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Micron-scale supramolecular myosin arrays help
mediate cytoskeletal assembly at mature adherens
junctions
Hui-Chia Yu-Kemp1, Rachel A. Szymanski2, Daniel B. Cortes2, Nicole C. Gadda2, Madeline L. Lillich2, Amy S. Maddox1,2, and Mark Peifer1,2

Epithelial cells assemble specialized actomyosin structures at E-Cadherin–based cell–cell junctions, and the force exerted
drives cell shape change during morphogenesis. The mechanisms that build this supramolecular actomyosin structure remain
unclear. We used ZO-knockdown MDCK cells, which assemble a robust, polarized, and highly organized actomyosin
cytoskeleton at the zonula adherens, combining genetic and pharmacologic approaches with superresolution microscopy to
define molecular machines required. To our surprise, inhibiting individual actin assembly pathways (Arp2/3, formins, or Ena/
VASP) did not prevent or delay assembly of this polarized actomyosin structure. Instead, as junctions matured, micron-scale
supramolecular myosin arrays assembled, with aligned stacks of myosin filaments adjacent to the apical membrane, overlying
disorganized actin filaments. This suggested that myosin arrays might bundle actin at mature junctions. Consistent with this
idea, inhibiting ROCK or myosin ATPase disrupted myosin localization/organization and prevented actin bundling and
polarization. We obtained similar results in Caco-2 cells. These results suggest a novel role for myosin self-assembly, helping
drive actin organization to facilitate cell shape change.

Introduction
E-Cadherin (Ecad)–based adherens junctions (AJs) play a pivotal
role in maintaining epithelial tissue homeostasis by mediating
cell–cell adhesion and anchoring the actomyosin cytoskeleton
(Lecuit and Yap, 2015). During morphogenesis, AJs ensure tissue
integrity when cells change shape, divide, and move, events
involving force exerted on AJs, which must be remodeled to
accommodate tissue-wide mechanical forces. The relationship
between AJs and the actomyosin cytoskeleton is one of recip-
rocal reinforcement (Michael and Yap, 2013). Apical AJs polarize
actin, and connections to actin stabilize AJs at the plasma
membrane. This focused attention on the complex supramo-
lecular actomyosin structures assembled at AJs.

One key issue in the field is to define the mechanisms cells
use to assemble and polarize this complex structure. Significant
progress has beenmade in examining polarization of AJs and the
junctional cytoskeleton. Drosophila embryogenesis provides an
important model, as 6,000 cells simultaneously form and po-
larize their AJs during cellularization (Schmidt and Grosshans,
2018). Gastrulation then begins within minutes and requires
intricate cross-talk between AJs and the cytoskeleton, allowing
dramatic cell shape changes while maintaining tissue integrity.

However, the complexity of the in vivo system provides major
challenges. For example, myosin, its activator Rho (e.g.,
Crawford et al., 1998; Royou et al., 2004; Xue and Sokac, 2016),
Arp2/3, and the formin Diaphanous (Afshar et al., 2000;
Stevenson et al., 2002; Zallen et al., 2002) are required for cel-
lularization. Cultured mammalian cells provide a simpler place
to examine how the actomyosin cytoskeleton assembles at AJs,
with pharmacologic tools allowing disruption of protein func-
tion in a temporally controlled way.

Often the junctional cytoskeleton is polarized, with Ecad and
actin enriched at the apical end of lateral cell borders, in a
structure known as the zonula adherens (ZA). Scientists have
taken several approaches to explore molecular mechanisms in-
volved in ZA assembly and maintenance. One approach was to
explore roles of actin and its regulators. Actin filament assembly
involves nucleation, elongation, and bundling. The Arp2/3
complex nucleates new filaments from the sides of existing ones,
creating branched networks, while formin family members
nucleate new unbranched filaments (Buracco et al., 2019;
Pollard, 2016). Formins and Ena/vasodilator-stimulated phos-
phoprotein (VASP) proteins promote filament elongation.
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Blocking actin polymerization using cytochalasin or latrunculin
can block de novo AJ assembly (Ivanov et al., 2005), but mature
AJs are more resistant (Ivanov et al., 2004; Tang and Brieher,
2012). The Arp2/3 complex coimmunoprecipitates with Ecad
(Kovacs et al., 2002) and is enriched at AJs in many epithelial
cell types (Yamada andNelson, 2007). RNAi knockdown (KD; Verma
et al., 2012) or use of pharmacologic inhibitors (Kovacs et al.,
2011; Tang and Brieher, 2012) revealed a role for Arp2/3 in
maintaining actin levels at AJs, but inhibiting Arp2/3 reduced
but did not eliminate junctional actin. Multiple Arp2/3 activa-
tors, including cortactin (Han et al., 2014; Helwani et al., 2004),
N-WASP, WAVE, andWIRE (Wiskott-Aldrich syndrome protein,
WASP-family verprolin-homologous protein, and WIP-related;
Verma et al., 2004; Kovacs et al., 2011; Verma et al., 2012) also
are enriched at AJs and interact with Ecad. However, once again
loss-of-function reduced but did not eliminate junctional actin in
established monolayers, suggesting that Arp2/3 acts in parallel
with other mechanisms to assemble junctional actin. Scientists
also explored formins (Carramusa et al., 2007; Kobielak et al.,
2004; Nishimura et al., 2016; Rao and Zaidel-Bar, 2016; Sahai
and Marshall, 2002). Individual KD of DAAM1 or Dia1 reduced
but did not eliminate junctional actin. Finally, scientists ex-
plored Ena/VASP proteins. While Ena/VASP proteins are en-
riched at AJs (e.g., Oldenburg et al., 2015; Vasioukhin et al.,
2000), KD or sequestration away from AJs reduced but did not
eliminate junctional actin (Scott et al., 2006; Yu-Kemp et al.,
2017). Taken together, these data suggest that multiple parallel
mechanisms drive assembly and maintenance of the junctional
actin cytoskeleton.

Scientists also explored roles of nonmuscle myosin II (here-
after referred to as myosin). Junctional contractility at the ZA is
driven by myosin and regulated by complex feedback loops
between actin, myosin, and Ecad. Myosin monomers assemble
into bipolar filaments, and their ATPase-powered motor activity
produces contractile force on the AJ-associated actin cytoskele-
ton (Agarwal and Zaidel-Bar, 2019; Vicente-Manzanares et al.,
2009). Myosin filament assembly requires phosphorylation via
Rho kinase (ROCK) or myosin light chain kinase (MLCK). My-
osin also cross-links actin, which, coupled with its motor ac-
tivity, allows myosin to organize actin. Inhibiting myosin motor
activity or myosin activation reduced, but did not eliminate,
actin assembly at AJs (Leerberg et al., 2014; Sahai and Marshall,
2002; Shewan et al., 2005; Zhang et al., 2005). Myosin-
generated contractility can stimulate actin assembly (Leerberg
et al., 2014), and myosin contractility can stabilize AJs by pulling
on α-catenin and shifting it to an open state, strengthening
AJ–actin connections (Ozawa, 2018).

Advanced imaging revealed new insights into supramolecu-
lar myosin organization. Two prescient papers from the 1990s
explored myosin organization in migrating fibroblast lamella,
where myosin filaments stacked on one another in arrays in-
volving dozens of filaments (Svitkina et al., 1997; Verkhovsky
et al., 1995). Structured illumination microscopy (SIM) allowed
direct observation of myosin stacks and associated actin fila-
ments in living cells (Fig. 1 A; Beach et al., 2017; Burnette et al.,
2014; Fenix et al., 2016; Hu et al., 2017). Individual myosin fila-
ments organized into stacks, with stacks oriented perpendicular

to peripheral stress fibers, thus linking actin filaments (Fig. 1 A),
and aligned myosin stacks formed 2D arrays tightly apposed to
the plasma membrane. Inhibiting myosin activation or myosin
motor activity reduced stack assembly. Hu and Bershadsky
made an interesting prediction: “Since the interaction of myosin
filaments associated with different actin bundles creates forces
attracting these bundles toward each other, the organization of
myosin filaments into stacks is a plausible mechanism for the
formation of the densely packed arrays of parallel actin bundles
often seen in polarized fibroblast-type cells” (Hu et al., 2017).
Advances in imaging also provided insights into actin and my-
osin organization at the ZA, revealing two zones of actin at the
bicellular border ZA of endothelial cells (Efimova and Svitkina,
2018): a central zone of branched actin immediately adjacent to
Ecad, colocalizing with Arp2/3, and more lateral bundled actin
filaments decorated by myosin, forming an actin belt along each
bicellular border. Superresolutionmicroscopy supports a similar
organization of actin and myosin at bicellular junctions in other
epithelial cells (Choi et al., 2016; Heuzé et al., 2019; Kovacs et al.,
2011). At tricellular junctions, bundled bicellular border actin
filaments may anchor end-on in cadherin–catenin complexes
(Choi et al., 2016; Efimova and Svitkina, 2018).

Zonula occludens protein-1 (ZO-1)/ZO-2-KD MDCK cells
(hereafter ZO-KD cells) assemble an “Albert’s textbook” ZA
(Choi et al., 2016; Fanning et al., 2012), with a robust actomyosin
array much like the ZA sarcomeric array of cochlear hair cells
(Ebrahim et al., 2013). To define mechanisms by which cells
assemble and position the contractile cytoskeleton at the ZA as
adhesion is established, we used the calcium switch assay to
visualize reassembly of the supramolecular actomyosin array at
the ZA in this model epithelial cell line via superresolution mi-
croscopy, to determine the ZA organization/assembly pathway,
and combined this with genetic and pharmacologic approaches
to define the molecular machines and mechanisms involved.

