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Abstract

DP (dermal papilla) is a mesenchyme-derived structure situated at the base of the HF (hair follicle) that plays an important
role in embryonic hair morphogenesis and maintenance of the hair growth cycle. h(MSCs (human mesenchymal stem cells)
have gained widespread attention in the field of tissue engineering, but not much is known about the differentiation of
hMSCs into DP cells. hMSCs involved in HF formation were examined in our previous study. Here, we have explored the
differentiation potential of hMSCs into DP cells by co-culturing hMSCs with DP cells, which proved to be the case. During
the differentiation process, the expression of versican, CD133, SCF (stem cell factor), ET-1 (endothelin-1) and bFGF (basic
fibroblast growth factor) increased. Compared with hMSCs alone, the aggregate number clearly increased when co-
cultured with DP cells. The expression in vivo of HLA-I (human leucocyte antigen class I) was confined to DP of the newly
formed HF. The data suggest that hMSCs possess the potential to differentiate into DP cells in vivo and in vitro.
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1 volunteers who had termination of pregnancy with RU486
1' IntrOduc“on antiprogesterone compound. The identification of hMSC was

previously reported (Wu et al., 2006). hMSCs can proliferate
and differentiate into multiple tissues including bone, cartilage,
muscle, ligament, tendon, fat and stroma, and can give rise to
bone, cartilage, fat, muscle and neurons. hMSCs involved in HF
formation were also previously reported (Wu et al., 2006).

Here, we have employed a co-culture system to investigate the
effect of DP cells on hMSCs, and examined the alterations in
the cytokine secretion profile: (i), SCF, (i) ET-1 and (i) bFGF.
Expression of ET-1, bFGF and SCF by hMSCs markedly increased
in hMSCs/DP co-cultures. Expression of CD133 and versican was
increased, and the aggregate number per square inch of hMSCs
co-cultured with DP cells was clearly increased. In vivo experi-
ments showed that the expression of HLA-I (human leucocyte
antigen class I) was confined to DP of the newly formed HF. The
data suggest that hMSCs possess the potential to differentiate
into DP cells in vivo and in vitro.

DP (dermal papilla) is located in the lower area of the HF (hair follicle),
where it induces HF development, maintains hair shaft growth and
control hair-cyclic activity (Jahoda et al., 1984; Matsuzaki and Yo-
shizato, 1998). DP cells are believed to be the source of the dermal-
derived signalling molecule(s) involved in HF development and
embryogenesis and, later, in postnatal hair cycling (Rendl et al.,
2008; Kwack et al., 2009). One character of DP cells is the
pronounced aggregative behaviour when cultured in vitro (Jahoda
and Oliver, 1984). Along with the increase in the passages and
prolonging of culture time, aggregative behaviour disappeared
(Young et al., 2009). However, if co-cultured with primary DP cells,
the aggregative behaviour could be observed again. Another
property of DP cells is the co-expression of SCF (stem cell factor),
ET-1 (endothelin-1) and bFGF (basic fibroblast growth factor) (Lu
et al., 2006). Versican secretion by DP is implicated in the induction
of hair morphogenesis and the initiation of hair regeneration
(Kishimoto et al., 1999; Feng et al., 2011) also play important roles
in the maintenance of hair growth in mouse species (Soma et al., .
2005). A previous report has demonstrated that CD133 is a novel 2- Materlals and methOdS
surface marker useful for collecting DP cells (lto et al., 2007).

MSCs (mesenchymal stem cells) are a population of multi- 2.1. Isolation, culture and identification of DP cells
potential cells that can proliferate and differentiate into multiple
mesodermal tissues. However, very little research has been Six cell strains of human DP cells, established from scalp folli-
conducted on DP cells from MSCs. hMSCs (human mesenchymal cles, were cultured for 5 or more passages. Normal specimens
stem cells) were obtained from 4-6 week old embryos from were taken from patients without systemic disease who were
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Abbreviations used: «-SMA, a-smooth muscle actin; bFGF, basic fibroblast growth factor; DMEM, Dulbecco’s minimum essential medium; DP, dermal papilla;
ET-1, endothelin-1; FBS, fetal bovine serum; H&E, haematoxylin and eosin; HF, hair follicle; HLA-I, human leucocyte antigen class 1; hMSC, human mesenchymal
stem cell; RT-PCR, reverse transcription-PCR; SCF, stem cell factor.
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Table 1 Primers used for quantitative real-time PCR
Gene | Gene number Description gene/protein Forward primer Reverse primer Products
SCF NM_000899 SCF agtcattgttggataagcgagat tggccttectattactgctactg 418
bFGF NM_002006 bFGF ggcttcttcctgegeatccat ggtaacggttagcacacactccttt 125
ET-1 NM_001955 ET-1 gctcgtecctgatggataaa attctcacggtcetgttgect 157

