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Abstract

Mutations in the secreted metalloproteinase ADAMTS10 cause recessive Weill-Marchesani 

syndrome (WMS), comprising ectopia lentis, short stature, brachydactyly, thick skin and cardiac 

valve anomalies. Dominant WMS caused by FBN1 mutations is clinically similar and affects 

fibrillin-1 microfibrils, which are a major component of the ocular zonule. ADAMTS10 was 

previously shown to enhance fibrillin-1 assembly in vitro. Here, Adamts10 null mice were 

analyzed to determine the impact of ADAMTS10 deficiency on fibrillin microfibrils in vivo. An 

intragenic lacZ reporter identified widespread Adamts10 expression in the eye, musculoskeletal 

tissues, vasculature, skin and lung. Adamts10−/− mice had reduced viability on the C57BL/6 

background, and although surviving mice were slightly smaller and had stiff skin, they lacked 

brachydactyly and cardiovascular defects. Ectopia lentis was not observed in Adamts10−/− mice, 

similar to Fbn1−/− mice, most likely because the mouse zonule contains fibrillin-2 in addition to 

fibrillin-1. Unexpectedly, in contrast to wild-type eyes, Adamts10−/− zonule fibers were thicker 

and immunostained strongly with fibrillin-2 antibodies into adulthood, whereas fibrillin-1 staining 

was reduced. Furthermore, fibrillin-2 staining of hyaloid vasculature remnants persisted post-

natally in Adamts10−/− eyes. ADAMTS10 was found to cleave fibrillin-2, providing an 

explanation for persistence of fibrillin-2 at these sites. Thus, analysis of Adamts10−/− mice led to 

identification of fibrillin-2 as a novel ADAMTS10 substrate and defined a proteolytic mechanism 

for clearance of ocular fibrillin-2 at the end of the juvenile period.
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Introduction

Tissue microfibrils are supramolecular complexes in the extracellular matrix (ECM) that are 

evident ultrastructurally as filamentous beaded or non-beaded structures with a diameter of 

10–12 nm [1,2]. They typically form bundles associated with elastic fibers [3], but occur 

independently of them in the ocular zonule. The zonule is an acellular structure comprising 

microfibrils that extends from the pars plana and ciliary body to the equatorial region of the 

lens and transmits ciliary muscle contraction and relaxation during visual accommodation 

[4]. The principal components of microfibrils in the zonule and elsewhere are fibrillins, 

which are large secreted glycoproteins [5–7]. A recent proteomic analysis of the zonule and 

other studies of microfibrils have indicated inclusion of several components besides 

fibrillins, including microfibril-associated glycoproteins, latent TGFβ-binding proteins and 

ECM-modifying enzymes [8,9]. The products of three fibrillin genes in humans and two in 

mice [5] appear to readily form both homotypic and heterotypic microfibrils [7,10]. Whereas 

fibrillin-1 is the major microfibril protein expressed post-natally, fibrillin-2 and fibrillin-3 

seem to be the major embryonic isoforms, with a transition to fibrillin-1 predominance 

occurring from the late gestational period into the juvenile period [11–13]. In addition to 

their structural and elastogenic roles, microfibrils bind to growth factors of the TGFβ 
superfamily directly as well as indirectly via latent TGFβ-binding proteins to regulate their 

activity [14,15]. These diverse roles were elucidated by analysis of human genetic disorders 

affecting fibrillins, especially Marfan syndrome [16], and mouse fibrillin mutants [17].

