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Abstract

Glaucoma is a neurodegenerative disease that causes irreversible blindness due to loss of

retinal ganglion cells (RGCs) and their axons. We previously identified a G661R mutation of
ADAMTSI10 (A Disintegrin And Metalloproteinase with ThromboSpondin type 1 motif 10)

as the disease-causing mutation in a beagle model of glaucoma. ADAMTS10 is a secreted

matrix metalloproteinase that belongs to the ADAMTS family which is involved in extracellular
matrix (ECM) turnover. Previous studies have shown that ADAMTS10 binds fibrillin microfibrils,
promotes their formation, and influences their fibrillin isoform composition. Here, we established
a mouse model carrying the G661R mutation of Adamis10 (Adamts10C66IR/GE6IR) tq investigate
its ocular phenotypes related to glaucoma and to explore possible functions of ADAMTS10. We
found that ADAMTS10 was expressed in the inner retina and along RGC axons in the optic
nerve. However, ADAMTS10 was not colocalized with fibrillin microfibrils in these tissues,
suggesting fibrillin-independent function for ADAMTS10. In electroretinogram experiments, we
found that Adamts10G661R/G661R mice had reduced amplitude of retinal responses to dim light
stimulus, indicating RGC dysfunction. The reduced RGC function coincided with RGC axon
structural changes manifested as smaller optic nerves and fewer optic nerve axons, which may
contribute to glaucoma. The reduced number of optic nerve axons found for Adamts10C661R/G661R
mice occurred early, suggesting developmental deficits. Subsequent experiments found increased
apoptosis in the retina of Adamts10G661R/G661R mice during postnatal development, which could
result in fewer RGCs produced, accounting for fewer optic nerve axons in adulthood. Consistent
with a protective effect of transforming growth factor § (TGFp) signaling against apoptosis during
retinal development as shown previously by others, we found increased apoptosis accompanied
by decreased TGF signaling in the developing retina of Adamts10°661R/GE6IR mice, suggesting
a novel role for ADAMTS10 in regulating TGFp signaling which could involve direct interaction
between ADAMTS10 and latent TGFp.
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Introduction

Glaucoma is a neurodegenerative disease that is the leading cause of irreversible vision loss
which is specifically due to optic nerve axon degeneration and death of retinal ganglion
cells (RGCs).[1,2] Risk factors for glaucoma include elevated intraocular pressure, advanced
age, and family history of glaucoma. Previously, we identified a G661R variant in the
cysteine-rich domain of ADAMTS10 as disease-causative in a colony of beagles with
autosomal recessive glaucoma.[3] ADAMTS10 belongs to the ADAMTS family of secreted
matrix metalloproteinases that includes 19 ADAMTS and 7 ADAMTS-like (ADAMTSL)
proteins.[4] ADAMTS proteinases are pivotal components of the ECM that are involved

in ECM turnover. The finding that a mutation in ADAMTS10 causes glaucoma has been
validated by the discovery of another variant of ADAMTS10, A387T, as the glaucoma-
causative variant in Norwegian Elkhounds.[5] Subsequent studies showed that mutations in
ADAMTS17 cause glaucoma in four other dog breeds [5-8] and mutations of ADAMTS8E
[9-11], ADAMTS2[12] and ADAMTSL 1[13] are associated with glaucoma traits or cause
glaucoma in humans, further supporting the causative effect of ADAMTS mutations in
glaucoma.

Mutations in ADAMTS10also cause autosomal recessive Weill-Marchesani syndrome
(WMS), a connective tissue disorder characterized by short stature and ocular phenotypes,
including lens dislocations, in humans.[14-16] Mutations in FBNZ, the gene encoding
fibrillin-1, cause autosomal dominant WMS [17,18] which is indistinguishable from
autosomal recessive WMS, suggesting that fibrillinl and ADAMTS10 have overlapping
function.[19,20] ADAMTS10 binds to fibrillin-1 with high affinity and is co-expressed with
fibrillin-1 in human dermis and lens zonules.[21-23] ADAMTS10 can cleave fibrillin-1 or
fibrillin-2 after optimizing its furin recognition site /n7 vitro[21,24] and genetic manipulation
of Adamts10in mice resulted in alteration of fibrillin isotype composition of microfibrils /in
Vvivo.[22-24]

In addition to WMS, mutations in FBNI cause Marfan syndrome (MFS),[25-27] a
connective tissue disorder characterized by tall stature, the opposite systemic phenotype

of WMS, but with lens dislocation similar to WMS. Microfibrils composed of fibrillin-1 and
fibrillin-2 bind to latent transforming growth factor B (TGF) binding protein and regulate
TGFp and bone morphogenic protein (BMP) signaling.[28] In the canonical signaling
pathway, TGFp superfamily members signal through transmembrane serine/threonine kinase
receptors to activate intracellular Smad proteins by phosphorylation. Phosphorylated Smad
(pSmad) translocates into the nucleus to regulate gene transcription, playing key roles
throughout development and in adult homeostatic processes.[29] Dysregulated TGFp
signaling has been proposed to be involved in the pathogenesis of MFS and WMS [18,30-
32] and has long been implicated in the pathogenesis of glaucoma.[33]
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We recently reported that mice carrying the same G661R variant of Adamis10
(Adamts10CG061R/GE61IR) a5 found in beagles with glaucoma, recapitulated features of WMS
and showed alteration of fibrillin isoform composition of ocular microfibrils.[23] Unlike

in the dogs, intraocular pressure was not changed in Adamts106661R/G661R mice. [23] In

the current study, we investigated whether Adamis10C661R/G661R mice developed glaucoma
phenotypes in the optic nerve and retina and explored potential underlying mechanisms.

ADAMTS10 expression in the retina and optic nerve

Relevant structures of the eye are shown in schematic diagrams with zoom in views of the
retina and optic nerve (Fig. 1A). RGC cell bodies are located in the inner most cellular layer
of the retina, the ganglion cell layer (GCL). RGC axons form the retinal nerve fiber layer
(RNFL) and project to the brain through the optic nerve.

