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PURPOSE. Previously, we identified a G661R mutation of ADAMTS10 (a disintegrin-like
and metalloprotease with thrombospondin type 1 motif 10) as being disease causative
in a colony of Beagles with inherited primary open-angle glaucoma (POAG). Mutations
in ADAMTS10 are known to cause Weill–Marchesani syndrome (WMS), which is also
caused by mutations in the fibrillin-1 gene (FBN1), suggesting functional linkage between
ADAMTS10 and fibrillin-1, the principal component of microfibrils. Here, we established
a mouse line with the G661R mutation of Adamts10 (Adamts10G661R/G661R) to determine
if they develop features of WMS and alterations of ocular fibrillin microfibrils.

METHODS. Intraocular pressure (IOP) was measured using a TonoLab rebound tonometer.
Central cornea thickness (CCT), anterior chamber depth (ACD) and axial length (AL) of
the eye were examined by spectral-domain optical coherence tomography. Sagittal eye
sections from mice at postnatal day 10 (P10) and at 3 and 24 months of age were stained
with antibodies against fibrillin-1, fibrillin-2, and ADAMTS10.

RESULTS. IOP was not elevated in Adamts10G661R/G661R mice.Adamts10G661R/G661R mice had
smaller bodies, thicker CCT, and shallower ACD compared to wild-type mice but normal
AL. Adamts10G661R/G661R mice displayed persistent fibrillin-2 and enhanced fibrillin-1
immunofluorescence in the lens zonules and in the hyaloid vasculature and its remnants
in the vitreous.

CONCLUSIONS. Adamts10G661R/G661R mice recapitulate the short stature and ocular pheno-
types of WMS. The altered fibrillin-1 and fibrillin-2 immunoactivity in Adamts10G661R/G661R

mice suggests that the G661R mutation of Adamts10 perturbs regulation of the fibrillin
isotype composition of microfibrils in the mouse eye.
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ADAMTS10 belongs to a family of secreted proteins
that includes 19 ADAMTS matrix metalloproteases

and seven ADAMTS-like (ADAMTSL) proteins.1 We previ-
ously identified the glaucoma-causing ADAMTS mutation,
which was a G661R mutation of ADAMTS10 in a research
colony of Beagles with autosomal recessive primary open-
angle glaucoma (POAG).2,3 These dogs develop elevated
intraocular pressure (IOP) with open iridocorneal angles
followed by development of optic disc cupping, a defin-
ing feature of glaucoma.4 Subsequently, another mutation in
ADAMTS10, A387T, was reported to cause POAG in Norwe-
gian Elkhounds.5 Evidence for ADAMTS family involve-
ment in glaucoma was further extended by identification
of mutations in a closely related gene, ADAMTS17, as
being causative for glaucoma in other dog breeds.6–8 In
the context of human glaucoma, an ADAMTS8 locus was
found to be associated with a vertical cup-to-disc ratio
and IOP, important glaucoma endophenotypes.9,10 Together,
these findings implicate ADAMTS genes in glaucoma
pathogenesis.

In humans, mutations in ADAMTS10 are known to
cause autosomal recessive Weill–Marchesani syndrome
(WMS),11–13 a systemic connective tissue disorder char-

acterized by short stature, as well as abnormalities of
the musculoskeletal, ocular, and cardiovascular systems.
Ocular features of WMS include dislocated lens, micro-
spherophakia, and glaucoma. Certain mutations in the
fibrillin-1 gene (FBN1) cause autosomal dominant WMS,14,15

which is clinically indistinguishable from the autoso-
mal recessive form,16 suggesting overlapping functions for
ADAMTS10 and FBN1. There are three highly homologous
and evolutionarily conserved fibrillin isoforms: fibrillin-1,
fibrillin-2, and fibrillin-3 (although mice lack fibrillin-3).17

Fibrillin-1 dominates in postnatal life, whereas fibrillin-
2 and fibrillin-3 are primarily expressed during develop-
ment, with a transition to fibrillin-1 dominancy occur-
ring from the late gestational period into the juvenile
period.18–21

Fibrillin-1 and fibrillin-2 are the main constituents of
microfibrils, which are fibrillar structures in the extracel-
lular matrix of many tissues.22,23 Microfibrils contribute to
tissue biomechanics and are key regulators of transforming
growth factor beta (TGF-β) and bone morphogenic protein
(BMP) signaling.24 Microfibrils are required for the forma-
tion of elastic fibers, and they form sheaths that surround
the elastin core of all mature elastic fibers, contributing to
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their mechanical properties.25 Microfibrils also exist inde-
pendent of elastic fibers, such as in the lens zonules,
where they are the principal structural component.26 Altered
tissue biomechanics and TGF-β signaling are thought to
be major factors in glaucoma pathogenesis27,28 and are
known to contribute to the pathology of diseases caused
by microfibril deficiencies, such as Marfan syndrome and
WMS.15

In addition to genetic evidence, several studies have
shown evidence of functional interactions between
ADAMTS10 and fibrillin-1.15,29,30 ADAMTS10 has been
shown to bind fibrilin-1 with high affinity, co-localize with
microfibrils in the human dermis and lens zonule, and
accelerate formation of microfibrils in cell cultures.15,31–33

