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Determining the roles of Rel/NF-�B transcription factors in mouse skin development with loss-of-function
mutants has been limited by redundancy among these proteins and by embryonic lethality associated with the
absence of RelA. Using mice lacking RelA and c-rel, which survive throughout embryogenesis on a tumor
necrosis factor alpha (TNF-�)-deficient background (rela�/� c-rel�/� tnf��/�), we show that c-rel and RelA are
required for normal epidermal development. Although mutant fetuses fail to form tylotrich hair and have a
thinner epidermis, mutant keratinocyte progenitors undergo terminal differentiation to form an outer cornified
layer. Mutant basal keratinocytes are abnormally small, exhibit a delay in G1 progression, and fail to form
keratinocyte colonies in culture. In contrast to the reduced proliferation of mutant keratinocytes during
embryogenesis, skin grafting experiments revealed that the mutant epidermis develops a TNF-�-dependent
hyperproliferative condition. Collectively, our findings indicate that RelA and c-rel control the development of
the epidermis and associated appendages during embryogenesis and regulate epidermal homeostasis in a
postnatal environment through the suppression of innate immune-mediated inflammation.

The epidermis is a stratified epithelium consisting of prolif-
erating and differentiating keratinocytes that generates an ex-
ternal barrier. The epidermis comprises four major layers. The
innermost basal layer contains the quiescent long-lived stem
cell population and rapidly dividing transit-amplifying (TA)
cells, the progeny of stem cells (61). TA cells normally undergo
a limited number of divisions before withdrawing from the cell
cycle to commence differentiation while migrating through the
suprabasal layers of the epidermis (stratum spinosum and stra-
tum granulosum) to produce the outer epidermal layer, the
stratum corneum. Keratinocytes in the stratum corneum are
terminally differentiated, enucleated cells that combine with
the cornified envelope to generate an impermeable outer bar-
rier. Coupled with the ongoing homeostatic maintenance of
the epidermis, the skin must respond to stress arising from a
wide variety of insults, which in the case of microbial invasion
involves activating and recruiting the innate immune system.
Abnormalities in the response to these insults can lead to
pathologies associated with immune-mediated inflammatory
skin disease and cutaneous neoplasms.

Among the intracellular signaling pathways implicated in the
development of skin is the Rel/NF-�B pathway. The transcrip-
tional mediators of this pathway comprise dimers of related
subunits (c-rel, RelA, RelB, NF-�B1, and NF-�B2). c-rel,
RelA, and RelB possess C-terminal transcriptional transacti-
vation domains. NF-�B1 (p50) and NF-�B2 (p52) lack intrinsic
transactivating properties and function as homodimeric tran-
scriptional repressors or modulators of transactivating dimer

partners (3). In most cells, the majority of Rel/NF-�B proteins
are retained in a latent cytoplasmic state through association
with inhibitory (I�B) proteins (63). Numerous stimuli activate
an IKK kinase complex (�, �, and � subunits) in which IKK�
phosphorylates I�B proteins (29), targeting them for ubiquitin-
dependent proteosome-mediated degradation. Rel/NF-�B
dimers then translocate to the nucleus, where they control
transcription by binding to decameric sequences (�B elements)
found within the transcriptional regulatory regions of target
genes (14). An alternative Rel/NF-�B activation pathway has
also been identified in which the NF-�B2 precursor p100 is
processed to a mature form (p52NF-�B2) in an IKK�-depen-
dent manner (53).

Skin defects are present in a number of mouse models in
which Rel/NF-�B function is perturbed. The various skin phe-
notypes observed in these models, which in some instances
appear contradictory, serve to emphasize the multitude of
roles that the Rel/NF-�B pathway is likely to play in the skin.
Mice lacking IKK� have a thickened stratum spinosum and
lack the granular and corneal layers (23, 37, 56), a phenotype
consistent with the impaired capacity of these keratinocytes to
proliferate and differentiate in culture (24). Recent studies
indicate that the skin defects observed in ikk��/� mice appear
to be Rel/NF-�B independent (24). The embryonic death of
ikk��/� mice at embryonic day �13 (E13) from fetal hepato-
cyte apoptosis (38, 57) has to date precluded an investigation
of IKK� function throughout the skin. However, conditional
elimination of IKK� within basal keratinocytes does not dis-
rupt embryonic epidermal differentiation, instead triggering a
severe inflammatory skin condition following birth (44).

Loss of IKK� in mice resembles the human X-linked disor-
der incontinentia pigmenti. Unlike ikk��/� male mice, which

* Corresponding author. Mailing address: The Walter and Eliza
Hall Institute of Medical Research, 1G Royal Parade, Parkville, Vic-
toria 3050, Australia. Phone: 61393452542. Fax: 61393470852. E-mail:
gerondakis@wehi.edu.au.

5733



die at �E12 from hepatocyte apoptosis, ikk��/� females sur-
vive and display skin defects characterized by epidermal hy-
perproliferation, hyperkeratosis, hyperpigmentation, and in-
flammation (39, 47, 49). A range of phenotypes were also
observed in transgenic mice expressing a nondegradable mu-
tant form of I�B-� within the skin, which acts as a constitutive
repressor of NF-�B signaling. Keratin-14 promoter-targeted
expression of mutant I�B-� led to a hyperproliferative skin
condition (52, 60). Constitutive ubiquitous expression of an
I�B-� transgene did not lead to epidermal basal cell hyperpro-
liferation, instead causing defects in hair follicle and exocrine
gland development (50). Conversely, sustained NF-�B activity
in I�b��/� mice resulted in a severe dermatitis that appears to
be mediated by hematopoietic cells (5, 32).

In contrast to the skin defects displayed by mice lacking
different IKK subunits, viable mutants lacking c-rel, NF-�B1,
or NF-�B2 exhibit no skin defects. Rather, the essential func-
tions of these individual transcription factors are restricted to
the immune system (12). Although loss of RelA results in
embryonic lethality at �E14.5 due to tumor necrosis factor
alpha (TNF-�)-mediated fetal hepatocyte apoptosis (6), skin
defects have not been reported in viable rela�/� tnf��/� and
rela�/� tnfr1�/� mutants (1, 9, 46). The exception among the
individual Rel/NF-�B null mutants is relb�/� mice, which de-
velop a T-cell-dependent inflammatory dermatitis (4).

The findings arising from the IKK null mutants and I�B-�
transgenic mice indicated that the absence of a skin phenotype
in the single Rel/NF-�B mutant mice was largely due to re-
dundancy among these transcription factors. Given that viable
mice lacking two Rel/NF-�B members such as the nf�b1�/�

c-rel�/� (45) and nf�b1�/� nf�b2�/� (10, 26) mutants did not
exhibit skin defects, this suggested that RelA in combination
with other family members may be important in skin develop-
ment and function. To address this issue, we generated RelA/
NF-�B1 and RelA/c-rel compound null mutant mice on a
TNF-�-deficient background as a means of bypassing the em-
bryonic lethality associated with loss of RelA function. While
TNF-� is an important mediator of inflammatory responses
and is required for the normal architecture of lymphoid organs
(51), the absence of skin defects in tnf��/� and tnfr1�/� mice
indicates that this cytokine is dispensable for epidermal devel-
opment.

