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Abstract

EDAR plays a key role in the process of ectodermal differentiation via activation of the NF-jB pathway. We present evidence

that EDAR also represses Lef-1/b-catenin-dependent transcription and this ability is defective in EDAR mutants associated with

anhidrotic ectodermal dysplasia. While IKK1/IKKa and IKK2/IKKb are required for EDAR-induced NF-jB activation, they are

dispensable for its ability to repress Lef-1/b-catenin-dependent transcription. In contrast, NIK is not involved in EDAR-induced

NF-jB activation or Lef-1/b-catenin transcriptional repression. As Lef-1/b-catenin pathway controls the expression of EDAR

ligand, ectodysplasin-A (EDA), our results point to a negative feedback regulation of EDA–EDAR axis.

� 2004 Elsevier Inc. All rights reserved.
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Ectodermal dysplasia receptor (EDAR) is a recently

isolated member of the TNFR family which plays a

critical role in the development of several ectodermal
organs in humans and mice [1–3]. Mutations in EDAR

have been found in several patients with anhidrotic ec-

todermal dysplasia and in downless mice [1,2]. We and

others have previously demonstrated that EDAR is ca-

pable of activating the NF-jB pathway and this activity

is defective in EDAR mutants found in patients with

anhidrotic ectodermal dysplasia and downless mice

[4–6]. An important role of the NF-jB pathway in ec-
todermal differentiation and hair-follicle morphogenesis

is also suggested by the discovery of mutations in

NEMO/IKKc, a key regulatory protein of the NF-jB
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pathway in patients with X-linked ectodermal dysplasia

and immune deficiency [7–9].

b-Catenin is the mammalian homologue of the Dro-

sophila armadillo protein. The b-catenin/Lef-1 signal

transduction pathway plays a central role in normal

embryonic development and in malignant transforma-

tion of many types of human cells [10]. Under normal

conditions of growth, b-catenin is found associated with

adenomatous polyposis coli tumor suppressor protein

(APC), axin or conductin, protein phosphatase 2A, di-

shevelled and glycogen synthase kinase (GSK3) [10]. In
this complex, GSK3 constitutively phosphorylates

b-catenin at a set of regulatory amino-terminal Ser/Thr

residues, thereby marking it for ubiquitination and for

subsequent proteasomal-mediated degradation [11,12].

The b-catenin pathway is activated by Wnt. The binding

of the Wnt proteins to their receptor, frizzled, stabilizes

b-catenin by inhibiting the activity of a serine/threonine

kinase GSK-3b [13,14]. An accumulation of free
b-catenin results in its translocation into the nucleus

where it binds to lymphoid enhancer factor 1 (Lef-1) and

T cell factor (TCF) transcription factor and activates

Lef-1/TCF-dependent transcription [15].
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The importance of b-catenin and Lef-1 in hair follicle
organogenesis is suggested by several lines of evidence.

Lef-1 is expressed in epithelial and mesenchymal com-

partments as early as the ectodermal placode stage [16].

Lef-1 null animals display a marked reduction of hair

follicles and complete lack of whiskers, suggesting that

Lef-1 may be an essential factor in generation of sec-

ondary hair follicles [17]. Transgenic mice overexpress-

ing Lef-1 or a constitutively active form of b-catenin in
the ectoderm display signs of de novo hair follicle

morphogenesis [16,18]. Binding sites for Lef-1/TCF are

found in a group of hair-specific promoters active in the

cortex and cuticle of postnatal hair follicles [16]. Finally,

Lef-1 was recently shown to control the expression of

ectodysplasin A, the EDAR ligand [19,20].

Given the fact that both EDAR and Lef-1/b-catenin
signaling pathways play important roles in ectodermal
differentiation and hair follicle morphogenesis, we have

examined the cross-talk between these two pathways.

