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1 | INTRODUCTION

| Ryota Hayashi®*® |

Abstract

Hypohidrotic ectodermal dysplasia is a rare condition characterized by hypohidrosis, hy-
podontia, and hypotrichosis. The disease can show X-linked recessive, autosomal domi-
nant or autosomal recessive inheritance trait. Of these, the autosomal forms are caused
by mutations in either EDAR or EDARADD. To date, the underlying pathomechanisms or
genotype-phenotype correlations for autosomal forms have not completely been dis-
closed. In this study, we performed a series of in vitro studies for four missense mutations
in the death domain of EDAR protein: p.R358Q, p.G382S, p.I388T, and p.T403M. The
results revealed that p.R358Q- and p.T403M-mutant EDAR showed different expres-
sion patterns from wild-type EDAR in both western blots and immunostainings. NF-xB
reporter assays demonstrated that all the mutant EDAR showed reduced activation of
NF-xB, but the reduction by p.G382S- and p.I388T-mutant EDAR was moderate. Co-
immunoprecipitation assays showed that p.R358Q- and p.T403M-mutant EDAR did not
bind with EDARADD at all, whereas p.G382S- and p.1388T-mutant EDAR maintained the
affinity to some extent. Furthermore, we demonstrated that all the mutant EDAR pro-
teins analyzed aberrantly bound with TRAF6. Sum of the data suggest that the degree of
loss-of-function is different among the mutant EDAR proteins, which may be associated

with the severity of the disease.

KEYWORDS
death domain, EDAR, EDARADD, hypohidrotic ectodermal dysplasia, TRAF6

Man [OMIM] 305 100), while autosomal dominant (OMIM 129490)
or recessive (OMIM 224900) forms of the disease are also known.

Hypohidrotic ectodermal dysplasia (HED) is a rare syndrome that is
characterized by abnormal development of hair, teeth, and eccrine
sweat glands, leading to show hypotrichosis, hypodontia, and hypo-
hidrosis, respectively.! Affected individuals with HED also exhibit
characteristic facial features, such as saddle nose, periorbital pig-
mentation, and low-set ears. In most cases, HED shows an X-linked

recessive inheritance pattern (Online Mendelian Inheritance in

The genetic basis of HED has already been disclosed. X-linked HED
is caused by mutations in ectodysplasin (EDA) gene,? and autoso-
mal forms of HED result from mutations in either ectodysplasin A
receptor (EDAR) or EDAR-associated death domain (EDARADD)
genes.>* The longest product encoded by the EDA gene, known as
ectodysplasin-Al (EDA-A1), belongs to the tumor necrosis factor

(TNF) ligand superfamily and is believed to be crucial for ectodermal

J Dermatol. 2022;00:1-8.
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development.”” EDAR is a type | transmembrane protein and a
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member of the TNF receptor superfamily with a ligand-binding
domain in the N-terminal extracellular region, as well as a poten-
tial death domain in its intracellular region.® Importantly, EDAR has
been shown to be a specific receptor of EDA-A1,” and EDARADD
functions as an adaptor protein of EDAR.* EDA-A1 binds to its re-
ceptor EDAR, which subsequently associates with EDARADD via
their death domains.' In addition, EDARADD further binds to other
components for the signal transduction, such as TNF receptor as-
sociated factor 6 (TRAF6), which finally leads to the downstream
activation of NF-xB.'%12

Regarding mutations in the EDAR gene, it has been reported
that recessive mutations lead to loss of expression or function,
while dominant ones show a dominant-negative effect against
wild-type (Wt) EDAR protein.’®'® To date, however, clear
genotype-phenotype correlations have not been characterized.
We postulate that each mutation can show difference in the de-
gree of abnormalities, which may be associated with the severity
of the disease.

In this study, we focus on recessive mutations in the EDAR gene
and attempt to characterize them in detail to reveal the association
with the phenotypes. We tested a total of four missense mutations,
p.R358Q, p.G382S, p.1388T, and p.T403M, within the death domain
of EDAR, all of which have been identified in families showing an ap-
parent autosomal recessive inheritance pattern.’>'"17-22 Of these,
we have chosen the mutation p.R358Q as a positive control for the
loss-of-function, as it has clearly been demonstrated to lose the af-
finity to EDARADD and show markedly reduced activation of the

downstream NF-xB.»’