ADAMTS10 expression was examined in the retina and optic nerve by immunofluorescent
staining using an antibody that we used previously and showed detection of a single band
at the expected MW in Western blots of lysates from cells transfected with an ADAMTS10
expression vector.[3] In the retina, the highest intensity ADAMTS10 immunofluorescence
was found in the RNFL (white dashed box, Fig. 1B) which is mainly composed of RGC
axons. ADAMTS10 immunofluorescence was also found in the inner plexiform layer

(IPL, Fig 1B, E and E’) which is partly composed of RGC dendrites. In the optic nerve,
ADAMTS10 immunofluorescence was found running parallel with the optic nerve axons
(Fig. 1B, E and E’). Co-staining with a marker specific for RGCs in the retina (B111
tubulin, Fig. 1C) showed extensive overlap with ADAMTS10 in the RNFL and in the optic
nerve (Fig. 1 E and E’) indicating localization of ADAMTS10 with RGC axons. High
magnification images from co-staining for ADAMTS10 (Fig. 1F) with an RGC cytoplasmic
marker, RBPMS (Fig. 1G) showed that ADAMTS10 immunofluorescence was associated
with RGC cell bodies (Fig. 11, arrowheads). In optic nerve cross-sections, co-staining for
ADAMTSI0, Bl tubulin and the glial cell marker GFAP confirmed colocalization of
ADAMTS10 with optic nerve axons but showed no overlap of ADAMTS10 with glial cells
(Fig. 1 J - O). DAPI staining is shown (Fig. 1D, H and L). Comparisons between wt and
Adamts10C661R/G661R mice showed no prominent differences in the distribution pattern

or immunofluorescence intensity of ADAMTS10 in the retina and optic nerve, though an
age-dependent enhancement of ADAMTS10 immunofluorescence was observed in the optic
nerve (Supplementary Figure).

Wt and G661R mutant forms of human ADAMTS10 are secreted

To investigate whether the wt and G661R mutant forms of ADAMTS10 are secreted,
HEK?293T cells were transfected with expression vectors encoding either wt or G661R
mutant forms of FLAG-tagged human ADAMTS10. 72h post-transfection, supernatants and
cell lysates were collected for Western blotting using an anti-FLAG antibody. Single bands
at the expected MW of approximately 130 kDa were detected in supernatants as well as
lysates from cells that were transfected with either wt or G661R mutant forms of human
ADAMTS10, but not in cells that were mock transfected without vectors (Fig. 2A). Band
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intensities were similar for cells transfected with either wt or G661R mutant constructs,
suggesting that the G661R mutation does not affect secretion of ADAMTS10. To further
confirm that the wt and G661R mutant forms of ADAMTS10 are secreted, anti-FLAG
immunocytochemistry was performed on intact non-permeabilized HEK293T cells that
were transfected with FLAG-tagged human ADAMTS10 constructs. Anti-FLAG fluorescent
signals were similar in cultures of non-permeabilized cells that were transfected with wt or
G661R mutant forms of FLAG tagged human ADAMTS10 plasmids (Fig. 2B), suggesting
that the G661R mutation does not interfere with ADAMTS10 secretion. Fluorescent signals
were not detected from cells that were transfected without vectors (Fig. 2B).

ADAMTS10 expression independent of microfibrils in the retina and optic nerve

Genetic evidence suggests functional interaction between ADAMTS10 and fibrillin-1 and
ADAMTS10 has been shown to colocalize with fibrillin microfibrils in human skin and
lens zonules.[21,22] To investigate colocalization of ADAMTS10 with fibrillin-1, sagittal
sections of eyes from wt and Adamts10C661R/G661R mice at 3 months of age were
immunostained with antibodies to ADAMTS10 (Fig. 3A and E) and fibrillin-1 (Fig. 3B
and F). Fibrillin-1 immunofluorescence was detected in the optic nerve meninges, including
the pia mater and dura mater (Fig. 3B and F) while ADAMTS10 was restricted to the optic
nerve (Fig. 3A and E). Like the optic nerve, the inner retina was positive for ADAMTS10
immunofluorescence but negative for fibrillin-1 immunofluorescence (Fig. 3A, E and B,
F). This expression pattern resulted in an apparent total lack of overlap between fibrillin-1
and ADAMTS10 (Fig. 3D and H). To determine if the lack of detectable fibrillin-1 in

the optic nerve and retina was due to lack of microfibrils, sections were immunostained
for a general marker for microfibrils, microfibril-associated glycoprotein 1 (MAGP1).[34]
MAGP1 immunofluorescence fully overlapped with fibrillin-1 immunofluorescence in the
pia mater and dura mater (Fig. 3L and P) but was not detectable in the retina or optic

nerve (Fig. 3I, M and J, N), suggesting lack of microfibrils in these structures. Lack

of colocalization of ADAMTS10 with microfibrils suggests a role for ADAMTS10 that

is independent of fibrillin microfibrils. Note that the immunofluorescence intensities and
expression patterns of ADAMTSI0, fibrillin-1 and MAGP1 were comparable between

wt and Adamts10G661R/GE6IR mice (Fig. 3), suggesting that ADAMTS10 expression and
formation of fibrillin microfibrils in the retina and optic nerve are not affected by the G661R
mutation of Adamts10.

Reduced inner retinal function in Adamts10G661R/G661R nice

To determine if Adamts10C661R/G66IR mjce have reduced RGC function indicative of
glaucoma, scotopic (dark-adapted) electroretinogram (ERG, a method to measure the
electrical activity of the retina in response to light stimuli) was performed on mice at 3-5
months of age. ERG waveforms were elicited by a series of flash stimuli. At a low stimulus
intensity of —4 log cd-s/m2, waveforms displayed well-defined positive scotopic threshold
responses (pSTR; Fig. 4A, green arrowhead), which is mainly driven by RGCs.[35-38] With
increasing stimulus intensities, waveforms became dominated by outer retinal responses
consisting of photoreceptor-driven a-waves rapidly followed by bipolar cell-driven b-waves
(Fig. 4A, red and blue arrowheads).
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Amplitudes and latencies (time intervals between stimulus onset and peak/trough of
response) were analyzed at a stimulus intensity of -4 log cd-s/m? for pSTR and at 0 log
cd-s/m? for a- and b-wave responses. Significantly reduced pSTR amplitude was found for
Adamts10G66IR/G66IR mice, compared with wt (74.9 + 14.6 vs. 89.6 + 20.4 pV, p = 0.03,
Fig. 4B) likely indicating lower RGC responses. The reduction in RGC responses could be
due to reduced input from bipolar cells. However, Amplitudes of a- and b-wave responses
were not statistically different between wt and Adamis10G661R/G661R mice (Fig. 4C and
D) indicating that the reduced pSTR amplitude is not due to a reduction of bipolar cell
responses. Latencies for each response were not statistically different (Fig. 4E - G).

