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Abstract

During hair shaft formation, the role of the human hair follicle dermal papilla cells (HHFDPC), the keratinocytes of out-
er root sheath (KORS) or the human dermal microvascular endothelial cells (HDMEC) was analyzed on the hair follicle
stem cell (HFSC) fate regulation. The role of glypicans (GPCs) was investigated in the regulation of the HFSC differentia-
tion. The effect of the conditioned media of HHFDPCs (HHFDPC ,,), KORS (KORS,,,) or HDMECs (HDMEC,,,) on
HFSC differentiation was performed using specific biomarkers. The growth factors secreted by HHFDPC, KORS and

HDMEC and the association of GPCs with their receptors were investigated. The role of the heparan sulfate-type gly-

cosaminoglycan (GAG) chains was analyzed on the modulation of HFSC differentiation. HHFDPCs expressed Wnt and
BMP and induced HFSC differentiation into secondary hair germ (SHG) progenitors. In contrast, KORS and HDMEC
expressed Shh and BMP and induced HFSC differentiation into ORS progenitors. An association of GPC1, 4 and 6 with
BMPR?2, Fz7 and Patched 1 was demonstrated. The HFSC differentiation was altered by heparinase III. This study high-

lights the role of KORS and endothelial cells in the regulation of HFSC fate and the role of GPCI, 4 and 6 during HFSC

differentiation.
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Introduction

The hair follicle (HF) is a complex mini organ al-
lowing the growth of new hair shafts. The deepest part of
the HF is the bulb which is composed of the dermal papilla
and the hair matrix. The dermal papilla is an invagination,
in the hair matrix, of connective tissue essentially composed
of papillary fibroblasts with a small capillary network in its
center. Above the bulb, the HF is formed by concentric
zones, from inside to outside: the hair shaft, the inner root
sheath (IRS) and the outer root sheath (ORS) which con-
tains the bulge, the reserve of hair follicle stem cell (HFSC)
[1].

Hairs are constantly renewed, and forty to one
hundred hairs are lost per day. The renewal of hair shafts in-
volves cyclic changes in the HF [2,3]. Hair growth cycle is di-
vided into three main phases: anagen (hair shaft growth), ca-
tagen (secondary hair germ (SHG) formation) and telogen
(resting phase). The hair cycle is centered on the activation
of pluripotent cells of the HF to induce differentiation and

to provide different cell lineages of the HF [4].

Several hypotheses on the pattern of differentia-
tion of these cells have been made over time [1,5], demons-
trating the complexity of this process and the difficulty of
studying it, especially in humans. Nevertheless, the cross-ref-
erencing of recent data on human hair multipotent cells
with analyses performed in mice allows a better understand-

ing of the lineage of these cells. In brief, five major distinct

JScholar Publishers

populations are defined in the literature according to their
location, origin, differentiation during the phases of the cy-
cle and their cell markers [5-9] (i) Bulge stem cells are able
to differentiate in all the cell types forming the HF. They ex-
press cytokeratin 15 (cK15) and a6 integrin subunit (IT-
GAG6) as well as OX-2 membrane glycoprotein (CD200); (ii)
ORS progenitor cells differentiate to form ORS and partici-
pate in the formation of the SHG. They express CD34; (iii)
SHG progenitor cells are formed under the bulb during the
catagen phase and differentiate to form the matrix and the
ORS. They express CD200 and Leucine-rich repeat-contain-
ing G-protein coupled receptor 5 (LGR5); (iv) Matrix tran-
sit-amplifying (TA) cells allow the IRS and hair shaft forma-
tions. They express lymphoid enhancer-binding factor 1 (Le-
f1). (v) Differentiated cells are represented by ORS, IRS and
hair shaft cells.

The process of HF stem cell differentiation in-
volves many cell types: keratinocytes (of the IRS or of the
ORS), fibroblasts of the dermal papilla, endothelial cells
(hair capillaries), adipose cells and immune system cells.
The interaction between these different cell types makes the
study of the hair growth cycle regulation complex. The inter-
cellular communication is still poorly characterized but it is
known that several signaling pathways and growth factors
regulate the HFSC differentiation [10]. The bone morphoge-
netic protein (BMP) pathway plays an important role dur-
ing the telogen phase. In particular, BMP2 and 4 secreted by
the dermal papilla and adipose tissue, promote the HF stem

cell quiescence [11,12]. In contrast, the Wnt signaling path-
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way allows the telogen to anagen transition. In particular,
the secretion of platelet-derived growth factor subunit A
(PDGFA) by the adipose tissue activates the Wnt pathway
within the dermal papilla. In particular, sonic hedgehog (Sh-
h), secreted by the matrix TA cells, regulates in the forma-
tion of the new pool of ORS progenitor cells necessary to

the next growth cycle [13].

