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SUMMARY

Despite the significance for fetal nourishment in
mammals, mechanisms of umbilical cord vascular
growth remain poorly understood. Here, the secreted
metalloprotease ADAMTS9 is shown to be necessary
for murine umbilical cord vascular development.
Restrictingitto the cell surface using agene trap allele,
Adamts9%, impaired umbilical vessel elongation and
radial growth via reduced versican proteolysis and
accumulation of extracellular matrix (ECM). Both
Adamts9® and conditional Adamts9 deletion re-
vealed that ADAMTS9 produced by mesenchymal
cells acted non-autonomously to regulate smooth
muscle cell (SMC) proliferation, differentiation, and
orthogonal reorientation during growth of the um-
bilical vasculature. In Adamts9°”®! we observed
interference with PDGFRp signaling via the mitogen-
activated protein kinase/extracellular signal-regu-
lated kinase (MAPK/ERK) pathway, which regulates
cytoskeletal dynamics during SMC rotation. In addi-
tion, we observed disrupted Shh signaling and per-
turbed orientation of the mesenchymal primary cilium.
Thus, ECM dynamics is a major influence on umbilical
vascular SMC fate, with ADAMTS9 acting as its prin-
cipal mediator.

INTRODUCTION

The umbilical cord is the sole fetal-maternal link in placental
mammals, conducting blood from the fetus for exchange in the
placenta. Excessively long or short cords or cord vascular anom-
alies are associated with high fetal morbidity and a risk of still-
birth (Benirschke et al., 2012). Umbilical vessels must remodel
extensively after chorio-allantoic fusion, as they grow to accom-
modate increasing fetal metabolic demand. However, this pro-
cess has not been studied, and little is known about umbilical
cord extracellular matrix (ECM) remodeling.

ECM comprises networks of collagenous and non-collagenous
proteins (Mouw et al., 2014) and is remodeled in all morphoge-
netic processes, e.g., branching morphogenesis, and sculpting

of interdigital webs and heart valves (Bonnans et al., 2014;
Dupuis et al., 2011; McCulloch et al., 2009). A pre-gastrulation
embryo has a sparse, cell-associated ECM (Kwon et al., 2008;
Miner et al., 2004). Later, interstitial ECM expands in mesen-
chyme, but it is a provisional ECM containing fibronectin (Peters
and Hynes, 1996), hyaluronan (Camenisch et al., 2000), and the
hyaluronan-binding proteoglycan versican (Naso et al., 1995)
and less of mature ECM components such as collagens
and elastin. Provisional ECM provides a foothold for cell attach-
ment and is easily remodeled. It gradually transitions to a
specialized matrix toward birth, although the umbilical cord,
which is not destined for a post-natal life, maintains a proteogly-
can-rich matrix named Wharton’s jelly (Sobolewski et al., 1997),
containing one to two arteries and a vein, the whole sheathed
in mesothelium.

ADAMTS (A disintegrin-like and metalloprotease with throm-
bospondin type 1 motifs) proteinases (Apte, 2009) remodel pro-
visional ECM in diverse morphogenetic processes (Dupuis et al.,
2011; Enomoto et al., 2010; McCulloch et al., 2009; Stankunas
et al., 2008; Stupka et al., 2013). ADAMTS9 is highly conserved;
its C. elegans ortholog, Gon-1, is required for gonadal morpho-
genesis (Blelloch et al., 1999), and the D. melanogaster ortholog
AdamTS-A is essential for salivary gland morphogenesis and
germ cell migration (Ismat et al., 2013). Adamts9 null mice die
at the onset of gastrulation (Enomoto et al., 2010), but haploin-
sufficient and conditionally targeted mice identified later devel-
opmental roles (Dubail et al., 2014; Enomoto et al., 2010; Kern
et al., 2010). Here, an Adamits9 gene-trap mutant, where
ADAMTSO9 is restricted to the cell surface, revealed distinct pools
of ADAMTSO activity, cell proximal and distal, and requirement of
the distal pool for umbilical cord vascular development in mice.
ADAMTS9 is thus identified as a crucial component of the
pathway connecting ECM dynamics to cellular regulation in
this context.