Results
A model system to study actomyosin assembly at the ZA
ZO-KD MDCK cells (Choi et al., 2016; Fanning et al., 2012) as-
semble a textbook-like ZA with a highly organized actomyosin
array positioned at the apical end of lateral cell borders (Fig. 1 B).
SIM superresolution imaging revealed tightly bundled actin
cables along bicellular junctions (Fig. 1 B, magenta arrow; Fig. 1
B9), decorated by a sarcomeric array of myosin (Fig. 1 B9; white
arrow = sarcomeric spacing), underlain by puncta of Ecad (Choi
et al., 2016; Fig. 1 B9). There are elevated levels of Ecad and in-
creased spacing between actomyosin arrays at tricellular junc-
tions (Fig. 1 B, yellow arrows; Fig. 1 B99), where molecular
tension is exerted on Ecad–catenin complexes (Choi et al., 2016).
Ecad is enriched at the apical ZA (Fig. S1 A, red arrows; quan-
tified in Fig. 1 E) and also present at lower levels all along lateral
cell borders (Fig. S1 A, green arrows), where it associates with a
distinct actin population that is less bundled and had little as-
sociated myosin (Fig. 1 B999). Actin and myosin (visualized using
antibodies to myosin-2B) are enriched at the apical ZA (Fig. 1 E)
and are also found in basal stress fibers (Fig. 1 B9999). Myosin-2A
showed a similar sarcomeric localization at the ZA (Fig. S1 R).
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Figure 1. ZO KD MDCK cells as a model to study formation of ZA actomyosin structures. (A) Schematic of myosin filament stacks in fibroblasts. (B) ZO
KD MDCK cells. ZA at bicellular borders (B9) and tricellular junctions (B0). Actin is bundled and myosin organized into a sarcomeric pattern. (B09) Lateral
membrane. (B00) Basal stress fibers. (C) Schematic diagram of calcium switch. (D) Representative images of actin and myosin at the apical surface as junctions
recover. (E) Ratio of apical to lateral signals of actin, Ecad, or myosin at the end of recovery. (F–H) Quantification. Changes of area covered by myosin (F), ZA
actin bundling (G), and border curvature (H) during junction maturation. Error bars represent mean ± SD. Magenta arrows, bicellular borders; yellow arrows,
tri-/multicellular junctions. Scale bars = 5 µm. For all figures, unless indicated, top-view images are apical MIPs. In E, n = individual borders; actin = 48, Ecad =
24, myosin = 48. In F, numbers for each time point are in Table S1. In H, representative of three experiments with one to three fields of cells/experiment/time
point, with seven to nine borders quantified/field.
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To study AJ reassembly, we used the calcium (Ca) switch
assay (Gumbiner and Simons, 1986), which relies on the calcium
dependence of classic cadherin structure/function (Shapiro
et al., 1995; Takeichi, 1988). Before perturbation, cells were co-
lumnar, with a slightly domed apical microvillar surface. We
removed Ca for 1.5 h, disrupting cell–cell adhesion, and cells
went from columnar to rounded (Fig. 1 D, 0 min to 20 min; Fig.
S1 F). Ecad was endocytosed, accumulating in an apparent ve-
sicular compartment (Fig. S1 B, cyan arrows), and cells unzipped
along their lateral borders (magnesium was not chelated, so
cell–ECM adhesion was not disrupted). When Ca was added
back, Ecad returned to the bases of the cells where contact was
preserved (Fig. S1 B, red arrows); at this stage, cells were highly
rounded (Fig. S1, F and M). As AJs reassembled over several
hours (Fig. 1 D), cells zipped together, with Ecad going from
punctate to more continuous at reestablished AJs (Fig. S1 B vs.
Fig. S1, C and D; red arrows). Over the next 2–3 h, borders slowly
straightened; bicellular borders straightened first (Fig. 1 D, ma-
genta arrows), with tricellular and short multicellular junctions
the last sites of reassembly (Figs. 1 D and S1 C, yellow arrows),
until columnar architecture was restored (Fig. S1, F–Q), with
Ecad enriched at the ZA (Fig. S1 E, red vs. green arrows). We
adopted three methods to quantify the rate of junctional ac-
tomyosin reassembly. First, we quantified the area occupied
by myosin over the entire field. As AJs reassembled, myosin
arrays at junctions narrowed, and thus the area occupied by
myosin decreased until it reached that seen before Ca with-
drawal (Fig. 1 F). Similarly, we quantified increased actin
bundling into the tight array seen before perturbation, by
selecting apical regions of bicellular junctions, binarizing
images, and calculating the area occupied by actin (Fig. 1 G).
Finally, we quantified junctional straightening as AJs re-
assembled (Fig. 1 H). These data were the baseline for our
subsequent perturbations.

Junctional reassembly involves generation of very large-scale
myosin arrays
We next examined AJ and cytoskeletal proteins at high resolu-
tion as AJs reassembled, using Zeiss Airyscan or Nikon SIM
imaging. Myosin and actin localization proved quite surprising.
Before perturbation, myosin localized to the tight ZA sarcomeric
array (Fig. 1, B–B99) and to basal stress fibers (Fig. 1 B9999). As cells
rounded up after Ca removal, myosin initially associated with
actin “arcs” aligned along reforming lateral cell borders (Fig. 2,
A–A999; closeup in Fig. 2 B), similar to those seen in keratinocytes
during Ca recovery (Zhang et al., 2005). Strikingly, however,
within 20 min of recovery, extensive stacks of myosin filaments
assembled around the cell periphery (Fig. 1 D, 20 min; Fig. 2 C),
similar to but more extensive than the myosin stacks seen in mi-
grating fibroblasts (Beach et al., 2017; Burnette et al., 2014; Fenix
et al., 2016; Hu et al., 2017; Verkhovsky et al., 1995). These myosin
stacks rapidly returned to their mature form at many bicellular
borders (Fig. 1 D, 60 min; Fig. 2 C, magenta arrows) but remained
extensive at a subset of tricellular and multicellular borders as re-
covery proceeded (Fig. 1 D, 60 min; Fig. 2 C, yellow arrows).

The micron-scale supramolecular myosin arrays assembled
during recovery were quite striking. In unperturbed cells, the

sarcomere-like myosin arrays decorating the bundled actin fil-
aments spanned∼200–300 nm in the direction perpendicular to
the membrane (Fig. 1 B9, cyan arrow; Fig. 2 F, nonswitched
[NS]). In contrast, mid-assembly, stacks could exceed many
times that span, extending to 4–6 µm (Fig. 2, C and C9; purple
arrow; Fig. 2 F; visualized using antibodies to myosin-2B;
myosin-2A also localized to these stacks; Fig. S1 S). In un-
perturbed cells, myosin at the ZA had a spacing between the
short myosin filament stacks of ∼400 nm (Fig. 1 B9, white
arrow; Choi et al., 2016); the antibody detects myosin heavy
chain’s tail), similar to spacing in stress fibers. Strikingly,
spacing between stacks remained similar throughout assem-
bly (Fig. 2 C9, bracket), regardless of the span of the stacks
(Fig. 2 G) or age of the junction (Fig. S1 L). Actin underlying
these myosin stacks was less organized than myosin, often
forming a meshwork (Fig. 2 C99). There also were actin
structures associated with Ecad at reforming junctions, with
short robust actin filaments (Fig. 2, C999 and C9999, red arrows)
terminating in interdigitating cadherin-zippers (Fig. 2, C999
and C9999, green arrows), like those in keratinocytes or en-
dothelial cells (e.g., Huveneers et al., 2012; Vasioukhin et al.,
2000). At times, remnant actin “arcs” parallel to the lateral
membrane were seen underlying the myosin stacks (Fig. 2,
D–D99), similar to those seen earlier in recovery (Fig. 2,
A–A99). Myosin arrays at bicellular and some tricellular
junctions rapidly reduced their span, but at a subset of tri-
cellular and multicellular junctions, extensive myosin stacks
remained, and actin in these regions remained less well or-
ganized (Fig. 2 E). These were the last places to resume the
bundled actin architecture seen before the Ca switch (Fig. 1 D,
120 min, yellow arrows).

We next examined myosin stack positioning along the z axis.
Strikingly, myosin stacks occupied an ∼0.5-µm region in the Z
plane, close to and underlying a flattened region of the plasma
membrane “apical” to lateral borders (Fig. 2, H–I9, arrowheads;
Fig. S1 M) and separate from the domed center (Fig. 2, H–I, ar-
rows). The domed membrane flattened as AJs matured, but re-
sidual myosin stacks continued to occupy flattened regions
underlying the apical membrane throughout the process (Fig. S1,
K and M–Q). Together, these data reveal that very extensive
myosin stacks form during ZA reassembly, often before there is
any apparent organization of underlying actin, and these stacks
narrow as actin is bundled into tight polarized sarcomeric
structures, reforming the ZA. We then explored whether
these arrays were specific to cells undergoing a Ca switch, by
replating cells in medium with normal Ca levels and watching
the ZA form de novo. These cells formed similar myosin ar-
rays during AJ establishment (Fig. S1 T). Finally, we explored
whether the actin cross-linker α-actinin, known to localize to
both stress fibers and myosin arrays in fibroblasts (Hu et al.,
2017; Verkhovsky et al., 1995), localized to the ZA arrays in
unperturbed cells or the myosin arrays seen during recovery.
α-Actinin-4 localized to both structures (Fig. 2, J–M). In-
triguingly, it colocalized with antibodies to the myosin tail
(Fig. 2, J and K) and alternated in localization with a GFP-
tagged myosin regulatory light chain, which is localized to
the myosin head (Fig. 2, L and M).
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Figure 2. Extensive stacks of myosin precede the formation of bundled actin as Ecad–based AJs assemble. (A–E) Images collected at different
time points of Ca recovery reveal that an extensive myosin array forms during midrecovery and localizes with a less well-organized actin network.
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Neither Arp2/3 activity nor formin activity is essential to
assemble specialized actomyosin structures at the ZA,
although they do enhance cortical actin
We next used functional assays to define mechanisms driving
assembly of specialized ZA actomyosin structures. We tested
two broad mechanistic hypotheses: (a) ZA actomyosin assembly
is driven by actin filament nucleation and elongation, and (b) ZA
actomyosin assembly is driven by myosin’s motor activity,
gathering and bundling preexisting actin filaments. We initially
favored a role for the Arp2/3 complex, as it can coimmunopre-
cipitate with Ecad, localizes to AJs, can stimulate actin assembly
at Ecad-based contacts, and along with its regulators, helps
stimulate junctional actin assembly in confluent monolayers
(Efimova and Svitkina, 2018; Kovacs et al., 2011; Tang and
Brieher, 2012; Verma et al., 2012). We first examined Arp2/3
localization during junction recovery. As in other cell types, the
Arp2/3 complex was enriched at the ZA in unperturbed con-
fluent cells (Fig. S1 U, arrow). However, enrichment was weak
until relatively late in AJ reassembly (Fig. S1, V–Y).

To assess Arp2/39s role, we used the well-characterized in-
hibitor CK666 (Hetrick et al., 2013; Nolen et al., 2009), after
verifying its activity by assessing its ability to block cell
spreading on the substrate (Fig. S2, A–E). We performed the Ca
switch in the presence or absence of CK666. To our surprise,
assembly of the tight ZA actomyosin array was qualitatively
unaltered by the inhibitor (Fig. 3, A–C vs. Fig. 3, D–F). Cells
rounded up at early time points (Fig. 3 A vs. Fig. 3 D), and then
expansive myosin stacks formed as junctions were reestablished
(Fig. 3 B vs. Fig. 3 E, yellow arrows). These stacks slowly reduced
in span, first at bicellular junctions (Fig. 3 B vs. Fig. 3 E, magenta
arrows) and finally at tricellular junctions, until the ZA sarco-
meric actomyosin array was reestablished (Fig. 3 C vs. Fig. 3 F).
Superresolution imaging confirmed that in places with exten-
sive myosin stacks, actin was present as a disordered array of
filaments (Fig. 3, J and J inset, arrows), as in controls. In CK666-
treated cells, tightly bundled actin and narrowed stacks of sar-
comeric myosin were restored at the ZA at both bicellular and
tricellular junctions (Fig. 3 K, magenta and yellow arrows). To
assess whether junctional reestablishment was delayed after
Arp2/3 inhibition, we used the reduction in span of myosin
stacks to quantitatively assess these events (as in Fig. 1 F). While
there was experiment-to-experiment variability, there was no
substantial delay of myosin stack narrowing after Arp2/3 inhi-
bition (Fig. 3 L). Intriguingly, Arp2/3 inhibition reduced total
apical actin levels, with less effect on lateral actin (Fig. 3 M), but
apical actin enrichment at the ZA was unaffected (Fig. 3 N). We
assessed ZA actin bundling (as in Fig. 1 G). At the completion of
ZA reassembly, actin was equally bundled after Arp2/3 inhibi-
tion (Fig. 3 O). Finally, border straightening occurring as the ZA
array assembled was also unaltered (Fig. 3 P). Together, these
data suggest that Arp2/3 activity is not essential for timely and

accurate assembly of specialized ZA actomyosin structures, even
though it promotes overall cortical actin levels in this cell type.

