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SUMMARY

Members of a disintegrin and metalloproteinases with thrombospondin motif
(ADAMTS) family have been implicated in various vascular diseases. However,
their functional roles in early embryonic vascular development are unknown. In
this study, we showed that Adamts18 is highly expressed at E11.5-E14.5 in cells
surrounding the embryonic aortic arch (AOAR) and the common carotid artery
(CCA) during branchial arch artery development in mice. Adamts18 deficiency
was found to cause abnormal development of AOAR, CCA, and the third and
fourth branchial arch appendages, leading to hypoplastic carotid body, thymus,
and variation of middle cerebral artery. Adamts18 was shown to affect the accu-
mulation of extracellular matrix (ECM) components, in particular fibronectin (Fn),
around AOAR and CCA. As a result of increased Fn accumulation, the Notch3
signaling pathway was activated to promote the differentiation of cranial neural
crest cells (CNCCs) to vascular smooth muscle cells. These data indicate that
Adamts18-mediated ECM homeostasis is crucial for the differentiation of CNCCs.

INTRODUCTION

Extracellular matrix (ECM) is a highly dynamic structure composed of collagens, elastin, fibronectin (Fn), laminins,
proteoglycans (e.g.,versican and aggrecan), and polysaccharides. ECM components are constantly modified,
degraded, andre-deposited (Theocharis etal., 2016). This process is referred to as remodeling. It has been shown
that abnormal ECM remodeling leads to unregulated cell proliferation, differentiation, and adhesion (Lu et al.,
2011), resulting in developmental defects (Mongiat et al., 2016; Lu et al., 2011). Metalloproteases, such as matrix
metalloproteinases (MMPs), a disintegrin and metalloproteinases (ADAMs), and ADAMs with thrombospondin
motifs (ADAMTSs) have the ability to cleave various components of ECM (Lu et al., 2011). However, ADAMTSs
differ from MMPs and ADAMs in function, binding and anchoring properties, substrate recognition, and
longevity. Investigation of ADAMTS-mediated ECM homeostasis would aid in the understanding of the patho-
genesis of certain congenital vascular malformation and related diseases.

ADAMTSs are a group of 19 secreted metalloproteinases with major roles in development, morphogen-
esis, and tissue repair via the assembly and degradation of ECM (Kelwick et al., 2015; Apte, 2009). Recent
studies showed that ADAMTS members participate in cardiovascular physiology and diseases (Santamaria
and de Groot, 2020), such as the development of blood vessels and heart valves, atherosclerosis, pulmo-
nary arterial hypertension, and aneurysm. ADAMTS-1, -4, -5, -8, -9, -15, and -20 are involved in the degra-
dation of hyalectans, including aggrecan, versican, and brevican. ADAMTS-1 promotes atherogenesis by
cleaving versican and inducing vascular smooth muscle cell (VSMC) migration (Jonsson-Rylander et al.,
2005). Adamts1 haploinsufficient mice challenged with angiotensin Il have been shown to develop thoracic
aortic aneurysm formation (Oller et al., 2017). Loss of ADAMTS-4 is associated with attenuated atheroscle-
rosis in apolipoprotein E-deficient mice on high-fat diet, resulting in a more stable plaque phenotype with
reduced lipid content and number of macrophages (Ren et al., 2017). ADAMTS-5 has been shown to modu-
late vascular proteoglycan turnover and lipoprotein retention in murine atherosclerosis (Didangelos et al.,
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ADAMTS-18, an orphan ADAMTS, is less understood in its functions and substrate profiles. In humans,
ADAMTS-18 mutations have been linked to various malignancies (Jin et al., 2007), developmental eye dis-
orders (Aldahmesh et al., 2013; Peluso et al., 2013; Aldahmesh et al., 2011), reduced bone mineral density
(Xiong et al., 2009), and aberrant white matter integrity (Lopez et al., 2012). We have recently created an
Adamts18-deficient zebrafish model using morpholino antisense oligonucleotides to generate exon 3 skip-
ped adamts18 mRNA transcripts (Lu et al., 2020b). With this model, Adamts18 was found to be involved in
early vascular formations. However, mechanisms of such regulation remain largely unknown. In this study,
we used Adamts18 knockout (Adamts18~/7) mice to investigate the role of Adamts18 in vascular develop-
ment and found that Adamts18 modulates the differentiation fate of cranial neural crest cells (CNCCs) into
VSMCs by affecting ECM homeostasis, in particular Fn abundance.

RESULTS

Expression of Adamts18 in mouse branchial arch arteries

The presence of Adamts18 mRNA in mouse branchial arch arteries between E10.5 and postnatal day 1 (P1)
was determined by in situ hybridization (Figure 1A). At E10.5, Adamts18 mRNA was detected near the dor-
sal arch artery (DoA) but was barely seen around the third (third) and fourth (fourth) branchial arch arteries.
Adamts18 mRNA levels were increased along with branchial arch artery development. From E11.5to E14.5,
Adamts18 mRNA was abundant in cells (mesenchymal cells and fibroblasts) (Figure S1) surrounding the
aortic arch (AOAR), common carotid artery (CCA), thymus primordium, trachea, and esophagus. Adamts18
mRNA levels were decreased at the end of gestation. AtE16.5, Adamts 18 mRNA was very low in abundance
and was detected only in cells of the outer layer of the CCA. At P1, Adamts18 mRNA was undetectable in
the CCA. These results suggest that Adamts18 is a phase-specific gene and is highly expressed at E11.5-
E14.5 during branchial arch artery development in mice (Figure 1B).