Cultured skin fibroblasts from patients with WMS with
ADAMTS10 mutations have been shown to have reduced
formation of extracellular microfibrils.32 Based on these and
other findings, ADAMTS10 is thought to be a microfibril-
associated protein that plays a role in the proper formation
of fibrillin microfibrils.29,30 Although ADAMTS10 is resistant
to furin cleavage of its propeptide, a necessary step for
activation of its metalloproteinase activity, it can cleave
fibrillin-1 or fibrillin-2 after optimization of its furin recog-
nition sequence.32,34 A relation between ADAMTS10 and
fibrillin-2 was recently reported by two recent studies
that showed ocular persistence of fibrillin-2 in mice with
Adamts10 null mutations.33,34

For the present study, we introduced the G661R muta-
tion of Adamts10 into the C57BL/6J mouse strain to
compare phenotypes of mice homozygous for the mutation
(Adamts10G661R/G661R) with contemporary wild-type (WT)
littermate controls. Adamts10G661R/G661R mice recapitulate
some features of WMS, such as smaller bodies and thick-
ened cornea. Although normally fibrillin-2 is the domi-
nant isoform through early gestation, replaced by domi-
nance of fibrillin-1 in adults, we found that predomi-
nant fibrillin-2 immunofluorescence persisted into adult-
hood in the lens zonules and in the vitreous associated with
remnants of the hyaloid vasculature. Additionally, fibrillin-1
fluorescence was enhanced in those structures as compared
with WT mice. These findings suggest that ADAMTS10
plays an important role in determining the fibrillin
isoform composition of fibrillin microfibrils and show that
the G661R mutation of Adamts10 interferes with this
function.

METHODS

Animals

All animal studies were performed in accordance with the
ARVO Statement for the Use of Animals in Ophthalmic and
Vision Research and were approved by the Institutional
Animal Care and Use Committee of Vanderbilt University.
Males and females heterozygous for the G661R mutation
of Adamts10 (see below) were bred to produce cohorts of
experimental animals homozygous for the G661R mutation
of Adamts10, hereafter referred to as Adamts10G661R/G661R,
and control animals homozygous for wild-type Adamts10,
hereafter referred to as WT. The genotype of each mouse
was determined at weaning and confirmed after sacrificing.
Animals were housed in a facility operated by the Vander-
bilt University Division of Animal Care, with 12/12-hour
light/dark cycle and ad libidum access to food and water.

Introduction of the G661R Mutation of Mouse
Adamts10 by CRISPR/Cas9 Genome Editing

The CRISPR protospacer targeting the desired locus of
Adamts10 and having the sequence CGAGCAGCAGCT-
GTGGTGGA (Fig. 1) was used to design a single-guide
RNA (sgRNA) that was obtained through a commercial
vendor (MilliporeSigma, Burlington, MA, USA). A 120-
nucleotide, single-stranded oligodeoxynucleotide (ssODN)
homology-directed repair (HDR) template was designed
to introduce the single base pair change resulting in
the glycine-to-arginine amino acid substitution at amino
acid 661 of the ADAMTS10 protein, as well as two silent
base changes that introduced a diagnostic SalI restric-
tion site (Fig. 1). The sequence of the ssODN HDR
template corresponding to the bottom strand relative to the
Adamts10 reading frame was TCTACCTTGCACTCGCCGCT-
GACACAAATGTCCACCGTGTCAGGGCGGCAGGGTGTTCT-
GTCGACCACAGCTGCTGCTCGCTCCGTATAAAAGTTGAAG-
CCTTCTGCTAGGCAAGTCAGC. Cas9 mRNA, sgRNA, and
HDR oligo were co-injected into C57BL/6J zygotes by the
Vanderbilt Genome Editing Resource. Tail DNA samples
from 60 weanlings were screened by PCR using primers F3
(GAAACTTCGCTGTTCCCTCT) and R5 (ATTTGTCCTCTCG-
GAGATCAG). As shown in Figure 1, the presence of the
correctly edited allele was verified by SalI digestion of
PCR products and Sanger sequencing (Genewiz, South
Plainfield, NJ, USA). Eighteen pups were verified to carry
a correctly edited allele generated through HDR with only
the three desired base changes (Fig. 1). Founder animal 4
was bred to a WT C57BL6/J mouse. Germline transmission
of the edited allele was confirmed in approximately 50%
of progeny. Potential off-target sites in the mouse genome
(mm10/GRCm38) were identified using COSMID.35 No
other identical sites or single-mismatch sites were found.
Eleven potential off-target sites were identified that had
either two mismatches or one mismatch and one single-
base indel. PCR assays were developed for four of these
potential off-target sites, which were used to amplify and
sequence DNA from 11 founder pups carrying the on-target
G661R CRISPR edit, including founder pup 4, which was
used for further breeding. No off-target mutations were
detected.

Intraocular Pressure

Diurnal IOP was measured at ∼10 AM at 3, 6, and 24 months
of age, and nocturnal IOP was measured at ∼11 PM for mice
at 24 months of age using a rebound tonometer designed
for use in rodents (iCare TONOLAB; iCare Finland, Helsinki,
Finland). Mice were anesthetized with 2.5% isoflurane in
95% O2/5% CO2 delivered at 1.5 L/min. The IOP of one eye of
each mouse was taken within 2 minutes of loss of conscious-
ness and was determined as the average of three readouts,
each based on six consecutive measurements, following the
manufacturer’s recommendations.