RESULTS AND DISCUSSION

An Adamts9 Gene Trap Generates Membrane-Anchored
ADAMTS9

The Adamts9%t mouse allele was made from embryonic stem
(ES) cells with UPATrap insertion in intron 30 (Figure S1A).
Adamts9%* mice were externally normal and fertile. Tiled PCR
of Adamts9%”* genomic DNA identified the UPATrap insertion
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Figure 1. An Adamts9 Gene Trap Impairs Umbilical Cord Development

(A) Schematic of WT ADAMTS9 and ADAMTS9-GT. S, signal peptide; Pro, propeptide; Cat, catalytic domain; Dis, Disintegrin-like module; CRD, cysteine rich
module; L1-L2, linkers 1-2; TM, Transmembrane domain.

(B) Adamts9%¥Ct embryos have short umbilical cords (arrows).

(C) WT, but not Adamts9”“*, umbilical cords double in length between E11.5 and E14.5 (n = 7 cords for each group at E12.5, n = 3 cords for each group at E11.5
and E14.5. Error bars represent SD; p values are determined by Student’s t test).

(D and D) B-gal and eosin staining of E12.5 Adamts9-3°%* embryo showing Adamts9 expression (blue) at the embryo umbilical cord insertion site.

(E-H) Cross-sections of E12.5 Adamts9-2°?"* umbilical cord showing Adamts9 expression (blue) in adventitia, Wharton’s jelly, and venous endothelium. Arrow in
(E) indicates the tunica media. (F)-(H) show higher magnification of the umbilical vein, artery, and Wharton’s jelly. Black arrow in (F) shows Adamts9 expression in
the venous endothelium.

(legend continued on next page)
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site (Figure S1B), allowing genotyping of Adamts9%" and WT
alleles (Figure S1C).

In Adamts9%, splicing of exon 30 to the Bcl2a splice acceptor
from UPATrap led to a frame-shift in thrombospondin type 1
repeat (TSR) 13, deleted three downstream TSRs and the
Gon-1 domain and resulted in a stop codon 44 amino
acids downstream (Figures 1A and S1D). The new C terminus,
DAFVELYGPSMRPLFDFSWLSLKTLLSLALVGACITLGAYLSHK,
matched the C terminus of human Bcl2a, a mitochondrial
membrane protein (transmembrane domain underlined). Thus,
Adamts9% expressed a C-terminally truncated, constitutively
membrane-anchored ADAMTS9 (Figure 1A). Despite this,
Adamts9®”Ct embryos underwent gastrulation and were exter-
nally normal until E11.5 (Figure 1B; Table S1).

Expression plasmids for ADAMTS9-GTa and ADAMTS9-GTb,
reflecting splice variants affecting TSR11 and TSR12 (GenBank:
XM_006505260.1, XM_006505263.1) (Figures S1E and S1F),
and a control construct (ADAMTS9 N-TSR12) were generated
(Figure S2A). We observed localization of ADAMTS9-GTa/b to
the secretory pathway and cell membrane (Figure S2B) but
not to mitochondria in transfected COS-1 cells (Figure S2B).
Western blotting consistently showed less cellular ADAMTS9-
GT than the control construct in transfected cells, and
ADAMTS9-GTa/b were undetectable in the medium (Fig-
ure S2C). Cell-surface biotinylation demonstrated ADAMTS9
N-TSR12 zymogen and a smaller, furin-processed (mature)
form (Figure S2D), which disappeared along with reduction of
biotinylated zymogen upon trypsinization, consistent with
work showing that ADAMTS9 zymogen bound avidly to the
cell surface, but the mature form did not (Koo et al., 2006,
2007). ADAMTS9-GTa/b were biotinylated and sensitive to
trypsin, confirming cell-surface location, but only ADAMTS9-
GTa/b zymogen was detected, suggesting a lack of furin pro-
cessing (Figure S2D). Thus, ADAMTS9-GT was present at lower
levels in transfected cells than WT ADAMTS9, restricted to the
cell surface, and not processed to maturity. ADAMTS9-GT
zymogen is likely to be proteolytically active (Koo et al,
2007), but its cell-surface confinement and reduced cellular
levels implied compromised function.

