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Using genetic and pharmacological approaches, we demonstrate that both RAR�/RXR� heterodimers involved
in repression events, as well as PPAR�(�)/RXR� heterodimers involved in activation events, are
cell-autonomously required in suprabasal keratinocytes for the generation of lamellar granules (LG), the
organelles instrumental to the formation of the skin permeability barrier. In activating PPAR�(�)/RXR�
heterodimers, RXR� is transcriptionally active as its AF-2 activation function is required and can be inhibited
by an RXR-selective antagonist. Within repressing RAR�/RXR� heterodimers, induction of the transcriptional
activity of RXR� is subordinated to the addition of an agonistic ligand for RAR�. Thus, the ligand that
possibly binds and activates RXR� heterodimerized with PPAR�(�) cannot be a retinoic acid, as it would also
bind RAR� and relieve the RAR�-mediated repression, thereby yielding abnormal LGs. Our data also
demonstrate for the first time that subordination of RXR transcriptional activity to that of its RAR partner
plays a crucial role in vivo, because it allows RXRs to act concomitantly, within the same cell, as
heterodimerization partners for repression, as well as for activation events in which they are transcriptionally
active.
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The physiological effects of retinoic acids (RA) are me-
diated by members of two families of nuclear receptors
(NRs), the RAR�, RAR�, and RAR� isotypes, and the
RXR�, RXR�, and RXR� isotypes. RARs bind both all-
trans and 9-cis RA, whereas only the 9-cis RA stereoiso-
mer binds to RXRs. As RAR/RXR heterodimers, these
receptors control the transcription of RA-target genes
through binding to RA-response elements (RAREs)
(Chambon 1996). Transcriptional corepressor complexes
associated with histone deacetylase activity are re-
cruited to RAREs by unliganded or retinoid antagonist-
bound RAR/RXR heterodimers, resulting in chromatin
condensation and transcriptional silencing. Upon bind-
ing of retinoid agonists, corepressors are released, and

recruitment of coactivator complexes exhibiting histone
transacetylase activity results in chromatin decondensa-
tion and transcription of RA-target genes (Perissi and
Rosenfeld 2005). RXRs also heterodimerize with several
additional NRs, including peroxisome proliferator acti-
vated receptors (PPARs) (Laudet and Gronemeyer 2002).
All RAR and RXR genes have been knocked out in the
mouse. This genetic approach allowed us to demonstrate
that during prenatal development: (1) The RA signal is
transduced by RAR/RXR heterodimers. (2) In these het-
erodimers, functional redundancies may exist both
within the RARs and the RXR partners. (3) Within
RXR�/RAR(�, �, or �) heterodimers, the ligand-depen-
dent transcriptional activation function (AF-2) of RXR is
often required to mediate the pleiotropic effects of RA on
morphogenesis and organogenesis (Mark et al. 2006).

The keratinocytes of the epidermis of both humans
and mice contain predominantly RAR� and RXR�, while
RAR� and RXR� are expressed at a much lower level,

4These authors contributed equally to this work.
5Corresponding author.
E-MAIL chambon@igbmc.u-strasbg.fr; FAX 33-388-653-203.
Article is online at http://www.genesdev.org/cgi/doi/10.1101/gad.368706.

GENES & DEVELOPMENT 20:1525–1538 © 2006 by Cold Spring Harbor Laboratory Press ISSN 0890-9369/06; www.genesdev.org 1525



and RAR� and RXR� are undetectable (Fisher et al. 1994;
Chapellier et al. 2002b). Phenotypic analysis of trans-
genic mice expressing dominant-negative (dn) RAR�
(that lacks the AF-2 transactivating function) either in
suprabasal (Imakado et al. 1995; Attar et al. 1997) or in
basal (Saitou et al. 1995) epidermis keratinocytes, respec-
tively, led to the proposal that retinoid signaling could be
involved in the formation of the epidermal permeability
barrier, and in the maturation of the epidermis during
development. However, the abnormalities exhibited by
these transgenic models may not reflect the actual physi-
ological roles of RA signaling in epidermal homeostasis
for at least two reasons: (1) The overexpression of
dnRAR� that heterodimerizes with RXRs may impair
other nuclear receptor signaling pathways that require
RXRs as heterodimerization partners; and (2) a dnRAR�
tightly associated with a corepressor complex may arti-
factually interact with DNA sites or proteins not in-
volved in the retinoid signaling pathway (Andersen and
Rosenfeld 1995). In this respect, it has been recently re-
ported that dnRARs transgenes expressed in basal kera-
tinocytes may impact on epidermal development
through a noncanonical pathway that is independent of
receptor–DNA interactions, and most probably involves
down-regulation of p63 (Chen and Lohnes 2004).

The selective ablation of RARs and RXRs in mouse
epidermis keratinocytes, using cell-type-specific tempo-
rally controlled somatic mutagenesis (Metzger et al.
2003), showed that (1) epidermis differentiation in
RAR�-null mice that also selectively lack RAR� in ke-
ratinocytes appears essentially normal at the histologi-
cal level (Chapellier et al. 2002b), in keeping with the
normal histological appearance of the epidermis of adult
transgenic mice expressing a dnRXR� (Feng et al. 1997)
or a dnRAR� in suprabasal cells (Xiao et al. 1999); and (2)
all three RARs are dispensable in adult mouse epidermis
for the homeostasic renewal of keratinocytes. This led us
to conclude that RA was unlikely to be required for the
self-renewal of adult epidermal keratinocytes. That RAR�
could nevertheless exert some postnatal function in skin
epidermis was suggested by the glossy appearance of
RAR�-null newborns, which was also observed in newborn
pups lacking RXR� in epidermal keratinocytes (Li et al.
2001; Chen and Lohnes 2004; our unpublished data).

The present study was initially aimed at elucidating
the origin of this glossiness. Unexpectedly, this led to
the discovery that unliganded RAR� heterodimerized
with RXR�, as well as PPAR�(�) heterodimerized with
RXR�, are cell-autonomously required in transcriptional
repression and activation events, respectively, both of
which being instrumental to the formation of small ke-
ratinocyte organelles, the lamellar granules (LG), that are
involved in the elaboration of the skin permeability barrier.

Results

Vesicles without lamellae are formed instead of
lamellar granules in RAR�-null epidermis

The normal mouse epidermis is a four-cell-layer strati-
fied epithelium (see Fig. 1E). The innermost basal layer

(B) comprises the mitotically active cells that, upon cell
cycle withdrawal, lose adhesion to the basement mem-
brane and start their migration toward the skin surface.
In the intermediate spinous (S) and granular (G) su-
prabasal (SB) layers, the cells complete their differentia-
tion program, leading to keratinization. The outermost
cornified layer or stratum corneum (C) is composed of
highly differentiated, stacked, densely packed, flattened
cells (corneocytes) that have lost their nuclei.