Optic nerve analysis

To determine whether there is any optic nerve pathology in Adamis10C661R/GE61R mjce,
epon-embedded optic nerves from mice at 3, 6, and 24 months of age were cross sectioned,
stained with p-phenylenediamine (PPD) and examined by high-resolution light microscopy.
Optic nerves from Adamts10G661R/G661R mice appeared to be smaller than wt (Fig. 5A).
For all three time-points, the mean optic nerve area of Adamts10C661R/GE6IR mjce was
significantly smaller than wt (Fig. 5B): 8.6% smaller at 3 months (p = 0.003), 12.6% smaller
at 6 months (p = 0.002) and 13.5% smaller at 24 months (p < 0.0001). A significant
age-dependent expansion of the optic nerve was found (Fig. 5B) that was similar for wt and
Adamts]10C661R/G661R mice, with a 50.6% increase for Adamts10C661R/GE61R and a 59.0%
increase for wt from 3 to 24 months of age (both p < 0.0001). The increase of optic nerve
size with increased age is consistent with our previous data [39] and other works [40,41].

Since loss of optic nerve axons due to death of retinal ganglion cells is a defining

feature of glaucoma, the number of axons in optic nerves of wt and Adamis10C661R/G661R
mice was determined. A reduction in the number of optic nerve axons was observed in
Adamts10C661R/G66IR mice compared to wt (Fig. 5C), with 6.9% fewer at 3 months (p =
0.01), 17.5% fewer at 6 months (p = 0.0003) and 9.4% fewer at 24 months (p = 0.01).

Although a trend towards smaller axons was observed in Adamts10G66I1R/G66IR median

axon diameter was not significantly different between wt and Adamts10G661R/G661R mice at
3, 6 and 24 months of age (Fig. 5D). The median axon diameter increased with age for both
wt and Adamts10G66IR/GE6IR mice (all p < 0.009), consistent with our previous results.[39]

Increased apoptosis and decreased pSmad2 signaling in the retinas of
Adamts10CG661R/GE6IR mice

The reduction in the number of RGC axons for Adamts10G661R/GE61R mice occurred early,
suggesting that fewer RGCs were produced during retinal development. The final number

of retinal neurons is partially determined by the number of cells undergoing apoptosis.
Apoptotic cells in the retina of wt and Adamis10G661R/G66IR mice were detected using
TUNEL assay at postnatal day 10 (P10). At P10, TUNEL-positive apoptotic nuclei primarily
localized in the inner nuclear layer (INL) and GCL of the retina and appeared to be more
numerous for Adamts10G661R/G66IR mice compared to wt (Fig. 6A). Quantitative analysis
by counting TUNEL-positive nuclei in the GCL revealed a 37.2% increase in the number of
apoptotic cells for Adamts10G661R/GE61R mice compared to wt (Fig. 6B, 4.06 + 1.25 vs. 2.96
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+ 1.36, mean = SD, p = 0.03). Increased apoptosis in the GCL would decrease the number
of RGCs surviving development and reduce the number of RGC axons in the optic nerve of
Adamts]0C661R/GE6IR mjce,

Since it has been shown that TGFp signaling protects retinal neurons from apoptosis

during eye development,[42] we next examined TGFp signaling in the retina of wt and
Adamts10C661R/G66IR mice by immunofluorescent staining of pSmad2 on sagittal eye
sections from mice at P10. Overall, fluorescent intensity of pSmad?2 appeared to be

lower for Adamts10G661R/G661R mice compared to wt (Fig. 6C). Occasionally, segments

of retina with absent pSmad2 immunofluorescence but well-preserved nuclei were observed
in Adamts10G661R/G66IR mice (Fig. 6C, yellow arrowheads). Quantitative analysis showed
that the mean fluorescent intensity of pSmad2 was significantly lower in the GCL for
Adamts1066IR/GE6IR mice compared to wt (Fig. 6D) suggesting reduced TGFp signaling
which would result in reduced protection from apoptosis during retinal development.

ADAMTS10 forms interaction complex with TGFp1

Previous work has shown that two other ADAMTS family members, ADAMTS1

and ADAMTS16, form complexes with and activate TGF by displacing its latency
associated peptide (LAP) and exposing the active portion of TGF{.[43,44] To determine

if ADAMTS10 forms a complex with TGFp, we performed proximity ligation assays with
HEK?293T cells co-transfected with a plasmid encoding either wt or G661R mutant forms
of FLAG-tagged ADAMTS10 together with a plasmid encoding TGFB1. Robust fluorescent
signal, indicative of close (< 40 nm) interaction between ADAMTS10 and TGFB1 was
detected in cells co-transfected with TGFp1 and wt or G661R mutant ADAMTS10
constructs (Fig. 7A and B). No signal was detected in the control group that omitted primary
antibodies (Fig. 7C). These results suggest that regulation of TGFg by ADAMTS10 could
involve direct protein-protein interactions between LAP-TGFp1 and ADAMTS10.

Discussion

In this study, we investigated the functions of ADAMTS10 and its association with a
neurodegenerative disease. Using mice that carry the G661R mutation of Adamts10that
is known to cause glaucoma in dogs,[3,23] we investigated the expression pattern of
ADAMTS10 and the effects of the G661R mutation on neuronal function and optic
nerve structure and explored the underlying mechanism. We found that ADAMTS10 is
predominantly colocalized with RGC cell bodies and axons in the retina and in the optic
nerve as shown by immunostaining for ADAMTS10 and B I11 tubulin or RBPMS (Fig.
1). This distinctive expression pattern is consistent with ADAMTS10 being a glaucoma-
causative gene since degeneration of RGCs and their axons is the defining feature of
glaucoma. Presumably since it is a secreted protein,[45] ADAMTS10 is localized to the
extracellular space adjacent to axons.

