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X-linked hypohidrotic ectodermal dysplasia (XLHED) is a heritable
disorder of the ED-1 gene disrupting the morphogenesis of ecto-
dermal structures. The ED-1 gene product, ectodysplasin-A (EDA),
is a tumor necrosis factor (TNF) family member and is synthesized
as a membrane-anchored precursor protein with the TNF core motif
located in the C-terminal domain. The stalk region of EDA contains
the sequence -Arg-Val-Arg-Arg156-Asn-Lys-Arg159-, representing
overlapping consensus cleavage sites (Arg-X-LysyArg-Arg2) for the
proprotein convertase furin. Missense mutations in four of the five
basic residues within this sequence account for '20% of all known
XLHED cases, with mutations occurring most frequently at Arg156,
which is shared by the two consensus furin sites. These analyses
suggest that cleavage at the furin site(s) in the stalk region is
required for the EDA-mediated cell-to-cell signaling that regulates
the morphogenesis of ectodermal appendages. Here we show that
the 50-kDa EDA parent molecule is cleaved at -Arg156Asn-Lys-
Arg1592- to release the soluble C-terminal fragment containing the
TNF core domain. This cleavage appears to be catalyzed by furin,
as release of the TNF domain was blocked either by expression of
the furin inhibitor a1-PDX or by expression of EDA in furin-deficient
LoVo cells. These results demonstrate that mutation of a functional
furin cleavage site in a developmental signaling molecule is a basis
for human disease (XLHED) and raise the possibility that furin
cleavage may regulate the ability of EDA to act as a juxtacrine or
paracrine factor.

X -linked hypohidrotic ectodermal dysplasia (XLHED) is a
human heritable disorder that results in the impaired for-

mation of hair, teeth, and sweat glands during fetal development
(1). When this condition goes unrecognized, there is a 30%
mortality rate due to hypothermia during the first 2 years of life
(2). The XLHED locus, ED-1, encodes a multidomain trans-
membrane protein, ectodysplasin-A (EDA) (1, 3–6). A similar
X-linked disorder also exists in mice and is due to spontaneous
mutations of the murine ortholog of EDA (3, 4). The tissues
affected by this disorder are all derived from epithelia, which
extend into the underlying mesenchyme, proliferate, and then
differentiate. Consistent with a role in development of these
tissues, EDA mRNA and protein have been detected in epithe-
lial cells of the epidermis, sweat glands, hair follicles, and tooth
bud (1, 7, 8).

EDA is a member of the tumor necrosis factor (TNF) family
of ligands (7, 9–13), suggesting that mutations in ED-1 could lead
to a failure of epithelial signaling required for the normal
development of these tissues. In support of this idea, an auto-
somal gene (EdaR, DL) for XLHED has been cloned in both
mouse and human (9, 14). This gene, also expressed in the
epithelium, encodes ectodysplasin-A receptor (EdaR), a trans-
membrane protein with domains homologous to the TNF re-
ceptor family. The TNF homologies of the two molecules suggest
that EDA and EDA receptor (EDAR) function as a receptor–

ligand pair (14), for which there is recent biochemical evidence
(15, 16)

Like other members of the TNF family (17, 18), EDA is a
trimeric type II transmembrane protein (see Fig. 1A; refs. 3–5).
Two extracellular (EC) domains are separated by a collagenous
segment of 19 Gly-X-Y triplets, and the TNF motif resides in the
most carboxy-terminal extracellular domain, EC2. The triple
helical domain and EC1 compose a stalk region separating the
TNF ligand domain from the cell surface. EDA shows extensive
alternative splicing, but only the two largest forms, EDA-A1 (391
aa) and EDA-A2 (389 aa), contain the EC2 domain with its TNF
motif (6). Although the presence of a collagen domain in the
stalk region of EDA is unusual in the context of TNF cytokines,
this overall structure is similar to that of the adipocyte protein
ACRP30 and characteristic of the structure of C1q family
proteins, which together form a TNF-C1q superfamily (11, 19).

The fact that EDA is a membrane protein suggests that it may
participate in direct juxtacrine cell–cell signaling through the
EDAR receptor. Alternatively, the membrane-attached form
may require shedding by specific proteolysis for activation or
paracrine signaling. The shedding phenomenon has been ob-
served in a large number of signaling systems involving either the
ligand, the receptor, or both (for reviews see refs. 20 and 21).
Like some other TNF ligands, such as Baff, Trail, and APRIL
(18), EDA contains a consensus site for furin-like proteolytic
processing, suggesting that it may also be proteolytically shed or
activated.