Body Size

The body length of mice at 3 and 24 months of age was
measured from nose to anus using a ruler. Body weight was
determined by a digital scale.
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FIGURE 1. Introduction of the G661R mutation of mouse Adamts10 by CRISPR/Cas9 genome editing. (A) The 20-nucleotide protospacer
targeting the G661R locus of Adamts10 (PS) and the reverse complement of a portion of the HDR template (ssODN) aligned with the WT
genomic sequence (Genomic) is shown in relation to the protein structure of ADAMTS10. The protospacer-adjacent motif (PAM sequence)
is indicated in blue font and the Cas9 cleavage site by a black triangle. In addition to the G-to-A nucleotide substitution resulting in the
desired amino acid substitution (green font), two other bases (underlined) were changed in the HDR template to introduce a diagnostic
SalI restriction site (orange triangle). (B) Representative diagnostic PCR using primers flanking the target site followed by SalI digestion
resulted in a band pattern as expected: 401-bp band for WT and overlapping 210-bp and 191-bp bands for homozygous mutant mice and
the combined set of bands for heterozygous mice. (C) Sanger sequencing of PCR reaction using flanking primers confirmed the expected
nucleotide changes resulting from incorporation of the HDR template into genomic DNA. HM Mut, homozygous for the G661R mutation of
Adamts10.

Spectral-Domain Optical Coherence Tomography

Mice were anesthetized with ketamine (100 mg/kg) and
xylazine (7 mg/kg) in saline. Anterior segments of one eye
from each mouse were visualized using the Bioptigen Envisu
R2200 spectral-domain optical coherence tomography (SD-
OCT) system (Leica Microsystems, Wetzlar, Germany) with
a 12-mm telecentric bore lens and a rectangular scanning
pattern consisting of 100 B-scans, each composed of 1000 A-
scans. The anterior chamber depth (ACD) was defined as the
distance from the inner surface of the central cornea to the
anterior central surface of the lens determined by the digital
caliper function of the Diver Analysis Software (Leica). For
axial length (AL) measurement, pupils were dilated using
1% tropicamide (Bausch & Lomb, Laval, QC, Canada) and
imaging was performed using a “mouse retina” lens (Leica
Microsystems). AL was determined by the acquisition of a
series of three images. A posterior image was used to deter-
mine the distance from the outer retinal pigment epithelium
to the posterior surface of the lens (vitreous + retina); an
anterior image was used to determine the distance from
the outer corneal surface to the anterior surface of the lens
(central cornea thickness [CCT] + ACD); and a third image
in which the lens was optically folded in half was used
to determine half of the axial lens diameter (1/2 lens). AL
was defined as equal to (vitreous + retina) + (CCT + ACD)
+ 2 × 1/2 lens. Upon completion of imaging, the mice
were injected with atipamezole (1 mg/kg; Patterson Veteri-
nary, Greeley, CO, USA) to prevent xylazine-induced corneal
damage.36

Immunofluorescence Staining and Microscopy

At P10 and 3 and 24 months of age, mice were sacri-
ficed by CO2 inhalation then cardiac perfused with PBS
followed by 4% paraformaldehyde in PBS. Eyes were enucle-
ated and post-fixed in 4% paraformaldehyde in PBS, paraffin
embedded, and sectioned at 7-μm thickness. Central sagit-
tal eye sections were deparaffinized, rehydrated, and then
subjected to antigen retrieval with 20 μg/mL proteinase K
(Macherey-Nagel, Düren, Germany) in buffer (50-mM Tris-
HCl; 1-mM EDTA; 0.5% Triton X-100, pH 8.0) for 5 minutes
at room temperature. Sections were blocked with 5% normal
donkey serum (MilliporeSigma) for 2 hours at room temper-
ature in a humid chamber, then incubated with rabbit
anti-fibrillin-1 diluted 1:200 (pAb 9543; kindly provided by
Lynn Sakai),37 rabbit anti-fibrillin-2 diluted 1:200 (pAb 0868;
kindly provided by Lynn Sakai),37 or goat anti-ADAMTS10
diluted 1:25 (sc-21505, Santa Cruz Biotechnology, Dallas,
TX, USA) in blocking buffer overnight at 4°C. Sections were
washed in 0.1% Tween-20 in PBS and then incubated with
either donkey anti-rabbit or donkey anti-goat IgG conju-
gated to Alexa Fluor 488 (Thermo Fisher Scientific, Waltham,
MA, USA) diluted 1:1000 for 2 hours, protected from light.
Sections were washed and then coverslipped with ProLong
Gold Antifade Mountant with DAPI (P36935; Thermo Fisher
Scientific). Images were acquired under identical settings
(laser power, digital offset, and gain) for each set of eye
sections using a confocal microscope equipped with a 20 ×
0.5-NA objective (FV1000; Olympus, Tokyo, Japan). Stacks
of optical sections were visualized as maximum-intensity
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FIGURE 2. IOP of Adamts10G661R/G661R mice at 3, 6, and 24 months of age. (A) Diurnal IOP of the Adamts10G661R/G661R mice was not elevated
compared with WT at all three time points. (B) Nocturnal IOP of the Adamts10G661R/G661R mice was not affected compared with WT mice at
24 months of age. Blue symbols, individual WT mice; red symbols, individual Adamts10G661R/G661R mice; lines, mean/95% confidence interval
(CI). Numbers of mice are indicated in italics below each group, and P values from one-way ANOVA are indicated above brackets.

