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The Ehlers-Danlos syndrome (EDS) is a clinically and genetically heterogeneous connective tissue disorder affecting as
many as 1 in 5,000 individuals (1). EDS is characterized in its most common form by hyperextensibility of the skin,
hypermobility of joints often resulting in dislocations, and tissue fragility exemplified by easy bruising, atrophic scars
following superficial injury, and premature rupture of membranes during pregnancy. The recognition of frequent
ultrastructural abnormalities of collagen fibrils in EDS patients led to the concept that EDS is a disorder of fibrillar collagen
metabolism (2). Following the identification of specific mutations in the genes encoding collagen types I, III, and V, as well
as several collagen processing enzymes, the EDS classification scheme was collapsed into six distinct clinical syndromes
(3), emphasizing the molecular basis of each form (Table 1). Heterogeneity between the several clinical syndromes both
complicates the diagnosis of EDS and makes accurate diagnosis imperative. Ultimately, one would like to be able to
establish a molecular diagnosis for each EDS patient. This is a laudable goal because it may allow improved genetic
counseling through correlation of mutant genotypes with specific outcomes or complications. However, as outlined below,
the molecular defects described to date are not sufficient to explain disease in many EDS patients, including those with
the most common classical and hypermobility types. As a result, the […]
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The Ehlers-Danlos syndrome (EDS) is a clinically and
genetically heterogeneous connective tissue disorder
affecting as many as 1 in 5,000 individuals (1). EDS is
characterized in its most common form by hyperexten-
sibility of the skin, hypermobility of joints often result-
ing in dislocations, and tissue fragility exemplified by
easy bruising, atrophic scars following superficial injury,
and premature rupture of membranes during pregnan-
cy. The recognition of frequent ultrastructural abnor-
malities of collagen fibrils in EDS patients led to the
concept that EDS is a disorder of fibrillar collagen
metabolism (2). Following the identification of specific
mutations in the genes encoding collagen types I, III,
and V, as well as several collagen processing enzymes,
the EDS classification scheme was collapsed into six dis-
tinct clinical syndromes (3), emphasizing the molecular
basis of each form (Table 1).

Heterogeneity between the several clinical syndromes
both complicates the diagnosis of EDS and makes
accurate diagnosis imperative. Ultimately, one would
like to be able to establish a molecular diagnosis for
each EDS patient. This is a laudable goal because it may
allow improved genetic counseling through correlation
of mutant genotypes with specific outcomes or com-
plications. However, as outlined below, the molecular
defects described to date are not sufficient to explain
disease in many EDS patients, including those with the
most common classical and hypermobility types. As a
result, the search for EDS genes recently has expanded
beyond the collagens and collagen-modifying genes. An
understanding of the complete complement of genes
and proteins involved in EDS and the precise mecha-
nisms by which they cause disease may teach us much
about normal collagenous matrix deposition and

remodeling. These processes are of critical importance
during development, wound healing, and aging.

Collagen metabolism and molecular mechanisms 
of EDS
The concept that EDS is a disorder of fibrillar colla-
gen metabolism is well supported by identification
of specific defects in the collagen biosynthetic path-
way that produce clinically distinct forms of EDS.
These are briefly reviewed below and in Figure 1. For
more complete reviews of collagen biochemistry and
clinical aspects of EDS, the reader is directed to
recent reviews (1, 2).

There are three fundamental mechanisms of disease
known to produce EDS: deficiency of collagen-pro-
cessing enzymes, dominant-negative effects of mutant
collagen α-chains, and haploinsufficiency. The two
known examples of deficient enzyme activity leading to
EDS are lysyl-hydroxylase deficiency and procollagen
peptidase deficiency. In the first case, the inability to
hydroxylate lysine residues precludes normal inter-
molecular cross-linking of collagen trimers, and in the
second instance, absence of procollagen peptidase pre-
vents normal proteolytic cleavage of the NH2-terminus
of procollagen chains. In both circumstances the mor-
phology and strength of the collagen fibril is compro-
mised (Figure 2b), explaining the severe and early clin-
ical findings. Because half-normal enzyme activity is
sufficient for normal collagen processing, both of these
conditions are recessive.