This brief introduction is far from reflecting the in-
tense complexity of the crosstalk required for the regulation
of the hair growth cycle and the hair shaft formation. This
level of regulation involves numerous cell types and is al-
lowed thanks to multiple growth factors and signaling path-
ways. Only few studies provide evidence of the implication
of heparan sulfate proteoglycans (HSPGs) in these regulato-
ry processes. Indeed, it has been shown that within the HF
the distribution of various HSPGs varies during the hair
growth cycle [14-19]. Moreover, HSPGs are known to regu-
late the cell proliferation, migration, and differentiation in-
duced by growth factors in several organs and tissues
[20,21]. In particular, glypicans (GPCs), membrane HSPGs
composed of 6 different members, are known to regulate nu-
merous pathways in different stem cell types [21]. GPCs pre-
sent a core protein to which glycosaminoglycan chains are
covalently linked. They are anchored to the cell membrane
by a glycosylphosphatidylinositol (GPI) anchor [22,23]. The
cleavage and/or the sulfation of GPCs play pivotal roles in
their mechanism to regulate growth factor sequestration
[24-27]. GPCs trigger a stimulatory [28] or inhibitory effect
[29] according to the sequestrated growth factors.

Despite these observations, the link between
HSPGs expressed by HF stem cells and physiological regula-
tion of the hair growth cycle and hair shaft regeneration has
not yet been established. However, some studies have high-
lighted the link between the alteration of the proteoglycan
expression and/or the distribution and hair growth disorder
such as androgenic alopecia (possibly due to the fact that an-
drogens are able to modify the HSPG expression) [21].
Moreover, few studies have shown the beneficial effects of
proteoglycan-based treatments against hair loss [30-34] and
there are evidence that oral administration or application of
proteoglycans can regulate some signaling pathways and
modulate the cell fate [21]. The mechanism of action of

HSPGs on signaling pathway involved in hair follicle stem
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cell fate remains to be elucidated in order to develop HSPG-

based treatment for hair loss.

The aim of the present study was to identify the
GPCs involved in the differentiation of HFSC and their role
in the expression of BMP, Wnt and Shh and their receptors.
A better understanding of these mechanisms could lead to
the development of treatment for androgenic alopecia by

targeting HSPGs.

Materials and Methods
Cell Culture

The cell types are described in Table 1. All cells
were cultured at 37°C with 5% CO, and used from passages

1 to 4 throughout the study.
Spheroid Preparation

The preparation of spheroids was performed by
seeding the human hair follicle dermal papilla cells (HHFD-
PCs) in ultra-low attachment plates (40 000 cells/well). Af-
ter 24 h, spheroids were formed, and they were maintained

for several days in the same medium.

Conditioned Media Collection

After reaching 70% of confluence, HHFDPCs, ker-
atinocytes of ORS (KORS) and human dermal microvascu-
lar endothelial cells (HDMECs) were starved by incubation
in the hair follicle stem cell medium (HFSC,,) without FBS
and growth factors. The conditioned media were collected

after 24 or 48 h and stored at -80°C for further analyses.
Differentiation Assay

Hair follicle stem cells (HFSCs) were seeded on 6-
well plates (0.25 x 10° cells/mL) and incubated for 24 h in
HFSC,,. The medium of interest was then added and incu-
bated for 5 days. After this time, the HFSCs were collected

for further experiments.

Heparan Sulfate GAG Chain Cleavage by Hepari-

nase III Treatment

First, the HFSCs were pre-incubated in the basal

HFSC medium or in the medium of interest supplemented
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with 0.05 unit per mL (U/mL) of heparinase III, for 1 h at
37°C. Then, the pre-incubation medium was removed and
medium supplemented with 0.01 U/mL of heparinase III

was added till the end of the experiments.