The nf�b1�/� rela�/� tnf��/� mutants did not display an
overt phenotype in the skin, whereas fetal mice lacking RelA
and c-rel displayed multiple epidermal defects, a finding con-
sistent with the pattern of c-rel expression in the epidermis
during development. Coupled with the onset of innate im-
mune-mediated epidermal inflammation in grafted rela�/�

c-rel�/� tnf��/� skin, our findings indicate that c-rel and RelA
are key transcriptional regulators of skin development and
homeostasis.

MATERIALS AND METHODS

Mice. rela�/� c-rel�/� tnf��/� and rela�/� nf�b1�/� tnf��/� mutants were
produced by intercrossing rela�/� c-rel�/� tnf��/� and rela�/� nf�b1�/� tnf��/�

mice, respectively. Due to early neonatal lethality of rela�/� c-rel�/� tnf��/� and
rela�/� nf�b1�/� tnf��/� mice, timed matings were established where day 0 was
defined upon observation of a vaginal plug.

Histology. For paraffin sections, embryos or fetal dorsal skin was fixed in 4%
paraformaldehyde, cut at a thickness of 5 �m, and mounted onto 3-aminopro-
pyltriethoxy-silane (AES)-coated slides. For frozen sections, dorsal skin was
embedded in OCT (Tissue-Tek), snap-frozen on dry ice, and sectioned at a

thickness of 5 �m. The tissues were mounted onto AES-coated slides and fixed
in acetone. Epidermal thickness was measured in 400	 images (NIH Image
1.63 f) of rela�/� c-rel�/� tnf��/� mutants versus rela�/� c-rel�/� tnf��/� con-
trols. The two largest and the two smallest thicknesses per view field were
measured to account for the folding of the epidermis. Two-factor analysis of
variance with Scheffe’s post hoc test was used to analyze the data with genotype
and crest versus crease of the epidermal fold as the two factors. The hair follicles
were counted along 870 �m of epidermis. The data were compared by Student’s
t test. Results are given as means 
 standard errors of the means.

Immunohistochemistry. Paraffin tissue sections were deparaffinized and rehy-
drated through a graded ethanol series. The sections were blocked with a 1%
bovine serum albumin–10% normal goat serum (NGS)–0.2% Triton X-100 so-
lution. Primary antibodies used were a mouse anti-human PCNA monoclonal
antibody (clone PC10 immunoglobulin G2a; Pharmingen) and rabbit anti-kera-
tin-6 antibody (gift of Joe Rothnagel). A goat anti-mouse immunoglobulin sec-
ondary antibody was used to bind the anti-PCNA antibody (Santa Cruz), and all
rabbit polyclonal antibodies were detected with the universal horse anti-rabbit
immunoglobulin secondary antibody (Vector Labs). Tissues were then stained
with the ABC peroxidase kit (Vector Labs) and counterstained with hematoxylin
and eosin (H&E).

Immunofluorescence. For indirect immunofluorescence, frozen sections were
treated with a blocking solution (2% gelatin, 1% Triton X-100, 5% fetal bovine
serum, and 5% NGS in phosphate-buffered saline). Three incubation steps were
conducted to achieve double staining of tissue sections. The rabbit anti-mouse
antibodies used for the primary incubation were to keratin-14, keratin-10, lori-
crin, filaggrin (Babco), and involucrin (a gift of S. Ting). Tissues were incubated
with an Alexa-goat anti-rabbit secondary antibody (Molecular Probes), while the
third incubation was with fluorescein isothiocyanate-labeled polyclonal antibod-
ies to loricrin (Babco) or keratin-10 (Babco).

In vivo bromodeoxyuridine labeling and tissue staining. Pregnant mothers
injected intraperitoneally with bromodeoxyuridine (100 �g/g; Sigma) were sac-
rificed 1 h later, and E18 fetuses were removed. Paraffin skin sections were
stained with the antibromodeoxyuridine antibody (Bio-Science Products) for 1 h.
The sections were incubated for a further hour with the universal horse anti-
mouse biotinylated secondary antibody (Vector Labs).

In situ hybridization. A probe encoding part of the mouse c-rel cDNA (nu-
cleotides 403 to 1621; GenBank accession no. X15842) was cloned into pBKS. To
produce a radiolabeled antisense riboprobe, this plasmid was linearized with
HindIII and transcribed with T7 RNA polymerase in the presence of 33P-labeled
UTP (Amersham). In situ hybridization was performed essentially as described
before (59).

TUNEL staining. Terminal deoxynucleotidyltransferase-mediated dUTP-bi-
otin nick end labeling (TUNEL) staining of paraffin-embedded skin sections was
performed according to the manufacturer’s instructions (ApopTag TUNEL
staining kit; Serologicals Corporation).

Isolation of basal keratinocytes. Skin flanks excised from E18 fetuses were
incubated overnight at 4°C in Dispase II (2 mg/ml). The epidermis was separated
from the dermis and briefly treated with trypsin to release basal keratinocytes.
The reaction was terminated by the addition of soybean inhibitor, and cell
viability was determined by trypan blue exclusion.

Cell culture and stains. Isolated basal keratinocytes were seeded at a density
of 106 cells in a six-well plate (Costar) in serum-free keratinocyte medium
(Gibco-BRL) supplemented with hydrocortisone (0.5 �g/ml) and low levels of
CaCl2 (0.02 mM). Cultures were fixed in 2% formaldehyde and subjected to
immunoperoxidase staining for keratin-14 (LL001, immunoglobulin G2a; a gift
of Irene Leigh). Cells were then incubated with biotinylated secondary antibod-
ies (Vector Laboratories), followed by streptavidin-horseradish peroxidase (ABC
kit; Vector Laboratories) and enzyme substrate (AEC substrate kit; Vector
Laboratories).

Flow cytometry and cell cycle analysis. Basal keratinocytes were stained with
fluorescein isothiocyanate-conjugated rat anti-human integrin-�6 antibody (BD
Pharmingen) and phycoerythrin-conjugated anti-mouse CD71 antibody (BD
Pharmingen) in a two-color reaction or stained with a fluorescein isothiocyanate-
conjugated anti-mouse CD29 antibody (integrin-�1) (Cymbus Biotechnology) in
a single-color reaction. Stained keratinocytes were either cell sorted or analyzed
immediately with a FACScan. Propidium iodide (20 �g/ml) was added to exclude
dead cells during the analysis. For cell cycle analysis on a FACScan, TA cells
(integrin-�6hi CD71hi) were fixed with chilled 70% ethanol and treated with
propidium iodide and RNase. Cell cycle profiles were analyzed with the Modfit
software program.

Skin grafts. B6rag-1�/� or B6rag-1�/� tnf��/� mice (11 to 15 weeks of age)
were anaesthetized with Penthrane, and the graft bed was prepared by removing
a 1.5-cm2 area of skin above the ribcage. A 1-cm2 area of dorsal skin excised from
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an E18 fetus was placed into the graft bed and dressed with Jelonet gauze (Smith
& Nephew) and 3M micropore surgical tape. Bandages were routinely removed
after 8 days.

Skin permeability assay. Epidermal barrier function was determined as pre-
viously described (20).