RAR�−/− newborns were easily identified among their
wild-type littermates by the glossy appearance of their
skin (Fig. 1A,B). However, their epidermis appeared his-
tologically normal (Fig. 1F; data not shown). Cell prolif-
eration and apoptosis, as assessed by BrdU incorporation
and in situ detection of DNA fragmentation, respec-
tively, were unaltered, and expression of specific mark-
ers for basal or suprabasal keratinocytes also appeared

Figure 1. (A,B) Living wild-type (WT) and RAR�−/− newborns.
Note the dull and glossy appearance of wild-type and RAR�−/−

newborns, respectively. (C,D) Corneodesmosome (CD) alter-
ations in RAR�−/− newborns. STEM views of squames. Insets
show TEM views of CD. (E,F) Corneodesmosin (CDSN) distri-
bution revealed by IHC (yellow, false color). In RAR�−/−, some
granular keratinocytes contain CDSN (arrows), whereas others
display less or no CDSN (arrowheads). The section in E is
slightly tangential when compared with F, resulting in an oval
appearance of nuclei. (G) Northern blot of total RNA (25 µg)
from esophagus (lanes 1,2), tongue (lanes 3,4), and back skin
(lanes 5,6). Note that two CDSN RNA species are detected in
skin. The blot was also hybridized with a �-actin probe. (H)
Newborn external appearance. The skin surface appears dull in
controls (RAR�L2/L2), RXR�af2o, and PPAR�(�)ep−/−(c) mutants,
but glossy in RAR�ep−/−(c) and RXR��ep−/−(c) mutants. (B) Basal
layer; (C) cornified layer; (CD) corneodesmosome; (D) dermis;
(G) granular layer; (S) spinous layer. Bar in F represents 15 µm in
C and D and 50 µm in E and F.
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normal (data not shown). To investigate the origin of
skin glossiness in RAR�−/− newborns, the surface of ex-
foliated squames from dorsal skin was examined by
scanning transmission electron microscopy (STEM). On
wild-type squames, numerous electron-dense plaques,
corresponding to desmosome-derived structures called
corneodesmosomes (CDs), were observed (Fig. 1C). Us-
ing transmission electron microscopy (TEM), CDs ap-
peared as regularly spaced, large plaques (Fig. 1C, inset).
In contrast, RAR�−/− exfoliated squames displayed a
smooth surface (Fig. 1D), suggesting that CDs were small
or lacking. TEM showed that CDs were actually scarce
and small in size (Fig. 1D, inset).

Corneodesmosin (CDSN), a protein synthesized into
granular keratinocytes, is associated with desmosomes
to form CDs (Montézin et al. 1997). In wild-type new-

born epidermis, CDSN was easily detected in granular
keratinocytes, along the entire skin surface (Fig. 1E). In
RAR�−/− newborns, CDSN was less abundant and un-
evenly distributed (Fig. 1F). However, CDSN transcripts
were not reduced (Fig. 1G). CDSN being normally pack-
aged into small organelles called lamellar granules (LG)
(Ishida-Yamamoto et al. 2004), we examined the epider-
mis ultrastructure. Numerous cytoplasmic LG were
seen in wild-type newborn granular keratinocytes (Fig.
2A). They contained lipids and proteins packaged as
stacks of parallel lamellae (Fig. 2A, inset) that were ex-
truded at the apical pole of granular cells (Fig. 2F,
bracket), and processed into lipid-rich multilamellar
sheets (Madison 2003) to fill most of the space between
CDs and along the granular keratinocyte–corneocyte in-
terface (Figs. 2H [inset], 4A [below]). Granular keratino-

Figure 2. (A–I) Ultrastructure of granular keratinocytes in wild-type (WT) and RAR�−/− newborns. (A,B) In wild type, numerous LGs
(large arrows) with conspicuous internal lamellar structures (inset) are present, while vesicles that lack (inset, asterisk) or display
disorganized lamellae (thin arrows) are observed in RAR�−/−. (C–E) Detection of acid lipase activity at birth. The arrowhead in C points
to a LG containing the electron-dense “dotted” lipase reaction product. Incubation without substrate was used as a negative control
in E; the large arrow points to a LG. (F,G) Junction between the outermost granular and the first cornified layer. Large arrows point
to wild-type LGs that fuse with the granular keratinocyte membrane to release their lamellar content at the cell surface (bracket). Thin
arrows point to vesicle aggregates in RAR�−/−. (H,I) Large CDs connect wild-type corneocytes together, and lipid-rich multilamellar
sheets fill the space between corneocytes (inset). Smaller CDs and aggregates of vesicles are present between the corneocytes (thin
arrows) in RAR�−/−. (J–R) Ultrastructure of granular keratinocytes in adult mice bearing somatic mutations. (J) In Tam-treated control
mice, granular keratinocytes contain LGs that release their lipid lamellar content at the cell surface (large arrows), and large CDs
connect the corneocytes together. (K,L) In RAR�ep−/− and RAR�sb−/− mice, vesicles form aggregates at the apical pole of granular
keratinocytes (thin arrows), while CDs are small. (M–R) Similar alterations are present in RXR�ep−/−(c), RXR��ep−/−(c), RXR��epaf2o(c)

,
and PPAR�(�)sb−/− mice, whereas in PPAR�−/− and PPAR�ep−/−(c) mice, granular keratinocytes contain normal LGs releasing their
lamellar content at the cell surface (large arrows). Basal and spinous keratinocytes always appeared normal (not shown). C1, C2, and
C3 indicate the first, second, and third cornified layers, respectively. (CD) Corneodesmosome; (D) desmosome; (G) granular keratino-
cyte; (KF) keratin filament bundle; (KG) keratohyalin granule; (M) mitochondria. Bar in O represents 0.5 µm in A and B; 0.1 µm in the
insets in A, B, and C–E; and 0.15 µm in F–R.
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cytes of RAR�−/− newborns contained numerous vesicles
devoid of lamellae (Fig. 2B, asterisks in inset) or display-
ing disorganized lamellae (Fig. 2B), which formed aggre-
gates at the cell apical pole (Fig. 2G) and remained
trapped between corneocytes (Fig. 2I). All of these struc-
tural abnormalities were consistently observed in the
epidermis of both RAR�−/− newborns and adults (data
not shown).

To confirm that these vesicles lacking lamellae could
correspond to altered LGs, the distribution of acid lipase,
known to be packaged into LG (Menon et al. 1986), was
analyzed by TEM cytochemistry in newborn epidermis.
In wild-type mice, the product of lipase activity (elec-
tron-dense dots) was essentially restricted to LGs of
granular keratinocytes (Fig. 2C, arrowhead), whereas it
was scattered throughout their cytoplasm in RAR�−/−

mutants (Fig. 2D), as if acid lipase packaging into LGs
was not properly achieved.

Uneven surface lipid distribution and altered
permeability barrier function in RAR�-null skin

In addition to proteins, LGs extrude lipids, whose trans-
formation yields the epidermal permeability barrier
(Madison 2003). Nile red staining showed that neutral
lipids formed a dense, continuous ribbon on top of the
cornified layer in wild-type newborn (Fig. 3A) and adult
(Fig. 3C) epidermis. In contrast, neutral lipids were un-
evenly distributed along the cornified layer of the
RAR�−/− epidermis (arrowheads), both in newborns (Fig.
3B) and adults (Fig. 3D), suggesting possible alterations of
the skin permeability barrier. However, this barrier was
not severely altered at birth, as judged from diffusion in
the skin of the fluorescent dye Lucifer yellow that was
retained in the upper layer of the stratum corneum both
in wild-type and RAR�−/− littermates (data not shown),
as well as from a comparison of weight loss between
wild-type and RAR�−/− littermates over a 24-h period
(data not shown). In adults, trans-epidermal water loss
(TEWL) was increased by ∼20% in RAR�−/− mice
(6.48 ± 0.29 g/h · m2 in wild type [n = 12] vs. 8.12 ± 0.61
g/h · m2 in RAR�−/− [n = 10]; p < 0.05), indicating that
the permeability barrier function was actually altered.