Real-Time Reverse Transcription-Polymerase Chain

Reaction

Using the PureLink™ RNA mini kit (Thermo Fish-
er Scientific, Waltham, MA, USA), total RNA was extracted.
Then, using the Maxima first-strand cDNA synthesis kit
with dsDNase (Thermo Fisher Scientific, Waltham, MA, US-
A), 250 ng of total RNA were reverse-transcribed into ¢D-

4

NA. The Maxima SyBr green/ROX kit (Thermo Fisher Sci-
entific, Waltham, MA, USA) was used to perform real-time
q-PCR. The primers used in this study are presented in
Table 2. The fluorescence detection was carried out using
Agilent MX300P device and MxPro software (Santa Clara,
CA, USA). The ACt method was used to calculate the rela-
tive gene expression. According to the method of Kozera
and Rapacz [35], the Ct (threshold cycle) of the gene of in-
terest was compared with average of the Ct of two different
reference genes: glyceraldehyde-3-phosphate dehydroge-
nase A (GAPDH) and TATA binding protein (TBP). Rela-

. . . . . -ACH
tive quantitative expression was determined as 2™,

Table 1: Cell types

Cell types Suppliers (batch) Culture medium

Human hair follicle dermal PromoCell Mesenchymal stem cell medium
papilla cells (HHEDPC)' (403Z014.6) (MSC,,) +5% FBS and growth factors
Keratinocytes of outer root ScienCell (9265) Mesenchymal stem cell medium

sheath (KORS) (MSC,,) +5% FBS and growth factors

Human dermal microvascular
endothelial cells (HDMEC)

Endothelial cell medium (EC,,) +5%

ScienCell (2622) FBS and growth factors

Human hair follicle stem cells CliniSiences Hair follicle stem cell medium (HFSC,,)
(HFSCs) (36007-08) with growth factors

'For all experiments, HHFDPCs have been used as spheroids.

Table 2: Primers used for real-time RT-PCR

Genes Forward primers Reverse primers
BMP2 5- TTTCAATGGACGTGTCCCCG-3 5- AGCAGCAACGCTAGAAGACA-3
BMP4 5- GGGATTCCCGTCCAAGCTAT-3 5- ATGGCACTACGGAATGGCTC-3
BMP6 5- CTCAACCGCAAGAGCCTTCTG-3 5- CTTTGTGGTGTCGCTGACGA-3
CD200 |5- GCCTGCCTCACCGTCTATG-3 5- GTGGTCCCATTTGGGTGAGA-3’
CD34 5- TGTCTACTGCTGGTCTTGGC-3’ 5- AGGTGACCAGTGCAATCAGG-3

cK15 5- ATGAAGGAGTTCAGCAGCCA-3 5- TGGAGGCCACCTCTTTGTTC-3

GPC1 5'-TGCCCTGACTATTGCCGAA-3' 5'-CATGGAGTCCAGGAGGTTCCT-3'
GPC3 5'-GCCCATTCTCAACAACGCCA-3' 5-TGTAGCCAGGCAAAGCACTA-3'
GPC4 5'-AGCGGTTGCGGGAGATGTCGT-3' 5'-AGTCACGAGACCCCGGCAGTG-3'
GPC5 5-GGCATGGTTGAACAAGTCAG-3' 5'-GCCAGTGTCTGTTTGATGGA-3'
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GPC6 5'-AGAGCGACTGGAGGGGCCATT-3'

5-TTCAGGAGCTGAGCGGGCAGA-3'

ITGA6 |5- GGACATTCTCATGCGAGCCT-3

5- ATCCACCAAGGTACTCCCGA-3

ITGBl |5-CGCCGCGCGGAAAAGATG-3

5- AAACACCAGCAGCCGTGTAA-3

LGR5 5- AACAGAAATCCCCGTCCAGG-3

5- TGTGGAGCCCATCAAAGCAT-3

GAPDH | 5-GCAGACAAGGTCCCAAAGAC-3'

5'-ACCACCCTGACACATAAACC-3'

TBP 5-TGCACAGGAGCCAAGAGTGAA-3'

5'-CACATCACAGCTCCCCACCA-3'

Wnt3a | 5- CGAGTTTGGTGGGATGGTGT-3

5- AGCATGTCTTCACCTCGCAG-3

Wnt5a | 5- CTTAACCCGGTCGCTCCG-3

5- CCATCCCCAAAGCAACTCCT-3

Immunobloting

Cell lysates were obtained using RIPA Buffer (Sig-
ma-Aldrich, Saint-Louis, MO, USA) supplemented with 1%
protease inhibitor cocktail. After 20 min of incubation on

ice with regular mix every 5 min, cell lysates were precipitat-

ed by centrifugation at 10 000 g for 10 min at 4°C, and the

supernatant of protein extract was collected.