Dominant-negative mutations in collagen I, III, and V
cause several different forms of EDS (Figure 1). The
most clinically significant of these are COL3A1 muta-
tions causing the potentially lethal vascular form of
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Table 1
The Villefranche classification of EDS

EDS type Clinical findings Inheritance Gene defects

Classical (I/II) Skin and joint hypermobility, atrophic scars, easy bruising Autosomal dominant COL5A1, COL5A2
Hypermobility (III) Joint hypermobility, pain, dislocations Autosomal dominant Unknown
Vascular (IV) Thin skin, arterial or uterine rupture, bruising, small joint hyperextensibility Autosomal dominant COL3A1
Kyphoscoliosis (VI) Hypotonia, joint laxity, congenital scoliosis, ocular fragility Autosomal recessive Lysyl-hydroxylase
Arthrochalasia (VIIa,b) Severe joint hypermobility, skin mild, scoliosis, bruising Autosomal dominant COL1A1, COL1A2
Dermatosparaxsis(VIIc) Severe skin fragility, cutis laxa, bruising Autosomal recessive Procollagen N-peptidase



EDS. The reported COL3A1 mutations are either exon-
skipping mutations or missense mutations that disrupt
the collagen triple helix (4). Because collagen III consists
of homotrimers and the normal and mutant pro α1(III)
chains appear to be produced in equal abundance, near-
ly 90% of all α1(III) trimers will contain one or more
mutant α-chains. Trimers containing mutant chains are
not secreted and are either degraded or accumulate to
high levels in intracellular compartments. Despite the
fact that collagen III is a minor component of dermal
collagen fibrils, the severe reduction in collagen III leads
to small or variably sized collagen fibrils and thinning
of the dermis. The clinical phenotype suggests an
important role for collagen III in either the synthesis or
deposition of heterotypic fibrils containing largely col-
lagen I, but remarkably, the precise mechanism of dis-

ease is still unknown. Because collagen III is an impor-
tant component of the arterial and bowel walls, these
tissues are also frequently affected.

Exon-skipping and missense mutations in the
COL5A1 and COL5A2 genes have also been reported to
cause classical EDS (5, 6), presumably through domi-
nant-negative effects. However, two recent reports
demonstrated that COL5A1 haploinsufficiency appears
to be more common (7, 8). These studies showed that
one-third of a subset of classical EDS patients that
could be evaluated (because they are heterozygous for
polymorphisms of COL5A1) did not express the
mutant allele. Mutant COL5A1 transcripts are pre-
sumably degraded through non-sense–mediated RNA
decay. Truncating mutations were identified subse-
quently in most haploinsufficient patients. The dra-
matic clinical effect of COL5A1 haploinsufficiency is
surprising, given that collagen V is a quite minor con-
stituent of collagen in skin, tendon, and ligament, but
the clinical phenotype clearly supports an important
function for collagen V in the maintenance of biome-
chanical integrity of collagenous matrix.

One clearly established function of collagen V is lim-
itation of fibril diameter. When mixtures of denatured
collagen I and collagen V are renatured in vitro, fibrils
of smaller size are produced with increasing collagen V
content (9). Indeed, the ultrastructural hallmark of
classical EDS is a 25% increase in fibril diameter and
rare composite fibrils, often called “collagen cauliflow-
ers” (Figure 2c). While the effect of collagen V on fibril
diameter is intrinsic to its structure and does not
require enzymatic activity or the presence of noncolla-
gen proteins, the mechanism by which collagen V reg-
ulates fibril size is uncertain. The α1(V) chain has a
larger than usual NH2-terminal nonhelical domain,
and pepsin cleavage of this domain eliminates the
effect of collagen V on fibril diameter (10). Further,
immunohistochemical studies demonstrate that the
triple helical region of collagen V is buried within the
fibril, and the amino terminus of α1(V) protrudes from
the fibril surface. Because the amino terminus of α1(V)
contains numerous sulfated tyrosine residues, this
domain carries a significant negative charge. It is pos-
tulated that this domain’s bulk or negative charge den-
sity limits growth of the nascent fibril once a critical
number of collagen V trimers are incorporated.