We confirmed that the normal form of ADAMTS10 is secreted by Western blotting of cell
supernatants and immunocytochemistry of non-permeabilized ADAMTS10-transfected cells
(Fig. 2), similar to Somerville et al.[45] Since WMS-causing mutations that prevent normal
secretion of ADAMTS10[16] and ADAMTS17[46] have been identified, we investigated
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the secretory properties of G661R-mutated ADAMTS10. For cells transfected with G661R
ADAMTS10, Western blotting of cell supernatants showed bands of the expected MW

and of similar intensity to that from cells transfected with normal ADAMTS10 (Fig.

2A). In addition, immunocytochemistry of non-permeabilized cells was similar for cells
transfected with normal or mutated forms of ADAMTS10, with staining patterns suggesting
cell-associated and extracellular matrix expression (Fig. 2B). These findings indicate that the
G661R mutation does not interfere with secretion of ADAMTS10.

In the optic nerve and retina of adult mice we found an apparent complete lack of
colocalization of ADAMTS10 with microfibrils by co-immunostaining for ADAMTS10 and
fibrillin-1 or MAGP1 (Fig. 3). ADAMTS10 immunostaining brightly labeled RGC axons

in the retina and optic nerve while fibrillin-1 or MAGP1 immunofluorescence was below
detection. In the pia mater and dura mater, which are adjacent to the optic nerve, bright
fibrillin-1 and MAGP1 immunofluorescence was observed which is expected since these
tissues are rich in elastic fibers and all elastic fibers are ensheathed in fibrillin microfibrils.
[47] The lack of colocalization of ADAMTS10 with fibrillin microfibrils is somewhat
unexpected since ADAMTS10 has previously been shown to bind fibrillin-1 with high
affinity [18,21] and to colocalize with fibrillin-1 and microfibrils in the dermis [21] and

as we and others have shown, in the lens zonules.[22,23] In addition, colocalization of
ADAMTS10 with microfibrils would be expected for ADAMTS10 to fulfill its function to
proteolyze fibrillin-1 and fibrillin-2 which have been identified as substrates of ADAMTS10.
[21,24] In the retina and optic nerve, expression of ADAMTS10 in the apparent absence
microfibrils suggests a function for ADAMTS10 that is independent of microfibrils.
ADAMTS10 may have functions in addition to its metalloproteinase capability or if it is
acting as a protease, it may have substrates in addition to fibrillins. Identifying unknown
substrates for ADAMTS10 and relating them to disease processes such as glaucoma are
intriguing subjects for further investigation.

Examination of retinal function by ERG showed that pSTR responses, which are primarily
driven by RGCs,[35-38] are reduced in Adamts10C661R/GE6IR mjce (Fig. 4). The amplitude
of the pSTR is partly determined by the magnitude of signal input from bipolar cells to

RGC dendrites. However, the bipolar cell responses, as determined by the b-wave amplitude,
were not reduced in Adamts10C661R/G661R mice, indicating that the reduction in pSTR is
not caused by reduced bipolar cell input. In the setting of normal b-waves, reduced pSTR
amplitudes in Adamts10C661R/GE6IR mice indicate that the GB61R mutation of Adamts10
causes dysfunctional RGC responses. The intense ADAMTS10 immunofluorescence
localized to RGC dendrites, cell bodies and axons is consistent with the observed functional
deficits of RGCs in Adamts10G661R/GE6IR mice,

In addition to functional deficits of the retinal responses, the optic nerves

of Adamts10C66IR/G66IR mice displayed structural abnormalities (Fig. 5).
Adamts10C661R/G661R mice had small optic nerves with a trend towards smaller optic nerve
axons, suggesting optic nerve pathology which may be relevant to glaucoma. Previously, we
reported that mice with the 7sk mutation of Fbn (Fbn175¥#) had larger optic nerves and
larger optic nerve axons in the setting of normal intraocular pressure.[39] By experimentally
inducing elevated intraocular pressure, we found that £62175%"* mice are more susceptible
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to optic nerve axon loss compared to wt.[48] These findings suggest that mice with
abnormal optic nerve size are more vulnerable to pressure-induced glaucoma. The optic
nerve pathology found in Adamts10G661R/GE61R mice may result in increased susceptibility
to glaucoma.

Mutations in FBNI and ADAMTS10both cause WMS in humans,[14,17,18] suggesting
overlapping functions of fibrillin-1 and ADAMTS10. However, mutations in FBNI also
cause MFS,[25-27] which has musculoskeletal phenotypes that are the opposite of WMS.
As discussed above, our current finding of small optic nerves in Adamts10C661R/G661R
mice is opposite to our previous finding of enlarged optic nerves in Fbn1¢1039G/* (data not
published) and F5n175%* mice,[39] suggesting opposing effects of mutations in Adamts10
and Fbn1. Similarly, we have found that Fbr1¢2039G/* (data not published) and Fbn17sk*
mice have thin corneas [39] while Adamts10G661R/GE6IR mjce have thick corneas.[23]

We have also found that the anterior chamber depth is shallow in Adamts10G661R/GE6IR
mice [23] while tissue-specific knockout of Fbn1 has been shown to cause deeper anterior
chambers,[49] further suggesting opposing effects of mutations in Adamtsi0and Fbnl.

A similar relationship is found comparing MFS and WMS, with thin corneas and deep
anterior chambers in MFS[50] and thick corneas and shallow anterior chambers found in
WMS patients.[51] However, it should be noted that autosomal dominant WMS caused

by mutations in FBNI cannot be distinguished from autosomal recessive WMS caused by
mutations in ADAMTS10.[19]

The reduction in the number of optic nerve axons in Adamts10G661R/GE61R mice was
observed as early as 3 months of age (Fig. 5). One possible explanation for the reduced axon
number is that fewer RGCs were produced during development. Braunger et al. have shown
that TGFp protects against apoptosis of retinal neurons which occurs primarily during the
first 2 postnatal weeks.[42] They showed that mice with a TGFp type Il receptor deficiency
had significantly increased apoptotic retinal neurons during embryonic and postnatal
development, suggesting TGFp signaling to be neuroprotective.[52] Using the zebrafish
model system, we have recently found that injecting embryos with a morpholino designed
to reduce expression of adamts10strongly inhibited TGFp signaling in the developing eye.
[53] Therefore, we hypothesized that the G661R mutation of Adamits10results in reduced
TGFp signaling and increased apoptosis in the developing GCL and consequently causes a
reduction in the number of RGCs produced during development. In this study, by pSmad2
immunostaining, we found a reduction of TGFp signaling in the GCL of the developing
retina of Adamts10C661R/GE61R mice compared to wt at P10 (Fig. 6). The reduced TGF@
signaling coincided with increased apoptosis in the GCL which would result in fewer RGCs
surviving apoptosis (Fig. 6). This is consistent with our hypothesis that the reduced number
of RGCs is in part a result of fewer RGCs produced during development due to reduced
TGFB signaling in Adamts10°061R/G66IR mice, These findings suggest previously unknown
functions of ADAMTS10 both as a regulator of TGFp signaling and as a contributor to
retinal development.