Marfan syndrome (MFS, MIM 154700) is an inherited connective tissue disorder caused by 

dominant FBN1 mutations and affects 1:5000–1:10,000 individuals. Its characteristic 

manifestations are skeletal overgrowth with spidery hands and feet (arachnodactyly), lens 

dislocation (ectopia lentis), stretchy skin, and aneurysms affecting the aortic root and 

ascending aorta, which commonly undergo dissection [17]. Infrequently, FBN1 mutations 

cause Weill-Marchesani syndrome (WMS2, MIM 608328) and two related rare conditions, 

acromicric dysplasia (AD, MIM 102370) and geleophysic dysplasia 2 (GD2, MIM 614185) 

[18–20]. These disorders are categorized as acromelic dysplasias and share short stature, 

disproportionately short hands and feet (brachydactyly), cardiac valve anomalies and thick 

skin with reduced joint flexibility, characteristics which are the opposite of MFS [21,22]. In 

contrast to these opposing manifestations, ectopia lentis is present in both MFS and WMS. 

Unlike MFS, WMS does not typically predispose to aortic aneurysm. Whereas AD and GD 

mutations affect the TGFβ-binding domain 5 of fibrillin-1, the FBN1 mutations known in 

WMS affect other regions [18,19].

Autosomal recessive WMS is similar to the dominant form [23] and is caused by mutations 

affecting the secreted metalloprotease, ADAMTS10 (WMS1, MIM 277600) [24], a member 

of a large protein family with diverse roles in embryonic development and adult disorders 
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[25,26]. In dogs, ADAMTS10 mutations lead to primary open angle glaucoma, without 

extra-ocular features of WMS [27,28]. A WMS-like syndrome (WMSL, MIM 613195) is 

caused by mutations of a related protease, ADAMTS17 [29]. Collectively, these disorders 

suggested a functional link between ADAMTS10, ADAMTS17 and fibrillin-1 [21,30]. 

Subsequent work showed that ADAMTS10 associated with microfibrils in the zonule [31], 

and that both ADAMTS10 and ADAMTS17 bound fibrillin-1 in vitro [31,32]. ADAMTS10 

undergoes inefficient proteolytic excision of its propeptide owing to a suboptimal furin 

recognition site [31]. However, the fraction that is furin-processed can cleave fibrillin-1, 

albeit inefficiently, which was shown using an ADAMTS10 mutant of the furin recognition 

site that rendered it efficiently furin-cleavable [31]. ADAMTS10 was shown to enhance 

assembly of fibrillin-1 microfibrils in vitro, demonstrating that the proteolytic activity 

against fibrillin-1 was less significant than an ability to promote its assembly [31,33]. In the 

present work, we analyzed mice lacking Adamts10 to obtain additional cellular and 

molecular insights on its relationship with microfibrils in an in vivo context. These studies 

suggested a novel and unexpected relationship of ADAMTS10 with fibrillin-2 turnover in 

the eye and subsequent biochemical analysis identified fibrillin-2 as a novel ADAMTS10 

substrate.

Results

Disruption of the Adamts10 locus leads to a null allele

Adamts10 was disrupted using homologous recombination in mouse embryonic stem cells. 

The targeting vector was designed to generate a frameshift mutation by deleting 41 nt of 

exon 5 and insertion of IRES-lacZ-Neo at the deletion site (Fig. 1A). Correct targeting was 

confirmed by PCR of genomic DNA (Fig. 1B). In contrast to cDNA generated from wild-

type mouse tissues, RT-PCR of Adamts10−/− tissues did not provide an amplicon bridging 

exon 3 with the deleted sequence in exon 5, demonstrating gene disruption by the IRES-

LacZ-Neo cassette (Fig. 1C). A primer pair bridging exon 3 to the targeting cassette in 

Adamts10−/− tissues amplified the expected fusion transcript of Adamts10 mRNA and 

IRES-lacZ, i.e., sequencing of this amplicon confirmed the Adamts10 frameshift mutation 

and continuity of Adamts10 and lacZ transcripts (Fig. 1C). qRT-PCR with a primer pair 

upstream of the targeting site showed comparable mutant RNA levels in null and wild-type 

mice (Fig. 1C), indicating that the Adamts10-IRES-lacZ fusion transcript was stable. This 

validated the use of β-galactosidase (β-gal) staining as a useful surrogate for Adamts10 
mRNA expression. β-gal staining was only seen in Adamts10+/− and Adamts10−/− embryos 

and adult tissues but not in the wild-type (Fig. 1D and Supplemental Fig. 1). Consistent with 

inclusion of transcription termination and poly-A signals in the inserted cassette, exons 

downstream of the targeting site were not included in the mutant fusion transcript (Fig. 1C, 