Northern and Western blotting. We subjected 5-�g samples of total RNA
isolated from purified basal keratinocytes to Northern blotting essentially as
described before (17). Filters were sequentially probed with a 1.4-kb XhoI mouse
c-myc cDNA, a rat 1.1-kb PstI glyceraldehhyde-3-phosphate dehydrogenase
cDNA, and a 0.4-kb BamHI mouse keratin-14 cDNA (gift of J. Rothnagel).
Protein blots were performed essentially as described before (43) with equivalent
amounts of total cellular protein isolated from purified control and mutant
keratinocytes. Filters were probed with either mouse anti-cyclin D1 monoclonal
immunoglobulin (Santa Cruz Biotechnology), rabbit anti-cyclin D2 polyclonal
immunoglobulin (Santa Cruz Biotechnology), or rat anti-HSP70 monoclonal
antibody (gift of D. Huang).

Cell size measurements. Each of four control (rela�/� c-rel�/� tnf��/�) and
mutant (rela�/� c-rel�/� tnf��/�) fetuses were used for epidermal basal keratin-
ocyte size measurements. To avoid stretching and contraction artifacts, skin
overlying the nuchal fat pad attached to the body of E18.5 and E19.5 pups was
analyzed. Images of control and mutant skin were taken at 1,000	 magnification
with a compound microscope and a digital camera (Zeiss). Images were analyzed
with an image analysis program (NIH Image 1.63f). The areas of all basal cell
profiles were measured per image. Seven to nine images representing 85 to 112
basal cells were analyzed per animal. Results are given as the mean 
 standard
error of the mean. Data were analyzed statistically with a two-factor analysis of
variance with the genotype and the developmental age as the factors and Schef-
fe’s method for pairwise comparison with StatView 4.5 software.

RESULTS

Disrupting the TNF signaling pathway rescues embryonic
death resulting from a combined absence of NF-�B1 and RelA
or c-rel and RelA. In order to examine what overlapping roles
NF-�B1 and RelA or c-rel and RelA might serve during skin
development, these compound Rel/NF-�B mutants were gen-
erated on a TNF-�-deficient background to overcome the
death at �E13.5. The birth of nf�b1�/� rela�/� tnf��/� and
rela�/� c-rel�/� tnf��/� mice from the respective rela�/�

c-rel�/� tnf��/� or nf�b1�/� rela�/� tnf��/� intercrosses es-
tablished that if TNF-�-mediated hepatocyte apoptosis was
prevented, the absence of NF-�B1 or c-rel in combination with
a lack of RelA did not prevent murine embryogenesis from
proceeding beyond E13.5.

While rela�/� c-rel�/� tnf��/� mice were born at a fre-
quency of �25%, the number of newborn nf�b1�/� rela�/�

tnf��/� mice was lower than expected, suggesting that some
embryonic death at a developmental stage yet to be deter-
mined occurred in the absence of NF-�B1 and RelA. The gross
morphology of E18 (Fig. 1A) and newborn rela�/� c-rel�/�

tnf��/� and nf�b1�/� rela�/� tnf��/� mice appeared relatively
normal. The most notable difference was a reduced body
weight of �30% for rela�/� c-rel�/� tnf��/� E18 fetuses and
newborn mice compared with littermate controls (results not
shown). Despite the relatively normal appearance of rela�/�

c-rel�/� tnf��/� and nf�b1�/� rela�/� tnf��/� newborns, both
mutant types died within 12 h of birth from as yet unknown
causes.

Concerns that stress associated with the neonatal death
of these mutants might indirectly affect skin architecture
prompted us to perform all subsequent studies on fetal skin.
We chose to focus on dorsal skin, as it represents a location in
which epidermal and hair follicle morphogenesis is well ad-
vanced in a fetus. Microscopic examination of stained histo-
logical sections revealed that at E18, control fetuses (wild type,

tnf��/�, c-rel�/�, nf�b1�/�, nf�b1�/� tnf��/�, c-rel�/� tnf��/�

and rela�/� tnf��/�, of which the c-rel�/� tnf��/� skin shown
in Fig. 1B is a typical example) displayed a well-defined epi-
dermis with numerous hair follicles at different stages of dif-
ferentiation. Although nf�b1�/� rela�/� tnf��/� embryonic
skin (Fig. 1C) was similar in appearance to that of controls, a
marginal reduction in epidermal thickness was consistently
noted. In contrast, the rela�/� c-rel�/� tnf��/� epidermis was
distinctly thinner, and the hair follicles comprised only a few
rudimentary buds (Fig. 1D). As the skin defects were most
profound in the combined absence of RelA and c-rel, all sub-
sequent analysis focused on the rela�/� c-rel�/� tnf��/� mice.

c-rel is expressed in the epidermis and in hair follicles.
Epidermal and hair follicle defects in the combined absence of
RelA and c-rel indicated that both transcription factors prob-
ably shared overlapping patterns of expression within the skin.
While a role for RelA in the epidermis was consistent with its
ubiquitous expression (56), c-rel function was thought to be

FIG. 1. Embryonic death resulting from the combined loss of NF-
�B1 and RelA or c-rel and RelA is overcome by blocking TNF-�
signaling. (A) rela�/� nf�b1�/� tnf��/� or rela�/� c-rel�/� tnf��/�

fetuses were isolated at E18 from the respective intercrosses of rela�/�

nf�b1�/� tnf��/� and rela�/� c-rel�/� tnf��/� mice. (B to D) H&E-
stained sections of dorsal skin from E18 fetuses. (B) rela�/� c-rel�/�

tnf��/�, (C) rela�/�nf�b1�/� tnf��/�, and (D) rela�/� c-rel�/� tnf��/�

genotypes. Bar, 425 �m.
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hematopoiesis restricted (33). To assess the relationship be-
tween the skin defects observed in the rela�/� c-rel�/� tnf��/�

mice and c-rel expression in the skin, in situ hybridization was
performed on sagittal sections of C57BL/6 embryos at E15.5
and back skin sections from a C57BL/6 E18.5 fetus. In E15.5
embryos, no c-rel expression above background could be de-

tected in the skin (results not shown). At E18.5, low-level
expression of c-rel mRNA was detected in the epidermis and in
hair follicles (Fig. 2A and B). In the epidermis, c-rel mRNA
was present in basal cells as well as in the spinous and granular
layers (Fig. 2E and F). Differentiating keratinocytes appeared
to maintain c-rel expression while these cells contained a nu-

FIG. 2. c-rel mRNA is expressed in fetal skin. A c-rel cRNA probe was incubated with sections of E18.5 skin. Panels A and C are dark-field
images of the corresponding bright-field images in panels B and D. Sense probe controls are shown in panels C and D. Note the c-rel mRNA
expression in the epidermis and hair follicles (A). At higher magnification (E and F), silver grains overlay the sheath cells (arrow in panel E) and
the dermal papilla (arrowhead in panel E) of hair follicles, plus basal cells (arrow in panel F) and differentiating keratinocytes in the epidermis
(bracket in panel E). HF, hair follicle; SC, sheath cells; DP, dermal papilla; BL, basal layer; K, keratinocytes. Bars: 43 �m (A, B, C, and D) and
22 �m (E and F).
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cleus, suggesting that its expression continued until the termi-
nal stage of keratinocyte differentiation. In hair follicles, c-rel
was expressed in the sheath cells, the hair bulb, and the dermal
papilla (Fig. 2E). c-rel was also expressed in a few scattered
cells within the dermis (Fig. 2E). These findings confirm that
c-rel is normally expressed in those skin structures that develop
abnormally in rela�/� c-rel�/� tnf��/� mice.