We observed prominent TGF family signaling in the ganglion cell layer of the retina
where we did not detect microfibrils by staining for either fibrillin-1 or MAGP1 (Figs. 6
and 3). It is not clear how ADAMTS10 regulates TGFp activation in the retina, but our
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findings suggest that it cannot be mediated by fibrillin microfibrils. TGFp is secreted and
incorporated into the ECM as part of a large latency complex (LLC) which includes the
active form of TGF, the latency associated peptide (LAP) which blocks exposure of active
TGFB, and latent TGF binding protein (LTBP).[54] The LLC binds to ECM components
including fibrillin microfibrils .[54] Activation of TGF can occur through cleavage of LAP
by MMP2/9 [55] and other proteases such as plasmin.[56] ADAMTS10 could directly
mediate TGFp activation by cleaving LAP.

Alternatively, ADAMTS10 could activate TGF@ similar to thrombospondin-1 (TSP1). [57-
59] TSP1 has been shown to activate TGF by interacting with LAP-TGF through WxxW
and KRFK amino acid motifs which is thought to induce a confirmational change in

LAP, thereby exposing active TGF to its receptors.[58] Interestingly, ADAMTSL1 and
ADAMTSL16, include WxxW motifs in their first thrombospondin repeat domains and motifs
similar to KRFK in their cysteine-rich domains. ADAMTS1 and ADAMTS16 have been
shown to interact through those domains and activate LAP-TGF, similar to TSP1.[43,44]
Analysis of ADAMTS10 amino acid sequence reveals potential interaction motifs (WTPW
and IPFR) in the first TSP1 and cysteine rich domains, similar to those found in ADAMTS1
and ADAMTS16, suggesting possible direct activation of TGFp by ADAMTS10 through
interactions with LAP-TGFp. Our finding that ADAMTS10 and LAP-TGFB form a complex
as determined by proximity ligation assay of transfected cells (Fig. 7) suggests that the
mechanism of activation of TGFp by ADAMTS10 could be similar to the direct activation
mediated by TSP1, ADAMTS1, and ADAMTS16. While the G661R mutation did not
appear to grossly reduce ADAMTS10/LAP-TGFB complex formation, it could affect
subsequent steps required to expose the active form of TGFp for interaction with TGFp
receptors.

In conclusion, we found that Adamts10C661R/GE6IR mice exhibit ocular pathology that
may be relevant to glaucoma, including RGC dysfunction, smaller optic nerves and fewer
optic nerve axons. These abnormalities may increase susceptibility of the optic nerve to
degeneration in response to stress. The reduction in the number of optic nerve axons in
Adamts10°061R/GE6IR mice may be due in part to reduced TGF signaling and consequently
increased apoptosis in the GCL of the developing retina. The reduction of TGF signaling
in Adamts10G661R/GE6IR mice suggests a previously unknown function of ADAMTS10

in regulating TGFp signaling which may involve direct interaction between ADAMTS10
and LAP-TGFp and is altered by the G661R mutation. The lack of colocalization of
ADAMTS10 with fibrillin microfibrils in the retina and optic nerve found in this study
indicates currently unknown functions of ADAMTS10 that are independent of fibrillins.

Experimental procedures

Animals

All animal studies were performed in accordance with the statement for the Use of

Animals in Ophthalmic and Vision Research of the Association for Research in Vision

and Ophthalmology and were approved by the Institutional Animal Care and Use Committee
of Vanderbilt University. Mice carrying the G661R mutation of Adamts10were generated
using CRISPR-Cas9, as described in our previous publication.[23] Mice heterozygous

Matrix Biol. Author manuscript; available in PMC 2023 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wu et al. Page 10

for G661R mutation of Adamts10were bred to produce cohorts of experimental

animals homozygous for the G661R mutation of Adamis10, 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 Vanderbilt University
Division of Animal Care, with 12/12 h light/dark cycle and ad /ibidum access to food and
water.

Immunofluorescence staining

Mice were sacrificed by CO, inhalation then cardiac perfused with PBS followed by 4%
PFA in PBS. Eyes were enucleated, embedded in paraffin then sectioned at 7 um thickness.
Central sagittal eye sections were deparaffinized, rehydrated and then subjected to antigen
retrieval with 20 pug/ml Proteinase K (Macherey-Nagel, Germany) for 5 min at room
temperature. Sections were blocked with 5% normal donkey serum for 2 hours at room
temperature in a humid chamber, then incubated with primary antibody (Table. 1) overnight
at 4 °C. Slides were washed then incubated with appropriate secondary antibody (Alexa
Fluro 488 conjugated donkey anti-goat, Alexa Fluro 546 conjugated donkey anti-mouse or
donkey anti-rabbit or Alexa Fluro 647 conjugated donkey anti-rabbit) diluted 1:1000 for

2 hours, protected from light. Slides were washed again and cover-slipped with mounting
medium containing DAPI (Prolong Gold, Thermo Fisher Scientific). Images were acquired
under identical settings using Olympus FVV1000 confocal microscopy equipped with 20X 0.5
NA objective. Stacks of optical sections were visualized as maximum-intensity z-projection
using ImageJ (https://imagej.nih.gov/ij/index.html).

