Acta Derm Venereol (Stockh) 1997; 77: 350-355

Expression of Retinoid Nuclear Receptor Superfamily Members in
Human Hair Follicles and Its Implication in Hair Growth
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Since clinical evidence of hair loss and hair depigmentation
following etretinate therapy has been reported, we decided to
study the expression levels of several members of the retinoid
nuclear receptor superfamily in dermal and epithelial compart-
ments of the human hair follicle. Additionally, we evaluated the
effects of several ligands for these receptors on human hair
growth in culture in vitro. We observed that the cellular/
cytoplasmic retinoic acid (RA) binding protein-II and the reti-
noid-X-receptor-a were constantly and strongly expressed in
both compartments at levels comparable to those of vitamin D
receptor. In dermal papilla cells, by contrast with RARB which
was always expressed, RARa and RARy were not constantly
expressed. In dermal sheath fibroblasts, both RARa, RARp and
RARyY mRNAs were moderately expressed, while in the epithelial
compartment, namely the plucked hair, we observed the expres-
sion of the same genes in the absence of RARJ. We also observed
that RAR agonists all-zrans RA and CD367 inhibited the survival
of human hair follicles in culture in vitro, while RXR agonist
CD2425 stimulated hair growth and survival at levels comparable
to those of la,25-dihydroxyvitamin D,, suggesting that RXR
agonists might stimulate hair growth in humans in vivo.
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Vitamin A and its derivatives such as retinoic acid (RA) are
known to exert pleiotropic effects on basic biological programs
(1-3 for recent reviews). They are also believed to play an
important role during morphogenesis and embryological devel-
opment of hair follicles, as shown on mouse vibrissa (4, 5).
Since the hair growth cycle, which involves interaction between
the mesenchyme-derived dermal papilla cells and the epithelial
components of the hair follicle (6), appears to partially
recapitulate the embryogenesis of the hair follicle, RA may
well be involved also in the control of the hair cycle.

Two classes of specific receptors for RA have been described
(3. 7. 8 for reviews). One class consists of both the nuclear
retinoic acid receptors (RAR)s and the nuclear retinoid-X
receptors RXR(s). While 9-cis RA is the preferential ligand
of RXR (s), both all-trans and 9-¢is RA bind with high affinity
to RARs (8). These ligand(s)-activated nuclear receptors
heterodimerize (or alternatively homodimerize) to act as tran-
scriptional activators (or repressors) by binding to specific
DNA sequences (RA-responsive elements, RARE) in the
regulatory regions of several target genes (3, 7-10). The other
class of specific receptors for RA includes cellular retinoic
acid-binding proteins (CRABP)s that may be involved in the
transport/sequestration and metabolism of retinoids in the
cytoplasm (see 11, 12 for review).
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As an initial step to determine the role of RA in homeostasis
of hair follicles, we investigated the mRNA expression levels
for RARx, RARP. RARy, RXRa and CRABP-II in the
different compartments of the pilosebaceous unit, using reverse
transcriptase polymerase-chain reaction (RT/PCR).

As a second step, we investigated the effects of RAR agonist
and RXR agonist ligands, by comparison with 1a,25-
dihydroxyvitamin Dy (vitamin D3) on the growth of human
hair follicles in vitro.

MATERIALS AND METHODS

Chemicals

Vitamin D3 (Cat No 154300) was purchased from ICN (Aurora,
Ohio). RA (all-trans RA), the CD367 RAR pan-agonist 4-(5. 6, 7,
§-Tetrahydro-5, 5, 8, 8-tetramethyl-2-anthracenyl ) benzoic acid (13)
and the CD2425 RXR agonist 2-[(E)-2-(3, 5, 5. 8, 8- pentamethyl-5.
6. 7. 8- tetrahydro-2-naphtyl )-propen-1-yl]-4-thiophene carboxylic
acid (14) were kindly provided by CIRD Galderma (Sophia
Antipolis, France).

Molecular weight markers; MI1: 50-2000bp ladder (Cat No
170-8200) was purchased from Bio-Rad (Hercules. California), and
M2: 100 base pair ladder (Cat N°27-4001-01) was purchased from
Pharmacia Biotech ( Uppsala. Sweden).

