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Abstract

Apical constriction promotes epithelia folding, which changes tissue architecture. During
Drosophila gastrulation, mesoderm cells exhibit repeated contractile pulses that are stabilized such
that cells apically constrict like a ratchet. The transcription factor Twist is required to stabilize cell
shape, however it is unknown how Twist spatially coordinates downstream signals to prevent cell
relaxation. We find that during constriction, Rho-associated kinase (Rok) is polarized to the
middle of the apical domain (medioapical cortex), separate from adherens junctions (AJs). Rok
recruits or stabilizes medioapical myosin 1l (Myo-11), which contracts dynamic medioapical actin
cables. The formin Diaphanous mediates apical actin assembly to suppress medioapical E-
Cadherin localization and form stable connections between the medioapical contractile network
and AJs. Twist is not required for apical Rok recruitment, but instead polarizes Rok
medioapically. Therefore, Twist establishes “radial” cell polarity of Rok/Myo-I1 and E-Cadherin
and promotes medioapical actin assembly in mesoderm cells to stabilize cell shape fluctuations.

Introduction

Apical constriction is an epithelial cell shape change that promotes tissue bending during
developmental processes such as gastrulation and neural tube closurel=3. Apical constriction
bends epithelia by transforming columnar cells to a wedge shape?. During Drosophila

gastrulation, the apical constriction of presumptive mesoderm cells along the ventral midline

results in ventral furrow (VF) formation and tissue invagination®®. Apical constriction and
VF formation are induced by the expression of two transcription factors, Twist and
Snail®>’8. A major question in the field has been how Twist and Snail promote force
generation and apical constriction at the molecular level.

Forces that drive apical constriction are generated by the contraction of an actin filament (F-

actin) network by the molecular motor non-muscle myosin I (Myo-11)%-12. In VF cells, and

Users may view, print, copy, download and text and data- mine the content in such documents, for the purposes of academic research,
subject always to the full Conditions of use: http://www.nature.com/authors/editorial_policies/license.html#terms

Corresponding author: Adam C. Martin, acmartin@mit.edu, 31 Ames St., Cambridge, MA 02142, USA.

Author Contributions

F.M.M. designed and performed experiments, analysed data and wrote the manuscript. M.T. designed and performed experiments.
A.C.M. designed and performed experiments, analysed data, supervised the project and wrote the manuscript.

Competing financial interests

The authors declare no competing financial interests.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mason et al.

Results

Page 2

many other contractile systems, Myo-11 contractions and cell shape changes occur in a
pulsed or ratchet-like manner!3-24, Contractile pulses in VF cells occur in the F-actin-Myo-
Il network spanning the apical domain (medioapical cortex), which pull peripheral adherens
junctions (AJs) inward (Fig. 1a)20. After a contraction pulse, the constricted state of the cell
is stabilized to incrementally decrease apical area, similar to the mechanism of a ratchet20.
Twist and Snail regulate distinct steps of this ratchet-like constrictionZC. Snail is required to
initiate contractile pulses, but the mechanism is unclear. Twist is required to stabilize cell
shape between pulses. Two Twist transcriptional targets, Folded gastrulation (Fog) and T48,
could function in parallel to activate the Rhol GTPase apically (Fig. 1b)2>25, It is thought
that apical secretion of Fog activates Rhol signaling and Myo-I1 recruitment across the
apical surface of VF cells27-2%, How Rho1 stabilizes cell shape is not known and could
depend on tension generated by medioapical or junctional cytoskeletal networks!3:22:30,
Therefore, elucidating the ratchet mechanism requires determining how Rhol and its
effectors regulate medioapical and junctional actin-myaosin networks in response to Twist
and Snail.

Contractile forces must be coupled to the AJs in order to generate cell and tissue shape
changes?8:30-34 AJ remodeling accompanies VF cell apical constriction, with subapical Als
being disassembled, which requires Snail, and spot junctions assembling at the apical cell-
cell interfaces, which appears to require Twist (Fig. 1¢)26:28:30_ 1t is not known how signals
that activate Myo-11 are coordinated with AJ remodeling to couple contraction to AJs.

Here we visualize how the dynamics of the Myo-II, F-actin, and AJs are coordinated with
the Rhol GTPase pathway to dissect the mechanism of ratchet-like apical constriction.