It is not clear how the relatively minor abnormalities in
fibril structure, often affecting less than 5% of fibrils,
lead to rather profound alterations of connective tissue
function. It is quite possible that the alterations in fibril
structure are but a marker of the disorder and that the
more important effects of COL5A1 haploinsufficiency
involve additional unknown functions of collagen V.
One such possible function is Vregulation of the higher
order, tissue-specific arrangement of collagen fibrils (Fig-
ure 2, e and f). Biomechanical studies of EDS skin sug-
gest that hyperextensibility is more likely to reflect fibril
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Figure 1
The biosynthetic pathway for the fibrillar collagens expressed in skin,
identifying steps that are affected in different forms of EDS. (a) Collagen
gene transcription is highly regulated, but haploinsufficiency for COL5A1
is uncompensated and leads to a reduction in COL5A1 mRNA and α1(V)
procollagen chains. This accounts for 30–50% of classical EDS cases. (b)
Many proline and lysine residues in the translated procollagen chains are
hydroxylated by lysyl- and proline hydroxylases. Hydroxylation is essen-
tial for subsequent crosslinking and lysyl-hydroxylase deficiency causes
the kyphoscoliosis form of EDS. (c) Procollagen α-chains are assembled
into trimers within the rough endoplasmic reticulum (RER). Mutations
in COL3A1 that interrupt the triple helical structure prevent normal pro-
cessing and secretion of collagen III, causing the vascular form of EDS.
(d) In the ECM, the NH2- and COOH-terminal propeptides are cleaved
by specific peptidases. Dominant mutations in COL1A1 and COL1A2 can
prevent cleavage and cause arthrochalasia, while recessive loss of the 
N-procollagen peptidase cause dermatosparaxis. (e) Collagen molecules
self-assemble into heterotypic fibrils. Dominant-negative mutations in
COL5A1 and COL5A2 alter fibril assembly and cause some cases of clas-
sical EDS. (f) Collagen fibrils are deposited in tissue-specific arrange-
ments in close association with many fibril-associated proteins and pro-
teoglycans. Because new fibrils are laid down in close association with
the fibroblast cell membrane, interactions between the fibril and the cell
are important and may involve direct interaction with collagens and/or
matricellular proteins, including tenascin-X (TNX).



disarray than extensibility of collagen fibrils themselves
(11). Remarkably, while we know a great deal about the
biochemistry of collagen synthesis, we know virtually
nothing about how fibrils are deposited into tissue-spe-
cific forms. Collagen V might participate in this process
through interactions with other fibril-associated pro-
teins or proteoglycans (e.g., decorin; ref. 12), interactions
with the cell surface (e.g., integrins or the discoidin
domain receptor tyrosine kinases; ref. 13), or both.

A final issue with respect to collagen V mutations and
classical EDS is the question of what fraction of patients
actually carry mutations in the COL5A1 or COL5A2
genes. Initial enthusiasm that such mutations account-
ed for all or most classical EDS has been restrained by
subsequent findings, which suggest that 30–50% of clas-
sical cases are caused by COL5A1 mutations and a sub-
stantially smaller number by
COL5A2 mutations. Further, the
COL5A1 and COL5A2 genes
have been excluded by linkage
analysis of some families (14,
15). Recent cloning of the
COL5A3 gene will make possible
mutational analysis of this gene
(16), but it is unlikely that all
remaining cases of classical EDS
will be accounted for by COL5A3
mutations. Hence, it seems like-
ly to us that other causes of clas-
sical EDS exist and involve
genes encoding proteins other
than the fibrillar collagens or
collagen-modifying enzymes.

