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Original Article

Collectivization of Vascular Smooth Muscle Cells via
TGF-pf—Cadherin-11-Dependent Adhesive Switching

Brittany Balint, Hao Yin, Subrata Chakrabarti, Michael W.A. Chu, Stephen M. Sims,
J. Geoffrey Pickering

Objective—Smooth muscle cells (SMCs) in healthy arteries are arranged as a collective. However, in diseased arteries,
SMCs commonly exist as individual cells, unconnected to each other. The purpose of this study was to elucidate the
events that enable individualized SMCs to enter into a stable and interacting cell collective.

Approach and Results—Human SMCs stimulated to undergo programmed collectivization were tracked by time-lapse
microscopy. We uncovered a switch in the behavior of contacting SMCs from semiautonomous motility to cell—cell
adherence. Central to the cell-adherent phenotype was the formation of uniquely elongated adherens junctions, <60 pm in
length, which appeared to strap adjacent SMCs to each other. Remarkably, these junctions contained both N-cadherin and
cadherin-11. Ground-state depletion super-resolution microscopy revealed that these hybrid assemblies were comprised
of 2 parallel nanotracks of each cadherin, separated by 50 nm. Blocking either N-cadherin or cadherin-11 inhibited
collectivization. Cell—cell adhesion and adherens junction elongation were associated with reduced transforming growth
factor-f§ signaling, and exogenous transforming growth factor-f1 suppressed junction elongation via the noncanonical
p38 pathway. Imaging of fura-2-loaded SMCs revealed that SMC assemblies displayed coordinated calcium oscillations
and cell—cell transmission of calcium waves which, together with increased connexin 43—containing junctions, depended
on cadherin-11 and N-cadherin function.

Conclusions—SMCs can self-organize, structurally and functionally, via'transforming growth factor-—p38—dependent
adhesive switching and a novel adherens junction architecture comprised of hybrid nanotracks of cadherin-11 and
N-cadherin. The findings define a mechanism for the assembly of SMCs into networks, a process that may be relevant to
the stability and function of blood vessels. (Arterioscler Thromb Vasc Biol. 2015;35:00-00. DOI: 10.1161/ATVBAHA.
115.305310.)
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ells within healthy tissues exist not as individual cells

but as part of a collective. This paradigm of cell collec-
tiveness is relevant to vascular smooth muscle cells (SMCs).
SMCs within arteries directly associate with each other in
layered, circumferential arrangements that provide structural
integrity to the artery and enable it to constrict and relax in a
coordinated manner.'

In contrast to healthy vessels, diseased arteries are charac-
terized by disordered cellular arrangements.>~> For SMCs, this
can entail residing outside of a cohesive network. For exam-
ple, in atherosclerotic lesions, SMCs can exist as individual
cells within an extracellular matrix, lacking critical connec-
tions to neighboring SMCs.2¢ As well, in nonatherosclerotic
but remodeling arteries, migrating and proliferating SMCs can
have little association with neighbors.*’

This dichotomy between individual and collective SMCs
has implications for vascular health. In particular, the extent
to which individual SMCs can successfully integrate into a
functioning collective could be vital to imparting stability to
the artery and enabling coordinated contractile activity. The
latter depends on coordination of Ca** oscillations and waves
among neighboring SMCs.® However, in contrast to the grow-
ing understanding of pathways that drive differentiation of
SMCs,’ relatively little is known about a transition from indi-
vidual to collective SMCs. One reason for this is the paucity of
in vitro models of SMC collectivization. In contrast to endo-
thelial cells, which form a cohesive monolayer in culture, cul-
tured SMCs form patterns that are less defined and less stable.

Central to the formation of cell collectives are the attach-
ments cells make with each other. One important means by
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Nonstandard Abbreviations and Acronyms

SMC smooth muscle cell
TGF-B transforming growth factor-f3

which cell-cell attachments are made is through adherens
junctions, a specialized structure detected in almost all tissue-
forming cells.'” The major cell-cell adhesion receptors within
adherens junction are cadherins, a group of transmembrane
glycoproteins that mediate calcium-dependent homophilic
adhesion, cell sorting, and tissue morphogenesis.!" There
is limited understanding of cadherins in vascular SMCs,
although N-cadherin is believed to be the most abundant cad-
herin in SMCs."? This classical cadherin has been reported
to regulate SMC proliferation,” SMC migration,'* and the
myogenic constrictor response.> Roles for other cadherins
in SMCs are even less well studied. In addition, despite their
importance in cell-cell adhesion, a role for cadherins in col-
lective SMC decisions has not been determined.

Herein, we report a novel, adhesive switching phenom-
enon that drives SMC collectivization. Using human SMCs
capable of undergoing programmed collectivization'>'® and
super-resolution microscopy, we establish that this adhesive
switch entails the assembly of a previously unknown cadherin
complex, comprised of hybrid nanotracks of cadherin-11
(osteoblast cadherin) and N-cadherin. We also”demonstrate
the centrality of cadherin-11 in both connecting SMCs to
each other and in coordinating calcium oscillations and waves
among SMCs.