2 | METHODS
2.1 | Generation of expression vectors

Expression vectors for an N-terminal Flag-tagged full-length
wild-type (Wt) EDAR (pCXN2.1-Flag-EDAR-Wt), an N-terminal
myc-tagged intracellular region (IC) of Wt-EDAR (pCXN2.1-myc-
EDAR-IC-Wt), an N-terminal Flag- or myc-tagged Wt-EDARADD
(pCXN2.1-Flag-EDARADD-Wt and pCXN2.1-myc-EDARADD-WHt,
respectively), and an N-terminal hemagglutinin (HA)-tagged Wt-
TRAF6 (pCXN2.1-HA-TRAF6-Wt) were previously generated.'®?
The nucleotide sequences for EDAR-IC were cut out from the
pCXN2.1-myc-EDAR-IC-Wt vector with restriction enzymes EcoRI
and Kpnl, and were suncloned into pCMV-Tag2A vector (Agilent
Technologies), which expresses an N-terminal Flag-tagged protein.
The generated vector was designated as pCMV-Tag2A-EDAR-IC-Wt.
Subsequently, the Flag-EDAR-IC sequences were cut out from the
pCMV-Tag2A-EDAR-IC-Wt vector with Notl and Kpnl, and were
subcloned into pCXN2.1 vector (pCXN2.1-Flag-EDAR-IC-Wt).>*
Using the QuikChange site-directed mutagenesis kit (Agilent
Technologies), the mutations ¢.1073G>A (p.R358Q), c.1144G>A
(p.G382S), ¢.1163T>C (p.1388T), and c.1208C>T (p.T403M) were

introduced into the pCXN2.1-Flag-EDAR-Wt, pCXN2.1-Flag-EDAR-
IC-Wt, and pCXN2.1-myc-EDAR-IC-Wt vectors. The nucleotide
sequences of all the generated vectors were confirmed by Sanger

sequencing.

2.2 | Cell culture and western blots (WBs)

HEK293T cells were cultured in Dulbecco's modified Eagle's
medium (Life Technologies) supplemented with 10% fetal bo-
vine serum (Life Technologies), 1001U/mL penicillin, and 100pug/
mL streptomycin. The cells were seeded in six-well dishes the
day before transfection. One microgram of vectors for an N-
terminal Flag-tagged full-length EDAR (Wt or mutants) or an
empty pCXN2.1 vector were transfected into each well using
Lipofectamine 2000 (Life Technologies) according to manufac-
tures instructions. 24 h after the transfection, the cells were har-
vested and homogenized in lysis buffer (20mM Tris-HCI (pH 7.5),
137 mM NacCl, 10% Glycerol, 2mM EDTA, 0.5% Triton X, and 1X
Protease Inhibitor Cocktail (Takara Bio Inc.)). Total cell lysates
were collected by centrifugation at 150003 for 10 min at 4°C. The
lysates were mixed with 4XLDS sample buffer and 10x reducing
agent (Life Technologies), incubated at 75°C for 10 min, and then
loaded to 4%-12% NuPAGE gels (Life Technologies). WBs were
performed as described previously.?> The primary antibodies used
were mouse monoclonal anti-DDDDK (Flag; diluted 1:5000; MBL
International), rabbit polyclonal anti-EDAR (diluted 1:2000),"” and

mouse monoclonal anti-beta-actin (diluted 1:3000; Sigma-Aldrich).

2.3 | Indirectimmunofluorescence (lIF)

HEK293T cells were plated in eight-well chamber slides (Nalge
Nunc International) on the day before transfection. In line with the
manufacturer's instructions, 100 ng of vectors for an N-terminal
Flag-tagged full-length EDAR (Wt or mutants) or an empty
pCXN2.1 vector were transfected with Lipofectamine 2000
(Invitrogen), and were further cultured for 30h. IIF was performed
as described previously.25 The primary antibodies used were rab-
bit polyclonal anti-EDAR (diluted 1:500)*” and mouse monoclonal
anti-pan-cadherin (diluted 1:100; Abcam). The secondary antibod-
ies used were Alexa Fluor 594 goat anti-rabbit 1gG (diluted 1:500;
Life Technologies) and Alexa Fluor 488 goat anti-mouse IgG (di-
luted 1:500; Life Technologies). The nuclei were couterstained
with 4',6-diamidino-2-phenylindole (DAPI; Vector Laboratories).
The images were analyzed with a confocal laser scanning micro-

scope (Olympus Fluoview FV3000; Olympus).