For pSmad?2 staining, antigen retrieval was performed by immersing slides in sodium

citrate buffer (pH = 8) for 15 min at 95 °C. Images were acquired using an upright
fluorescence microscope (Nikon, Japan) equipped with a 20x 0.75 NA objective and CMOS
camera (Hamamatsu ORCA-Flash 4.0, Japan). Mean fluorescence intensity of pSmad2 was
quantified in ImageJ. pSmad2 fluorescence in the GCL was determined by subtracting the
background intensity within the adjacent IPL from the fluorescence intensity within a mask
drawn around the GCL.[61] Negative control immunostaining omitting primary antibodies
were performed for each experiment and showed no fluorescence.

Transfection and Western Blotting

HEK?293T cells (CRL-3216, ATCC, Manassas, VA) were cultured at 37 °C in Dulbecco’s
Modified Eagle’s Medium (DMEM) supplemented with 10% fetal bovine serum in a
humidified incubator with 5% CO, atmosphere. Cells cultured in 6-well plates were
transfected with wt (Cat. # RC215901, OriGene Technologies) or the G661R mutant form[3]
of human ADAMTS10 plasmid using Lipofectamine 3000 (Thermo Fisher Scientific)
following manufacturer’s instructions. Cells transfected without plasmid served as control.

6 h after transfection, serum-containing DMEM was replaced with reduced-serum medium
(Opti-MEM, Thermo Fisher Scientific) and cells cultured for an additional 48 — 72 h.
Conditioned medium was collected in tubes with protease and phosphatase inhibitor cocktail
(Cat.# 78442, Thermo Fisher Scientific) and centrifuged at 12,000 rpm for 10 min at 4 °C.
Supernatants were transferred to an Amicon Ultrafiltration Unit (Millipore) with a 50 kDa
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cut-off membrane and concentrated ~50-fold. Cells layers were lysed in RIPA buffer with
protease and phosphatase Inhibitor cocktail, sonicated for 1 min on ice and centrifuged at
12,000 rpm for 10 min at 4 °C and supernatants transferred to a new tube.

Proteins from conditioned medium and cell lysates were separated by SDS-PAGE under
reducing conditions in Tris/Glycine/SDS running buffer for 35 min at 200 V and transferred
onto PVDF membranes (Bio-Rad Laboratories) in Tris/Glycine buffer with 20% methanol
for 53 min at 100 V at 4 °C. Membranes were blocked with 1% Casein in PBS (Thermo
Fisher Scientific) for 1h at RT and incubated overnight with rabbit anti-DYKDDDDK
(FLAG) Tag antibody (Cat. # 14793S, Cell Signaling Technology) diluted 1:500 in blocking
buffer with 0.1% Tween-20 (PBST). Membranes were washed three times for 5 min with
PBST and incubated with IRDye 800CW donkey-anti-rabbit secondary antibody (LI-COR)
diluted 1: 1000 in blocking buffer with 0.1% Tween-20 and 0.02% SDS for 40 min at RT.
Membranes were washed three times for 5 min with PBST, once with PBS for 5 min at RT,
and scanned on a ChemiDoc MP Imaging System (Bio-Rad).

Immunocytochemistry

HEK293T cells transfected with wt and G661R mutant forms of human ADAMTS10 were
seeded in 4-well chamber slides (Cat.# 154526, Lab-Tek, Thermo Fisher Scientific) and
cultured in DMEM supplemented with 10% FBS at 37 °C in a humidified incubator with

a 5% CO, atmosphere for 3 days. Cells were rinsed once with PBS and fixed with freshly
made 4% PFA in PBS for 15 min. After rinsing with PBS, cells were blocked with 2%
bovine serum albumin (BSA) (Jackson Immuno Research Laboratories) in PBS for 1h at
RT, then incubated with rabbit anti-FLAG-Tag primary antibody diluted 1:1,000 in blocking
buffer for 2h at RT. Cells were washed three times for 5 min with PBS, permeabilized with
0.1% Triton X-100 for 10 min, washed with PBS for 5 min, and incubated with donkey
anti-rabbit secondary antibody conjugated with Alexa Fluor 488 fluorophore (Thermo Fisher
Scientific) diluted in blocking buffer (1:1,000) and 2.5 pg/ml DAPI (Sigma) for 1h at

RT. Cells were washed three times for 5 min with PBS and mounted with ProLong Gold
Antifade Mountant (Invitrogen) and imaged using Olympus confocal microscopy equipped
with 100X oil immersion objective.

Scotopic flash electroretinogram

Scotopic flash ERG was performed using Espion system equipped with a Ganzfeld

dome (ColorDome, Diagnosys). Mice were dark-adapted overnight and anesthetized

with ketamine/xylazine/urethane (28/11.2/560 mg/kg). Their pupils were dilated with 1%
tropicamide (Bausch & Lomb) and 2.5% phenylephrine (Paragon Biotech). Gold electrodes
were placed on the corneas, reference electrodes inserted subcutaneously at the snort

and ground electrodes placed subcutaneously at the tail base. ERGs were elicited with
white flashes of 4 ms duration, ranging in intensity from —4 to 0 log cd-s/m? with 1 log
increments. Recordings included a 100 ms pre-stimulus baseline with data collected up to
500 ms after stimuli onset. pSTR and a-wave amplitudes were determined by the peak or
trough to baseline. The b-wave amplitudes were calculated from the a-wave trough to the
b-wave peak. Latencies were determined as the time intervals from stimulus onset to peak/
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trough. Mice at 3-5 months of age were used and results from each eye were considered
independently.

Optic nerve analysis

After mice were sacrificed and cardiac perfusion fixed as described above, eyes were
enucleated, their optic nerves cut at the chiasm and fixed in 1% glutaraldehyde/4% PFA in
PBS. Optic nerves were post-fixed in 2% osmium for 1 h, then dehydrated and embedded

in epoxy resin, as previously described.[39] The length of the optic nerve stump attached

to the eye was measured by digital caliper. To normalize the distance from the eye from
which the optic nerve sections were taken, the block of the nerve was cut in such that the
stump length plus the cut in distance along the optic nerve was 1.5 mm for all nerves.