Piucked hair follicles

Five anagen hairs were individually and gently plucked from the
vertex of male volunteers. They were immediately soaked in William’s
E medium (Gibco BRL Bethesda, MD) and rapidly observed under a
microscope to check for the presence of an intact outer root sheath,
as well as for the absence of dermal papilla and sebaceous gland. As
reported (15), plucked hair consists exclusively of the upper two thirds
of the hair follicle (i.e. mainly ORS and inner root sheath keratinocytes
without their perifollicular external connective layer).

Human hair follicle isolation and culture in vitro

Individual human terminal scalp hair follicles from facelift surgery
(exclusively from female patients) were isolated as follows: the sample
was cut in several strips of approximately 5 x 10 mm and put upside-
down in a Petri box. The fat subcutaneous layer was then taken out
with fine forceps. so that the bulb from each anagen follicle could be
clearly identified. Then. each follicle was plucked from the dermal-
epithelial junction, without altering the dermal papilla and the matrix
cells, so that no sebaceous material remained associated with the hair
follicles. Each isolated hair follicle with its perifollicular external
connective layer was then incubated at 37°C in a water-saturated
atmosphere of 5% CO, / 95% air. Hair follicles were maintained free-
floating (but not at the air/medium interface) in William’s E culture
medium, supplemented with 2mM L-glutamine, 10 pg/ml insulin,
10 ng/ml hydrocortisone and antibiotics, as described (16). The vari-
able survival time for controls is due to inter-individual variations. In
fact, hair follicles were obtained from facelift surgery, which did not
contain enough follicles to test all compounds at a time on follicles
from the same donor. Nevertheless, each representative experiment
was performed on 12 follicles from the same donor.
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Dermal papilla cell isolation and culture in vitro

Dermal papillae from individually isolated hair follicles were microdis-
sected, as described (17, 18), and cultured in medium 199 containing
2 mM L-glutamine, 1% of antibiotic/antimycotic solution (Gibco BRL
Bethesda, MD) and 10% of fetal calf serum (Gibco BRL Bethesda,
MD) at 37°C, 5% CO,.

Connective tissue sheath cell culture

Culture of dermal fibroblasts from human hair follicle connective
tissue sheath was seeded at 2.10° /60 mm Petri dishes in Dulbecco’s
Modified Eagle Medium (DMEM ), supplemented with L-glutamine
(2mM), | mM sodium pyruvate and antibiotics (penicillin-G, 100
Units/ml: streptomycin-S, 100 pg/ml; amphotericin 250ng/ml) in the
presence of 10% fetal calf serum Gibco BRL, Bethesda, MD). as
previously described (19).

MRNA expression (RT/PCR analysis)

mRNA from either 5 plucked hairs or from 5* 10° dermal papilla
cells was prepared using the QuickPrep™ mRNA preparation kit
(Pharmacia Biotech, Uppsala. Sweden). Poly-A+ mRNA(s) were
then reverse transcribed using the first strand ¢cDNA synthesis kit
from Pharmacia. and PCR was performed using the Taq polymerase
and the 10X buffer marketed by Amersham (Les Ulis, France), as
previously described (16, 19, 20), with the following primers purchased
from Genset (Paris, France): hRARx, (1145 bp): (FP) 5-CCA GGC
GCT CTG ACC ACT CTC C-3; (RP) 5-GCC CTC TGA GTIT
CTC CAA CA-3". hRARY, (1253bp): (FP) 5-GGC CAC CAA TAA
GGA GCG ACT CT-3: (RP) 5-GGG TTC TCC AGC ATC TCT
CGG-3". hRXRu (300 bp): (FP) 5-GCT TGT GTC CAA GAT GCG
GG-3; (RP) 5-GCA GGC CTA AGT CAT TTG GTG C-3"
hCRABPII (271bp): (FP) 5-GGC AAC TGG AAA ATC ATC CCG
ATC-3; (RP) 5-CAC TCT CCC ATT TCA CCA GGC TCT-3"
h B actin (1067bp): (FP) 5-ATG GAT GAT GAT ATC GCC GCG
CT-3; (RP) 5-CGG ACT CGT CAT ACT CCT GCT GCT TG-3".
Human vitamin D receptor (VDR) primers (amplimer, 1245 bp) and
human RARP, primers (amplimer, 1300bp) have been described by
others (21). GAPDH primers were purchased from Clontech (Palo
Alto, CA). 1/15 of the cDNA was used for PCR (1 cycle at 95°C,
4 min, followed by 30 cycles at 95°C, 25 s: 57°C, 1 min, 72°C, 1 min),
as previously described (16, 19, 20). Each amplified fragment was
then migrated on 2% agarose gel containing 0.5 pg/ml ethidium
bromide. Gels were irradiated under a UV transilluminator, and a
video camera (Vilbert Lourmat, Marne-la-Vallée, France) captured
the image. Using an imaging analyser (Vilbert Lourmat, Marne-la-
Vallée, France), we evaluated the relative intensity of each amplified
fragment.