2.4 | NF-kB reporter assay

HEK293T cells were seeded in 12-well dishes the day be-
fore transfection. 50ng of pNF-kxBLuc vector (Clontech) was
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transfected into each well along with 25ng of vectors for an N-
terminal Flag-tagged full-length EDAR (Wt or mutants), an N-
terminal Flag-tagged EDARADD, or an empty pCXN2.1 vector
using Lipofectamine 2000 (Life Technologies). 50 ng of a construct
for B-galactosidase reporter (Promega) was also transfected for
normalization of transfection efficiency. The cells were lysed 30h
after the transfection and the signals were assayed as described
previously.?® The results represent triplicate determination of a
single experiment that is representative of a total of three similar
experiments. The data were presented as means +SEM, and were
analyzed with Dunnett's multiple-comparison test. p< 0.05 was

considered statistically significant.

2.5 | Co-immunoprecipitation (co-IP) assays

HEK293T cells were plated in six-well dishes the day before trans-
fection. Expression vectors for EDAR-IC, EDARADD, and TRAF6
(1.0 pg each) were transfected with Lipofectamine 2000 (Life
Technologies). The total amount of vectors in each transfection was
adjusted with an empty pCXN2.1 vector. 24 h after the transfection,
total cell lysates were extracted from the cells as described above.
The samples were incubated with mouse monoclonal anti-DDDDK
(Flag) agarose gels (MBL International) for 2 h at 4°C. The agarose
beads were washed with lysis buffer four times. The precipitated
proteins were eluted in 4XLDS sample buffer and 10x reducing agent
(Life Technologies), incubated at 75°C for 10 min. Electrophoresis on
4%-12% NuPAGE gels (Life Technologies) and WBs were performed.
The primary antibodies used were rabbit polyclonal anti-myc (diluted
1:1000; MBL International), rabbit polyclonal anti-DDDDK (Flag; di-
luted 1:1000; MBL International), and rabbit polyclonal anti-HA (di-
luted 1:3000; Abcam).

3 | RESULTS

3.1 | Expression patterns were different among the
mutant EDAR proteins

We initially overexpressed Wt or the four mutant EDAR proteins in
HEK293T cells and analyzed their expression by WBs with anti-Flag
and anti-EDAR antibodies. The EDAR proteins carried a Flag-tag at the
N-terminus (Figure 1a), and thus the anti-Flag antibody recognized only
the premature forms before the signal peptide was removed, while the
anti-EDAR antibody was expected to detect mainly the mature forms
(Figure 1a). In WBs with the anti-Flag antibody, all the EDAR proteins
showed a single fragment, 55KDa in size, but the expression levels
of R358Q- and T403M-mutant EDAR proteins were lower than Wt-
EDAR protein (Figure 1b). WBs with the anti-EDAR antibody revealed
a fragment, 52KDa in size, in all the EDAR proteins analyzed, while a
larger fragment, around 60KDa in size, was also detected in R358Q-
and T403M-mutant EDAR proteins, suggesting that some aberrant

modifications occurred in these two mutants (Figure 1b).
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FIGURE 1 Schematic representation of EDAR protein and the
results of western blots. (a) Schematic representation of EDAR
protein and position of the four missense mutations analyzed in
this study. The epitope of anti-Flag and anti-EDAR antibodies is
also indicated. S, signal peptide; EC, extracellular domain; TM,
transmembrane domain; DD, death domain. (b) Expression vectors
for an N-terminal Flag-tagged wild-type (Wt) and the four mutant
EDAR (Flag-EDAR) were transfected into HEK293 cells, and the
expression patterns were analyzed by western blots (WBs) with
anti-Flag and anti-EDAR antibodies. WB with anti-beta-actin
antibody was performed as a control.