Adamts18 deficiency leading to malformation of the aortic arch and the carotid artery system
The effect of Adamts18 on morphological transformation of branchial arch arteries was then examined.
From E10.5 to E12.5, the development of the third, fourth, and sixth branchial arch arteries was similar,
and these arteries were connected to the dorsal artery normally. There was no significant difference in
the pattern of the third and fourth branchial arch arteries to the AOAR and CCA in the embryos of both
Adamts18** and Adamts18~/~ mice as observed by intracardiac injection of India ink (Figure 2A). After
E13.5, both innominate artery (IA) and left common carotid artery (L-CCA) were extended out from the
AOAR, but the interval between them was significantly broad in Adamts18™~~ mice compared to
Adamts18"* mice. The CCA was found to bifurcate to become internal and external carotid arteries
(ICA-ECA) at the upper end of the larynx in adult Adamts18** mice. However, abnormal carotid bifurcation
was observed near the heart apart from the upper end of the larynx in all Adamts18~/~ mice (Figure 2B).
Cardiovascular casting confirmed that Adamts18 deficiency results in increased interval between IA and
L-CCA and reduced length of CCA between the beginning of the AOAR and the branch point of ICA-
ECA (Figures 2C-2E).

Carotid body defect and hypoplastic thymus in Adamts18/~ mice

The carotid body (CB) is situated in the carotid artery bifurcation in close proximity to the superior cervical
ganglion (SCG) of the sympathetic trunk (Clarke and de Burgh Daly, 1981). All Adamts18~/~ mice had no CB
at the bifurcation site. In contrast, CB was found in Adamts18*/* mice in both left and right sides of the ca-
rotid artery (Figure 3A). Consecutive sections of the CB from Adamts18"* mice at E18.5 showed that the
CB always joins with the SCG of the sympathetic trunk (Figure 3B, upper panel). However, no cells stream-
ing toward the carotid artery and no CB were detected in Adamts18~/~ mice. Immunostaining of neurons of
the SCG and glomus cells of CB with anti-tyrosine hydroxylase (TH) antibody revealed that TH-positive
nerve fibers were densely distributed in both the SCG and CB of E16.5 Adamts18** mice (Figure 3B, lower
panel); however, only the SCG of Adamts18~"~ embryos displayed the presence of tyrosine hydroxylase.

The thymus is derived from the third branchial arch that is attached to the AOAR. From E14.5 to 9 months,
the thymus of each Adamts18* mouse was appressed and plumped with a smooth contour, whereas that
of each Adamts18~/~ mouse was separated with a tipped contour (Figure 3C). The Adamts18™* thymus,
viewed from the ventral side, was found to cover the AOAR, CCA, and trachea at E14.5 and E16.5; however,
Adamts18~/~ thymus was ectopic and did not cover the AOAR (Figure 3D). There was a significant decrease
in the ratio of the thymus to body weight of Adamts18~/~ mice at the time points of 2 weeks, 5 weeks, and 7
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Figure 1. Expression of Adamts18 in mouse branchial arch arteries

(A) ISH-positive signals are shown as pink dots in cells. Sagittal sections: E10.5 (a), E11.5 (b), E14.5 (i); transverse sections: E12.5 (c), E13 (e, f), E13.5(g), E14.5
(h, ), E16.5 (k), and P1(l). 3rd, third branchial arch arteries; 4th, fourth branchial arch arteries; DoA, dorsal artery; TR, trachea; E, esophagus; T, thymus
primordium; AOAR, aortic arch; L(R)-CCA, left (right) common carotid artery. Scale bar represents 50 um for E14.5; 100 pm for E10.5, E11.5, E16.5, and P1; and
200 pm for E12.5, E13, and E13.5 images.

(B) Schematic diagram of the spatio-temporal expression pattern of Adamts18 mRNA at different stages of branchial arch artery development in mice.
These experiments were repeated independently at least three times.

See also Figure S1 and Table S1.

to 9 months (Figure 3E). However, the ratio of tissue CD4" to CD8" cells was comparable between the two
genotypes of mice (Figure 3F). There was no apparent abnormality in the thyroids and parathyroids of
Adamts18~/~ mice (data not shown).