Exon 5–7). The fusion transcript arising from the targeted allele encodes only the 

ADAMTS10 propeptide and the N-terminal 13 residues of the catalytic domain. Thus, 

production of catalytically active ADAMTS10 from the targeted allele is eliminated, 

although this could not be confirmed at the protein level in the absence of a suitable 

antibody. Although the ADAMTS10 propeptide could be involved in some binding 

interactions or other functions, none of the ADAMTS propeptides are known to be 

independently functional, rendering this possibility unlikely.
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Intercrosses of Adamts10+/− mice provided progeny in the expected Mendelian ratio in the 

hybrid 129/Sv X C57BL/6 background, but in the C57BL/6 strain, in which the mice were 

subsequently maintained, a Chi square calculation showed significant departure from the 

expected Mendelian ratio (p < 0.05) (Fig. 1E). Because neonatal lethality was not observed, 

this suggests partial embryonic lethality in the C57BL/6 strain. Both male and female 

Adamts10−/− mice were externally normal other than having lower body weight than wild-

type littermates (Fig. 1F).

An intragenic lacZ reporter identifies widespread ocular and non-ocular Adamts10 
expression

Analysis of Adamts10 mRNA expression during embryonic development using RNA in situ 

hybridization had previously shown broad expression in extra-ocular tissues [34], but ocular 

expression was not analyzed. Since disruption of the ocular zonule leading to ectopia lentis 

is a major primary pathology in WMS, we analyzed Adamts10 expression by β-gal staining 

at various times through embryonic ocular development and in the adult eye. No β-gal 

staining was seen in the developing eye until 12.5 days of embryo age (E12.5), but a 

consistent pattern was seen between E12.5 until birth. At E16.5, which exemplified the 

embryonic expression, there was nuclear staining of the ciliary margin zone, primary lens 

fibers, and ganglion cell layer of the retina that persisted into the adult eye (Fig. 2). Once 

development of the iris, ciliary body and drainage apparatus was initiated, intense Adamts10 
expression was detected in the non-pigmented ciliary epithelium and the limbal region, 

including corneal and scleral stroma cells, cells around Schlemm’s canal and in the lens 

epithelium (Fig. 2). Corneal and scleral fibroblasts and extraocular muscle myofibers 

consistently expressed Adamts10 (data not shown) and corneal endothelium of adult eyes 

was also positive (Fig. 2). In extra-ocular tissues, strong expression was seen throughout the 

limb in cartilage, bone, skeletal muscle and tendons and the dermis of skin (Supplemental 

Fig. 1A). Widespread β-gal staining was present in lung, but in the heart and liver, it was 

primarily present in the large blood vessels, such as aorta, coronary, pulmonic and hepatic 

vessels, and in atria and cardiac valves, with ventricular myocardium lacking expression 

(Fig. 1D and Supplemental Fig. 1).

ADAMTS10 deficiency in mice does not lead to the extra-ocular manifestations of Weill-
Marchesani syndrome

Analysis of the lungs, based on the observed strong Adamts10 expression consistently 

identified a distinct anomaly in Adamts10−/− lungs with increased alveolarization of the 

alveolar ducts that are normally seen at the distal end of the terminal bronchiole 

(Supplemental Fig. 1B). However this anomaly was subtle and did not result in a significant 

change in mean linear intercept analysis of lung parenchyma (data not shown). Adamts10−/− 

mice had stiffer skin as determined by its reduced stretchiness when the mice were scruffed. 