3.2 | Distinct subcellular localization between the
mutant EDAR proteins

We then performed IIF studies to analyze subcellular localization
of Wt and the four mutant EDAR proteins in HEK293T cells, which
showed that Wt-EDAR protein was predominantly expressed within
the cytoplasm (Figure 2). Similarly, p.G382S- and p.I388T-mutant
EDAR proteins also showed an intracellular localization (Figure 2).
In contrast, p.R358Q- and p.T403M-mutant EDAR proteins were
clearly expressed at the cell membrane (Figure 2). The results re-
vealed two distinct expression patterns between the mutant EDAR

proteins.

3.3 | Allthe four mutant-EDAR proteins showed
reduction in activation of the downstream NF-xB

To investigate how the EDAR gene mutations would affect the
downstream signaling, we performed NF-xB reporter assays. As
the first step, we simply overexpressed Wt- or mutant-EDAR in
HEK293T cells. As compared with Wt-EDAR, all the four mutant
EDAR showed statistically lower luciferase activity (Figure 3a).
The reduction was especially obvious in p.R358Q- and p.T403M-
mutant EDAR (Figure 3a). We subsequently performed NF-«xB re-
porter assays under the condition that EDARADD-expression
vector was co-transfected. When EDARADD and Wt-EDAR were
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FIGURE 2 Subcellular localization of wild-type and the four mutant EDAR proteins. Expression vectors for an N-terminal Flag-tagged
wild-type (Wt) and the four mutant EDAR were transfected into HEK293 cells, and indirect immunofluorescence was performed with anti-
EDAR and anti-pan-cadherin antibodies. Wt-, p.G382S-, and p.I388T-mutant EDAR proteins were expressed within the cytoplasm, while
p.R358Q- and p.T403M-mutant EDAR proteins were at the cell membrane. Counterstaining with DAPI is shown in blue. Scale bar: 20 pm.
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FIGURE 3 Allthe for mutant EDAR proteins showed reduced activation of NF-xB. (a) When wild-type (Wt) or the mutant EDAR proteins
were overexpressed in HEK293T cells, Wt-EDAR markedly upregulated the luciferase activity, while the activation by all the four mutant
EDAR proteins was statistically lower than that by Wt-EDAR. In particular, p.R358Q- and p.T403M-mutant EDAR proteins markedly reduced
the activity. (b) On the condition that EDARADD was co-overexpressed, p.R358Q- and p.T403M-mutant EDAR proteins significantly
reduced the luciferase activity, while the reduction by p.382S- and p.1388T-mutant EDAR was moderate, as compared to Wt-EDAR. The
data were analyzed with Dunnett's multiple-comparison test. p <0.05 was considered statistically significant (asterisks).

co-overexpressed, the luciferase activity was markedly upregulated R358Q- and T403M-mutant EDAR proteins only weakly upregu-
(Figure 3b). This ability of upregulation maintained to some extent lated the luciferase activity (Figure 3b). The results suggest that the
in G382S- and I1388T-mutant EDAR proteins, which, nonetheless, degree of loss-of-function appears to vary among the mutant EDAR
was statistically lower than Wt-EDAR (Figure 3b). By contrast, proteins.
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3.4 | Mutant EDAR showed reduced or loss of
affinity to EDARADD

In order to investigate physical interaction between EDARADD
and the mutant-EDAR, we conducted co-IP assays on the condition
that myc-tagged intracellular domain of EDAR (myc-EDAR-IC) and
Flag-tagged EDARADD (Flag-EDARADD) were co-overexpressed in
HEK293T cells. While the Wt-EDAR-IC was co-immunoprecipitated
with Flag-EDARADD, R358Q- and T403M-mutant EDAR were not
at all (Figure 4). Co-IP of 1388T-mutant EDAR protein was weakly
detected, while that of G382S-mutant EDAR protein was relatively
abundant, of which level was slightly less than that of Wt-EDAR
(Figure 4).