RAR� and RXR� are required in keratinocytes for
lamellar granule formation

To determine whether the above structural defects re-
flected a cell-autonomous function of RAR�, somatic
mutants in which RAR� ablation was restricted to epi-
dermal keratinocytes were generated. RAR�L2/L2 mice
bearing floxed RAR� alleles were crossed with either
K14-CreERT2 or CMV-CreERT transgenic mice that ex-
press tamoxifen (Tam)-inducible forms of Cre recombi-
nase in basal or suprabasal keratinocytes, respectively
(Metzger et al. 2003). Adults obtained from these crosses
were treated with Tam, yielding RAR�ep−/− or RAR�sb−/−

mice, in which RAR� ablation in all epidermal layers or
selectively in the suprabasal layer, respectively, was

Figure 3. Histochemical detection of lipids in newborn (A,B)
and adult (C–N) mice, using Nile red staining. (A–H) On top of
the cornified layer, neutral lipids are concentrated as a yellow
continuous ribbon in wild-type (WT) epidermis, while their dis-
tribution is interrupted (arrowheads) in mutants as indicated.
The dermis staining in C is artifactual. (I–N) Surface lipid dis-
tribution is interrupted (arrowheads) in wild-type mice topically
treated with RA, BMS961, or BR1211, whereas it remains con-
tinuous upon topical treatment with BMS753, BMS649, or
BMS493. Note in I the typical thickening of the epidermis re-
sulting from RA-induced basal keratinocyte proliferation
(Chapellier et al. 2002b). Phospholipid distribution (orange) is
not affected. (B) Basal layer; (C) cornified layer; (D) dermis; (E)
epidermis; (SB) suprabasal layer. Bar in N represents, 50 µm in A
and B and 300 µm in C–N.
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verified by Southern blot analysis and IHC (Metzger et
al. 2003). Upon Tam treatment, the epidermis ultrastruc-
ture of control littermates (RAR�L2/L2) was undistin-
guishable from that of wild-type mice (Fig. 2J). In con-
trast, both RAR�ep−/− (Fig. 2K) and RAR�sb−/− (Fig. 2L)
adults displayed an epidermis phenotype identical to
that of RAR�−/− mice with regard to (1) alterations of
CDs, (2) presence of vesicles forming aggregates at the
apical pole of granular keratinocytes, instead of normal
LGs (Fig. 2, cf. K,L and G), and (3) uneven neutral lipid
distribution at the skin surface (Fig. 3E,F, arrowheads).
Thus, ablation of RAR� in suprabasal keratinocytes is
sufficient to yield defects in CD, LG, and surface lipids
that were identical to those observed either in RAR�−/−

or RAR�ep−/− mice. Hereafter, we refer to these abnor-
malities taken collectively as the “LG and related de-
fects.” Crossing RAR�L2/L2 mice with K14-Cre trans-
genic mice generated RAR�ep−/−(c) mice, in which RAR�
ablation occurred in keratinocytes during fetal skin de-
velopment (Li et al. 2001). Like the RAR�ep−/− adults
described above, RAR�ep−/−(c) newborns exhibited the LG
and related defects (data not shown). In addition, the skin
surface of RAR�ep−/−(c) newborns was glossy (Fig. 1H),
and at adulthood the TEWL of these mice was increased
(6.48 ± 0.29 g/h · m2 in wild type [n = 12] vs. 7.51 ± 0.30
g/h · m2 in RAR�ep−/−(c) [n = 14]; p < 0.05). There was ap-
parently no functional redundancy between RAR� and
RAR� in keratinocytes, as the same abnormalities were
observed in RAR�−/− mice and in mice that, in addition,
lacked RAR� selectively in epidermal keratinocytes,
while RAR�−/− epidermis was normal (Chapellier et al.
2002b; data not shown).

To determine whether RXR� could be the het-
erodimerization partner of RAR� in keratinocytes, mice
in which RXR� alleles are floxed (RXR�L2/L2) were
crossed with K14-Cre transgenic mice to generate
RXR�ep−/−(c) mice, in which RXR� ablation is restricted
to keratinocytes during skin development (Li et al. 2001).
As RAR�−/− and RAR�ep−/−(c) mice, RXR�ep−/−(c) mice ex-
hibited the LG and related defects (Figs. 2M, 3G), and a
glossy skin at birth (Li et al. 2001; data not shown). In
addition, mice bearing floxed RXR� and RXR� alleles
(RXR��L2/L2 mice) were crossed with K14-Cre transgen-
ics to generate RXR��ep−/−(c) mice. These mutants dis-
played CD and LG defects (Fig. 2N), as well as skin
glossiness (Fig. 1H), identical to those of RAR�−/−,
RAR�ep−/−(c), and RXR�ep−/−(c) mice, while no LG and
related defects were seen in RXR�-null mice (data not
shown). We concluded from these observations that, for
LG formation, there is little or no functional redundancy
between RXR� and RXR�, and therefore that het-
erodimers between RAR� and RXR� could be instru-
mental to LG formation in keratinocytes.

Topical treatment with an RAR�-selective agonist
mimics RAR� ablation, whereas a pan-RAR
antagonist has no effect

The above results prompted us to investigate the effects
of topical treatment with RA and selective retinoids on

wild-type adult epidermis ultrastructure. Administra-
tion of RA (40 nmol) resulted in the disappearance of LGs
that are easily recognized in the vehicle-treated control
mice (Fig. 4A,D). Instead, and similarly to the LG and
related defects, vesicles without lamellae appeared that
(1) had the same size and cellular localization as LGs
(Fig. 4E), (2) formed aggregates at the apical pole of the
outermost granular keratinocytes (Fig. 4B), and (3) were
retained between corneocytes (Fig. 4B, asterisk). Accord-
ingly, the size and number of CDs attaching the corneo-
cytes together were reduced (data not shown), the lipid
multilamellar sheets between corneocytes did not form
at all (Fig. 4, cf. A and B), and neutral lipids were un-
evenly distributed along the cornified layer (Fig. 3I, ar-
rowheads). In keeping with these results, similar empty
vesicles have been previously described in epidermis of
RA-fed mice (Elias et al. 1981).

Topical treatment with the RAR�-selective agonist
BMS753 (40 nmol) or the RXR-selective agonist BMS649
alone (10 nmol) had no effects on LG structure (Fig.
4C,F,H,K) and lipid distribution at the skin surface (Fig.
3K,L). In contrast, mice treated with the RAR�-selective
agonist BMS961 (3 nmol) displayed LG, CD (Fig. 4G,J),
and surface lipid defects (Fig. 3J) similar to those de-
scribed above that were enhanced upon coadministra-
tion of 10 nmol of the RXR-selective agonist BMS649
(Fig. 4I,L). It is worth noting that the LG and related
defects are independent of keratinocyte proliferation, as
they were observed using a dose of BMS961 (3 nmol) too
low to induce epidermal hyperplasia (Supplementary Fig.
1C). These synergistic effects between BMS961 and
BMS649 indicate that the RA-induced alterations in ke-
ratinocytes resulted from activation of RXR/RAR� het-
erodimers, in which transactivation by RXR was subor-
dinated to binding of an agonistic ligand to RAR�.

Importantly, treatment with the pan-RAR antagonist
BMS493 (40 nmol) did not alter structure and extrusion
of LGs at the apical pole of the outermost granular ke-
ratinocytes (Fig. 4M,P), nor was neutral lipid distribution
irregular at the epidermis surface (Fig. 3M). The effec-
tiveness of the BMS493 treatment was checked by its
ability to counteract the BMS961-induced expression of
the RA-controlled Cyp26a1 and Crabp2 genes (Supple-
mentary Fig. 1G). Note that, on its own, treatment with
acetone (the vehicle for retinoids) had no effect on LG
structure (Fig. 4A,D) and lipid distribution at the skin
surface (data not shown), while none of the topical treat-
ments altered RAR� expression (Supplementary Fig. 2B).
Altogether, the above data show that blocking RA sig-
naling through treatment with the pan-RAR antagonist
BMS493 did not alter the structure of LGs, whereas ac-
tivating RA signaling, through treatment with RA or
with a RAR�-selective agonist, produced LG alterations
identical to those observed upon ablation of RAR� and
RXR� in keratinocytes. As unliganded RAR/RXR het-
erodimers can repress gene transcription through inter-
action with corepressors (Perissi and Rosenfeld 2005), we
concluded that the LG defects exhibited by RAR� and
RXR� loss-of-function mutants most likely reflected the
artifactual expression of one or several genes, whose ex-
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pression was normally repressed by unliganded RAR�/
RXR� heterodimers.