We report that EDAR signaling represses Lef-1/b-cate-
nin-dependent transcriptional activity independent of its

effect on the NF-jB pathway and this repression is de-

fective in EDAR mutants associated with anhidrotic

ectodermal dysplasias.
Materials and methods

Cell lines and plasmids. 293T cells were obtained from Dr. David

Han (University of Washington, Seattle, WA). MEF cells deficient in

NIK, IKK1, and IKK2 have been described previously and were ob-

tained from Drs. Robert D. Schreiber, Richard Gaynor, and Inder

Verma, respectively [21–23]. Constructs encoding EDAR, its deletion,

and point mutants and super-repressor form of IjBa have been de-

scribed previously [4]. TOPFLASH and FOPFLASH reporter plas-

mids were obtained from Dr. Richard Gaynor.

Luciferase reporter assays. 293T cells were transfected in duplicate

in each well of a 24-well plate with 500 ng of empty vector or an

EDAR-encoding plasmid along with plasmids encoding either Lef-1

(25 ng), b-catenin (250 ng) or both. TOPFLASH (50 ng/well) and RSV-

lacZ (40 ng/well) reporter plasmids were transfected as well and the

total amount of transfected DNA was kept constant by adding empty

vector. Twenty-four to thirty hours later, cells were lysed and extracts

were used for the measurement of luciferase and b-galactosidase ac-

tivities, respectively. Luciferase activity was normalized relative to

b-galactosidase activity to control for the difference in the transfection

efficiency. Essentially a similar procedure was used for transfection of

MEF cells except Lipofectamine2000 (Invitrogen) was used for

transfection and a plasmid encoding Renilla luciferase (phRG-TK;

Promega) was used for control of transfection efficiency. NF-jB
luciferase reporter assay was performed as described previously [4].
Results and discussion

EDAR represses the Lef-1/b-catenin-dependent transcrip-
tion

Members of the TNFR family can be activated in a

ligand-independent fashion upon transient-transfection
based over-expression [24,25]. In order to study the
cross-talk between the EDAR and Lef-1/b-catenin sig-

naling pathways we used the TOPFLASH luciferase

reporter plasmid to assay for the transcriptional acti-

vation of the Lef-1/b-catenin pathway. This plasmid

contains four consensus Lef-1/Tcf binding motifs and a

minimal Fos promoter upstream of the luciferase re-

porter gene [26]. As shown in Fig. 1A, transfection of an

EDAR plasmid along with b-catenin and Lef-1 expres-
sion constructs in 293T cells led to significant inhibition

of the TOPFLASH reporter activity. However, trans-

fection of TOPFLASH reporter plasmid without

b-catenin and Lef-1 failed to significantly increase the

luciferase reporter activity, which was not blocked by

EDAR, thereby arguing against the possibility that

EDAR leads to non-specific transcriptional suppression

(Fig. 1A). As another control, we also transfected a
control reporter plasmid (FOPFLASH) which lacks the

Lef-1 binding sites [26]. Transfection of this reporter led

to an extremely low level of luciferase activity which was

not inhibited by EDAR, suggesting that the observed

effect was due to inhibition of Lef-1-mediated tran-

scription (data not shown).

Defect in Lef-1/b-catenin transcriptional repression by

EDAR mutants associated with anhidrotic ectodermal

dysplasia

Next we tested whether two EDAR mutations seen in

association with anhidrotic ectodermal dysplasia could
affect the ability of EDAR to represss the Lef-1/b-cate-
nin pathway. The E379K mutation is an autosomal-re-

cessive mutation in the death domain of murine EDAR

and is responsible for the spontaneous downlessJackson

phenotype, whereas the R420Q mutation has been de-

tected in the death domain of human EDAR in a family

with autosomal-dominant anhidrotic ectodermal dys-

plasia [1,2]. As shown in Fig. 1B, whereas the E379K
mutant retained significant residual ability to repress the

Lef-1/b-catenin activity, the R420Q mutant demon-

strated a significant loss of this inhibitory activity.

Consistent with the published reports [4–6], the

E379Kmutant also retained significant ability to activate

the NF-jB pathway while the R420Q mutant demon-

strated a significant loss of this activity (Fig. 1C). Thus,

EDAR mutants seen in association with anhidrotic ec-
todermal dysplasia have defect in both NF-jB activa-

tion and Lef-1/b-catenin transcriptional repression.