Impaired hair follicle morphogenesis in rela�/� c-rel�/�

tnf��/� mice. Mice have four hair types (tylotrich, awl,
auchene, and zigzag) (40). During embryogenesis, two distinct
waves of hair follicle morphogenesis occur. The first wave
(tylotrich or guard hair) commences around E14. By E17, a
second wave of hair placodes appears, coinciding with the
initiation of awl hair development. To determine at which

FIG. 3. Hair follicle morphogenesis and tooth development are impaired in the absence of c-rel and RelA. (A to C) Hair follicle development
in control (rela�/� c-rel�/� tnf��/�) and mutant (rela�/� c-rel�/� tnf��/�) fetal sections stained with H&E. Bar, 425 �m. (A) E16. Hair placodes
(tylotrich) are evident in control (black arrows) but not mutant skin. (B) E17. In controls, continuing development of tylotrich hair follicles is
evident, along with a new wave (awl type, arrowhead) of hair placodes that are also evident in mutant skin (awl type; arrow). (C) E18. In control
skin, tylotrich and awl hair follicles have developed further. Only premature buds are evident in the mutant skin. (D and E) Serial sections of E18
control and mutant embryos stained with H&E. (D) Mystacial vibrissa follicles develop normally in mutant embryos Bar, 1,600 �m. Note the
paucity of hair follicles (arrow) between the whiskers. (E) The outgrowth of incisor teeth (arrow) was impaired in the mutant embryo. Note the
lack of hair follicles (asterisks) adjacent to the vibrissa follicles. Bar, 875 �m.
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point during embryogenesis follicle development is impaired in
the absence of RelA and c-rel, histological sections of E16, -17,
and -18 control and mutant embryos were examined.

In control embryos (rela�/� c-rel�/� tnf��/�), hair placodes
were present in E16 dorsal skin, consistent with the first wave
of placode development having been initiated (Fig. 3A). At
E17, new hair placodes were present, and follicles associated
with the first wave of hair development had begun to develop
hair shaft cells (Fig. 3B). By E18, the development of both
groups of follicles had progressed further (Fig. 3C). By con-
trast, mutant skin (rela�/� c-rel�/� tnf��/�) showed no evi-
dence of placode formation at E16 (Fig. 3A). However, by E17,
the first hair placodes were observed in mutant fetuses, albeit
in markedly reduced numbers (Fig. 3B). In the skin of E18
mutant mice, only a few premature follicles were present, and
these had failed to develop hair shafts (Fig. 3C). The number
of hair follicles was reduced by 70% in rela�/� c-rel�/� tnf��/�

mutants compared to rela�/� c-rel�/� tnf��/� controls (4.3 

0.9 hair follicles along an 870-�m stretch of epidermis versus
14.4 
 0.4; P � 0.0001; n � 4 and 5 embryos, respectively).
Whiskers were also examined in serial sections of control and
mutant fetuses. No obvious defects were observed in the mat-
uration or number of developing mystacial and supernumerary
vibrissa follicles of rela�/� c-rel�/� tnf��/� fetuses (Fig. 3D),
indicating that c-rel and RelA are dispensable for whisker
development.

Interestingly, an examination of the embryonic teeth, which
are epidermal appendages, revealed that the molars and inci-
sors were abnormally small in the rela�/� c-rel�/� tnf��/� fe-
tuses (Fig. 3E and data not shown). As the developmental sta-

tus of the surrounding structures appeared normal for an E18
fetus, the smaller teeth in the mutants were unlikely to reflect
a delay in development. Collectively, these findings indicate that
RelA and c-rel are required for the normal development of
certain hair types and epithelial appendages, such as teeth.

Abnormal epidermal development in the combined absence
of RelA and c-rel. We next focused on epidermal development
in rela�/� c-rel�/� tnf��/� mice. A comparison of H&E-
stained sections from E18 control and mutant mice revealed
that the basal, spinous, granular, and cornified layers of the
skin were present in fetuses of both genotypes (Fig. 4A and B).
However, the mutant epidermis was noticeably thinner, with
fewer differentiating keratinocytes in the suprabasal region
compared with age-matched controls (Fig. 3C and 4A and B).
The epidermal thickness was reduced by 36% in rela�/�

c-rel�/� tnf��/� mutants compared to rela�/� c-rel�/� tnf��/�

controls (30.8 
 2.2 versus 48.2 
 3.6 �m; P � 0.0001; n � 5
and 3 embryos, respectively). The cells in the basal layer of
rela�/� c-rel�/� tnf��/� skin were organized differently from
those of controls, and the basal cell profiles appeared smaller
in stained sections of rela�/� c-rel�/� tnf��/� fetuses (Fig. 4A
and B). Measurement of basal cell size in rela�/� c-rel�/�

tnf��/� and rela�/� c-rel�/� tnf��/� mice confirmed that the
mean basal cell profile area was reduced by �33% (0.397 

0.014 versus 0.592 
 0.019 �m; P � 0.0001) in the rela�/�

c-rel�/� tnf��/� mutant. The age of the fetus (E18.5 or E19.5)
did not significantly influence the cell profile size (P � 0.67).

To determine if keratinocyte differentiation was impaired in
the absence of c-rel and RelA, we examined the expression of
proteins that characterize specific epidermal layers. Keratin-14

FIG. 4. Epidermal differentiation is impaired in rela�/� c-rel�/� tnf��/� embryos. Biochemical markers were used to analyze keratinocyte
differentiation in control (n � 5; rela�/� c-rel�/� tnf��/�) and mutant (n � 5; rela�/� c-rel�/� tnf��/�) E18 dorsal skin. H&E-stained sections of
(A) control and (B) mutant dorsal skin depict the basal layer (B), the stratum spinosum (S), the stratum granulosum (G), and stratum corneum
(C). Bar, 225 �m. Frozen sections of control (C, E, G, and I) and mutant (D, F, H, and J) dorsal skin were subjected to indirect immunofluorescent
staining for keratin-14 (K14), keratin-10 (K10), involucrin (Inv), and loricrin (Lor) expression. Two-color immunofluorescent staining was
performed on control (K, M, O, and Q) and mutant (L, N, P, and R) dorsal skin. Stains are representative of five experiments (yellow represents
colocalization of Alexa and fluorescein isothiocyanate fluorochromes). (S and T) X-Gal staining of E18 fetuses was performed to assess epidermal
barrier function. Except where the tail was excised (arrow), the dye did not penetrate control or mutant fetuses.
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protein is normally expressed in basal cells and hair follicles
(11). Although anti-keratin-14 antibodies stained the inner-
most basal cells at the dermal-epidermal boundary of both
control and mutant skin (Fig. 4C and D), the staining that was
usually two cell layers thick in the control was generally con-
fined to one cell layer in the mutant, with little spinous stain-
ing. The early differentiation marker keratin-10 is expressed
predominantly in the suprabasal spinous and granular layers
(11). In the control epidermis, anti-keratin-10 antibody stain-
ing of the suprabasal layers was at least three cell layers thick.
In the mutant epidermis, keratin-10 expression was confined to
two cell layers (Fig. 4E and F). The late differentiation markers
involucrin and loricrin are major components of the cornified
envelope, with involucrin expressed in the upper spinous and
granular layers, while loricrin is restricted to the granular layer
(28, 36). Involucrin and loricrin staining was confined to these
layers in the mutant epidermis, the region in which these pro-
teins were expressed being somewhat compacted compared
with control skin (Fig. 4G, H, I, and J).