Transcriptional activation mediated by PPAR� is also
required for the formation of lamellar granules

According to the above repression scenario, impairment
of the AF-2 ligand-dependent transcriptional activation
functions of RXR� and RXR� should not affect LG struc-
ture. Unexpectedly, the epidermis of RXR�af2o (Mascrez
et al. 1998) newborns and of RXR��epaf2o(c)

adult mice ex-
pressing, respectively, RXR� or RXR� and RXR� that are
deleted for their AF-2 core (helix 12) actually displayed
the LG and related defects (Fig. 2O). In keeping with
these observations, topical application of 10 nmol of the
selective pan-RXR antagonist BR1211 (Supplementary
Fig. 1; Ohta et al. 2004) on wild-type adult skin also
resulted in the appearance of the LG and related defects
(Figs. 4N,Q, 3N). Importantly, these BR1211-induced LG

defects were mostly prevented upon coadministration of
200 nmol of the RXR-selective agonist BMS649 (Fig.
4O,R). Altogether, these observations suggested that the
generation of LGs requires, in addition to an unliganded
RAR�/RXR-mediated repression, either an RXR ho-
modimer-mediated activation, or a NR/RXR-mediated
activation in which RXR AF-2 would synergistically act
with a NR heterodimerization partner distinct from
RAR�.

That PPARs are involved in lipid metabolism and ex-
pressed in keratinocytes prompted us to examined the
epidermis of mice bearing PPAR-null mutations. We
generated PPAR�ep−/−(c) and PPAR�(�)ep−/−(c) mice, selec-
tively lacking either PPAR� or PPAR�(�) in keratino-
cytes, through crossing mice bearing floxed PPAR� or
PPAR�(�) alleles with K14-Cre transgenics, and also used
PPAR�−/− mice (Lee et al. 1995). The PPAR�−/− (Fig. 2P)
and PPAR�ep−/−(c) (Fig. 2Q) epidermis ultrastructure
and surface lipid distribution were normal. In contrast,

Figure 4. Epidermis ultrastructure in adult mice topi-
cally treated with retinoids. (A–R) TEM views from
mice treated as indicated using acetone (vehicle con-
trol), RA, BMS753, BMS961, BMS649 alone or in com-
bination with BMS961, BMS493, and BR1211 alone or
in combination with BMS649. In control, BMS753-,
BMS649-, and BMS493-treated mice, normal LGs re-
leasing their lipid content at granular keratinocyte api-
cal pole (large arrows) to form multilamellar sheets be-
tween corneocytes (brackets) are observed. In RA-,
BMS961-, and BR1211-topically treated mice, vesicles
(thin arrows) form aggregates at the granular keratino-
cyte apical pole, and persist between corneocytes (as-
terisks). Coadministration of BMS649 and BMS961
worsens the defects. Coadministration of BMS649
mostly prevents the appearance of the BR1211-induced
defects, although few aggregates can be observed be-
tween corneocytes (asterisk in O). C1 and C2 indicate
the first and second cornified layers, respectively. (D)
Desmosome; (G) granular keratinocyte. Bar in R repre-
sents 0.1 µm in A–C, G–I, and M–O, and 0.5 µm in D–F,
J–L and P–R.
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and similarly to RXR loss-of-function mutants,
PPAR�(�)ep−/−(c) mutants displayed LG and related de-
fects (data not shown), as well as uneven CDSN distri-
bution along the granular layer (Supplementary Fig. 3).
To determine whether these defects reflected the re-
quirement of PPAR�(�) in basal or in suprabasal kera-
tinocytes, PPAR�(�)L2/L2 mice were crossed with K10-
CreERT2 transgenics that express the Tam-inducible Cre
in suprabasal keratinocytes. Adults obtained from these
crosses were treated with Tam, yielding PPAR�(�)sb−/−

mice. Importantly, ablation of PPAR�(�) in suprabasal
keratinocytes of these mice resulted in the LG and re-
lated defects (Figs. 2R, 3H). These results strongly sug-
gested that, in addition to RXR/RAR� heterodimers, het-
erodimers between RXR� and PPAR� were also cell-au-
tonomously required in suprabasal keratinocytes for the
generation of LG. Note that none of the retinoid topical
treatments that were used altered PPAR�(�) expression
(Supplementary Fig. 2B).

Ablation of PPAR�(�) most probably alters lamellar
granule formation through decreasing cholesterol
synthesis

Impairment of cholesterol synthesis has been shown to
induce LG defects (Menon et al. 1992). However, the
transcript levels of Hmgcs1 and Hmgcr (coding for 3-hy-
droxy-3-methylglutaryl coenzyme A [HMG-CoA] syn-
thase 1 and HMG-CoA reductase, respectively) were
not altered in RAR�ep−/− and PPAR�(�)ep−/−(c) newborn
epidermis (Supplementary Fig. 2C). In contrast, the
level of Hmgcs2 transcript (coding for HMG-CoA syn-
thase 2) was strongly reduced in PPAR�(�)ep−/−(c) and
RXR��ep−/−(c) newborns, but not in RAR�ep−/−(c) new-
borns (Fig. 5A). Accordingly, TLC analysis of lipids ex-
tracted from the skin surface indicated a marked de-
crease in cholesterol in PPAR�(�)ep−/−(c) and RXR��ep−/−(c)

newborns (Fig. 5B), but not in RAR�ep−/−(c) newborns
(data not shown). Thus, even though the LG and related
defects generated by either RAR� and PPAR�(�) ablation
appear similar, Hmgcs2 expression is not affected by
RAR� ablation, indicating that the target genes of RAR�/
RXR� and PPAR�(�)/RXR heterodimers could be differ-
ent, which is in keeping with the observation that the
skin of RAR�ep−/−(c) newborns is shiny, in contrast to
that of PPAR�(�)ep−/−(c) mutants (Fig. 1H). Even though
none of the other possible target genes that we analyzed
exhibited an altered expression in RAR�ep−/−(c) or
PPAR�(�)ep−/−(c) newborn epidermis (Supplementary Fig.
2C), our data clearly indicate that PPAR�(�)/RXR� het-
erodimers could be instrumental to LG formation
through controlling cholesterol synthesis. In this re-
spect, we found that a topical administration of choles-
terol to PPAR�(�)ep−/−(c) adults cured the LG and related
defects (Fig. 5C,D).

It is commonly thought that PPAR/RXR heterodimers
are permissive heterodimers in which RXR can activate
transcription of target genes upon binding of its cognate
ligand, even when PPAR is unliganded (Gronemeyer et
al. 2004; Chambon 2005). Accordingly, expression of
Hmgcs2 was approximately threefold increased in the

skin of wild-type adult mice topically treated with the
pan-RXR agonist BMS649, whereas it was markedly de-
creased upon topical treatment with the pan-RXR-selec-
tive antagonist BR1211 (Fig. 5E), indicating that Hmgcs2
expression was enhanced by PPAR�(�)/RXR het-
erodimers in which the RXR partner was actually tran-
scriptionally active. In keeping with this conclusion, ex-
pression of Hmgcs2 was markedly reduced in RXR��epaf2o

adult mutant mice (Fig. 5F), which selectively express in
their keratinocytes RXR� and RXR� lacking AF-2. More-
over, expression of Hmgcs2 was approximately threefold
increased in the skin of wild-type adult mice treated
with the PPAR�(�)-selective agonist L165041 (Fig. 5E),
indicating that the PPAR partner can also be transcrip-
tionally active. To investigate their possible synergistic
action, we tested whether topical application of the
PPAR�(�) agonist L165041 could rescue the LG and re-
lated defects observed in mice expressing RXR� and
RXR� lacking their AF-2. Like their RXR��epaf2o(c)

new-
born counterparts (Fig. 2O), RXR��epaf2o

adult mutants
displayed the LG and related defects (Fig. 6C,G,K). Inter-
estingly, upon treatment with the L165041 agonist, the
epidermis of RXR��epaf2o

adult mice (Fig. 6D,H) was simi-
lar to that of control mice (Fig. 6A,B,E,F), and Nile red
staining showed that, as in controls (Fig. 6I,J), neutral
lipids formed a continuous ribbon on top of the cornified
layer in L165041-treated RXR��epaf2o

adult epidermis
(Fig. 6L). In keeping with these observations, expression
of Hmgcs2 was enhanced in the skin of RXR��epaf2o

adults treated with L164051 (Fig. 5F). Therefore, topical
administration of L165041 increases Hmgcs2 expression,
and restores LG structure and extrusion in keratinocytes
of mice expressing RXR� and RXR� that are both lacking
their AF-2.