To determine the mechanism of this further, we isolated dermal fibroblasts from 

Adamts10−/− mice and found that they continued to express Adamts10 mRNA after isolation 

(Supplemental Fig. 1C). Accordingly, dermal fibroblasts were also isolated from wild-type 

littermates and compared with Adamts10−/− cells for their contractile ability in a collagen 

gel contraction assay. The Adamts10−/− dermal fibroblasts contracted the gel to a greater 

extent than wild-type (Supplemental Fig. 1C). Adamts10−/− mice had normal skeletal 
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morphology, including normal distal skeletal elements and lacked shortening of long bones 

as well as brachydactyly, a hallmark of WMS (Supplemental Fig. 2). Their aortic and mitral 

valves and cardiac function were normal up to a year of age as determined by 

echocardiography and histology (data not shown).

An intact zonule and undisplaced lens in the Adamts10−/− eye are accompanied by 
enhanced immunochemical signal for FBN2

Adamts10−/− eyes appeared externally normal throughout the first two years of life, although 

optical coherence tomography (OCT) identified a statistically significant reduction in 

anterior chamber depth (Supplemental Fig. 3A). No anomalies of the cornea, iris or lens 

were noted upon slit lamp examination (data not shown). Histological comparison of the 

Adamts10−/− eyes and wild type eyes by hematoxylin and eosin staining did not demonstrate 

anomalies (Supplemental Fig. 3B). Of specific relevance to WMS, the ocular lens appeared 

to be normal. No retinal anomalies were observed. As visualized by oxytalan stain for 

microfibrils, the ocular zonule was intact, and spanned the pars plana region to the lens 

equator explaining lack of ectopia lentis in null mice. Moreover, the oxytalan stain showed 

stronger staining of the Adams10−/− zonule than the corresponding wildtype at all times 

analyzed (8 days, 6 weeks and 6 months) (Fig. 3A). Because the mouse zonule contains both 

FBN1 and FBN2, [4,35] we immunostained the eyes with the respective antibodies. We 

consistently observed stronger FBN2 staining in the Adamts10−/− zonule from the juvenile 

into the adult period (Fig. 3B). In contrast, FBN1 staining varied, being reduced in the null 

zonule at 6 weeks, but not 1 year of age (Fig. 3C). The hyaloid vasculature normally 

undergoes complete regression in the mouse by 16 days after birth [36]. Persistent FBN2 

fibril staining was observed in the vitreous in the presumed remnants of the hyaloid vessel 

matrix at both 8 days and 24 days after birth in Adamts10−/− eyes (Fig. 4).

ADAMTS10 cleaves fibrillin-2

The observed ocular accumulation of fibrillin-2 motivated investigation of its possible 

cleavage by ADAMTS10. Prior analysis had shown that only a limited proportion of 

ADAMTS10 was activated by removal of the propeptide, which was attributed to a 

suboptimal processing site (GLKR) for the action of proprotein convertases such as furin 

[31]. We had previously mutated the furin cleavage site to RRKR to render ADAMTS10 

efficiently cleavable by furin, enabling analysis of the activity of this activated fraction [31]. 

This plasmid, or its catalytically inactive version, was co-transfected into HEK293F cells 

with a plasmid expressing His6-tagged N and C-terminal halves of fibrillin-2. Analysis of 

the conditioned medium from these experiments using anti-His6 antibody clearly identified a 

fibrillin-2 fragment arising from its C-terminal half in the presence of catalytically active 

ADAMTS10-RRKR, but not the corresponding inactive mutant ADAMTS10-RRKREA (Fig. 

5A). We also observed a cleaved fibrillin-2 fragment using the anti-fibrillin-2 antibody 

Fbn2–1 in the presence of ADAMTS10-RRKR but not ADAMTS10-RRKREA (Fig. 5B). 

