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Abstract

The ADAMTS (a disintegrin-like and metalloproteinase domain with thrombospondin-type 1 

motifs) protein superfamily includes 19 secreted metalloproteases and 7 secreted ADAMTS-like 

(ADAMTSL) glycoproteins. The possibility of functional linkage between ADAMTS proteins and 

fibrillin microfibrils was first revealed by a human genetic consilience, in which mutations in 

ADAMTS10, ADAMTS17, ADAMTSL2 and ADAMTSL4 were found to phenocopy rare genetic 

disorders caused by mutations affecting fibrillin-1 (FBN1), the major microfibril component in 

adults. The manifestations of these ADAMTS gene disorders in humans and animals suggested 

that they participated in the structural and regulatory roles of microfibrils. Whereas two such 

disorders, Weill–Marchesani syndrome 1 and Weill–Marchesani-like syndrome involve proteases 

(ADAMTS10 and ADAMTS17, respectively), geleophysic dysplasia and isolated ectopia lentis in 

humans involve ADAMTSL2 and ADAMTSL4, respectively, which are not proteases. In addition 

to broadly similar dysmorphology, individuals affected by Weill–Marchesani syndrome 1, Weill–

Marchesani-like syndrome or geleophysic dysplasia each show characteristic anomalies 

suggesting molecule-, tissue-, or context-specific functions for the respective ADAMTS proteins. 

Ectopia lentis occurs in each of these conditions except geleophysic dysplasia, and is due to a 

defect in the ciliary zonule, which is predominantly composed of FBN1 microfibrils. Together, 

this strongly suggests that ADAMTS proteins are involved either in microfibril assembly, 

stability, and anchorage, or the formation of function-specific supramolecular networks having 

microfibrils as their foundation. Here, the genetics and molecular biology of this subset of 

ADAMTS proteins is discussed from the perspective of how they might contribute to fully 

functional or function-specific microfibrils.
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Introduction

Extracellular matrix (ECM) macromolecules commonly form supramolecular structures and 

networks. Examples of these include elastic fibers, proteoglycan aggregates, collagen fibrils 

and fibrillin microfibrils. Each structure serves specific structural and regulatory functions in 

the ECM, yet does not work in isolation, leading to the concept of ECM as a dynamic 

network of interconnected supramolecular aggregates [1]. Fibrillin microfibrils are widely 

distributed in tissues. They are typically associated with elastic fibers, whose assembly they 

guide, but they are also found in elastin-free areas, where they function independent of 

elastin [2,3]. Among their proposed independent roles are conferring structural integrity to 

tissues, cell–anchorage through Arg–Gly–Asp (RGD) and heparin-binding sites present in 

each fibrillin, and growth factor regulation via binding to the large latent complexes of 

transforming growth factor-β (TGFβ) or bone morphogenetic proteins (BMPs) [4–9]. An 

unusual structure, the ocular zonule, is a cell free, macroscopic, microfibril-based rigging 

that spans two basement membranes, the lens capsule and the internal limiting membrane of 

the ciliary body, providing a matrix–matrix anchorage [10–12]. The zonule centers the lens 

in the optic path and mediates accommodation by transmitting ciliary sphincter contraction 

and relaxation to the lens. Thus, it could be viewed functionally as a de facto, but not 

anatomic, “ciliary muscle tendon” comprising microfibrils.

Although microfibrils are built from fibrillins, and indeed, provide the defining context for 

the functions of fibrillins, they have long been known to contain or be associated with other 

ECM molecules [13]. Emerging evidence, some of which is presented here and in other 

reviews in this cluster, could be distilled to suggest that microfibrils provide a “bare bones” 

scaffold or foundation for orchestrating the subsequent assembly of supramolecular 

multiprotein structures of even greater complexity. Thus, microfibril functions in various 

contexts may result from mechanisms beyond fibrillins, i.e., attributable to added 

components of function-specific microfibrils, such as the a disintegrin-like and 

metalloprotease domain with thrombospondin type 1 motif (ADAMTS) proteins, latent 

TGFβ–binding proteins (LTBPs), fibulins, microfibril associated glycoproteins (MAGPs), 

the versican–hyaluronan proteoglycan complex and fibronectin [14–27]. Some of these 

components may express their function by way of assisting microfibril formation, 

composition, anchorage or stability and microfibrils may provide them essential spatial 

coordinates. Central to this emerging view is the hypothesis that fibrillin microfibrils formed 

ab initio are not fully functional, and that other molecules, such as those listed above and 

others, may extend (“specialize”) their functions. Here, we will discuss this hypothesis from 

the perspective of the ADAMTS proteins.