Alterations of middle cerebral artery branch pattern in Adamts18~/~ mice

The middle cerebral artery (MCA) is the major terminal branch of the internal carotid artery (ICA) that sup-
plies the neocortex and basal ganglia. To investigate whether Adamts18 deficiency affects MCA morpho-
genesis, cerebral vascular casting was performed to show MCA branching pattern. Results showed that
Adamts18~/~ mice had increased number of deep branches but had decreased number of cortical
branches in the MCA (Figures 4A-4C). To determine whether the alteration in MCA branch pattern in
Adamts18~/~ mice affects cerebral infarction, transient MCA occlusion (tMCAQ) was performed. Results
showed that the cerebral infarcted areas in 8-week-old Adamts18~~ mice were significantly different
from those of Adamts18™ littermates (Figure 4D). The cerebral infarcted areas in Adamts18** mice
were mainly restricted to the caudate and putamen (basal ganglia) and were not seen in the neocortex,
probably because ischemic cortical tissue is salvaged by collateral blood supply and reperfusion

iScience 24, 102672, June 25, 2021 3
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Figure 2. Correlation between Adamts18 deficiency and hypogenesis of the carotid artery system

(A and B) Representative images of the arch artery visualized by intracardiac ink injection at E10.5, E11.5, E12, E12.5 (A) and the carotid artery in wild-type
(Adamts18*/*) and Adamts18” mice (A, E13.5 and E14.5; and B, 8-week-old mice). DOA, dorsal artery; H, heart; third, fourth, and sixth, third, fourth, and sixth
branchial arch arteries; TC, thyroid cartilage; ECA, external carotid artery; ICA, internal carotid artery; AOAR, aortic arch; RSCA, right subclavian artery. Scale
bar, 2 mm. Numbers of embryos of each genotype per group in (A) are indicated. Numbers of mice used for vascular genotype analysis (B) were 192 for

Adamts18™* mice (n = 192) and 156 for Adamts18~/~ mice (n = 156). Equal numbers of male and female mice (two weeks or older) were used for vascular
genotype analysis. All Adamts18~/~
(C) Representative images of cardiovascular system casting in 8-week-old male Adamts18™* and Adamts18~~ mice.

(D and E) Determination of the distance between innominate artery and L-CCA (D) and the length of CCA from ascending aortic arch starting point to

ICA-ECA branch point (E) in Adamts18** and Adamts18~/~ mice. Results are expressed as mean £ SD (n = 4/group); *p < 0.05; **p < 0.01; two-tailed
Student's t-test.

mice, regardless of sex, had developmental vascular malformation.
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Figure 3. Carotid body defect and hypoplastic thymus in Adamts18 /" mice

(A) Representative images of carotid body in 8-week-old mice. Left view (a, ¢) and right view (b, d) of carotid body in Adamts18** and Adamts18” mice.
Numbers of male and female mice used for carotid body analysis are the same as those described in Figure 1B.

(B) Histologic examination of carotid body. Upper images: representative images of hematoxylin-eosin (HE)-stained carotid body sections of Adamts18*/*
(a) and Adamts18” mice (c) at E18.5. Lower images: immunohistochemical staining of tyrosine hydroxylase (TH) in embryonic (E16.5) Adamts18** (b) and
Adamts18” mice (d). All sections are consecutive transverse sections. CCA, common carotid artery; ECA, external carotid artery; ICA, internal carotid artery;
SCG, superior cervical ganglion; CB, carotid body. Scale bar, 100 pm.

(C) Representative images of thymus in Adamts18"* and Adamts18~/~ mice at indicated development and growth stages. The green dotted ovals indicate
the thymus.

iScience 24, 102672, June 25, 2021 5
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Figure 3. Continued

(D) Representative images of modified Masson’s Trichrome-stained thorax sections of Adamts 18"+ and Adamts 18/~ mice at E14.5and E16.5. L(R)-CCA, left
(right) common carotid artery; TR, trachea. Scale bar, 200 um.

(E) Thymus weight-to-body weight ratio (%) at different time points. Each dot or square represents one individual; data means are shown with solid horizontal
lines.

Data are expressed as mean + SD. Statistical significance: *p < 0.05; **p < 0.01; ***p < 0.001; two-tailed Student's t-test.

(F) Ratio of CD4+ cells to CD8" cells at indicated development stages. Data are expressed as mean + SD (n = 5/group).

(Memezawa et al., 1992). There was a sharp boundary between the cortex and the basal ganglia in
Adamts18** mice. In contrast, the cerebral infarcted areas in Adamts18~/~
the cortex and spread to the basal ganglia, and there was no obvious boundary between the cortex and
the basal ganglia. The neurological severity score of Adamts18™/* mice was significantly higher than that
of Adamts18~/~ mice due to damage in deep brain regions (Figure 4E). Magnetic resonance imaging after
reperfusion at 1.5 h, 7 h, and 24 h (Figure S2) revealed that the cerebral infarcted areas in Adamts18*/*
brains were in the basal ganglia at 1.5 h and that the diffusion of penumbra was impeded by the boundary
between the cortex and the basal ganglia. However, the diffusion of penumbra from the cortex to the basal
ganglia completely lacked boundary in Adamts18~/~ mice. MCA branching pattern and cerebral infarcted
areas are illustrated in Figure 4F based on these findings.

mice were mainly located in

Expression of ECM-related molecules in cervicothoracic vascular tissue of Adamts18~/~ mice