Antibody Fbn2–1 was generated against the entire C-terminal half of fibrillin-2 and its 

precise epitope is not known. Thus, it does not allow us to draw conclusions about the 

possible number and location of cleavage sites. Western blot using anti-His and anti-myc 

showed comparable levels of ADAMTS10-RRKR and ADAMTS10-RRKREA (Fig. 5A, C).
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Discussion

For the present study we have generated and characterized Adamts10−/− mice. Their analysis 

demonstrated ocular fibrillin-2 accumulation, which is explained by its biochemical 

characterization here as a novel ADAMTS10 substrate. We had previously generated 

recombinant ADAMTS10 and characterized high-affinity binding of ADAMTS10 to 

fibrillin-1 [31]. Indeed, ADAMTS10 was localized to fibrillin microfibrils in human skin 

and ocular zonule [31]. Addition of recombinant ADAMTS10 to fibroblast cultures 

demonstrated increased fibrillin-1 microfibril staining, suggesting that it enhanced or 

accelerated fibrillin microfibril assembly or protected microfibrils from turnover [31,33]. 

The previous work had logically focused on fibrillin-1, given the strong genetic relationship 

with ADAMTS10 established by the similar clinical consequence of recessive ADAMTS10 
and dominant FBN1 mutations [21,30].

A relationship with fibrillin-2 was not previously considered, but is relevant in 

developmental contexts as well as post-natally, because of the occurrence of heterotypic 

fibrils containing both fibrillin-1 and fibrillin-2 [10,35,37]. In mice, fibrillin-2 is strongly 

expressed during the embryonic period and is the major component of the zonule around 

birth [4,35]. Consistent with this, prior work has shown that during mouse eye development, 

Fbn2 mRNA is dominant, with Fbn1 mRNA expression commencing in the late embryonic 

period and dominating in adult tissues [13]. Fibrillin-2 protein is detected in both the human 

and mouse embryonic zonule [35] and in mice both fibrilllin-1 and fibrillin-2 comprise the 

adult zonule [35]. During human eye development, fibrillin-2 is present in the zonule region 

during early embryogenesis [38]. Fbn1−/− eyes do not have ectopia lentis, apparently 

reflecting the presence of an intact zonule comprising fibrillin-2 [35]. Fbn2−/− eyes also have 

an intact zonule but have a high incidence of morphogenetic defects especially iris coloboma 

[39]. Such morphogenetic defects do not appear in Adamts10−/− eyes, suggesting that excess 

fibrillin-2 is not as deleterious as its absence. Our analysis suggests that fibrillin-2 is 

disproportionately increased with respect to fibrillin-1, suggesting its selectively reduced 

turnover in the absence of ADAMTS10.

ADAMTS10 may thus contribute to maintaining an appropriate content of FBN1 and FBN2 

in microfibrils in two ways, i.e., by enhancing FBN1 assembly, and cleaving FBN2. 

Intriguingly, lack of an ADAMTS-like protein, ADAMTSL2, in mice, also led to increased 

FBN2 staining in the peribronchial ECM of Adamtsl2−/− lungs [40]. ADAMTSL2 lacks 

proteolytic activity and is strongly expressed in the late embryonic period [40], coinciding 

with the switch from Fbn2 mRNA to Fbn1 mRNA dominance. Furthermore, ADAMTSL4 

and ADAMTSL5 bind to and enhance the assembly of fibrillin-1 [41,42]. Thus, several 

ADAMTS proteins may participate in maintenance of the proper balance of fibrillin-1 and 

fibrillin-2 in tissues [30].

Adamts10−/− eyes also had postnatal accumulation of fibrillin-2 microfibrils in the vitreous, 

which may be remnants of the supporting ECM of hyaloid (vitreous) vessels. Fbn2 mRNA is 

expressed in the hyaloid tissue [4], although Adamts10 expression by β-gal staining was 

consistently seen in the ganglion cell layer of the retina, which abuts the vitreous. Thus, one 

role of the ganglion cell production of ADAMTS10 may be to degrade fibrillin-2 fibrils in 
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the vitreous. The assembly and disassembly of the ECM supporting the hyaloid blood 

vessels is poorly understood. Persistent hyaloid vasculature is a recognized clinical problem 

in infants; however persistence of hyaloid ECM structures is not a known clinical disorder, 

and whether the remnant fibrillin-2 fibrils might impair vision is unknown.