Fibrillin assembly and microfibril functions: insights from human genetic 

disorders and animal mutations

Fibrillins are ECM glycoproteins comprising three isoforms in humans, FBN1, FBN2, and 

FBN3, and two in mice, FBN1 and FBN2 (Fig. 1A) [28,29]. Fibrillin isoforms can form 

microfibrils by homotypic or heterotypic head-to-tail and lateral self-assembly [30–33]. 

During this process, microfibrils are thought to incorporate fibrillin isoforms 

indiscriminately depending on their availability at the time of assembly [30,31,34]. FBN2 
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and FBN3 mRNA expression is prevalent during embryogenesis and FBN1 mRNA is 

prevalent after birth; therefore, it is generally accepted that the preponderance of FBN1 in 

adult microfibrils reflects the relatively abundant postnatal expression of this isoform [35–

37]. Other than differential expression of fibrillin genes, determinants of the fibrillin isoform 

composition of microfibrils are not known.

Assembly of microfibrils is initiated near the cell surface and requires active participation of 

cells that provide integrins, heparan sulfate proteoglycans or other molecules [7,38]. The 

precise molecular mechanisms provided by cells to assist microfibril assembly may vary 

according to the cell type, with at least two distinct, but not mutually exclusive, pathways to 

microfibril assembly previously identified. In mesenchymal cells such as dermal fibroblasts 

or vascular smooth muscle cells, microfibril assembly requires the presence of a pre-

assembled fibronectin fibril network [26,27]. In retinal pigment epithelial cells, microfibril 

assembly was independent of fibronectin, but required syndecan-4, consistent with an 

observed agonistic effect of heparin–sulfate proteoglycans on microfibril assembly 

[7,38,39]. However, microfibril assembly in human non-pigmented ciliary epithelial cells 

was fibronectin-dependent, suggesting that even epithelial cells may have different 

requirements for fibrillin assembly, presumably owing to diversity of their secretomes [34].

Because aortic tissue from patients with Marfan syndrome (MFS), caused by mutations in 

FBN1 (see below) and Fbn1 mutant mice showed aberrant elastic fibers, microfibrils were 

first implicated in the formation and maintenance of elastic fibers [40,41]. It was shown that 

tropoelastin, the monomeric precursor of elastin, directly interacted with fibrillin and that 

microfibrils coordinated elastic fiber assembly and maturation by providing a scaffold for 

fibulin-5 and lysyl oxidase [22,42–44]. Unlike elastin, microfibrils have limited elasticity, 

and thus mediate force transfer in the ciliary zonule and the dermal–epidermal junction, 

where they anchor microfibrils in the basement membrane via perlecan [45–47]. 

Microfibrils regulate extracellular growth factor signaling, specifically by conferring 

latency, or regulating activation of TGFβ and sequestering BMPs in the ECM [8,9,21,48].

Mutations in human FBN1 cause MFS and several rarer fibrillinopathies, such as Weill–

Marchesani syndrome (WMS) 2, isolated ectopia lentis, and geleophysic dysplasia 

[19,49,50] (Fig. 1, Table 1). WMS2 and geleophysic dysplasia are classified as acromelic 

dysplasias because of their characteristic skeletal manifestations and habitus [51] (Fig. 2). 