Formins have also been implicated in AJ assembly/mainte-
nance (Carramusa et al., 2007; Kobielak et al., 2004; Nishimura
et al., 2016; Rao and Zaidel-Bar, 2016; Sahai andMarshall, 2002).
Mammals have many formins, rendering KD approaches chal-
lenging. We thus used a formin FH2 domain inhibitor, SMIFH2
(Rizvi et al., 2009), at a concentration used by others (50 µM), in
the Ca switch to determine its effect on actomyosin architecture.
As with Arp2/3 inhibition, we saw no substantial qualitative
(Fig. 3, A–C; vs. Fig. 3, G–I) or quantitative (Fig. 3, L–P) differ-
ences in assembling specialized actomyosin structures at the ZA.
Formin inhibition did lower levels of both apical and lateral actin
(Fig. 3 M), as others saw (e.g., Rao and Zaidel-Bar, 2016), but did
not alter its apical polarization at the ZA (Fig. 3 N).We also noted
what appeared to be cell toxicity at later time points, in which
cells were lost in small regions of the field (Fig. S3, A–F); this
may be due to off-target effects. It is important to note that the
specificity of this inhibitor has come into question, with evi-
dence that it can also inhibit myosin-2 (Nishimura et al., 2021).
However, since SMIFH2 treatment did not alter ZA actomyosin
assembly, and myosin inhibition did (see below), we do not
think those particular off-target effects alter our conclusions.
Thus, with those caveats, there was no requirement for formin
activity in assembling specialized ZA actomyosin structures.

One possibility was that these two actin nucleators acted in
parallel in junctional assembly. To test this, we treated cells si-
multaneously with CK666 plus SMIFH2 during recovery from
the Ca switch. Intriguingly, this did not prevent ZA actomyosin
assembly, nor was there an apparent delay in the process. Cells
treated with CK666 plus SMIFH2 reassembled a sarcomeric
myosin array with tightly bundled actin (Fig. S3 I vs. Fig. S3 J,
insets), with timing that was parallel to the controls (Fig. S3, G–J;
representative of three experiments). As in the individual in-
hibitor treatments, overall junctional and lateral actin intensity
was reduced (Fig. S3 K). However, quantification confirmed that
neither tight bundling of actin at the ZA (Fig. S3 L) nor apical
polarization of actin at the ZA were reduced (Fig. S3 M). We did
note some cell toxicity, similar to that seen after SMIFH2
treatment alone. These data suggest our cells can reassemble the
ZA without either Arp2/3 or formin activity.

Sequestering Ena/VASP proteins does not block or slow
assembly of specialized actomyosin structures at the ZA
Ena/VASP proteins bind to the growing ends of actin filaments
to antagonize capping and stimulate monomer addition (Bear
and Gertler, 2009). In some cell types, Ena/VASP proteins are
implicated in AJ assembly/maintenance (Scott et al., 2006; Yu-
Kemp et al., 2017). We first examined VASP localization in our
cell line. In confluent, unperturbed cells, VASP was enriched
at the ZA, with special enrichment at tricellular junctions

(F and G) Quantification. Despite changes in the span of the myosin stacks at different time points (F), spacing between myosin stacks remains similar (G).
(H) 3D surface rendering of a cell in midrecovery. (I) Cross-section view at the line indicated in H. The extensive myosin stacks localize to a restricted Z plane
underlying the apical plasma membrane (arrowheads), between the domed microvillar caps (arrows). In F, n = (nonswitched [NS] = 75, 5 min = 34, 20 min =
44, 50 min = 63, 120 min = 51, 180 min = 43). In G, n = 550 for each time point.
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Figure 3. Neither Arp2/3 activity nor formin activity is essential to assemble specialized actomyosin structures at the ZA, although they do enhance
cortical actin. (A–K) Recovery from Ca switch in control, CK666 (Arp2/3 inhibitor)-treated, or SMIFH2 (formin inhibitor)-treated cells. (L–P) Quantification.
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(Fig. S2 F, arrows), matching Ena localization in Drosophila
tissues (Gates et al., 2007; Rauskolb et al., 2019). A different
fixation technique increased junctional signal, and, because AJs
separated a bit, revealed that VASP localizes slightly membrane
proximal to the actomyosin array (Fig. S2 G, arrows). We then
explored how VASP localization changes during junctional re-
assembly. Right after Ca switch, VASP primarily localized ba-
sally to the ends of stress fibers (Fig. S2 H, arrows). Midway
through recovery, VASP localized between the expanded my-
osin stacks, with some enrichment at tri-/multicellular junc-
tions (Fig. S2, I and J). This was consistent with a potential role
in actomyosin assembly at the ZA.

The presence of three Ena/VASP family members compli-
cates KD, but a clever approach allows sequestration of all three
at mitochondria, thus inactivating them. FP4mito fuses a se-
quence that inserts in the mitochondrial outer membrane with
sequences encoding high-affinity Ena/VASP binding sites, while
in the control construct, AP4, the Ena/VASP sites are mutated
(Bear et al., 2000). We confirmed that FP4mito sequestered
VASP at mitochondria in our cell line, while AP4 did not (Fig.
S2 K vs. Fig. S2 L); VASP was no longer detectable at apical
junctions, and enhancing the signal more basally suggested that
most or all VASP was lost from the cortex (Fig. S2 L).

We thus used FP4mito to test whether Ena/VASP proteins
play an important role in assembling specialized ZA actomyosin
structures, transfecting cells with FP4mito, or AP4mito as a
control, and subjecting them to Ca switch (Fig. 4). Transfection
efficiency was not 100%, so we focused on regions where several
FP4mito- or AP4mito-expressing cells (indicated by asterisks)
were adjacent. Surprisingly, sequestering Ena/VASP proteins
did not affect ZA actomyosin array assembly, as this proceeded
in a similar way in FP4mito and control AP4mito cells. Cells
rounded up after Ca withdrawal, with myosin and actin pre-
dominantly in basal stress fibers (Fig. 4 A vs. Fig. 4 B, arrows).
Midway through recovery, broad myosin stacks were seen in
both cell populations (Fig. 4 C vs. Fig. 4 D, arrows, insets), with
narrowing occurring first at a subset of bicellular junctions. The
myosin stacks were qualitatively similar to those seen in un-
transfected cells. Finally, expressing FP4mito did not alter the
final ZA sarcomeric myosin array decorating tightly bundled
actin filaments (Fig. 4 E vs. Fig. 4 F, arrows, insets). Quantitative
analysis of myosin stack narrowing revealed no delay after FP4
transfection relative to AP4 (Fig. 4 G). In contrast to inhibiting
Arp2/3 or formins, sequestering Ena/VASP did not reduce
overall cortical actin levels (Fig. 4 H). Actin apical polarization
was unaffected (Fig. 4 I), as was actin bundling at the ZA
(Fig. 4 J). Finally, Ena/VASP sequestration did not slow junction
straightening (Fig. 4 K). Thus Ena/VASP proteins do not
appear to be essential for assembling the highly ordered ZA
actomyosin array.

Modeling suggests that actomyosin arrays can help gather
actin filaments at a border
The data above suggest that individual actin polymerization
machines are not essential for assembling the highly organized
ZA actomyosin structures. An alternate hypothesis was that ZA
actomyosin assembly is driven by myosin motor activity, gath-
ering and bundling preexisting actin filaments. To explore
whether myosin might have this ability, we used a published
molecular model of fully discretized nonmuscle myosin II motor
filaments (Cortes et al., 2020; see Materials and methods for
details) to examine how myosin arrays altered organization of
actin filaments. We made this model 2D, reflecting the acto-
myosin arrays we saw tightly apposed to the plasma membrane
apical to the reforming Ecad-based junctions (Fig. 5, A and B;
from data in Fig. 2, C, H, and I). If one looks down on these arrays
from above (apical), the array extends toward a boundary,
where it encounters the Ecad–catenin complexes (Fig. 5, B and
C). We thus first contrasted two scenarios: an actomyosin array
in the midst of disordered actin filaments, vs. one next to a
“boundary,” which in our cells would be the adjacent Ecad–
catenin complexes. We created an array of stacked myosin
minifilaments that was not adjacent to a boundary (Fig. 5 D),
added a set of randomly oriented actin filaments, and performed
10 simulations. This myosin array effectively moved actin fila-
ments bidirectionally out of its space, with filaments mostly
moving vertically along the horizontal motor stacks (perpen-
dicular to the boundary) with a time-averaged mean alignment
angle close to 88° (Fig. 5, E, F, and M). This was apparent in
quantification of bothmean angle over 300 simulated seconds of
runtime (Fig. 5 N; averages of 10 simulations) and the percent-
age of filaments in horizontal orientation, which dropped rap-
idly to <40% (Fig. 5 O) as the mean angle of alignment rapidly
approached 90° (Fig. 5 N). This was the opposite of what is seen
in our cell line. However, if the same array was apposed to a
boundary (Fig. 5 G), the resultswere quite different. Once again, the
myosin array moved filaments out of its space, but on one side, as
they approached the boundary, they forcibly reoriented, becoming
aligned parallel to the boundary (horizontal) at angles close to 0°
(Fig. 5, H and I). The mean angle over 300 s of runtime for these
simulations was ∼8° (Fig. 5 M); for these simulations, the per-
centage of horizontal filaments increased over time up to ∼60%
(Fig. 5 N) as themean angle of alignment rapidly dropped (Fig. 5 O).
The fluctuations seen in the plotted data (Fig. 5 O) reflect the fact
that the motor array continually orients filaments vertically as it
shuttles them either upward to the boundary or downward into
empty space. Finally, we asked if the myosin needed to be in an
ordered array, by simulating a zone of randomly oriented myosin
filaments adjacent to a boundary (Fig. 5 J). To our surprise, the zone
of disordered myosin filaments was equally able to orient filaments
parallel to the boundary (Fig. 5, K and L; quantified in Fig. 5, M–O)

Narrowing of myosin stacks (L), actin bundling (O), and cell border straightening (P) remain similar among all three conditions. However, inhibition of actin
nucleators reduced apical actin levels (M, left), but parallel changes in lateral actin mean apical polarization of actin is not altered (N). In L, numbers for each
time point are in Table S1. n = individual borders (M–O); control = 48 (M and N), CK666 = 40 (M and N), SMIFH2 = 44 (M and N), control = 63 (O), CK666 = 63
(O), SMIFH2 = 58 (O). In P, representative of three experiments with one to three fields of cells/experiment/time point, with seven to nine borders quantified/
field. Statistical analysis performed using one-way ANOVA tests and post hoc Tukey tests (M–O). Error bars represent mean ± SD. **, P < 0.01.