3.5 | Aberrantinteraction between the mutant
EDAR and TRAF6

It is known that TRAF6 is an important component for downstream
of the EDA-A1/EDAR/EDARADD signaling.!* We firstly analyzed
if Wt-EDAR was capable of directly binding with TRAF6. Co-IP as-
says showed that Wt-EDAR-IC did not bind with TRAF6 without
EDARADD, whereas TRAF6 was co-immunoprecipitated with Wt-
EDAR when EDARADD was co-overexpressed (Figure 5a). The
result indicates that EDAR does not have an affinity with TRAFé,
while it indirectly interacts with TRAF6 via EDARADD. We sub-
sequently tested the interaction between TRAF6 and the mutant
EDAR. Surprisingly, co-IP assays demonstrated that TRAF6 was co-
immunoprecipitated with all the four mutant EDAR-IC even without

FIGURE 4 The mutant EDAR proteins showed reduced or
abolished affinity with EDARADD. An N-terminal myc-tagged
intracellular domain (IC) of wild-type (Wt) or the mutant EDAR
proteins (myc-EDAR-IC) were overexpressed with an N-terminal
Flag-tagged EDARADD (Flag-EDARADD), and immunoprecipitation
(IP) with anti-Flag antibody was performed, which was followed by
western blots (WBs) with anti-myc and anti-Flag antibodies. While
Wt-EDAR-IC was efficiently co-immunoprecipitated with Flag-
EDARADD, either p.R358Q-EDAR-IC or p.T403M-EDAR-IC was
not. Co-IP of p.I1388T-EDAR-IC was markedly reduced, and that of
p.G382S was slightly reduced, as compared with Wt-EDAR-IC.
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EDARADD (Figure 5b), suggesting that the mutant EDAR proteins
were capable of directly binding with TRAF6.

4 | DISCUSSION

In this study, we performed in vitro analyses to characterize four
missense mutations in the EDAR gene which have previously been
identified in families with HED showing an autosomal recessive
inheritance trait.?>'"1722 We detected that these mutant EDAR
proteins showed different behaviors in cultured cells. Concerning
the subcellular localization, Wt-, p.G382S- and p.I388T-mutant
EDAR proteins were mainly expressed within the cytoplasm, while
p.R358Q- and p.T403M-mutant EDAR proteins preferentially local-
ized at the cell membrane (Figure 2), which might reflect different
expression patterns in WBs (Figure 1b). It is known that many types
of TNF receptors including EDAR tend to be expressed within the
cytoplasm in IIF staining although the significance or the mecha-
nism for this phenomenon remains unknown.?’-3% Interestingly, a
dominantly-inherited mutant EDAR has been shown to be expressed
at the cell membrane,®° similar to p.R358Q- and p.T403M-mutant
EDAR. Therefore, in lIF studies in cultured cells, it can be considered
that the localization at the cell membrane is an abnormal expression
pattern.

In NF-kB reporter assays, p.R358Q- and p.T403M-mutant EDAR
showed markedly reduced activation of NF-kB, while the reduc-
tion was moderate in p.I388T and mild in p.G382S, respectively
(Figure 3a,b). In co-IP assays, p.R358Q- and p.T403M-mutant EDAR
completely abolished the affinity with EDARADD, and p.I388T-
mutant EDAR only weakly bound with EDARADD (Figure 4). In
contrast, p.G382S-mutant EDAR maintained a strong affinity with
EDARADD, as compared with the other mutant EDAR proteins
(Figure 4). The results of co-IP were consistent with those of NF-
kB reporter assays, and thereby, the degree of reduction of NF-xB
activity is highly correlated with the affinity between each mutant
EDAR and EDARADD.

The missense mutations analyzed in this study (p.R358Q,
p.G382S, p.I388T, and p.T403M) were all a non-conservative
amino acid substitution within the death domain of EDAR protein
(Figure 1a), and several databases predicted that all the four mu-
tations would severely affect the function and/or the structure of
EDAR (Table 1). The score in each database was quite similar among
the four mutations (Table 1), suggesting that the prediction tools
did not precisely reveal the actual consequences resulting from the
mutations. It also highlighted the importance of experiments in wet
laboratories like ours.