Furin is a membrane-associated, calcium-dependent, serine
endoprotease that cleaves most efficiently at the C-terminal side
of an Arg(P4)-X-LysyArg-Arg(P1) sequence (22), where the
basic residues at the P1 and P4 positions are critical for activity.
EDA contains two consecutive consensus furin motifs that
overlap by one amino acid, Arg-Val-Arg-Arg-Asn-Lys-Arg159

(upstream, italics; downstream, underlined). The potential com-
pound furin site is located in the first extracellular domain (EC1)
near the junction of the collagen sequence (Fig. 1 A). Cleavage
at the putative furin site in EDA would produce a C-terminal
fragment containing the TNF motif (EC2) and its associated
collagen segment. This fragment would no longer be membrane
bound, and its formation by furin could potentially regulate or
be required for EDA signaling between cells.
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A role for furin processing in the function of EDA is suggested
by the detection of mutations involving four of five basic amino
acids in the EDA compound consensus furin site of XLHED
patients (5, 6, 23, 54) as shown in Fig. 1 A. These mutations, many
of which have recurred independently in unrelated families,
represent a significant portion ('20%) of the mutations de-
tected in the ED-1 gene. Mutations affecting Arg156, which is in
a key position for both consensus sites (either P1 or P4), are the
most frequently observed within the furin site(s) or anywhere in
the gene (54).

Here we show that EDA is proteolytically processed during
biosynthesis, apparently by furin, which cleaves EDA in the
compound consensus site, predominantly at Arg159. We further
show that mutations in this furin site found in XLHED patients
block the proteolytic processing of EDA, indicating that pro-
teolytic release of the TNF domain is a requirement for proper
EDA-EDAR signaling during development.

Materials and Methods
Materials. Monoclonal hemagglutinin (HA) antibody was ob-
tained from Covance. The vaccinia viral furin construct
(VV):furyf and the adenoviral a1-antitrypsin (Portland)
(a1-PDX) construct were prepared as described (24, 25). All
restriction endonucleases were obtained from Promega. Unless
otherwise indicated, all reagents were purchased from Sigma.

EDA Expression, VV:EDA-HA. Full-length EDA-A1 encoding 391 aa
(5) (accession number: GenBank AF060999) was first cloned
into BamHIySacI sites of pZVneo vector by PCR. Site-direct
mutagenesis (CLONTECH) was used to introduce the sequence
encoding YPYDVPDYA (the HA epitope tag) after Lys161. The
EDA-HA furin site mutants R153C, R156C, R156H, K158N,
and R159A (Fig. 1 A) were generated by site-direct mutagenesis
of the EDA-HA construct (oligonucleotide sequences available
on request). Recombinant vaccinia viruses of all EDA-HA
constructs were generated by marker transfer as described (26).

Cell Culture and Infection. BSC-40 and LoVo cells were cultured
as described (27, 28), infected for 30 min with recombinant
vaccinia virus at a multiplicity of infection of 5, and incubated for
14–16 h as described (27, 29), in medium supplemented with 50
mgyml ascorbate-2-phosphate (30). Furin processing was inhib-
ited by coexpression of VV:EDA-HA with the a1-PDX construct
(25). LoVo cells were infected at a multiplicity of infection of 5
with VV:EDA-HA and coinfected at a multiplicity of infection
of 5 with either VV:furyf (24) or wild-type virus and further
cultured for 8 h. Cell layer and media were harvested, and the
cells were extracted as described (27, 29) in a volume equal to the
medium.

Immunoblotting. Equal aliquots of cell extract or medium fraction
were separated on 10% SDSyPAGE gel and immunoblotted as
described (31) with the use of chemiluminescence (ECL, Pierce).

Bacterial Collagenase Digest. Cell extracts or medium was incu-
bated with bacterial collagenase CLSPA (Worthington; further
purified according to the methods in ref. 32) at 37°C for 2 h at
5 mM Ca21.

