. 3, 778-784.

Toma, J.G., McKenzie, |.A., Bagli, D., and Miller, F.D. (2005). Isola-
tion and characterization of multipotent skin-derived precursors
from human skin. Stem Cells 23, 727-737.

Wegner, M., and Stolt, C.C. (2005). From stem cells to neurons and
glia: a Soxist's view of neural development. Trends Neurosci. 28,
583-588.

Wu, Y., Zhao, R.C., and Tredget, E.E. (2010). Concise review: bone
marrow-derived stem/progenitor cells in cutaneous repair and
regeneration. Stem Cells 28, 905-915.

Wyllie, F.S., Jones, C.J., Skinner, J.W., Haughton, M.F., Wallis, C.,
Wynford-Thomas, D., Faragher, R.G., and Kipling, D. (2000).
Telomerase prevents the accelerated cell ageing of Werner
syndrome fibroblasts. Nat. Genet. 24, 16-17.

Yoon, J., Choi, S.C., Park, C.Y., Shim, W.J.,, and Lim, D.S. (2007).
Cardiac side population cells exhibit endothelial differentiation
potential. Exp. Mol. Med. 39, 653-662.

Zuk, P.A., Zhu, M., Mizuno, H., Huang, J., Futrell, J.W., Katz, A.J.,
Benhaim, P., Lorenz, H.P., and Hedrick, M.H. (2001). Multili-
neage cells from human adipose tissue: implications for cell-
based therapies. Tissue Eng. 7, 211-218.

Zuk, P.A., Zhu, M., Ashjian, P., De Ugarte, D.A., Huang, J.l., Mizu-
no, H., Alfonso, Z.C., Fraser, J.K., Benhaim, P., and Hedrick,
M.H. (2002). Human adipose tissue is a source of multipotent
stem cells. Mol. Biol. Cell. 13, 4279-4295.

Mol. Cells 563



