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Cerebral cavernous malformations are driven by
ADAMTSS proteolysis of versican
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N. Adrian Leu®, Stephanie Sterling®®, Jisheng Yang, Li Li%, Mei Chen'@®, Patricia Mericko-Ishizuka'@®, Lukas E. Dow’, Hideto Watanabe?®,

Markus Schwaninger®®, Wang Min'°®, Douglas A. Marchuk?, Xiangjian Zheng>*®, Issam A. Awad®®, and Mark L. Kahn'®

Cerebral cavernous malformations (CCMs) form following loss of the CCM protein complex in brain endothelial cells due to
increased endothelial MEKK3 signaling and KLF2/4 transcription factor expression, but the downstream events that drive lesion
formation remain undefined. Recent studies have revealed that CCM lesions expand by incorporating neighboring wild-type
endothelial cells, indicative of a cell nonautonomous mechanism. Here we find that endothelial loss of ADAMTS5 reduced CCM
formation in the neonatal mouse model. Conversely, endothelial gain of ADAMTSS5 conferred early lesion genesis in the absence
of increased KLF2/4 expression and synergized with KRIT1 loss of function to create large malformations. Lowering versican
expression reduced CCM burden, indicating that versican is the relevant ADAMTS5 substrate and that lesion formation
requires proteolysis but not loss of this extracellular matrix protein. These findings identify endothelial secretion of ADAMTS5
and cleavage of versican as downstream mechanisms of CCM pathogenesis and provide a basis for the participation of wild-

type endothelial cells in lesion formation.

Introduction

Cerebral cavernous malformations (CCMs) are common vascu-
lar abnormalities that form predominantly in the central ner-
vous system (CNS) and are a cause of hemorrhagic stroke and
seizure (Al-Shahi Salman et al., 2008, 2012; Spiegler et al., 2018).
CCMs occur due to loss of function mutations in one of three
disease genes, KRIT1, CCM2, or PDCDIO, in brain endothelial cells
(BECs; Akers et al., 2017; Boulday et al., 2011; Chan et al., 2011;
Fisher and Boggon, 2014; Plummer et al.,, 2005; Zhou et al.,
2016b). Despite considerable molecular and genetic insight ob-
tained into CCM disease over the past 10 yr, no effective medical
therapies have been identified to treat it.

Human, mouse, and zebrafish genetic studies and biochem-
ical studies have provided significant insight into the molecular
basis of CCM disease. The CCM proteins form a ternary complex
that binds and negatively regulates MEKK3, a MAPK that is
selectively expressed in endothelial cells (ECs; Cullere et al.,
2015; Fisher et al., 2015; Wang et al., 2015; Zhou et al., 2015,

2016b). MEKK3 mediates endothelial responses to both fluid
shear forces and inflammatory cytokines, many of which are
driven by downstream expression of the related transcription
factors KLF2 and KLF4 (Huang et al.,, 2004; Tang et al., 2017;
Zhou et al., 2015). Genetic and pharmacologic investigation of
CCM disease mechanisms has been facilitated by the develop-
ment of a faithful neonatal mouse model in which endothelial
loss of CCM gene function, shortly after birth, confers CCM
formation in the hindbrain and retina by postnatal day (P) 10
(Boulday et al., 2011; Zhou et al., 2016b). Using this model, en-
dothelial gain of MEKK3 function and elevated KLF2/4 expres-
sion have been shown to be required for CCM formation
(Cuttano et al., 2016; Zhou et al., 2016b). Recent mouse and
human studies have demonstrated that signaling by the innate
immune receptor TLR4, in response to circulating bacterial
lipopolysaccharide derived from the gut microbiome, drives
brain endothelial MEKK3-KLF2/4 signaling to induce CCMs
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(Tang et al., 2017, 2019). These findings have established a core
molecular pathway for CCM pathogenesis and identified a major
upstream input to that pathway; however, the effectors down-
stream of KLF2 and KLF4 that result in cavernoma formation
remain unknown.

CCMs form selectively in the CNS and exhibit a natural his-
tory characterized by lesion genesis in the postcapillary venule
and expansion to large, thin-walled vascular structures that are
prone to hemorrhage (Frischer et al., 2008; Tanriover et al.,
2013). Lineage tracing studies in the mouse neonatal model
have recently demonstrated that lesion genesis is driven by
CCM-deficient ECs, while lesion growth is largely the result of
incorporation of neighboring wild-type ECs (Detter et al., 2018;
Malinverno et al., 2019). These observations identify a cell
nonautonomous mechanism (Akers et al., 2009) by which CCM-
deficient ECs alter the behavior of neighboring wild-type ECs to
create vascular malformations, but the molecular and cellular
underpinnings remain undefined.

Studies of endothelial loss of CCM function in the developing
heart have revealed a cell nonautonomous effect on myocardial
cell growth mediated by elevated endothelial expression of
ADAMTSS5, a protease that cleaves the proteoglycan versican
which is a major component of cardiac jelly (Zhou et al., 2015).
Increased endothelial expression of ADAMTS5 and versican
proteolysis in the developing heart require gain of MEKK3 sig-
naling, identifying these events as bona fide downstream ef-
fectors of the pathway in that context (Zhou et al., 2015). In the
present study, we have tested whether similar downstream
events also underlie CCM formation in the postnatal brain. We
find that brain endothelial loss of ADAMTS5 increases versican
in the white matter, where CCMs preferentially form, and
significantly rescues CCM formation. Using a tetracycline-
inducible transgenic approach, we further show that gain of
ADAMTS5 function is sufficient to confer vascular changes like
those observed in early CCM lesions in the absence of increased
MEKK3-KLF2/4 signaling, and strongly synergizes with KRIT1
deficiency to increase CCM formation. To determine if ADAMTS5-
associated changes are due to cleavage of versican, we tested
whether partial loss of versican alters CCM formation in the ne-
onatal mouse model. Loss of versican reduced CCM formation,
while versican cleavage products generated around developing
CCM lesions increase endothelial sprouting and branching
in vitro, consistent with a mechanism in which CCMs form due to
the generation of versican proteolytic cleavage products rather
than the loss of versican protein in the perivascular matrix. These
studies identify ADAMTS5-mediated cleavage of versican as a
downstream mechanism by which gain of MEKK3-KLF2/4 sig-
naling may alter the function of both CCM-deficient and neigh-
boring wild-type ECs in the brain.

Results

Global loss of ADAMTSS5, but not ADAMTS1 or ADAMTS4,
prevents CCM formation

Previous work by our group and others has demonstrated that
CCM lesions arise from an endothelial gain of MEKK3-KLF2/4
signaling, but the downstream mechanisms by which this
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signaling pathway results in vascular malformations remain
unidentified (Cuttano et al., 2016; Tang et al., 2017; Zhou et al.,
2016b). We have shown that EC loss of CCM function in the
embryonic heart and postnatal brain results in increased
ADAMTS activity (Zhou et al., 2015, 2016b). We have also ob-
served that the white matter of the brain, where most CCMs
originate (Boulday et al., 2011; Golden et al., 2015; Hart et al.,
2013; Zhou et al., 2016b), is rich in versican and that elevated
levels of ADAMTS-cleaved versican appear immediately adja-
cent to postcapillary venules early in CCM pathogenesis in the
neonatal mouse model (Zhou et al., 2016b). These findings
suggested that ADAMTS-mediated proteolysis of versican may
also be a causal downstream mechanism in CCM pathogenesis.
To investigate whether versican-cleaving ADAMTS proteases
(also known as versicanases) play a role in CCM pathogenesis,
we adopted a genetic approach in which we generated neonatal
mice with endothelial-specific deletion of Kritl or Ccm2 (VE-
Cadherin-CreERT2;Krit1f/fl and VE-Cadherin-CreERT2;Ccm2fl/f;
hereafter denoted “KritIEK°” and “Ccm2ECKO,” respectively; see
Table 1 for a summary of genotypes and associated phenotypes)
in combination with genetic loss of ADAMTS function to de-
termine if reduced ADAMTS activity could rescue CCM lesion
formation. Similar genetic strategies have been used to estab-
lish the roles of endothelial TLR4, MEKK3, KLF2, and KLF4 in
CCM pathogenesis (Tang et al., 2017; Zhou et al., 2016b). We
have also previously demonstrated that endothelial loss of any
of the three CCM genes (i.e., Kritl, Ccm2, or Pdcd10) confers CCM
formation that can be reversed to a similar extent with partial
loss of MEKK3 activity (Tang et al., 2019; Zhou et al., 2016b),
and as such the genes are functionally interchangeable for
endothelial-specific studies.

We first tested the role of ADAMTS4 because prior studies
had revealed that Adamts4 is up-regulated in early CCM lesions
(Zhou et al., 2016b). To do this, we generated KritI*®<° mice on
an ADAMTS4-deficient background. Due to the complexity
of the breeding scheme required to generate animals with
both inducible loss of CCM function and constitutive loss of
ADAMTS4 function, most of these studies compared CCM loss
of function on ADAMTS4 haplo-insufficient and fully deficient
backgrounds. Visual appearance of lesion density in the hindbrain
and blinded micro-computed tomography (microCT)-based quan-
titation of CCM lesion volumes were indistinguishable among Kri-
HECKO; Adamts4*/~ and KritIEKO;Adamts4~/~ animals (Fig. 1, A and B).