To investigate the underlying mechanisms by which Adamts18 affects the development of AOAR and CCA, the
expression of major ECM molecules in cervicothoracic vascular tissue at E14.5 was examined. The mRNA levels of
Fn1, Fbn2, and Col1a2 were found to be increased, and those of Lnb 1 were decreased in Adamts18~/~ cervico-
thoracic vascular tissue (Figure 5A). A previous study showed that Adamts18 cleaves Fn at its N-terminal end to
release a fragment of approximately 30 kDa (Ataca et al., 2020). In Adamts18"* mice, Fn was found to distribute
in the vascular wall, and increased Fn deposition was observed around the CCA, trachea, and thymus that ex-
pressed Adamts18 (Figure 1A) in Adamts18~/~ mice (Figures 5B-a,b). Compared with Adamts18™* CCA, the
level of Fon1 protein in Adamts 18—/~ CCAwas significantly increased (Figures 5C and 5E). Hart's staining showed
that the number of elastic fiber layers was increased in the CCA of neonatal Adamts18~~ mice (Figure 5D). Adult
Adamts18~/~ mice exhibited significantly reduced carotid artery blood pressure as determined with a Doppler
flow meter (Figure 5F). The expression areas of collagen, laminin, aggrecan, and versican in Adamts18~/~ CCAat
E14.5 or P1 were also shown (Figures S3-S5).

Expression of EMT-related molecules in cervicothoracic vascular tissue of Adamts18~/~ mice
As the change in the abundance of ECM molecules suggests the occurrence of epithelial-mesenchymal
transition (EMT), mRNA levels of several key EMT molecules were determined, including those of transcrip-
tion factors (e.g., Snaill and Snail2), cell surface proteins (e.g., Cdh1, Cdh2, Itgav, and ltgb 1), and cytoskel-
etal markers (e.g., Vim, Krt8, Krt18, and Fsp1). Results showed that the expression of Cdh2 was significantly
increased and that of Krt8 was decreased in E14.5 Adamts18™/~ cervicothoracic tissue. No significant
change in mRNA levels of other EMT-related molecules was observed (Table S3).

Expression of DiGeorge syndrome and vascular development-related molecules in
cervicothoracic vascular tissue of Adamts18~/~ mice

DiGeorge syndrome (DGS) is a human genetic disorder due to a hemizygous microdeletion of chromo-
some 22q11.2 (TBX1), resulting in abnormal migration and distribution of the neural crest cells originated
from the third and fourth pharyngeal sacs and hypoplasia of multiple organs, such as the cardiac outflow
tract, AOAR, and thymus (Epstein, 2001). To investigate the effect of Adamts18 deficiency on the expres-
sion of DGS-related molecules, mRNA levels of Tbx1, Gbx2, Srf, and Tgfb1 were determined. The mRNA
levels of molecules associated with vascular development (e.g., Lims1; transcription factors Ascl1 and
Hoxa3; and Hippo pathway molecules Yap and Taz) in cervicothoracic vascular tissues at E14.5 were also
assessed (Table S4). Results showed that the expression of CNCC patterning-related gene Gbx2 and Notch
signaling pathway-related gene AsclT was significantly upregulated.

Activated Notch3 signaling and increased differentiation of CNCCs into VSMCs in
Adamts18 ™/~ CCA

Examination of the expression of Notch-related genes showed that mRNA levels of Notch3, Hes5, Hey2,
and Acta2 were significantly increased (Figure 6A). By western blotting, protein levels of the Notch3
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Figure 4. Alterations of middle cerebral artery branch pattern in Adamts18~/~ mice

(A) Representative images of intracranial middle cerebral artery (MCA) branches in Adamts18™* and Adamts18/~ mice. ECA, external carotid artery; ICA,
internal carotid artery; ACA, anterior cerebral artery; PCA, posterior cerebral artery; PPA, pterygopalatine artery; V-BA, vertebral basilar artery. Scale bar
represents 2 mm and 5 mm, respectively.

(B and C) Quantification of the number of MCA cortical branches (B) and deep branches (C) in the different genotypes. Second, secondary vascular level;
third, third vascular level. Data are expressed as mean + SD (n = 7-8/group), ***p < 0.001; two-tailed Student’s t-test.
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Figure 4. Continued

(D) Representative images of the cerebral infarcted areas in Adamts18** and Adamts18~~ mice. Mouse brains were dissected and stained with
triphenyltetrazolium chloride (TTC). White, infarction area.

(E) Quantification of the severity of neurological defect as described in methods. Data are expressed as mean + SD (n = 7-8/group),***p < 0.001; two-tailed
Student's t-test.

(F) Diagram of predicted MCA branch and infarction areas. Pentagram represents blocked site; (1) cortical branches of ACA,; (2) central branches of ACA; (3)
cortical branches of MCA; (4) central branches of MCA.

See also Figure S2.

intracellular domain N3ICD and its downstream targets Hes5 and Hey2 were found to be significantly
elevated in Adamts18~/~ CCA (Figures 6B and 6C). Immunofluorescence staining showed that the expres-
sion of a-Sma (Acta2), a marker of vascular smooth muscle, was significantly increased in all stages of CCA
development in Adamts18~/~ mice compared to Adamts18™* mice (Figures 4D and 6E).