Materials and Methods

Materials and Methods are available in_the online-only Data
Supplement.

Results

Induction of SMC Collectivization: Formation

of Long-Duration Homotypic Cell Adhesions

To elucidate events that underlie SMC self-organization, we
performed time-lapse video microscopy of HITC6 SMCs, a
line of human SMCs that displays several physiological attri-
butes'>!” and undergoes programmed morphogenesis on serum
withdrawal.'>!® We specifically studied cells at low density to
visualize the initial contact activity among SMCs. When cul-
tured in medium supplemented with 10% fetal bovine serum,
SMCs were seen to contact each other as they randomly
migrated. However, the cell—cell associations were transient
such that most cells remained individualized (Figure 1A, left).
In contrast, on serum withdrawal, SMCs assembled into small
collectives with end-to-end, end-to-side, and side-to-side cel-
lular arrangements (Figure 1A, right).

Time-lapse assessment of contact dynamics for SMCs in
serum-supplemented media revealed 2 dominant patterns.
Most common was a profile of touch-and-release, whereby
an approaching cell would extend all or part of a lamelli-
pod toward a neighboring cell, make contact, and then break
contact and continue migrating (Figure 1B; Video I in the
online-only Data Supplement). A second pattern entailed an

approaching cell making contact with a neighbor but then
effectively sliding over or under its surface, traversing to the
opposite side of the cell (Figure 1C; Video I in the online-
only Data Supplement). In contrast to these profiles, contacts
among SMCs in serum-free media were followed by consoli-
dation of the cell-cell attachments. In some instances, this
involved additional contact sites between the 2 cells and pro-
gressive coalignment to form a SMC bundle, similar to that
present in vivo (Figure 1D; Video II in the online-only Data
Supplement). In other instances, there was spreading of the
contact interface, sometimes despite tugging between contact-
ing but motile cells, suggesting strengthened cell—cell adhe-
sions. As well, additional contacts could be made with other
cells, which generated a multicellular network (Figure 1E;
Video III in the online-only Data Supplement).

Quantitative analysis confirmed these distinctions between
the 2 culture conditions. For SMCs in serum-supplemented
media, the median contact duration was 2.4 hours (0.03-12
hours), whereas for cells under serum-free conditions, this
was 9.3 hours (2.4-24 hours; P<0.0001; Figure 1F), a pro-
longation in contact duration that persisted after adjusting for
SMC migration speed using multivariate analysis (P<0.0001).
Based on.the frequency distributions of contact duration
(Figure 1F), we defined a long-duration adhesion as one
that lasted >4.9 hours, corresponding to the 90th percentile
of lcontact duration for SMCs in serum-supplemented media.
Using this cut-point, 82% of contacts between SMCs under
serum-free conditions progressed to long-duration adhesions
(Figure 1F). In contrast, for SMCs under serum-supplemented
conditions, only 10% of contacts evolved to long-duration
adhesions. Instead, these cells displayed an increased pro-
pensity for touch-and-release behavior (7.8-fold; P<0.0001)
and cell traversing (3.0-fold; P=0.0048; Figure 1G). We also
determined that the serum withdrawal—induced shift to an
adhesive SMC phenotype was relatively rapid, with 63+4%
of all cells'entering into a collective (long-duration adhesions)
doing so within 4 hours'(Figure TH). Increased contact dura-
tion after serum withdrawal was also observed for human
coronary SMCs and human dermal fibroblasts (Figure I in the
online-only Data Supplement).

Collectively, these time-lapse contact data establish that
SMCs can switch from a noncell-adhesive phenotype to a cell-
adhesive phenotype. This shift is characterized by the acquisi-
tion of a repertoire of postcontact behavior patterns that drive
cell collectivization and that are distinct from the contact
behavior that enables individual cell motility.

SMC Collectivization Is Characterized

by the Formation of Strikingly

Elongated Adherens Junctions

To elucidate the adhesive machinery underlying SMC col-
lectivization, we imaged cell—cell interfaces by transmission
electron microcopy. This revealed the presence of electron-
dense zones at interfaces consistent with adherens junctions.
These measured 348+29 nm in length and were found in both
serum-supplemented SMC cultures and in cultures studied 5
hours after serum withdrawal. However, under serum-supple-
mented conditions, partial or asymmetrical electron densities
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were observed, suggesting junctions that had either failed to
completely assemble or were in the process of disassembling.
Adherens junctions between SMCs under serum-free condi-
tions were consistently symmetrical, with no evidence for par-
tial assembly (Figure 2A).