Prior studies have shown that the metalloproteases ADAMTS1
and ADAMTS5 are also expressed by ECs and play key roles in
versican proteolysis in the developing heart (Dupuis et al., 2011;
Stankunas et al., 2008; Zhou et al., 2016b). Similar to KritIECKo;
Adamts4~/~ animals, however, we found that loss of ADAMTSI (in
KritIE%0;Adamts1~ animals, Fig. 1, C and D) as well as combina-
torial loss of endothelial ADAMTSI and global ADAMTS4 (in
KritI®%%0;Adamts11/%; Adamts4~/- animals) had no significant effect
on lesion burden (Fig. 1, E and F).

Several lines of evidence suggested that ADAMTS5 may play
a role: (i) comparative studies of ADAMTS enzymatic activity
have demonstrated that ADAMTSS is a more potent versicanase
than ADAMTS4 or ADAMTS]I (Gendron et al., 2007; Santamaria
et al., 2019); (ii) our previous studies of the developing heart
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Table 1. Summary of described phenotypes arising from inactivation/activation of ADAMTS genes or versican in the CCM mouse model

Abbreviated name Genotype Phenotype Vivarium Strain
Krit1ECKO, Krit]BECKO VE-Cadherin-CrefRT2; Krit1Vf or Slcolc1(BAC)-  Numerous lesions in the hindbrain University of Mixed
Cre; Krit1/? Pennsylvania

Ccm2ECko VE-Cadherin-CreERT2; Cem2fU/ft Same as Krit1(BJECKO Centenary Mixed
Institute

N/A PDGFb-CrefR2; pded10™/~ Same as Krit](BJECKO Duke University ~ C57BL/6)

Krit1ECKO; Adamts4~/~ VE-Cadherin-CrefRT2; Krit1Vfl Adamts4~/~ No reduction in lesion formation University of Mixed
Pennsylvania

Krit1EKO; Adamts1fV/- VE-Cadherin-CreER2; Krit1Vf. Adamts1f/- No reduction in lesion formation University of Mixed
Pennsylvania

Krit1ECKO; Adamts1V Adamts4~/-  VE-Cadherin-CreER™2; Krit1Vf Adamts1fVf, No reduction in lesion formation University of Mixed

Adamts4~/~ Pennsylvania

Ccm2ECKO; Adamts5~/- VE-Cadherin-CrefR™2; Cem2Vf Adamts5~/~ Significant reduction in lesion formation ~ Centenary Mixed
Institute

Krit1ESKO; Adamts5TVTL VE-Cadherin-CreER72; Krit1VfL Adamts5V1L Significant reduction in lesion formation ~ University of Mixed
Pennsylvania

ADAMTS5BEC-GOF + doxycycline Slcolc1(BAC)-Cre; LSL-rtTA; tetO-Adamts5 Nascent CCM-like vascular changes University of Mixed
Pennsylvania

Krit18ECKO + doxycycline Slcolc1(BAC)-Cre; Krit1Vf Significant reduction in lesion formation  University of Mixed
Pennsylvania

Krit1BECKO, ADAMTS5BEC-GOF 4 Slcolc1(BAC)-Cre; Krit1Vf L SL-rtTA; tetO- Increase in lesion formation University of Mixed

doxycycline Adamts5 Pennsylvania

Krit1ECKO; VeanRC/+ VE-Cadherin-CreER12; Krit1VfL VieanRC/+ Significant reduction in lesion formation  University of Mixed

Pennsylvania

demonstrated that gain of ADAMTSS5 activity underlies the loss
of cardiac jelly conferred by endocardial loss of CCM function
(Zhou et al., 2015); and (iii) we recently demonstrated a signif-
icant up-regulation of ADAMTSS5 (log,[FC] = 4.2; P = 0.0003, false
discovery rate-corrected) in the transcriptome of human le-
sional CCM neurovascular units (Koskiméki et al., 2019). We
therefore hypothesized that gain of ADAMTSS5 activity may play
a causal role in CCM pathogenesis. To test the role of ADAMTSS5,
we measured lesion formation in Ccm2ECSKO;Adamts5*/~ and
Ccm2ECKO;Adamts5~/~ animals compared with littermate
Ccm2ECKO: Adamts5+/* controls. Global loss of ADAMTSS resulted
in a marked (80%) reduction in lesion burden (Fig. 1, G and H),
consistent with a requirement for ADAMTS5 protease function
during CCM formation.

Endothelial ADAMTSS5 contributes to CCM formation

To address whether ADAMTSS5 expression by ECs is required for
CCM formation, and therefore whether ADAMTS5 might be
likely to participate downstream of MEKK3-KLF2/4 signaling
in CCM pathogenesis, we generated a conditional Adamts5 allele
by flanking exon 3, which encodes the catalytic domain of
the protease, with loxP sites (Fig. 2 A and Fig. S1). After cross-
ing Adamts5"f animals onto the KritI®%k© background, im-
munostaining of P6 cerebellar sections revealed an increase
(53%) in versican protein with loss of both Adamts5 alleles
compared with KritI*X0;Adamts5*/+ littermates (Fig. 2, B and C;
in contrast to combinatorial deletion of Adamtsl and Adamts4,
Fig. S2), demonstrating that endothelial-derived ADAMTSS is

Hong et al.
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required for much of the versican proteolysis in the Krit/ECKO
brain. Visual inspection of CCM formation in the intact hind-
brain and blinded microCT quantitation of lesion volume re-
vealed significant rescue of CCM formation (50%) with
simultaneous endothelial loss of ADAMTSS5 (Fig. 2, D and E). We
have previously shown that the gut microbiome plays a critical
role in CCM formation, and that differences in the microbiome
may result in dramatic differences in lesion formation after ge-
netic loss of CCM function in BECs (Tang et al., 2017). The dif-
ferences in the absolute extent of lesion formation between the
global and conditional genetic studies of ADAMTS5 deficiency
described above are therefore likely to reflect the greater and
lesser sensitivity to CCM formation associated with mouse mi-
crobiomes at the two institutions at which these studies were
performed. Nonetheless, these findings identify gain of endothe-
lial ADAMTSS expression as causal for CCM formation, and sug-
gest that ADAMTS5 is a critical downstream mechanism of
MEKK3-KLF2/4 signaling in this disease. The observation that
global loss of ADAMTSS5 conferred a greater degree of rescue than
endothelial-specific loss suggests that other cell types may also
contribute to ADAMTSS5 expression during CCM lesion formation.

Gain of brain endothelial ADAMTS5 expression results in white
matter versican proteolysis

To test whether gain of ADAMTSS is sufficient for CCM for-
mation, we generated mice carrying a tetracycline operator
(tetO)-Adamts5 allele to enable tetracycline-inducible expres-
sion of a C-terminally V5-tagged ADAMTS5 protein. The
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Figure 1. Loss of ADAMTSS, but not ADAMTS4 and ADAMTS], rescues CCM formation. (A) Visual detection of CCM lesions in the hindbrains of
P10 Krit1EKO;Adamts4*/~ (top left) and Krit1E<<O;Adamts4~/~ (top right) littermates and corresponding composite microCT images (bottom). (B) Quantification
of CCM lesion volumes (n = 14-17 from five litters, Student’s t test). (C) Visual detection of CCM lesions in the hindbrains of P10 Krit1E%K%;Adamts1/* (top left)
and Krit15€K0;Adamts1%~ (top right) littermates and corresponding composite microCT images (bottom). (D) Quantification of CCM lesion volumes (n = 15 from
five litters, Student’s t test). (E and F) Combinatorial endothelial loss of ADAMTS1 and global loss of ADAMTS4 do not reduce CCM lesion burden. Visual
appearance of CCM lesions (E, top), corresponding composite microCT images (E, bottom), and quantification of CCM lesion volumes (F; n = 8-11 from six

litters, ANOVA + Tukey test). (G and H) Genetic rescue of CCM formation with

global loss of Adamts5. MicroCT images of CCM lesions in Ccm2E%0;Adamts5+/~

and Ccm2ECK0;Adamts5~/~ littermates (G) and quantification of CCM lesion volumes (H; n = 7-10 from five litters, ANOVA + Tukey test). Scale bars, 1 mm. Error

bars represent + SEM. Not significant (n.s.), P > 0.05; ***, P < 0.00L

tetO-Adamts5-V5 transgene was crossed to constitutive brain
endothelial-specific Cre and Cre-activated reverse tetracycline-
controlled transactivator (rtTA) transgenes to generate animals
in which ADAMTS5-V5 could be inducibly expressed in BECs
of mice (Slcolcl(BAC)-Cre;LSL-rtTA;tetO-Adamts5; hereafter de-
noted “ADAMTS5BEC-GOF”; Fig. 3 A), independent of changes in
CCM function or the MEKK3-KLF2/4 pathway. Doxycycline ad-
ministration to neonatal ADAMTS5BEC-COF mice resulted in
endothelial-specific expression of V5-tagged ADAMTS5 in the
cerebellum (Fig. 3 B). Gain of endothelial ADAMTSS5 expression
was associated with significantly reduced levels of total versican
(43%) and increased levels of cleaved versican (anti-DPEAAE,