Inhibition of N-Linked Glycosylation. Tunicamycin (10 mgyml) (Be-
hring) was added to the BSC-40 cell culture media, followed by
infection with VV:EDA-HA at a multiplicity of infection of 10,
and the cells harvested after 4 h of infection to minimize the toxic
effects of tunicamycin.

Preparation of Fluorescence-Labeled Peptide Substrates. Synthetic
peptide, aminobenzoic acid-Glu148-Glu-Glu-Ser-Arg-Arg-Val-
Arg-Arg-Asn-Lys-Arg-Ser-Lys-Ser-Asn-Glu-3-nitrotyrosine-

Fig. 1. Structure of EDA and the EDA-HA construct. The EDA protein is a type
II transmembrane protein. Cyt, the N-terminal cytoplasmic domain; TM, the
transmembrane domain. EC1, the first extracellular domain, contains a com-
pound consensus furin cleavage site, Arg-X-LysyArg-Arg (italics, upstream site;
underline,downstreamsite),near itsCterminus.TH, thecollagenoustriplehelical
domain; EC2, the second extracellular domain, which contains an embedded TNF
core motif. This domain also contains two consensus N-linked glycosylation sites,
as indicated in the schematic (5). The recombinant EDA-HA molecule (400 aa)
used in this study is identical to the EDA-A1 sequence (391 aa), with the addition
of the 9-aa hemagglutinin (HA) epitope tag as indicated. The positions of Arg156

and Arg159 are indicated. Mutations within the putative furin site(s) of EDA in
patients with XLHED are identified by downward arrows (5, 6, 23, 54) and are
abbreviated R153C, R155C, R156S, R156H, R156C, and K156N. The position of
each amino acid is given relative to the downstream site (Arg159), P1-P8, N-
terminal and P19-P29, C-terminal. (B) BSC-40 cells were infected with VV:EDA-HA
orwild-typevirus (VV:WT)for16h,andthecell (c)andmedium(m)compartments
were analyzed by SDSyPAGE and immunoblotting with HA antibody. Cell and
medium samples were also analyzed after digestion with bacterial collagenase
(C’ase). A schematic of collagenase digestion products is on the right. After
collagenase digestion, the HA epitope tag remains with the N-terminal EC1
domain. The triple helix appears to be more resistant to bacterial collagenase
in the context of the parent molecule compared with the 36y27-kDa fragments.
(C) BSC-40 cells were infected with VV:EDA-HA for 4 h in the presence (1) or
absence (2) of tunicamycin (Tm) to inhibit N-glycosylation. The same proteolytic
processing and N-glycosylation patterns were detected when EDA was expressed
in other cell lines, HaCaT (epidermal epithelia), 293 (kidney epithelia), COS-7
(kidney fibroblast), and A204 (rhabdomyosarcoma) (data not shown).
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Gly165, was prepared by the analytical core facility of the Shriners
Hospital, Portland, OR (33). Aminobenzoic acid (fluorenylme-
thoxycarbonyl- aminobenzoic acid; Bachem) was added to the
end of the peptide, and 3-nitrotyrosine (fluorenylmethoxycar-
bonyl-Nitrotyrosine; Bachem) was inserted between Glu164 and
Gly165 to produce an internally quenched peptide for the mon-
itoring of protease activity in kinetic assays (34). Additional
peptides harboring XLHED mutations R153C, R155C, R156C,
R156H, K158N, and the introduced mutation R159A were
prepared in the same way (Fig. 1 A).

Assays of Proprotein Convertase (PC) Activity. In vitro assays of
peptide substrate cleavage by furin were conducted as described
(35). Fluorescence measurements were performed at 30°C with
a substrate concentration of 100 mM in a 1.0-ml final volume,
with the use of 10 ml furin (400 nM), prepared as described (35).
The final f luorescence value was obtained by the addition of
trypsin (1 mgyml). For N-terminal sequencing, reactions were
carried out in a final volume of 100 ml, with 2 ml furin for 2 h
at room temperature. Km and kcat were determined as de-
scribed (25).