Ablation of RXR� AF-2 abrogates the transcriptional
activity of RXR�, but does not silence the PPAR�(�)
partner

Our above data strongly suggest that, within RXR�/
PPAR�(�) heterodimers, the ablation of RXR� AF-2 does
not silence the transcriptional activity of the PPAR�(�)
partner. Alternatively, as deleting the AF-2 helix 12
could possibly convert RXR into a transcriptional repres-
sor due to increased affinity for corepressors (Zhang et al.
1999), the ablation of RXR� AF-2 may have decreased
the activity of the RXR��AF-2/PPAR�(�) heterodimer
through silencing of PPAR�(�). To investigate this pos-
sibility, we first performed electrophoretic mobility shift
assays (EMSA) using the Hmgcs2 PPAR-response ele-
ment (PPRE). Deleting helix 12 of RXR� did not impair
the heterodimer binding to the PPRE (Fig. 5G). We then
analyzed the activity of RXR�/PPAR�(�) and RXR��AF-
2/PPAR�(�) heterodimers in transiently transfected
HepG2 cells, using a Hmgcs2 PPRE-containing reporter
(Fig. 5H). Compared with basal conditions (Fig. 5H, lane
3), RXR�/PPAR�(�)-transfected cells treated either with
the RXR-selective ligand BMS649 (Fig. 5H, lane 4) or
with increasing concentrations of L165041 (Fig. 5H,
lanes 7,11,15) exhibited a significant increase in expres-
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sion of the reporter. When both compounds were added
together (Fig. 5H, lanes 8,12,16), there was a synergistic
increase in reporter expression at all three L165041 con-
centrations. Importantly, in RXR��AF-2/PPAR�(�)-
transfected cells, the reporter expression was still signifi-
cantly increased upon addition of L165041 (Fig. 5H, cf
lanes 9,13,17 and 5), but no synergism was observed
upon addition of BMS649 (Fig. 5H, lanes 10,14,18). It
appears therefore that both ligand-activated RXR� and
PPAR�(�) can effectively contribute to the increased
transcription of responsive genes, and that deleting
RXR� AF-2 selectively abrogates the RXR�-dependent
activity. Therefore, assuming that deletion of AF-2 helix
12 is equivalent to the absence of an agonistic ligand
(Mascrez et al. 1998), a liganded RXR� appears to be re-
quired to maintain Hmgcs2 expression to a level com-
patible with efficient LG formation.

Discussion

Late during granular keratinocyte differentiation, ovoid
organelles named lamellar granules (LGs) are formed
from the tubular branched portion of the Golgi appara-
tus. LGs contain lipids (e.g., phospholipids and choles-
terol), hydrolytic enzymes (e.g., lipases, proteases), and
other proteins (e.g., corneodesmosin, CDSN), which are
organized as lamellae. At the apical pole of the outer-
most granular keratinocytes, LGs release their content,
which is then assembled into multilamellar lipid sheets
surrounding the corneocytes, and also contributes to the
formation of corneodesmosomes and of a continuous rib-
bon of neutral lipids evenly distributed on top of the
cornified layer, thereby participating in generation of the
skin permeability barrier (Madison 2003).

Our present data reveal that the keratinocyte-selective

Figure 5. (A–F) Alteration of cholesterol metabolism
upon PPAR�(�) or RXR� (and �) ablations in keratino-
cytes. (A) Real-time quantitative RT–PCR analysis for
Hmgcs2 transcripts in total RNA from wild-type (WT),
RAR�ep−/−(c), RXR��ep−/−(c), and PPAR�(�)ep−/−(c) new-
born epidermis. Values (arbitrary units) correspond to
the mean amount ± SEM of RNA transcripts detected
in the epidermis of each genotype (n = 4), relative to the
amount of �-actin transcripts (unchanged upon muta-
tion). (B) TLC analysis of lipids from the surface of new-
borns with genotypes as indicated. (Lanes 1,10) Lipid
standards. (C) Cholesterol; (CE) cholesteryl ester (stea-
rate); (Cer) ceramides; (FA) fatty acids. (C,D) TEM views
from PPAR�(�)ep−/−(c) epidermis topically treated with
cholesterol. (C) In ethanol (vehicle)-treated mutants,
vesicles aggregate at the granular keratinocyte apical
pole and persist between corneocytes (asterisk). (D) In
cholesterol-treated mutants, LGs release their lipid
content at the granular keratinocytes apical pole to
form multilamellar sheets (brackets). Aggregates of
vesicles present between corneocytes (asterisk) arise
from the PPAR�(�)-null keratinocytes that differenti-
ated into corneocytes before the onset of cholesterol
administration. C1 and C2 indicate the first and second
cornified layers, respectively. (CD) Corneodesmosome;
(D) desmosome; (G) granular keratinocyte. Bar in D rep-
resents 0.1 µm. (E) Real-time quantitative RT–PCR
analysis for Hmgcs2 transcripts in total RNA from back skin of wild-type adult mice topically treated with acetone vehicle, BMS649,
BR1211, or L165041. Values (arbitrary units) correspond to the mean amount ± SEM of RNA transcripts detected in each series (n = 3),
relative to the amount of glyceraldehyde-3-phosphate dehydrogenase transcripts (unchanged upon topical treatment). (F) Real-time
quantitative RT–PCR analysis for Hmgcs2 transcripts in total RNA from the back skin of wild-type and RXR��epaf2o

mice treated with
ethanol vehicle or L165041. Values (arbitrary units) correspond to the mean amount ± SEM of RNA transcripts detected in the skin
of each genotype (n = 3), relative to the amount of 36B4 transcripts (unchanged upon mutation). (A,E,F) Asterisks indicate a significant
difference from the wild-type values (p < 0.05). (G,H) Effects of AF-2 deletion on binding property and transcriptional activity of RXR�

in heterodimer with PPAR�(�). (G) EMSA showing that both RXR�/PPAR�(�) (lane 4) and RXR��AF-2/PPAR�(�) (lane 12) het-
erodimers (H) equally bind to the Hmgcs2 PPRE (p). The complexes formed were supershifted by addition of antibodies against RXR�

(closed arrowhead, lanes 5,13) or PPAR�(�) (open arrowhead, lanes 6,14). EMSA competitions were performed with a 1000-fold excess
of unlabeled PPRE (lanes 7,15) or mutated PPRE (m, lanes 8,16). The left inset shows SDS-PAGE analysis of in vitro translated proteins,
indicating that RXR� (lane b), RXR��AF-2 (lane c), and PPAR�(�) (lane d) were produced with similar efficiencies. Lane a contains the
same amount of lysate translated without receptor cDNA template. (H) HepG2 cell transfections with the Hmgcs2 PPRE-tk-Cat
reporter, and RXR�-, RXR��AF-2-, and PPAR�(�)-expressing vectors, as indicated. The ligand for RXR� (BMS649) was added at 5.10−7