Tenascin-X and EDS
The tenascins are a family of
large matricellular proteins of
unknown function (17). The
three family members described
in mammals are tenascin-C
(TNC, formerly cytotactin, or
tenascin), tenascin-R (TNR,
restrictin) and tenascin-X (TNX).
All family members share a mod-
ular structure consisting of an
NH2-terminal sequence respon-
sible for oligomerization of
TNC, TNR, and possibly TNX; a
variable number of cysteine-rich
EGF-like repeats; repeats similar
to the type III repeats of
fibronectin; and a COOH-termi-
nal fibrinogen-like domain. The
biomedical literature includes
more than 1,000 references con-
cerning these proteins that sug-
gest many different functions.

Given the expected importance of these proteins, espe-
cially during development, the very mild phenotypes of
TNC- and TNR-null mice were unexpected (18–20).
Functional redundancy between family members has
been postulated, and interest has been focused on TNX.

TNX was cloned serendipitously because of its 3′ over-
lap with the human CYP21 gene encoding steroid 
21-hydroxylase (21, 22), and subsequent intensive study
of this locus revealed an extraordinary level of complex-
ity (Figure 3). Analysis of the pattern of expression of
TNX in rodents and pig demonstrated that it is highly
expressed in connective tissue of muscle during devel-
opment, as well as around tendons, ligaments, and in
skin (23, 24). Comparison of TNX and TNC expression
patterns suggested partially overlapping expression or
adjacent expression in many tissues including skin.
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Figure 2
The collagen fibril and EDS. (a) Normal collagen fibrils are of uniform size and spacing. Fibrils from a
patient with dermatosparaxis (b) show dramatic alterations in fibril morphology with severe effects on
tensile strength of connective tissues. Most fibrils from a patient with classical EDS (c) are normal in
appearance. Composite fibrils (arrows) are typically rare. Fibrils from a TNX-deficient patient (d) are
uniform in size and no composite fibrils are seen. When compared with normal skin (e), TNX-null fibrils
are less densely packed and not as well aligned to neighboring fibrils. In normal skin (e) and cornea (f),
fibrils are deposited in tissue-specific patterns. In skin, bundles of fibrils are oriented in different direc-
tions to resist forces in multiple axes. In cornea, orthogonal arrays allow maximal transparency.



Because biochemical studies had failed to reveal
unequivocal functions for TNC and TNR, our laborato-
ry undertook a genetic approach to identify disease
caused by TNX in humans. We relied on the fact that
CYP21 deficiency causes the well-studied human disease
congenital adrenal hyperplasia (CAH) that results from
the inability to synthesize cortisol, and the consequent
overproduction of androgenic steroids. The molecular
genetics of CAH is of special interest because 75% of
mutant alleles arise from gene conversion events in
which CYP21 sequences are replaced by corresponding
sequences of the CYP21A pseudogene. The remaining
25% of CYP21 mutant alleles are deletions that arise from
homologous recombination between the two CYP21
genes that lie 30 kb apart (Figure 3, middle panel). We
reasoned that similar recombination events might occur
between TNX and its highly homologous pseudogene
XA (Figure 3, lower panel). The resulting TNX/XA fusion
gene cannot encode full-length TNX because a 121 bp
deletion truncates the XA open reading frame (25). This
deletion completely removes CYP21, so alleles carrying
this mutation might be found in CAH patients. There-
fore we sought patients with both CAH and a connective
tissue disorder that might be due to abnormalities in
TNX. We identified one such patient (26) and confirmed
that he carried the predicted deletion on his paternal
allele. We also showed that TNX mRNA and protein
were completely lacking in skin and cultured dermal

fibroblasts from this individual. The absence of TNX
protein suggested recessive inheritance, a concept bol-
stered by the fact that the index patient’s clinically nor-
mal parents and two siblings each share an extended
TNX/CYP21 haplotype with the proband.