Yu-Kemp et al. Journal of Cell Biology 8 of 23

A micron-scale myosin array in junction assembly https://doi.org/10.1083/jcb.202103074

https://doi.org/10.1083/jcb.202103074


Figure 4. Ena/VASP proteins are not essential for assembling specialized actomyosin structures at the ZA. (A–F) Representative images of different
time points during recovery. Control (AP4) or VASP-sequestered (FP4). *, FP4mito- or AP4mito-expressing cells. (G–K)Quantification. There was no difference
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and did so somewhat more rapidly (Fig. 5). These data suggest that
the boundary provided a key element in enabling a myosin array to
orient filaments, regardless of the organization of themyosinmotor
array. One possible advantage of the ordered array (Fig. 5, G–I) over
the randomarray (Fig. 5, J–L) is that actin filaments are bundled in a
tighter region (Fig. 5 I vs. Fig. 5 L), which is approximately half the
overall width (blue brackets) when myosin filaments are oriented
in horizontal stacks.

Proper assembly of tightly bundled actin at the ZA requires
ROCK activity but not MLCK
With these modeling data in hand, we tested our second hy-
pothesis: The expansive myosin stacks assembled as junctions
reformed helped align actin for bundling. We first examined
kinases that phosphorylate and activate myosin: ROCK and
MLCK. We used well-characterized, specific inhibitors of each to
explore roles of ROCK and MLCK.

between control and VASP-sequestered cells in narrowing of myosin arrays (G), actin intensity (H), apical actin polarization (I), actin bundling (J), or junction
straightening (K). White arrows, locations of the zoom-in insets. In G, numbers for each time point are in Table S1. n = individual borders (H–J); AP4 = 47 (H and
I), FP4 = 43 (H and I), AP4 = 47 (J), FP4 = 40 (J). mito., mitochondria. In K, representative of nine experiments with two to six borders quantified/experiment/
time point. Statistical analysis performed using unpaired two-way t tests (H–J). Error bars represent mean ± SD.

Figure 5. Modeling effects of myosin arrays on actin organization. (A and B) Image and diagram of myosin array from above. (C) Schematic of an ordered
array with cadherin–catenin complexes as a boundary, illustrating extremes of actin alignment. (D, G, and J)Myosin organization in the three conditions. (E, F,
H, I, K, and L) Representative images of actin filaments at the end of run. Filaments in F, I, and L are colorized with regard to alignment. Brackets in I and L
indicate regions of maximal alignment. (M) Time-averaged mean alignment angle of actin filaments, averaged over 10 simulations. (N) Percentage of filaments
that are horizontal over time. Averaged value for 10 simulations at each simulated time point. In O, mean alignment angle of actin filaments over time.
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To test if MLCK activation of myosin is essential to drive ZA
actomyosin assembly, we incubated cells with ML-7, which in-
hibits MLCK’s catalytic activity (Saitoh et al., 1987), during Ca
switch recovery. After ML-7 treatment, myosin still localized to
cell borders. There was no noticeable delay in myosin stack nar-
rowing or junctional actin bundling as junctions matured, com-
pared with control (Fig. S4, A–F). Quantification confirmed that
ML-7–treated cells had similar rates of myosin stack narrowing
(Fig. S4 G) and ZA actin bundling (Fig. S4 I). Borders straightened
at the same rate as in controls (Fig. S4 J). ML-7–treated cells had
somewhat elevated actin levels laterally, thus reducing apical
enrichment (Fig. S4, K and L). We did less extensive experiments
with a second MLCK inhibitor, peptide-18 (Lukas et al., 1999), and
saw a similar lack of effect (Fig. S4 H; quantified in Fig. S4, G and
M). These data suggest that MLCK signaling is not essential for
assembling actomyosin structures at the ZA.

We next tested whether ROCK has a role, using a well-
characterized ROCK inhibitor, Y-27632 (Ishizaki et al., 2000),
during recovery. The result was quite different. ROCK inhibition
reduced overall cortical myosin levels (Fig. S4 N vs. Fig. S4 O;
and Fig. S4 P vs. Fig. S4 Q) and disrupted the organized myosin
stacks seen in controls—this was seen even at our earliest time
points (Fig. 6 A vs. Fig. 6 B, arrows) and was reflected in the
reduced area covered bymyosin throughmost of the time course
(Fig. 7 A). In controls, extensive myosin stacks appeared at tri-
cellular and multicellular junctions by 20 min of recovery (Fig. 6
C, arrows; Fig. 6 C999, magnification of the sarcomere-like array).
In contrast, after ROCK inhibition, while some myosin accu-
mulated overlapping cortical actin near junctions (Fig. 6 D, arrows),
organized myosin stacks were absent. In controls, myosin stacks at
the ZA narrowed by 105 min, with a tight sarcomeric array and
bundled actin atmany bicellular borders (Fig. 6 E, magenta arrows),
although a subset of tricellular junctions retained more extensive
myosin stacks and less organized actin (Fig. 6 E, yellow arrows). By
180 min, controls returned to the highly organized bundled actin
and sarcomeric myosin seen before perturbation (Fig. 6 G). In
contrast, while actin accumulated at AJs in ROCK inhibitor–treated
cells, it did not form the tight bundled arrays seen in controls (Fig. 6
E vs. Fig. 6 F; Fig. 6 G vs. Fig. 6 H, magenta arrows; quantified in
Fig. 7 B), even at the latest time points (Fig. 6 H). Borders did not
become straight, even at time points where recovery was complete
in controls (Fig. 6 G vs. Fig. 6 H, arrows; quantified in Fig. 7 D).
ROCK inhibition also reduced apical polarization of actin (Fig. 6 E999
vs. Fig. 6 F999, apical [red arrows] vs. lateral [green arrows]; Fig. 6
G999 vs. Fig. 6 H999; actin quantified in Fig. 7 C), and reduced overall
levels of apical actin (Fig. S4 R). Interestingly, effects of ROCK in-
hibitionwere reversible, with tight sarcomeric myosin and bundled
actin reforming after inhibitor washout (Fig. 6 I, magenta arrows;
quantified in Fig. 7, A and B) and apical polarization reestablished
(Fig. 6 I, inset, Fig. 6 I999, and Fig. 7 C). Thus myosin activation by
ROCK is essential for assembly of sarcomeric myosin arrays and
tightly bundled actin at the ZA.

Proper assembly of tightly bundled actin at the ZA requires
myosin motor activity
We next explored the role of myosin motor activity, which can
play an important role in actin remodeling. We used the

inhibitor blebbistatin, which inhibits myosin motor activity
without abolishing its ability to bind actin (Kovács et al., 2004).
We repeated the Ca switch in the presence of this inhibitor. The
results were interesting and surprising.

As expected, myosin was disrupted even at the earliest time
points (Fig. 8 A vs. Fig. 8 B). Assembly of the extended myosin
stacks seen in the controls (Fig. 8 C9, yellow arrows) was pre-
vented by blebbistatin. Instead, myosin accumulated in a
punctate pattern overlapping cortical actin (Fig, 7, D9 and D99,
yellow arrows), with some enrichment near Ecad-based AJs
(Fig. 8, D and D9, magenta arrows). Cortical myosin remained
disorganized even after extended recovery in the presence of
blebbistatin (Fig. 8, F9 and H9, red arrows), by which point
control cells had resumed tight sarcomeric myosin arrays and
bundled actin filaments and both bicellular and tricellular
junctions (Fig. 8, G–G99, magenta and yellow arrows). Not sur-
prisingly, blebbistatin treatment reduced the narrowing of
myosin stacks seen in controls (Fig. 8 H; quantified in Fig. 7 E).
However, cells retained the ability to regain a more columnar
architecture as lateral borders zipped up, although apical flat-
tening was reduced (Fig. S5, A–F).

After blebbistatin treatment, Ecad, which was endocytosed
after Ca removal (Fig. 8, A and B, arrows), still returned to cell
borders, where it associated with a junctional population of
actin. However, junctional actin architecture was dramatically
altered by blebbistatin treatment. This began early in recovery
(Fig. 8 B) and continued to the end of the process (Fig. 8 H). In
controls at the recovery midpoint, extended myosin stacks
(Fig. 8 C9, yellow arrows) overlaid a disordered meshwork of
actin filaments (Fig. 8 C99, yellow arrows), and as myosin stacks
narrowed, beginning at bicellular borders (Fig. 8 E9, magenta
arrow), actin filaments became increasingly concentrated at
nascent AJs, leading to assembly of bundled arrays (Fig. 8, E99
and G99, arrows). In contrast, in blebbistatin-treated cells, spiky
actin filaments emanated from cell junctions. These spiky fila-
ments were already evident within 5 min of recovery (Fig. 8 B,
inset), became prominent at middle stages (Fig. 8 D99, cyan ar-
rows), and remained present even late in recovery (Fig. 8 H99,
cyan arrow). Quantification of junctional actin confirmed the
failure to tightly bundle actin and its replacement by a disor-
dered apical actin array (Fig. 7 F). Blebbistatin also prevented
actin polarization to the ZA (Fig. 7 G), and cell border straight-
ening was substantially reduced (Fig. 8 H; quantified in Fig. 7 H),
suggesting that inability to assemble ZA sarcomeric actomyosin
may reduce border contractility.

Strikingly, all these effects were rapidly reversed after
blebbistatin washout (which began at 90 min of recovery).
Within 15 min, some bicellular borders straightened, and the
highly spiky actin at junctions was reduced (Fig. S5 G vs. Fig.
S5 H). Within 90 min, most borders had assembled sarcomeric
myosin and tightly bundled actin (Fig. S5 I), and by 150 min,
cells resembled controls (Fig. S5 J), with bundled actin and
myosin (quantified in Fig. 7, E and F) at the ZA and straightened
cell borders (quantified in Fig. 7 H). Consistent with a role for
myosin in actin bundling, as recovery proceeded after washout,
there was a correlation between borders where myosin stacks
narrowed and those where actin was bundled (Fig. S5, H and I,
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Figure 6. Inhibiting ROCK reduces myosin
recruitment and organization at cell bor-
ders, leaving less bundled F-actin and less
actin polarization at the ZA. (A–I) Repre-
sentative images, different time points during
recovery. Control vs. ROCK-inhibited (ROCK-i).
ROCK inhibition reduces myosin at cell borders
(Fig. S4, N–Q), but when its signal is intensi-
fied, it becomes clear that myosin stacks are
disrupted (C9 vs. D9, arrows; C09 vs. D09), and at
later time points, sarcomeric organization at
the ZA is lost (E9 vs. F9; G9 vs. H9). Actin is less
bundled than control (E0 vs. F0; G0 vs. H0).
Apical polarization of Ecad, myosin, and actin
to the ZA is reduced after ROCK-i (E09 vs. F09;
G09 vs. H09, red vs. green arrows). (I–I09) After
inhibitor washout, ZA actomyosin architecture
is restored.
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magenta arrows), while borders where myosin remained dis-
organized retained disorganized cortical actin (Fig. S5, H and I,
yellow arrows). We completed this analysis by exploring the
mechanism involved in generating the spiky actin structures
seen after blebbistatin treatment. These long linear structures
resemble those generated by elevating formin activity, but in-
hibiting formins using SMIFH2 did not block their formation
(Fig. 8 J vs. Fig. 8 K). Together, these data support the hypothesis
that myosin motor activity is critical for assembling the ZA su-
pramolecular contractile actomyosin array and reveal that in-
hibiting myosin motor activity triggers striking changes in actin
architecture at nascent junctions. Recent work revealed a sim-
ilar effect of myosin inhibition on brush border microvilli; the
authors suggested that myosin contractility stimulates actin
network turnover (Chinowsky et al., 2020).