Results
Expression of EDA-HA. To determine whether EDA is proteolyti-
cally cleaved during biosynthesis, full-length human EDA cor-
responding to the EDA-A1 isoform was cloned into vaccinia
virus for recombinant expression. The HA epitope tag was
incorporated into EDA adjacent to the furin site (Fig. 1 A) to
facilitate these analyses. After expression of EDA-HA in BSC-40
cells (Fig. 1B), immunoblotting of the cell layer showed a broad
band with an apparent molecular mass of about 50 kDa, con-
sistent with a protein of 400 aa including the HA tag. In addition,
two smaller bands (Mr 36 kDa and 27 kDa) were detected in the
cell extract and were the only immunoreactive products observed
in the culture medium. These results suggested the release of a
C-terminal fragment(s) of EDA containing the HA tag in a
process likely to involve the furin site. Evidence for this conclu-
sion was obtained by digestion of cell and media samples with
bacterial collagenase to remove the collagenous sequence (Fig.
1B). Although incomplete, the digestion of the cell material
generated a new 18-kDa band consistent with the N-terminal
portion of the molecule up to the start of the collagenous
sequence and including the HA tag. Collagenase digestion of the
medium resulted in the complete loss of the 36-kDa and 27-kDa
bands, consistent with processing at the furin site and separation
of the HA tag from the C-terminal fragment by removal of the
collagen segment (see Fig. 1 A).

The broad 50-kDa band (often a doublet) and the appearance
of two fragments rather than one suggested the presence of more
than one cleavage site or differential posttranslational modifi-
cation. EDA contains two consensus sites for N-glycosylation in
the EC2 domain downstream from the furin consensus site.
N-glycosylation of recombinant murine Eda expressed in baby
hamster kidney cells has been shown by others (7). The possi-
bility that the 36y27-kDa bands ref lect differences in N-
glycosylation was examined by treatment of infected BSC-40
cells with tunicamycin, an inhibitor of N-glycosylation (Fig. 1C).
The presence of tunicamycin abolished the more slowly migrat-
ing band of EDA and the 36-kDa band in the medium and cell
layer. This result indicated that one or both of the glycosylation
sites are used in the biosynthesis of EDA, and that the multiple
EDA fragments are not the result of differential or multiple
cleavage site usage.

Evidence for Furin-Like Processing. To determine whether the
EDA-HA C-terminal fragments arose by furin-like proteolytic
processing, two sets of experiments were conducted. First, a
protein-based inhibitor, a1-PDX (25), which is highly selective

for furin, was used (Fig. 2A). BSC-40 cells were infected with an
a1-PDX adenoviral construct and subsequently infected with
VV:EDA-HA. In the presence of a1-PDX, full-length 50-kDa
EDA-HA protein was detected, whereas little or no 36y27-kDa
C-terminal fragments were found in either the cell layer or the
medium. Second, EDA-HA was expressed in the colon carci-
noma cell line LoVo, in which both alleles of the furin gene are
mutated and the furin protein is nonfunctional (36). Only the
full-length EDA-HA molecule was detected in the cell layer, and
no 36y27-kDa fragments were detected in the medium. Exoge-
nous expression of furin in LoVo cells restored the proteolytic
processing of EDA, showing that these cells are otherwise
competent for processing of EDA.

Identification of the Furin Cleavage Site. To identify which potential
cleavage site(s) is used in EDA, a 19-residue fluorogenic peptide
substrate, pEDA (Glu148 to Gly165), which encompasses the
consensus, was prepared and cleaved with furin in vitro, and the
reaction products were sequenced directly (Fig. 3). Cleavage of
pEDA by furin was complete and occurred predominantly at
Arg159, producing two major products, aminobenzoic acid-Glu-
Glu-Glu-Ser-Arg-Arg-Val-Arg-Arg-Asn-Lys-Arg159 and Ser-
Lys-Ser-Asn-Glu-3-nitrotyrosine-Gly. In several repetitions of
this assay, detection of Asn in the first cycle, indicative of
cleavage at the upstream Arg156 site, was less than 10%. To
establish that Arg159 was the major furin cleavage site for EDA,
Arg159 (P1) was altered to Ala, and the resultant VV:EDA-
HA(R159A) was expressed in BSC-40 cells (Fig. 3B). The
amount of the 36y27-kDa fragments produced was markedly
reduced relative to the control recombinant EDA. The residual
36y27-kDa fragment observed in the expression of R159A may
be due to low-efficiency cleavage at Arg156, as observed in the
cleavage of pEDA peptide by furin.