z-projections using ImageJ (National Institutes of Health,
Bethesda, MD, USA). Negative control immunostaining omit-
ting primary antibodies was performed and showed no
immunofluorescence. Fibrillin-1 and fibrillin-2 immunofluo-
rescence of the zonular fibers was quantified in ImageJ. For
each experiment, thresholding of the 8-bit images was iden-
tical for all samples. Zonular fiber fragments were outlined
and registered as regions of interest in the ImageJ ROI
Manager function to measure the total intensity and total
area. Mean fluorescence intensity was calculated as the total
fluorescent intensity divided by the total area.

Experimental Design and Statistical Analysis

All experiments were conducted in a masked fashion. Data
were analyzed using Student’s two-tailed t-test or one-way
analysis of variance (ANOVA) as indicated in the figure
legends. Results were considered significant for P < 0.05.

RESULTS

For this study, a line of mice carrying the G661R muta-
tion of Adamts10 on the C57BL/6J background was created
using CRISPR technology with template-directed homology-
mediated repair as described in Methods (Fig. 1). Experi-
mental animals were generated by crossing mice heterozy-
gous for the mutation as determined by PCR followed by
restriction digestion (Fig. 1B) or Sanger sequencing (Fig. 1C).
Litters were of normal size with expected Mendelian inheri-
tance. Out of 485 pups genotyped, 26.4% were homozygous
WT, and 49.9% were heterozygous and 23.7% were homozy-
gous for the mutation (Adamts10G661R/G661R). Homozygous
mutant mice had normal life spans up to 2 years of age.
These results indicate that the G661R mutation does not
affect gestation or survival. Hematoxylin and eosin staining
of sagittal eye sections from mice at 3, 6, and 24 months of
age showed intact retinal layers and did not reveal apparent
abnormalities in Adamts10G661R/G661R mice, including in the
cornea and ciliary body (data not shown).

Intraocular Pressure

IOP elevation in the Beagle colony with the G661R muta-
tion of ADAMTS10 begins at 8 to 16 months of age in
homozygous dogs.4 To determine if IOP was elevated in the
Adamts10G661R/G661R mice, diurnal IOP at 3, 6, and 24 months

of age was measured by rebound tonometer at ∼10 AM (Fig.
2A). Diurnal IOP significantly decreased from 3 months to
24 months of age for both WT and Adamts10G661R/G661R mice
(P < 0.0001). However, diurnal IOP at 3, 6, and 24 months of
age did not differ significantly between Adamts10G661R/G661R

mice and WT mice (P > 0.10). Because differences in IOP
may be enhanced at night,38 nocturnal IOP measured at
∼11 PM was also determined; however, the nocturnal IOP
of Adamts10G661R/G661R mice also did not differ from that of
WT mice at 24 months of age (P = 0.55) (Fig. 2B). Unlike
Beagle dogs, the G661R mutation of Adamts10 did not result
in elevated IOP in mice on a C57BL/6J background.

Body Size

By gross examination, Adamts10G661R/G661R mice appeared
to have smaller bodies compared with WT mice (Fig. 3A),
with the difference becoming more pronounced with age.
Quantitative analysis showed age-dependent increases in
body length and weight in both male and female mice, as
expected (all P < 0.0001) (Figs. 3B, 3C). However, the body
lengths of male Adamts10G661R/G661R mice were 3.8% and
7.2% shorter compared with WT mice at 3 and 24 months of
age, respectively (P = 0.003 and P < 0.0001, respectively)
(Fig. 3B). Female Adamts10G661R/G661R mice were 5.4% and
8.3% shorter at 3 and 24 months of age, respectively (both P
< 0.0001) (Fig. 3B). Although body weight was not different
at 3 months of age for either sex (P > 0.5), at 24 months
of age male Adamts10G661R/G661R mice were 9.1% lighter (P
= 0.003), and female Adamts10G661R/G661R mice were 17.7%
lighter (P < 0.0001) compared with WT mice (Fig. 3C). The
small body size phenotype of Adamts10G661R/G661R mice is
consistent with the short-stature feature of human WMS.

SD-OCT Imaging

Patients with WMS have eye anomalies that include
thickened cornea and dislocated lenses.16,39 To test if
Adamts10G661R/G661R mice have similar ocular anomalies,
CCT, ACD, and AL were determined by SD-OCT imaging (Fig.
4A). CCT did not significantly change from 3 to 24 months of
age for either WT or Adamts10G661R/G661R mice (P > 0.4) (Fig.
4B). However, compared with WT mice, at 3 months of age
the CCT of Adamts10G661R/G661R mice (0.113 ± 0.006 mm)
was 5.4% thicker than that of WT mice (0.107 ± 0.004 mm;
P = 0.01). At 24 months of age, the CCT was 8.5% thicker
(0.114 ± 0.011 mm) than that of WT mice (0.105 ± 0.012; P
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FIGURE 3. Smaller body size of Adamts10G661R/G661R mice. (A) Representative image comparing the body size of an Adamts10G661R/G661R

mouse with a WT mouse. (B) Body length was shorter for Adamts10G661R/G661R mice (red symbols) compared with WT mice (blue symbols)
at 3 and 24 months of age for both males and females. (C) Body weight was lower for Adamts10G661R/G661R mice (red symbols) compared
with WT mice (blue symbols) at 24 months of age, but not at 3 months of age, for both males and females. Error bars represent mean ± 95%
CI. Numbers of mice are indicated in italics below each group, and P values from one-way ANOVA are indicated above brackets (B and C).