Two in-frame FBN1 deletions, one affecting three domains near the N-terminus, and the 

other, removing 8 amino acids from TGFβ-binding protein-like/8-cysteine domain (TB) 5, 

were identified to cause WMS2, whereas mutations causing geleophysic dysplasia were 

restricted to the TB5 domain (Fig. 1A) [51]. The mechanisms by which FBN1 mutations 

result in phenotypes that contrast strikingly with MFS (Fig. 2), i.e., WMS2 and geleophysic 

dysplasia, are not yet fully resolved, but the underlying mechanisms of MFS were advanced 

considerably in the past decade using mouse genetics. In mice recapitulating a MFS-causing 

FBN1 mutation, dysregulation (excess) of TGFβ signaling contributed to the pathology of 

aortic aneurysm and pulmonary emphysema [52,53]. Both phenotypes were ameliorated by 

neutralizing the active form of TGFβ or by blocking TGFβ signaling pathways with small 

molecule inhibitors, such as the angiotensin II receptor antagonist Losartan [54]. FBN2 

mutations in humans lead to congenital contractural arachnodactyly (Beals syndrome), 
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which has skeletal manifestations resembling MFS, but has no cardiovascular or ocular 

manifestations [55]. This phenotype, taken together with limb patterning defects and the 

genetic interaction with Bmp7 in Fbn2 deficient mice supports a role for fibrillin-2 and 

microfibrils in BMP regulation [56].

ADAMTS and ADAMTS-like proteins: novel, functionally crucial fibrillin-

binding proteins

Nineteen ADAMTS proteases and seven ADAMTS-like proteins constitute a superfamily of 

glycoproteins which are present in the ECM or remain cell-surface associated after secretion 

[57]. ADAMTS proteases are characterized by a highly homologous N-terminal protease 

domain, comprising a pre-propeptide, which is excised by furin, a catalytic module, which 

binds zinc in the active site, and a disintegrin-like module (Fig. 1B). Their C-terminal 

ancillary domains have a core region comprising a thrombospondin type 1 repeat (TSR), a 

cysteine-rich module, a spacer module, and a variable ensemble of additional TSRs and 

other modules. The ancillary domain is thought to endow substrate recognition, binding and 

specificity as well as cell-surface or ECM tethering [58,59]. ADAMTS proteases are distinct 

from the membrane-anchored ADAM proteases, and have little to do with protein 

ectodomain shedding, which is the principal function of ADAMs [60]. ADAMTS proteases 

participate in procollagen maturation (ADAMTS2, ADAMTS3), versican turnover during 

embryogenesis (ADAMTS1, ADAMTS5, ADAMTS9, ADAMTS15, ADAMTS20) and 

ovulation (ADAMTS1), aggrecan turnover in articular cartilage (ADAMTS4, ADAMTS5), 

von Willebrand factor proteolysis and hemostasis (ADAMTS13), and in VEGF-C activation 

during lymphangiogenesis (ADAMTS3) [57,61]. However, specific substrates and functions 

are unknown for several ADAMTS proteases. ADAMTS-like proteins lack the N-terminal 

protease domain, but are homologous to the ancillary domain of ADAMTS proteases, and 

the products of distinct genes (Fig. 1B). Therefore, ADAMTS-like proteins do not possess 

proteolytic activity.

Genetic consilience between ADAMTS proteins and FBN1 in human genetic 

disorders

Mutations in a subgroup of ADAMTS proteins cause inherited human genetic disorders, 

which phenocopy some FBN1 mutations (Fig. 2 and Table 1) [51,62]. ADAMTS10 mutations 

lead to WMS1, with short stature, brachydactyly and ectopia lentis (dislocation of the lens) 

being major clinical features [63]. In WMS, the dislocated lens may move anteriorly and 

block the pupil, resulting in secondary glaucoma due to interference with aqueous humor 

circulation. Since WMS2, an essentially indistinguishable syndrome, is caused by FBN1 

mutations [17,64], a functional relationship between ADAMTS10 and FBN1 emerged, and 

was validated by studies showing that ADAMTS10 binds FBN1 [17,18]. ADAMTS10 

cleaves FBN1 poorly, but enhances microfibril biogenesis. Ectopia lentis in WMS1 also 

suggested that ADAMTS10 was required for seeding, assembly, or maintaining integrity of 

the zonule [18]. A WMS-like syndrome in humans results from ADAMTS17 mutations, 

suggesting it may have mechanistic overlap with ADAMTS10 (Table 1) [65,66]. Both WMS 

and WMS-like syndrome share short stature and ocular manifestations, including ectopia 
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lentis, but WMS-like syndrome lacks joint stiffness, brachydactyly, and cardiac valve 

abnormalities. However, there is some crossover in these genotype–phenotype correlations 

since mutations in ADAMTS17 were recently identified in a case with WMS and mutations 

in LTBP2, which binds FBN1, have been shown to cause WMS and WMS-like syndrome 

[67,68]. ADAMTSL2 mutations cause geleophysic dysplasia [69], which presents with short 

stature, stiff skin, joint contractures, hepatomegaly and tracheo-pulmonary and cardiac 

anomalies, leading frequently to juvenile death. ADAMTSL4 mutations cause isolated 

ectopia lentis, ectopia lentis et pupillae, and ectopia lentis combined with craniosynostosis, 

correlating with the distribution of ADAMTSL4 in many parts of the eye as well as 

extraocular tissue [16,70,71].