Then, the samples were loaded in polyacrylamide
gels as previously described [36]. The primary antibodies

used are presented in Table 3.

Table 3: List of primary antibodies used in immunoblotting and co-immunoprecipitation experiments

:::;:)gﬁiszed Host and isotype l())(i)lrl:i(l):tlr(;ion References
Actin Rabbit polyclonal | 1/2000 A2066, Sigma-Aldrich
BMP2 Rabbit polyclonal | 1/1000 ab14933, Abcam, Cambridge,UK
BMP4 Rabbit polyclonal |1 pg/mL ab39973, Abcam
BMP6 Rabbit monoclonal | 1/1000 ab155963, Abcam
BMPR2 Mouse monoclonal | 1/1000 ab78422, Abcam
co200 Mouse payclonal | 1150 Noyal Chitilo sir Seche, France
CD34 Rabbit polyclonal | 1/1000 NBP2-38321, Bio-Techne
Fz7 Rabbit polyclonal | 1/1000 %iiii;;ﬁf%’;im“h’
GPC1 Rabbit polyclonal | 1/1000 16700-1-AP, Proteintech
GPC4 Rabbit polyclonal | 1/1000 13048-1-AP, Proteintech
GPCé6 Goat polyclonal 0.1 ug/mL AF2845, Bio-Techne
LGR5 Rabbit polyclonal |1 ug/mL NBP1-28904, Bio-Techne
Patched 1 Rat monoclonal 1 ug/mL MAB41051, Bio-Techne
Shh Rabbit monoclonal | 1/1000 ab53281, Abcam
Wnt3a Rabbit polyclonal |1 pug/mL ab28472, Abcam
Wntb5a Rabbit monoclonal | 1/1000 ab179824, Abcam
JScholar Publishers J Stem Cell Rep 2024 | Vol 6: 103



The appropriate peroxidase-coupled secondary antibodies (1/10000) were the anti-rabbit NA934V (GE Healthcare Life Sci-
ences, Marlborough, MA, USA), the anti-mouse NA931V (GE Healthcare Life Sciences), the anti-rat NA935V (GE Healthcare
Life Sciences) and the anti-goat A9452 (Sigma-Aldrich, Saint Louis, MO, USA).

Co-immunoprecipitation

For co-immunoprecipitation assays, Sepharose
beads (protein A-Sepharose® 4B, Sigma-Aldrich) were used
as previously described [37]. The primary antibodies used

for these experiments are presented in Table 3.
Statistical Analysis

Results are normalized to the control condition
and expressed as mean +/- SD. Statistical analyses were per-
formed using SigmaPlot. Experiments were analyzed using
Mann-Whitney U test. A p value less than 0.05 was consid-
ered significant. The respective p values are indicated in the

figures as follows: *p < 0.05, **p < 0.01, ***p < 0.001.

Results

Role of KORS and HDMEC in the Regulation of the
Balance Between the Wnt and BMP Expression in
the HHFDPC Spheroids

The expression of Wnt and BMP was analyzed on
HHFDPCs incubated or not with KORS.,, or HDMEC,,
(Figure 1).

The gene expression of BMP2, 4 and 6 and Wnt3a
and 5a in HHFDPCs was modulated by their incubation in
the CM compared to HFS,, (Figure 1a). Particularly, the
HDMEC,,, decreased the BMP2, 4 and 6 gene expression
and increased the Wnt3a and 5a gene expression in HHFD-
PCs compared to the control condition in HFS,,. In con-
trast, the KORS,,, only decreased the BMP2 gene expression
and did not increase the Wnt3a and 5a gene expression in
HHFDPCs compared to the control condition in HFS,,.
Then, the protein expression of BMP2, 4 and 6 and Wnt3a
and Wnt5a was analyzed in HHFDPCs (Figure 1b). The BM-
P2, 4 and 6 protein expression was strongly increased in
HHFDPCs cultured in KORS,,. In contrast, when the
HHFDPCs were incubated in the HDMEC,,, BMP4 and 6
protein expression was decreased The Wnt3a gene and pro-
tein expression was increased in HHFDPCs incubated in
HDMEC,,;, compared to the HHFDPCs cultured in the
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HFS.y. The Wnt3a protein expression was increased in
HHEFDPCs incubated in KORS,,, but not at the transcriptio-
nal level. The Wnt5a gene and protein expression was only
increased when the HHFDPCs were incubated in the

HDMEC,,,. These results are summarized in Figure 1c.