Cross sections of the optic nerve of 1 um thickness were cut using an ultramicrotome

(Leica EM UC7, Wetzlar, Germany) and stained with PPD. Images were acquired using

an upright light microscope equipped with a 100x 1.45 NA oil immersion objective and
SLR camera (DS-Ri2, Nikon, Japan). Tiling images of the whole nerve were assembled

in NIS-element software and analyzed in ImageJ (https://imagej.net). A total of 24 boxes
drawn in Photoshop were place over the central, medial and peripheral regions of the nerve,
covering ~10% of each nerve area.[39] Axons in each box were manually counted and axon
density calculated as axon counts divided by box area. Significant decreasing axon density
from central to peripheral regions was seen in both wt and Adamts10C661R/GE6IR mice (data
not shown), and therefore axon counts in each region were calculated as the average regional
density multiplied by the regional area. Total axon counts were determined by the sum of
counts from the three regions. Optic nerve area was measured using the polygon drawing
function of ImageJ.

TUNEL assay

Apoptotic cells of the central sagittal retinal sections from postnatal day 10 (P10) mice
were detected by terminal deoxynucleotidyl transferase mediated dUTP nick-end labelling
(TUNEL, Cat. # G3250, Promega, USA) following manufacturer’s instructions. Images
were acquired using an upright fluorescence microscope (Nikon, Japan) equipped with a
10x% 0.45 NA objective and CMOS camera (Hamamatsu ORCA-Flash 4.0, Japan). TUNEL
positive apoptotic cells on the GCL layer were counted from 2 — 5 sections and the mean
number of apoptotic cells/section for each retina was reported.

Proximity Ligation Assay

Duolink proximity ligation assay [62] (PLA, DU092105, Sigma) was performed following
the manufacturer’s instructions. Briefly, HEK293T cells were transfected with human
TGFp1 and FLAG-tagged ADAMTS10 plasmids in 4-well chamber slides. After 48h, cells
were fixed in 4% PFA and permeabilized using 0.1% TritonX-100. Cells were incubated
with primary antibodies (anti-LAP-TGF-p1, 1:20, cat. # AF-246-NA; anti-FLAG, 1:1,000,
cat. # 14793S, Cell Signaling Biotechnology) for 2h at RT followed by ligation and
amplification. Slides were washed and mounted with DAPI-containing mounting medium.
Images were acquired using Olympus confocal microscope FV1000 equipped with 60X
oil-immersion objective.
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Statistical Analysis

Approximately equal numbers of male and female mice were used. Experiments were
conducted in a masked fashion. Statistical analysis was performed using GraphPad Prism. A
normality test was applied to each data set to determine whether to use t-test for normally
distributed data, or otherwise to use Mann-Whitney test as indicated in the figure legends.
Data were presented as mean + SD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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AH aqueous humor
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LAP latency associated protein

LTBP latent transforming growth factor p binding protein

MAGP1 microfibril-associated glycoprotein 1

MFS Marfan syndrome

PLA proximity ligation assay

pSTR positive scotopic threshold response
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TGFB transforming growth factor p
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Highlights

. G661R mutation of ADAMTS10 causing glaucoma introduced in mice using
CRISPR/Cas9

. ADAMTS10 is expressed along optic nerve axons and in retinal ganglion
cells

. ADAMTS10 is not colocalized with fibrillin microfibrils in retina and optic
nerve

. ADAMTS10 could function independent of fibrillin

. ADAMTS10 regulates transforming growth factor beta signaling in
developing retina
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Figure 1. Expression of ADAMTS10 in the retina and optic nerve.
Schematic diagram of the eye (A) showing the cornea, lens, zonules, retina, and optic nerve

with zoom in views of the inner retina (red box) and the optic nerve (orange box). RGC
axons form the RNFL (red box) and converge at the back of the eye to form the optic

nerve which is ensheathed in the pia mater and dura mater (orange box). Immunofluorescent
staining of sagittal sections of eyes from mice at 3 months of age showed that ADAMTS10
(green) is primarily expressed in the inner retina and the optic nerve (B). In the retina,

the highest intensity of ADAMTS10 immunofluorescence was found in the RNFL (white
dashed box, B). Co-staining with a neuronal marker, 111 Tubulin (C, red) showed that
ADAMTS10 immunofluorescence is highly colocalized with § 111 Tubulin at the RNFL
and the optic nerve axons (E). A zoom in view of the white box in E is shown in E’.
Sections were counter-stained with DAPI (D, H and L). High magnification images from
co-staining of ADAMTS10 (F, green) with an RGC specific marker, RBPMS (G, red)
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showed that ADAMTS10 is associated with RGC soma (yellow arrows, 1). In cross-sectional
optic nerve sections (J - O), co-staining for ADAMTS10 (J, green), B 111 Tubulin (K, red)
and an astrocyte marker, GFAP (N, purple) revealed that ADAMTS10 immunofluorescence
is completely overlapped with g 111 Tubulin (M) but not with GFAP (O). Scale bar inB - E
and E” and J - O: 100 um. Scale bar in F —I: 20 um. Blue: DAPI. R: retina; ON: optic nerve;
GCL: ganglion cell layer; RNFL: retinal nerve fiber layer; IPL: inner plexiform layer; INL:
inner nuclear layer; OPL: outer plexiform layer; ONL: outer nuclear layer.
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Figure 2. Wild type and mutant forms of human ADAMTS10 are secreted.
HEK?293T cells were transfected with either wt or G661R mutant forms of human

ADAMTS10. Supernatants and cell lysates were collected for Western blotting under
reducing conditions. Bands for FLAG-tagged human ADAMTS10 were detected at the
expected molecular weight of ~130 kDa in both supernatants and cell lysates (A). Anti-
FLAG immunocytochemistry of non-permeabilized HEK293T cells (B) showed fluorescent
signals (green) from cells that were transfected with wt (B, left) and G661R mutant (B,
middle) forms of FLAG-tagged human ADAMTS10. No fluorescent signal was detected
from cells that were transfected without vectors (B, right). Cell nuclei were counterstained
with DAPI (blue). NV: No vector. Scale bar: 10 pm.
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Figure 3. ADAMTSI10 is not colocalized with microfibrils in the retina and optic nerve.
In sagittal sections of eyes from wt and Adamts105661R/G661R mice at 3 months of age,