The stratification of the mutant skin was next examined with
double immunofluorescence staining. In control epidermis,
costaining with antibodies to keratin-14 and keratin-10 re-
vealed a significant region of colocalization (shown in yellow),
indicative of keratinocytes leaving the basal layer and entering
the spinous layer (Fig. 4K). Colocalization of keratin-14 and
keratin-10 was reduced in the mutant epidermis (Fig. 4L).
Staining for keratin-14 and loricrin revealed that basal and
spinosal expression of these proteins in the granular layer was
distinct in both control and mutant epidermis (Fig. 4M and N).
While costaining for keratin-10 and involucrin revealed the
expected pattern of overlapping expression in the upper spi-
nous and granular layers, the region of coexpression was mark-
edly reduced in mutant fetuses compared with controls (Fig.
4O and P). The region of keratin-10 and loricrin coexpression
was only marginally reduced in the mutant epidermis (Fig. 4Q
and R), and the expression levels of filaggrin, a marker for
terminally differentiated enucleated squames, were equivalent
in control and mutant epidermis (not shown). Taken together,
these data show that the suprabasal layers were reduced in
rela�/� c-rel�/� tnf��/� fetal skin.

To determine if the differences in the mutant epidermis
resulted in barrier dysfunction, dye penetration assays were
performed by immersing control and mutant E18 fetuses over-
night in an 5-bromo-4-chloro-3-indolyl-�-D-galactopyranoside
(X-Gal) solution. These experiments demonstrated that dye
did not penetrate the skin of either control or mutant fetuses
(Fig. 4S and T), except at the site of the tail biopsy wound. Hence
barrier function of the mutant epidermis is intact. Collectively,
these findings establish that in the combined absence of c-rel and
RelA, epidermal development is abnormal, but keratinocytes still
appear able to undergo terminal differentiation.

Epidermal stem cell and transit-amplifying cell numbers
are normal in the absence of c-rel and RelA. Cell surface
marker expression has been used to delineate the stem cell, TA
cell, and maturing keratinocyte populations in the epidermis
(62). Stem cells and TA cells both express integrin �1, with the
highest levels expressed by stem cells (27). Integrin �6 expres-
sion is high in stem cells and TA cells, whereas keratinocytes
committed to differentiation express low levels of this integrin
(35). Transferrin receptor (CD71) expression has also been

used to distinguish between quiescent stem cells (integrin �6hi

CD71lo) and proliferating TA cells (integrin �6hi CD71hi).
To assess if the impaired epidermal development in the

absence of c-rel and RelA might be due to reduced numbers of
epidermal stem cells and TA cells, equivalent areas of skin (0.5
cm2) were removed from the flanks of E18 control and mutant
fetuses, and epidermal basal cells were isolated by protease
treatment. Comparable numbers of basal cells were isolated
from control rela�/� c-rel�/� tnf��/� (7.3 	 105 
 1.3 	 105,
n � 4) and mutant rela�/� c-rel�/� tnf��/� (6.3 	 105 
 1.8 	
105, n � 3) embryonic skin. Flow cytometric analysis of these
cells stained with anti-�1-integrin antibody (Fig. 5A) demon-
strated equivalent patterns of integrin-�1 expression in control
and mutant epidermal populations, indicating that stem and
TA cell numbers were comparable. This conclusion was gen-
erally reinforced by the staining profiles for integrin �6 and
CD71 (Fig. 5B). However, in the mutant, a minor population
of integrin �6hi CD71hi TA cells was markedly reduced. This
population probably represents cells in transition from TA
cells to differentiating keratinocytes (58). Reduced numbers of
this population in rela�/� c-rel�/� tnf��/� skin is consistent
with fewer cells leaving the basal layer, a notion supported by
the presence of fewer postmitotic differentiating cells in the
rela�/� c-rel�/� tnf��/� epidermis (gate 3) (Fig. 5B).

Epidermal basal cells lacking c-rel and RelA exhibit a cell
cycle defect. Although normal numbers of keratinocyte pro-

FIG. 5. Flow cytometric analysis of epidermal basal cells lacking c-rel
and RelA. Basal keratinocytes from E18 control (rela�/� c-rel�/� tnf��/�)
and mutant (rela�/� c-rel�/� tnf��/�) fetuses were stained with a fluores-
cein isothiocyanate-conjugated anti-integrin-�1(shaded histogram) or
control anti-CD4 (open histogram) antibody (A). (B) Two-color fluores-
cence-activated cell sorting analysis was performed by staining with fluo-
rescein isothiocyanate-conjugated anti-integrin-�6 antibody and phyco-
erythrin-conjugated anti-CD71 antibody. Three phenotypically distinct
populations were identified by flow cytometry: quiescent stem cells, �6hi

CD71lo (gate 1); TA cells, �6hi CD71hi (gate 2); and postmitotic differ-
entiating cells, �6lo CD71hi (gate 3). Cells with high CD71 expression in
the control profile (asterisk) were markedly reduced in the mutant.
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genitors are present in the epidermis of E18 rela�/� c-rel�/�

tnf��/� mice and are able to undergo terminal differentiation,
a thinner suprabasal layer in the mutant fetus indicated that
epidermal differentiation was abnormal. Since Rel/NF-�B is
required for lymphocyte (12) and fibroblast (19, 22) prolifera-
tion, one plausible explanation for the reduced thickness of the
epidermis was that a defect in cell division might influence the
rate at which TA cells undergo terminal differentiation.

Cell division within the mutant epidermis was initially exam-
ined in fetal skin sections by immunostaining for proliferating
nuclear cell antigen (PCNA) expression, a marker of cells in
the late G1 and S phases of the cell cycle (Fig. 6A). In control
skin, only some basal cells were PCNA positive, a finding
consistent with a nonsynchronous population of cells at differ-
ent stages of the cell cycle. PCNA-positive cells were also
detected in developing hair follicles and the stratum spinosum.
In contrast, the majority of cells in the mutant basal layer were

PCNA positive, but few positive cells were observed in the
suprabasal region. To distinguish between basal keratinocytes
in G1 and S phases, bromodeoxyuridine incorporation studies
were performed with day 18 fetuses (Fig. 6B). In control skin,
bromodeoxyuridine was incorporated by cells within hair
follicles and by basal keratinocytes, with �20% of basal
cells being bromodeoxyuridine positive. However, in rela�/�

c-rel�/� tnf��/� fetal skin, only �9% of basal cells were bro-
modeoxyuridine positive.