undergoing plastic surgery, having given informed consent. DP
cells were cultured in DMEM (Dulbecco’s minimum essential
medium) with 20% FBS (fetal bovine serum), 100 units/ml
penicillin/streptomycin and 50 ng/ml amphotericin B (Sigma Co.).

The identification of DP cells was done through RT-PCR
(reverse transcription—-PCR), immunohistochemistry and morpho-
logical tests. The morphological characteristic of DP cells shows
aggregative behaviour. RT-PCR methods were used to detect the
expression of SCF, ET-1 and bFGF (Table 1). «-SMA (z-smooth
muscle actin) in DP cells was done by indirect immunofluores-
cence. Immunohistochemistry methods were used to detect the
expression of versican. The positive incidence of CD133 was
detected by flow cytometry.

2.2. hMSCs isolation and culture

hMSCs were obtained from 4-6 week old embryos. Four human
embryos aged 4-6 weeks were obtained from voluntary termination
of pregnancy with RU486 antiprogesterone compound according to
the guidelines and with the approval of our national ethics com-
mittee. hMSCs were isolated and cultured in vitro in DMEM
supplemented with 10% FBS (PAA Laboratories GmbH) and 1%
penicillin/streptomycin (Gibco), and 2 mmol/l L-glutamine, 100
units/ml penicillin and 100 pg/ml streptomycin (Gibco) as a standard
medium and incubated in a humidified atmosphere of 95% (v/v) air
and 5% (v/v) CO, at 37°C. Expression of specific antigens, SH2,
CD29, CD44 and OCT4, was determined for each cell strain.

2.3. hMSCs co-cultured with DP cells

There were 3 experimental groups: Group 1, DP cells co-cultured
with hMSCs; Group 2, DP cells co-cultured with fibroblasts; and
Group 3, hMSCs cultured single. DP cells were plated (5x 10*
cells/well) in transwell chambers (Costar) and the inserts placed in
a freshly prepared 6-well plate containing the culture medium of
DP cells. hMSCs (passage 9) and fibroblast (10° cells/well) were
plated in 6-well dishes.

DP cells were cultured on inserts for 3 days; hMSCs and
fibroblasts were cultured in 6-well dishes for 1 day prior to in-
cubation in co-culture. At the time of insert transfer, half of the
hMSCs medium was extracted and replaced with DP cells me-
dia. hMSCs were used for the following study after being co-
cultured with DP cells for 7 days.

Real-time PCR, immunohistochemistry and flow cytometry
methods were used to examine the expression of SCF, ET-1,
bFGF, versican and CD133 in hMSCs co-cultured with DP cells.
Morphological observations were also made.

2.4. hMSCs differentiate into DP cells in vivo

The experimental animals were male BALB/c-nu/nu mice, 4-6
weeks of age and 16-20 g in weight (Shanghai Experimental
Animal Center, Chinese Academy of Sciences, China). They were
housed in sterile conditions, placed in the GLP (Good Laboratory
Practice) Laboratory of the Second Military Medical University.
Thirty mice were divided equally into five groups: blank control
group, DMEM intracutaneous injection group, fibroblast intracu-
taneous injection group, keratinocyte intracutaneous cell injection
group and hMSCs intracutaneous injection group. Cell number in
each group was 10%.

Skin tissue near the injection site was collected 7 days after
intracutaneous injection. Tissues to be fixed and processed were
cut to a size not larger than 5-mm-thick for indirect immuno-
fluorescence. The primary antibodies used were HLA-I (Sigma Co)
and keratin (Sigma Co). The subcutaneous tissue between the
5 groups was compared after H&E (haematoxylin and eosin)
staining.