‘We next evaluated the morphology of adherens junctions in
SMCs by immunostaining for cadherins, using a pan-cadherin
antibody. This revealed abundant linear aggregates of cadher-
ins in a ladder-like formation along the interfaces of contacting
SMCs (Figure 2A, bottom left). These were closely associated
with the ends of microfilament bundles. However, there were
pronounced differences in the lengths of the individual, linear
cadherin clusters for the 2 culture conditions, with the median
length for SMCs under serum-free conditions being 2.5-fold
greater than that for SMCs under serum-supplemented con-
ditions (P<0.0001). Furthermore, there was a relatively tight
distribution of cadherin assembly lengths for SMCs under
noncollectivizing conditions, whereas after serum with-
drawal, the distribution was wider and prominently skewed to

the right. This corresponded with the emergence of strikingly
elongated assemblies that reached <59.8 pum in length (versus
19.2 pm for SMCs in 10% fetal bovine serum; Figure 2A bot-
tom right; Figure 2B). These unusual linear assemblies gave
the appearance of cells being strapped together.

Immunostaining SMCs for B-catenin showed a similar
elongation response after serum withdrawal, with pronounced
P-catenin clusters that ran parallel to actin microfilament
bundles at cell-cell contacts. In contrast, immunostaining for
pFAK showed typical focal adhesion clustering, with no evi-
dence for elongation of signal on serum withdrawal (Figure II
in the online-only Data Supplement).

Cadherin-11 Mediates SMC Collectivization

Over 100 members of the cadherin family have been
sequenced. To gain an unbiased view of specific cadher-
ins that might mediate SMC collectivization, we interro-
gated microarray expression data from HITC6 SMCs (GEO
GSE21363). Using a signal intensity cut-point of twice that



Figure 2. Adherens junctions are symmetrical and
elongated between collectivized smooth muscle
cells (SMCs). A, Top, Electron micrographs of
SMCs in medium with fetal bovine serum (FBS),
showing adherens junctions with asymmetrical
electron densities, and SMCs in medium without
FBS, showing symmetrical adherens junctions
(arrows). A, Bottom, Fluorescent micrographs

of contacting SMCs immunostained with a pan-
cadherin antibody and labeled with Texas-Red-X
phalloidin and Hoechst 33258. For SMCs in 10%
FBS (left), cadherins exist as short streaks near
the ends of actin microfilament bundles. However,
in serum-free media’(right), cadherins are strik-
ingly elongated. B, Box and whisker plot of median
cadherin length, interquartile range, and 10th to
90th percentile range; n=358 and 297, cadherin
aggregates for 10% and 0% FBS, respectively;
*P<0.0001. Corresponding frequency distributions
are on the right and indicate a right-shift in cadherin
length for cells in the absence of serum.

Cadherin Length (pm)

for the endothelial-specific vascular endothelial cadherin, we
identified expression of 35 members of the cadherin super-
family in SMCs, including 13 cadherins, 20 protocadherins,
and 2 flamingo-type cadherins (Table I in the online-only Data
Supplement). Interestingly, none of these signals displayed
significant increases in expression within 24 hours after serum
withdrawal. Also interesting was that the strongest hybridiza-
tion signal corresponded not to N-cadherin but to cadherin-11
(osteoblast cadherin), an atypical (type II) cadherin found on
mesenchymal cells.!”* Western blot analysis confirmed the
expression of cadherin-11 in SMCs and showed no change
in expression of either cadherin-11 or N-cadherin <12 hours
after serum withdrawal (Figure 3A).

Immunofluorescence microscopy revealed that cadherin-11
localized to adherens junctions between contacting SMCs,
as did N-cadherin (Figure 3A). Moreover, on serum with-
drawal, the median length of the linear cadherin-11 aggre-
gates increased by 2.1-fold (P<0.0001) and that of N-cadherin
increased by 1.5-fold (P<0.0001; Figure 3B). Elongation of
cadherin assemblies was likewise observed in coronary artery
SMCs after serum withdrawal (Figure III in the online-only
Data Supplement). Thus, both type I and type II cadherins
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participated in the dynamic remodeling of adherens junctions
during SMC collectivization.