Adamts9©! Is a Hypomorphic Allele

Adamts9%”* mice lacked a highly penetrant ocular anomaly
identified in Adamts9®°“* mice (Koo et al., 2010), and
Adamts9%VC mice, unlike Adamts9-3°Z'ta°Z and AdamtsgPePe!
mice, survived past gastrulation (E7.0). ADAMTS20, which has
an identical domain structure as ADAMTS9, was previously
shown to work cooperatively with it in palatogenesis and skin
pigmentation (Enomoto et al., 2010; Silver et al., 2008). We

introduced an Adamts9®t allele into Adamts2057!, a mutant

with white spotting in the lumbar region (Rao et al., 2003) (Fig-
ure S3A). Like Adamts9-a°?"*; Adamts205¥Bt or Adamts9Pe"*;
Adamts2087Bt mice, these mice died at birth with cleft palate
(Dubail et al., 2014; Enomoto et al., 2010) and lacked skin mela-
noblasts (Silver et al., 2008) (Figures S3A-S3F). Thus, Adamts9®t
is a hypomorphic allele functionally equivalent to an Adamts9 null
allele in genetic interactions with Adamts20°".

Adamts9°7%t Embryos Have Impaired Umbilical Cord
Growth

Adamts9%”* intercrosses did not provide Adamts mice
at birth or weaning (Table S1). A Mendelian proportion of
Adamts9®/Ct embryos was obtained from E12.5-E14.5, but
none survived past E15.5. Adamts9%”¢t embryos older than
E11.5 had unusual proximity to the placenta, revealing short um-
bilical cords with minimal growth beyond from E11.5-E14.5,
whereas the WT cords doubled their length over this period (Fig-
ures 1B and 1C). Coupled with minimally reduced embryo and
placenta weight (Figures 1B and S3G), this implied loss of a
specific function in the umbilical cord with intrauterine embry-
onic growth restriction (IUGR) as a sequel. Although placental
size was comparable (Figure 1B), the endothelium-lined fetal
compartment of Adamts9%”®! placenta consistently contained
stacks of nucleated red blood cells after E12.5 (Figures S3H-
S3P’), suggesting impaired umbilical cord circulation and sec-
ondary IUGR of Adamts9®”G! embryos after E11.5. E8.5 to
E12.5 Adamts9-°?* conceptuses were obtained by crossing
WT females with Adamts9-3°%* males to bypass B-gal staining
arising in maternal tissues. Adamts9 was expressed in the umbil-
ical cord insertion sites in the embryo (Figures 1D and 1D’), and
placenta (Figures 11 and 1J) comprising Wharton’s jelly transition
zones. B-gal staining was strongest in the adventitia of the umbil-
ical vessels, Wharton’s jelly mesenchyme, and endothelial cells
of the umbilical vein but not arteries, whereas vascular smooth
muscle cells (VSMCs) were unstained (Figures 1E-1H). An
ADAMTS9 antibody is presently unavailable to investigate pro-
tein distribution.

th/Gt

VSMC Orthogonal Orientation Is Impaired in
Adamts9%76! Umbilical Cords

By E14.5, WT umbilical cord mesenchyme formed two distinct
layers around each artery (Figure 1K), namely a 6- to 12-cells-
thick zone of longitudinally oriented tunica adventitia cells and
an outer zone of randomly oriented and sparse mesenchymal
cells (Wharton’s jelly mesenchyme). In E14.5 WT arterial and
venous walls, VSMCs were oriented orthogonally to adventitial
cells, i.e., circumferentially with respect to the lumen (Figures

(Iand J) En face view of E12.5 Adamts9-2°* placenta shows B-gal staining at the umbilical cord insertion site. The dotted line circles umbilical vessels. Dashed
line indicates the section plane in (J), showing that Adamts9 expression is confined to Wharton’s jelly at the umbilical cord insertion site.

(K-P) H&E-stained sagittal sections of E14.5 WT (K, M, and N) and Adamts9%/% (L, O, and P) umbilical cords. In (K) and (L), sections are tangential through the
tunica media of the umbilical artery. In (M)—(P), sections are taken through the lumina. WT SMCs are aligned orthogonal to adventitial cells and the endothelium,

but Adamts9%”é* SMCs are fewer and co-aligned with adventitial cells.

(Q-V) At E11.5, both WT (Q, S, and T) and Adamts9%7C* (R, U, and V) VSMCs are co-aligned with adventitial cells. (Q) and (R) show tangential sections through the

tunica media of the umbilical artery; (S)—(V) are through the lumina.