Role of death domain in EDAR-induced Lef-1/b-catenin
repression

EDAR possesses a region in its cytoplasm with weak

homology to the classical death domain present in the

death receptors [1,2]. The death domain of EDAR has

been shown to play a crucial role in NF-jB activation by



Fig. 1. EDAR represses the Lef-1/b-catenin-dependent transcription. (A) 293T cells were transfected in duplicate with 500 ng empty vector or an

EDAR-encoding plasmid and TOPFLASH assay performed as described in “Materials and methods.” The values shown are averages (means�
SEM) of a representative of two independent experiments in which each transfection was performed in duplicate. (B) Repression of Lef-1/b-catenin-
dependent transcription (TOPFLASH) by EDAR mutants associated with anhidrotic ectodermal dysplasia. (C) Activation of NF-jB reporter

activity by EDAR mutants associated with anhidrotic ectodermal dysplasia. (D) Schematic representation of the wild-type and mutant EDAR

constructs. The ligand-binding domain is shown in stripes, the transmembrane domain in gray, and the death domain (DD) in black. (E) Lef-1/

b-catenin transcriptional repression by wild-type and deletion mutants of EDAR. (F) Activation of NF-jB reporter activity by wild-type and deletion

mutants of EDAR.

M. Shindo, P.M. Chaudhary / Biochemical and Biophysical Research Communications 315 (2004) 73–78 75
this receptor [4,6]. We used C-terminal deletion muta-

genesis to study the contribution of death domain in

EDAR-induced Lef-1/b-catenin transcriptional repres-
sion (Fig. 1D). As shown in Fig. 1E, deletion mutant

EDARDC38 which is missing the C-terminal 38 amino

acids and possesses a partial death domain could effec-

tively repress the Lef-1/b-catenin-dependent transcrip-

tion. Consistent with the published results, this mutant

demonstrated a significant loss of the ability to activate

the NF-jB pathway as compared to the wild-type re-

ceptor (Fig. 1F). In contrast, deletion mutant
EDARDC164, which is missing 164 amino acids from

the C-terminal and lacks a death domain, demonstrated

only a weak ability to repress the Lef-1/b-catenin path-
way and activate the NF-jB pathway (Figs. 1E and F).

Collectively, the above results suggest that the C-ter-

minal 164 amino acids of EDAR are important for both
Lef-1/b-catenin repression and NF-jB activation.

Role of EDARADD in Lef-1/b-catenin transcriptional

repression

EDAR-associated death domain (EDARADD, also

known as crinkled) is a death domain-containing cyto-

solic adaptor protein that is recruited to the death do-

main of EDAR and has been shown to play a key role in

NF-jB activation by this receptor [27,28]. Mutations

in EDARADD have been seen in crinkled mice and in
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some patients with anhidrotic ectodermal dysplasia
[27,28]. EDARADD is believed to have a modular

structure in which the C-terminal death domain is be-

lieved to interact with the death domain of EDAR and

the N-terminal region is responsible for signal trans-

duction [27,28]. In order to investigate the possibility

that EDARADD is also involved in Lef-1/b-catenin
repression by EDAR, we tested the ability of wild-type

EDARADD and its N-terminal deletion mutant
(EdaraddDN70) to activate the NF-jB and repress Lef-

1/b-catenin transcriptional activity upon transient

transfection in 293T cells. As shown in Figs. 2A and B,

we observed significant repression of Lef-1/b-catenin
reporter activity and significant stimulation of NF-jB
reporter activity by wild-type EDARADD but not by its

N-terminal deletion mutant. Taken together, the above

results suggest a role of EDARADD in both NF-jB
Fig. 2. EDARADD-induced Lef-1/b-catenin transcriptional repression

and NF-jB activation. 293T cells were transfected with 500 ng of an

empty vector or expression vector encoding EDARADD, Edar-

addDN70, and EDAR and TOPLASH and NF-jB reporter activities

were measured as described in “Materials and methods.” The values

shown are averages (means� SEM) of a representative of two inde-

pendent experiments in which each transfection was performed in

duplicate. (A) Lef-1/b-catenin transcriptional repression by wild-type

and deletion mutants of EDARADD. (B) Activation of NF-jB
reporter activity by EDARADD and its deletion mutant.
activation and Lef-1/b-catenin repression by EDAR-
ADD.