To further assess causality, we performed live-cell imag-
ing in the presence of blocking antibodies or IgG control.
When applied to serum-free and otherwise collectivizing
SMC cultures, the cadherin-11 blocking antibody, AF1790,
led to a 74% decline in the median SMC-SMC contact dura-
tion (P<0.0001), a 60% decline in the proportion of long-
duration contact events (P<0.0001), and a 3.5-fold increase in
the proportion of touch-and-release contact events (P=0.001;
Figure 3C). Interestingly, blockade of N-cadherin, using
antibody GC-4, also reduced the cell—cell contact dura-
tion (P<0.0001) and increased touch-and-release behavior
(P=0.0025; Figure 3D). Specificity of both blocking antibod-
ies was confirmed by immunostaining SMCs incubated with
the blocking antibody for the homologous and heterologous
cadherins (Figure IV in the online-only Data Supplement). As
well, inhibiting the expression of cadherin-11 or N-cadherin
with siRNA led to reduced SMC contact duration, with incre-
mentally suppressed cell adhesion on knocking down expres-
sion of both cadherins (Figure V in the online-only Data
Supplement).
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Figure 3. Cadherin-11 and N-cadherin are expressed in smooth muscle cells (SMCs) and mediate collective SMC behavior. A, Fluores-
cent micrographs of HITC6 SMCs in serum-supplemented (left) and serum-free medium (right) stained for cadherin-11 (top) and N-cad-
herin (bottom) and counterstained with Texas-Red-X phalloidin and Hoechst 33258. Western blots and quantification depicting stable
expression of cadherin-11 (P=0.90) and N-cadherin (P=0.48). B, Box and whisker plots depicting median cadherin length before and after
(n=569; n=486) serum withdrawal, with corresponding frequency distributions of cadherin lengths depicted below; *P<0.0001. C, Graph
depicting the effect of blocking antibodies against N-cadherin (GC-4), cadherin-11 (AF1790), or control IgG on cell-cell contact duration
for SMCs under serum-free, collectivizing conditions; *P<0.0001. D, Graph depicting the effect of cadherin-11 or N-cadherin blockade on
postcontact decisions between SMCs under serum-free, collectivizing conditions. *P=0.0010 vs AF1790, P=0.0025 vs GC-4; 1P=0.0003
vs AF1790, P=0.0152 vs GC-4, 11P=0.0005 vs AF1790, and P=0.0018 vs GC-4.

Super-Resolution Microscopy Reveals

Hybrid Nanotrack Assemblies of

Cadherin-11 and N-Cadherin

To better understand the relationship between cadherin-11 and
N-cadherin in SMCs, we assessed their relative locations by
double immunolabeling. Remarkably, this revealed an unex-
pected pattern of coassembly of both cadherin types present
within a given linear adherens junction aggregate. However,
we also noted that the colocalization was partial with discrete
regions of cadherin-11 and N-cadherin along the length of the
junctional straps (Figure 4A).

To further delineate this spatial relationship, we undertook
super-resolution imaging using ground-state depletion micros-
copy. Interestingly, this revealed that the 2 cadherins were in
fact resolvable at the nanoscale level. Surprisingly, the cadherins
assembled into 2 parallel tracks, one for each cadherin, which
were separated by 51+5 nm (Figure 4B). These paired nano-
tracks constituted the adherens junction assemblies for SMCs
under both serum-supplemented and serum-free conditions and
have never been described before to our knowledge. Moreover,
because the 2 cadherins were distinguishable, we were able to
quantify their relative proportions in the paired-track assemblies,
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Figure 4. Cadherin-11 and N-cadherin coexist in adherens junctions as parallel nanotracks. A, Wide-field fluorescent microscopy image
of contacting smooth muscle cells (SMCs) double-immunolabeled for cadherin-11 (green) and N-cadherin (red) showing coexistence of
the 2 cadherins within a given immunodectable junction. B, Ground-state depletion super-resolution microscopy images showing physical
separation of cadherin-11 from N-cadherin as parallel nanotracks within a given linear junction aggregate for SMCs under both serum-
supplemented and serum-free conditions. Zoomed regions of the areas within the white boxes are shown. C, Graph depicting the ratios
of the area of cadherin-11 to that of N-cadherin, within a given linear junction aggregate, before (n=34) and 5 hours after (n=35) serum
withdrawal, showing relative enrichment of cadherin-11; *P=0.0039. D, Fluorescent micrographs of a tangential section of the media of
the thoracic ascending aorta immunostained for cadherin-11 (green), N-cadherin (red), and nuclei (Hoechst 33258, blue). Linear aggre-
gates of both cadherins can be seen between adjacent cells (arrows). Region within the box corners are depicted in the second row.

based on area fractions. This revealed that 5 hours after serum
withdrawal, there was a 1.5-fold increase in the proportion of
cadherin-11 in the complex (P=0.0012), indicating the enrich-
ment of cadherin-11 under collectivizing conditions (Figure 4C).

Hybrid Cadherin-11/N-Cadherin Assemblies Are
Present in the Media of the Human Thoracic Aorta
To determine whether the unique adherens junction attri-
butes we identified in collectivizing SMCs reflected an in
vivo phenomenon, we immunostained sections of human
thoracic aorta retrieved at the time of heart transplantation.
To optimize identifying contacts between SMCs, the aortic
specimens were tangentially sectioned through the media

and double-immunolabeled for cadherin-11 and N-cadherin.
This revealed discrete, elongated adherens junctions between
cells that spanned <30 pm in length. Moreover, both cad-
herin-11 and N-cadherin could be identified within a given
linear aggregate. The 2 cadherins appeared intimately associ-
ated but, similar to the findings in vitro, signal overlap was not
absolute suggesting some separation (Figure 4D).