Since publication of our initial report, we have identi-
fied two additional patients with CAH and EDS, and all
three patients have similar EDS phenotypes (our unpub-
lished results). The essential features are typical skin and
joint hyperextensibility and easy bruising. Features that
may distinguish these patients from other classical EDS
patients are the absence of atrophic scars, absence of col-
lagen cauliflowers on ultrastructural examination of
skin, and the recessive pattern of inheritance. However,
because of the coexistence of CAH with EDS in these
patients, it is not yet clear that isolated TNX deficiency
causes EDS in humans. Large scale screening of an uns-
elected EDS cohort is underway. Similarly, because
mutational analysis is incomplete, the recessive nature
of TNX deficiency is likely, but not proven.

The association of TNX deficiency with EDS is excit-
ing because it simultaneously establishes the first clin-
ically relevant function for any of the tenascins and
immediately broadens the search for EDS candidate
genes beyond the collagens and their modifying
enzymes. However, many important questions remain,
including clarification of the mechanisms though
which TNX deficiency causes disease. Several possibil-
ities exist. First, TNX may play a primary structural role
in collagenous matrix. TNX appears to be fibril-associ-
ated and is localized in the spaces between fibrils by
immunology electron microscopy of bovine and
human skin. A structural model of the fibronectin type
III repeats of TNX presented by Erickson suggests that
these elements may undergo reversible unfolding and
refolding (27). TNX has more than 30 such repeats, so
it has the potential to be quite flexible (22). In addition,
TNX has been predicted to exist in a trimeric form, so
one possible model is that TNX oligomers bind to a
component of collagen fibrils and provide a flexible
link between them. Loss of TNX could reasonably be
expected to lead to increased distensibility and reduced
tensile strength of collagenous matrix.

A second possibility is that TNX interacts with cells to
influence synthesis of collagens or other matrix ele-
ments. Like other matricellular proteins, it seems likely
that TNX interacts with cells through specific receptors.
Purified bovine TNX has been shown to bind to a β1
integrin, although the relevant α-chain has not yet been
identified (28). Human and bovine TNX contain an
RGD sequence, which, in other ECM proteins, binds to
integrins, but mouse TNX lacks this tripeptide, so it is
not clear whether this sequence has functional impor-
tance. Whether TNX triggers intracellular signaling
events or alters synthesis of specific matrix components
is unknown, but the index patient’s fibroblasts appear
to synthesize collagen I and collagen V normally (26).
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Figure 3
A novel deletion in the C4/CYP21/TNX/CREB-rp locus is associated with
EDS. The C4 genes, the CYP21 genes and part of TNX are duplicated on
chromosome 6. Dashed lines indicate the limits of the duplication event.
The normal locus is shown in the top panel. Arrows indicate direction of
transcription. TNX is overlapped at its 3′ end by the CYP21B (21B) gene
encoding steroid 21-hydroxylase and, at its 5′ end, by CREB-related pro-
tein (CREB-rp). XA is a partial duplicate of TNX that is a pseudogene tran-
scribed but not translated in the human adrenal. XA contains a 121 bp
deletion (∆) that truncates the open reading frame corresponding to TNX.
CYP21A (21A) is a pseudogene. One-quarter of CYP21B-deficient alleles
carry a 30 kb deletion extending from CYP21A to CYP21B (middle panel).
This creates a nonfunctional CYP21AB fusion gene and deletes XA, but
does not alter TNX. We described a similar deletion (lower panel) extend-
ing from XA to TNX that completely deletes CYP21B and creates a TNX/XA
fusion gene. This deletion is associated with a new contiguous gene syn-
drome consisting of congenital adrenal hyperplasia, due to CYP21B defi-
ciency, and EDS, due to TNX deficiency.