Role of NIK in EDAR-induced b-catenin repression and

NF-jB activation

NIK is a serine threonine kinase of the MAP kinase

pathway which is believed to play a key role in NF-jB
activation by the lymphotoxin b receptor [21]. A role of

NIK in EDAR signaling has been suspected based on

the ability of dominant-negative mutants of N1K to

block EDAR-induced NF-jB in a luciferase reporter

assay. However, the role of NIK in NF-jB activation is

enigmatic. For example, although a dominant-negative
mutant of NIK can block NF-jB activation via

TNFR1, subsequent studies using NIK)/) mouse em-

bryonic fibroblast (MEF) cells have argued against the

involvement of this kinase in TNFR1-induced NF-jB
[21]. In order to re-examine the involvement of NIK in

EDAR-induced NF-jB activation and Lef-1/b-catenin
repression in a more physiological setting, we took ad-

vantage of mouse embryonic fibroblast cells (MEFs)
from wild-type (wt) and NIK)/) animals [21]. As shown

in Figs. 3A and B, EDAR was found to activate NF-jB
and repress Lef-1/b-catenin in both the wild-type and

NIK)/) MEFs. Collectively, the above results argue

against a major role of NIK in EDAR-induced NF-jB
activation or Lef-1/b-catenin transcriptional repression.

Role of IKK1/IKKa and IKK2/IKKb in EDAR-induced

NF-jB activation and Lef-1/b-catenin transcriptional

repression

Biochemical and genetic characterization of cytokine-

inducible NF-jB activation has led to the identification
of a multisubunit I jB kinase (IKK) complex consisting

of two catalytic subunits, IKK1/IKKa and IKK2/

IKKb, respectively, and a regulatory subunit, NEMO/

IKKc [29,30]. We have previously reported that domi-

nant-negative mutants of IKK1 and IKK2 can partially

block EDAR-induced NF-jB activation, suggesting a

role of these kinases in EDAR-induced NF-jB activa-

tion [4]. However, a number of recent studies argue
against a major role of IKK1 in cytokine-induced

activation of the canonical NF-jB pathway [31–33]. In

the light of this controversy, we have re-examined

the contribution of IKK1/IKKa and IKK2/IKKb in

EDAR-induced NF-jB activation and Lef-1/b-catenin
transcriptional repression using MEFs derived from

wild-type, IKK1)/) and IKK2)/) animals. As shown in

Fig. 3C, transient transfection of EDAR led to signifi-
cant NF-jB activation in the wild-type MEFs but failed

to do so in IKK1)/) and IKK2 )/) MEFs. Although a

small increase in EDAR-induced NF-jB was observed

in IKK1)/) MEFs, both the basal and induced NF-jB
activity in these cells was significantly lower as



Fig. 3. Role of NIK, IKK1, IKK2, and IjBa in EDAR-induced Lef-1/b-catenin transcriptional repression and NF-jB activation. (A–D) Murine

embryonic fibroblast cells derived from wild-type, NIK)/), IKK1)/), and IKK2)/) embryos were transfected with 500 ng of empty vector or