Effect of the Conditioned Media of HHFDPC
Spheroids, KORS and HDMECs on HFSC Differenti-

ation

Then, the direct effect of HHFDPC spheroids,
KORS and HDMECs on HFSC differentiation was investi-
gated. The expression of different markers of HF stem cells
and progenitors was analyzed (Figure 2). According to the
specific expression pattern of these markers described in the
literature (Figure 2a), the effects of HHFDPC spheroids-con-
ditioned medium (HHFDPC_,,), KORS,,, and HDMEC,.,
on HFSC differentiation were investigated. The Figure 2b
presents the results of the analyses of the gene expression of
the HFSC markers. When cultured in specific HFSC medi-
um (HFS,,), HFSCs presented a high expression of ITGBI,
ITGA®6, cK15, CD200 and CD34 but not LGR5. Interesting-
ly, when HFSC were incubated in the three different CM,
the expression of ITGA6, cK15 and CD200 decreased. A
strong increase of LGR5 gene expression was observed un-
der HHFDPC,,, condition. In contrast, the KORS,,, led to
an increase of CD34 gene expression and a decrease of ITG-
B1 gene expression. For protein expression, analyses were
focused on CD34 and CD200/LGR5 expression because
they are specific biomarkers of ORS progenitor cells and
SHG progenitor cells, respectively (Figure 2a). The analysis
of CD200/LGR5 protein expression showed that only the
HHFDPC,, increased the expression of these both markers
in HFSCs compared to the control medium HFS, (Figure
2¢). Interestingly, the gene expression of CD200 was de-
creased when HFSC were incubated in HHFDPC,,. In con-
trast, only the KORS,,, induced a strong increase of the ex-
pression of CD34 and the HDMEC_, to moderately in-
crease CD34 expression in HFSCs, both compared to the
HFS,,, control medium. Moreover, when HFSCs were incu-
bated in HDMEC,;, a decreased expression of CD200 was

observed compared to the control HES,, condition.
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Figure 1: Effect of KORS,, and HDMEC_,, on growth factor expression by HHFDPCs. (a-b) Gene (a) and protein (b) expres-
sions of BMP2, BMP4, BMP6, Wnt3a and Wnt5a in HHFDPCs. The cells were incubated in KORS,, or HDMEC,, for 48 h be-
fore the analysis. N=1 experiment, n=3 replicates. (c) A summary diagram is presented to illustrate the effect of the conditioned

media on the expression of BMP2, 4 and 6 as well as Wnt3a and 5a by HHFDPCs.

Involvement of BMP, Wnt, and Shh in Intercellular

Communication

The protein expression of BMP2, 4 and 6, Wnt3a
and 5a, and Shh in KORS and HDMECs was investigated
(Figure 3). BMP2, 4 and 6 were detected in KORS, while on-
ly BMP6 was detected in HDMECs (Figure 3a). Wnt3a and
5a were not detected in KORS and HDMECs (data not
shown). These two cell types were demonstrated to express
Shh (Figure 3b). Indeed, the expression of the monovalent
Shh (49 and 51 kDa) as well as a multimeric form at 140
kDa was detected in KORS. In contrast, a unique multimer-
ic form at 70 kDa was observed in HDMECs. In compari-
son, Shh was not detected in HHFDPCs (data not shown).
However, these cells presented a strong gene expression of
Wnt5a (in contrast to Wnt3a), a moderate gene expression
of BMP2, and a low gene expression of BMP4 and 6 (Figure
3c). The protein expression of BMPs and Wnts by the
HHFDPC spheroids has been presented in Figure 1b. The
Figure 3d shows the balance of the results obtained by the

gene and protein analyses.
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Role of GPC1, 4 and 6 as Co-receptors of BMPR2,
Fz7 and Patchedl and Potential Involvement in the
Differentiation of HFSCs

The interactions of GPC1, 4 and 6 with the recep-
tors of BMP (BMPR2), Wnt (Fz7), and Shh (Patchedl) were
investigated in HFSCs by co-immunoprecipitation (Figure
4).

After GPC1, 4 or 6 immunoprecipitations, BM-
PR2, Fz7, and Patchedl were detected by immunoblotting
with different protein level (Figure 4a-c). BMPR?2 displayed
a slightly higher interaction level with GPC4 and 6 com-
pared to GPC1 (Figure 4a). GPC1 and 4 strongly interact
with Fz7 (Figure 4b) and Patched1 (Figure 4c) compared to
GPC6. Moreover, conversely, after immunoprecipitation
with BMPR2, Fz7 or Patchedl antibody, GPC1, 4 and 6
were detected by immunoblotting (Figure 4d-f). GPC1 and
4 immunoprecipitated preferentially with Fz7 in compari-
son with BMP and Patchedl while GPC6 exhibited similar
affinity with the three receptors.