Hong et al.
ADAMTSS proteolysis of versican drives CCM disease

52%) in the white matter of the hindbrain (Fig. 3, C and D), the
major site of CCM genesis. Comparison of versican immuno-
staining revealed that the level of ADAMTS activity observed
in ADAMTS5PEC-COF mice at P4 was similar to that observed in
KritIPEeKO mice (Fig. 3, E and F). Importantly, immunostaining for
KLF4 protein (Fig. 3 G) and quantitative PCR (qPCR) analysis of
KIf2 and KlIf4 mRNA in cerebellar ECs (Fig. 3 H) revealed no change
in the expression of KLF2 and KLF4 with gain of ADAMTS5 ex-
pression. These studies identify a genetic approach by which
functional ADAMTS5 protease can be inducibly expressed in BECs
and reveal that ADAMTS5 does not induce KLF2 and/or KLF4
expression.
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Figure 2. Endothelial loss of ADAMTS5 reduces CCM formation. (A) Schematic representation of Adamts5 targeting construct and strategy to create
Adamts5" and Adamts5R€ alleles. RC denotes recombined allele following Cre activity. F1-R1 and F2-R2 represent primers used for screening and detecting
recombination. (B) Immunostaining of versican in P6 cerebellums from Krit1E<0;Adamts5*/*, Krit1EKO;Adamts5"*, and Krit1E<<O;Adamts5"" mice. Boxed re-
gions are shown at higher magnification to the right. Dotted lines delineate white matter. Asterisks indicate erythrocyte autofluorescence. Scale bars, 150 pm.
(C) Quantitation of versican IntDen along the white matter tracts relative to Krit1=*%;Adamts5*/* (n = 6 from three litters, ANOVA + Tukey test). A.U,, arbitrary
units. (D and E) Genetic rescue of CCM formation with endothelial-specific loss of ADAMTSS. Visual detection of CCM lesions in the hindbrains of P10 lit-
termates (D, top), corresponding composite microCT images (D, bottom), and quantification of CCM lesion volumes (E; n = 8-10 from six litters, ANOVA +
Tukey test). Scale bars, 1 mm. Error bars represent + SEM; *, P < 0.05; **, P < 0.01.
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Figure 3. Characterization of tetO-Adamts5 mice. (A) Schematic representation of the genetic strategy used to generate ADAMTS5BEC-GOF mice in which
doxycycline drives inducible expression of V5-tagged ADAMTSS specifically in BECs. (B) Co-immunostaining of V5 and PECAM (EC marker) in P10 cerebellums
reveals expression of endothelial ADAMTS5-V5 in ADAMTS5BEC-6OF mice compared with littermate controls. Results are representative of n > 3 litters.
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(C) Immunostaining of versican (C, left) and DPEAAE (ADAMTS-cleaved versican; C, right) in serial cerebellar sections of P10 mice. Boxed regions are shown at
higher magnification to the right. Scale bars, 150 um. (D) Quantitation of versican (left) and DPEEAE (right) IntDen along the white matter tracts in
ADAMTS5BEC-GOF mice relative to littermate controls (versican: n = 10-12 from eight litters; DPEEAE: n = 9-12 from seven litters, Student’s t test).
(E and F) Versican immunostaining is reduced in ADAMTS5BEC-GOF mice to an extent comparable to KritIB€XC animals at P4 (E). Scale bars, 100 um.
Quantitation of versican IntDen along cerebellar white matter tracts relative to Slcolcl-Cre;KritI"* mice (F; n = 5 from at least four litters, ANOVA + Tukey test).
(G) Immunostaining for KLF4 in the cerebellar vessels of the white matter at P10. Scale bars: 50 um. Results are representative of n > 3 litters. (H) gPCR
analysis of mMRNA levels of KIf2 and KIf4 in ECs isolated from control and ADAMTS5BEC-GOF P10 cerebellums (n = 4-6 from two litters, Student’s t test). Controls
(B-D, G, and H) were littermate animals carrying one or two of the following alleles: the Cre transgene, the rtTA transgene, or the tetO-Adamts5-V5 allele. Error

bars represent + SEM. Not significant (n.s.), P > 0.05; *, P < 0.05; ***, P < 0.001; ****, P < 0.0001.

Gain of ADAMTS5 expression in BECs confers vascular changes
like those in nascent CCM lesions

To test whether ADAMTSS5 activity is sufficient for CCM lesion
formation, we next characterized the brain vasculature of P4
and P10 ADAMTS5BEC-COF mice with respect to changes that
have been identified as characteristic of CCM lesion formation.
In Sleolcl(BAC)-Cre mice in which the Kritl gene is constitutively
deleted in BECs (Slcolcl(BAC)-Cre;Krit1/f; hereafter denoted
“KritIBECKO”)  CCM lesions arose throughout the brain, but pre-
dominantly localized to the hindbrain. Beginning at P3-P4, the
earliest lesions appeared in the postcapillary venule in the white
matter as vascular dilatations that expanded to become large
blood-filled caverns over the course of several days (Fig. S3). A
second cardinal feature of CCM pathogenesis in the neonatal
mouse model is meningeal venous dilatation (Boulday et al., 2011),
detectable visually and histologically (Fig. S3). Visual analysis of
P10 ADAMTSS5BEC-GOF mice revealed a bloody appearance of the
hindbrain, similar to that seen in the P4 KritIPE¢KC mice (Fig. 4 A,
left), but lacking darker, punctate lesions indicative of mature
CCMs (Fig. S3). Histological analysis identified the cause of this
appearance as dilated blood-filled meningeal vessels in both
models (Fig. 4 A, middle). P10 ADAMTS5BEC-GOF mice also ex-
hibited postcapillary venule dilatation (Fig. 4 A, right) and blood-
filled malformations in the cerebellum identical to the nascent
CCM lesions seen in the early KritIEKO and Krit1BE¢KO models
(Fig. 4 B). These changes, like those observed in KritI®KC (Zhou
et al., 2016b) and KritI®E¢KO animals, were associated with de-
creased perivascular versican and increased abluminal, ADAMTS-
cleaved versican (anti-DPEAAF; Fig. 4 C and Fig. S4). CCM lesions
in humans as well as in the neonatal mouse model have been
associated with a marked increase in EC phosphorylated-myosin
light chain (pMLC; Zhou et al., 2016b) and a loss of associa-
ted pericytes (Tanriover et al., 2013; Zhou et al., 2016a).
ADAMTS5BECCOF animals also exhibited increased endothelial
pMLC (Fig. 4 D) and reduced pericyte coverage (anti-PDGFRB; Fig, 4
E). In contrast to the neonatal Krit/E°K© and KritIPECKC models at later
time points (e.g., P10 in Fig. S3), however, the vascular phenotype
observed in ADAMTS5BEC-GOF mice failed to progress to large dilated
caverns. These results demonstrate that ADAMTS5 overexpression
is sufficient to recapitulate numerous key aspects of early-stage
CCM lesions, but not for development of fully mature cavernomas.

Gain of ADAMTSS5 synergizes with loss of KRIT1 during

CCM formation

The studies described above revealed that ADAMTS5 plays an
important role in CCM formation, but that gain of ADAMTS5
activity alone is not sufficient for full CCM lesion formation. One
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explanation for these findings is that other targets of MEKK3-
KLF2/4 signaling are also required for full lesion progression.
We have recently demonstrated that the gut microbiome is es-
sential to drive MEKK3-KLF2/4 signaling in BECs during CCM
pathogenesis, and that broad-spectrum antibiotic treatment
prevents CCM formation in KritIE°K0 animals (Tang et al., 2017).
Thus, administration of doxycycline, the antibiotic required to
activate ADAMTS5 expression in ADAMTS58EC-GOF animals, is
predicted to also significantly reduce the level of MEKK3-KLF2/4
signaling in BECs and thereby inhibit CCM formation indepen-
dent of any effect on the tetO-Adamts5 transgene. To determine
whether the effect of gain of ADAMTS5 expression is modula-
ted by the level of MEKK3-KLF2/4 signaling, we compared CCM
lesion formation in doxycycline-treated KritI®ECKO and Krit1BECKO,
ADAMTS5BEC-COF littermates in which loss of KRIT1 augments
MEKK3-KLF2/4 signaling. Compared with conventional, suscep-
tible KritIPECKC animals (Fig. 5 A, top row), doxycycline treatment
resulted in a very low CCM lesion burden in KritIPECKO mice
(Fig. 5, A, C, and D), in association with a reduction in total gut
bacterial load as measured by reduced 16S (74%) and gram-
negative Bacteroidetes s24-7 levels (92%; Fig. 5 B). In contrast,
Krit]BECKO,ADAMTS5BEC-COF littermates exhibited a markedly
more severe phenotype, with large hemorrhages and CCM lesions
observed visually (Fig. 5 A) and a significant increase in lesional
(63-fold) and extra-lesional blood (121-fold) volume determined by
quantification of microCT images and histology (Fig. 5, C and D).
Examination of H&E-stained sections confirmed a significant in-
crease in the number and size of vascular lesions in KritIBECKO;
ADAMTS5BEC-COF mice compared with KritIBECKO control litter-
mates (Fig. 5 E). Finally, brain endothelial gain of ADAMTSS
combined with KRIT1 loss resulted in the death of 39% of animals
by P10, compared with only 9% lethality in KritIPECKO littermates
(Fig. 5 F). These studies provide evidence of strong synergy be-
tween KRIT1 loss and ADAMTS5 gain in BECs during CCM for-
mation. The ability of ADAMTSS5 gain of function to amplify CCM
formation in antibiotic-treated animals is consistent with ADAMTS5
functioning downstream of MEKK3-KLF2/4 signaling.