Interestingly, specific dog breeds are affected by mutations in ADAMTS proteins, providing 

potential animal models for the above human genetic conditions. Canine ADAMTS10 and 

ADAMTS17 mutations cause open angle glaucoma and ectopia lentis in terriers [65,72,73]. 

One of the ADAMTSL2 point mutations found in human geleophysic dysplasia causes 

Musladin–Lueke syndrome (MLS) in beagles via a founder effect [74]. In affected beagles, 

joint contractures, small stature and stiff skin are prominent. Although MLS resembles 

geleophysic dysplasia in these respects, pulmonary or cardiac abnormalities are absent and a 

normal lifespan is reported, in contrast to a significant proportion of affected humans. 

Adamtsl2 null mice die shortly after birth with severe lung anomalies [75]. Furthermore, 

Adamts10 inactivation in mice did not precisely phenocopy WMS1; although Adamts10 null 

mice are slightly smaller in size, they lacked specific skeletal and cardiac anomalies and did 

not develop ectopia lentis (Wang, Kutz, Apte, manuscript in preparation). These inter-

species differences are potentially attributable to the absence of FBN3 in mice, to different 

expression patterns of the ADAMTS proteins in the three species, and the recent observation 

that the mouse zonule, in contrast to the human zonule, contains both FBN1 and FBN2 

[34,76]. It is a distinct possibility that ADAMTS proteins are deployed slightly differently in 

each species.

In biochemical and cell culture experiments, purified ADAMTSL4 and ADAMTSL2 

directly bound to fibrillin peptides and accelerated microfibril formation when added to 

cultured fibroblasts [16,18,19,69]. Although not yet implicated in any human or animal 

genetic disorder, or by engineered genetic inactivation, ADAMTSL6 was shown to be a 

component of fibrillin microfibrils by light and immunoelectron microscopy [77]. 

ADAMTSL6 overexpression enhanced the formation of microfibrils, both in cultured cells 

and in mice [77]. ADAMTS10 colocalization to fibrillin microfibrils in tissues was 

demonstrated using immunogold labeling and electron microscopy [18]. Neither an 

interaction nor a functional relationship of ADAMTS17 to fibrillin microfibrils has been 

reported to date.

A WMS2 mouse model recapitulating an N-terminal, three-domain, in-frame FBN1 deletion 

found in humans showed reduced bone length and other phenotypes reminiscent of human 

WMS2, although the eyes of these mice were not examined [17]. Cells from these mice 

assembled thicker microfibril bundles than wild-type cells, and there was reduced 

ADAMTSL6 staining of mutant tissues. The authors concluded that this mutation had a 

distinct effect on microfibrils from that seen in MFS. Cain et al provided biochemical 
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evidence that FBN1 mutations causing WMS2 or geleophysic dysplasia could disrupt 

fibrillin binding to heparan sulfate proteoglycans [78]. What is not yet clear is how these 

deletions and mutations affecting FBN1 relate to the ADAMTS protein mutations that result 

in similar clinical manifestations.

Evidence for growth factor and cell dysregulation in the absence of 

ADAMTS proteins

Joint contractures and thickened skin, which are found in WMS, geleophysic dysplasia and 

MLS, are common in fibrosis. Therefore, these disorders could be viewed as belonging to a 

fibrotic spectrum. Hallmarks of tissue fibrosis include the presence of contractile 

myofibroblasts, elevated TGFβ signaling, its downstream effects such as enhanced 

transcription of genes coding for ECM proteins, and ultimately, the deposition of a 

disorganized collagen-rich ECM [79]. The consequences of these changes are the stiffening 

of tissues, which impairs organ function.