Ventral furrow cells exhibit radial cell polarity (RCP) of Rok/Myo-Il and E-Cadherin

The Rho1 effector Rho-associated kinase (Rok) phosphorylates and activates Myo-11I and is
required for VF cell apical constriction, suggesting that apical Fog-dependent activation of
Rok and Myo-11 triggers apical constriction?8:35, The importance of Rok in polarizing
contraction is supported by the fact that planar polarized Rok localizes Myo-11 contraction to
anterior-posterior cell interfaces during convergent extension of the Drosophila germband
cells36-40_ Additionally, planar polarized Rok excludes Bazooka/Par-3 from the cortex,
establishing complementary domains of Rok/Myoll and AJ proteins*0. To test the role of
Rok in VF cells, we examined Rok localization dynamics using either a kinase-dead Rok
allele, Venus(or GFP)::Rok(K116A), or a Venus::Rok(WT) expressed in rok? mutant
germline clones®0. Venus(or GFP)::Rok(K116A) and Venus::Rok(WT) localization patterns
were indistinguishable, and Venus::Rok(WT) rescued the VF invagination defect of rok2
mutants?®, suggesting that both VVenus::Rok alleles indicate the localization of endogenous
Rok (Fig. 1d, e, f, and Supplemental Fig. 1). Rok exhibited apical accumulation in VF cells
prior to Rok apical localization in the germband (Fig. 1d). Apical domain proteins normally
localize directly above AJs or uniformly across the apical surface of epithelial cells#142,
However, Rok displayed an unexpected apical organization, initially exhibiting dispersed
staining and then accumulating in medioapical foci as cells constricted (Fig. 1e, f, and
Supplemental Fig. 1). In contrast to germband cells, where Rok is present at cell-cell
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interfaces®0, Rok intensity appeared lowest at the junctions (Fig. 1f, g). Medioapical Rok
foci colocalized with Myo-I1, consistent with Rok recruiting or stabilizing Myo-I11 (Fig. 1h).
Thus, similar to germband cells, Rok/Myo-II and E-Cadherin are enriched in different
domains. However, in VF cells, Rok/Myo-I1 is concentrated in medioapical foci and AJs are
present around the cell circumference, a pattern that we term “radial” cell polarity (RCP).

The Rhol GTPase and its effectors exhibit distinct localization patterns

To determine if other Twist pathway components are polarized to medioapical foci, we
examined the localization of Rhol and a Rhol effector that mediates unbranched actin
polymerization and F-actin cable formation, the formin Diaphanous (Dia)27-2%43, Rho1l
localized to medioapical foci that partially overlapped Rok foci, but also localized to the
junctional domain (Fig. 2a). Dia partially colocalized with medioapical Rho1/Rok foci and
junctional Rhol (Fig. 2b, ¢). However, Dia exhibited more diffuse staining across the apical
domain, which largely colocalized with the F-actin-Myo-11 meshwork (Fig. 2d). Therefore,
Rhol, Rok, and Dia are differentially localized in the apical domain of VF cells, which
suggests that Twist and Rho1l spatially regulate F-actin and Myo-II activity during ratchet-
like constriction.