J Stem Cell Rep 2024 | Vol 6: 103
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Patched 1 antibody. Then, the isolated immunocomplexes were immunoblotted using anti-GPC1 (d), anti-GPC4 (e) or anti-G-
PC6 (f) antibodies. (g) A summary diagram is presented to illustrate the interaction of GPC1, 4 and 6 with BMPR2, Fz7 and
Patched 1.
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Figure 5: Effect of heparinase III incubation on HFSC differentiation induced by HHFPDC,;, KORS,; or HDMEC,,,. Protein
expression and quantification of LGR5 and CD34 in the HFSCs was determined by Western immunoblotting. The cells were in-
cubated in HHFDPC,,,, KORS,, or HDMEC_,, without or with heparinase III treatment for 48 h before the analysis.

JScholar Publishers J Stem Cell Rep 2024 | Vol 6: 103



Impact of Heparinase III on HFSC Differentiation
Induced by HHFDPC Spheroids-, KORS-, and HD-
MEC-Conditioned Media

To provide another evidence of the involvement of
GPCs in the regulation of HFSC differentiation induced by
growth factors secreted by HHFDPC, KORS and/or HD-
MEQG, the effect of HS glycosaminoglycan chain cleavage by
heparinase III was assessed on HFSC differentiation (Figure
5).

The heparinase III treatment increased the protein
expression of LGR5 in HFSCs and with HHFDPC,,;, in par-
ticular. In contrast, the heparinase III treatment induced a
decrease of CD34 expression in HFSCs incubated in the
three CM, and more specifically in KORS., and HDMEC,,

which were shown to induce

Discussion

The study was devoted to characterizing the cell
communications of KORS, HHFDPC and HDMECs with
HESC:s for a better understanding of the regulation of HFSC
fate. Indeed, HFSC behavior, in vivo, is known to be regulat-
ed by the dermal papilla through BMP and Wnt secretion
and by the hair matrix through Shh secretion [11,12]. To
our knowledge, the potential role of KORS and endothelial
hair cells in the regulation of HFSC differentiation remains
unclear. Here, the role of these two cell types was investigat-
ed in order to determine their effect on (i) indirect HFSC
differentiation by modulating the regulation of the balance
between the Wnt and BMP expression in the HHFDPC
spheroids and on (ii) direct HFSC differentiation.

The dermal papilla is known to secrete Wnt and
BMP in order to regulate the HF stem cell behavior during
the hair growth cycle [11,12]. The temporal and spatial
course of the dermal papilla activation leading to the telo-
gen-anagen transition is not fully understood yet. It is
known that macrophages and adipocytes have a role in the
telogen-anagen transition associated with the activation of
Wt secretion by the dermal papilla [38,39] but the poten-
tial role of KORS or endothelial cells is still not described to

our knowledge.

It is known that the dermal papilla secretes Wnts,
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once activated by adipocytes at the beginning of anagen
phase, and BMPs during catagen / telogen phases [12]. All
the light has not yet been shed on the activation cycle of der-
mal papilla and the balance between Wnts or BMPs expres-

sion during the different phases of hair growth cycle.

In the present study, the results suggest the in-
volvement of KORS and HDMEC in the regulation of the
growth factors expressed by HHFDPC. In particular,
HHFDPCs presented an increased expression of Wnt3a and
5a after incubation in HDMEC,,. Moreover, the expression
of BMP4 and 6 decreased in HHFDPCs after incubation in
HDMEC,,,. These results highlighted the probable role of
endothelial cells in the activation of dermal papilla cells dur-
ing telogen to anagen transition. Interestingly, the incuba-
tion in KORS,, led to an increase of BMP2, 4 and 6 protein
expression pointing out the probable role of the keratino-
cytes of the ORS in the resumption of BMP expression by
the dermal papilla during anagen to catagen transition. Al-
though, BMP2 protein increased independently of the mR-

NA expression, suggesting a post-translational regulation.