DISCUSSION

In this study, we demonstrated that Adamts18 is expressed in cells (mesenchymal cells and fibroblasts)
around the AOAR and the CCA when CNCCs differentiate into VSMCs in mice. Adamts18 deficiency
was found to cause ECM remodeling, in particular, increased Fn accumulation, thus activating the Notch3
signaling pathway (Figure 7). These actions affected the differentiation fate of neural crest cells into VSMCs
and the development of the AOAR and the CCA from the third and fourth branchial arch great vessels and
their derivatives (e.g., CB and thymus). Our results are complementary to those of Ataca et al. who found
that Adamts18 deficiency results in congenital disorders of the lens, lung, and female reproductive tract
(Ataca et al., 2016).

Adamts18 expression pattern and the development of the AOAR and the CCA

Vasculature formation is triggered by multiple factors or events including growth factors, remodeling and
degradation of ECM components by metalloproteinases, and certain membrane receptor signaling path-
ways. These stimuli affect the growth, differentiation, and movement of VSMCs to generate branched
tubular networks (Senger and Davis, 2011). Results of in situ hybridization showed that Adamts18 mRNA
was most abundant in the regions where the third and fourth branchial arch arteries develop to become
the ascending aorta and carotid artery (Figure 1). Moreover, the stages with high expression of Adamts18
coincide with the periods of morphogenesis of the third and fourth vessels and the development of the
AOAR and CCA. These results suggest that Adamts18 plays an important role in the development of
the AOAR and CCA and their derivatives in mice.

Adamts18-mediated ECM homeostasis in the differentiation of CNCCs to VSMCs

The origins of VSMCs include neural-crest-derived and non-neural-crest-derived cells. The VSMCs of the mouse
ascending aorta and carotid artery have been shown to be derived from CNCCs (Majesky, 2007). As an ECM
molecule, Fn is essential for neural-crest-mediated morphogenesis of the AOAR (Majesky, 2007). Fn has been
shown to promote the differentiation of neural crest cells to smooth muscle cells by activating Notch signaling
(Wang and Astrof, 2016). Adamts18 has been shown to regulate mammary stem cell niche by directly cleaving Fn
atits N-terminal end to release a fragment of approximately 30 kDa (Ataca et al., 2020). We hypothesized that the
abnormal vascular phenotype in Adamts18~/~ mice is associated with altered Fn levels. In this study, we found
that Adamts18 deficiency leads to Fn deposition around the CCA (Figure 5). As the deposition regions of Fn
completely overlap with the expression regions of Adamts18 mRNA, it is likely that such Fn deposition is due
to reduced proteolytic cleavage by Adamts18. It is also possible that the increase in Fn is due to increased
Fn1 transcription. In addition, the expression of members (e.g., Hes5 and Hey2) of the Notch3 pathway (Hos-
seini-Alghaderi and Baron, 2020) was found to be upregulated in cervicothoracic vascular tissue of
Adamts18~/~ mice (Figure 6), suggesting that Adamts18 regulates the differentiation of CNCCs to VSMCs by
activating Notch3 signaling as a result of increased Fn levels.

Mature elastic fibers are composed of elastin (90%) and fibrillin-rich microfibrils (10%). The main constituents of
microfibrils are fibrillin-1 and fibrillin-2, which are two structurally related glycoproteins with distinct temporal and
spatial expression patterns. Previous studies showed that some ADAMTS (e.g., ADAMTS-6, ADAMTS-10, and
ADAMTS-17) proteases can bind to fibrillin-1 or fibrillin-2 or both (Hubmacher et al., 2017; Cain et al., 2016; Hub-
macher and Apte, 2011; Kutz et al., 2011). Recently, we found that Adamts18 modulates bronchial fibrillin micro-
fibril formation by binding to fibrillin-1 (Lu et al., 2020a). In this study, the levels of fibrillin-1 were found to be
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Figure 5. Expression of ECM molecules in cervicothoracic vascular tissue of Adamts18~/~ mice

(A) gRT-PCR results of ECM molecules (Fn1, Fbn1, Fbn2, Col4al, Collal, Colla2, Col3al, Lnal, Lna3, Lna5, Lnb1, and Lnc1). The relative quantity of target
mRNA was normalized to that of the housekeeping gene Gapdh using the 44Ct method.

Each dot or square represents one individual (n = 3-4/group). Data are expressed as mean + SD. *p < 0.05; two-tailed Student'’s t-test.

(B and C) Representative immunofluorescence images of fibronectin (Fn) (B) and fibrillin-1 (Fbn1) (C) in E14.5 Adamts18"* and Adamts18~/~ cervicothoracic
tissue.

(D) Representative images of Hart's staining at E14.5 (a, b) and P1(c, d).

(E) Quantification of Fbn1 intensity (n = 4/group) was performed with Image-Pro Plus. Scale bar represents 50 um. AU, arbitrary units. **p < 0.01; two-tailed
Student'’s t-test.

(F) Carotid blood pressure of Adamts18*"* (n = 12) and Adamts18~/~ mice (n = 11) determined with a Doppler flow meter. Each dot represents one individual
mouse. Approximately an equal number of male and female mice aged 8-10 weeks were used. Data are expressed as mean + SD. *p < 0.05; two-tailed
Student's t-test.