Statistical analysis

The significance of differences between untreated follicles and treated
follicles was determined using the variance analysis for growth and
the logrank test for survival.

RESULTS

mRNA expression levels for RARs, RXRx and CRABPII in
compartments of the pilosebaceous unit

In the dermal compartment, using primary cultures of dermal
papilla cells, we could detect mRNAs for all RAR(s) as well
as for CRABPII, RXRx and VDR (Fig. IA). However, we
noticed variations in the intensity and the frequency of their
relative expression: while mRNA expression of both CRABPII
and RXRx was strong and constant, RARP expression levels
progressively decreased following passages (Fig. 1B). We also
noticed variations in the frequency of RAR« and RARy
expression. In fact RARYy could be detected at a high level in
only 5 out of 9 individual experiments, while RAR~ was found
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expressed in dermal papilla cells at a high level in 6 out of 9
individual experiments (see TableI). In primary cultures of
hair follicle connective tissue sheath cells, all RARs as well as
RXR, CRABP-II and VDR were also found expressed
(Fig. 1C). Similarly to dermal papilla cells, the expression
levels of the three forms of RARs were low compared to those
of RXR, CRABP-II and VDR.

By contrast with primary culture of cells from the dermal
compartment, RARP transcript was not detectable in freshly
plucked hairs, which indeed represent the epithelial compart-
ment of the hair follicle, mainly constituted of outer and inner
root sheath keratinocytes (15) (Fig. 1D). RXRx, CRABP-II
and VDR were found to be the predominant receptor tran-
scripts in freshly plucked hair. In this epithelial compartment,
RAR~ was the strongest form of RAR expressed, while RARa
mRNA was found only at a very low level.

Effects of all-trans RA, CD367, CD2425 and vitamin D3 on
the growth and survival rate of human hair follicle in vitro

According to these patterns of retinoid nuclear receptors
expression, we investigated the effects of some of their respect-
ive ligands on the growth rate and survival of freshly dissected
human hair follicles grown in vitro. As shown in Fig. 2A, we
evidenced that all-rrans RA treatment (1072 M) induced an
abrupt and significant cessation of the survival of human hair
follicles ( p=0.003 versus control). Compared to the control
conditions, in the first 10 days of culture, the growth rate of
all-trans RA-treated remaining follicles was similar to that of
control untreated hair follicles, but at day 11, none of the 12
treated hair follicles were growing anymore (half life=7 days),
while in the control group, 9 out of the 12 hair follicles (75%)
were still growing (half life =26 days). In a separate experiment
(Fig. 2B), the RARufy pan-agonist CD367 at 107% M was
also found to strongly and significantly inhibit the survival of
hair follicles in vitro, compared to the control untreated
follicles ( p=0.0001 versus control). In fact, at day 6, none of
the 12 treated follicles were growing anymore, while in the
control group, 10 out of the 12 hair follicles (83%) were
still growing.

By contrast with the inhibitory effects of all-frans RA and
RAR agonist, as shown in Fig. 2C, we confirmed a significant
positive effect of 107® M vitamin D3 on the growth rate of
human hair follicles in culture in vitro (p=0.001 versus
control ) (22). Similarly, as shown in Fig. 2D, the RXR agonist
CD2425 dose-dependently stimulated the growth of human
hair follicles in vitro compared to the control untreated
follicles. This stimulatory effect was observed at relatively low
concentrations of the RXR agonist CD2425 (10 ® and 10~°
M) compared to vitamin D3 and was maximal at 107 M
( p=0.003 versus control ). Furthermore, in addition to increas-
ing growth rate of hair follicles in vitro, CDD2425 at a concentra-
tion of 107 M was also found to increase the survival of hair
follicles in culture (half life control=26 days; half life
CD2425=32 days).