The combined PCNA expression and bromodeoxyuridine
incorporation studies indicated that the transition from G1 to
S phase may be impaired in mutant epidermal basal cells. This
was confirmed by measuring the DNA content of fluorescence-
activated cell sorting-sorted TA cells (integrin �6hi CD71hi)
isolated from E18 control and mutant fetuses. A typical set of
data is shown in Fig. 6C. Consistent with the findings for
bromodeoxyuridine incorporation, only 12 to 14% of mutant

FIG. 6. Cell cycle defect in TA cells lacking RelA and c-rel. Immunohistochemical staining of control (rela�/� c-rel�/� tnf��/�) and mutant
(rela�/� c-rel�/� tnf��/�) skin sections for (A) PCNA expression and (B) bromodeoxyuridine incorporation. Bar, 425 �m. (C) Control and mutant
TA cells (�6hi CD71hi) were purified by fluorescence-activated cell sorting based on the gates shown in Fig. 5B (gate 2), and the DNA content was
determined by propidium iodide staining of viable cells. Profiles are representative of six control and six mutant fetuses from six independent
experiments. Mod-Fit software was used to determine the proportion of TA in G0/G1, S, and G2/M. (D) c-myc mRNA expression is normal in
rela�/� c-rel�/� tnf��/� keratinocytes. Total RNA isolated from rela�/� c-rel�/� tnf��/� (lane 1) and mutant rela�/� c-rel�/� tnf��/� (lane 2) kera-
tinocytes was subjected to Northern blot analysis with radiolabeled cDNA probes for murine c-myc, keratin-14, and glyceraldehhyde-3-phosphate
dehydrogenase (GAPDH). (E) Cyclin D1 and D2 expression in rela�/� c-rel�/� tnf��/� keratinocytes. Total protein extracts from rela�/� c-rel�/�

tnf��/� (lane 1) and mutant rela�/� c-rel�/� tnf��/� (lane 2) keratinocytes were subjected to Western blotting. Filters were sequentially probed
with antibodies for cyclin D1, cyclin D2, and HSP70. (F) Control (rela�/� c-rel�/� tnf��/�) (left panel) and mutant (rela�/� c-rel�/� tnf��/�) (right
panel) dorsal skin was analyzed by TUNEL staining. Note the apoptotic bodies (arrow) in the stratum granulosum. Bar, 225 �m.
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TA cells were in S phase, compared with 20 to 22% of control
TA cells. Moreover, whereas comparable proportions of con-
trol and mutant TA cells were in G2/M (10% versus 9%, respec-
tively), the reduced frequency of mutant TA cells in S phase was
accompanied by a corresponding increase of cells in G0/G1 (70
versus 78% for control and mutant TA cells, respectively).

These results indicated that TA cells lacking c-rel and RelA
exhibit a delay in G1/S-phase progression. This finding, cou-
pled with the reduced size of mutant c-rel�/� rela�/� tnf��/�

TA cells, indicated that impaired cell growth may underlie the
cell cycle defect. In eukaryotic cells, growth is thought to pro-
ceed throughout G1 until a threshold is reached, at which point
levels of certain cellular components that function as indicators
of cell size are sufficient to trigger entry into S phase (7).
Mitogen-induced B-cell growth is at least in part controlled by
the Rel/NF-�B-dependent induction of c-myc transcription
(17). Levels of c-myc mRNA expression, however, were com-
parable in control and mutant epidermal TA cells (Fig. 6D).
The levels of cyclins D1 and D2, important regulators of G1

that are also known targets of Rel/NF-�B (19, 22, 25), were
also similar in control and mutant TA cells (Fig. 6E), as were
the cdk inhibitors p21 and p27 (results not shown). This indi-
cates that the impaired expression of an unknown Rel/NF-�B
target gene is responsible for the G1 growth defect observed in
c-rel�/� rela�/� tnf��/� epidermal basal cells.

During B-cell proliferation, Rel/NF-�B regulates G1/S-
phase progression and promotes cell survival (16). To assess
whether increased apoptosis accompanied impaired c-rel�/�

rela�/� tnf��/� TA cell division, TUNEL staining was per-
formed on sections of control and mutant fetal skin (Fig.
6F). Mutant epidermis did not have abnormally increased
numbers of TUNEL-positive cells. Dying cells were largely
confined to the stratum granulosum of both control and
mutant skin, a region of the epidermis in which keratino-
cytes undergo enucleation. Thus, the impaired cell cycle
regulation of basal cells lacking RelA and c-rel does not
cause abnormally elevated cell death.

Keratinocytes lacking c-rel and RelA fail to form colonies in
culture. To examine if the c-rel�/� rela�/� tnf��/� TA cell
cycle defect observed in vivo influenced the capacity of these
cells to form keratinocyte colonies in culture, we performed
colony formation analysis with E18 control and mutant kera-
tinocytes. Whereas numerous keratin-14-positive colonies
were evident in 7-day cultures of control cells, c-rel�/� rela�/�

tnf��/� keratinocytes generated only a few colonies that com-
prised three to four cells (Fig. 7A). The defect in keratinocyte
colony formation was only observed in the combined absence
of RelA and c-rel (Fig. 7B) and coincided with high levels of
cell death (results not shown).

Hyperproliferation of rela�/� c-rel�/� tnf��/� embryonic
skin grafted onto rag-1�/� mice. In order to examine the con-
sequences of the loss of RelA and c-rel for adult murine skin,
E18 control and mutant skin was transplanted onto immuno-
compromised rag-1�/� mice. The clinical appearance of a typ-
ical set of skin grafts over a 4-week period is shown in Fig. 8A.
Two weeks posttransplantation, the appearance of control do-
nor skin was comparable to that of mutant donor skin. After 3
weeks there was abundant hair growth in control grafts. Only
sparse hair growth was present in the mutant skin, which by 4

weeks had disappeared and was accompanied by scaling of the
skin.

Histology revealed a striking difference in the architecture of
the control and mutant skin grafts. After 4 weeks, control
grafts had an epidermis with a well-aligned basal cell layer, one
to two cells thick (Fig. 8Bi). The mutant graft exhibited exten-
sive epidermal hyperplasia, hyperkeratosis, focal parakeratosis,
and corneal pustules with a granulocytic infiltrate and necrosis
(Fig. 8Bii). The mutant epidermis was abnormally thick (six to
seven cell layers) with many hyperchromatic cells in the basal
layer and a compacted stratum corneum (Fig. 8Ci and Cii).
The dermis in the mutant graft was extensively infiltrated with
immune cells, eosinophils being most prominent (Fig. 8Ci and
Cii). Interestingly, numerous abnormal hair follicles were pres-
ent in the mutant skin graft that consisted of enlarged seba-
ceous glands at the base of the follicles (Fig. 8Bii). Staining for
melanin granules revealed extensive hyperpigmentation at the
dermal-epidermal junction of the mutant graft (Fig. 8Civ),
whereas in control grafts, melanin deposits were confined to
the reticular dermis (data not shown) and hair bulbs (Fig.
8Ciii). Antibody staining for keratin-6, a marker of prolifera-

FIG. 7. Keratinocytes lacking RelA and c-rel fail to form colonies
in culture. Equivalent numbers of viable keratinocytes (106) were
grown for 7 days. (A) Control (rela�/� c-rel�/� tnf��/�) and mutant
(rela�/� c-rel�/� tnf��/�) keratinocyte cultures were stained with anti-
keratin-14 (�) or isotype-matched negative-control (�) antibodies.
(B) Keratinocytes of differing genotypes (rela�/� c-rel�/� tnf��/�,
rela�/� c-rel�/� tnf��/�, rela�/� c-rel�/� tnf��/�, and rela�/� c-rel�/�

tnf��/�) are shown by phase contrast.
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tive skin conditions, confirmed that the increased thickness of
the epidermis in the mutant skin graft was the result of kera-
tinocyte proliferation (Fig. 8Biv), whereas keratin-6 staining
was confined to hair follicles in control skin grafts (Fig. 8Biii).