2.5. Antibodies

The primary antibodies were HLA-l, (Sigma Co) and «-SMA
staining (Santa Cruz Biotechnology). The secondary antibodies
were FITC and TRITC (tetramethylrhodamine f-isothiocyanate)
conjugated antibodies (Kangcheng Co.), which were diluted
1:100. H,O, oxidoreductase-conjugated secondary antibodies
were purchased from Santa Cruz Co. (Santa Cruz Biotechnology).

3. Results and discussion
3.1. DP cells identification

DP cells were initially grown on plastic. DP cells grow out after
culturing for 48 h (Figure 1A). Three days later, 40-50% of
attached cells showed fusion. The cells continued to move away
from the DP until confluence was attained, after which they were
sub-cultured. DP cells outgrowths were sub-cultured using
0.25% trypsin in PBS/EDTA (0.2 mg/ml). No difference in
behaviour was observed between DP cells on plastic, but a
prerequisite for cell outgrowth was that the DP had attached.
Cells were cultured beyond passage 8 for 6 human DP cell strains.
The aggregation behaviour was maintained over 6 passages, and
then slowly disappeared as the cultural time prolonged
(Figure 1B).
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Figure 1  DP cells isolation and identification

(A) cells outgrown from DP after 2 days culture. (B) Passage 8 DP cell culture, where the aggregation behaviour has disappeared. (G, D) DP cells positive
for «-SMA, indicating mesoblast origin. (E) Versican distribution in DP cells. (F, G) Flow cytometry was used to determine the proportion of CD133-positive
cells from passage 3 DP cells. (F) Negative control. (G) CD133 detection, the positives were 78%. (H) RT-PCR analysis of passage 3 DP cells. From left to
right: 1 lane: marker; 2 lane: SCF; 3 lane: ET-1; 4 lane: bFGF; 5 lane: no RT control. A, B, C: x 100; D: x 200; E: x 400.
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(A—C) The co-culture system. (A) Experimental group. (B, C) Control groups. A1: hMSCs cultured alone. A2: hMSCs co-cultured with DP cells for 7 days.
Cell morphology changed from fibroblastic to aggregative behaviour. A3: detection of versican in hMSCs co-cultured with DP cells, cytoplasm positive. (D)
Detection of SCF, ET-1 and bFGF expression in hMSCs co-cultured with DP cells. Quantification of secretion bFGF, ET-1 and SCF where 100% corresponds
to the amount of bFGF, ET-1 and SCF secreted after hMSCs were co-cultured with DP cells for 7 days. (E) The aggregate number of per cm? of hMSCs and
hMSCs co-cultured with DP cells for 7 days. Flow cytometry was used to determine the proportion of CD133-positive cells from hMSCs co-cultured with
DP cells. (F) Negative control. (G) CD133 detection, positives were 47%. A1, A2: x 200; A3: x 400. *P<0.05

Since DP cells are specialized mesenchymal cells that are
related to dermal fibroblasts, it is expected that z-SMA is ex-
pressed in DP cells (Figures 1C and 1D).

Versican was strongly expressed in the cytoplasm of the DP
cells (Figure 1E). The positives for CD133 in DP cells (passage 3)
were 78% (Figure 1G). Passage 3 DP cells co-expressed SCF,
ET-1 and bFGF at a high level (Figure 1H).

3.2. Analysis of hMSCs co-cultured with DP cells and
fibroblast

hMSCs have some interesting properties, such as multipotency,
easy isolation and culture, a highly expansive potential and
immunosuppression (Fierro et al., 2004; Baksh and Tuan 2007;
Jones et al., 2007). These cells may be an attractive therapeutic
tool for regenerative medicine and tissue engineering (Aggarwal
and Pittenger, 2005; Risbud and Shapiro, 2005; Yoo et al., 2010).
Therefore, more recent studies have focused on adult stem cells
for future clinical applications (Crop et al., 2009; Gaebel et al.,
2011). hMSCs, when transplanted systemically, can migrate to

sites of injury in animals (Mylotte et al., 2008). hMSCs are
multipotent stem cells that can differentiate into a variety of cell
types, for example, osteoblasts, chondrocytes, myocytes, adipo-
cytes and f-pancreatic islet cells (Mylotte et al., 2008; Donzelli
et al., 2011).