Scale bars represent 2 mm in (B); 100 um in (D); 50 um in (E); 500 um in (I); 25 pm in (J); 50 um in (K)-(L), (Q), and (R); and 25 um in (M)—(P) and (S)-(V). Me,
mesothelium; Wj, Wharton’s jelly; Adv, adventitia. See also Figures S1-S3 and S5 and Table S1.
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1K, 1M, and 1N). Strikingly, VSMCs of E14.5 Adamts9%" umbil-
ical vessels were co-aligned with adventitial cells (Figures 1L,
10, and 1P). By E14.5, both the VSMCs and adventitia of the
mutant umbilical vessels were less densely populated than WT
umbilical vessels (Figures 1L, 10, and 1P).

At E11.5, the Adamts9®”®! umbilical vessel walls resembled
the WT (Figures 1Q and 1R); i.e., umbilical arteries comprised
one to two layers of co-aligned VSMCs and adventitial cells.
Thus, WT VSMCs, which are longitudinally oriented at E11.5, re-
orient orthogonally by E14.5 (Figures 1K and 1Q), as previously
observed in the pulmonary artery (Greif et al., 2012). In contrast,
Adamts9%7Gt VSMCs fail to undergo reorientation (Figures 1L
and 1R).

Loss of ADAMTS9 Function Alters ECM Dynamics and
Reduces VSMC Proliferation

After E12.5, when umbilical vessel growth accelerates,
Adamts9®”C!t umbilical vessels had fewer VSMC layers and
narrower lumina, indicating impaired radial expansion (Figures
2A and 2F). We observed reduced cellularity and increased
intercellular spacing of VSMC and Wharton’s jelly cells in
Adamts9%YEt umbilical cords (Figure 2A). Transmission elec-
tron microscopy (TEM) identified overabundant amorphous,
non-fibrillar interstitial ECM (Figure 2B), although collagen fibril
morphology was unaltered and Adamts9%YSt umbilical cord
VSMC had abundant organelles (Figures S4A and S4B). Phos-
pho-histone H3 (pHH3) staining showed fewer proliferating
cells in mutant umbilical vessels (Figures 2C, 2D, S4C, and
S4D) and cleaved caspase-3 staining revealed minimal cell
death in both WT and mutant umbilical cords (Figures 2E,
S4E, and S4F).

Versican, an ADAMTSS substrate, forms aggregates with hy-
aluronan in Wharton’s jelly (Gogiel et al., 2003). A polyclonal
antibody against the versican GAG- domain (present in splice
isoforms VO and V1) detected versican in the umbilical vascular
wall and Wharton’s jelly (Figures 2G and 2H). Versican pro-
teolysis (detected by a neo-epitope antibody to-DPEAAE**Y)
(Sandy et al.,, 2001) was detectable in WT umbilical cords
but not in Adamts9®YS! mutants (Figures 21 and 2J). In the
WT placenta, versican and DPEAAE staining coincided with

Adamts9 expression, and there was less cleaved versican in
the Adamts9®/®" mutant (Figures S4H-S4K). Endomucin
labeled the labyrinth vessels, which were morphologically
similar between WT and mutant placentas (Figures S4H-S4K).
Hyaluronan-binding protein (HAbp) staining of umbilical cords
was unaltered (Figures 2K and 2L), but fibronectin and fibrillin-
2, typical provisional matrix constituents, showed enhanced
staining in Adamts9%”G" umbilical vessels (Figures 2M-2P).
Elastin is normally present in a non-laminar pattern surrounding
individual VSMCs in the embryonic mouse aorta (Wagenseil and
Mecham, 2009), similar to its distribution in WT umbilical cord
SMCs at E12.5, and was decreased in the mutant vessels (Fig-
ures 2Q-2R’), but collagen IV staining was comparable (Figures
2S-2T’). The filamentous actin (F-actin) network and F-actin-in-
teracting contractile proteins drive cell shape changes during
morphogenesis (Nandadasa et al., 2009). Phalloidin and phos-
phorylated myosin light chain (pMLC) staining indicating the
F-actin network and contractility competence, respectively,
were greatly reduced in Adamts9%VSt VSMCs (Figures 2U-2X).
aSMA immunofluorescence revealed significantly lower staining
intensity in mutant VSMCs (Figures 3A and 3B). Collectively,
these findings point to severe impairment of Adamts9&vct
VSMC differentiation.