See also Figures S3-S5 and Tables S1-54.

significantly increased in E14.5 CCAs of Adamts18~/~ mice, and Adamts18~/~ CCA was found to have disor-
dered elastic fibers and reduced carotid blood pressure (Figure 5). These results suggest that Adamts18 is
also involved in the regulation of carotid microfibril assembly and synthesis. It is conceivable that the change
in the abundance of ECM molecules is secondary to reduced Adamts18-mediated cleavage of matrix proteins,
thus affecting cell fates as previously postulated (Nicolas et al., 2020; Muncie and Weaver, 2018).

Adamts18 and EMT

During embryonic morphogenesis, type 1 EMT (type 1 EMT) is crucial and is associated with the relocation of
cells from a basement membrane to a fibrillar ECM microenvironment (Zeisberg and Neilson, 2009). Fn is the
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Figure 6. Activated Notch3 signaling and increased differentiation of cranial neural crest cells (CNCCs) to
vascular smooth muscle cells (VSMCs) in Adamts18 7~ CCA
(A) gRT-PCR results of Notch-related genes (Jag1, Adam10, Notch3, Hes1, Hes5, Hey1, Hey2, Heyl, and Acta2) in
cervicothoracic vascular tissue of E14.5 Adamts18** and Adamts18~/~ embryos. The relative quantity of target mRNA
was normalized to that of the housekeeping gene Gapdh using the 44Ct method. Each dot or square represents one
individual mouse. Data are expressed as mean & SD (n = 4/group). *p < 0.05; two-tailed Student'’s t-test.

(B and C) Levels of Notch3, Hes5, and Hey2 in E14.5 Adamts18*/* and Adamts18 '~ CCA determined by western blotting.
The relative quantity of Notch3 (NCID), Hey2, and Hess proteins is normalized to that of Gapdh and expressed as mean +

SD (n = 4). *p < 0.05; two-tailed Student's t-test.

(D) Representative immunofluorescence images of Acta2 in E14.5, E16.5, and P1 CCA sections. Scale bar, 50 um.
(E) Quantification of Acta2 levels at indicated development stages was performed with Image-Pro Plus. AU, arbitrary units.
Data are expressed as mean =+ SD (n = 3-6/group). *p < 0.05; ***p < 0.001; two-tailed Student’s t-test. These experiments

were repeated independently at least three times.
See also Tables S1-54.

first molecule to appear when fibrillar ECM is formed, and such appearance is an indication of type 1 EMT. Our
data showed that the expression of some markers of type 1 EMT was either increased (e.g., Cdh2) or decreased
(e.g., Keratin 8) in Adamts18~/~ vascular tissues (Table S3). We postulate that the change in the abundance of
these molecules is a secondary response to the changes in ECM molecules instead of excessive EMT in

Adamts18~/~ CCAs.
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Adamts18is a phase-specific gene and is highly expressed at E11.5-E14.5 in cells (mesenchymal cells and fibroblasts) surrounding the embryonic aortic arch
(AOAR) and the common carotid artery (CCA) during branchial arch artery development in mice. Adamts18 binds to Fbn1 (Lu et al., 2020a) and Fn and
cleaves Fn (Ataca et al., 2020). Adamts18 deficiency results in abnormal ECM remodeling, in particular, increased Fn accumulation, thus activating the
Notch3 signaling pathway to promote the differentiation of cranial neural crest cells (CNCCs) to vascular smooth muscle cells.

Adamts18 and DGS

Adamts18~/~ mice exhibit some DGS-like malformations, such as short CCA (premature ICA/ECA branch-
ing) and lack of CB at the bifurcation site and increased starting point interval between the IA and L-CCA.
The interval between left and right thymus glands was widened (Figure 3). Normally, the two thymuses are
clung together in the ventral side of the two starting points. We speculate that the malformation of CB
and thymus is caused by the lack of or misplaced localization signals due to vascular malformation. Never-
theless, the possibility of weakened migration and differentiation of neural crest cells to CB and thymus
remain to be determined. It has been reported that Hoxa3 homozygous mutant mice also lack the CB and
that the malformation of the carotid artery system is due to the defect in the development of the third
arch artery (Kameda, 2009). Tbx1 heterozygous mutant mice have been shown to have a high frequency
of lacking or hypoplasia of the fourth pharyngeal arch artery at E10.5 and other great artery anomalies at
later stages of development (Ryckebusch et al., 2010). In this study, CCA malformation in Adamts18~/~
mice was not found to be the consequence of arch artery defect (Figure 2); it was found to be associated
with increased accumulation of ECM molecules and overdifferentiation of CNCCs to VSMCs during the
process of the AOAR and carotid artery formation and extension after E12.5.

Adamts18 and middle cerebral artery

The MCA is the largest cerebral artery and is the vessel most commonly affected by cerebrovascular acci-
dent. MCA occlusion (MCAOQ) at proximal sites would cause infarctions in the neocortex and basal ganglia.
Clinical vessel occlusion followed by resolution of clots and reperfusion can be simulated with the MCAO
paradigm by withdrawing the intraluminal thread (the so-called transient MCAO model). In this study,
Adamts18~/~ mice were found to have alterations in MCA branches, including increased complexity of
deep branches and reduced complexity of cortical branches (Figure 4). We hypothesized that MCA alter-
ation in Adamts18~/~ mice affects the outcome of ischemic stroke. In the tMCAQO model, the infracted
areas in Adamts18~/~ mice were mostly limited to the cortex rather than the basal ganglia, probably
because of the lack of compensatory blood supply in the cortex. This observation confirms MCA alteration
in Adamts18~/~ mice. Although mutations of several ADAMTS genes (e.g., ADAMTS12 and ADAMTS13)
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are associated with increased risk of pediatric stroke (Stoll et al., 2016) (Arning et al., 2012), no ADAMTS-18
mutations have been described so far in genome-wide association studies associated with stroke. Further
investigations with large human cohorts are needed to uncover the relationship between ADAMTS-18 and
stroke.