= 0.02). Thicker CCT in Adamts10G661R/G661R mice is consis-
tent with ocular features of human WMS.

An age-dependent increase in ACD (Fig. 4C) was seen for
WT and Adamts10G661R/G661R mice (P = 6.5 × 10−13 and P =
7.9 × 10−19, respectively). In addition, at 3 months of age,
the ACD of Adamts10G661R/G661R mice (0.384 ± 0.012 mm)
was 5.4% shallower compared with that of WT mice (0.406
± 0.019 mm; P = 0.002). Similarly, at 24 months of age, the
ACD of Adamts10G661R/G661R mice (0.468 ± 0.017 mm) was
5.0% shallower than that of WT mice (0.498 ± 0.017 mm;
P = 4.7 × 10−7). AL (Fig. 4D) significantly increased with
age for WT and Adamts10G661R/G661R mice (P = 8.0 × 10−6

and P = 1.8 × 10−8, respectively), suggesting that the age-
dependent deepening of the ACD is due to overall growth
of the eye. However, there were no significant differences
in AL between WT and Adamts10G661R/G661R mice at 6 or
24 months of age (P > 0.8) (Fig. 4D), indicating that the
shallower ACD was not due to reduced eye size. Because
thickening of the CCT is considerably less than the reduction
of ACD in Adamts10G661R/G661R mice, anterior displacement
of the lens likely contributes to reduction of the ACD.

Enhanced Immunofluorescent Signal for
ADAMTS10 on Adamts10G661R/G661R Zonules

Anterior displacement of the lens indicates weakened
zonules, which are primarily composed of fibrillin-1
microfibrils. Therefore, we investigated ADAMTS10 expres-
sion in the zonules by immunohistochemistry on sagittal
sections of eyes from WT and Adamts10G661R/G661R mice
at P10 and 3 and 24 months of age. In WT mice, the
ADAMTS10 immunofluorescence signal of the zonules was
barely or not detectable at all ages (Figs. 5A–5C). For
Adamts10G661R/G661R mice, ADAMTS10 immunofluorescence

of the zonules was dim at P10 (Fig. 5D) but became increas-
ingly strong at 3 and 24 months of age (Figs. 5E, 5F).
Overall, the ADAMTS10 immunofluorescent signal on the
Adamts10G661R/G661R zonules was stronger than for WT mice
at all three age points (compare Figs. 5D–5F with Figs.
5A–5C). These results indicate that the G661R mutation of
Adamts10 results in greater abundance of ADAMTS10 on the
zonules.

Enhanced Immunofluorescent Signals for
Fibrillin-2 and Fibrillin-1 on Adamts10G661R/G661R

Zonules

Zonular fibers are principally composed of fibrillin-1 and
fibrillin-2 microfibrils. In WT mice, an age-dependent switch
in immunofluorescence from fibrillin-2 dominant at P10 to
fibrilin-1 dominant in zonules of adults 3 and 24 months
of age was observed (compare Figs. 6A–6C with Figs. 6G–
6I). Fibrillin-2 fluorescence signals on the zonules of WT
mice were detected at P10 (Fig. 6A) but decreased with
age to barely detectable levels at 3 and 24 months of age
(Figs. 6B, 6C; quantification in Fig. 6M). Conversely, zonu-
lar fibrillin-1 immunofluorescence in WT mice was barely
detectable at P10 but was subsequently strongly expressed
at 3 and 24 months of age (Figs. 6G–6I). However, for
Adamts10G661R/G661R mice, rather than a switch in predom-
inance, fibrillin-2 immunofluorescence maintained strong
expression from P10 through 24 months of age (Figs. 6D–
6F), and fibrilin-1 immunofluorescence was detectable at
P10 and increased at 3 and 24 months of age to levels higher
than those found in WT mice at 3 months and similar to WT
mice at 24 months of age (compare Figs. 6J–6L with Figs.
6G–6I; quantitation in Fig. 6M). These findings suggest that
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FIGURE 4. Thick CCT and shallow ACD with normal AL in Adamts10G661R/G661R mice. SD-OCT imaging of the anterior segment (A, left)
revealed thicker CCT (B) and shallower ACD (C) for Adamts10G661R/G661R mice (red symbols) compared with WT mice (blue symbols) at 3
and 24 months of age. AL was calculated from the SD-OCT images (A, right) of three measurements: the summation of the distance from the
outer surface of the central cornea to the anterior central surface of the lens (CCT + ACD), the lens thickness (2 × 1/2 lens), and the distance
from the posterior central surface of the lens to the central retinal pigment epithelium layer (vitreous + retina). There was no difference in
AL determined by SD-OCT between Adamts10G661R/G661R mice (red symbols) and WT mice (blue symbols) at 3 and 24 months of age (D).
Scale bar: 0.05 mm (A, yellow). Error bars represent mean ± 95% CI. Numbers of mice are indicated in italics below each group, and P
values from two-tailed Student’s t-test are indicated above brackets (B–D).

the G661R mutation of Adamts10 perturbs the normal devel-
opment of zonule composition.