Deficiency of the ADAMTSS5 substrate versican reduces

CCM formation

The ADAMTSS5 protease cleaves proteoglycans including versi-
can, aggrecan, brevican, and neurocan (Stanton et al., 2011). Our
previous studies have shown that CCM lesions arise in the
versican-rich white matter of the brain, and that increased
staining for DPEAAE, a versican neoepitope that is exposed upon
ADAMTS-mediated proteolysis, is detected very early during
CCM lesion formation in Krit/"®° mice (Zhou et al., 2016b; Fig. 4 C).
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Figure 4. Forced expression of ADAMTSS5 in BECs confers a vascular phenotype closely resembling early CCMs. (A) Hindbrains from P10 ADAMTS5BEC-GOF
and P4 Krit1BECKO mice exhibit a similar bloody appearance visually (left). H&E staining reveals dilated, blood-filled meningeal vessels (M; red bars).
Dilated postcapillary venules (PCV; yellow arrows, right) are also detected in the white matter tract of ADAMTS5BEC-6OF and Krit18ECKO animals. Scale
bars, 1 mm (white) and 100 pm (black). Results are representative of n > 4 litters. WM, white matter. (B) A nascent CCM-like vascular phenotype
characterized by dilated, blood-filled postcapillary venules in the white matter of the hindbrain is detected by H&E staining in ADAMTS58EC-GOF byt not
control animals. Higher magnification images are shown on the right. Scale bars, 100 um. Results are representative of n > 4 litters. (C) Co-
immunostaining for versican and DPEEAE (ADAMTS-cleaved versican) with PECAM (EC marker) show similar changes around ADAMTS5BEC-GOF and
Krit1BECKO [esions (white arrows). Asterisks indicate erythrocyte autofluorescence. Scale bars, 50 pm. (D) Anti-pMLC immunostaining in white matter
venules (white arrows) of P4 ADAMTS58EC-GOF and Krit1BECKO animals. Scale bars, 50 um. (E) Anti-PDGFRB (pericyte marker) immunostaining in white
matter venules (white arrows) of P4 ADAMTS5BEC-GOF and Krit1BECKO animals. Scale bars, 50 um. Controls (A-E) were littermate animals carrying one or
two of the following alleles: the Cre transgene, the rtTA transgene, or the tetO-Adamts5-V5 allele. Dotted lines in A and B delineate cerebellar white
matter. Results shown in C-E are representative of three litters.
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Figure 5. Endothelial gain of ADAMTS5 and loss of KRIT1 synergize during CCM formation. (A) Hindbrains from untreated KritI®€KO animals or
doxycycline-treated Krit13EKO and Krit13ECKO; ADAMTS5BEC-COF |ittermate animals at P10. Images from three different doxycycline-treated litters are shown
and representative of seven litters. Scale bars, 1 mm. (B) Relative quantification of neonatal gut bacterial load measured by qPCR of bacterial 165 and
Bacteroidetes s24-7 rRNA gene copies (n = 9 or 10 from at least three litters, Student’s t test). (C) Composite microCT images from the hindbrain (left) and
forebrain (right) of Krit18ECKO and Krit18ECKO; ADAMTSEBEC-GOF |ittermates. (D) Volumetric analysis of lesional and extra-lesional blood. The distinction between
lesional and extra-lesional blood is shown due to the high rate of peri-lesional hemorrhage in Krit188K0; ADAMTS58EC-6OF animals compared with Krit188¢KO
animals (n = 6 or 7 from six litters, Mann-Whitney U test). (E) Visual assessment (left) and corresponding H&E staining (center and right) of the hindbrain
demonstrate an increase in both the size and number of CCM lesions in Krit18EX<O;ADAMTS5BEC-COF mice compared with Krit1BE<KO mice. Higher magnification
images are shown on the right. Scale bars, 1.5 mm (white) and 250 pum (black). Results are representative of three litters. (F) Kaplan-Meier survival curves of
ADAMTS5BEC-GOFKrit1fl/+, Krit1BECKO, and Krit1BECKO;ADAMTS5BEC-GOF mice during the first 10 d of life following doxycycline induction at P1 (n = 23-36 per
group from 19 litters, log-rank test). Error bars represent + SEM; *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.
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These observations, and prior studies implicating ADAMTS5 in the
degradation of versican in the developing heart following endocar-
dial KRIT1 loss (Zhou et al., 2015), suggested that the role of
ADAMTSS5 in CCM lesion formation might be related to proteolytic
cleavage of perivascular versican in the white matter of the brain.
Previous studies have identified two distinct mechanisms by which
ADAMTS-mediated cleavage of versican may alter the behavior of
neighboring cells, loss of a structural matrix protein (Del Monte-
Nieto et al., 2018) and gain of biologically active versican proteolytic
fragments called versikines (Enomoto et al., 2010; McCulloch et al.,
2009b). ADAMTS5-mediated proteolysis of versican could there-
fore support CCM lesion formation either by eliminating a required
structural matrix protein or by generating new peptides with
pathogenic effects (Fig. 6 A). To test the role of versican proteolysis
in CCM formation, and potentially distinguish between these two
possible mechanisms, we compared CCM formation in Krit/E¢KO
mice with normal (Vean*/*) or reduced (Vcan®/+; RC, recombined)
levels of versican. The Vcan®€ allele was generated by recombina-
tion of the Vcanf! allele. VcanR%/R¢ mice exhibit embryonic lethality
at embryonic day (E) 9.5 associated with pericardial edema (Fig. S5
A) as similarly reported for versican-deficient animals (Mjaatvedt
et al., 1998), consistent with a complete loss of versican function. If
ADAMTSS proteolysis of versican confers CCM formation by
eliminating a required structural matrix protein, reduced versican
levels in VcanR¢/* animals would be predicted to increase CCM
lesion formation. Conversely, if ADAMTS5 proteolysis of versican
generates biologically active peptides, VcanR“/* animals would be
predicted to exhibit less CCM lesion formation. We evaluated the
effect of versican loss using constitutive, global Vcan®</* animals
because (i) complete versican deficiency results in early embryonic
lethality (Mjaatvedt et al., 1998), (ii) single-cell RNA sequencing
data indicate that versican is synthesized by non-ECs in the brain
(Vanlandewijck et al., 2018), and (iii) versican protein is long-lived
and slowly depleted following conditional gene deletion after birth
(Kang et al, 2017). Immunostaining of postnatal Vcan*/* and
Vcan®¢/* brains confirmed that loss of one allele of Vcan results in a
significant reduction in versican protein in the white matter (Fig. 6
B), a result consistent with a similar level of versican loss in the
E9.5 VeanR%* embryo (Fig. S5 B). Visual analysis of CCM formation
in KritlEKO;Vean*/+ and KritlEKO;VeanRS/+ neonates revealed a
marked reduction in CCM lesion number and size in KritIE?KO;
VeanR¢/* animals (Fig. 6 C). Blinded microCT quantitation of CCM
lesion volume confirmed a significant (62%) reduction in total le-
sion volume (Fig. 6 D). These findings closely mirror those reported
in a prior study of ADAMTS proteolysis of versican during web
regression in the developing mouse paw (McCulloch et al., 2009b),
and support a mechanism in which ADAMTS5 secreted by CCM-
deficient ECs drives CCM lesion formation by generating bioactive
versican cleavage products rather than simply degrading versican
protein.

Versican cleavage products increase endothelial sprouting and
are detected adjacent to wild-type ECs during CCM lesion
growth

Prior studies have demonstrated biological roles for ADAMTS-
generated versican fragments in several developmental and
disease contexts (Enomoto et al., 2010; Gueye et al., 2017; Hope
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et al., 2016; McCulloch et al., 2009b). Additionally, in vitro
studies have shown that the N- and C-terminal (i.e., G1 and G3;
Fig. 7 A) domains of versican can modulate cell adhesion and
proliferation (Yang et al., 1999; Yee et al., 2007; Zhang et al.,
1998). To test whether versican fragments exert biological ac-
tivity on ECs, we generated lentiviruses to exogenously express
an mCherry vector control, V5-tagged G1 domain, or V5-tagged
G3 domain (Fig. 7 A). To assess the biological function of these
versican fragments, we used the lentiviruses shown in Fig. 7 A
to generate a stable, neomycin-resistant fibroblast (WI-38) cell
line. Analysis of conditioned medium from these cells using
anti-V5 immunoblotting revealed extracellular expression of
both the G1 and G3 peptides (Fig. 7 B). Since CCM disease arises
specifically in highly angiogenic vascular beds such as the ne-
onatal hindbrain and retina (Boulday et al., 2011; DiStefano
et al, 2014; Wiistehube et al, 2010), we performed an
in vitro three-dimensional sprouting assay to determine
whether any of these versican fragments alter angiogenic
endothelial behavior (Nakatsu et al., 2007). After 10 d of EC
coculture with G1-V5 and G3-V5 expressing fibroblasts, both G1
and G3 exposures were associated with a greater number of
sprouts (Fig. 7, C and D), and G3 also associated with increased
branching (Fig. 7, C and E) compared with ECs that were cocul-
tured with fibroblasts expressing mCherry vector. These studies
are consistent with a mechanism in which ADAMTS5 cleavage of
versican releases versikines that exert effects on surrounding ECs.