Potential evidence for ADAMTS involvement in TGFβ signaling came from analysis of 

fibroblasts isolated from patients with geleophysic dysplasia caused by ADAMTSL2 

mutations, which secreted more latent and active TGFβ and showed evidence of enhanced 

TGFβ signaling [69]. In addition, recombinant ADAMTSL2 protein interacts directly with 

FBN1, FBN2, and LTBP1 [19,69,75]. Although it is not known if these proteins form a tri-

molecular complex or compete with each other in the binding, ADAMTSL2 seems to sit 

squarely within a context relevant to TGFβ regulation. Interestingly, fibroblasts from 

patients with geleophysic dysplasia caused by FBN1 mutations were reported to have a 

reduced amount of microfibrils and a disorganized microfibril network [19]. In the 

ADAMTSL2 knock-out mouse lung, we observed considerably enhanced FBN2 staining in 

bronchial microfibrils [75], suggesting that one mechanism by which ADAMTSL2 may 

work is by regulating the ratio of FBN1 and FBN2 incorporated into microfibrils.

In skin biopsies from beagles with MLS, an extensive collagen network extending from the 

dermis to the subcutaneous tissue was demonstrated [74]. A skin biopsy from a WMS2 

patient showed accumulation of abnormal fibrillin aggregates [17], and skin fibroblasts 

isolated from WMS1 patients showed thicker bundles of actin filaments than cells from 

unaffected individuals [63]. This may be indicative of their transformation to 

myofibroblasts, especially in light of data showing that cells isolated from stiff (fibrotic) 

lung tissue apparently retained “memory” of their altered microenvironment and continued 

to behave like myofibroblasts for subsequent passages in vitro [80].

Insights on microfibril assembly and functionalization by ADAMTS proteins 

from the ciliary zonule and ectopia lentis

Mutations in human ADAMTS10, ADAMTS17, ADAMTSL4, FBN1, and LTBP2 (whose 

protein does not bind latent TGFβ) cause ectopia lentis, in which the ciliary zonule is not 

properly formed or maintained, as well as other ocular defects. The fibrillins forming the 

ciliary zonule are synthesized by non-pigmented ciliary epithelial cells located in the ciliary 

body and the assembled microfibrils insert into the lens capsule [12,34,81]. Several 
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publications have described the composition and arrangement of the zonule, as well as the 

process of ciliary zonule growth and attachment [12,34,37,76,82–85]. Shi et al showed that 

Fbn2 expressed by the non-pigmented ciliary epithelium was the dominant embryonic 

fibrillin isoform in the mouse and that Fbn1 mRNA replaced Fbn2 mRNA around birth [76]. 

This mimics the biphasic expression of Fbn1 and Fbn2 mRNAs observed in other mouse 

tissues [35]. Complementary to this study, it was shown that the genetic ablation of Fbn1 in 

mice did not result in ectopia lentis, because FBN2 was a normal component of the zonule in 

adult mice, rats, and hamsters, although not humans [34]. A previous proteomic analysis of 

microfibrils extracted from human ciliary zonules identified only FBN1, MAGP1 and β-

crystallin as “core components” [86]. However, the stringent extraction conditions used in 

this study may have stripped other proteins, including ADAMTS and ADAMTS-like 

proteins from the zonule microfibrils.

What is known about the distribution and function of ADAMTS, ADAMTS-like and related 

proteins in eye development? ADAMTS10 was localized to the human ciliary zonule and 

present in the vicinity of the ciliary body and the lens epithelium, indicating that 

ADAMTS10 is likely to be present over the entire length of the zonule [18]. LTBP2 and 

FBN2 were also shown to be present in the mouse zonule, the latter being the sole zonule 

fibrillin isoform in the absence of FBN1 [34,83]. In the post-natal human zonule, FBN1 

appears to be the sole fibrillin isoform, despite all three isoforms localizing to the area of the 

prospective zonule in human embryonic eyes and FBN3 being present in the infant zonule 

[37]. RNA in-situ hybridization suggests that most zonule components (FBN1, FBN2, 

ADAMTS10, LTBP2) are produced by the non-pigmented ciliary epithelium [18,76,83]. 