Hyperproliferative state of rela�/� c-rel�/� tnf��/� embry-
onic skin grafts is dependent on TNF-�. Hyperproliferation of
rela�/� c-rel�/� tnf��/� epidermal cells in the skin grafts was
associated with an immune infiltration, suggesting that this
condition may be due in part to these cells secreting inflam-
matory mediators. Consistent with this possibility was the re-
cent finding that skin inflammation in mice arising from the
conditional deletion of IKK� in epidermal basal cells could be
prevented by loss of TNFR1 (44). However, as TNFR1 binds
the inflammatory mediators TNF-� and lymphotoxin (LT�)
(51), it was unclear if this inflammation was caused by one or

both cytokines. Consequently, rela�/� c-rel�/� tnf��/� E18
fetal skin was grafted onto rag�/� tnf��/� recipients to deter-
mine if the hyperproliferative state was TNF-� dependent.

Four weeks posttransplantation, mutant grafts showed no
evidence of the hyperproliferative condition (Fig. 8Di and Dii).
In mutant grafts, the epidermis was two to three cell layers
thick, and hair follicles were of relatively normal appearance.
The extensive infiltration of leukocytes was markedly reduced,
although some macrophages and granulocytic foci were still
seen in the dermis (Fig. 8Diii and data not shown). Despite the
hyperproliferative condition being eliminated in the absence of
TNF-�, a higher frequency of PCNA-positive basal cells was
still detected in the mutant graft (results not shown). This
suggests that the cell cycle defect seen in mutant fetal skin may
still afflict mutant epidermal cells in an adult environment.

FIG. 8. RelA/c-rel-deficient skin grafts develop TNF-�-dependent epidermal hyperplasia. Skin from E18 control (rela�/� c-rel�/� tnf��/�) and
mutant (rela�/� c-rel�/� tnf��/�) fetuses was grafted onto C57BL/6 rag-1�/� mice (A, Bi to iv, and Ci to iv) or C57BL/6 rag-1�/� tnf��/� mice (Di
to v). (A) Appearance of representative donor skin grafts over a 4-week period. (B and C) Histological analysis of skin grafts on C57BL/6 rag-1�/�

recipients is representative of four control and three mutant skin grafts. H&E-stained sections from control (Bi) and mutant (Bii) skin grafts were
analyzed under low power at 4 weeks. Bar, 1,600 �m. Staining for keratin-6 was confined to hair follicles in the control graft (Biii) and the epidermis
in the mutant graft (Biv). Bar, 425 �m. High-power analysis of H&E-stained sections revealed pockets of dermal infiltrate (arrow) in the mutant
graft (Ci) that were mostly eosinophilic (asterisks) and granulocytic (arrowhead) (Cii). Bar, 225 �m. Note red cytoplasmic staining of eosinophils.
Pearl staining for melanin on paraffin sections of control (Ciii) and mutant (Civ) grafts. (D) Skin grafts on C57BL/6 rag-1�/� tnf��/� recipients
at 4 weeks is representative of three control and three mutant grafts. H&E-stained sections from control (Di) and mutant (Dii) grafts were analyzed
at low power. Bar, 1,600 �m. Some dermal infiltrate (fibroblasts and macrophages; asterisks) was observed in the mutant graft (Diii). Three major
hair types (tyrlotrich, awl, and zigzag) were observed in the control graft (Div), while only two (awl and zigzag) were evident in the mutant graft
(Dv). Note that the mutant hairs are thinner.
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DISCUSSION

Various studies indicate that the Rel/NF-�B signaling path-
way is important for skin development and function. However,
a wide spectrum of skin phenotypes in different experimental
models of perturbed Rel/NF-�B function has generated con-
fusion about the precise role of this pathway in the skin (30).
Discrepancies between these models are likely to result from
functional redundancy within the pathway coupled with the
selective disruption of Rel/NF-�B regulation within discrete
compartments of the skin. In an attempt to examine the overall
role of Rel/NF-�B transcription factors in skin development,
mice lacking RelA plus c-rel or NF-�B1 were bred onto a
tnf��/� background. With this strategy, RelA and c-rel were
shown to be the critical Rel/NF-�B proteins necessary for
normal skin development. During embryogenesis, the com-
bined loss of RelA and c-rel resulted in defective hair follicle
morphogenesis, reduced basal keratinocyte division and im-
paired epidermal cell differentiation. Experiments involving
rela�/� c-rel�/� tnf��/� fetal skin grafts also revealed a key
role for RelA and c-rel in suppressing innate immune-medi-
ated epidermal inflammation.

The results presented here establish that c-rel and RelA
regulate skin development in a redundant manner. The over-
lapping functions of these transcription factors in the skin were
unexpected. RelA expression is thought to be ubiquitous (3),
whereas prior studies had indicated that c-rel expression was
restricted to hematopoietic cells (3). The findings presented
here show that c-rel is also expressed in fetal epidermis and
hair placodes, sites in the skin that exhibit the defects in basal
cell proliferation and hair follicle formation seen in rela�/�

c-rel�/� tnf��/� embryos. This points to a direct role for c-rel
in the development and function of these structures in the skin.
In contrast, the combined absence of NF-�B1 and RelA, tran-
scription factors expressed in basal epidermal cells (52), had no
significant effect on epidermal or hair follicle development.

A comparison of the skin defects afflicting mice lacking c-rel
plus RelA or various IKK components highlights phenotypic
similarities between the rela�/� c-rel�/� tnf��/�, ikk��/�, and
ikk��/� mice. An absence of IKK�, like the loss of c-rel plus
RelA, causes defects in hair follicle formation, while innate
immune-mediated inflammation is a phenotype shared with
IKK� and IKK� deficiencies (39, 44, 49). The skin abnormal-
ities in the absence of c-rel and RelA do not resemble those
seen in ikk��/� mice, a finding consistent with the ikk��/�

defects being Rel/NF-�B independent (24). These observa-
tions reinforce the notion that c-rel and RelA are the key
downstream effectors of IKK� and IKK� function in skin de-
velopment. Interestingly, defects in neither epidermal struc-
ture nor differentiation have been reported in IKK�- or IKK�-
deficient embryos (39, 49). This inconsistency with the
phenotype seen in the rela�/� c-rel�/� tnf��/� mice indicates
that both kinases function redundantly during epidermal dif-
ferentiation.

The impaired hair follicle morphogenesis and defective
tooth development observed in rela�/� c-rel�/� tnf��/� em-
bryos resemble the phenotype of tabby and downless mice (21,
41, 51), and a group of human genetic disorders termed hypo-
hydrotic ectodermal dysplasia. These mouse and most human
hypohydrotic ectodermal dysplasia disorders arise from muta-

tions in the genes for ectodysplasin (EDA) and ectodysplasin
A receptor (EDAR), which encode TNF-like ligand and TNF
receptor superfamily members, respectively (21, 31, 41, 42, 55).
Importantly, EDA/EDAR signaling activates NF-�B in trans-
fected cells (64). Moreover, mice in which mutant I�B� is
ubiquitously expressed exhibit a phenotype identical to that of
tabby and downless mutants (50).