Altered ECM Dynamics Attenuates Shh and PDGFR-f3
Signaling in the Umbilical Vascular Wall

Shh signaling is critical for VSMC differentiation in the dorsal
aorta and is required for investment by multiple VSMC layers
(Passman et al., 2008). Strong expression of Shh, Patched-1,
and Gli-1 was previously seen in the umbilical cord at E13.5
but not at E11.5 (Haraguchi et al., 2007). In del5-LacZ mice,
which report Hh signaling, B-gal staining in the umbilical cord
was observed from E12.0 (Haraguchi et al., 2007). We observed
strong Shh staining in the tunica media of E12.5 WT but not
mutant umbilical vessels (Figures 3C-3D’). Gli-1, a reporter of
Shh signaling activity, and Sca-1, a marker of the progenitor
state maintained by Shh signaling (Passman et al., 2008), were
reduced in Adamts9%Y! umbilical vessels (Figures 3E-3H). The
PDGFR-B signaling pathway is critical for recruitment of VSMC
and pericytes by endothelial cells (Armulik et al., 2011), and

Figure 2. ADAMTS9 Is Required for Umbilical Cord VSMC Growth and ECM Homeostasis

(A) Toluidine blue staining of E12.5 WT and Adamts9%"G! umbilical cords shows smaller, thinner walled vessels in the mutant.

(B) TEM of WT and Adamts9®"G! umbilical vein shows increased amorphous ECM in the mutant.

(C and D) pHHS3 staining in umbilical vein shows reduced cell proliferation in the mutant (n = 4 cords for each group. Error bars represent SD; p values are

determined by Student’s t test).

(E) Comparable numbers of cleaved caspase-3-stained cells were seen in WT and mutant umbilical cords (n = 3 cords for each group. Error bars represent SD;

p values determined by Student’s t test).

(F) Adamts9%"Gt umbilical vessels show significantly smaller luminal areas than WT vessels (n = 5 cords for each group. Error bars represent SEM; p values are

determined by Student’s t test).

(G-J) Immunostaining for versican (GAGB) demonstrates versican in both WT and Adamts9®"Ct umbilical vessels (G and H), but cleaved versican (anti-DPEAAE) is

present only in WT umbilical cord.
(K 'and L) HAbp staining was comparable in WT and mutant cords.

(M-P) Fibronectin (M and N) and fibrillin-2 (O and P) immunostaining demonstrated stronger staining in Adamts.

9GYGt ymbilical vessels.

(Q and R) Elastin immunostaining showed a non-laminar staining pattern in WT umbilical vessels and weaker staining in the mutant.

(S and T) Collagen-IV antibody comparably stained WT and Adamts9®"Gt

umbilical cords.

(U-X) Phalloidin (U and V) and phosphorylated MLC staining (W and X) demonstrated an attenuated cytoskeletal network and suggested reduced contractility in
the Adamts9%¥%! VSMCs. Boxed areas are illustrated at higher magnification in (G’)—(V’).
A, artery; V, vein; En, endothelium. Scale bars represent 100 um in (A), (C), and (G)—-(V); 25 um in (W) and (X); and 5 um in (B). See also Figure S4.
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Figure 3. Dysregulated Shh and PDGF-B Signaling in Adamts9%"¢! Umbilical Cords
(A-B’) Strong a-SMA staining of VSMCs in E12.5 WT, but not Adamts9%/C, umbilical vessels. Magnified images of the arterial wall are illustrated in (A’) and (B’).
(C—F’) Shh (C and D) and Gli-1 (E and F) immunostaining was weaker in the Adamts9%”* umbilical vessels. Boxed areas are illustrated at higher magnification in

C)HF).

(G and H) Sca-1 is localized to the innermost VSMC layer in the WT umbilical artery and vein, but has reduced intensity in the mutant.
(I-L) Immunostaining for PDGFRB (I-J) and pERK1/2 (K and L) in WT and mutant umbilical cords shows weak staining for PDGFRp and no staining for pERK1/2 in
the mutant. The boxed areas are illustrated at higher magnification in (I) and (J’). Scale bars represent 100 um in (A)—(J) and 25 pm in (K) and (L).