M, as indicated. The ligand for PPAR�(�) (L165041) was added at increasing concentrations: 10−8 M (gray bars), 10−7 M (dark-gray bar),
and 10−6 M (black bars). (White bars) No L165041 added. Four independent experiments were performed with triplicate transfections
for each condition. Bars show the mean CAT activity ± SEM relative to �-galactosidase activity. (*,§,#) Indicate a significant difference
versus lane 3 (p < 0.01), lane 4 (p < 0.001), and lane 5 (p < 0.01), respectively. There is no significant change between lanes 3, 5, and 6;
lanes 7, 9, and 10; lanes 11, 13, and 14; and lanes 15, 17, and 18.
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genetic ablation of either RAR�, PPAR�(�), or RXR� in
the mouse impairs the formation of these multilamellar
lipid sheets and of the corneodesmosomes, and alters the
even distribution of neutral lipids on top of the cornified
layer. That, concomitantly, the mutant granular kera-
tinocytes contain vesicles whose size and localization
are similar to those of LGs and that are unable to fuse to
the membrane of the outermost granular keratinocytes
leaves little doubt that the primary defect(s) in these ke-
ratinocytes lie(s) in LG biogenesis. This conclusion is
further supported by the observation that (1) the acid
lipase that is normally associated with LGs is found scat-
tered throughout the cytoplasm of RAR�-null granular
keratinocytes, and (2) CDSN, a protein normally pack-
aged in LGs, is not regularly detected along the su-
prabasal layers of the mutant mice. Thus, the biogenesis
of LGs in granular keratinocytes offers an interesting in-
tegrated model system in vivo to unveil the molecular
mechanisms that allow two NR signaling pathways,
those of RAR� and PPAR�(�), to keep their identity,
while sharing the same RXR� heterodimerization part-
ner. Whether and how RAR�/RXR� and PPAR�(�)/RXR�
heterodimers control gene expression, how actively
RXR� participates in this control within these het-
erodimers, whether or not there is any evidence that
RXR� could be liganded and what the nature of the li-
gand possibly could be are some of the questions that we
raised.

Repressing heterodimers between unliganded RAR�
and RXR� are cell-autonomously required for the
generation of LGs in suprabasal keratinocytes

The finding of identical LG and stratum corneum defects
in RAR�-null and suprabasal keratinocyte-selective
RAR�sb−/− mutants demonstrates that RAR� acts cell-
autonomously in suprabasal keratinocytes. This action

is a transcriptional repression, as a topical treatment
with a pan-RAR antagonist (BMS493) had no effect on
epidermis structure, whereas a treatment with all-trans
RA or with a RAR�-selective agonist (BMS961), but not
with a RAR�-selective agonist (BMS763), generates LG
defects identical to those resulting from RAR� ablation.
Furthermore, these defects were worsened by cotreat-
ment with the RAR�-selective ligand and a pan-RXR
agonist (BMS649), which on its own had no effect on LG
structure. This synergism indicates that the RAR� ago-
nist-induced LG defects result from activation of RAR�/
RXR� heterodimers, previously shown to operate in su-
prabasal keratinocytes (Chapellier et al. 2002b), and in
which transactivation by RXR is subordinated to the
binding of an agonist ligand to RAR�.

That heterodimers between unliganded RAR� and
RXR mediate repression events in epidermal keratino-
cytes is in keeping with the expression of the SMRT
(NcoR2) and NCoR (NcoR1) corepressors in mouse epi-
dermal keratinocytes, and with the effect of a topical
treatment with the histone deacetylase inhibitor tricho-
statin A (Yoshida et al. 1990) that results in epidermis
defects very similar, if not identical, to those displayed
by RAR� loss-of-function mutants (Supplementary Fig.
4). It is also in keeping with the apparent lack of RA in
epidermis (Randolph and Siegenthaler 1999; Saurat et al.
1999) and with the lack of LG abnormalities in vitamin
A-deficient mice (Supplementary Fig. 5). Thus, we con-
clude that RAR�/RXR�-mediated repression events are
cell-autonomously mandatory for LG biogenesis in su-
prabasal keratinocytes (Fig. 7A). When this repression is
relieved, which can be achieved with doses of retinoids
lower than those required for triggering the RAR�/
RXR�-mediated proliferation of basal keratinocytes
(Supplementary Fig. 1; Chapellier et al. 2002b), the pro-
duction of LGs is impaired due to the artifactual dere-
pression of target gene(s), whose identity and function
remain to be determined.

Figure 6. Effects of PPAR�(�) activation
on epidermis ultrastructure and surface
lipid distribution in adult mice with geno-
types as indicated. TEM views (A–H) and
histochemical detection of lipids using
Nile red staining (I–L) in control mice
(RXR��L2/L2) and in mutants expressing
RXR� and RXR� lacking their AF-2
(RXR��epaf2o

), topically treated with ac-
etone vehicle or with the PPAR�(�)-selec-
tive agonist L165041. (A,B,E,F,I,J) In con-
trols, normal LGs (large arrows) release
their content at the granular keratinocyte
apical pole, and lipid distribution is even.
(C,G,K) In RXR��epaf2o

mice treated with
acetone, vesicles (thin arrows) form aggre-
gates that persist between corneocytes,
and lipid distribution is interrupted (ar-
rowheads). (D,H,L) Topical administra-
tion of L165041 to RXR��epaf2o

mice cures
LG and surface lipid defects. C1 and C2 indicate the first and second cornified layers, respectively. (CD) Corneodesmosomes;
(D) desmosome; (G) granular keratinocyte; (M) mitochondria. Bar in L represents 0.1 µm in A–D, 0.5 µm in E–H, and 160 µm in I–L.
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Activating heterodimers between PPAR�(�) and a
transcriptionally active RXR� are cell-autonomously
required for the generation of LGs in suprabasal
keratinocytes

Three lines of evidence strongly support the conclusion
that heterodimers between PPAR�(�) and a transcrip-
tionally active RXR� cell-autonomously activate the ex-

pression of target genes that are required for LG bio-
genesis in suprabasal keratinocytes (Fig. 7A). Firstly,
ablation of PPAR�(�) in suprabasal keratinocytes
[PPAR�(�)sb−/− mutants] results in LG and related defects
very similar to those generated by RXR� ablation. Sec-
ondly, either topical treatment with a pan-RXR AF-2 an-
tagonist (BR1211) or impairment of the AF-2 of RXR�
(and RXR�) by deletion of the AF-2 core (helix 12) in
epidermal keratinocytes (RXR��epaf2o

mice), which both
should not relieve the repression exerted by RAR�/RXR
heterodimers in which RAR� is unliganded (Zhang et al.
1999), also result in LG defects. Thirdly and importantly,
a topical application of the PPAR�(�) agonist L165041
can rescue LG and related defects in RXR��epaf2o

mice,
which supports the conclusion that PPAR�(�) and RXR�
synergistically contribute to LG biogenesis. In this re-
spect, it is worth stressing that our data additionally in-
dicate that deleting helix 12 of RXR� impairs neither the
heterodimerization with PPAR�(�) in vitro nor the li-
gand-dependent activity of the PPAR�(�) partner in
HepG2 cells. We conclude that it is most likely that the
effect of the RXR�af2o mutation is to abrogate the RXR�-
dependent transcriptional activity, without silencing
that of PPAR�(�) within the heterodimers. This conclu-
sion is in keeping with our earlier in vivo observations
showing that embryos expressing both RXR��AF-2 and
RXR��AF-2 survive until gestation day 14.5 (Mark et al.
2006), while null mutants for RXR� and RXR� (Wen-
dling et al. 1999), PPAR�(�) (Barak et al. 2002), or PPAR�
(Barak et al. 1999) all die at embryonic day 9.5 from
highly similar, if not identical, placental defects char-
acterized by the absence of formation of the labyrin-
thine zone of the chorioallantoic placenta. Therefore,
PPAR�(�)/RXR�AF-2 and PPAR�/RXR�AF-2 hetero-
dimers allow the early step of placentation to take place
normally, clearly indicating that AF-2 deletions are not
converting RXRs into potent transcriptional repressors
that silence their PPAR partners.