SMC Collectivization and Assembly of Adherens
Strap-Like Junctions Depend on Withdrawal

of Transforming Growth Factor-§ Signaling

The time course of SMC collectivization after serum with-
drawal indicated that acquisition of a strongly adhesive SMC
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phenotype was both rapid and regulatable. Transforming This TGF-f—driven shift in cell-cell contact dynamics
growth factor (TGF)-f31 is a major component of serum?' and a was associated with concordant effects on the morphology of
factor that promotes SMC—extracellular matrix attachments.?? cadherin assemblies. Electron microscopy revealed that incu-
We, therefore, next asked whether the propensity for SMC net- bation with TGF-f1 for 5 hours affected the normally symmet-
working and associated adherens junction dynamics were reg- rical adherens junctions in SMCs under serum-free conditions,
ulated by TGF-f3 signaling. Interestingly, withdrawal of serum such that hemijunctions were again visible (Figure 5D). As
from SMC cultures led to a 49% decline in the abundance of well, TGF-B1 abrogated the serum withdrawal-induced elon-
phosphorylated SMAD?2 (Ser465/467) within 2 hours, indicat- gation and rightward skewing of the length distribution of cad-
ing that reduced TGF-f3 signaling accompanied the initiation herin-11/N-cadherin—containing adherens junctions (median,
of the adhesive switch (Figure 5A; P=0.0218). Consistent 5.7 versus 2.9 pm and 5.1 versus 2.8 pm; P<0.0001 for both;
with this, addition of recombinant TGF-B1 to serum-free Figure 5D). Abrogation of cadherin-11 elongation by TGF-
SMCs caused a 68% reduction in cell—cell contact duration 1 was also observed for SMCs in confluent cultures (Figure
(P<0.0001; Figure 5B), and conversely, si-RNA-mediated VI in the online-only Data Supplement). Thus, the rapid con-
knockdown of the TGF-f receptor-1 increased the contact version of SMCs to a cell adhesive, collectivizing phenotype
duration for SMCs in serum-supplemented media (Figure 5B). depends on blunting of TGF-f3 signaling.
Exogenous TGF-1 also yielded a 62% decrease in the pro- To elucidate the signaling arm downstream of TGF-f
portion of long-duration contacts (P=0.0187; Figure 3C) and responsible for controlling the cadherin assemblies, TGF-
a 24.6-fold increase in the proportion of contacting SMCs that [1-stimulated SMCs were incubated with selective signaling
exhibited touch-and-release behavior (P=0.0002; Figure 5C). inhibitors. Interestingly, inhibiting TGF-f3 receptor-1 kinase
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Figure 5. Attenuation of transforming growth factor-3 (TGF-f3) signaling is required for smooth muscle cell (SMC) collectivization. A, West-
ern blot showing a decline in abundance of phosphorylated SMAD2 within 1 hour of serum withdrawal. Densitometry data are depicted
below the blots (*P=0.0218; n=3). B, Box and whisker plots depicting a decrease in the median cell contact duration on addition of
TGF-$1 (10 ng/mL) to SMCs under serum-free, collectivizing conditions (*P<0.0001) and an increase in contact duration in 10% fetal
bovine serum (FBS)-supplemented media when TGF-{ signaling is blocked using TGF-gR1 siRNA (*P<0.0001). The corresponding fre-
quency distributions of contact durations are shown on the right, illustrating a TGF-p1-induced abrogation of the right-shifted distribution.
C, Graph depicting the influence of TGF-f1 on postcontact decision making between contacting SMCs (touch-and-release: P=0.0008

vs TGF-B1, traverse: P=0.963 vs TGF-31; long-duration (LD) adhesions: P=0.0068 vs TGF-31). D, Top, Electron micrographs of SMCs in
media without serum, with (left) and without (right) TGF-31. A well-developed, symmetrical adherens junction between adjacent cells is
evident under control conditions (arrow), whereas under TGF-f31-stimulated conditions unilateral junction electron densities were present
(arrows). D, Bottom, Fluorescent micrographs of SMCs under serum-free, collectivizing conditions immunostained using a pan-cadherin
antibody showing abrogation of the highly elongated adherens junction aggregates by TGF-$1. D, Right, Graphs depicting cadherin-11
and N-cadherin junction length distributions in SMCs in media with 0% FBS, with or without TGF-f31, showing a left-shift of the distribu-
tion for both cadherin-11 and N-cadherin—containing junctions in the presence of TGF-$1. E, Box and whisker plot depicting the effect of
TGF-3 pathway blockers on the length of cadherin-11 assemblies. Blocking p38 signaling, but not SMAD2/3, extracellular signal-regu-
lated kinases 1/2, or Rho kinase signaling, reversed TGF-f-induced shortening of adherens junctions (*P<0.0001).
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activity with SB431542 did not block the effect of TGF-f31
on adherens junction length nor did inhibit extracellular sig-
nal-regulated kinases 1/2 or Rho kinase activity. However,
inhibition of p38 kinase with SB203580 abrogated the TGF-
pl-induced adherens junction shrinkage (median junction
length, 6.50 versus 3.09 um; P<0.0001; Figure S5E).