Effects of Mutations on Furin Processing in Vitro. The finding that
EDA is cleaved by furin at Arg159 suggested that mutations that
disrupted the furin recognition site caused XLHED by abolish-
ing proteolytic processing of EDA. Therefore, the effect of these
mutations on furin processing was assessed with the use of the
internally quenched fluorescent synthetic peptide pEDA (see
Fig. 3A) and pEDA containing corresponding XLHED muta-
tions (Fig. 4). In contrast to pEDA, which was completely
cleaved within the incubation period, XLHED mutations involv-
ing either the P2 site (pK158N) or the P4 site (pR156C, pR156H)
significantly inhibited furin cleavage, as did the substitution of
alanine for Arg159. The effect included both a lower initial
velocity and a decreased extent of cleavage and reflects the

Fig. 2. Inhibition of EDA-HA proteolytic processing. (A) BSC-40 cells were
first infected with an adenoviral construct, a1-PDX, a potent inhibitor of furin
activity, and subsequently infected with VV:EDA-HA. (B) LoVo cells were
coinfected with VV:EDA-HA and either the furin construct, VV:furyf (fur 1), or,
in control cultures, wild-type virus (fur 2). Cell and media fractions were
analyzed by SDSyPAGE and immunoblot with the anti-HA antibody.

7220 u www.pnas.orgycgiydoiy10.1073ypnas.131076098 Chen et al.



importance of the P1, P2, and P4 basic residues for the proteo-
lytic activity of furin. Cleavage of the mutant peptides by furin
was also analyzed by direct N-terminal sequencing of reaction
products to verify the processing site (data not shown). The P1
and P2 mutant peptides, pR159A and pK158N, were cleaved at
the Arg156 site, but at low efficiency. Cleavage of the P4 mutants,
pR156C and pR156H, at Arg159 was detected in trace amounts.

Unlike the P1–P4 mutations, the pR153C and pR155C pep-
tides were cleaved by furin in vitro at the Arg159 site. These results
were consistent with the identification of Arg159 as the major
cleavage site, inasmuch as Arg153 and Arg155 are outside of the
minimal furin consensus motif, Arg156-Asn-Lys-Arg159. How-
ever, this finding contrasts with the observation that R153C and
R155C cause XLHED that is phenotypically indistinguishable
from patients with mutations at the furin P2 and P4 sites (5, 54).
More detailed kinetic analysis (Fig. 4 Inset) showed a moderate
2- to 3-fold reduction in catalytic efficiency for the two mutants
compared with pEDA. To reconcile these results, the effects of
the furin site mutations on the biosynthesis and proteolytic
processing of recombinant EDA were examined.

Effect of Mutations on Recombinant EDA Processing. Mutations
corresponding to R153C, R156C, R156H, and K158N (Fig. 1 A)

were incorporated into the VV:EDA-HA construct (Materials
and Methods) and expressed in the BSC-40 cell line (Fig. 5A). All
of the mutations greatly reduced the level of the 36y27-kDa
C-terminal fragments observed in the culture medium and the
cell layer. The mutations of Arg156 in the P4 site effectively
blocked proteolytic cleavage of EDA and any potential cleavage
at Arg156 itself (P1 for the upstream site). Mutation of the P2
Lys158 also effectively blocked the appearance of the 36y27-kDa
furin cleavage products, although residual processing could be
detected in the cell layer likely involving the Arg156 site, as
observed with the pK158N peptide. The K158N mutation gen-
erated a new consensus N-linked glycosylation site, -Asn-Arg-
Ser-, adjacent to the furin cleavage site at Arg159 and resulted in
the appearance of an additional band above intact EDA (Fig. 5,

Fig. 3. Determination of the site of EDA processing by furin. (A) Synthetic peptide, pEDA (EDA residues 148–165) (100 mM), was digested with furin, and an
aliquot was subjected directly to Edman sequencing. The results for each cycle are shown. The multiple sequence was ordered from the sequence of the starting
peptide. Residues in parentheses were present in trace amounts. (B) EDA-HA and EDA-HA with the R159A mutation were expressed in BSC-40 cells and analyzed
by SDSyPAGE and immunoblotting.

Fig. 4. Kinetics of furin cleavage of normal and mutant peptide substrates.
The internally quenched control peptide pEDA, containing the furin site (Fig.
3) as well as mutated versions of this peptide, pR153C, pR155C, pR156H,
pR156C, pK158N, and pR159A (Fig. 1A), were digested with furin (Materials
and Methods), and the time course of proteolysis was followed by increased
fluorescence at 400 nm and presented as the degree of conversion (Materials
and Methods). (Inset) kcat, Km, and kcatyKm for pEDA, R153C, and R155C
cleavage by furin.