That inhibition of cholesterol synthesis by lovastatin
induces LG defects (Menon et al. 1992) prompted us to
examine whether expression of genes involved in this
metabolic pathway could be a target for PPAR�(�)/RXR
heterodimers. Hmgcs2, encoding the HMG-CoA syn-
thase 2, is likely to be one of these target genes, as both
its expression and cholesterol levels are reduced in the
epidermis of PPAR�(�)ep−/−(c) and RXR��ep−/−(c) new-
borns, while topical administration of cholesterol cures
the LG and related defects displayed by PPAR�(�)ep−/−(c)

adults. In addition, Hmgcs2 expression is increased in
wild-type adult epidermis topically treated with either
the PPAR�(�)-selective agonist L165041 or the pan-RXR
agonist BMS649, whereas it is decreased by the pan-RXR
antagonist BR1211. These observations, the presence of
functional PPAR response element in the Hmgcs2 gene
(Rodriguez et al. 1994), the decrease of its expression in
the skin of mutant mice lacking RXR AF-2 in their ke-
ratinocytes (RXR��epaf2o

mice), and the enhancement of
its expression by the PPAR�(�) agonist L165041 in these
mice, all strongly support, at the molecular level, the
conclusion that PPAR�(�)/RXR heterodimers, in which

Figure 7. The concomitant occurrence of RAR/RXR-mediated
repression and RXR/PPAR�(�)-mediated activation events ob-
served in mouse epidermis suprabasal keratinocytes refutes the
possibility that the ligand activating RXR AF-2 could be 9-cis
RA. (A) Scenario A: The RXR-activating ligand is not 9-cis RA.
Within activating PPAR�(�)/RXR� heterodimers, the AF-2 of
RXR� is required to activate gene expression, notably that of
Hmgcs2. Thus, RXR� most likely binds an agonistic ligand, and
PPAR�(�)/RXR� heterodimers interact with coactivators
(NcoAs/SRCs) (shown in the left panel). On the other hand,
within repressing RAR�/RXR� heterodimers, RXR� cannot be
transcriptionally active, due to subordination of its transcrip-
tional activity to that of its repressing RAR� partner, which has
to be in its unliganded apo-form in order to bind corepressors
(NcoR/SMRT) that block the transcriptional activity of RXR�

(shown in the middle panel). It follows that there should not be
any retinoic acids in suprabasal keratinocytes, and therefore
that the RXR-activating ligand cannot be 9-cis RA. Under these
conditions, lamellar granule (LG) formation and epidermis ul-
trastructure are normal (shown in the right panel). (B) Scenario
B: The RXR-activating ligand is 9-cis RA. In this case, RXR�

binds 9-cis RA and PPAR�(�)/RXR� heterodimers interact with
coactivators (NcoAs/SRCs) (shown in the left panel). However,
9-cis RA also binds to RAR�, thus relieving RXR� subordina-
tion and activating RAR�/RXR� heterodimers, which no longer
repress gene expression (shown in the middle panel). Under
these conditions, LG biogenesis is impaired (shown in the right
panel). As this is not actually the case, the possibility that 9-cis
RA could be the ligand activating RXR AF-2 is ruled out.
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RXR� is transcriptionally active, are instrumental to LG
biogenesis.

A retinoic acid cannot be the physiological
RXR�-activating ligand in mouse epidermal
suprabasal keratinocytes

Two observations strongly support the conclusion that,
within activating PPAR�(�)/RXR heterodimers, the tran-
scriptionally active RXR� most probably binds an ago-
nistic ligand, as both (1) deletion of the AF-2 core (helix
12) and (2) topical treatment with an RXR antagonist
(BR1211), whose effect can be competed out by a bona
fide RXR agonist (BMS649), result in LG and related de-
fects, as well as in decreased expression of the target gene
Hmgcs2. Our present study illustrates how, under physi-
ological conditions in the mouse, two signaling path-
ways, that of RAR�, which is repressing, and that of
PPAR�(�), which is activating, can be both mediated
through heterodimerization with RXR�, under condi-
tions in which an agonistic ligand is bound to RXR�. The
solution of this conundrum lies in the so-called subordi-
nation mechanism through which the transcriptional ac-
tivity of an agonist-bound RXR is subordinated, within
an RAR/RXR heterodimer, to the binding of an agonistic
ligand to its RAR partner. To prevent an agonist-bound
RXR� to transactivate on its own within a RAR�/RXR�
heterodimer, a corepressor has to bind RAR� in order to
block the transcriptional activity of its RXR� partner
(Germain et al. 2002; Gronemeyer et al. 2004). Thus,
there should be very little, if any, RAR�-activating reti-
noic acids in suprabasal keratinocytes in order to allow
the binding of a corepressor to RAR�, and to achieve
concomitantly RAR�/RXR�-mediated repression and
PPAR�(�)/RXR�-mediated activation of target genes that
are instrumental to LG biogenesis (Fig. 7A). Several lines
of evidence actually support the lack of active retinoids
in epidermis (see above for references). That a retinoid is
not present in mouse keratinocytes is further supported
by the failure of the pan-RAR antagonist BMS493 or of
the pan-RXR antagonist BR1211 to decrease Cyp26a1
and Crabp2 expressions that are otherwise inducible by
the RA (Supplementary Fig. 1G). In addition, it is known
that 9-cis RA, which unlike all-trans RA can bind to
RXRs, (1) is nearly as efficient as all-trans RA for binding
and activating the RARs, and (2) binds less efficiently to
RXRs than to RARs (Allenby et al. 1993). Thus, if 9-cis
RA would be the RXR�-activating ligand, its presence in
suprabasal keratinocytes could also activate RAR�
within RAR�/RXR� heterodimers, thereby relieving
RAR�/RXR� repression and inducing LG and related de-
fects (Fig. 7B). We conclude that 9-cis RA is most un-
likely to be the RXR�-activating ligand in suprabasal ke-
ratinocytes.

An alternative possibility would be that the epidermis
is made up of two subtype populations of suprabasal ke-
ratinocytes, one in which PPAR�(�)/RXR� heterodimers
mediate activation events, and another one in which the
RAR�/RXR�-mediated repression events are occurring.
This possibility is, however, very unlikely as both the

RAR� and RXR� proteins (Chapellier et al. 2002a;
Metzger et al. 2003), as well as PPAR�(�) transcripts
(Matsuura et al. 1999), have been uniformly detected in
suprabasal keratinocytes. Furthermore, as retinoids are
diffusible molecules able to act far away from their site
of production (Matt et al. 2005), any RXR�-activating
retinoid selectively synthesized in keratinocytes con-
taining PPAR�(�)/RXR� would diffuse toward neighbor-
ing keratinocytes containing RAR�/RXR�, unless a reti-
noid degrading enzyme would be selectively expressed in
the latter. That the RA oxidative enzyme Cyp26b1 is
uniformly detected in epidermis (Abu-Abed et al. 2002)
makes this possibility most unlikely.

Potential RXR agonistic ligands that do not activate
RARs include phytol metabolites (Kitareewan et al.
1996), docosahexaenoic acid (de Urquiza et al. 2000), and
several unsaturated fatty acids (Goldstein et al. 2003)
whose impaired synthesis results in LG defects reminis-
cent of those described in the present study (Mao-Qiang
et al. 1993). As fatty acids activate not only RXRs, but
also PPARs, it is tempting to speculate that the same
ligand could activate the two partners of PPAR�(�)/
RXR� heterodimers. It should, however, be stressed that
our present study does not rule out that the transcrip-
tional activity of RXR� may not be induced by the bind-
ing of an agonistic ligand, but through another mecha-
nism; for example, specific phosphorylation events. This
possibility cannot be excluded but appears unlikely, be-
cause such an event would (1) require the integrity of the
RXR ligand-binding domain (LBD) helix 12, (2) have to
mimic the binding of an agonist ligand to the LBD of
RXR�, and (3) have to be blocked by the binding of a
competitive RXR antagonist. In any event, 9-cis RA
binding would not be the event triggering the transcrip-
tional activity of RXR� within the PPAR�(�)/RXR� het-
erodimer in suprabasal keratinocytes.