The stimulatory effect of HDMEC ., on the expres-
sion of Wnt3a and Wnt5a was observed with a concomitant
decreased expression of BMP4 and 6 in HHFDPC. Interest-
ingly enough, this induction of Wnts observed concomitant-
ly with a decreased of BMP expression was already de-
scribed during telogen to anagen transition in the literature
[11,12]. Altogether, this observation suggests a key of HD-
MEC on the telogen to anagen transition. Our results ob-
tained with KORS,, also suggest that KORS might take
over by stimulating the BMP2, 4 and 6 expression by the
dermal papilla during anagen to catagen transition. Thus,
the HHFDPC could represent an interesting source of spe-
cific differentiation factors which composition might specifi-
cally differs according to the interaction of HHFDPC with
HDMEC or KORS.

Wnt and BMP are known to be secreted by the der-
mal papilla and to regulate HFSC behavior. Thus, the effect
of Wnt and BMP expression in HHFDPC spheroid by
HDMEC,,, and KORS, highlights the probable indirect
role of these two cell types on the regulation of HFSC differ-

entiation.

Then, the direct effect of the conditioned media of
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HHFDPC spheroids, KORS and HDMECs on HFSC differ-
entiation was investigated, according to the specific expres-

sion pattern of their markers described in the literature.

The results obtained, demonstrated that the HFSC
line used for this study presented the same characteristics as
the human hair follicle stem cells described in the literature.
Moreover, the results underlined the paracrine communica-
tion of KORS, HHFDPCs and HDMECs with HFSCs. In-
deed, by following the expression of CD34 and
LGR5/CD200 specific biomarkers, the three CM were
shown to induce different level of differentiation of HESC.
In particular, HHFDPC,, seems to promote the HFSC dif-
ferentiation towards a SHG progenitor phenotype while the
KORS,, appears to lead to the differentiation of HFSCs to-
wards an ORS progenitor phenotype. In literature, it is
known that the dermal papilla plays an important role in
the induction of hair follicle differentiation [1,40]. Our re-
sults are in accordance with this point. Moreover, they pro-
vide new insights on the potential role of KORS on this pro-
cess. The HDMEC,,, seemed to favor the appearance of in-
termediate phenotypes of HFSC differentiation. Indeed,
when cultured in HDMEC,,,, HFSCs expressed all markers,
including CD34, compared to HFSCs incubated in HFS,
or HHFDPC_,, which are CD34 negative. Moreover, in
HDMEC,,,, HFSCs presented a moderate level of CD34 ex-
pression, compared to HFSCs in KORS,,,, and a moderate
level of CD200/LGR5 expression, compared to HFSCs in
HHFDPC,,,. Interestingly, the gene expression of CD200
was decreased, contrary to the protein expression, when HF-
SC were incubated in HHFDPC,,,, suggesting a post-transla-
tional mechanism. Numerous phenotypes reflecting the dif-
ferent level of hair follicle stem cells are described in the lit-
erature. In a simplified way, five large distinct populations
are defined in the literature (see introduction) but interme-
diate phenotypes are also reported [5-9]. These results
suggest that endothelial cells may play a role in the early
stage of HFSC differentiation.

Three major growth factors are described in the lit-
erature to regulate HFSC differentiation: Wnts, BMPs and
Shh [11-13]. The expression of these growth factors was ana-
lyzed in KORS, HDMECs and HHFDPCs to correlate or
not the effect of the three CM on HFSC differentiation with

these growth factors.
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The present report demonstrates that KORS, HD-
MECs and HHFDPCs express at least one growth factor pro-
moting stem cell proliferation/differentiation (Wtn3a, Wn-
t5a or Shh) and at least one growth factor promoting quies-
cence (BMP2, 4 or 6), explaining, at least in part, their ef-
fects on stem cells differentiation (see Figure 3d). The fact
that KORS and HDMECs do not express Wnt3a or Wnt5a
(not shown) might explain why CM of these cells do not in-
duce the differentiation of bulb stem cells into SHG progeni-
tors (CD200/LGR5 markers). Indeed, Wnts are known to in-
duce the differentiation of bulb stem cells into SHG progeni-
tors [11,12]. On the other hand, only KORS and HDMECs
secrete Shh (in different forms) and their CM are the only
ones to promote the differentiation of bulge stem cells into
ORS progenitors (CD34 marker). In the literature, Shh is de-
scribed to be secreted by matrix cells and to stimulate the
differentiation of bulge stem cells to provide a new pool of
ORS progenitor cells [13]. Taking into account the localiza-
tion of bulb stem cells in the ORS at the early anagen phase,
it is not surprising that KORS may also be involved in the in-
duction of bulb stem cell differentiation into ORS progeni-
tor cells through Shh secretion. On the contrary,
HHFDPC,, which has been shown to induce bulge stem
cell differentiation into SHG progenitors, expressed Wnt3a
and Wnt5a but not Shh.