Recent lineage tracing studies performed by two independent
groups have demonstrated that growing CCM lesions incorpo-
rate large numbers of wild-type ECs (Detter et al., 2018;
Malinverno et al., 2019). These studies provide support for a
powerful cell nonautonomous mechanism in CCM pathogenesis
(Akers et al., 2009), but how loss of CCM function and gain of
MEKK3-KLF2/4 signaling in mutant BECs affects the behavior of
neighboring wild-type ECs remains unexplained. The studies
described above suggested that ADAMTS5 secretion and peri-
vascular generation of versikines might explain how CCM-
deficient ECs alter neighboring wild-type EC behavior during
CCM lesion formation. To further test this hypothesis, we gen-
erated PDGFb-CreERT2;Pdcd10%/~;R26"™C/+ animals in which ECs
express nuclear red fluorescence before, and nuclear green
fluorescence following, Cre-mediated recombination at the
ROSA26 locus. These animals were given a low dose of tamoxifen
at P3 and harvested in late adulthood (P82), allowing for slow
progression of CCM formation (Fig. 7 F). Since prior studies have
demonstrated that the floxed PdcdlO allele is efficiently re-
combined (Chan et al., 2011; Detter et al., 2018; Malinverno et al.,
2019), nuclear red and green fluorescence is likely to label
PDCDI10 wild-type and deficient cells, respectively. To determine
if versican proteolytic products are generated in close proximity
to wild-type cells, immunostaining for DPEAAE was performed
in sections containing mature lesions in PDGFb-CreERT2;
Pdcd10f/-;R267TG/* animals. Anti-DPEEAE staining was de-
tected immediately adjacent to both red, nonrecombined ECs
and green, recombined ECs within CCM lesions (Fig. 7 G).
Quantitative analysis revealed DPEAAE epitope adjacent
to 69% of nonrecombined cells and 72% of recombined cells
(Fig. 7 H). These findings suggest that wild-type ECs are exposed to
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Figure 6. Loss of the ADAMTSS substrate versican reduces CCM lesion formation. (A) Possible mechanisms by which versican proteolysis may contribute
to CCM formation are diagrammed. Versican proteolysis may affect CCM formation through matrix degradation and/or generation of bioactive products. SC,
stromal cells. (B) Versican immunostaining of P10 cerebellums from Vcan*/* and Vcan®</* mice. Scale bar, 150 pm. Images are representative of two inde-
pendent experiments. (C) Visual assessment of hindbrains (top) and microCT images (bottom) of CCM lesions in P10 Krit1EK9;Vcan*/+ and littermate Krit1E<KO;
VcanR/* animals. Scale bars, 1 mm. (D) Blinded microCT quantitation of CCM lesion volume (n = 21-23 from eight litters, Student’s t test). Error bars represent

+ SEM; ****, P < 0.0001

ADAMTS-generated versican fragments to an extent similar to
that of mutant ECs, and that extracellular, abluminal ADAMTS
proteolysis of versican may therefore mediate the cell nonauton-
omous mechanism of CCM formation.

Discussion

Recent studies have identified the microbiome and gain of
MEKK3 signaling as upstream molecular mechanisms of CCM
pathogenesis in a model in which cavernoma formation results
from elevated KLF2 and KLF4 transcription factor expression in
BECs (Tang et al., 2017; Zhou et al., 2016b). However, the events
downstream of KLF2/4 expression that drive CCM formation,
how transcriptional changes in mutant ECs alter the behavior of
neighboring wild-type ECs during CCM lesion growth, and why
CCM lesions arise selectively in the white matter of the CNS
remain open questions. Our studies begin to address these
questions with the identification of gain of ADAMTS5 function
and cleavage of its substrate versican as downstream mecha-
nisms of CCM formation. Causal roles for a secreted protease and
versican proteolysis explain both how wild-type EC behavior
is altered by CCM-deficient ECs and why the versican-rich

Hong et al.
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environment of the brain white matter is selectively affected by
this disease. In addition to insights into CCM disease patho-
genesis, our studies contribute to a growing body of evidence
that ADAMTS cleavage of versican plays central roles in ac-
quired cardiovascular diseases as well as in cardiovascular
development.

The recent findings by two groups that small, early CCM
lesions are composed primarily of CCM-deficient ECs while
larger, more mature CCM lesions contain high numbers of wild-
type ECs highlighted a cell nonautonomous effect in CCM
pathogenesis (Akers et al., 2009; Detter et al., 2018; Malinverno
et al., 2019). However, the molecular basis for such a cell non-
autonomous mechanism was not clear. Prior studies in the de-
veloping mouse and zebrafish heart have demonstrated that
endocardial loss of CCM function results in elevated expression
of ADAMTSS (Zhou et al., 2015), a metalloprotease that specif-
ically cleaves versican and related proteoglycans. In the devel-
oping heart, increased ADAMTS5 expression results in loss of
the versican-rich cardiac jelly that separates endothelial and
myocardial cells and heart failure due to reduced cardiomyocyte
proliferation (Zhou et al., 2015)—a cell nonautonomous effect.
That the cell nonautonomous effects of endothelial CCM loss of
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Figure 7. Versican cleavage products increase endothelial sprouting in vitro and are detected adjacent to wild-type ECs in mature CCM lesions
in vivo. (A) Schematic of the versican protein domain structure and the lentiviral constructs used to express the indicated recombinant versican peptides. The
black arrow marks the canonical ADAMTS cleavage site within the GAGB domain of versican by which the N-terminal “DPEEAE” fragment is generated. The
lentiviral control construct encodes an mCherry fluorescent protein. pLenti-G1 and G3 encode the N- and C-terminal globular domains, respectively, of
versican. All versican peptides are V5-tagged. LTR, long term repeat; NLS, nuclear localization signal; IRES, internal ribosomal entry site; WPRE, woodchuck
posttranscriptional regulatory element; LSP, long signal peptide. (B) V5-immunoblot of conditioned medium collected from WI-38 fibroblasts 48 h post-
lentiviral transduction indicates recombinant G1 and G3 are being secreted. Data are representative of two independent experiments. (C) HUVEC spheroids co-
cultured with lentivirally infected WI-38 fibroblasts 10 d post-sprouting assay. Bright-field micrographs are shown on top. A Canny edge detection algorithm
was applied to the image mask to identify vessel walls for visualization (bottom). Scale bars, 200 um. Results are representative of at least two independent
experiments. (D and E) Quantification of the mean number of sprouts and branch points per bead (n = 125 beads per group, ANOVA + Tukey test).
(F) Schematic of the experimental design in which CCM lesions were generated in PDGFb-CrefR™2,Pdcd10%~;R26"™5/+ mice in a chronic model using low-dose
tamoxifen (TAM). (G) Representative images of lesions from two PDGFb-Cre®R™2; Pdcd10%/~;R26"™6/+ mice in which cells expressing nTom (correlating with
wild-type ECs) and nGFP (correlating with PDCD10-deficient ECs) were identified by endogenous fluorescent signals. Anti-DPEAAE immunostaining was used
to identify ADAMTS-cleaved versican. Note the detection of DPEAAE staining adjacent to numerous nTom* ECs (yellow arrows). Scale bars, 50 pm.
(H) Quantitative analysis of the percentage of nonrecombined (nTom*) or recombined (nGFP*) lesional ECs identified adjacent to areas of positive DPEEAE
staining (n = 233 random high-powered fields from two mice, Student’s t test). Error bars represent + SEM. Not significant (n.s.), P > 0.05; ****, P < 0.0001.
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function in the developing heart and postnatal brain share a
common molecular mechanism is supported by the findings that
endothelial-specific loss of ADAMTS5 rescues CCM formation,
while endothelial-specific gain of ADAMTS5 confers hallmark
CCM-deficient phenotypes, such as postcapillary venule and
meningeal venous dilatation, and vastly augments CCM forma-
tion in the established neonatal model. Loss of pericyte coverage
is a hallmark phenotype associated with both human and mouse
CCMs (Tanriover et al., 2013; Zhou et al., 2016a), and we observe
that ADAMTS5 gain of function alone confers pericyte loss in
brain venules (Fig. 4 E). Thus, it is likely that pericyte loss is a
second cell nonautonomous effect of ADAMTS5-mediated ver-
sican proteolysis during CCM pathogenesis. Together, these
studies identify a conserved molecular mechanism that under-
lies a number of prenatal and postnatal CCM-deficient pheno-
types. However, since gain of ADAMTS5 expression was not
sufficient to confer a fully mature CCM phenotype when
MEKK3-KLF2/4 signaling was suppressed by doxycycline ad-
ministration, it is likely that other, yet to be identified, down-
stream mechanisms also contribute significantly to cavernoma
formation.