Pdgfb~'~ embryos have short umbilical cords (Hellstrém et al.,
1999). PDGFR-B signaling activates Shh during vascular matura-
tion (Yao et al., 2014) and was implicated in radial growth and
SMC reorientation during pulmonary arterial wall development
(Greif et al., 2012). PDGF-B, the ligand for PDGFRB, is produced
by vascular endothelial cells and contains a C-terminal ECM
retention motif (Andrae et al., 2008), which interacts with hepa-
ran-sulfate proteoglycans. We observed strong PDGFRB ex-
pression in juxta-endothelial VSMCs in WT umbilical vessels,
whereas mutant umbilical vessels showed reduced expression

6 Cell Reports 71, 1-10, June 16, 2015 ©2015 The Authors

(Figures 31-3J’). Phosphorylated-ERK1/2 staining, reporting
PDGFR-B signaling, among other pathways, revealed a lack of
activation of the extracellular signal-regulated kinase/mitogen-
activated protein kinase (ERK/MAPK) pathway in mutant VSMCs
(Figures 3K and 3L). Since the ERK/MAPK pathway is a major
regulator of cytoskeletal dynamics in many cell types (Kolch,
2005), this may explain the reduced actin cytoskeleton and
impaired orthogonal rotation in the mutant VSMCs. Thus, two
major pathways regulating VSMC recruitment and differentia-
tion, i.e., Shh and PDGFR- pathways, are active during normal
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umbilical cord development and compromised in Adamtsg®/c!

cords.

The Preferred Radial Orientation of Cilia Is Disrupted in
Adamts9%7%t Umbilical Cord Mesenchyme

Primary cilia are cellular organelles projecting into the micro-
environment that are implicated in Shh, PDGFRa, and Wnt
signaling (Fliegauf et al., 2007). They may work as ECM sensors
in connective tissues (Donnelly et al., 2008; McGlashan et al.,
2006) since ECM molecules such as collagens and proteogly-
cans interact with the cilium membrane (Jensen et al., 2004).
Integrins a3, 5, and B1 localize to the primary cilium of aortic
VSMCs and were implicated in fibronectin-induced Ca*? sig-
naling (Lu et al.,, 2008; McGlashan et al., 2006; Praetorius
et al., 2004). Confocal Z-stack projections of WT umbilical cords
stained with acetylated tubulin revealed primary cilia in most
mesenchymal and mesothelial cells, but not vascular endothe-
lium (Figures 4A-4D). Most umbilical VSMCs lacked primary
cilia (Figure 4A), contrasting with cilia reported in adult mouse
aortic VSMCs (Lu et al., 2008). Primary cilia in the adventitium
and Wharton'’s jelly of WT umbilical cords had a preferred radial
orientation, whereas Adamts9%Y®! umbilical cords had a high
percentage of cells whose cilia veered away from this orienta-
tion (arrowheads in Figures 4A’ and 4B’). Radar plots of the mi-
nor angle of individual cilia to a radial vector showed that WT
cells had an average cilia angle of 36.95 degrees, while mutant
cells had an average angle of 56.08 degrees (Figure 4E). Integ-
rins B1 and a5 co-localized with some umbilical cord mesen-
chymal cilia (Figure 4F), supporting a cilium-ECM interaction.
Thus, altered ECM dynamics in the mutant umbilical cord is
not only accompanied by compromised Shh signaling, but
altered orientation of the primary cilium, a key participant in
the pathway (Goetz and Anderson, 2010).