ADAMTSL4 was localized by immunohistochemistry and by Western blotting to the human 

ciliary body, the lens equator, choroid, and retina [16,87]. However, Adamtsl4 mRNA in-

situ hybridization showed the strongest signal in the equatorial lens epithelium, i.e., at the 

insertion site of the ciliary zonule into the lens capsule (Hubmacher and Apte, unpublished). 

This suggests that ADAMTSL4 may anchor microfibrils into the lens capsule. It could also 

be involved in seeding microfibril formation, since the lens and ciliary body are closely 

approximated during early eye development. The role of ADAMTS17 in the formation and 

maintenance of microfibrils remains to be established.

The first mouse model for ectopia lentis, an Ltbp2 knock-out, was described recently [83]. 

The ciliary zonule appeared to form normally in the absence of LTBP2, but was disrupted in 

eyes of adult mice. LTBP2 co-localized with FBN1 over the entire length of the zonule, 

similar to ADAMTS10. In the absence of LTBP2, microfibril continuity between the lens 

and ciliary body was lost, but microfibrils retained their attachment to the non-pigmented 

ciliary epithelium and the lens capsule. The authors concluded that LTBP2 bundled 

microfibrils into larger fibers and that its absence compromised zonule integrity. Thus, 

different zonule components may be required for determining the mechanical properties of 

the central part of the zonule, and for its anchorage at each end, respectively.

Open questions and future directions

Presently, genetic evidence from a number of models and emerging biochemical data have 

clarified some aspects of the relationship between ADAMTS proteins and fibrillin 
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microfibrils. Clearly, several ADAMTS proteins can bind to FBN1 and co-localize with 

microfibrils. There is also evidence supporting their role in accelerating microfibril 

assembly, and ensuring microfibril longevity. However, several pressing mechanistic 

questions remain. Does the absence of specific ADAMTS proteins simply result in fewer 

microfibrils, with rupture of those that remain in the eye and elsewhere, or are they 

qualitatively different? Does the ensuing tissue microdamage lead to fibrosis in the skin and 

elsewhere as an epiphenomenon, or is there specific microenvironment dysregulation arising 

early in each ADAMTS defect? Do ADAMTS proteins only accelerate the assembly of 

FBN1 microfibrils, or are they also involved in conferring tissue and developmental stage-

specific functions to a microfibril scaffold (“specialization”) (Fig. 3), such as in growth 

factor signaling? Do ADAMTS mutations recapitulate the phenotype of a FBN1 (tissue-

specific) mutation by acting only through FBN1, or do acromelic dysplasias reflect the 

secondary repair responses of connective tissue? A similar concept was first proposed for 

the aberrant TGFβ activation in the vascular wall upon mutation of different ECM 

components associated with deposition of latent TGFβ [88]. The fact that the majority of 

FBN1 mutations lead to MFS, whereas only rare or domain-specific mutations lead to 

acromelic dysplasias suggests that the explanation is not simply fewer microfibrils, but 

rather a lack of specific intermolecular interaction between ADAMTS proteins and fibrillins 

that has profound regulatory consequences (Fig. 3). Do ADAMTS/ADAMTS-like proteins 

modulate the isoform composition of microfibrils? Preponderance of FBN2 in bronchial 

microfibrils of Adamtsl2-deficient mice suggests this is a distinct possibility. What is the 

role of the specific FBN1 domains mutated in geleophysic dysplasia and Weill–Marchesani 

syndrome and why do these FBN1 mutations not cause MFS? One possibility is that fibrillin 

microfibrils would serve as the foundation for the proper tethering of ADAMTS proteins at 

specific points in the ECM (specialization). In that case, the domain-specific mutations in 

FBN1 would likely impair that localization process. Are microfibrils or associated proteins 

substrates for ADAMTS10 and ADAMTS17? Studies of ADAMTS10 showed that, if 

activated by furin, ADAMTS10 has the capacity to cleave FBN1 in vitro [18]. However, 

since the required furin processing site within ADAMTS10 is sub-optimal, the question 

arises, how is ADAMTS10 activated in vivo, if at all? Furthermore, the apparently similar 

roles of ADAMTS-like proteins and ADAMTS10 suggest that ADAMTS10 may function 

more as an ADAMTS-like protein than a protease. How then, to reconcile the finding that 

ADAMTS17, which carries a consensus furin recognition sequence, is genetically 

implicated in a WMS-like disorder?