A cell co-culture system was used to investigate the
intercellular interaction and cells differentiation potential.
Photomicrographs of normal hMSCs show fibroblast morphology.
Confluent hMSCs form whirlpool-like fibroblasts (Figure 2A1).
After 7 days of co-culturing in indirect contact with DP cells, the
hMSCs showed aggregation (Figure 2A2). The aggregate num-
bers per cm? in hMSCs and hMSCs co-cultured with DP cells
were counted, and the data are shown in Figure 2(E), with hMSCs
co-cultured with DP cells being greater than hMSCs cultured
alone.

After 7 days culture in DP medium, hMSCs retained the
whirlpool-like formation (Figure 2C). For fibroblast co-cultured
with DP cells for 7 days, no aggregation occurred (Figure 2B). The
analyses of fibroblast co-cultured with DP cells and hMSCs
cultured in DP medium alone showed no morphological changes.
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Figure 3

H&E analysis of morphological difference
(A) 1 day after injection and (B) 30 days after injection show the subcutaneous tissues of hMSCs intracutaneous injection group mice. (C) Shows
subcutaneous tissues of 7 days after keratinocyte intracutaneous injection. (D, E) 7 days after fibroblast and DMEM injection, respectively. (F) Shows the
subcutaneous tissues of normal BALB/c-nu/nu mice. (A) x 100; (D, F) x 200; (B, C and E) x 400.

Although DP cells play key roles in HF development, DP cell
culture supernatant was used to see if it induced HF regeneration.
However, isolation and multiplication of DP cell culture was
difficult (Randall VA, 1996; Inamatsu et al., 1998).

Real-time PCR analysis results of h(MSCs co-cultured with DP cells
in indirect contact showed co-expression of SCF, ET-1 and bFGF
(Figure 2D). After 7 days co-culturing in indirect contact with DP cells,
SCF, ET-1 and bFGF expression clearly increased (Figure 2D).

Expression of versican was localized in the cytoplasm of the
hMSCs co-cultured with DP cells (Figure 2A3). Positives for
CD133 changed from 4.9 to 46.7% in the hMSCs co-cultured
with DP cells for 7 days (Figures 2F and 2G). These observations
are in line with the hypothesis that h(MSCs possess the potential to
differentiate into DP cells. They indicate that hMSCs are a good
choice for hair regeneration. Thus, hMSCs are capable of
differentiating into DP cells.

3.3. hMSCs differentiate into DP cells in vivo

For animal experiments, the observation time was 1-30 days, and
also 2 months and 3 weeks observation. The subcutaneous tissue
structure was analysed quantitatively to follow the morphological
changes of skin tissue.

H&E sections of the subcutaneous tissue structure of the
hMSCs injection group and control mice showed many differ-
ences (Figure 3). HF appeared in the hMSCs injection group
(Figures 3A and 3B). For the keratinocyte injection group, a hard
cell mass formed at the injection site (Figure 3C). Compared with
the hMSCs injection group, no HF formed in fibroblast or DMEM
injection groups (Figures 3D and 3E).

hMSCs were confirmed in HF formation by HLA-I detection
(Figures 4A and 4B). In some HF, HLA-I was expressed in the sites
of HF (Figure 4B), but for other HF only the DP was intensely
stained in the lower portion of HFs (Figure 4A).

Animal experiments also showed that hMSCs are non-
tumourigenic. In hMSCs injection mice, HLA-1 had been detected
1 month later (Wu et al., 2006). Thus, the survival time of hAMSCs in
mice is >1 month. However, in fibroblast injection mice, no HF
was found. As a terminal differentiation cell with no further
differentiation potential, it is normal that HF formation is not in-
duced. No morphological changes were observed after DMEM
had been injected.

DP cells can induce HF formation (Hamada and Randall, 2006).
The cells with aggregative behaviour and secreting SCF, ET-1,
bFGF, versican and CD133 have a greater inductive ability (Kwack
et al., 2009). We found that hMSCs have the potential to
differentiate into DP cells both in vivo and in vitro, which means
they have promise for future hair regeneration.
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Figure 4
Green, keratin; red: HLA-I. A: Scale bar=30 pm. B: scale bar=50 pum.
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