Tbx4-Cre-Mediated Conditional Deletion of Adamis9,
but not VSMC-Specific Deletion, Recapitulates the
Adamts9%YSt pefect

Conditional deletion of Adamts9 using Tbx4-Cre, which is ex-
pressed in the developing hind limbs, lung mesenchyme, and
the umbilical cord mesenchyme, but not in the embryonic
heart or yolk sac, (Greif et al., 2012; Naiche et al., 2011)
led to significantly shorter umbilical cords than Adamts9™*
and Tbx4-Cre; Adamts9™* siblings by E12.5 (Figures S5A-
S5C). A dual tomato reporter showed that Tbx4-Cre expression
overlapped substantially with Adamts9 in the adventitia (Figures
S5D-S5G) but not Wharton's jelly mesenchyme or vascular
endothelium (Figures S5E and S5F). Impairment of VSMC rota-
tion in Tbx4-Cre conditionally deleted umbilical cords was
seen, but was less severe than in Adamts9¢Y®t umbilical cords
(Figures S5H-S5M), consistent with spatially limited deletion
by Tbx4-Cre, and did not impair embryo survival. Conditional
deletion by Tagin-Cre did not impair embryonic survival or umbil-
ical cord growth (Figures S5N-S5P) since deletion occurred only
in VSMC, but not most cells expressing ADAMTS9 (Figures S5Q—
S5S), and had no impact on VSMC rotation (Figures S5T-S5Y).
Thus, ADAMTS9 secreted by adventitial cells and mesenchyme
influences VSMCs non-autonomously during umbilical vessel
development.

A Proposed Role for ADAMTS9-Mediated ECM

Dynamics in Umbilical Cord VSMC Differentiation

We show that the murine umbilical cord undergoes rapid
growth, along with longitudinal and radial growth of umbilical
vessels after 11.5 days of gestation. Umbilical arteries acquire
three to four layers of VSMC by E14.5, with one to two layers
constituting the corresponding venous wall. Around E12.5,
after commitment to the SMC lineage and acquisition of
SMA expression, the VSMCs reorient orthogonally (i.e., rotate),
proliferate, and begin to build a vascular matrix containing
elastin. Wharton’s jelly mesenchyme remains undifferentiated
throughout and contains abundant ECM. Between Wharton’s
jelly and VSMCs, a de facto adventitia comprising closely
packed, longitudinally oriented cells is formed. Primary cilia,
found here, and in the mesenchymal and mesothelial cells of
the umbilical cord are normally radially oriented. This umbilical
cord vasculature organization (Figure 5A) appears to be main-
tained through further development.

Upon secretion, ADAMTS9 localizes to the cell surface, pre-
sumably binding to pericellular matrix or cell-surface proteins,
where it is processed by furin, but it is also released from
cells and detectable in their medium (Koo et al., 2006, 2007).
Unimpaired normal gastrulation in Adamts9%Gt embryos, yet
impeded later development (including cooperative functions
with Adamts20), suggests existence of two functional pools of
ADAMTS9 (Figure 5B). The cell-proximate pool, i.e., pericellular
ADAMTS9, albeit at lower levels in ADAMTS9-GT, suffices
where ECM resides close to the cell surface (such as in the gas-
trulating embryo). In contrast, the secreted or “cell-distal” pool,
shown to be lacking in ADAMTS9-GT-transfected cells, acts at
longer range and non-cell-autonomously and is crucial where
interstitial ECM is abundant (Figure 5B). We propose that long-
range ADAMTS9 activity becomes increasingly necessary with
enhanced interstitial ECM as embryogenesis progresses.

We show that VSMC specialization, including orthogonal
reorientation, requires proper ECM dynamics mediated by
ADAMTS9 acting non-autonomously in the umbilical cord.
Mechanistically, ECM interactions of Shh and PDGF-BB are crit-
ical for their normal function (Stenzel et al., 2009; Varjosalo and
Taipale, 2008) and could be impaired by altered ECM dynamics,
which may affect their release or transport. Altered ECM compo-
sition and density could also affect cilium orientation, as shown
here, and directly impair Shh signaling (Figure 5B). We propose
that activation of the MAPK/ERK pathway in VSMCs in response
to PDGFR- and other signaling inputs may regulate cytoskeletal
dynamics required for VSMC reorientation (Figure 5B). Indeed, in
Adamts9%¥Gt ymbilical cords, F-actin, smooth muscle a-actin,
and phosphorylated myosin light chain (MLC) staining were
dramatically reduced, and the final effect of the altered ECM dy-
namics would be to compromise cell rotation through these
cytoskeletal changes potentially coupled with impedance by
enhanced pericellular matrix.