Fig. 5. Expression of recombinant EDA harboring mutations in the furin
cleavage site. (A) The biosynthesis of recombinant EDA harboring XLHED
mutations in the putative furin cleavage site (see Fig. 1A). (B) VV:EDA-
HA(K158N) was expressed in the presence or absence of tunicamycin (10 mM).
All constructs were expressed in BSC-40 cells, and the media and cell extracts
were analyzed by SDSyPAGE and immunoblotting with HA antibody.
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arrowhead). This band was abolished by tunicamycin (Fig. 5B),
suggesting the glycosylation of Asn158.

Even though cleavability of pR153C and pR155C was only
moderately reduced in vitro, the furin processing of recombinant
R153C was effectively blocked by this mutation. Thus, the
pathology of the R153C mutation (and likely also that of R155C)
appears to result from the inhibition of proteolytic processing at
Arg159.

Discussion
Typically generation of a ‘‘soluble’’ ligand from a membrane-
associated protein is achieved through a proteolytic event to
release a portion of the extracellular domain (20, 21). TNFa and
its receptors are cleaved by TNFa converting enzyme, one of the
ADAMS group of cell-surface proteases (ADAMS 17) (37–39),
or potentially by PCs, such as furin (18). We have shown here
that recombinant EDA-A1 is cleaved by furin-like activity to
release a C-terminal fragment containing the TNF domain.
Failure to detect cleavage products in a previous study (7) may
have been because of the fact that the C-terminal furin fragment
could not be detected with the antibody used. The N-terminal
18-kDa fragment was detected in another study with N-terminal
domain antibodies (10).

Furin is implicated in the biosynthesis of EDA by several
aspects of the data. In vitro, furin cleaves EDA synthetic peptide
substrates at Arg-Asn-Lys-Arg159, a consensus proprotein con-
vertase site. Cleavage of EDA in culture was inhibited by the
presence of a1-PDX, a highly selective inhibitor of furin. EDA
expressed in LoVo cells that lack functional furin enzyme was
not processed, but cleavage was restored by coexpression with
active furin. Finally mutations of the basic amino acids at
positions P1, P2, and P4, key to the activity of furin (40), blocked
cleavage of corresponding peptides by furin and proteolytic
processing of recombinant EDA in cell culture. The fact that
these P2 and P4 mutations are ones identified in patients with
XLHED (5, 6, 23, 54) further implicates furin in the biological
processing of EDA.

Our data point strongly toward furin as the enzyme respon-
sible for the proteolytic processing of EDA. However, additional
members of the PC family could play a role. The PC family
contains six enzymes in addition to furin: PC1, PC2, PC4,
PACE4, isoforms PC6A and PC6B, and PC7 (for reviews see
refs. 41 and 42). The expression patterns of the mammalian PCs
during development are distinct from one another and yet
overlap in many tissues. Furin and PC7 are expressed ubiqui-
tously at low levels and are thought to process constitutively
secreted proteins (42). PC6 and PACE4 show dramatic changes
in expression levels in certain tissues during development and
may be associated with processing of bone morphogenic protein
growth factors (35, 43). PACE4 is expressed in both the dental
epithelium and mesenchyme at early developmental stages (44)
and overlaps with the Eda expression in the outer dental
epithelium of the bud stage tooth (16). Despite this overlap,
EDA was not processed in LoVo cells that are reported to
express PACE4 (28), and EDA processing was not rescued by
overexpression of PACE4 in LoVo cells (data not shown).
Nevertheless, definitive identification of the EDA processing PC
enzyme(s) must await in situ characterization of EDA cleavage
in tooth and skin during development.