Finally, we explored the effects of inhibiting both myosin
activation and motor activity, treating cells with both the ROCK
inhibitor and blebbistatin. The effect on myosin assembly was
similar to that seen after ROCK inhibition alone, with strongly
reduced cortical myosin and total loss of the myosin arrays
(Fig. S5 K9 vs. Fig. S5, L9 and M, arrows). At the level of the
apical junctions, the effect on actin organization also re-
sembled that of ROCK inhibition alone—actin accumulated

in broad disorganized cortical arrays (Fig. S5 L99, arrow) rather
than the tightly bundled actin seen in controls (Fig. S5 K99,
arrow). The spiky actin protrusions seen at the level of apical
junctions after blebbistatin treatment were absent (Fig. S5 L99).
However, when we focused on the apical surface of the cells,
spiky protrusions were seen there (Fig. S5 N), similar to those
seen at the level of the AJs in cells treated with blebbistatin
alone (e.g., Fig. 8 J). Perhaps most interesting, combining ROCK
inhibition and blebbistatin did not prevent cells from reestab-
lishing Ecad-based junctions and zipping up, but apical enrich-
ment of Ecad (Fig. S5 K999 vs. Fig. S5 L999, arrows) and actin (Fig. S5 O
vs. Fig. S5 P, arrows) at the ZA were strongly reduced or
abolished. Thus, in this cell line, myosin activation and motor
activity are not essential for reestablishment of cell adhesion.

Caco-2 cells also assemble myosin arrays during recovery
Thus, in ZO-KD MDCK cells, large-scale myosin arrays assemble
during junctional reassembly, and recovery of the tightly bun-
dled actin at the ZA is independent of Arp2/3, formins, and Ena/
VASP proteins but dependent on myosin activity. However, the
ZA in ZO-KD MDCK cells is exceptionally well-organized, likely
due to the elevated ROCK activity triggered by ZO-KD (Choi
et al., 2016). Cultured cells vary widely in the organization of

Figure 7. Myosin activation and motor activity are important for actin bundling and polarization at the ZA. Quantification. (A–D) ROCK inhibition.
(E–H) Myosin ATPase inhibition. Inhibiting ROCK reduces junctional myosin (A), while blebbistatin reduces narrowing of myosin stacks (E). Both inhibitors
reduce actin bundling at the ZA (B and F), apical actin polarization (C and G, left), and border straightening (D and H). In A and E, numbers for each time point
are in Table S1. n = individual borders; control = 80, Y = 80, Y washout = 48 (B); control = 95, Y = 85, Y washout = 49 (C, right); control = 95, Y = 85 (C left);
control = 93, blebb = 97, blebb washout = 69 (F); control = 95, blebb = 89, blebb washout =42 (G, right); and control = 95, blebb = 89 (G, left). In D, rep-
resentative of seven (control, Y) or three (washout) experiments with two fields of cells/experiment/time point, with seven to nine borders quantified/field. In
H, representative of five (control, blebb) or two (washout) experiments with two fields of cells/experiment/time point, with seven to nine borders quantified/
field. Statistical analysis was performed using one-way ANOVA tests and post hoc Tukey tests (B, C, F, and G). Error bars represent mean ± SD. ****, P <
0.0001; **, P < 0.01; *, P < 0.05.
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Figure 8. Blebbistatin (myosin ATPase inhibitor) treatment disrupted assembly of myosin stacks and altered F-actin structures at the ZA. (A–H)
Representative images of different time points during recovery. Control vs. blebbistatin (blebb). At middle time points, assembly of expansive stacks of myosin
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actin and myosin at the ZA and in border contractility. We thus
looked for a “nonmutant” cell line with a reasonably robust ZA
actomyosin cytoskeleton. The human intestinal cell line Caco-2
met these criteria (e.g., Cavanaugh et al., 2020; Kovacs et al.,
2011). At confluence, cell borders are reasonably straight, Ecad is
enriched apically and a sarcomeric array of myosin can be seen
at the apical ZA (Fig. 9 A). Actin is strongly concentrated at the
ZA (Fig. 9 A; Kovacs et al., 2011), although it does not appear as
tightly bundled as in ZO-KD MDCK cells. Because the cells are
flatter than the ZO-KD MDCK cells, the apical microvilli are
often seen in the apical slice including the ZA.

We then performed a Ca switch, as we had done with ZO-KD
MDCK cells. Ecad was initially internalized into a vesicular
compartment (Fig. S6 A) and then began to return to cell junc-
tions (Fig. S6 B). Strikingly, as cells begin to recover, we saw
extensive myosin arrays at both bicellular (Fig. 9 B, yellow ar-
rows) and tricellular junctions (Fig. 9 C, yellow arrows; Fig. 9 D),
similar to but not quite as organized as those in the ZO-KD
MDCK cells. These often appeared in regions where the under-
lying actin was not well organized (Fig. 9, B and C, yellow ar-
rows; Fig. 8 D). As we saw in the ZO-KD MDCK cells, tightening
occurred first at a subset of bicellular junctions (Fig. 9, B and C,
magenta arrows) and was slowest at tricellular and short mul-
ticellular junctions. However, within 100–240 min, the cells had
restored their original architecture, with polarized Ecad (Fig. S6
C), and sarcomeric myosin and actin strongly enriched at the ZA
(Fig. 9, E and F).

Caco-2 cell ZA reassembly is not prevented by actin nucleation
inhibitors but is altered by myosin inhibition
In our final set of experiments, we explored whether Caco-2
cells shared similar insensitivity to inhibition of actin nuclea-
tion but sensitivity to myosin inhibition. We first tested sensi-
tivity to Arp-2/3 or formin inhibition, using the inhibitors
CK666 and SMIFH2. Neither substantially altered the time
course of ZA reassembly (Fig. S6, D and E vs. Fig. S6, F and G; Fig.
S6, H and I vs. Fig. S6, J and K; images are representative of three
experiments). By the point when control cells had fully assem-
bled the ZA, the organization of actin and myosin at AJs was
similar in control and inhibitor-treated cells (Fig. S6, E9–E99 vs.
Fig. S6, G9–G9999; Fig. S6, E vs. G insets; Fig. S6, I9 and I99 vs. Fig.
S6, K9 and K99; and Fig. S6 I vs. Fig. S6 K insets). We quantified
this as we had above, measuring tightening of borders by the
240-min time point. Neither treatment reduced border tight-
ening (Fig. S6, L andM); in fact, CK666-treated borders appeared
slightly tighter (Fig. S6 L), perhaps due to a reduction in overall
F-actin assembly.

We next explored sensitivity of Caco-2 cells to myosin inhi-
bition using the ROCK inhibitor Y-27632 or the myosin ATPase
inhibitor blebbistatin. Both had striking effects on ZA re-
assembly (Fig. 10, A–K), but these were distinct from the effects
in ZO-KD MDCK cells. Treatment with the ROCK inhibitor

prevented ZA reassembly at many tricellular and short bicellular
junctions. At these locations, actin remained highly disorganized
and protrusive (Fig. 10 A vs. Fig. 10 C, magenta arrows; and Fig.
S6 P). Bicellular borderswere less affected (Fig. 10 A vs. Fig. 10 C,
yellow arrow; and Fig. 10 B vs. Fig. 10 D). We first quantified the
fraction of bicellular borders ending in one or two affected tri-
cellular junctions. 46% of bicellular borders were affected by
ROCK inhibition, while in the control only 2–3%were altered. To
assess the effect in bicellular border actin assembly, we exam-
ined tightening of actin as we had done above; ROCK inhibition
did not prevent border tightening (Fig. 10 C, yellow arrows;
quantified in Fig. 10 J). Blebbistatin had a qualitatively similar
but even more dramatic/penetrant effect at tricellular junctions
(Fig. 10 E vs. Fig. 10 G, magenta arrows), with ∼64% of borders
affected (Fig. 10 I). In addition, spiky actin protrusions were
present at bicellular borders (Fig. 10 E vs. Fig. 10 G, yellow ar-
row; Fig. 10 F vs. Fig. 10 H), as we had seen in ZO-KD MDCK
cells. While bicellular border tightening was not dramatically
altered (Fig. 10 K), when we binarized images equivalently, in
blebbistatin-treated cells, actin at many bicellular borders was
revealed to be weaker (Fig. S6 N vs. Fig. S6 P); this was less
apparent after ROCK inhibition (Fig. S6 O). Thus, in this second
cell line, myosin activity is also critical for correctly assembling
the ZA supramolecular contractile actomyosin array.

Discussion
The assembly of polarized supramolecular actomyosin struc-
tures at the ZA underlies the remarkable ability of cells to
change shape and move during embryonic development and
tissue homeostasis. Despite decades of work, key questions re-
main about the respective contributions of actin and myosin
regulators in this process. We used ZO-KD MDCK cells, which
assemble a textbook ZA, to define underlying mechanisms. Our
data reveal that myosin activity plays a key role in driving actin
organization at cell–cell contacts, via self-organization of ex-
tensive micron-scale stacks of myosin filaments underlying the
plasma membrane apical to forming cell junctions, which then
go through a process of compaction, driving bundling of actin
filaments as cell–cell AJs mature (Fig. 10 L).

No single actin polymerization machine is essential for
assembling supramolecular actomyosin structures at the ZA
Many previous studies explored roles of actin nucleation and
continued polymerization in building and maintaining actin
structure at AJs. We initially hypothesized that one or more of
the machines driving actin polymerization would be essential.
Consistent with earlier work (see Introduction), inhibiting
Arp2/3 or formins reduced actin levels at cell junctions. How-
ever, our data suggest that, at least in the two cell types we
examined, individual activities of Arp2/3, formins, or Ena/VASP
proteins are not essential for assembling supramolecular

is lost (C9 vs. D9, arrows), and later in recovery, the tight sarcomeric ZA array of myosin is lost (E9 vs. F9; G9 vs. H9). Actin bundling at the ZA is disrupted, and
instead actin has a spiky appearance (D0, F0, and H0) Also see quantifications in Fig. 7, E–H. (I–K) Formin inhibition does not prevent stimulation by blebbistatin
of spiky actin at the ZA (arrows). Boxes indicated areas magnified at right.
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Figure 9. Caco-2 cells also assemble extensive myosin stacks during ZA assembly. (A–F) Images at different time points of Ca recovery reveal that an
extensive myosin array forms during midrecovery and localizes with a less well-organized actin network. (A) Before switch the ZA has bundled actin and
sarcomeric myosin. (B) Myosin arrays overlaying disorganized actin early in recovery (yellow arrows). A subset of bicellular borders tighten up first (magenta
arrows). (C and D) Tricellular and short multicellular junctions tighten up last (C, yellow arrows; D). (E and F) At the end of recovery, ZA assembly is complete.
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Figure 10. Inhibiting myosin activation or motor activity disrupts Caco-2 ZA reassembly. (A–D) ROCK inhibition leads to failure to reassemble the ZA
at many tricellular and short multicellular junctions (A vs. C, magenta arrows), while bicellular borders are less affected (A vs. C, yellow arrows; B vs. D).
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actomyosin structures at the ZA, with sarcomeric myosin ar-
rays and tightly bundled actin. Previous work is consistent with
the idea that this is true in a broader array of cell types, as most
previous perturbations reduced junctional actin by 40–60% but
did not eliminate it.We also considered the possibility that the two
actin nucleators acted semiredundantly, but ZA assembly was not
prevented by simultaneous Arp2/3 and formin inhibition. How-
ever, we did not test combinations of these with inhibiting Ena/
VASP proteins. One possibility is that multiple actin polymeriza-
tion machines act in concert with one another, and simultaneous
perturbation of most or all would be needed to eliminate junc-
tional actin assembly. This hypothesis will be important to test. It
will also be important to test roles of actin-binding proteins, which
may work with myosin to organize and bundle actin filaments.