Persistence of Fibrillin-2 Microfibrils in the
Adamts10G661R/G661R Vitreous

The hyaloid vasculature is a transient vascular bed in the
vitreous that regresses concurrently with formation of the
retinal vasculature.40 For mice, regression of the hyaloid

vasculature is complete by P21.41 In the vitreous of WT
and Adamts10G661R/G661R mice, cell nuclei were detected at
P10 (Figs. 7A, 7D, 7G, 7J) but not at 3 or 24 months
of age (Figs. 7B, 7C, 7E, 7F, 7H, 7I, 7K, 7L), indicating
that the hyaloid vessels underwent normal regression in
both genotypes of mice. However, compared with WT mice,
Adamts10G661R/G661R mice displayed a dense network of rela-
tively strong fibrillin-2 immunostaining of the hyaloid vascu-
lature at P10 (compare Fig. 7D with 7A). The dense network
of fibrillin-2 fluorescence signal persisted in the remnants
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FIGURE 5. Enhanced ADAMTS10 immunofluorescence on the Adamts10G661R/G661R zonules. (A–C) ADAMTS10 fluorescence (green) was
barely detected in the WT zonules at P10 and 3 and 24 months. (D–F) Enhanced ADAMTS10 immunofluorescent staining (green) was
detected on the Adamts10G661R/G661R zonules at P10 and 3 and 24 months. Blue indicates DAPI staining. Scale bars: 100 μm. L, lens; CB,
ciliary body; *zonule.

of the hyaloid vasculature at 3 months of age (Fig. 7E) and
remained detectable at 24 months of age (Fig. 7F) in contrast
to WT mice, which lacked fibrillin-2 immunoreactivity at
those ages (Figs. 7B, 7C). A broader distribution of fibrillin-1
immunofluorescence remained for Adamts10G661R/G661R mice
compared with WT mice at 3 and 24 months of age (compare
Figs. 7K and 7L with Figs. 7H and 7I). These findings are
consistent with a role for ADAMTS10 in determining the
fibrillin isoform composition and regression of the hyaloid
vasculature, a function that is perturbed by the G661R
mutation.

DISCUSSION

Beagle dogs homozygous for the G661R mutation of
ADAMTS10 develop POAG, characterized by decreased facil-
ity of aqueous humor outflow with open iridocorneal angles
followed by elevated IOP and subsequent development of
glaucomatous optic disc cupping.4 In this study, elevation of
IOP was not observed in mice on the C57BL/6J background
with the G661R mutation. This result likely indicates species-
specific differences in the regulation of aqueous humor
outflow and the role of ADAMTS10 in this process. The
Adamts10G661R/G661R mice do have optic nerve phenotypes
that may be relevant to glaucoma which will be presented
in a subsequent manuscript.

The shorter and lighter body of Adamts10G661R/G661R mice
found in the present study is similar to that observed by
Mularczyk et al.33 in mice with a human WMS-associated
truncation mutation of Adamts10 (Adamts10S236X/S236X).
The authors of that study found that Adamts10S236X/S236X

mice have altered chondrocyte differentiation, which could
contribute to their shorter long bones.33 In another work by
Wang et al.,34 in which exon 5 of Adamts10 was disrupted
by a β-galactosidase reporter, the resulting Adamts10−/−

mice were shown to have lower body weight, although they
lacked skeletal abnormalities. WMS can also be caused by

mutations in ADAMTS17, a gene that is structurally and func-
tionally closely related to ADAMTS1030 and has been linked
to height variation in humans.42,43 Study of a conditional
knockout of Adamts17 in mice (Adamts17−/−) revealed that
Adamts17−/− mice recapitulate the short stature phenotype
of WMS and suggested that ADAMTS17 is involved in bone
development through regulation of the BMP–Smad1/5/8
pathway.44 The molecular mechanism whereby ADAMTS10
regulates skeletal growth remains unclear, although our find-
ing of smaller body size indicates that the G661R mutation
of Adamts10 interferes with this function in mice. In addi-
tion to small body size, we found that Adamts10G661R/G661R

mice had shallow anterior chambers in the context of normal
AL, suggestive of lens dislocation, as well as significantly
thicker than normal corneas, both common features of
WMS.16,39 Therefore, the single amino acid change of the
Adamts10G661R/G661R mice results in several features of WMS,
similar to mice with null alleles of Adamts10.