Cadherin-11-Dependent Collectivization
Coordinates Calcium Transients Among SMCs

We next sought to determine whether cadherin-mediated
collectivization enabled communication among SMCs in
addition to the mechanical cohesion. To address this, we
investigated patterns of [Ca*], transients. SMCs were loaded
with the Ca?* indicator fura-2 and changes in fluorescence
ratio were tracked for 5 to 15 minutes. SMCs were studied at
low density, similar to that used to assess contact dynamics.
Under these conditions, spontaneous and periodic calcium
oscillations were found in 78.6+4.3% of SMCs in serum-
supplemented media and 85.3+6.9% of SMCs in serum-free
media. Among SMCs with [Caz"]i oscillations, the mean oscil-
lation frequency was 3.84+0.66 (n=85) transients per minute
for SMCs in serum-supplemented media and 3.80+0.64 tran-
sients per minute for cells in - media with no serum (n=61;
P=0.963).

Despite these similarities in basal frequency, different
patterns of [Ca*] transients were apparent To determine
whether there was coordination of [Caz”]i transients among
contacting SMCs, we quantified the proportion, of coinci-
dent [Ca®]. transients, correcting for the background propor-
tion of coincident transients among noncontacting SMCs in
the same dish. Assessment of the [Caz“]i transient time-plots
revealed 2 patterns of [Ca**] oscillations: independent and
coordinated. Coordinated oscillations between contacting
SMCs were prevalent under serum-deprived conditions and
included phase-locked oscillations (Figure 6A). Overall, there
was a 3.2-fold increase in the percentage of coincident [Ca* ],
transients for contacting SMCs in serum-free media compared
with serum-exposed SMCs (P=0.0010; Figure 6B). To inves-
tigate whether coordination of [Ca®] transients was medi-
ated by cadherin-11, SMCs subjected to serum withdrawal
were incubated with the blocking antibody AF1790 or con-
trol IgG. Blocking cadherin-11 yielded a 47% decline in the
prevalence of coincident Ca** transients among contacting
SMCs (P=0.0428; Figure 6D). This entailed a 41% reduction
in the prevalence of overlapping but nonphase-locked tran-
sients (P=0.0163) and complete abrogation of phase-locked
synchrony (P=0.013). Blocking N-cadherin also significantly
reduced the prevalence of coincident calcium transients
(P=0.037) and abrogated phase-locked synchrony (P=0.035;
Figure 6D).

Notably, the spontaneous [Ca®] transients commonly
appeared as waves. In some instances, these waves were seen
to propagate from one cell to an adjacent cell. Such waves were
transmitted at the cell—cell contacts site, with only a modest
time delay in propagation across the contact site (Figure 6C
and Videos IV and V in the online-only Data Supplement).
This phenomenon constituted 21% of coordinated transients
among contacting SMCs under serum-deprived conditions but

was not observed in any of the transients among contacting
cells under serum-supplemented conditions (P=0.0096) nor in
any of the transients in SMCs subjected to either cadherin-11
or N-cadherin blockade (P=0.011 and P=0.035, respectively).

To determine whether this feature of SMC collectivization
was associated with gap junctions, we immunostained cells
for the gap junction protein, connexin 43. This revealed con-
nexin 43 clusters at SMC-SMC contact sites, aggregates that
were commonly associated with the ends of actin microfila-
ment bundles (Figure 6E). The proportion of contacting SMC
pairs in which gap junction aggregates were identified was
significantly higher under serum-free, collectivizing condi-
tions (78.6+5.5 versus 36.5+6.2%; P=0.0001). Furthermore,
antibody-mediated blockade of cadherin-11, N-cadherin, or
both reduced the proportion of SMC-SMC pairs with immu-
nodetectable connexin 43 clusters by 62%, 47%, and 70%,
respectively (P=0.0007, P=0.0006, and P<0.0001, respec-
tively; Figure 6F).

Taken together, these findings establish that reinforce-
ment of SMC-SMC cohesion, through the combined actions
of cadherin-11 and N-cadherin, leads to coordinated [Ca*],
oscillations and wave propagation among SMCs, pointing to
functional connectivity.

Discussion

In diseased arteries, SMCs can reside as individual cells, but
in healthy arteries, they exist as highly ordered collectives.
The findings herein identify a paradigm by which a shift from
individual to collective-SMCs can occur. Notably, collectiv-
ization of adult SMCs was not determined by the proximity
of SMCs to each other but, instead, by the acquisition of a
distinct SMC-adherent phenotype. The shift to this adherent
phenotype required blunting of TGF-f signaling and yielded
SMCs that formed strikingly elongated adherens junctions
when' they contacted an adjacent SMC. Remarkably, these
adherens junctions were hybrids of N-cadherin and cad-
herin-11, organized as parallel nanotracks of each cadherin.
This previously unknown cadherin formation served not only
to hold SMCs together but also to coordinate calcium tran-
sients among connected SMCs. These findings define a mech-
anism for self-assembly of SMCs into integrated units.