ADAMTS5 may cleave proteoglycans other than versican,
e.g., ADAMTSS5 proteolysis of aggrecan has been implicated as an
important mechanism of postnatal cardiovascular disease at
other sites such as the aorta (Cikach et al., 2018; Dupuis et al.,
2019; Fava et al., 2018), but several lines of evidence indicate that
versican is a relevant ADAMTS substrate during CCM forma-
tion. First, immunostaining reveals that versican is highly ex-
pressed in the white matter of the brain where CCM lesions
form in both the neonatal mouse model and in humans (Boulday
et al., 2011; Golden et al., 2015; Hart et al., 2013; Zhou et al.,
2016b), and temporal analysis of CCM formation reveals a
close correlation between an increase in abluminal ADAMTS-
cleaved versican and early lesion genesis (Zhou et al., 2016b).
Second, aggrecan is expressed at much lower levels than versi-
can in the CNS (Vanlandewijck et al., 2018), while combined loss
of both brevican and neurocan, the other two known substrates
of ADAMTSS, is well tolerated (Quaglia et al., 2008). Finally, our
genetic studies demonstrate that reduced levels of versican
significantly impact CCM formation. These findings and the
observations that the phenotypes conferred by gain of
ADAMTSS expression are not associated with changes in KLF2/4
expression support the conclusion that ADAMTS-cleavage of
versican is a key downstream mechanism of CCM formation.
They further suggest that the abundance of perivascular versican
in the white matter of the brain may explain why CCMs form
selectively at that site.

The finding that loss of versican expression reduces, rather
than augments, CCM formation provides unexpected insight
into CCM disease pathogenesis specifically and the role of
ADAMTS-mediated versican proteolysis in cardiovascular de-
velopment and disease more generally. In the context of cardi-
ovascular development, the role of versican-rich matrix has
often been considered to be primarily mechanical. For example,
the versican-rich cardiac jelly that separates the endocardial
and myocardial cell layers in the developing heart is thought
to control ventricular trabeculation by maintaining physical
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separation of these cell types, thereby modulating paracrine
signals between them, such as those mediated by endothelial-
derived neuregulin and cardiomyocyte ErbB receptors (Del
Monte-Nieto et al., 2018). This straightforward, mechanical
paradigm was recently challenged by genetic studies of
ADAMTS protease and versican function during interdigital web
regression that demonstrated that loss of versican worsened,
rather than improved, defects in web regression caused by
ADAMTS protease deficiency (McCulloch et al., 2009b). This
study generated a new model in which ADAMTS-mediated
versican cleavage is proposed to be required to release proteo-
lytic products, termed versikines, with active biological prop-
erties. Our mouse genetic studies reproduce these seminal
genetic findings in the context of a postnatal cerebrovascular
disease, while our cell culture studies suggest that versikines
may exert biological effects on endothelial function. The ob-
servation that wild-type ECs in mature CCM lesions are fre-
quently in contact with versican cleavage products further
supports a cell nonautonomous mechanism in which versican
cleavage products may alter the behavior of wild-type as well as
mutant ECs during CCM lesion growth. Future studies will be
required to more precisely identify the mechanism(s) by which
versican cleavage products affect endothelial function in order
to clearly define their role in CCM lesion formation and perhaps
other cardiovascular disease states.

Materials and methods

Mice

VE-Cadherin-CreFRT? (Wang et al., 2010), Kriti!/? (Mleynek et al.,
2014), Ccm2 (Zheng et al., 2012), Pdcd10%/8 (He et al., 2010),
Adamts4~/~ (Enomoto et al., 2010; McCulloch et al., 2009b),
Adamtsi/fl (Boerboom et al., 2011; Mittaz et al., 2004), Adamtsl~/~
(Lee et al., 2005), Adamts5~/~ (McCulloch et al., 2009a),
Slcolcl(BAC)-Cre (Lang et al., 2011), Vcanf/fl (Choocheep
et al., 2010), and PDGFb-CreERT2 (Claxton et al., 2008) ani-
mals have been previously described. C57BL/6], DBA/2J, Ella®re,
and R26°T7¢ animals were obtained from The Jackson Laboratory.
R26-CAGs-LSL-rtTA3 (LSL-rtTA) animals were obtained from L.E.
Dow. Swiss Webster mice were obtained from Taconic Bio-
sciences. Vcan/* mice were crossed to EIla®™ mice to drive
germline recombination (Vcan®C). Ella®;Vean®®/+ animals were
then crossed to wild-type mice to generate versican-deficient
animals (VcanR%*). All experiments were performed at least
twice using different litters and used littermate controls on a
mixed background unless otherwise indicated.

For neonatal CCM experiments using the VE-Cadherin-
CreERT2;Krit1fl/fl (“Krit1ECKO”) or VE-Cadherin-CreERT2;,Cem2fl/fl
(“Cecm2ECKO”) models, P1 pups were intragastrically injected by
a 30-gauge needle with 40 pg of 4-hydroxytamoxifen (4OHT;
Sigma-Aldrich, H7904) dissolved in 9% ethanol/corn oil vehicle
(50 ul total volume per injection). The solution was freshly
prepared from premeasured 40HT powder for every injection.
The Pl time point was defined by checking experimental
breeding pairs every evening for new litters. The following
morning (P1), pups were injected with 4OHT in a blinded
fashion without knowledge of genotypes. Pups were then
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harvested, as previously described (Zhou et al.,, 2016b), at
specified time points. For the R26-nTnG experiment, PDGFb-
CreERT2:pdcd10f/-;R26T06/+ animals were induced with a sin-
gle intragastric injection of 2 ug of tamoxifen (Sigma-Aldrich,
T5648), dissolved in a 9:1 corn oil to ethanol solution, at P3 and
harvested at P82 as previously described (Detter et al., 2018). All
neonates were induced in a blinded fashion without knowledge of

genotypes.

Generation and characterization of Adamts5 floxed allele

A targeting construct comprised of 1.5 kb flanking homology
arms, floxed exon 3, and a flippase recombination target-flanked
neomycin resistance cassette was synthesized by GenScript.
Exon 3 encodes the catalytic domain of ADAMTSS5 and has been
previously targeted to generate a constitutively null allele
(Stanton et al., 2005). A guide RNA sequence 5'-GGGCTTGGA
TGCATCGATGC-3' targeting exon 3 was cloned into the PX330
plasmid (Addgene, 42230) and a corresponding protospacer
adjacent motif site was mutated on the targeting construct.
V6.5 embryonic stem (ES) cells were targeted by transfection of
targeting construct and PX330 plasmids using XFect for mouse
ES cells (Takara, 631320) followed by G418 selection. Individual
clones were picked, expanded, and characterized by PCR re-
actions, Sanger sequencing, and in vitro Cre recombination.
Chimeras were produced following microinjection of select ES
cells into preimplantation embryos as described below.

To screen transgenic founders, DNA was isolated from F1
germline animals and amplified by PCR using a forward primer
outside of the 5’ homology arm in the Adamts5 genomic locus
and a reverse primer in the NeoR cassette (F1-R1 primers, Fig. 2
A). In vitro Cre recombination reaction was then performed
(NEB, M0298). To verify Cre-mediated recombination in vivo,
DNA samples from 40HT-induced animals and noninduced
KritlE¢KO;Adamts5*/+, KritIE¢K0;Adamts5f/+, and Krit1ECKO;
Adamts5%/f! animals were amplified using primers flanking
the loxP sites around exon 3 of Adamts5 (F2-R2 primers, Fig. 2 A).
All PCR products were separated on an agarose gel and visualized
by ethidium bromide staining.

Generation, characterization, and use of tetO-Adamts5 random
transgenic allele
A mouse Adamts5 open reading frame with C-terminal double V5
epitope tags was synthesized by GenScript and cloned into the
pTRE3G plasmid (Takara, 631168). The plasmid was then linear-
ized, ethanol-precipitated, and used for pronuclear DNA injection
to generate randomly integrated founders as described below.
Founders were initially screened by crossing to R26-rtTA
lines, and the degree of rtTA-mediated transcription was ex-
amined by immunostaining for the V5 epitope tag. tetO-Adamts5
animals were crossed to the Cre-conditional reverse tetracycline-
regulated transactivator (LSL-rtTA) and a constitutive brain
endothelial-specific Cre (Slcolcl(BAC)-Cre) to enable inducible
expression of V5-tagged ADAMTS5 from BECs of mice. To avoid
daily manipulations of the neonatal pups, ADAMTS5 expression
was induced by maintaining the nursing dams on a doxycycline
diet (6 g/kg; Bio-Serv) from PO until the specified time of har-
vest. Pups were also supplemented with a single intragastric
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injection of 200 pg of doxycycline (Sigma-Aldrich, D9891) in
20 pl total volume, administered at P1. Littermate animals car-
rying one or two of the alleles the Cre transgene, the rtTA
transgene, or the tetO-Adamts5 transgene were used as controls
for the gain-of-function (GOF) experiments unless otherwise
stated.

Microinjection and manipulation of mouse embryos

To collect the embryos used to generate the transgenic founders,
6-8-wk-old B6D2 females were super-ovulated via intraperito-
neal injection using 5 IU of pregnant mare serum gonadotropin,
followed 48 h later by 5 IU of human chorionic gonadotropin
(hCG), after which they were mated to B6D2 studs. B6D2 mice
were generated from C57BL/6] females mated to DBA/2J] males.
For embryo transfers, Swiss Webster females were synchro-
nized by using vasectomized males. After collection, embryos
were incubated at 37°C with 5% CO, using potassium-
supplemented SOM media (Millipore, MR-202P-5F) covered
with mineral oil (Millipore, ES-005-C). All the microinjections,
embryo collection, and embryo transfers were performed at
room temperature using CZB-Hepes media.