Rok is required for medioapical F-actin network condensation

We hypothesized that the RCP of Rok might spatially control Myo-1I activation or
stabilization to regulate contractility or the organization of the apical F-actin network, both
of which are important for apical constriction4. To determine how medioapical Rhol-Rok
foci regulate F-actin network contraction in VVF cells, we visualized F-actin and Myo-II
dynamics by expressing the F-actin binding domain of Utrophin fused to GFP (Utr::GFP)
and the regulatory light chain of Myo-II (spaghetti squash, sgh in Drosophila) fused to
mCherry fluorescent protein (Myo::ChFP)20.22, Utr::GFP labels medioapical, junctional, and
basolateral networks, similar to phalloidin staining in fixed embryos, demonstrating that
Utr::GFP labels F-actin networks in an unbiased manner (Supplemental Fig. 2a, b). Similar
to Rok localization, apical Myo-II recruitment occurs in VF cells before germband cells and
was associated with structural changes in the F-actin network (Fig. 3a, and Supplemental
Videos 1, 2). To analyze F-actin dynamics, we first used custom software to segment
individual cells and quantify total apical F-actin levels during apical constriction®®. In
contrast to the increase in apical Myo-I1 intensity, we found that average total apical F-actin
levels decrease over the course of apical constriction, suggesting that F-actin network
depolymerization accompanies constriction (Supplemental Fig. 2c). However, during
contraction pulses we often observed brief increases or stabilization of F-actin intensity (Fig.
3b, and Supplemental Fig. 2d, ). The increase or stabilization of F-actin intensity was
associated with F-actin condensation into medioapical foci (Fig. 3c). Following F-actin
condensation, F-actin foci were subsequently remodeled, often into cables, and F-actin
intensity appeared to decrease as area stabilized (Fig. 3c, d, and Supplemental Fig. 2d). The
mechanism for this F-actin remodeling is unclear, but F-actin depolymerization is possibly
required to regenerate actin monomers that are then assembled into new F-actin cables.
Medioapical F-actin condensation and dissolution occurred simultaneously with Myo-I1
(Fig. 3d-f), suggesting that F-actin condensation represents contraction of the medioapical
F-actin cortex. To determine whether medioapical F-actin condensation requires Rok, we
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injected embryos with the Rok inhibitor, Y-2763246, Y-27632-injected embryos failed to
accumulate cortical Myo-II, consistent with previous observations?/, and cells did not
constrict (Fig. 3g). However, medioapical F-actin was prominent in VVF cells after Y-27632
injection. F-actin filaments or cables continuously assembled and disassembled (Fig. 3h, i,
and Supplemental Video 3). F-actin cables originated from medioapically and junctionally,
consistent with Rhol and Dia localization at both locations (Fig. 3i). Despite robust
medioapical F-actin assembly, F-actin cables failed to condense into medioapical foci in
Y-27632 injected embryos (Supplemental Videos 2, 3). Thus, RCP of Rok is dispensable for
medioapical F-actin assembly, but is required to condense medioapical F-actin cables that
span the apical domain, presumably by targeting Myo-II to the medioapical cortex.

F-actin polymerization is required to couple medioapical contraction to cell-cell junctions

Diaphanous
localization

Our visualization of F-actin cable assembly at both the medioapical cortex and junctions of
Y-27632-injected VF cells suggested that Rhol could activate Dia to stimulate F-actin
assembly across the apical domain. Furthermore, Y-27632-injected germband cells have less
pronounced medioapical F-actin cables than in VF cells (Fig. 3h), supporting a previous
study that suggested that signals in VF cells enhance medioapical F-actin assembly relative
to germband cells*8. To test the function of F-actin assembly during apical constriction, we
injected embryos with Cytochalasin D (CytoD), which binds the barbed end of F-actin and
inhibits polymerization#. High CytoD concentrations blocked apical constriction and
disrupted the F-actin-Myo-I1 network, resulting in apical Myo-11 spots that fail to coalesce,
as previously reported (Fig. 4a, b)20. We titrated the amount of injected CytoD to identify
processes that were most sensitive to reduced F-actin assembly. Lower CytoD
concentrations allowed VF cells to assemble an apical F-actin-Myo-I1 network and initiate
constriction (Fig. 4a, b). Normally, VF cells undergo contractile pulses, resulting in a
significant positive cross-correlation between calculated constriction rate and Myo-II
accumulation rate due to in-phase contraction pulses (Supplemental Fig. 2f)20:30, Despite
undergoing apical constriction and Myo-11 accumulation, we failed to observe obvious Myo-
Il pulses in embryos injected with low CytoD concentrations, which was supported by the
lack of a cross-correlation between constriction rate and myosin rate (Fig. 4c, d). Also, low
CytoD concentrations destabilized the connection between the medioapical actin-myosin
network and cell-cell junctions, with networks transiently losing and then regaining
connections to each other across the tissue (Fig. 4a, and Supplemental Videos 4-6). Low
CytoD concentrations resulted in gaps in the medioapical F-actin cortex that preceded
junction detachments, demonstrating that defects in medioapical F-actin network continuity
precipitate separation of the medioapical network from cell-cell junctions (Fig. 4e, and
Supplemental Video 7). Overall, these results demonstrate that robust apical F-actin
assembly is critical for medioapical contraction pulses and to form a stable connection
between the contractile medioapical domain and AJs.