EXPERIMENTAL PROCEDURES
Transgenic Mice and Genotyping

R1 male embryonic stem cells with insertion of UPATrap at the Adamts9
locus were injected into blastocysts and chimeras were bred to WT
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Figure 4. Primary Cilium Orientation Is Perturbed in Adamts9%"/! Umbilical Cords

(A-D) Maximum intensity projections of confocal Z sections from the arterial wall of E12.5 WT (A and A’) and Adamts9%Y%t (B and B’) umbilical cords stained with
acetylated tubulin (green) and DAPI (blue). Note paucity of ciliain WT VSMC and high prevalence in mesenchyme. Arrowheads in (A’) and (B’) point to cilia oriented
orthogonal to a radial vector in the Adamts9%/Ct vessels with fewer seen in WT. (C and D) Primary cilia are absent in vascular endothelium (C, arrows) but are

present in the mesothelium (D, arrowheads).

(E) Measurement of minor angle of the cilium to a radial vector arising from the lumen of WT and mutant umbilical vessels, binned in 10-degree intervals (n = 4
cords for each group). The radar plot demonstrates that a high percentage of mutant cilia are misaligned.
(F) Co-immunostaining for acetylated tubulin (green) and integrins B1 and &5 (red) in WT umbilical cords shows that in some mesenchymal cells, integrins localized

to cilia.

Scale bars represent 50 pm in (A) and (B), 25 um in (C) and (D), and 5 um in (F).

mice for germline transmission of the trapped allele. Adamts9-#°%* (Kern
et al., 2010), and the Adamts20 mutant Adamts20°"B°" (referred to as
Adamts20®") (Rao et al., 2003; Silver et al., 2008) were described previ-
ously. Germline deletion of Adamts9" (RRID:JAX_026103) provided the
Adamts9P® allele (Dubail et al., 2014). Adamts" mice were crossed exten-
sively with ROSA™/™MC reporter mice (Muzumdar et al., 2007) to achieve

8 Cell Reports 71, 1-10, June 16, 2015 ©2015 The Authors

linkage of the two transgenes on chr 6. Tbx4-Cre (Naiche et al., 2011)
and Tagin-Cre (Holtwick et al., 2002) strains were used for Adamts9"
conditional deletion. Additional details are provided in Supplemental
Experimental Procedures. The mouse work was conducted at the Biolog-
ical Resources Unit of the Cleveland Clinic under protocols approved by
the Institutional Animal Care and Use Committee. Mouse tissues were
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Figure 5. ADAMTS9-Mediated ECM Dy-
namics Regulates VSMC Development in
the Umbilical Cord

(A) The normal umbilical vessel has three major
layers. VSMCs are oriented orthogonal to adven-
titial cells, and primary cilia (green) have a
preferred radial orientation, which is perturbed in
the mutant.

(B) Two pools of ADAMTS9, pericellular and
secreted (black) in adventitial and mesenchymal
cells, cleave versican to facilitate ECM remodeling
and enable normal Shh and PDGF-B signaling via
ERK1/2 phosphorylation, which regulates VSMC
differentiation. In Adamts9®”%' ADAMTS9-GT
(brown) is cell-surface restricted, and versican
turnover is reduced. Altered ECM dynamics may
affect release and transport of Shh and PDGF-B or
act via ECM sensing by the cilium. Failed orthog-
onal rotation may result from reduced MAPK/ERK
activation, an effete cytoskeleton, loss of p-MLC
and aSMA, or physical impedance by accumu-
lated pericellular ECM around Adamts9G¥ct
VSMCs.

See also Figure S5.
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obtained after euthanasia, performed as recommended by the American
Veterinary Association Panel on Euthanasia.

Embryo Analysis

Paraformaldehyde-fixed tissue was embedded in ultrapure agarose and vibra-
tome-sectioned or embedded in paraffin for sectioning. Analysis of sections
by immunofluorescence or fluorescence microscopy, ascertainment of pri-
mary cilium orientation, and TEM is described in Supplemental Experimental
Procedures.

Molecular Cloning, Cell and Biochemical Analysis

Determination of the UPATrap insertion site, generation of plasmids express-
ing truncated ADAMTS9, molecular cloning of ADAMTS9 splice variants, cell
culture, transfection, biotinylation, and western blotting is described in Supple-
mental Experimental Procedures.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,
five figures, and one table and can be found with this article online at http://
dx.doi.org/10.1016/j.celrep.2015.05.005.
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