Time-lapse microscopy revealed that SMCs with a nonad-
herent phenotype effectively ignored each other on contact or,
at most, formed transient contacts. In contrast, SMCs with a
cell-adherent phenotype developed long-duration connections
and self-organized into collectives. This cadherin-mediated
shift from nonsocial to social behavior was notable for its
rapidity, becoming evident between 2 and 4 hours after serum
withdrawal. This time course, together with the stable expres-
sion of cadherin-11 and N-cadherin during this time frame,
suggests that reconfiguring existing adhesion machinery is a
powerful means of driving SMC cohesion. The potential for
cadherin-11 and N-cadherin—based cohesion machinery to
operate in vivo was supported by expression of these cadher-
ins at SMC junctions in the human aorta. Moreover, the find-
ings are in keeping with previously established paradigms of
cadherin-based cell clustering during development, such as
during somite formation.»**
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Figure 6. Calcium transients are coordinated among cadherin-11-dependent collectivized smooth muscle cells (SMCs). A, Spontane-
ous [Ca*7, oscillations in contacting SMCs cultured in the presence of 10% fetal bovine serum (FBS; noncollectivizing, short-duration
adhesions) or 0% FBS (collectivizing, long-duration adhesions). Fluorescence ratios of fura-2-loaded SMCs are expressed relative to
their respective baseline ratios at the start of the recording period and are plotted over time. Signals depicted are from the corresponding
color-shaded cells in the fluorescent micrographs (images from 380-nm excitation). In FBS-supplemented media, independent oscilla-
tions are evident. Middle (0% FBS), Partial synchrony among the SMCs is seen. Right (0% FBS), SMCs display phase-locked synchrony
of Ca** oscillations. B, Graph depicting the proportion of coincidental [Ca*]; oscillations among contacting SMCs in the presence or
absence of FBS; “P=0.0010. C, Fluorescent micrographs of contacting SMCs in 0% FBS that display propagation of [Ca*], waves. The
wave pathways are depicted by the yellow arrows and in the corresponding video files (Videos IV and V in the online-only Data Supple-
ment). Graphs below each micrograph chart depict the timing of the wavefront at a given location, establishing that the wave begins in
the downstream SMC at the cell-cell contact site. D, Graphs depicting the influence of cadherin-11-blocking antibody, AF1790, and
N-cadherin-blocking antibody, GC-4, on the percentage of coincident [Ca?*], transients between contacting SMCs under collectivizing
culture conditions; *P=0.0428 and 0.037, respectively. E, Fluorescent micrographs of contacting SMCs and corresponding quantification
of cell pairs with connexin 43 aggregates. Arrows indicate connexin 43 assembilies at cell-cell junctions (*P=0.0001). F, Graph depicting
the effect of cadherin—-blocking antibodies or respective control mouse (m) or goat (g) IgG on the proportion of cell pairs with connexin 43
aggregates (*P=0.0006, 1P=0.0007, and T1P<0.0001 vs respective control IgG, T1P=0.049 vs SMCs incubated with GC-4).

Cadherins are known to assemble into different mor-
phologies in different cell types.'” However, the strikingly
elongated adherens junctions, <60 um in length, in collectiv-
izing SMCs constitute a morphological profile not reported
previously to our knowledge. N-cadherin has been identified
in both punctate and linear morphologies in SMCs,>* but

functional correlates have not been established. Previous stud-
ies have determined that clustering of cadherins is a means
of increasing adhesive strength, presumably by accumulating
and concentrating cadherin bonds.” In light of the strap-like
assemblies of cadherins in collectivizing SMCs and the abro-
gation of collectivization by cadherin blocking or expression
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knockdown, we propose that cadherin-11/N-cadherin cluster
length in SMCs is a key determinant of adhesive versus indi-
vidualized SMC behavior.

The relative abundance of cadherin-11 in SMCs was sur-
prising, given that N-cadherin is regarded as the major cell-
cell adhesion molecule in vascular SMCs.'? Although there is
limited information on atypical cadherins in vascular cells,
cadherin-11 has been reported to be upregulated in SMCs in
vein grafts?® and required for in vitro differentiation of mes-
enchymal stem cells to SMCs.” The current findings are the
first to establish a role for cadherin-11 in structural network-
ing among SMCs. Recent adhesion force measurements by
Hinz et al*® have established that cadherin-11 bonds are stron-
ger than those of N-cadherin. This is noteworthy in light of
our finding of enrichment of cadherin-11 at adherens junc-
tions not only through junction elongation but also relative to
N-cadherin. These findings suggest that differential cadherin
composition at junctions could underlie differences in the sta-
bility of SMC networks.