DISCUSSION

The expression profiles of the different RARs, RXR,
CRABP-II and VDR transcripts were analysed in primary
cultures of human hair dermal papilla cells and dermal sheath
fibroblasts. Although it cannot be excluded that substantial

Acta Derm Venereol (Stockh) 77



352 N. Billoni et al.

T = -

¥ B e é = é E i

£ @« o« o
— < o O = o 0O <O o
:émgi‘oqtz fx05 =

1500
700

200

RARR 2
ACTIN
RARp 2
ACTIN
RARB 2
ACTIN
RARp 2
ACTIN

1200 =
800 ——

100 ——

el

P3 4 P5 PB&

1
RAR o 1
RARp 2
RARy 1
ACTIN
VDR

. CRABP 1|
M1

1500
700

300
100

o
A = e I
:’ﬂ*‘sgn-:‘ =z
= £ 2 ¢ £ 5 & & =
S £z & O < T & =
bp
1500
700
300
100 Y
D . e

Fig. 1. Semi-quantitative RT/PCR analysis of several members of the non-steroid nuclear receptor superfamily in primary culture of dermal
papilla cells (1A), with a progressive decline of RARP expression in dermal papilla cells following passages (P3 to P6) (1B), in primary culture
of connective tissue sheath fibroblasts (1C) and in freshly plucked hairs in culture in vitro (1D). In the dermal compartment (dermal papilla
and connective tissue sheath fibroblasts) the major transcripts are CRAPBIL, RXReo, VDR and RARP. RARo and RARY were also found to
be expressed, which is not always the case (see Table I). RARp expression in dermal papilla cells was strong, since this experiment was performed
on an early passage (see Table I). In the epithelial compartment, the major transcripts are CRAPBIT, RXRa. VDR and to a lesser extent RAR%
and RARy. Note the lack of expression of RARp in this compartment. Actin and GAPDH (house-keeping genes) were used as controls. In
some experiments, cDNA was diluted 10-fold for amplification of actin (actin/10). M; and M,: molecular weight markers. Arrowheads indicate
the expected position of the amplified bands.
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Table I. The mRNA expression of RARP is greater than that
of the other nuclear receptors in primary culture of dermal
papilla cells

Passages RARz RARP RARYy
2 0.25 0.5 0.25
3 0.16 0.79 0.05
3 0.05 0.93 0.02
4 0.02 0.82 0.16
5 0.05 0.93 0.02
5 0.07 0.64 0.29
5 « 0.05 0.68 0.27
6 0 1 0

9 0 1 0
mean 0.07 0.81 0.12

Amplified fragments (semi-quantitative RT/PCR analysis) were ana-
lysed as described in Materials and Methods. The sum of the three
fragments (RARz+RARPB+RAR v) was arbitrarily normalized to
1.00. The value 0.05 was arbitrarily assessed to the lowest limit of
detection of mRNA levels.

changes in mRNA expression levels may occur during culture
of the cells in vitro, our data indicate that RARB, RXRa and
CRABP-II are the major retinoid receptors probably and
constantly involved in RA effects on dermal papilla cells and
dermal sheath fibroblasts. Some reports have already indicated
the expression of both classes of retinoid receptors in the
pilosebaceous unit. In human dermal papilla cells RARP has
also been found by others to be the major transcript, followed
by RARx (18). By contrast, RARy was reported to be only
faintly expressed in this compartment (18), and RARP expres-
sion was suggested to be restricted to adults, based on the
findings that mouse embryo vibrissae dermal papilla cells
expressed only RAR% and RARYy during the first two stages
of the hair follicle development (4, 5).

In freshly plucked hair follicles, by contrast with cells from
the dermal compartment in culture. we did not detect RARP
mRNA. This pattern, which reflects exactly the in vivo situ-
ation in the keratinocytes of the inner and of the outer root
sheaths at the time of plucking, strongly suggests that RAR[
is not involved in the epithelial compartment of the piloseba-
ceous unit in vivo.

This lack of RAR mRNA expression and protein detection
has already been reported by others in human skin keratomes
(23, 24), suggesting that the absence of RARB is a common
feature of these two epithelial compartments. In addition,
RARy was the strongest form of RAR mRNA expressed in
plucked hair, while RAR« was only slightly expressed.