The zygotes used for DNA injections were collected 13-16 h
after hCG from the ampulla of the oviduct. To remove the cu-
mulus cells from the zygotes, the zygote/cumulus cell complexes
were cultured for 2-3 min at room temperature in CZB-Hepes
media supplemented with 3 mg/ml hyaluronidase. The blasto-
cysts used for ES cell injection were flushed from the uterine
horns 90 h after hCG. Using a glass capillary tubing with fila-
ment (GC100TF-15), the DNA solution was microinjected into
the male pronuclei ~2-3 h after collection. The injected embryos
were further incubated for 2-3 h before they were transferred
into the oviducts of E0.5 pseudo-pregnant recipient females.

For ES cells injections, 10-15 individual ES cells were injected
into the blastocysts using a spiked beveled injection needle
prepared by using a glass capillary tubing without a filament
(GC100T-15). The blastocysts were injected ~1 h after collection
and were transferred into the uterine horns of E2.5 pseudo-
pregnant recipient females 4-5 h after injection.

All the glass capillaries were pulled using a Micropipette
puller model P-97. The injecting pressure was applied using an
Eppendorf Cell Tram Air syringe, and the entire procedure was
performed using an inverted Nikon Eclipse microscope.

Immunohistochemistry and quantification

Tissue samples were fixed in 4% paraformaldehyde (PFA)/PBS
overnight at 4°C, dehydrated to 100% ethanol, and embedded in
paraffin. Sections of 6 pm were used for H&E and immunohis-
tochemistry staining. For frozen sections, tissue samples were
fixed in 4% PFA/PBS overnight and washed through a graded
series of 30% sucrose/PBS solutions before freezing in a 1:1 mix-
ture of 30% sucrose/optimal cutting temperature compound.
Sections of 10 pm were collected, dried overnight, and stored
at -80°C. Cryosections were rehydrated with Tris-buffered
saline/0.1% Tween 20, then subjected to blocking with PBS/
1% BSA/0.3% Triton X-100 for 2 h at room temperature. The
following primary antibodies were used for immunostain-
ing: rabbit anti-versican (1:200, Millipore, AB1033), rabbit
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anti-DPEAAE (1:500, Pierce-Antibodies, PA1-1748A), rabbit
anti-V5 (1:1,000, Abcam, AB9116), rat anti-platelet endothelial
cell adhesion molecule (PECAM; 1:50; HistoBioTec, DIA-310),
mouse anti-KLF4 (1:100, R&D, AF3158), rabbit anti-pMLC2
(1:200, Cell Signaling, 3674S), and goat anti-platelet-derived
growth factor receptor beta (PDGFRB; 1:100, R&D, AF1042).
Littermate control and experimental animal sections were
placed on the same slide and stained at the same time under
identical conditions. Images were acquired with x4, x10, x20,
and x40 objectives on a Nikon 80i Eclipse or an Olympus DP80
microscope at the same exposure times using NIS Elements
Digital Imaging software or Olympus CellSens acquisition
software, respectively. Image] was used for image processing
after data acquisition.

Versican protein and cleaved versican (DPEEAE) were
quantified by measuring the average integrated fluorescence
density (IntDen) of versican or DPEEAE-positive area along the
cerebellar white matter tract. To minimize sampling bias, a
minimum of 10 serial 6-um-thick tissue sections were analyzed
per hindbrain. Quantification for the R26-nTnG experiment was
done by measuring the number of nTom-positive or nGFP-
positive ECs immediately adjacent to DPEAAE-positive staining
over total number of nTom or nGFP cells present within a lesion.
Images taken from randomly selected high-powered fields, con-
taining at least one CCM lesion, were assessed.

EC isolation, RNA isolation, and gene expression analysis

At the specified time points, cerebellar or lung ECs were isolated
by enzymatic digestion followed by separation using magnetic-
activated cell sorting by anti-CD31-conjugated magnetic beads
(MACS MS system, Miltenyi Biotec), as previously described
(Zhou et al., 2016b). The cerebella or a lobe of lung from neonatal
mice were dissected and digested by a mixture of 10 mg/ml
collagenase (Sigma-Aldrich, C0130), 5 mg/ml dispase (Sigma-
Aldrich, D4693), and 1 mg/ml DNase I (Sigma-Aldrich,
10104159001) in DMEM for 30 min at 37°C with gentle shaking.
The digestion was then passed thru a 70-pm strainer (Miltenyi
Biotec), centrifuged, resuspended, and incubated with anti-
CD31-conjugated magnetic beads for 30 min at 4°C. Microbead-
bound cells were then washed, separated, and eluted on MACS MS
columns (Miltenyi Biotec) according to the manufacturer’s
protocol.

Total RNA was extracted from isolated ECs or tissue using
TRIzol Reagent (Life Technologies) and the RNEasy Micro Kit
(Qiagen, 74004) and reverse-transcribed using the SuperScript
IV VILO Master Mix (Thermo Fisher Scientific, 11756050). To
quantify transcript expression levels, real-time PCR was per-
formed using Power SYBR Green PCR Master Mix (Thermo
Fisher Scientific, 4368577). Relative gene expression was nor-
malized to Gapdh levels and calculated using the ddCt method.
The following mouse primers were used: Kif2 forward: 5'-CGC
CTCGGGTTCATTTC-3', KIf2 reverse: 5'-AGCCTATCTTGCCGT
CCTTT-3’; Kif4 forward: 5'-GTGCCCCGACTAACCGTTG-3', Klf4
reverse: 5'-GTCGTTGAACTCCTCGGTCT-3'; Adamts5 (exonl-3)
forward: 5'-CGACCCTCAAGAACTTTTGC-3', Adamts5 (exonl-3)
reverse: 5'-CGTCATGAGAAAGGCCAAGT-3'; Adamts5 (exon2-3)
forward: 5'-AATTGGGCATCTACTTGGCCT-3', Adamts5 (exon2-3)
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reverse: 5 -TGGCTGACGTGCATTTGGA-3'; Adamts5 (exon4-5)
forward: 5'-TGTCTGACCAAGAAGCTGCC-3', Adamts5 (exon4-5)
reverse: 5'-GGTAGGCAAACTGCACTCCT-3'; and Gapdh forward:
5'-AAATGGTGAAGGTCGGTGTGAACG-3', Gapdh reverse: 5'-ATC
TCCACTTTGCCACTGC-3'.

Bacterial DNA extraction and bacterial ribosomal DNA qPCR
Neonatal guts were dissected, snap-frozen, and stored at -80°C.
As previously described (Tang et al., 2017), the QIAmp DNA
Stool Mini Kit (Qiagen, 51504 or 51604) was used to extract
bacterial DNA from the gut samples. Prior to following the
manufacturer’s protocol, samples were mixed with stool lysis
buffer provided by the Qiagen kit and homogenized with a
TissueLyser LT (Qiagen, 69980) at 50 Hz for 10 min at 4°C. The
concentration of isolated DNA was equalized, and qPCR was
performed with 16 ng of DNA per reaction. The following pri-
mers were used: Universal 16S rRNA forward: 5-ACTGAG
AYACGGYCCA-3’, Universal 16S rRNA reverse: 5'-TTACCGCGG
CTGCTGGC-3’; and Bacteroidetes s24-7 rRNA forward: 5'-GGA
GAGTACCCGGAGAAAAAGC-3’, Bacteroidetes s24-7 rRNA re-
verse: 5'-TTCCGCATACTTCTCGCCCA-3'.

Quantification of CCM lesion burden and extra-lesional
bleeding

For all experiments using microCT quantification of CCM lesion
volume, brains were harvested and placed in 4% PFA/PBS.
Brains remained in fixative until staining with nondestructive
iodine contrast and subsequent microCT imaging performed as
previously described (Girard et al., 2016).

Experiments where brains had observable hemorrhage (e.g.,
KritIBECKO; ADAMTSSPEC-GOF) were subject to further analysis.
For each mouse, the total blood volume (lesional + extra-le-
sional) was determine by microCT. Since extra-lesional bleeding
cannot be distinguished from blood within caverns on microCT,
histological analysis was used. With PECAM immunostaining,
ECs were delineated on the largest sections of index lesions
identified on microCT. Bleeding was identified on the respective
histological images, and the area of extra-lesional blood (not
confined by endothelium lining) and the lesional area (including
any blood confined within endothelium lined caverns) were
measured using the polygon area function of an Olympus DP2-
SAL standalone connection kit attached to an Olympus DP22
digital camera mounted on top of an Olympus CX41 microscope.

Tissue processing, imaging, and volumetric quantification
were performed in a blinded manner by investigators at the
University of Chicago without prior knowledge of genotype or
experimental details.