Limitations of the study

Although developmental abnormalities of the AOAR and CCA in Adamts18~/~ mice were shown to be
related to increased Notch3 expression and signaling in connection with increased Fn accumulation due
to Adamts18 deficiency, we have not identified direct protein substrates of Adamts18. Further investiga-
tions are warranted to clarify this matter.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
See Table S1

Biological samples

C57BL/6/129Sv mouse tissues Lu et al., 2017 N/A

Chemicals, peptides, and recombinant proteins

Chlorinated polyvinyl chloride (CPVC) Shenzhen Jitian Chemical Co., Ltd. E0905-X
Indian ink Phygene PH1714
Direct Red Sigma-Aldrich CAS:2610-10-8

Experimental models: Organisms/strains

C57BL/6/129Sv mouse strain Lu et al., 2017 N/A

Oligonucleotides

Primers for Figures 5, 6 and Tables S3, S4, see This paper N/A
Table S2

Software and algorithms

ImageJ https://imagej.net/ RRID:SCR_003070
GraphPad Prism https://www.graphpad.com/ RRID:SCR_002798
Other

Mouse CD4 ELISA Kit Dogesce DG94711Q -96T
Mouse CD8 ELISA Kit Dogesce DG94713Q -96T
Hematoxylin-Eosin/HE Staining Kit Solarbio G1120

Modified Masson’s Trichrome Stain Kit Solarbio G1346

Hart's staining Kit SenBeiJia SBJ-0302
RNAscope® 2.5 HD Reagent Kit-RED ACD Catalog No. 322350
RNAscope® 2.5 VS Probe- Mm-Adamts18 ACD Catalog No. 452259
TaKaRa MiniBEST Universal RNA Extraction Kit TaKaRa Code No. 9767
Hifair® Il 1st Strand cDNA Synthesis SuperMix YEASEN 11123ES10

for gPCR

RESOURCE AVAIABILITY
Lead contact

Further information and requests should be directed to and will be fulfilled by the lead contact, Dr. Wei
Zhang (wzhang@sat.ecnu.edu.cn)

Materials availability

This study did not generate new animal models and reagents.

Data and code availability
Not applicable.

EXPERIMENTAL MODEL AND SUBJECT DETAILS
Animals

Adamts18” and wild-type (Adamts18**) mice with the C57BL/6/129Sv background were bred and geno-
typed as previously described (Lu et al., 2017). Mice were maintained on a 12-h light/dark schedule (lights
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on at 06:00) in a pathogen-free facility. All procedures for animal experiments were approved by the Insti-
tutional Animal Care and Use Committee of the East China Normal University (ECNU). Details of animal
(included the age, sex and number) are described in the figure legends.

Post-ischemic stroke model

A3 % 0.2-mm polyethylene thread attached to a 9-mm 7/0 suture was inserted into the right internal carotid
artery and advanced to the bifurcation of the middle cerebral artery. The polyethylene thread was removed
90 min after placement. Motor function and reflexes of the ischemic mice were evaluated using a neurolog-
ical severity scoring system (NSS), as described previously (Cirillo et al., 2018). All treated mice were sacri-
ficed at 48 h, and all brain tissues were separated and freezed. In order to prepare TTC staining solution, 1%
2,3,5-triphenyltetrazolium chloride was dissolved in phosphate buffer (PBS) and placed in dark. Every pre-
cooled mouse brain tissue was cut into 1.5 mm thick coronal sections. The brain slices were covered with
the staining solution and stained in a shaker at 37°C for 25 min. The stained brain slices were transferred to
10% neutral buffered formalin and maintained for 24 h, then were imaged with an Mshot microscope.

METHOD DETAILS
Reagents

All reagents were purchased from Sigma-Aldrich (St. Louis, MO, USA) unless otherwise indicated. Primary
antibodies used in this study are listed in Table S1.

The list of reagents used in this study can be found in the key resources table.

RNA in situ hybridization

RNA in situ hybridization (ISH) was performed as described previously (Lu et al., 2020z; Zhu et al., 2019).
Briefly, mouse embryos were fixed in 10% neutral buffered formalin for 24 h at room temperature (RT)
and paraffin-embedded following standard methods. ISH was performed on 5-um-thick sections using
the RNAscope 2.5 HD Reagent Kit-RED (Advanced Cell Diagnostics, Hayward, CA). Specific probes were
used to detect target mRNAs as described (Lu et al., 2020a; Zhu et al., 2019).