Dogs homozygous for the G661R mutation of ADAMTS10
develop glaucoma and dislocated lenses,4 which are features
of human WMS.16 However, body size reduction in dogs
homozygous for G661R has not been reported, although
this feature may not be obvious and would require careful
study of a large number of dogs; for example, a study has
shown that dogs homozygous for glaucoma-causing variants
in ADAMTS17 are 4% to 10% shorter at the withers.45

The G661R mutation is within the highly conserved
cysteine-rich region of ADAMTS102 and therefore was
expected to have detrimental effects on ADAMTS10 func-
tion. ADAMTS10 has been shown to bind fibrillin-1 with high
affinity and was shown to enhance or accelerate formation
of fibrillin microfibrils in cell culture.32 Although Adamts10
deficiency might be expected to reduce fibrillin microfibrils,
we found enhanced immunofluorescent signal for fibrillin-2
in the zonule fibers of Adamts10G661R/G661R mice. A similar
enhancement of zonular fibrillin-2 immunoreactivity has
also been found in the mouse strains with inactivated
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FIGURE 6. Enhanced fibrillin-1 and fibrillin-2 immunofluorescence in the Adamts10G661R/G661R zonules. Fibrillin-2 immunofluorescence
staining (green) was stronger in the Adamts10G661R/G661R zonules (D–F) compared with the WT mice (A–C) at P10 and 3 and 24 months
of age. Fibrillin-1 staining (green) was stronger in the Adamts10G661R/G661R zonules at P10 and 3 months (J, K) compared with WT mice
(G, H) but was comparable at 24 months (I, L). Blue indicates DAPI staining. Scale bars: 150 μm. Quantification of fibrillin-2 (M, right) and
fibrillin-1 (M, left) immunofluorescence showed increased mean intensity for Adamts10G661R/G661R zonules. Error bars represent mean ±
SD. Numbers of mice are indicated in italics below each group, and P values from two-tailed Student’s t-test are indicated above brackets
(B–D).
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FIGURE 7. Persistent postnatal fibrillin-2 and fibrillin-1 immunofluorescence in the vitreous of Adamts10G661R/G661R mice. Fibrillin-2
immunofluorescence staining (green) was stronger in the Adamts10G661R/G661R vitreous at P10 compared with WT mice (D compared
with A), and it persisted into 3 and 24 months of age in Adamts10G661R/G661R mice (E, F), with barely detectable fibrillin-2 fluorescence in
WT mice (B, C). Fibrillin-1 staining (green) was enhanced in the Adamts10G661R/G661R vitreous at P10 (J, G), with a broader distribution at 3
and 24 months of age (K, L) compared with WT mice (H, I). DAPI staining (blue) shows intravitreal nuclei at P10 (A, D, G, J), but not at 3
and 24 months of age (B, C, E, F, H, I, K, L). Images are representative of staining from two independent experiments. Scale bars: 150 μm.
V, vitreous; R, retina.

Adamts10, Adamts10S236X/S236X, and Adamts10−/−.33,34

ADAMTS10 is synthesized as a zymogen, although it is
innately resistant to furin cleavage and activation due to its
suboptimal furin processing site.32 Work from Apte’s group
showed that enabling ADAMTS10 activation by optimizing
the furin processing site resulted in cleavage of fibrillin-1
and fibrillin-2 by ADAMTS10, suggesting that fibrillin-1 and
fibrillin-2 can be substrates for ADAMTS10.32,34 Differences
in fibrillin-2 immunostaining in Adamts10G661R/G661R mice
may result from reduced fibrillin-2 cleavage by ADAMTS10.
The positive immunoreactivity for ADAMTS10 in the zonules
that we found, and which was also reported by Mularczyk et
al.,33 would be consistent with this. However, determining

whether and how ADAMTS10 is catalytically activated in
vivo remains elusive.30

Alternatively, differences in fibrillin-2 immunostaining
in ADAMTS10-deficient mice could result from increased
fibrillin-2 expression rather than abnormal fibrillin-2 cleav-
age. ADAMTS10 could function similarly to ADAMTS17 in
the suppression of fibrillin-2 incorporation into microfib-
rils.46 ADAMTS17 binds selectively to fibrillin-2 but does
not cleave either fibrillin isoform, although it was shown
to transcriptionally downregulate fibrillin-2 mRNA expres-
sion in mouse embryonic fibroblasts.46 However, enhanced
fibrillin-2 immunostaining without an effect on fibrillin-2
mRNA expression has been observed in the perichondrial
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extracellular matrix (ECM) of the growth plate of mice lack-
ing ADAMTS17 and in the ECM of the lungs of mice lack-
ing ADAMTSL2.44,47 It is interesting to note that ADAMTSL2
lacks proteolytic activity and therefore appears to increase
fibrillin-2 immunostaining through neither reduced proteol-
ysis nor downregulation of Fbn2mRNA. It seems that several
ADAMTS family proteins participate in a complex regulation
of the fibrillin isoform composition of microfibrils using a
variety of mechanisms in a tissue-specific manner.