In view of the almost ubiquitous presence of RAR�
and RXR� in a variety of cell types, one can wonder
whether 9-cis RA could ever be an RXR agonistic ligand
in vivo. Investigating, in a variety of tissues/cell types,
whether RAR/RXR-mediated repression is concomitant
with transactivation mediated by other NR/RXR het-
erodimers in which RXR is transcriptionally active
should tell us where 9-cis RA is unlikely to be an RXR
agonistic ligand. Moreover, examining where the expres-
sion of genes is reduced both in RXRaf2o mutants (lack-
ing AF-2) and in vitamin A-deficient (VAD) mice (lacking
9-cis RA) should reveal in which cases 9-cis RA could be
an agonistic ligand for RXR in vivo. In this respect, we
recently reported that cholesterol efflux from Sertoli
cells involves activating LXR�/RXR� heterodimers in
which RXR� AF-2 is transcriptionally active, whereas
VAD has no affect on this efflux, which strongly suggests
that, in this case also, 9-cis RA is most unlikely to be the
RXR�-activating ligand (Mascrez et al. 2004).

We have proposed elsewhere that low affinity agonist
ligands bound to the RXR partners of NR/RXR het-
erodimers could “sensitize,” through synergistic effects,
the transcriptional activity of these heterodimers to dis-
crete variations in the concentration of the NR cognate
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ligands (Chambon 2005). In the present case, it is inter-
esting to note that the level of the “sensitizing” RXR
ligand is high enough in suprabasal keratinocytes to syn-
ergistically reach, with a 3-nmol RAR�-selective ligand
(BMS961) treatment, the threshold level sufficient to re-
lieve the repression exerted by RAR�/RXR� het-
erodimers, but not to trigger in these cells the paracrine
events that induce the proliferation of basal keratino-
cytes that necessitates an additional cotreatment with
the selective RXR ligand BMS649.

Altered RAR�, PPAR�(�), and RXR�-dependent
mechanisms may be involved in the etiology of
human skin diseases

Exposure of human skin to UV irradiation results in the
formation of “abnormal, vacuolated and lamellar body-
deficient” granular keratinocytes (Holleran et al. 1997).
These findings, reminiscent of the phenotype found in
our loss-of-function mutants, point to possible alter-
ations of RAR�-, PPAR�(�)-, and/or RXR�-dependent
functions in LG formation in aging, photo-damaged skin.
Along these lines, xerosis senilis is a disorder of kerati-
nization characterized by (1) the presence of vesicles
similar in size and shape to LG, but without lamellate
internal structure; and (2) the disappearance of the lipid
film on top of the cornified layer (Tezuka 1983); two
features resembling those displayed by the RAR�-,
PPAR�(�)-, and RXR�-null epidermis.

Autosomal recessive congenital ichthyoses (ARCI) are
heterogeneous keratinization diseases (Fartasch 1997)
that belong either to the erythrodermic scaly type (non-
bullous congenital ichthyosiform erythroderma, NCIE)
or to the thick lamellar type (lamellar ichthyosis, LI),
both of which are characterized by LG and/or abnormali-
ties of multilamellar lipid sheets (Ghadially et al. 1992).
Mutations in Alox12b and Aloxe3 genes have been
linked to NCIE, while mutations in Tgm1 have been
observed in LI; however, our results rule out altered ex-
pression of these genes in RAR� and PPAR� loss-of-func-
tion mutants (see Supplementary Fig. 3), and none of the
“orphan” mutated loci for NCIE or LI colocalized with
gene loci encoding RAR�, PPAR�(�), and RXR� (Jobard et
al. 2002 and references therein). However, a third type of
ARCI of unknown origin, type III congenital ichthyosis,
is characterized by the occurrence of LG-derived vesicu-
lar complexes accumulating at the apical side of granular
keratinocytes and between corneocytes (Arnold et al.
1988; Niemi et al. 1992). This suggests that alteration of
RXR�-, RAR�-, and/or PPAR�-dependent mechanisms
could be involved in the etiology of some keratinization
disorders in humans.

Materials and methods

Generation of mutants and skin treatments

Mice bearing floxed alleles and expressing Cre or CreERT2 in
keratinocytes were genotyped and treated by tamoxifen as de-
scribed (Metzger et al. 2003). A single dose of retinoids or

L165041 was applied topically on dorsal skin for 5 d, then every
second day for 15 d. Skin samples were analyzed 24 h after the
last topical treatment.

Immunohistochemistry, lipid staining, and thin-layer
chromatography

Corneodesmosin was detected as described (Montézin et al.
1997). Frozen sections (10 µm thick) of unfixed epidermis were
stained with Nile red and examined by fluorescence microscopy
(450 nm). Skin lipids were extracted using the Bligh and Dyer
procedure; loaded onto silica plates run in chloroform-methanol
(9:1, v/v) for 2 min, then in chloroform-diethyl ether-ethyl ac-
etate (8:0.4:1.6, v/v) for 20 min; and revealed by molybdatophos-
phoric acid staining.

Electron microscopic analyses

For STEM, the samples were coated with palladium gold and
observed with a Philips XL20 electron microscope. For TEM,
skin samples were fixed at 4°C in Karnovsky’s solution, post-
fixed in ruthenium tetroxide (0.2% in 100 mM cacodylate
buffer), and embedded in Epon 812. Sections (50–70 nm thick)
stained with uranyl acetate and lead citrate were examined with
a Philips 208 electron microscope. Analysis of acid lipase local-
ization was as described (Menon et al. 1986).

RNA and gene expression analysis

Quantitative analysis of RNA was carried out by RT coupled to
real-time PCR in the presence of SYBR Green I dye (QBIOgen).
The specific primers are listed in Supplementary Table 1. EMSA
was performed as described (Mascrez et al. 2004) using the
mouse Hmgcs2 PPAR response element (Rodriguez et al. 1994).
HepG2 cells were transfected with the Hmgcs2 PPRE-tk-Cat
construct using JetPEi (Polyplus-Transfection). CAT assays
were performed using an Elisa test (Roche), and values were
normalized to �-galactosidase activity.

See the Supplemental Material for details.

Acknowledgments

We are grateful to Professor E. Grosshans for helpful discus-
sions; to Dr. C. Rochette-Egly and Professor G. Serre for anti-
bodies against RAR� and CDSN, respectively; to Dr. F. Gonza-
lez for PPAR�-null mice; and to Professor W. Walhi and Profes-
sor B. Desvergne for the L165041 compound. We thank B. Féret,
B. Weber, and M. Teletin, as well as the staff from the animal
facility for technical assistance. This work was supported by
funds from the Centre National de la Recherche Scientifique
(CNRS), Institut National de la Santé et de la Recherche Médi-
cale (INSERM), Collège de France, and Bristol Myers Squibb.

References

Abu-Abed, S., MacLean, G., Fraulob, V., Chambon, P., Petko-
vich, M., and Dolle, P. 2002. Differential expression of the
retinoic acid-metabolizing enzymes CYP26A1 and CYP26B1
during murine organogenesis. Mech. Dev. 110: 173–177.

Allenby, G., Bocquel, M.T., Saunders, M., Kazmer, S., Speck, J.,
Rosenberger, M., Lovey, A., Kastner, P., Grippo, J.F., Cham-
bon, P., et al. 1993. Retinoic acid receptors and retinoid X
receptors: Interactions with endogenous retinoic acids. Proc.
Natl. Acad. Sci. 90: 30–34.

Andersen, B. and Rosenfeld, M.G. 1995. Intracellular receptors.
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Calléja et al.

1538 GENES & DEVELOPMENT