Myosin activation and motor activity play key roles in
ZA assembly
Our data suggest that myosin plays a key role in assembling
ordered actin to create tight actin bundles at the ZA. This re-
quired both myosin activation and myosin motor activity. My-
osin recruitment to cell borders was regulated by ROCK, which
activates and allows myosin to interact with its binding part-
ners. Myosin motor activity was not required for it to localize to
AJs, but sarcomeric organization required myosin motor func-
tion. After blebbistatin treatment, myosin’s ability to cross-link
actin filaments may remain intact, suggesting this activity is not
sufficient for myosin to drive junctional actin bundling. My-
osin’s ability to integrate existing actin filaments into larger
actomyosin bundles has been described in studies of stress fibers
in lamella (e.g., Anderson et al., 2008; Machesky and Hall, 1997;
Nemethova et al., 2008), where actin polymerization is slow
compared with lamellipodia (Glacy, 1983; Wang, 1984; Zicha
et al., 2003). In the Caco-2 cells, the effects of myosin inhibi-
tion were even more dramatic, especially at tricellular junctions,
the site where work from many laboratories suggests tension
exerted on Ecad–catenin complexes may be maximal.

It’s important to note that inhibiting neither myosin activa-
tion nor motor activity prevented reassembly of Ecad-based AJs,
as cells zipped up along their lateral borders. Ecad was associ-
ated with junctional actin; however, this actin was differently
organized, and apical polarization of Ecad and actin was re-
duced. Similar alterations were seen after blebbistatin treatment
of keratinocytes (Zhang et al., 2005). This suggests that multiple
mechanisms drive actin assembly at AJs, consistent with recent
analysis suggesting that actin at the ZA includes both a central
branched actin network and adjacent zones of linear bundled
actin (Efimova and Svitkina, 2018). The actin associated with
interdigitated Ecad complexes seen at midpoints of junctional
reassembly may be generated by one of these mechanisms;
perhaps it is Ena/VASP driven, as was suggested in keratino-
cytes. We also were intrigued by the “spiky” nature of junctional

actin in blebbistatin-treated cells; this was even more dramatic
in myosin inhibitor–treated Caco-2 cells. Perhaps myosin motor
activity, or the actin bundling it promotes, inhibits other actin
assembly pathways at AJs.

A role for self-organized micron-scale stacks of myosin
filaments
Perhaps our biggest surprise was to see self-assembly of micron-
scale stacks of myosin filaments with a sarcomeric organization
quite early during junctional reassembly (Fig. 10 L). These ar-
rays were similar to but more extensive than myosin filament
stacks in migrating fibroblasts (Beach et al., 2017; Burnette et al.,
2014; Fenix et al., 2016; Hu et al., 2017; Verkhovsky et al., 1995).
It was especially intriguing that myosin organized into this
large-scale sarcomere-like pattern at locations where actin re-
mained much less well organized, suggesting that myosin su-
pramolecular organization does not require preorganized actin.
This echoes seminal observations by the Borisy group, who
noted that in fibroblasts, “[s]omemyosin spots and ribbons were
found in the zone of diffuse actin distribution, suggesting the
formation of myosin spots may precede the organization of actin
filament bundles” (Verkhovsky et al., 1995).

The mechanisms mediating myosin stack assembly and lat-
eral interactions remain unclear. Actin- and myosin-binding
partners might play roles in myosin supramolecular organiza-
tion. Verkhovsky et al. (1995) suggested a role for α-actinin, as it
is observed in alternating A- and I-bands of muscle sarcomeres.
Consistent with this, α-actinin-4 KD disrupted myosin stack
assembly on stress fibers in REF52 cells. KD also suggested roles
for Cofilin 1 and the formin Fmnl3 (Hu et al., 2017). Given our
localization of α-actinin to the myosin arrays in our cells, it would
be interesting in the future to knock it down in our cell type.
Another possible myosin-binding partner that might regulate as-
sembly is myosin-18, which can coassemble with other myosin
isoforms to regulate their biophysical properties and localization.
It was proposed that myosin-18 can anchor mixed filaments to the
plasma membrane via binding to PDZ ligand–containing proteins
(Billington et al., 2015). Heterotypic filaments of myosin-18 and
myosin-2 exist both in vitro and in stress fibers of several cell
types (Billington et al., 2015; Jiu et al., 2019).Myosin-18B promoted
formation of myosin-2 stacks and higher-order structure in con-
tractile stress fibers (Jiu et al., 2019). Perhaps myosin-18 isoforms
are present in our cells, helping anchor myosin stacks to the
membrane and assisting in stack formation. Myosin-18 KD would
provide an interesting future test of this possibility.

Mammals have three myosin-2 isoforms: Myo2A, Myo2B,
and Myo2C. Intriguingly, Myo2B localizes to the central
branched actin region, while Myo2A localizes along the adjacent
linear actin bundles (Heuzé et al., 2019). Myo2A and Myo2B KD
also suggests differential roles: e.g., Myo2A and Myo2B have
distinct localizations and functions at Ecad-mediated AJs in

(E–H) Blebbistatin disrupts ZA reassembly at most tricellular and short multicellular junctions (E vs. G, magenta arrows), while actin at bicellular borders is
more spiky (E vs. G, yellow arrows; F vs. H). (I–K) Quantification, affected bicellular borders (I), and tightening of actin at bicellular borders (J and K).
(L) Summary diagram illustrating the model. (M) Broad actin stacks assemble when Afadin is knocked down in ZO-KD MDCK cells. In I, n = 7 fields of cells
assessed; in J and K, n = individual borders; control = 62, Y = 50 (J); control = 62, blebb = 38 (K). Error bars represent mean ± SD.
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parental MDCK cells, a cell line that does not form sarcomere-
like actomyosin bundles at AJs (Smutny et al., 2010; Ozawa,
2018; Heuzé et al., 2019). Myo2A plays a more central role
in vivo: myo2A knockout mice have defects in cell adhesion by
embryonic day 6.5 and die by embryonic day 7.5 (Conti et al.,
2004), while myo2B knockout mice die perinatally with heart
and brain defects (Tullio et al., 1997). Different isoforms also
have distinct dynamic properties (Vicente-Manzanares et al.,
2009). Myo2A has the highest rate of ATP hydrolysis and thus
can move actin more rapidly, while Myo2B has the highest duty
ratio, allowing it to exert force on actin longer (Melli et al., 2018;
Sellers and Heissler, 2019). Despite their different biophysical
properties, the three isoforms have both unique and redundant
localizations and functions (Bao et al., 2005; Conti et al., 2004;
Sandquist and Means, 2008; Beach et al., 2014) and can coas-
semble into heterotypic filaments (Beach et al., 2014). It will
be interesting to explore roles of different myosin isoforms
throughout junction maturation, during formation of both
micron-scale stacks of myosin filaments and the final robust
sarcomeric actomyosin structure. We focused on localizing
Myo2B, but also detected Myo2A in both large myosin arrays
and in the final ZA. It will be interesting to determine whether
heterotypic myosin filaments form in our cell type, and whether
the composition and ratios of heterotypic filaments change over
time as actin filaments become bundled, supporting the sorting
mechanism proposed by Beach et al. (2014).

One final issue of interest is the role of Ecad and associated
linker proteins in directing ZA assembly. In previous work, we
explored the role of the junction-actin cross-linker Afadin in ZO-
KD MDCK cells. Afadin KD had multiple effects in this cell type
(Choi et al., 2016). Cell border contractility homeostasis was
disrupted, with some borders hyperconstricted and others hy-
perextended. Most intriguing with regard to our results here was
that effects were most striking at tricellular and short multicel-
lular junctions, the same placeswhere ZA reassemblywas slowest.
At these “weak points,”we saw expansion of the “sarcomere-like”
array seen in ZO-KD MDCK cells into more extensive myosin
stacks (Fig. 10M). Thus Afadin KD cells resembled those seen here
during mid-assembly. These data suggest that Afadin helps
maintain the tight bundling of actin at the ZA, and in its absence,
extensivemyosin arrays assemble at tricellular junctions. It will be
interesting to explore mechanisms by which Afadin acts to reg-
ulate actomyosin assembly and homeostasis.

Materials and methods
Cell lines, reagents, and antibodies
MDCK ZO-1/ZO-2-KD (ZO KD, clone 3B3; Fanning et al., 2012)
and Ecad-GFP CRISPR Caco-2 (Cavanaugh et al., 2020) cells were
cultured in complete medium (high-glucose DMEM [Corning]
supplemented with 10% FBS and 20 mM Hepes [Corning]) and
maintained at 37°C with 5% CO2. For imaging, cells were plated
on Matrigel (356231; Corning)-coated coverslips. For transfec-
tion of GFP-mito-AP4/FP4 constructs (a gift from Dr. Stephanie
Gupton, University of North Carolina at Chapel Hill; Bear et al.,
2000), the PolyJet Transfection Reagent (SignaGen Laborato-
ries) was used per manufacturer’s instructions. Calcium switch

buffer (CSB) was prepared by adding 2 mM magnesium di-
chloride to magnesium-calcium–free PBS (Corning). Antibodies
and concentrations used for immunostaining are as follows:
rabbit anti-nonmuscle myosin IIB-targeted at myosin tail
(909902; BioLegend, 1:300), rat anti-Ecad (sc59778; Santa Cruz,
clone DECMA-1, 1:300), mouse anti-VASP (VM2771; ECM Bio-
sciences, 1:150), mouse anti-ARP3 (A5979; Sigma-Aldrich, 1:100),
mouse anti-nonmuscle myosin IIA (ab55456; Abcam, 1:100), and
mouse anti-α-actinin-4 (sc393495; Santa Cruz, 1:100). Secondary
antibodies were purchased from Thermo Fisher Scientific. Actin
staining using FITC-phalloidin or Alexa Fluor 647–phalloidin
(Invitrogen) was done according to manufacturer’s instructions.

Calcium switch and immunostaining
Calcium switch experiments have been used in multiple epi-
thelial cell types for more than three decades (Angst et al., 1990;
Gumbiner and Simons, 1986; Heimark et al., 1990; Rajasekaran
et al., 1996). We used previously characterized methods with
minor modifications, as follows. MDCK ZO-1/ZO-2 KD and Ecad-
GFP CRISPR Caco-2 cells were grown 48 and 96 h after con-
fluency, respectively, before going through calcium switch. Cells
were washed once with CSB, incubated in CSB for 1.5 h (MDCK
ZO-KD) or 2 h (Caco-2), and then switched back to complete
medium, which we refer to as the recovery period. Samples
were collected and immunostained at different recovery time
points. For drug treatment, inhibitors were added and incubated
with cells during the recovery period. Concentrations for in-
hibitors are as follows: 100 µM CK666 (Sigma-Aldrich), 50 µM
SMIFH2 (Sigma-Aldrich), 100 µM Y-27632 (Sigma-Aldrich), and
10 µM blebbistatin (Sigma-Aldrich). For Y-27632 or blebbistatin
washout experiments, complete mediumwithout drug was used
to replace the drug-containingmedium 90min into the recovery
period.