Ink injection
To assess morphological transformation of branchial arch artery, embryos (E10.5 — E14.5) were dissected
and placed inice cold PBS (n > 3 per genotype for each time point). For clear observation, part of the em-
bryonic tissue was removed, and undiluted India ink was injected into the left ventricle with a finely drawn
glass pipette.

Cardiovascular and cerebral artery casting

To prepare casting agent, Chlorinated polyvinyl chloride was dissolved in ethyl acetate to a final concen-
tration of 10% and mixed evenly with appropriate amount of dibutyl phthalate (2.7%), epoxide resin (20%),
hardening agent (5%), and oil paint (5 g/100 ml). After anesthetizing the mice, the right atrial appendage
were opened and the 4% sodium citrate normal saline (5 ml), ethyl acetate (2 ml), and casting agent was
pumped into the left ventricle at a constant rate in this order (All the liquid to be injected should be pre-
heated to 40°C in advance).The vessels (the descending thoracic aorta and bilateral subclavian arteries)
that need to be observed were ligated. After baking at 60°C for 1 h, excess tissue was removed, and the
vessels were immersed in 40% hydrochloric acid for 24-48 h and then imaged with an Mshot microscope
after washed by running tap water.

Isolation and verification of Mouse Embryo Fibroblasts

Embryos from timed matings of Adamts18¥ males and females were dissected out on day 13.5 of gesta-
tion. After decapitation and removal of the liver and other viscera, the cervicothoracic vascular tissues were
minced, incubated in trypsin/EDTA solution at 37°C, and triturated several times. The dissociated cells
were seeded in tissue culture dishes and cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) with
10% FBS (Durkin et al., 2013). After 4 passages, the MEFs were analyzed by reverse transcription PCR
(RT-PCR) to verify Adamts18 expression. Total RNA was isolated from cells using TaKaRa MiniBEST Univer-
sal RNA Extraction Kit. Reversed transcription using Hifair® Il 1st Strand cDNA Synthesis SuperMix. PCR
was conducted with a forward primer (5-CCTCAAGTTGTCTGCTCCATCA) and a reverse primer
(5-GCTGAAGAAATCCACGCAAGA).
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Histology, immunohistochemistry, and immunofluorescence

Mouse embryo tissues were fixed in 10% neutral buffered formalin and embedded in paraffin. After
dewaxing and rehydration, hematoxylin and eosin (HE) staining or Hart's staining or Modified Masson's
Trichrome staining was performed on 5-um sections for histological examination of carotid body, thymus,
embryo, and collagen(stained by Sirus Red), elastin fibers in the common carotid artery. For immunohisto-
chemical staining, sections were reacted with anti-Tyrosine Hydroxylase (TH) antibody. Forimmunofluores-
cence and immunocytochemistry examination, the sections were incubated with Anti-alpha-smooth
muscle actin, anti-fibronectin, anti-fibrillin1, anti-laminin, anti-aggrecan, anti-versican, anti-5S100-A4, and
anti-vimentin antibodies overnight at 4°C (details of the dilution are described in the Table S1), followed
by incubation with the secondary antibody. Sections were counterstained with DAPI (MP, Carlsbad, CA)
and imaged with a Leica SP8 confocal microscope (Leica Microsystems, Wetzlar, Germany).

Quantitative real-time RT-PCR analysis

Quantitative real-time RT-PCR (gRT-PCR) was carried out using Hifair® Il 1st Strand cDNA Synthesis Super-
Mix for gPCR (YEASEN 11123ES10) and SuperReal PreMix Plus (SYBR Green; TIANGEN). Primers used are
listed in Table S2. The relative quantity of target mRNA was determined using the 44Ct method, with
Gapdh as the reference gene.

Western blotting

For Western blotting, mouse cervicothoracic vascular tissues (AOAR and CCA) were dissected from mice,
weighted, and homogenized in RIPA buffer [50 mM Tris (pH7.4), 150 mM NaCl, 1% Triton X-100, 1% sodium
deoxycholate, 0.1% SDS] (Boster Wuhan, China) containing protease and phosphatase inhibitors (Roche,
Basel, Switzerland). The samples were centrifuged at 8,000 X g for 15 min at 4°C, and tissue debris was
removed. Protein concentration was determined by BCA assay reagent (Pierce, Rockford, IL, USA). Proteins
were separated by SDS-PAGE under reducing conditions and then transferred onto a polyvinylidene di-
fluoride (PVDF) membrane. The membrane was blocked in blocking buffer (PBS, 0.5% Tween 20, and 5%
non-fat dry milk powder) and then incubated with primary antibody (anti-Notch3 NICD, anti-Hes5, anti-
Hey2, and anti-GAPDH) for 1 h at RT (details of the dilution are described in the Table S1). After washing,
the membrane was incubated with horseradish peroxidase (HRP)-conjugated secondary antibody for 1 h at
RT. The immunoreactive bands were visualized with enhanced chemiluminescence (ECL) Western blot kit
(Millipore, Boston, MA, USA) and quantified by ImageJ (version 1.50i).

QUANTIFICATION AND STATISTICAL ANALYSIS

Data were analyzed by Student’s t test using the software package Prism version 7 (GraphPad, La Jolla, CA,
USA). Data are shown as mean + SD. A p value <0.05 was considered statistically significant.
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