The compound consensus furin site of EDA, Arg-Arg-Val-
Arg-Arg-Asn-Lys-Arg-Ser Lys161, could conceivably be cleaved at
either Arg156 or Arg159. However, cleavage of the pEDA peptide
occurred predominantly at Arg159. In addition to the require-
ment for arginine at the P1 site of the furin consensus sequence,
Arg-X-LysyArg-Arg, the basic amino acids at P2 and P4 are
energetically important for furin activity (40) and participate in
substrate binding (45). Therefore, the furin site mutations

detected in patients with XLHED at the P2 and P4 positions
relative to Arg159 should directly block proteolysis at the down-
stream site, as was observed in vitro and in cell culture. Mutations
of Arg156, the most common furin consensus site mutation,
would affect both potential sites (P1 upstream, P4 downstream),
and pR156C is virtually inert as a furin substrate. Considering
that mutations of the P2 and P4 sites result in XLHED, it is
somewhat surprising that no spontaneous mutations have been
identified in the P1 Arg codon in XLHED patients. The Arg159

codon is AGA, and the other mutated arginine codons are CGT
or CGC. These contain CpGs, which, when methylated, can
produce a C-to-T transversion and are therefore highly mutable
(46, 47). Even though mutation of Arg159 effectively blocks furin
cleavage, spontaneous mutation of the AGA codon likely occurs
at a lower rate during gametogenesis.

Because they do not involve the consensus basic residues
relative to Arg159, mutation of Arg153 and Arg155 have a relatively
small effect on cleavage of the corresponding peptide by furin.
However, mutation of Arg153 blocked processing of the recom-
binant protein in cell culture and produced a phenotype of
severity equal to those of the other mutations. Possibly the
R153C mutation (and likely R155C) blocks furin activity at
Arg159 by perturbing the local structure of EDA around the furin
site, in combination with a small direct effect on catalytic
activity. It is unlikely that these mutations caused a gross
corruption of EDA structure, inasmuch as R153C did not cause
a dramatic increase in degradation of the recombinant protein.
Moreover, cysteine residues are rarely found in the vicinity of
known furin sites (48).

Proteolytic processing at the furin consensus site could be a
target for the temporal and spatial modulation of EDA activity.
Furin enzyme is dynamically sorted between various cellular
compartments in a regulated manner (49). Processing and
activity of EDA could depend on the colocalization of EDA and
furin in the appropriate compartment or on the interplay
between the utilization of the major Arg159 site and the low-level
cleavage at Arg156. Modulation of EDA processing could also
involve additional members of the PC family, perhaps by cleav-
age at the alternative Arg156 site.

It is now apparent that the primary defect in the XLHED
results from a failure of an epithelial signaling system required
for the normal development of teeth and skin. The emerging
model has the EDA ligand, a transmembrane protein, binding its
receptor, EDAR (15, 16, 50), and signaling to the target cell
through activation of the NF-kB system of transcriptional reg-
ulation (50, 51). During tooth development in mouse, signaling
between EDA and its receptor, EDAR, is required to establish
and maintain enamel knot morphology and function (16, 52).
The earliest expressions of Eda and EdaR are in adjacent and
only partially overlapping domains of the thickened dental
epithelium (16). As the dental epithelium proliferates and
extends into the underlying mesenchyme to form the tooth bud,
EdaR expression accompanies the leading edge of the epithelial
ingrowth and is ultimately confined to the enamel knot. On the
other hand, expression of Eda remains with the outer enamel
epithelium (3, 16, 52, 53), resulting in spatial segregation of
ligand and receptor. Together with our results, these observa-
tions suggest that the EDA transmembrane protein is a precursor
that is proteolytically processed during biosynthesis and intra-
cellular transport and that signaling is paracrine rather than
autocrine or juxtacrine in nature. These conclusions provide a
rationale for signaling between EDA and EDAR requiring a
soluble (or at least non-membrane-attached) form of EDA.
Indeed, the fact that mutations in the EDA furin site that might
discriminate between paracrine and juxtacrine signaling produce
pathology equivalent to that of functional knockouts (large
deletions and mutations of the TNF region) (1) strongly points
to a predominantly paracrine mode of signaling. Similar consid-
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erations implicate paracrine signaling between EDA and EDAR
in the development of hair follicles and sweat glands (8, 14, 15).

In conclusion, furin cleaves EDA at a consensus site in the
stalk region, liberating the receptor-binding TNF fragment and
releasing it to the extracellular space. This proteolytic step is
essential for the paracrine signaling of EDA in tooth and skin
development. These mutations of the ED-1 gene are one of the
few examples of a heritable disorder being associated with a
failure of furin-processing sites (reviewed in refs. 41 and 49). Our

findings extend this list to include intercellular signaling mole-
cules primarily involved in differentiation and development.
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