Formaldehyde fixation was used for most experiments, ex-
cept those in Fig. S1 U and Fig. S2, F, G, and J. For formaldehyde
fixation, 1% of formaldehyde was used to fix cells. Cells were then
quenched and permeabilized with 0.5% Triton X-100 and incu-
bated with primary and secondary antibodies. For Fig. S2, G and J,
cells were permeabilized before fixation, using a method de-
scribed in Yu-Kemp et al. (2017). For Fig. S1 U and Fig. S2 F, cells
were fixed with ice-cold methanol for 5 min and then per-
meabilized with 0.1% Triton X-100. Cells were incubated with
primary antibodies in PBS at RT for 1.5 h, and thenwith secondary
antibodies in PBS for 4 h or overnight at 4°C. For imaging, cells
were mounted in Prolong Diamond anti-fade mountant (Fisher).

Imaging and image processing
Images were collected via Airyscan or SIM imaging. Airyscan
imaging was performed on a Zeiss LSM880 system, with a 63×
1.4-NA oil objective. Z collection was done with intervals at 0.18
µm. Raw images were processed using the 3D Airyscan pro-
cessing function in Zen software (Carl Zeiss). SIM images were
collected using a Nikon N-SIM and SR APO TIRF with a 100×
1.49-NA oil objective with 3D-SIM function. Images were pro-
cessed with stack reconstruction using NIS-Elements AR v4.51
software 2016 (Nikon). Imaging parameters across conditions
were kept identical for each set of experiments, to allow
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comparison of intensity between control and drug-treated con-
ditions. All x–y (top view) images in the figures are maximum-
intensity projections (MIPs) of the apical region of the cell, unless
otherwise noted. 3D images were generated using Imaris v9.6
(Bitplane) with the surface function. To visualize myosin and Ecad
signals at the border in the surface view, the actin signal at the
borderswas selectedwith surface gain size of 0.3–0.5 µm and then
deducted from the total actin surface area. Photoshop CS6 (Adobe)
was used to adjust brightness and contrast and adjust input levels
so that the signal spanned the entire grayscale output.

Quantification
Quantifications were done using Fiji (National Institutes of
Health) or Matlab. Individual cells or borders for measuring
signal intensity or border curvature were manually selected
based on the 3 × 3 grid in Fiji/ImageJ. Our approaches are il-
lustrated diagrammatically in Fig. S7. For measuring the
myosin-covered area, the myosin signal was binarized, and the
value of pixels that are covered by myosin were extracted using
Matlab. For measuringmyosin sarcomere spacing, a straight line
was drawn at the cell–cell border in Fiji, the intensity value was
extracted, and the mean interval between maxima, which in-
dicates sarcomere spacing, was calculated in Matlab using the
findpeaks function. For measuring border curvature, the length
of a line drawn fully tracing the cell border from one tricellular
junction to the next was compared with the length of a straight
line drawn directly from one tricellular junction to another.
Only borders with a straight-line length of 150–450 pixels
(6.4–19.2 µm) were measured. For measuring actin and Ecad
intensity, borders were surrounded by an 8 × 3.5–µm box, and
the intensity values were measured at the apical z-slice and the
lateral z-slice, with lateral defined as halfway between the apical
and basal z-slices. For measuring the actin-covered area, borders
were surrounded by a 7.5 × 3-µm box. Each box was binarized,
and the value of the pixels corresponding to the actin-covered
area were extracted using the histogram tool. For the Caco-2
actin-covered area, border measurements, only unaffected
borders were included. For visualizing Caco-2 border continuity,
MIP images were binarized, and the analyze particles tool was
used to exclude apical microvilli signal and other separated
particles (size, 0.0 to infinity; circularity, 0.00–0.01). All sta-
tistical analyses were performed using Prism 8 (GraphPad). All
data were analyzed using two-way unpaired t tests or ordinary
one-way ANOVA tests with post hoc Tukey tests. Data distri-
bution was assumed to be normal but not formally tested. Fitted
curves for myosin area ratio or border straightness were cal-
culated using nonlinear fit in Prism. Scatter plots present all the
quantified data points, with mean ± SD.

Modeling
We used a customized build of Cytosim (Belmonte et al., 2017;
Nedelec and Foethke, 2007), an agent-based stochastic physics
simulator of cytoskeletal processes, that incorporates code for
simulating nonmuscle myosin II motors in large bipolar en-
sembles (Cortes et al., 2020).We constructed a 2D space that was
12 microns wide by 8 microns tall and was periodic along its x
axis, such that components near the left or right edges could

interact with each other. The top and bottom edges were set to
be rigid confinement boundaries beyond which components
could not extend. In our simulations, the top boundary repre-
sented the cadherin complex at cell junctions when looking
apically down on cells (Fig. 5, A–C), while the bottom boundary
served only to limit the area of simulated space (speeding up
computation) and represented a distance beyond which actin-
like filaments are too far to interact with simulatedmotor stacks.

Motor ensembles were simulated as 350-nm-long filaments
with 15 motors on either side in a bipolar arrangement (Fig.
S7 F). Motors were coupled to motor filament backbones by
30-nm-long springs with a stiffness of 150 pN/nm. Actin fila-
ments were simulated as 1 ± 0.6 microns in length and a high
rigidity approximately fivefold higher than the rigidity reported
for individual actin filaments (Gittes et al., 1993). A nonmotoring
cross-linker, akin to α-actinin, was simulated as a single actin-
binder with a binding rate of 2 s−1, an unbinding rate of 0.2 s−1,
and a binding range of 40 nm.

Three different motor ensemble arrangements were tested
for actin alignment capabilities. First, we tested an arrangement
where motor ensembles were set in stacks near the surface. In
this setup, 80motor ensembles were seeded aligned horizontally
along a 1-micron-tall strip (along the y axis) every 475 nm (Fig.
S7 F). 13 such strips were generated within 300 nm of the top
surface boundary of the simulation space. Motor ensembles
were seeded with affixed anchors that kept them in horizontal
orientation and fixed in space. 2,000 actin-binding components
were seeded in the spaces between motor stacks, generating an
alternating pattern of motors and cross-linkers (Fig. S7 F) as
seen in vivo. 300 actin filaments were then seeded in isotropy
throughout the simulation space, and the simulations were al-
lowed to evolve for 500 s with 1-ms time steps. 10 simulations
were run for each condition.

Second, we tested an arrangement where the same motor
ensemble stacks were seeded but in the center of the simulation
space. Here, all components were arranged as before, but the
motor stacks were placed in the middle of the space, ∼3.5 mi-
crons away from the top boundary. Once again, simulations
were evolved for 500 s with 1-ms time steps. Finally, we tested
an isotropic arrangement where 1,040 motor ensembles were
seeded in a rectangular area 12 microns wide by 2 microns tall,
right up on the top boundary of the space. Motor ensembles
were allowed to orient in any direction within their confined
space and were affixed in space as before. Cross-linkers were
seeded interdispersed with the motor ensembles and affixed in
space, and actin filaments were seeded as before and evolved for
500 s of simulated time. The line graphs are the averaged value
for 10 simulations at each simulated time point.

Online supplemental material
Fig. S1 illustrates Ecad localization, 3D cell shapes, sarcomere
spacing, myosin-2A localization, arrays without Ca switch, and
Arp3 localization before and during recovery. Fig. S2 shows tests
for effectiveness of CK666 and FP4mito, and VASP localization
before and during recovery. Fig. S3 reveals level of toxicity of
SMIFH2 and tests of the effect of combined inhibition of the
Arp2/3 complex and formins. Fig. S4 reveals thatMLCK does not
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alter or delay recovery from Ca switch and illustrates the effect
of ROCK inhibition on cortical myosin levels. Fig. S5 illustrates
3D cell shapes after blebbistatin treatment, reveals that bleb-
bistatin washout restores the ZA, and illustrates effects of dual
inhibition of both ROCK and the myosin ATPase. Fig. S6 reveals
that inhibiting the Arp2/3 complex or formins does not prevent
or delay ZA assembly in Caco-2 cells, and uses binarization of
images to assess the effects of ROCK inhibition or blebbistatin on
cortical actin. Fig. S7 provides visual illustration of the quanti-
fication methods used. Table S1 lists the number of experiments
(n) for each time point in Figs. 1, 3, 4, 7, and S4.

Acknowledgments
We thank Wangsun Choi for advice getting started with the ZO
KD MDCK cells; Josh Lawrimore for advice on data analysis and
MATLAB codes; Stephanie Gupton for sharing reagents; Alpha
Yap for suggesting Caco-2 cells as an alternate cell line; Yvonne
Beckham, Kate Cavanaugh, and Margaret Gardel for supplying
Caco-2 cells and information on culture; Tony Perdue of the
Biology Imaging Center for advice and support; Wangsun Choi,
Jordan Beach, Richard Cheney, Steve Rogers, Anja Schmidt, and
other Peifer laboratory members for helpful advice and com-
ments; Bob Duronio for advice and support throughout; and the
editor and reviewers for helpful suggestions.

This workwas supported byNational Institutes of Health R35
GM118096 to M. Peifer. H-C. Yu-Kemp and D.B. Cortes were
supported in part by National Institutes of Health T32
CA009156. Work in the Maddox laboratory is supported by
National Institutes of Health R01 GM102390 and National Sci-
ence Foundation 1616661.

The authors declare no competing financial interests.
Author contributions: This project was initiated and designed

by H-C. Yu-Kemp, with input fromM. Peifer. H-C. Yu-Kemp led
the experimental team, designed and set up all the protocols for
the study, and together with R.A. Szymanski, N.C. Gadda, and
M.L. Lilich, carried out all the MDCK experiments. R.A. Szy-
manski designed and carried out all the Caco-2 experiments,
using protocols from H-C. Yu-Kemp and with input from H-C.
Yu-Kemp and M. Peifer. H-C. Yu-Kemp and R.A. Szymanski
designed and implemented the quantification approaches. D.B.
Cortes designed and implemented the modeling experiments,
with input from A.S. Maddox andM. Peifer. H-C. Yu-Kemp, R.A.
Szymanski, D.B. Cortes, and M. Peifer wrote the manuscript
with input from the other authors.