The only common phenomenon among all the four mutant
EDAR proteins was that they obtained an ability to bind directly
with TRAF6, while the Wt-EDAR interacted indirectly with TRAF6
through EDARADD (Figure 5a,b). The results suggest that the mu-
tant EDAR would fail to form a correct protein-complex composed
of EDAR, EDARADD, and TRAF6, which might be a “key” abnor-
mality for HED resulting from the EDAR-gene mutations. In order
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FIGURE 5 Allthe mutant EDAR proteins directly bound with TRAF6, while wild-type EDAR did not. (a) An N-terminal HA-tagged TRAF6
(HA-TRAF6) and an N-terminal Flag-tagged intracellular domain (IC) of wild-type (Wt) EDAR (Flag-EDAR-IC-Wt) were co-transfected

either with or without an N-terminal myc-tagged EDARADD (myc-EDARADD), and immunoprecipitation (IP) with anti-Flag antibody

was performed, which was followed by western blots (WBs) with anti-HA, anti-myc, and anti-Flag antibodies. When myc-EDARADD

was co-overexpressed, HA-TRAF6 was co-immunoprecipitated with Flag-EDAR-IC-Wt (lane 1). By contrast, HA-TRAF6 was not co-
immunoprecipitated without EDARADD (lane 3). (b) Wt- or the mutant Flag-EDAR-IC proteins were overexpressed with HA-TRAF6, and IP
with anti-Flag antibody was performed, which was followed by WBs with anti-HA and anti-Flag antibodies. While HA-TRAFé was not co-

immunoprecipitated with Wt-EDAR protein (lane 1), it was clearly co-immunoprecipitated with all the four mutant EDAR proteins (lanes 2-5).

TABLE 1 Prediction for the four EDAR gene mutations analyzed in this study

Mutation SIFT PolyPhen REVEL MetalR
p.R358Q Score 0.030 0.992 0.740 0.732
Prediction Deleterious Probably damaging Likely disease causing Damaging
p.G382S Score 0.000 1.000 0.792 0.714
Prediction Deleterious Probably damaging Likely disease causing Damaging
p.1388T Score 0.000 0.998 0.812 0.733
Prediction Deleterious Probably damaging Likely disease causing Damaging
p.T403M Score 0.000 0.999 0.746 0.738
Prediction Deleterious Probably damaging Likely disease causing Damaging
TABLE 2 Characteristics of the mutant EDAR proteins analyzed in this study
p.R358Q p.G382S p.1388T p.T403M
Expression level on western ~ Reduced Similar to wild-type Similar to wild-type Reduced
blots
Expression pattern on Larger size Similar to wild-type Similar to wild-type Larger size

western blots

Localization

Activation of NF-xB

Affinity to EDARADD

Cell membrane
Markedly reduced
Abolished

Cytoplasm (Similar to wild-type)
Slightly reduced
Slightly reduced

Aberrant affinity to TRAF6 +

Degree of loss-of-function

Severe

+
Mild

Cytoplasm (Similar to wild-type)
Moderately reduced

Markedly reduced

+

Moderate

Cell membrane
Markedly reduced
Abolished

+

Severe

Abbreviations: WBs, western blots; WT, wild-type.
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to further disclose the pathomechanisms related to this phenome-
non, we performed additional NF-xB reporter assays on the condi-
tion that TRAF6 was co-overexpressed. However, we were unable
to obtain any significant findings because TRAF6, by itself, highly
activated the downstream NF-xB with or without EDAR/EDARADD
(data not shown).

Based on the results obtained in this study, we evaluated each
mutation in terms of the degree of loss-of-function: R358Q and
T403M as “severe”, p.I388T as “moderate”, and p.G382S as “mild”,
respectively (Table 2). The most important question is whether
our results are correlated with the severity in phenotypes or not.
We (Y.S and R.H.) have previously experienced a Japanese HED
patient with bi-allelic EDAR-gene mutation p.R358Q." The patient
definitely showed severe phenotypes with extremely-sparse hairs,
only few teeth, and diminished sweating.!” Similarly, the mutation
p.T403M also resulted in a severe type of HED according to a re-
port by others.??> Concerning the mutations p.G382S and p.1388T,
patients with either mutation showed less severe hair symp-
toms.2%2?! In addition, a patient with the mutation p.G3825 did not
seem to have apparent saddle nose or low-set ears.?® Although an
accurate evaluation for the phenotypes is difficult because of lack-
ing detailed clinical features in the reference papers,*>'*~22 there is
a possibility that the degree of loss-of-function of the EDAR-gene
mutations is associated with determining the severity of HED.

Our study not only underscored crucial roles of EDAR in ecto-
dermal development, but also provided precious information regard-

ing the genotype-phenotype correlation for HED.
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