Despite the noted anomalies in the eyes, lung and skin fibroblasts of Adamts10−/− mice, 

skeletal, skin and cardiac structure were unaffected, and this could be a result of 

compensation by other ADAMTS proteases. Recently, Mularczyk et al. reported analysis of 

mouse model of a human WMS-associated ADAMTS10 mutation which showed similarities 

with the present analysis, including fibrillin-2 accumulation in the zonule and skeletal 

muscle; however, they did not test whether fibrillin-2 was an ADAMTS10 substrate [43]. In 

contrast with our model, they observed reduced skeletal growth, and identified anomalies of 

muscle, which was not a focus of the present analysis [43]. Our novel finding that fibrillin-2 

turnover requires ADAMTS10 explains the fibrillin-2 accumulation seen in both mouse 

strains.

In mice, the presence of two fibrillins instead of three in humans, and inclusion of fibrillin-2 

in the mouse ocular zonule provides a possible explanation for differing phenotypes in 

humans and mice lacking ADAMTS10. Another explanation for the relatively mild 

phenotype of Adamts10 mutants could be functional overlap with and compensation by its 

closest homolog Adamts6, which has an apparently more important role in mouse 

development, demonstrated by embryonic lethality of Adamts6−/− embryos and severe 

cardiac malformations [44,45]. ADAMTS17 has the same domain structure as ADAMTS10 

and ADAMTS6, but a lower sequence similarity to ADAMTS10 than ADAMTS6. 

Adamts17 is expressed in the ciliary margin zone as well as the lens fiber cells [32]. In 

contrast to ADAMTS10, the ADAMTS6 and ADAMTS17 furin processing sites (RQKR 

and RERR respectively) satisfy the required consensus for efficient activation. A recent 

analysis showed that ADAMTS17 is both furin-processed and proteolytically active, but did 

not cleave fibrillin-1 [32]. Thus, ADAMTS10, ADAMTS6 and ADAMTS17 may have 

overlapping as well as distinct roles vis-à-vis fibrillin fibrils as has been shown for multiple 

ADAMTS proteases that cleave versican [46–50]. Fibrillin-2 accumulation in ADAMTSL2-

deficient lungs [40], and the reported suppression of fibrillin-2 mRNA by ADAMTS17 [32], 

further illustrate that the relationship between the ADAMTS proteins and microfibrils is 

complex and not confined solely to fibrillin-1. Consistent with a recent discussion in this 

journal [51], the data also illustrate how metalloproteases serve essential roles in biology and 

are not solely destructive entities in disease.

Methods

Transgenic mice

The Adamts10 locus was targeted by homologous recombination in embryonic stem cells by 

Deltagen Inc. The targeting construct was generated by deletion of 41 bp from exon 5 

( 903cgacaagatgat…gatgtgga944, Adamts10 cDNA sequence, GenBank accession number 

NM_172619.3), and insertion of an IRES-lacZ-neo cassette (specifically, IRES-lacZ-stop-

SV40 poly A-Pgk1 promoter-Neomycin resistance (Neo)-stop-SV40 pA [52]) at the deletion 

site. ES clones hemizygous for the targeted mutation were injected into blastocysts for 
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generation of chimeric mice. High percentage chimeras were used to obtain germline 

transmission of the targeted allele (Allele t1233, Deltagen Inc., San Carlos, CA). 

Heterozygous transgenic mice in the C57Bl/6J + 129/Sv mixed background were 

backcrossed for 10 generations in the C57Bl/6J strain for subsequent analysis. The genotype 

ratio obtained after heterozygote intercrosses was compared with the expected ratio using a 

Chi square calculator (GraphPad QuickCalcs, http://graphpad.com/quickcalcs/

chisquared1.cfm).