Submitted: 12 March 2021
Revised: 28 September 2021
Accepted: 14 October 2021

References
Afshar, K., B. Stuart, and S.A. Wasserman. 2000. Functional analysis of the

Drosophila diaphanous FH protein in early embryonic development.
Development. 127:1887–1897. https://doi.org/10.1242/dev.127.9.1887

Agarwal, P., and R. Zaidel-Bar. 2019. Diverse roles of non-muscle myosin II
contractility in 3D cell migration. Essays Biochem. 63:497–508. https://
doi.org/10.1042/EBC20190026

Anderson, T.W., A.N. Vaughan, and L.P. Cramer. 2008. Retrograde flow and
myosin II activity within the leading cell edge deliver F-actin to the
lamella to seed the formation of graded polarity actomyosin II filament
bundles in migrating fibroblasts. Mol. Biol. Cell. 19:5006–5018. https://
doi.org/10.1091/mbc.e08-01-0034

Angst, B.D., L.A. Nilles, and K.J. Green. 1990. Desmoplakin II expression is not
restricted to stratified epithelia. J. Cell Sci. 97:247–257. https://doi.org/10
.1242/jcs.97.2.247

Bao, J., S.S. Jana, and R.S. Adelstein. 2005. Vertebrate nonmuscle myosin II
isoforms rescue small interfering RNA-induced defects in COS-7 cell
cytokinesis. J. Biol. Chem. 280:19594–19599. https://doi.org/10.1074/jbc
.M501573200

Beach, J.R., L. Shao, K. Remmert, D. Li, E. Betzig, and J.A. Hammer III. 2014.
Nonmuscle myosin II isoforms coassemble in living cells. Curr. Biol. 24:
1160–1166. https://doi.org/10.1016/j.cub.2014.03.071

Beach, J.R., K.S. Bruun, L. Shao, D. Li, Z. Swider, K. Remmert, Y. Zhang, M.A.
Conti, R.S. Adelstein, N.M. Rusan, et al. 2017. Actin dynamics and
competition for myosin monomer govern the sequential amplification
of myosin filaments. Nat. Cell Biol. 19:85–93. https://doi.org/10.1038/
ncb3463

Bear, J.E., and F.B. Gertler. 2009. Ena/VASP: towards resolving a pointed
controversy at the barbed end. J. Cell Sci. 122:1947–1953. https://doi.org/
10.1242/jcs.038125

Bear, J.E., J.J. Loureiro, I. Libova, R. Fässler, J. Wehland, and F.B. Gertler.
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Figure S1. Ecad localization, 3D cell shapes, sarcomere spacing, myosin 2A localization, arrays without Ca switch, and Arp3 localization before and
during recovery. (A–E) The localization of Ecad throughout Ca recovery. Ecad is internalized right after the Ca switch (cyan arrows). As the recovery pro-
ceeded, Ecad regained its continuous distribution at the ZA, and cell borders straightened. Arrows: red, apical ZA; green, lateral membrane; yellow, tricellular
junctions. (F–J) Cross-section view of monolayer as junctions mature. The apical membrane flattened as cells polarized. Myosin is enriched in arrays underlying
the apical membrane, which narrow until it is enriched at the ZA. (K) Diagram illustrating actomyosin localization along the z axis as junctions mature.
(L) Quantification of the myosin sarcomere-like spacing at different recovery time points. The spacing remained ∼0.45 µm throughout junction maturation,
indicating that the age of the junction did not modulate myosin spacing; n = 650 for each time point. NS = nonswitched. (M–Q) 3D surface view of cells at
different recovery time points. These images reveal how the apical surface of the cell changed as junctions and myosin structure matured. (R and S) Both
myosin-2A and -2B localize to the sarcomeric array at the ZA (R) and in the extendedmyosin stacks seen during recovery (S). (T) Cells plated without Ca switch,
to observe the ZA form de novo. These cells also formed similar myosin arrays during junction establishment. (U–Y) The Arp2/3 complex localizes to the ZA in
confluent ZO KDMDCK cells but returns there only slowly after Ca switch, while VASP localizes to cell borders with enrichment at tricellular junctions. (U) Arp3
at AJs in a confluent, mature monolayer. (V–Y) Arp3 is only weakly localized to junctions during early stages of recovery.
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Figure S2. Verification of the activity of CK666 for inhibiting Arp2/3 function and of AP4/FP4 constructs for sequestering Ena/VASP to mito-
chondria. (A–E) Verification of CK666 function. (A) Schematic diagram of the experiment. Ctrl, control. (B) Bright-field image of control cells at different
spreading time points. More Arp2/3-dependent lamellipodia structures were formed the longer the cells were plated on extracellular matrix. (C–E) Phalloidin
staining. (C) CK666 inhibited Arp2/3-dependent cell spreading, whereas the control (DMSO or CK689 [the inactive molecule]) did not. (D and E) Arp2/3-
dependent lamellipodia disappeared in the presence of CK666. (F and G) In confluent monolayers, VASP localizes to bicellular borders and is enriched in
tricellular junctions. (H) At early stages of recovery, VASP also localizes to basal focal adhesions. (I and J) As Ecad junctions start to form, VASP is detected at
cell borders and tricellular junctions. (K and L) Verification of VASP-sequestering construct. (K) In cells transfected with the control construct (AP4mito), VASP
remained enriched at the cortex. (L) In FP4mito-transfected cells, VASP localization to apical junctions was strongly reduced or lost, and it relocalized to
internal structures we presume are mitochondria. VASP loss at cell junctions was apparent both apically (L0) and more basally (L09).
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Figure S3. Level of toxicity of SMIFH2 and tests of the effect of combined inhibition of the Arp2/3 complex and formins. (A–F) Images demonstrating
the effect of SMIFH2 on a ZO KD MDCK monolayer. When the cells recovered from Ca switched in the presence of SMIFH2, we observed regions in the
monolayer with reduced actin signal (yellow arrows) and abnormal cell shape. The longer the cells were incubated with SMIFH2, the more noticeable these
“defects” were in a monolayer. mag., magnification. (G–M) Combined treatment with Arp2/3 and formin inhibitors does not prevent or delay the assembly of
specialized actomyosin structures at the ZA. (G and H) After 90 min, a subset of bicellular borders have already assembled organized ZA actin and myosin
(magenta arrows), while many tricellular junctions remain less organized (yellow arrows). (I and J) Combined inhibition of Arp2/3 and formins does not prevent
the tight bundling of actin or assembly of sarcomeric myosin at the ZA (inset = closeup). (K–M) Quantification. Inhibiting both actin nucleators reduced apical
and lateral actin levels (K). However, it did not prevent actin bundling (L) or apical polarization of actin (M). In K, M, and L, n = individual borders; control = 51,
CK666 + SMIFH2 = 61 (K and M); control = 53, CK666 + SMIFH2 = 62 (L). Statistical analysis was performed using unpaired two-way t tests (K–M). Error bars
represent mean ± SD. ****, P < 0.0001; ***, P < 0.001; **, P < 0.01.
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Figure S4. Inhibiting MLCK using ML-7 or peptide-18 does not alter myosin localization during recovery or prevent or delay assembly of the final ZA
actomyosin structure. (A–F) Representative images showing cells in control vs. ML-7–treated cells at different time points during Ca recovery. By the last
time point, cells assembled bundled F-actin decorated by sarcomeric myosin in both control and drug-treated conditions (E vs. F; H). (G and I–M) Quanti-
fication. Myosin maturation (G), actin bundling at the ZA (I and M), and border straightening (J) were similar in control and drug-treated conditions. After ML-7
treatment, there was some elevation of lateral actin and thus apical actin polarization was reduced (L). (N–Q) Representative images showing the difference in
apical myosin signal in control (N and P) vs. ROCK-inhibited (O and Q) conditions. Myosin signal at the junction is reduced when ROCK is inhibited.
(R) Quantification. Levels of apical actin were reduced after ROCK inhibition. In G, numbers for each time point are in Table S1. In I, K–M, and R, n = individual
borders; control and ML7 = 94 (I); control = 80, ML7 = 63 (K and L); control = 45, peptide 18 = 43 (M); and control = 95, Y = 85 (R). In J, representative of five
experiments with two fields of cells/experiment/time point, with seven to nine borders quantified/field. Statistical analysis was performed with unpaired two-
way t tests (M) or one-way ANOVA tests and post hoc Tukey tests (I, K, L, and R). Error bars represent mean ± SD. ****, P < 0.0001; ***, P < 0.001; **, P < 0.01.
Boxes indicate areas magnified at right.
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Figure S5. 3D cell shapes after blebbistatin treatment, blebbistatin washout restores the ZA, and dual inhibition of both ROCK and the myosin
ATPase. (A–D) 3D images of cell surface in control vs. blebbistatin-treated cells. The apical surface of the control cells becomes flatter as junctions mature (A
vs. C; also in Fig. S1, M–Q). In contrast, blebbistatin-treated cells were not able to flatten the apical surface, even at the later recovery time points (B and D).
(E and F) Cross-section views. After blebbistatin treatment, cells still retained the ability to regain a more columnar architecture as lateral borders zipped up,
but actin and myosin were not apically polarized (E vs. F, arrows). (G–J) Representative images showing the recovery of ZA actomyosin structures after
blebbistatin washout. Within 15 min after washout, actin and myosin already began to focus at bicellular borders (H9 and H0, magenta arrows). Myosin at the
tricellular borders was slower to recover (H and I, yellow arrows), but by 150 min (J), ZA actomyosin structures returned to those seen in the control mature
monolayer. (K–P) Combined inhibition of ROCK and blebbistatin does not prevent Ecad-based adhesion but does disrupt ZA assembly and Ecad polarization.
(K and L) Combined treatment reduces junctional myosin, actin bundling at the ZA, and Ecad apical polarization (K09 vs. L09). (M) Dual treatment with myosin
signal enhanced. (N) After dual treatment, spiky actin covers the apical surface. (O and P) Cross sections. Ecad-based junctions zip up, but apical enrichment of
actin and Ecad is reduced (arrows).
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Figure S6. Inhibiting the Arp2/3 complex or formins does not prevent or delay ZA assembly in Caco-2 cells, and use of binarization of images to
assess the effects of Rock inhibition or blebbistatin on cortical actin. (A–C) Ecad relocalization to the ZA in Caco-2 cells during recovery from Ca switch.
(A) Ecad was internalized right after the Ca switch (cyan arrows). (B and C) As the recovery proceeded, Ecad regained its continuous distribution at the ZA, as
the actomyosin cytoskeleton tightened. (D–M) Inhibiting the Arp2/3 complex or formins does not prevent reassembly of specialized actomyosin structures at
the ZA in Caco-2 cells. (D–K) Recovery from Ca switch in control, CK666 (Arp2/3 inhibitor)-treated, or SMIFH2 (formin inhibitor)-treated cells. Controls were
performed separately for each treatment. (D, F, H, and J)Midrecovery, with myosin arrays remaining at tricellular and short multicellular junctions. (E, G, I, and
K) Recovery was completed in a similar time frame, and actin and myosin organization at the final ZA was unaltered by the treatments. (L and M) Quan-
tification. Actin bundling remains similar among all three conditions. (N–P) Blebbistatin treatment reduced actin assembly at bicellular borders in Caco-2 cells.
Apical MIPs of actin were equally thresholded using Fiji’s default algorithm and then binarized, to show actin remaining after equivalent selection for areas of
contiguous particles. ROCK-i treatment reduced actin assembly at some bicellular borders, but many contiguous bicellular borders remained after selection.
Blebbistatin treatment reduced actin more dramatically, leaving few contiguous bicellular borders after selection. Large areas of disorganized actin at disrupted
tricellular borders were seen in both ROCK-i– and blebbistatin-treated cells. Three experiments are shown. In L and M, n = individual borders; control = 51,
CK666 = 53 (L); control = 51, SMIFH2 = 52 (M). Error bars represent mean ± SD.
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Figure S7. Visual illustration of quantification methods used. Details are in Materials and methods section Quantification.

Yu-Kemp et al. Journal of Cell Biology S8

A micron-scale myosin array in junction assembly https://doi.org/10.1083/jcb.202103074

https://doi.org/10.1083/jcb.202103074


Provided online is one table. Table S1 lists the number of experiments (n) for each time point in Figs. 1, 3, 4, 7, and S4.
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