Contrary to previously reported normal fibrillin-
1 immunofluorescent staining on the zonules of
Adamts10S236X/S236X mice and possibly reduced staining in
Adamts10−/− mice,33,34 we found that Adamts10G661R/G661R

mice have enhanced fibrillin-1 immunofluorescence on the
zonules. This would be consistent with the G661R muta-
tion curtailing the proteolysis of fibrillin-1 by ADAMTS10.
Another possibility would be that the G661R mutation
of Adamts10 enhances its normal function of facilitating
fibrillin-1 microfibril assembly. Other ADAMTS/ADAMTSL
proteins such as ADAMTS6, ADAMTSL2, ADAMTSL4,
ADAMTSL5, and ADAMTSL6 have also been shown to
interact with fibrillin-1 and accelerate its assembly.47–51

An age-dependent decrease in fibrillin-2 fluorescent
signal was seen in the WT and Adamts10G661R/G661R zonules.
Although this could have resulted from fibrillin-2 proteoly-
sis, another possibility is that the fibrillin-2 epitope becomes
masked by fibrillin-1.52 It is well established that fibrillin-2
mRNA dominates the embryonic and juvenile development
periods of mice, and its expression dramatically decreases as
fibrillin-1 mRNA expression increases in the adult stage.18,20

Microfibrils incorporate fibrillin isoforms in a nonselective
manner26; therefore, the isoform composition of microfib-
rils is partially determined by the bioavailability of the
fibrillin isoforms. Using super resolution imaging, Shi et al.53

revealed that fibrillin-1 expression was restricted to the outer
layer of the zonular fibers, whereas fibrillin-2 was present
throughout the fiber, implying a laminar growth pattern
of the zonule in which newly synthesized components are
added onto the surface of the existing fibers, possibly mask-
ing fibrillin-2 epitopes.

Adamts10G661R/G661R mice developed shallow anterior
chambers with normal AL. Although thickening of the
cornea could contribute to reduction of the ACD, the magni-
tude of the CCT increase (6 μm at 3 months and 9 μm at
24 months) was smaller than the magnitude of the decreased
ACD (22 μm at 3 months and 25 μm at 24 months). This
suggests that the bulk of the reduction in ACD was due to
dislocation of the lens anteriorly. Lens dislocation is consis-
tent with human WMS and indicative of weakened zonular
fibers that stabilize the lens within the eye.

The biological consequences of altered fibrillin isoform
composition of microfibrils have been investigated in mice
with fibrillin-1 or fibrillin-2 deficiencies.54,55 Conditional
knockout of FBN1 in the mouse eye has been shown to
result in small zonular fibers with reduced tensile strength
and a deepened anterior chamber due to posterior lens
dislocation.55 FBN2 knockout mice mainly develop iris
abnormalities with changes in lens size rather than lens
dislocation.54 An appropriate balance of fibrillin isoform
composition of microfibrils seems to be highly controlled
and required for proper development of the lens zonules.
Abnormal fibrillin isoform composition of microfibrils of
the Adamts10G661R/G661R zonule may alter their tensile
strength, thus affecting zonule stability leading to lens
dislocation.

In Adamts10G661R/G661R mice, fibrillin-2 immunofluores-
cence was detected in the vitreous, associated with the
hyaloid vasculature at P10 and with likely remnants of the
supporting ECM of hyaloid vessels at 3 and 24 months of age
when there were no 4′,6-diamidino-2-phenylindole (DAPI)-
positive nuclei in the vitreous. A similar observation was
made by Wang et al.34 for Adamts10−/− mice.34 Additionally,
we observed broader distribution of fibrillin-1 immunoflu-
orescence in the Adamts10G661R/G661R vitreous, a feature
that was not detected in Adamts10−/− mice. ADAMTS10 is
expressed in the retinal nerve fiber layer,33 which could be
the source of soluble ADAMTS10 available to interact with
microfibrils in the vitreous and proteolyzing fibrillin-2 while
accelerating fibrillin-1 microfibril assembly. Similar to our
findings in the zonules, the G661R mutation of Adamts10
results in enhanced fibrillin-2 and fibrillin-1 immunoreac-
tivity in the hyaloid vasculature and its remnants. Reten-
tion of the hyaloid vasculature remnants could affect visual
function. However, we found no differences in electroretino-
grams of dark-adapted 3-month-old mice or in optomoter
responses at 6 months and 2 years of age (data not shown),
indicating that retention of the remnants of hyaloid vascu-
lature did not significantly affect visual function of the
Adamts10−/− mice.

There were some observed differences between our
knock-in model introducing a single amino acid substi-
tution and the knockout models that introduced prema-
ture stop codons near the 5′ end of Adamts10, as may
be expected. Unlike the Adamts10S236X/S236X mice of Mula-
rczyk et al.,33 we did not observe smaller ciliary bodies in
Adamts10G661R/G661R mice (data not shown). In contrast to
the Adamts10 knockout model of Wang et al.,34 the viabil-
ity of Adamts10G661R/G661R mice was normal, with mating of
heterozygous mice producing Adamts10G661R/G661R mice at
the expected Mendelian ratio.

In summary, we investigated the effect of the glaucoma-
causative G661R mutation of Adamts10 on body and fibrillin
phenotypes of Adamts10G661R/G661R mice. The small body
size, thickened cornea, and lens dislocation phenotypes
of Adamts10G661R/G661R mice recapitulate features of human
WMS. Enhanced immunofluorescent signal of fibrillin-2 and
fibrillin-1 of the lens zonules and of the hyaloid vascula-
ture and its remnants in the vitreous of Adamts10G661R/G661R

mice indicate that ADAMTS10 is involved in regulating the
fibrillin isoform composition of microfibrils in the mouse
eye and that the G661R mutation of Adamts10 perturbs that
function.
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