double staining for ADAMTS10 (A and E, green) and fibrillin-1 (B and F, red) showed that
ADAMTS10 immunofluorescence is expressed in the inner retina and confined to the optic
nerve (D and H). Fibrillin-1 immunofluorescence is found in the pia mater (B and F, white
arrowheads) and dura mater (B and F, yellow arrowheads) but not in the optic nerve and
retina resulting in apparent lack of colocalization of fibrillin-1 and ADAMTS10 (D and H).
Co-staining for MAGP1 (I and M, green) and fibrillin-1 (J and N, red) showed that MAGP1
immunofluorescence is colocalized with fibrillin-1 (L and P) in the pia mater and dura mater
but is not detected in the optic nerve. The immunofluorescent intensities of ADAMTS10 (A
and E), fibrillin-1 (B, J and F, N) and MAGPL1 (I and M) were comparable between wt and
Adamts10C661R/G66IR mice. Scale bar: 100 um. Blue in C, G, K and O: DAPI.
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Figure 4. Reduced pSTR amplitude of Adamts10C661R/GE61R mice at 3-5 months of age.
Scotopic flash ERG waveforms of individual mice (A, gray traces) and average waveforms

(A, black traces) in response to stimulus intensities of —4 and 0 log cd-s/m?2 are shown
(A). Stimulus onset is indicated by black arrows. Representative temporal locations of

the pSTR, a- and b-wave are indicated by green, red and blue arrowheads, respectively.
Scales for amplitude and time are indicated on the right side of each row. Left column:

wt; right column: Adamts10G661R/G661R mice. Amplitude (B — D) and latency (E — G)

for pSTR, a- and b-wave were analyzed at stimulus intensities of -4 and 0 log cd-s/m?,
respectively. Significantly reduced pSTR amplitude was found for Adamts10C661R/G661R
mice, compared to wt (B). Amplitude of a- and b-wave are not significantly different
between wt and Adamts10G661R/G661R mice (C and D). Latencies of pSTR, a- and b-wave
are not significantly different between wt and Adamts10G661R/GE6IR mice (E — G). Stimulus
intensities are indicated above each panel. Blue symbols: individual wt mice; red symbols:
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individual Adamts10G661R/GE61R mice. Error bars represent mean + SD. P values from
Student’s t-test are indicated above each bracket. hm mut: Adamts10G661R/GE6IR mice, wt: n
= 7; Adamts10C86IR/GE6IR mice: n = 8. Individual eyes were considered independently.
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Figure 5. Optic nerve pathology of Adamts10C661R/GE6IR mjce,
Adamts10G661R/G661R mice appeared to have smaller optic nerves compared to wt,

as shown for representative PPD-stained cross-sectional nerve images of wt (A, left)

and Adamts10C061R/GE6IR mice (A, right) at 24 months of age. Optic nerve area was
significantly smaller for Adamts10G661R/G661R mice at 3, 6 and 24 months of age compared
to wt and significantly increased with age for wt and Adamts10G661R/GE6IR mice (B).
Reduced optic nerve axon number was found for Adamts10G66I1R/G661R mice compared

to wt at 3, 6 and 24 months of age (C). Median axon diameter for Adamts10C661R/G66IR
mice was not significantly different from wt at each time point (D). Median optic nerve
axon diameter significantly increased with age for wt and Adamis10G661R/G661R mice (D).
Blue symbols: individual wt mice; red symbols: individual Adamts10G661R/GE61R Error bars
represent median/95%ClI. P values from Mann-Whitney test for B — D are indicated above
each bracket. Numbers of mice indicated in italics below each group.
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Figure 6. Increased TUNEL@ositive apoptotic cells and decreased pSmad2 signals in the GCL of
the retina for Adamts10CG861R/GE61R mjice at postnatal day 10 (P10).

TUNEL-positive nuclei (green) in P10 retinas of wt and Adamts10G661R/GE6IR mice (A).
Quantitative analysis showed significantly higher number of TUNEL-positive apoptotic cells
in the GCL for Adamts10C661R/GE6IR mice compared to wt (B). In the GCL of the retina,
immunofluorescent intensity of pSmad2 appeared to be lower for Adamts10C661R/G661R
mice (C, middle row, red) compared to wt (C, top row). In some cases, absence of pSmad2
immunofluorescence (C, yellow arrowheads) with well-preserved nuclei (gray) was found

in the retina of Adamts10G661R/G661R mice. Mean fluorescence intensity of pSmadz2 in the
GCL was significantly lower for Adamts10G661R/G66IR mice compared to wt (D). Error bars
represent mean = SD. P values from Student’s t-test are indicated in B and D. Scale bar in C:
50 uM. GCL.: ganglion cell layer; INL: inner nuclear layer; ONL: outer nuclear layer. Blue
symbols: individual wt mice; red symbols: individual Adamts10G661R/GE6IR mice. Blue in A
and gray in C: DAPI. Numbers of mice indicated in italics below each group.
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TGF B1 + WT ADAMTS10 TGF g1 + MUT ADAMTS10 Control
A

Figure 7. ADAMTS10 and TGF@1 form interaction complex.
Proximity ligation assays (PLA) to detect protein-protein interactions between LAP-

TGFp and ADAMTS10 were performed on HEK293T cells co-transfected with human
TGFB1 plasmid together with either wt or G661R mutant forms of human FLAG-tagged
ADAMTSI10. Anti-LAP-TGFB1 and anti-FLAG antibodies were used to target TGFp1 and
ADAMTSI10, respectively. Robust PLA signal indicating interaction (red) was observed in
co-transfected cells (A and B). No interaction signal was detected in the control group which
omitted primary antibodies (C). Scale bar: 10 pm.
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Table 1.
Primary antibodies used for immunofluorescence
Antigen Host  dilution Catalog No. Company
ADAMTS10 goat 1:100 sc-21505 Santa Cruz
RBPMS rabbit 1:100  GTX118619  GeneTex
Fibrillin-1'60]  fabbit  1:200 N/A N/A
MAGP1 goat 1:100 AF4977 R&D
B Il Tubulin~ mouse  1:100 903401 Biolegend
GFAP rabbit  1:1000 70334 DAKO
pSmad2 rabbit 1:100 40-0800 Invitrogen

*
Polyclonal antibody for fibrillin-1 was kindly provided by Dr. Lynn Sakai.[60]
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