Furthermore, the human hair follicle responds in vitro to
all-trans RA, vitamin D3 or RXR agonists, suggesting that
the receptors corresponding to the detected mRNAs are func-
tional in the human hair follicle. Two opposite effects could
be observed: while the RAR agonists all-rrans RA (1079 M)
and CD367 (10~% M) significantly inhibited hair survival, by
contrast, both the RXR« agonist and vitamin D3 significantly
stimulated hair growth. However, since we used relatively high
concentrations of RAR agonists in our experiments
(107"* M—10"" M), we could not discriminate between RA
and CD367 as to their ability to inhibit hair growth (or
survival ) in vitro. Thus, since CD367 was described as a better
transcriptional activator of RARE than RA (13), one could

not exclude that dose-response studies in the [pM-nM] range
would show a more potent inhibitory effect of CD367 than
RA on hair growth or survival in vitro.

In fact, some reports have already reported that etretinate
(another synthetic RAR agonist) alters scalp hair growth in
vivo by causing either alopecia (25, 26) or morphological
changes (27), as well as transitory defects in hair pigmentation
(28). The exact mechanism by which all-rrans RA mediates
its inhibitory effect in vitro is not well elucidated. Since it has
been reported that all-rrans RA induced a strong production
of IL-12 and TL-8 by the epithelial cell line HOC-7 (29) and
since several reports indicate an inhibitory role of IL-1a and
IL-1B on hair growth (16, 30, 31), it is possible that all-trans
RA inhibits hair survival in vitro through the induction of
IL-1 production. Furthermore, we observed that all-trans RA
(107% M) had a marked inhibitory effect on the growth of
dermal papilla cells in culture in vitro (data not shown),
suggesting that the dermal papilla could be one of the other
primary targets of all-rrans RA action.

On the other hand, we confirmed the observation from
others (22) showing a positive effect of vitamin D3 (107% M)
on hair growth. In addition, we found here that the RXR
agonist CD2425 (1071° to 10™® M) enhanced the survival and
growth rate of human hair follicles cultured in vitro. However,
this latter observation is not in accordance with recent data
from others (32), showing that another RXR agonist (i.e.
SR11237) at 1077 M did not stimulate the growth of equine
mane hair in culture. This discrepancy might be related either
to the intrinsic specificity of equine mane hair, which does not
grow for more than 5 days in vitro (32), or to the higher
concentration (1077 M) of RXR agonist used. Alternatively,
mane follicles might be regulated differently from human hair
follicles. Furthermore, different receptor-binding properties
regarding other members of the nuclear receptor superfamily,
as well as distinct selectivities in terms of heterodimerization
between the RXR agonists CD2425 and SR11237, might be
another plausible explanation for these different observations.

The present study has shown that the RXR agonist CD2425
stimulates hair growth in vitro. Since RXR is described as an
essential accessory factor for heterodimerization and high
affinity binding both of RXR/RAR complexes and RXR/VDR
heterodimers on their cognate hormone-responsive elements
(see 33, 34 for review), we speculate that RXR agonists,
e.g. CD2425, may preferentially promote the VDR/RXR
pathway rather than the RAR/RXR pathway in human hair
follicles by a yet unknown mechanism. Alternatively, it has
been reported (34, 35) that the 9-cis RA ligand may divert
RXR(s) away from VDR- or RAR-dependent pathways to
induce homodimer formation of RXR. Following these obser-
vations, our data suggest that CD2425 destabilizes RAR/RXR
heterodimers by enhancing the formation of either RXR
homodimers or RXR/VDR heterodimers. Whether RXR
agonists stimulate hair growth in humans in vivo now remains
to be established.
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Fig. 2. Effect of agonists of the non-steroid nuclear receptor superfamily on the growth of dissected human hair follicles in culture in vitro (one
representative experiment). Values are expressed as cumulative growth of human hair follicles from day 0; mean+SEM (n=12 at day 0).
(A) Inhibitory effects of all-rrans RA (10°? M) on the survival of human hair follicles in vitro (p=0.003 versus control). (B) Inhibitory effects
of the RAR pan-agonist CD367 (107 M) on the survival of human hair follicles in vitro (p=0.0001 versus control). (C) Confirmation (see
ref. 22) of the stimulatory effect of vitamin D3 (10 M) on the growth of human hair follicles in culture in vitro (positive control) ( p=0.001
versus control ). (D) Stimulatory effect of the synthetic RXR agonist CD2425 (10°% M) on the growth rate (p=0.003 versus control ) and the
survival of human hair follicles in culture in vitro. Note that after 20 days, while the hair bulb was intact and the hair follicle was still growing,
one could not indicate the length increase due to the curling of the overgrowing follicles in the culture well.
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