A third possibility is that TNX alters the higher organ-
ization of collagen fibril deposition. Ultrastructural
analysis of collagen fibrils from a TNX-null patient does
show mild derangement of fibril organization (Figure
2d). This effect might be mediated through TNX inter-
actions with the fibril, with the fibroblast, or more like-
ly with both. As noted above, there is very little known
about how the tissue-specific architecture of ECM is
established, and fibril-associated matricellular proteins
must surely be the best candidates for such a role. Given
the absence of demonstrated abnormalities in fibril
morphology or collagen synthesis, this mechanism may
be the most plausible.

Utility of the mouse for studies of matrix function
and EDS
Our relatively poor understanding of the molecular
pathology in EDS, even when the mutations are
known, reflects the fact that patient samples are neces-
sarily limited to small amounts of skin obtained at
biopsy and cultured cells. Animal models of most
forms are not available for study, but the genetic
manipulability of the mouse has begun to rectify this
situation. The introduction of specific mutations
through gene targeting should provide animal models
for testing specific hypotheses regarding EDS patho-
genesis. This approach will also allow for proof of cau-
sation when a new gene is found to be associated with
EDS and aid in the identification of new candidate
genes for human EDS.

An example of how our understanding of molecular
mechanisms can be expanded by mouse models comes
from the COL3A1 knockout mouse (29). This mutation
in mice nicely recapitulates the human vascular EDS
phenotype, including thin and fragile skin, aortic
aneurysm and rupture, and abnormal collagen fibrillo-
genesis in skin, aorta, and bowel. The homozygous null
mutation in mice is somewhat more severe than the
dominant-negative effect in humans because the loss of
collagen III protein is complete in the mouse. Because
the mouse tissues were readily available for study, the
investigators were able to evaluate collagen content and
fibril morphology in a number of tissues including the
aorta. The surprising result was that fibril number was
reduced by two-thirds in the aortic adventia of knock-
out animals, suggesting a previously unrecognized role
for collagen III in regulating the number of fibrils
deposited in addition to their diameter.

Mouse models can provide information to support
causation of EDS when an association exists in only a
small number of patients. This has been the case for
TNX, where the association was found in a single
patient with a complex phenotype due to his contigu-
ous gene syndrome and where the genetics was not
clear. Recently we inactivated TNX in mice. TNX-defi-
cient mice are fertile and viable, and they recapitulate
the skin manifestations of classical EDS. TNX-null

mice exhibit progressive skin hyperextensibility and
reduced tensile strength with minimal alteration in fib-
ril morphology (our unpublished observations). Het-
erozygous mice appear to be normal, as predicted from
the recessive pattern in the human index case. These
observations strongly suggest that isolated TNX defi-
ciency can cause EDS and justify the rather substantial
task of screening a classical EDS population for null
mutations in this large and highly repetitive gene.

It should be noted that the nature of the mutation
introduced into the mouse may have important conse-
quences for the observed phenotype. This is demon-
strated by the introduction of a mutation into exon 6
of the COL5A2 gene that prevents normal cleavage of
the NH2-terminal propeptide (30). While a dominant-
negative effect might have been anticipated, heterozy-
gous mice are normal, while homozygous mice have
severe defects of cornea, mildly impaired growth, skin
fragility, and mild skin extensibility — a substantially
different phenotype from classical EDS due to COL5A1
haploinsufficiency. It remains to be seen whether a true
COL5A1 null will recapitulate classical EDS in mice.

Finally, the mouse has repeatedly yielded evidence
of unexpected nonredundant functions of individual
genes, and as such, gene targeting in the mouse has
become an increasingly important means of recog-
nizing new candidate genes for many human dis-
eases, including EDS. Several recent examples serve
to illustrate this point.