EDAR expression plasmid along with NF-jB (A,C) or TOPFLASH (B,D) reporter plasmids using Lipofectamine2000 (Invitrogen). A Renilla lu-

ciferase (phRG-TK) construct (75 ng/well) was co-transfected to serve as a normalization control. Cells were lysed 30 h after transfection and cell

lysates were used for reporter assays. TOPFLASH- and NF-jB-driven firefly luciferase activities were normalized relative to Renilla luciferase ac-

tivity to control for the difference in transfection efficiency. The values shown are averages (means� SEM) of a representative of at least two in-

dependent experiments in which each transfection was performed in duplicate. (E–F) 293T cells were transfected with the indicated plasmids and the

experiment was performed as described under “Materials and methods.” The amount of IjBa-SS32/36AA plasmid (750 ng/well) was 7.5 times the

amount of receptor plasmids (100 ng/well) and the total amount of DNA transfected was kept constant by adding empty vector. The values shown

are averages (means�SE) of a representative of at least two independent experiments in which each transfection was performed in duplicate. IjBa-
SS32/36AA completely blocks EDAR-induced NF-jB activation (A) but fails to block Lef-1/b-catenin-dependent transcriptional repression (B).
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compared to the wild-type MEFs. We next examined the

role of IKK1 and IKK2 in EDAR-induced Lef-1/b-
catenin transcriptional repression. As shown in Fig. 3D,

we observed equivalent repression of Lef-1/b-catenin
transcriptional activity in the wild-type, IKK1)/), and
IKK2)/) MEF cells. Collectively, the above results

confirm major roles of IKK1 and IKK2 in EDAR-in-

duced NF-jB activation but argue against a role of these

kinases in EDAR-induced Lef-1/b-catenin repression.

Moreover, the above results suggest that EDAR re-
presses the Lef-1/b-catenin transcriptional activity in-

dependent of its ability to activate the NF-jB pathway.

Role of IjBa phosphorylation and degradation in EDAR-

induced Lef-1/b-catenin transcriptional repression

The IKKs activate the NF-jB pathway by mediating

inducible phosphorylation and degradation of IjB
proteins. In order to confirm that EDAR represses the

b-catenin activity independent of its ability to activate
the NF-jB pathway, we used a phosphorylation-resis-

tant dominant-negative form of IjBa (IjBa super-re-
pressor). This mutant contains serine-to-alanine

substitutions at amino acids 32 and 36, respectively, is

resistant to phosphorylation-induced degradation of

IjBa, and is known to block NF-jB activation via di-

verse stimuli [34]. As shown in Figs. 3A and B, IjBa-
SS32/36AA mutant completely blocked EDAR-induced

NF-jB activation but failed to block b-catenin tran-

scriptional repression. Taken together with the studies
using IKK1- and IKK2-deficient MEFs, the above re-

sults suggest that EDAR represses the Lef-1/b-catenin
transcriptional activity independent of its ability to ac-

tivate the NF-jB pathway.

In summary, our results suggest that EDAR signaling

has opposing effects on two major pathways involved in

ectodermal differentiation and hair follicle morphogen-

esis—it stimulates NF-jB activity and represses the Lef-
1/b-catenin-dependent transcription. While EDARADD

appears to be the proximal adaptor involved in both
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these activities, the signaling intermediates involved in
the regulation of NF-jB and b-catenin pathways appear

to diverge distally. A recent study suggests that b-cate-
nin cellular localization and transcriptional activity are

differentially regulated by IKK1 and IKK2 [26]. While

we have confirmed the role of these kinases in EDAR-

induced NF-jB activation, our results argue against

their major role in the Lef-1/b-catenin-dependent tran-
scriptional repression by EDAR. Consistent with our
results, TNFa has been reported to repress b-catenin-
dependent gene expression and this effect is only par-

tially blocked by an IKKb dominant-negative mutant

[26]. While the signaling intermediates involved in

EDAR-mediated repression of Lef-1/b-catenin tran-

scriptional activity remain to be identified, it is inter-

esting to note that EDAR ligand, ectodysplasin A

(EDA-A1), is one of the target genes of Lef-1/b-catenin
pathway [19]. Thus, EDA-A1 may downregulate its

expression via a negative feedback-loop involving

EDAR-mediated repression of Lef-1/b-catenin tran-

scription. Future studies should address the biological

significance of this negative-feedback regulation of

EDAR–EDA axis during ectodermal differentiation and

hair follicle morphogenesis.
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