Genotyping was performed using genomic DNA isolated from tail biopsies. Genotyping, 

RT-PCR primers and qRT-PCR primers used to analyze the impact of gene interruption are 

in Supplemental Table 1. qRT-PCR was done as previously described [48]. The eyes were 

analyzed by OCT essentially as previously described [53] to determine anterior segment 

morphology and measure the depth of the anterior chamber. Mice were weighed weekly 

using a laboratory scale. All mouse procedures were approved by the Cleveland Clinic 

Institutional Animal Care and Use Committee (protocol 2016–1458) and euthanasia was in 

accordance with the guidelines of the American Veterinary Association. Skeletal radiographs 

were obtained as previously described [49].

Histology and immunohistochemistry

Histologic analysis was performed using paraffin sections of eyes fixed in 4% 

paraformaldehyde (PFA) for 24–48 h. Hematoxylin & eosin and oxytalan fiber staining were 

performed using routine procedures. Fibrillin-1 and fibrillin-2 rabbit polyclonal antibodies 

were previously described [35] and used for immunofluorescence in an indirect staining 

method with Alexa Fluor 488-labeled (green) or Alexa fluor 568-labeled (red) secondary 

antibodies. For β-gal staining, tissues were fixed overnight in 4% PFA and stained using a 

previously described procedure [54] and subsequently paraffin-embedded for sectioning.

Western blot analysis

HEK293 cells stably expressing a fibrillin-2 C-terminal fragment 2-1 [55] were maintained 

in medium supplemented with 10% fetal bovine serum and 100 U/mL penicillin and 100 

μg/mL streptomycin. Plasmid vectors for expression of active ADAMTS10 designated 

ADAMTS10-RRKR and inactive ADAMTS10, designated ADAMTS10-RRKREA were 

previously described [31]. The constructs were transfected using Lipofectamine 3000 

Transfection Kit (catalog no. L3000; Invitrogen) following manufacturer’s instructions. 

After 72 h in serum-free medium, the medium was recovered and cell lysates were collected 

in lysis buffer (0.1% NP-40, 0.01% sodium dodecyl sulfate and 0.05% sodium deoxycholate 

in phosphate buffered saline), pH 7.4 (PBS). Medium and lysate were electrophoresed by 

reducing SDS-PAGE on 4–20% gradient Tris-glycine gels. Proteins were electro-blotted to 

Immobilon-FL membranes (IPFL00010, EMD Millipore), incubated with primary 

antibodies anti-myc (1:1000; Cleveland Clinic Hybridoma core facility), anti-His6 

(catalogno. MAB050; 1:1000; R&D Systems) and anti-fibrillin 2-1 Dieter [55] (1:500), in 

5% milk in PBS overnight at 4 °C, followed by IRDye secondary antibodies goat anti-mouse 

or anti-rabbit (926-68170, 827-08365; 1:10000; LI-COR) in PBS for 1 h at room 

temperature and visualized by Odyssey CLx (LI-COR).
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Fig. 1. 
Generation and characterization of Adamts10−/− mice. A. Gene targeting strategy: the 

structure of the wild-type Adamts10 allele inclusive of exon 2 through exon 7 (top) and the 

targeted Adamts10 allele (bottom) are illustrated. The primers used for genotyping are 

shown by black arrows (WT_F/R and KO_F/R). The primers used for RT-PCR are shown as 

pairs of red, maroon or green arrows indicating their location. B. Agarose gel electrophoresis 

of genomic PCR products shows the distinction between wild type (WT) and knockout (KO) 

alleles. Water was used as the control target. C. Left: q-RT-PCR shows comparable upstream 

RNA levels in wild-type and Adamts10−/− mice (KO). Right: RT-PCR (exons 3–5) shows 

interruption of exon 5 by insertion of the IRES-lacZ-neo cassette and loss of RNA 

downstream of the targeting site (exons 5–7). β-actin PCR shows comparable source RNA. 