Cloning and generation of recombinant lentiviruses

To generate recombinant versican Gl or G3 domain-containing
peptides, sequences for mouse Vcan exons 2-6 were used (which
includes the endogenous signal peptide) for the Gl domain
(N-terminal), and exons 9-14 preceded by an IL-2 signal peptide
were used for the G3 domain (C-terminal). A 2x V5 epitope tag
sequence was added immediately before the termination codon.
A control mCherry fusion protein construct bearing 2x SV40
NLS was also generated. The described constructs were ordered
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as gene blocks from Integrative DNA Technologies, double-
digested with BamHI and Mlul restriction enzymes, cloned into
the pLV-EIFla-IRES-Neo lentiviral plasmid (Addgene), and ver-
ified by Sanger sequencing. Viral particles were generated by
triple transfection of Lenti-X 293T cell line (Takara, 632180)
using FUGENE 6 (Promega, E2691) with the transfer vector
carrying the gene of interest, the psPAX2 packaging vector, and
the pMD2.G envelope vector. This mixture was removed 24 h
later and replaced with complete medium. 48, 72, and 96 h after
initial transfection, the supernatant with viral particles was
collected, pooled, and filtered through a 0.45-pm filter (Milli-
pore). Viral supernatant was then concentrated using Lenti-X
Concentrator (Takara, 631232) and titered using Lenti-X qRT-
PCR Titration Kit (Takara, 631235). The virus was stored at
-80°C until use.

Generation of cell lines and 3D sprouting assay

To generate WI-38 lung fibroblasts (American Type Culture
Collection, CCL-75) expressing either mCherry, G1-V5, or G3-VS5,
WI-38 cells were transduced with the recombinant lentiviruses
described above. The lentiviruses were resuspended in
antibiotic-free Eagle’s Minimum Essential Medium supple-
mented with 10% FBS and 10 pg/ml polybrene and added to
target cells. This mixture was removed 24 h later and replaced
with complete medium. Conditioned media was collected 48 h
post-transduction, and samples were analyzed for secretion by
Western blotting using anti-V5 (1:1,000, Cell Signaling, 13202)
and IRDye 800CW goat anti-rabbit (Licor) secondary antibody.
72 h after transduction, lentivirally transduced cells were se-
lected in 500 pg/ml of G418 for 10 d with medium containing
selection antibiotic replaced every 2 d.

Stable WI-38 cells that expressed mCherry, G1-V5, or G3-V5
were co-cultured with human umbilical vein ECs (HUVECs;
Lonza, C2519A) in a three-dimensional sprouting assay as pre-
viously described (Nakatsu et al., 2007). Briefly, HUVECs were
coated onto Cytodex 3 microcarrier beads (GE Healthcare,
17-0485-01; 106 HUVECs/2,500 beads) overnight and subse-
quently embedded into a fibrin gel (generated by the addition of
thrombin to a fibrinogen/bead suspension). The lentivirally
transduced WI-38 cells were then seeded on top of the fibrin gel
at a concentration of 20,000 cells per well. The fibrin gel co-
cultures were grown in endothelial basal medium supplemented
with EGM-2 SingleQuot Kit (Lonza) and maintained for 10 d.
Bright-field images of HUVEC spheroids were taken using a
Nikon Eclipse Ti inverted microscope (x10 objective, NIS Ele-
ments Digital Imaging software), and images were analyzed by
quantifying the number of sprouts and branch points per bead
on Image]. A Canny-Deriche edge detection filter was applied to
images using an ImageJ plugin for visualization purposes (seen
in Fig. 7 C).

Statistics

All experimental and control animals were littermates, unless
otherwise specified, and none were excluded from analysis at
the time of harvest. Experimental animals were lost or excluded
at two predefined points: (i) failure to properly inject the inducing
agent (40HT, tamoxifen, or doxycycline) and observation of
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significant leakage; and (ii) death before time of harvest due to
injection. Sample sizes were estimated based on our prior
experience with the neonatal CCM model and microCT
quantification of lesion volume, as previously described (Tang
et al., 2017; Zhou et al., 2016b). All data were analyzed with
GraphPad Prism (version 7) and represented as mean + SEM. P
values were calculated using an unpaired two-tailed Student’s
t test or one-way ANOVA plus Tukey post hoc analysis as in-
dicated. Mann-Whitney nonparametric U tests were used for
experiments that did not satisfy normality tests. A log-rank
test was used to assess the Kaplan-Meier survival curves. P
values <0.05 were considered statistically significant and are
denoted as follows: *, P < 0.05; **, P < 0.01; ***, P < 0.001; and
¥ P < 0.0001.

Animal study approval

The global Adamts5 genetic rescue experiment was conducted
with the approval of The Sydney Local Health District Animal
Welfare Committee and according to the guidelines/regulations
of Centenary Institute and the University of Sydney. The R26-
nTnG experiment was performed in accordance with the Duke
University Institutional Animal Care and Use Committee. All
remaining animal experiments described were performed in
accordance and approval of the University of Pennsylvania In-
stitutional Animal Care and Use Committee.

Online supplemental material

Fig. S1 shows data regarding the characterization of the Adamts5
floxed allele, including recombination both in vitro and in vivo,
unaffected cerebellar Adamts5 mRNA levels with retention of the
neo-cassette in noninduced animals, and deletion efficiency in
isolated lung ECs. Fig. S2 shows versican levels are not signif-
icantly changed with combinatorial loss of ADAMTS1 and
ADAMTS4 in KritIE°X© mice. Fig. S3 shows the progression of
CCM formation in the KritI®E¢XO model from P3-P10. Fig. S4
shows additional images of versican and DPEEAE staining in
adjacent sections taken from ADAMTS5BEC-COF animals. Fig. S5
shows the characterization of the VcanRC allele.
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Figure S1. Characterization of Adamts5® mice. (A) In vitro Cre recombination of the Adamts5" allele performed on PCR products from four F1 germline
Adamts5® animals. Note the generation of a smaller band (~2 kb) with Cre exposure indicative of recombination. Primers outside of the arm of homology and in
the NeoR cassette (F1-R1, Fig. 2 A) were used. (B) In vivo Cre recombination assessed in 4OHT-induced and noninduced Krit1*“*O;Adamts5+/*, Krit1F°<O;
Adamts5%+, and Krit1°KO;Adamts51/f animals by PCR of tail DNA. Primers flanking the floxed region (F2-R2, Fig. 2 A) of the Adamts5™ allele were used to detect
Cre recombination (at 288 bp). (C) gPCR analysis of Adamts5 mRNA levels in the hindbrain of P10 animals in the absence of Cre recombination (by three distinct
primer sets; n = 5 or 6 from at least three litters, ANOVA + Tukey test). Results are presented relative to Adamts5*/* mice. (D) qPCR analysis of Adamts5 mRNA
levels in lung ECs isolated from 40HT-induced animals at P10 using the exonl1-3 primer set (n = 3 or 4 from two litters, Student’s t test). Error bars represent +
SEM. Not significant (n.s.), P > 0.05; ***, P < 0.001.
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Figure S2. Combinatorial loss of ADAMTS1 and ADAMTS4 does not alter versican levels. (A) Versican immunostaining of cerebellums from P6 littermate
animals. Boxed regions are shown at higher magnification to the right. Dotted lines delineate white matter. Scale bars, 150 um. (B) Quantitation of versican
IntDen along white matter tracts relative to Krit1®*%;Adamts1;Adamts4*/+ mice (n = 3 or 4 from three litters, ANOVA + Tukey test). Error bars represent +
SEM. Not significant (n.s.), P > 0.05.
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Figure S3.  CCM lesion progression in the Krit13E<K° model. Key characteristics of lesions formed in the constitutive BEC-specific CCM knockout model.
Vascular malformations are first detected at P3 as dilated venules (white arrow) in the cerebellar white matter (yellow dotted line) and grow to become large,
blood-filled caverns by P10. Black arrowheads indicate multiple, small lesions formed at P4. CCM-deficient animals also exhibit characteristic dilatation of
meningeal vessels (M, red bar). Asterisks mark trapped intravascular erythrocytes. Scale bars, 1 mm (white) and 150 um (black).

Hong et al. Journal of Experimental Medicine
ADAMTSS proteolysis of versican drives CCM disease https://doi.org/10.1084/jem.20200140

S2

620z Jequiede( G0 uo 3senb Aq 4pd 017100202 Wel/zz1L£z81/071002028/01/L1Z/4Ppd-8jomie/wal/Bi0 sseidni//:dny woly pepeojumoq


https://doi.org/10.1084/jem.20200140

Versican/DAPI | | DPEAAE/DAPI

Control

ADAMTS58EC60F

P10 littermates

Figure S4. Additional immunohistochemical characterization of ADAMTS5BEC-COF animals. Versican and DPEAAE immunostaining in adjacent serial
sections of P10 cerebellums. Controls were littermate animals carrying one or two of the following alleles: the Cre transgene, the rtTA transgene, or the tetO-
Adamts5-V5 allele. White arrows indicate vascular changes within the white matter tract closely resembling nascent CCM lesions. Asterisks indicate erythrocyte
autofluorescence. Scale bars, 50 um.
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Figure S5. Characterization of the Vcan®¢ allele. (A) Visual appearance of E9.5 control, VcanR%*, and VcanR“/RC embryos. Scale bars, 500 pm. Note
VcanRS/RE embryos are severely runted and exhibit pericardial edema compared with littermate controls. (B) Versican immunostaining in E9.5 VcanR</RC and
littermate control hearts. Scale bars, 100 um. Images are representative of two independent experiments.
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