SMC collectivization and adherens junction reinforcement
were suppressed by TGF-B1 and mimicked by knocking down
expression of TGF-f3 receptor-1. Although TGF-§ may not be
the only regulator of cell adhesion dynamics, these findings
add to the repertoire of TGF-f3 actions on vascular SMCs. In
this regard, it is noteworthy that TGF-f3 stimulates the differen-
tiation of SMCs.’ From a developmental standpoint; differen-
tiation of SMCs from precursors would be expected to precede
the development of firm SMC-SMC adhesions. The current
findings thus suggest that tempering of TGF-f3 signaling may
be required for a post-SMC differentiation phase of collectiv-
ization and assembly. It is also well recognized that TGF-
stimulates extracellular matrix production®’ and consolidates
focal adhesions to the extracellular matrix.>> This raises the
possibility that withdrawal of TGF-{3 signaling might promote
a shift from SMC-matrix interactions, which are dominant for,
individualized SMCs, to SMC-SMC interactions, which are
required for SMC collectivization. Also noteworthy was that,
although reduced TGF-f signaling was indicated by reduced
Smad? activity, it was the noncanonical, p38-dependent TGF-
P cascade that regulated adherens junction length. Although
further studies are required to better place the diverse actions
of TGF-f in context, the current findings indicate that tuning
of the TGF-f signaling environment may be a key determinant
of individual versus collective decision making.

Using super-resolution ground-state depletion microscopy,
we identified a cadherin nanoarchitecture within an adherens
junction that has not been revealed before. The hybrid assem-
blies identified were comprised of 2 parallel cadherin tracks,
one for N-cadherin and one for cadherin-11, separated by =50
nm. Interestingly, the observed separation between the 2 tracks
implies that the arrangement does not contravene the para-
digm of homophilic cadherin—cadherin binding or homotypic
lateral clustering of cadherins.!® Although both cadherin-11
and N-cadherin appeared to be within a given linear adher-
ens junction assembly, they were in separate microdomains.
The reason for the paired nanotrack architecture is unknown
at this point and warrants investigation, including defining the
mechanisms for cadherin sorting and targeting. However, we

speculate that the additional complexity afforded by the track
architecture could underlie a novel mechanism for regulating
the force of adhesions. Moreover, the potential for this com-
plexity to be relevant to the vessel wall was supported by our
finding of hybrid cadherin-11/N-cadherin assemblies between
medial SMCs in the human thoracic aorta.

A key reason for an interconnected arterial SMC network
is to coordinate calcium signaling to enable productive arte-
rial vasomotion. It was noteworthy, therefore, that within 5
hours of initiating SMC collectivization, we observed coor-
dinated spontaneous [Ca™] transients among contacting
SMCs. This included more homogeneous [Ca*'], oscillation
frequencies and, in some instances, phase-locked synchrony
of [Ca™], transients, changes that were dependent on cad-
herin-11 function. Particularly, noteworthy was the propaga-
tion of [Ca*"], waves from one cell to an adjacent contacting
cell. Adherens junctions are not known to be conduits for
Ca> movement, and at least 2 possibilities exist to explain
the observed [Ca*]. wave propagation. First, the calcium cou-
pling may be based on cell—cell transmission of mechanical
forces, via the consolidated adherens junctions. This was sug-
gested by the brief time delay between the end of a [Ca*],
wave in one cell and initiation in the second. Although we
did not measure mechanical forces, the findings argue for a
phenomenon, recently reported in myofibroblasts,*> whereby
a [Ca**], transient—driven contractile force in one SMC is con-
veyed across well-developed adherens junctions to initiate a
[Ca**]; transient in the adjacent cell. The second possibility is
that the hybrid adherens junction served to facilitate gap-junc-
tion—mediated ion transfer. Importantly, SMC collectivization
was associated with an accumulation of connexin 43—con-
taining junctions at cell-interfaces, and this proceeded in a
cadherin-11— and N-cadherin—dependent manner. Thus, by
bringing SMC surfaces together, gap-junction—-mediated sig-
naling between SMCs may have been enabled. The presence
of phase-locked [Caz"]i oscillations is also consistent with
gap=junction-mediated communication. Overall, the findings
reveal a novel, communication role for cadherin-11-contain-
ing junctions in SMCs and elucidate a linkage between SMC
cohesion and coordination of calcium signals.

In summary, the present report describes a novel, adhesive
switching phenomenon for vascular SMCs. This switch is
based on the rapid assembly and consolidation of adherens
junctions and a previously unknown junction architecture,
consisting of nanotracks of cadherin-11 and N-cadherin. This
adhesive machinery, and the attendant formation of SMC
networks, may contribute to stability and function of blood
vessels.
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Significance

Development of a cohesive smooth muscle cell network is critical to vascular stability and function. However, the basis for effective smooth
muscle cell (SMC) network formation is not understood. This study identifies a molecular cascade by which SMCs can switch from semi-
autonomous individuals to a functioning collective. This switch entails the assembly of a novel, strap-like adherens junction aggregate that
is enriched in cadherin-11. Furthermore, using ground-state depletion microscopy, we have discovered an entirely new adherens junction
architecture consisting of parallel nanotracks of cadherin-11 and N-cadherin. This cadherin assembly served not only to hold SMCs together
but also to coordinate calcium transients among connected SMCs. These findings define a mechanism for the assembly of SMCs into com-
municating units, a process critical for the stability and function of blood vessels.
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