EDAR expression is normally detected in the placodes and
bulbs of all four hair types during their sequential morphogen-
esis (34). The first wave of hair follicle development (tylotrich/
guard hair), which depends on EDA/EDAR signaling (34), is
absent at E16 in the rela�/� c-rel�/� tnf��/� mice. By E17, hair
placodes were detected in the rela�/� c-rel�/� tnf��/� mutants,
a developmental phase that coincides with the initiation of awl
hair formation. Consistent with RelA/ c-rel signaling being
required for tylotrich but not awl or zigzag hair types, only awl
and zigzag hair was found in the rela�/� c-rel�/� tnf��/� skin
engrafted onto rag-1�/� tnfa�/� mice (Fig. 8Div and Dv). This
finding is also consistent with Wnt rather than EDA/EDAR
signaling being necessary for initiating awl follicle formation
(8, 34). Although awl and zigzag hair types develop in the
absence of c-rel and RelA, these hairs are much thinner than
those from control grafts. This indicates that c-rel and RelA
are required not only for the initiation of tylotrich hair follicle
formation, but also for normal development of awl and zigzag
hair.

Here we show that rela�/� c-rel�/� tnf��/� fetuses have a
thinner epidermis. Although this coincides with a reduction in
the size of the suprabasal layer, the expression of markers for
various distinct postmitotic epidermal layers indicates that ter-
minal keratinocyte differentiation still proceeds in the correct
sequential manner in the absence of c-rel and RelA. This
conclusion is supported by the presence of a functional corni-
fied barrier in rela�/� c-rel�/� tnf��/� fetuses. Normal num-
bers of epidermal stem cells and their progeny, the TA cells in
rela�/� c-rel�/� tnf��/� skin, indicate that this epidermal de-
fect is unlikely to involve impaired stem cell differentiation.
Instead, these observations suggest that a reduced rate of ker-
atinocyte differentiation is the likely cause of the thinner epi-
dermis.

While we cannot exclude a direct role for c-rel and RelA in
epidermal suprabasal cell differentiation, the basal keratino-
cyte cell cycle defect offers an alternative explanation for the
thinner rela�/� c-rel�/� tnf��/� fetal epidermis. Keratinocytes
normally complete a limited number of divisions before exiting
the cell cycle and migrating to the surface of the skin while
undergoing terminal differentiation. With fewer rela�/�

c-rel�/� tnf��/� basal keratinocytes in S phase, a slower rate of
division is likely to result in fewer basal cells being available to
exit the cell cycle and differentiate.

The finding that a higher proportion of mutant keratinocytes
were in G0/G1 indicates that the cell cycle defect is in G1.
Consistent with this conclusion was the smaller than normal
size of rela�/� c-rel�/� tnf��/� basal cells, a characteristic
indicative of a growth defect. This finding for the epidermal
keratinocyte cell cycle closely parallels the function of Rel/
NF-�B in B cells. c-rel and NF-�B1 regulate mitogen-induced
B-cell growth in G1 by inducing c-myc transcription (17). De-
spite a common role for Rel/NF-�B family members in con-
trolling lymphocyte and keratinocyte growth, c-myc expression

VOL. 24, 2004 c-rel AND RelA CONTROL EPIDERMAL DEVELOPMENT 5743



is normal in rela�/� c-rel�/� tnf��/� keratinocytes. This indicates
that c-rel and RelA control a different gene necessary for kera-
tinocyte growth. Although TNF-� has not been shown to regulate
cell growth, currently we are unable to rule out the possibility that
an absence of TNF-� activity on a rela�/� c-rel�/� background
contributes to the defect in cell cycle entry.

In contrast to the modest defect in keratinocyte division
observed in rela�/� c-rel�/� tnf��/� fetuses, when E18 rela�/�

c-rel�/� tnf��/� basal keratinocytes were cultured under condi-
tions that normally promote extensive proliferation, these cells
failed to divide in culture and instead underwent apoptosis. It
remains to be determined if the death of rela�/� c-rel�/� tnf��/�

keratinocytes in vitro is a direct consequence of impaired growth
or due to another defect, such as the failure of these cells to
adhere to plastic dishes. In vivo, the degree of cell death among
embryonic rela�/� c-rel�/� tnf��/� keratinocytes was not elevated
above normal levels, indicating that their survival is regulated
independently of these transcription factors. This differs from B
cells, where c-rel promotes both cell division and survival through
the regulation of distinct target genes (18).

Due to the death of newborn rela�/� c-rel�/� tnf��/� mice,
mutant embryonic skin was grafted onto immunocompromised
rag-1�/� recipients to assess the longer-term consequences of
the combined RelA/c-rel deficiency. Unlike the hypoprolifera-
tive status of basal keratinocytes in the rela�/� c-rel�/� tnf��/�

fetus, mutant fetal skin transplants were characterized by basal
cell hyperplasia and immune-mediated inflammation. The his-
topathology associated with the rela�/� c-rel�/� tnf��/� skin
grafts bore a striking resemblance to the skin phenotype of
female ikk��/� mice, an animal model for the human X-linked
disorder incontinentia pigmenti (54). Female ikk��/� mice
develop a severe dermatopathy that comprises an epidermal
hyperplasia, hyperkeratosis, and focal parakeratosis, with an
infiltration of pustule-carrying granules and hyperpigmenta-
tion near the epidermal-dermal junction (39, 49). Hair loss and
tooth defects are also associated with incontinentia pigmenti
(2). As it is not uncommon to observe patients with the com-
bined symptoms of hypohydrotic ectodermal dysplasia and in-
continentia pigmenti (2), a characteristic shared with the
rela�/� c-rel�/� tnf��/� deficiency, our findings indicate that it
is the inability to activate RelA and c-rel that accounts for the
defects seen in these patients.

The absence of basal keratinocyte hyperproliferation in
rela�/� c-rel�/� tnf��/� skin grafted onto rag-1�/� tnf��/�

recipients coincided with an absence of eosinophilia and mark-
edly reduced leukocyte infiltration into the graft. Prevention of
this pathology in the mutant graft by blocking TNF-� signaling
indicates that the proliferative skin disorder may be driven by
inflammatory mediators produced by the innate immune sys-
tem. This inflammation resembles that recently reported for
mice in which IKK� was selectively deleted in keratin-14-ex-
pressing cells (44). Collectively, these data indicate that c-rel
and RelA are the downstream effectors of the IKK�/IKK�-
mediated suppression of epidermal inflammation.

The mechanism by which the IKK�/IKK�/c-rel/RelA axis of
the Rel/NF-�B pathway suppresses immune-mediated inflam-
mation within the skin remains to be determined. Perhaps
epidermal cells lacking c-rel and RelA secrete inflammatory
mediators or chemokines that lead to leukocyte recruitment
and activation. Although Rel/NF-�B signaling has a well-es-

tablished role in leukocytes as a positive regulator of cytokine
transcription (15), in other cell types, such as keratinocytes,
this pathway may suppress cytokine and chemokine expression.
Such a model is consistent with c-rel functioning as a positive
or negative regulator of specific cytokine expression in a cell
type-dependent context (13).

It remains unclear why keratinocytes would adopt a strategy
in which immune activation requires the inhibition of Rel/NF-
�. One intriguing possibility is that activating the innate im-
mune system within the skin by inhibiting c-rel and RelA in
keratinocytes represents a mechanism to combat viruses that
have evolved mechanisms to shut down or circumvent the
Rel/NF-�B signaling pathway (48). Collectively, the findings
presented here indicate that the role of the c-rel and RelA
transcription factors in the skin is multifaceted, serving to
regulate the development of different skin structures during
embryogenesis and to control the innate immune system in a
postembryonic environment.
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