D. Consistent with generation of an Adamts10-IRES-lacZ transcript, aorta (AO), right 

atrium (RA), left atrium (LA) and coronary vessels (arrow), but not the ventricular 
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myocardium (V) from an Adamts10+/− mouse, but not a wild-type mouse demonstrated 

robust β-gal staining (blue). E. Pie chart of the genotypes detected at 10 days of age from 

intercrosses of Adamts10+/− mice in the indicated strains. Note reduced viability of 

Adamts10−/− mice in the C57BL/6 strain. F. Adamts10−/− mice segregated by sex, as shown, 

weighed significantly less than wild-type littermates. *p < 0.01, **p < 0.001, n = 7 male 

wild-type mice, 6 female wild type mice; 13 male Adamts10−/− mice and 11 female 

Adamts10−/− mice, error bars indicate S.D.
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Fig. 2. 
An Adamts10 reporter is expressed at specific sites in the mouse eye. β-gal staining (blue) of 

Adamts10+/− eyes indicates sites of Adamts10 mRNA expression in the 16.5-day old 

embryo (E16.5), newborn, and post-natal day 10 (P10) or adult (8 week) eyes as labeled. C, 

cornea; CB, ciliary body; CMZ, ciliary margin zone; En, corneal endothelium; EP, corneal 

epithelium; GC, ganglion cell layer of retina; L, lens; LE, lens epithelium; Li, limbus; M, 

primordial trabecular meshwork; NPCE, non-pigmented ciliary epithelium; Tm, trabecular 

meshwork; R, retina. Scale bars are 100 μm at top left and 25 μm in other panels.

Wang et al. Page 15

Matrix Biol. Author manuscript; available in PMC 2021 June 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. 
Increased microfibrils and stronger fibrillin-2 staining in the Adamts10−/− zonule. A. 

Oxytalan stain at various ages indicated showing consistently stronger staining (purple) of 

the Adamts10−/− zonule. B. Fibrillin-2 immunostaining is stronger post-natally in the 

Adamts10−/− zonule. C. Fibrillin-1 staining was reduced in the 6 week Adamts10−/− zonule, 

but was comparable thereafter to the wild-type. Asterisks indicate the zonule. L, lens, CB, 

ciliary body. Scale bars = 150 μm.
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Fig. 4. 
Persistent postnatal fibrillin-2 stained extracellular matrix strands in the Adamts10−/− 

vitreous. The figure shows fibrillin-1 and fibrillin-2 immunofluorescence staining (red, left-

hand and center column) and H&E staining of an adjacent section (right-hand column) from 

juvenile wild-type and Adamts10−/− eyes. Note the relative abundance of H&E stained 

strands in the Adamts10−/− vitreous (V) at 8 days and their persistence at 24 days 

accompanied by increased fibrillin-2 staining but no change in fibrillin-1 staining. DAPI 

staining (blue) showed no intra-vitreal nuclei at 24 days, indicating that Adamts10−/− eyes 

had persistence of microfibrils but not hyaloid vasculature. Images are representative of 

staining observed in 5 wild-type and 5 Adamts10−/− eyes. L, lens, R, retina Scale bar = 150 

μm.
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Fig. 5. 
ADAMTS10 cleaves fibrillin-2. A. Representative Western blot using anti-His6 shows a 

major 185-kDa band in conditioned medium that corresponds to the intact fibrillin-2 C-

terminal half (FBN2-1 (arrow)) and a 120-kDa band corresponding to ADAMTS10 

(asterisk), which like FBN2-1, also has a C-terminal His6 tag. The arrowhead indicates a 75-

kDa band corresponding to cleaved FBN2-1 in the presence of active ADAMTS10 

(ADAMTS10 RRKR), but not a catalytically inactive form (ADAMTS10 RRKREA). B. 

Western blot using polyclonal antibody Fbn2-1 shows a major 185-kDa band in conditioned 

medium that corresponds to FBN2-1 (arrow) and a 100-kDa fragment (asterisk) that appears 

specifically in the presence of active ADAMTS10 but not ADAMTS10 RRKREA. C. Anti-

myc Western blot confirming expression of active and inactive ADAMTS10 (120-kDa). EV, 

empty vector.
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