These intriguing questions remain unanswered for now, but the required tools, such as 

animal models, recombinant proteins, antibodies etc. are now at hand or under development. 

In addition, the explant culture of the anterior chamber of the eye [83], and eye-derived cells 

in combination with mouse genetic tools make ciliary zonule development tractable to 

experimental manipulation in vitro and in vivo. New methods for genome editing will 

expedite ongoing genetic analysis, but for now, the protein chemistry and intermolecular 

interactions of fibrillins and ADAMTS-like proteins remains a compelling challenge, 

because of their complex post-translational modification and large size.
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Fig. 1. 
Domain organization of FBN1, relevant ADAMTS proteins and localization of disease-

causing mutations. A) Domain organization of fibrillin-1. The regions of known mutations 

causing WMS2 and geleophysic dysplasia (GD) are indicated. In contrast to MFS mutations, 

which are distributed over the entire protein (not shown), these mutations are localized in 

distinct domains. TB/8-Cys domains are numbered. B) Domain organization of 

ADAMTS10, ADAMTS17, ADAMTSL2 and ADAMTSL4. Disease-causing mutations are 

randomly distributed suggesting they are de facto loss of function mutations. ADAMTSL2 

contains a unique N-glycan-rich domain and ADAMTSL4 an unusual split first 

thrombospondin type 1 repeat present also in ADAMTSL6. cbEGF, calcium-binding EGF-

like module; EGF, epidermal growth factor like module, PLAC, protease and lacunin 

module; TB/8-Cys, transforming growth factor β-binding-like/eight-cysteine domain.
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Fig. 2. 
Overlapping and differential features in disorders caused by mutations in ADAMTS proteins 

or FBN1. Musculoskeletal presentations of Marfan syndrome (blue boxes) and the acromelic 

dysplasias (pink boxes) contrast with each other. Myhre syndrome (gray boxes), an 

acromelic dysplasia caused by SMAD4 mutations, is also shown for completeness [89]. 

Weill–Marchesani-like syndrome (green boxes) has clinical overlap with acromelic 

dysplasias (short stature), WMS and MFS (ectopia lentis).
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Fig. 3. 
Proposed roles of ADAMTS proteins in the formation and specialization of tissue 

microfibrils. Microfibrils can contain three fibrillin isoforms (FBN1 is shown in red, FBN2 

and FBN3 are shown in green as characteristic “beads-on-a-string” structures) and assemble 

on a fibronectin network. Normally, in the presence of ADAMTS/ADAMTS-like proteins 

(wild type, WT), microfibrils have a developmental and tissue-specific isoform composition. 

Although microfibril FBN isoform composition is predominantly determined by differential 

gene expression, current evidence suggests that absence of one or more ADAMTS/

ADAMTS-like proteins (KO) can result in (i) altered fibrillin isoform composition of 

microfibrils (bottom left), (ii) reduction of the number of microfibrils (bottom center), or 

(iii) absence of tissue specific functionality due to the missing ADAMTS/ADAMTS-like 

proteins (bottom right).

Hubmacher and Apte Page 16

Matrix Biol. Author manuscript; available in PMC 2016 January 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Hubmacher and Apte Page 17

Table 1

Human Mendelian disorders resulting from mutations in ADAMTS proteins. Essentially similar disorders 

resulting from FBN1 mutations are underlined.

Mendelian disorder MIM # Gene name (chromosomal locus) Mode of inheritance

Weill–Marchesani syndrome 1 277600 ADAMTS10 (19p13.2) Autosomal recessive

Weill–Marchesani-like syndrome 613195 ADAMTS17 (15q26.3) Autosomal recessive

Geleophysic dysplasia 1 231050 ADAMTSL2 (9q34.2) Autosomal recessive

Isolated ectopia lentis 2 225100 ADAMTSL4 (1q21.3) Autosomal recessive

Ectopia lentis et pupillae 225200

Isolated ectopia lentis 1 129600 FBN1 (15q21) Autosomal dominant

Weill–Marchesani syndrome 2 608328

Geleophysic dysplasia 2 614185

Marfan syndrome 154700

MASS syndrome (mitral valve, aorta, skin, skeletal) 604308

Acromicric dysplasia 102370

Stiff skin syndrome 184900
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