HSPGs such as GPCs play an important role in the
regulation of stem cell behavior by modulating signaling
pathways associated with Wnt, BMP or Shh [33,34]. The in-
teraction of GPCs with the receptors associated with these
three growth factors was investigated in the differentiation
of HFSCs. Indeed, GPCs are GPI-anchored membrane
HSPGs known to interact with their core protein or their
GAG chains with several receptors and/or growth factors to
regulate the associated signaling pathways [20,22,27]. Based
on this knowledge, the interactions of GPC1, 4 and 6 with
the receptors of BMP (BMPR2), Wnt (Fz7), and Shh
(Patchedl) were investigated in HFSCs by co-immunopre-

cipitation assays (Figure 4).

The results suggest that GPC1, 4 and 6 may regu-
late the balance between quiescence and differentiation of
HFSCs by the formation of tripartite complexes with Wnt
and their Fz receptors, with BMPs and their BMP receptors

as well as with Shh and their Patched receptors. The associa-
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tion between these receptors and GPCl, 4 and 6 has been al-
ready probed in numerous other tissues and organs where
the role of GPCs in the regulation of stem cell behavior has
been demonstrated [29,41-45].

The fact that an association of GPC1, 4 and 6 with
the receptors of the growth factors involved in HFSC be-
havior (BMP, Wnt and Shh) occurs in bulge stem cells and
highlights the probable role of these three GPCs in the regu-
lation of HFSC behavior modulated by BMP, Wnt and Shh.

GPCs exhibit HS chains known to be involved in
the interaction of GPCs with receptor and/or growth factors
to regulate the associated signaling pathways [29,30,46]. To
provide another evidence of the involvement of GPCs in the
regulation of HFSC differentiation induced by growth fac-
tors secreted by HHFDPC, KORS and/or HDMEC, the ef-
fect of HS glycosaminoglycan chain cleavage by heparinase

III was assessed on HFSC differentiation.

The results provided evidence on the role of HS
chains in the regulation of HFSC fate. Indeed, in the
absence of HS chains, hair follicle stem cells appear to differ-
entiate towards an exclusively secondary germ progenitor
profile and provide fewer ORS progenitors. These results
may explain the loss of proliferation/differentiation poten-
tial of hair follicle stem cells observed in androgenetic alope-
cia [47,48]. The growth factors secreted by the dermal papil-
la, the keratinocytes of the ORS and/or the endothelial cells
of the HF, seem to no longer act in a controlled manner on
the hair follicle stem cells. Their differentiation is disturbed,
and the progenitor cells of the ORS are less produced. Tar-
geting GPCs to improve their sulfation could lead to a res-
tauration of the action of Wnt, BMP and/or Shh pathway
and the formation of progenitor cells of the ORS and, thus,

a potential treatment for androgenic alopecia.
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All these results demonstrate the involvement of
GPCs in the regulation of hair stem cell differentiation and
highlight the complexity of the mechanism of regulation of
the stem cell fate. Indeed, some studies have shown the im-
portance of HS chains in the regulation of some growth fac-
tors [24-27]. Here, the involvement of HS is strongly
suggested regarding the results of the cleavage of HS chains.
e study of the stem cell fate regulation through the modula-
tion of signal pathways by GPCs is complex and has to take
into account that GPCs act differently according to their sul-
fation and/or their cleavage. However, the study of these
mechanisms is crucial to develop treatments targeting stem
cells, such as in dermatological studies (androgenic alopeci-

a) or cancerological studies.

Conclusion

This report provides more information on the in-
tercellular paracrine communication of HHFDPC, KORS or
HDMEC with HFSCs. Indeed, the results suggest the in-
volvement of both KORS and HDMEC in the regulation of
HFSC differentiation through the secretion of BMPs and
Shh. Moreover, the analysis of the expression of BMPs and
Wnts in HHFDPC underlines the potential role of HDMEC
in the induction of Wnt expression in HHFDPC and the po-
tential role of KORS in the induction of BMP expression in
HHFDPC. Finally, the association of GPCI, 4 and 6 with
BMPR2, Fz7 and Patched 1 as well as the effect of HS chain
cleavage on HFSC differentiation highlight the probable
role of GPCI, 4 and 6 as coreceptors regulating the hair

stem cell fate.
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