The first examples are gene knockouts of three small
leucine-rich proteoglycans (SLRPs), decorin, fibro-
modulin, and lumican (31–33). The phenotypes of all
three knockouts include derangements in collagen fib-
ril morphology. Curiously, the fibril abnormalities are
quite different in the three animal models. Fibromod-
ulin-null fibrils are smaller than wild-type fibrils and
lumican-null fibrils are somewhat larger than normal,
while decorin-null fibrils are of similar size but have
greater size variation than normal fibrils. In the case of
decorin and lumican, the defect in fibrillogenesis is
accompanied by clinically apparent skin hyperextensi-
bility and a striking reduction in skin tensile strength.
Further support for these genes as candidates in EDS
comes from the observation that all are fibril-associat-
ed and the observation that SLRPs at the surface of the
fibril appear to limit fibril growth and lateral fusion of
fibrils (34). Clearly testing of patients for mutations in
these genes is warranted.

Two important recent examples are the knockouts of
the matricellular proteins thrombospondin-2 (TSP2)
(35) and SPARC (secreted protein acidic and rich in cys-
teine) (36). The biology of both proteins have been
reviewed in detail in other Perspectives in this series
(Bornstein, this series, ref. 37; Bradshaw and Sage, this
series, ref. 38). Both mice have distorted collagen fibril-
logenesis and hyperextensible skin with reduced tensile
strength. In addition, the TSP2-null mouse has joint
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laxity, as is dramatically demonstrated by the ability to
tie their tails into knots. SPARC is clearly fibril-associ-
ated and, while TSP2 is not known to be fibril-associat-
ed, TSP1 can bind to purified collagens. Because these
proteins interact with both the cell surface and with
ECM, understanding the mechanism of skin and joint
abnormalities in these mice may provide important new
insights into how collagenous matrices are deposited
and remodeled. Clearly these genes also deserve consid-
eration as EDS candidates.

What the future holds
It seems highly likely that genes other than the fibrillar
collagens and their known modifying enzymes partici-
pate in the complex process of collagen fibrillogenesis
and establishment of matrix architecture. Given that
much of EDS is still unexplained, it seems equally likely
that other noncollagen genes will be discovered to cause
disease in some fraction of EDS patients. Defects in some
genes, like COL5A1 and the genes encoding the SLRPs,
will produce alterations in fibril morphology, while oth-
ers may produce the syndrome with minimal or no alter-
ation in the fibril, as is the case for TNX defects.

Some new candidate genes will probably be identified
serendipitously through gene targeting in the mouse,
but a more directed strategy might begin with exami-
nation of logical candidates, such as the fibril-associat-
ed proteins. Many of these are matricellular proteins
with both matrix and cellular interactions, and the
interacting matrix proteins and cellular receptors can be
identified and included in the candidate list. It is hoped
that much of the pathway from collagen secretion to
matrix superstructure can be outlined in this way.

A second potentially useful approach is expression
profiling of materials from patients. Using cDNA
microarrays (39), the relative expression of thousands of
genes can be examined in cell lines derived from
patients with known or unknown mutations and a set
of misregulated genes can be identified. EDS is ideally
suited for this kind of analysis because one of the affect-
ed tissues (skin) is readily sampled without undue risk
or inconvenience for patients. We expect that some frac-
tion of the misregulated genes will be new components
of the collagen deposition/ remodeling pathway. This
strategy has the additional advantage that an expression
fingerprint may be identified for cell lines with muta-
tions in a specific gene, perhaps allowing rapid diagno-
sis with less labor than is presently possible.

Clearly there is much work to be done before com-
plete genetic analysis of EDS can become routine. How-
ever, the tools now exist to achieve this and progress is
being made rapidly. In the process of fully defining the
genetic basis of the EDS clinical syndromes, much will
be learned about collagen matrix deposition and
remodeling with important implications for the estab-
lishment of tissue architecture during development
and other clinical problems such as wound healing.
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