couples the contractile network to junctions, possibly by polarizing AJ

Dia was previously shown to be important for VF formation®0. To determine whether Dia
mediates F-actin assembly and junction attachment, we generated germline clones using the
partial loss-of-function dia® allele (dia™)30. We were unable to analyze VF formation in
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diaM embryos with strong phenotypes, because these had severe defects during
cellularization, which precedes gastrulation®-53, However, diaM embryos with mild
cellularization phenotypes had apical Myo-1l accumulation and exhibited transient losses in
the connections between medioapical F-actin-Myo-I1 network and junctions, similar to
embryos injected with low CytoD concentrations (Fig. 5a, b, and Supplemental Video 8).
Together with the CytoD injections, our results suggest that Dia-dependent F-actin assembly
in part mediates medioapical and junctional F-actin assembly to link the medioapical cortex
to Als.

Dia-mediated F-actin assembly could facilitate apical constriction by generating medioapical
F-actin cables to facilitate Myo-II contraction (Fig. 3c and 4e), but could also regulate the
organization of AJs39:20.54.55 Because Twist has been proposed to be required for apical AJ
formationZ®, we examined E-Cadherin localization in dia¥ mutants. We found that E-
Cadherin localized apically in diaM mutants. However, E-Cadherin was not restricted to the
junctional domain, but spread across the entire apical surface, which is different from E-
Cadherin localization in diaM mutants for other cell types® (Fig. 5¢). While it is possible
that some of this apical E-Cadherin is present in endocytic vesicles and not cortical
(Supplemental Fig. 3)°056 it is clear that there is a disruption in the localization and polarity
of E-Cadherin in diaM mutants. E-Cadherin polarity was also lost after CytoD injection (Fig.
5d). Interestingly, defects in Dia-mediated F-actin assembly results in a similar loss of
cortical domains or “compartments” during the process of cellularization, potentially from
misregulation of endocytic activity®357:58, Thus, Dia-mediated F-actin assembly is required
in VF cells for the RCP of apical E-Cadherin, restricting E-Cadherin to the junctional
domain. The cell-cell attachment defect is unlikely to result from lower E-Cadherin levels at
the junctional domain because medioapical networks can regain attachments (Fig. 5a),
whereas AJ mutants result in permanent dissociations between the medioapical network and
the junctions30. We propose that Dia-mediated F-actin assembly could facilitate the
attachment between the medioapical contractile network and junctions by spatially
segregating contractile and junctional components into distinct domains, providing
definitive anchor points at the cell periphery (Fig. 5e, AJ depolarization). In addition, Dia
could be required to assemble medioapical and junctional F-actin cables to link the two
domains (Fig. 5e, Network dissolution).

Twist is required for a continuous medioapical F-actin meshwork

Our results demonstrate that the spatial regulation of Myo-11 recruitment, F-actin assembly,
and AJ organization cooperate to achieve ratchet-like apical constriction. Thus, Twist
expression could stabilize pulsed contractions by controlling F-actin, Myo-I1I, or AJs in
specific cellular domains. Recently, cell shape fluctuations resulting from medioapical
contractions were proposed to be stabilized by junctional actin-myosin networks!3:22,
Because Rhol and Dia localize both medioapically and junctionally in VF cells, we tested
whether Twist is required for either of these F-actin networks. In contrast to wild-type VF
cells, which exhibit a continuous meshwork of medioapical and junctional F-actin cables,
visualization of Utr::GFP in twist mutants demonstrated that the twist mutant results in
dynamic medioapical F-actin puncta that fail to form cables across the apical domain (Fig.
6a, and Supplemental Video 9). Importantly, twist mutants have junctional F-actin cables
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(Fig. 6a, b), which display similar intensity to junctional F-actin in lateral germband cells
(furrow:germband ratio=0.96, n=20 cells). twist mutants exhibited a lower
medioapical:junctional F-actin ratio, suggesting that twist mutants are defective in the
formation of the medioapical F-actin network relative to junctional F-actin (Fig. 6¢). This
contrasts with snail mutants, which lack medioapical and apical junctional F-actin cables
(Fig. 6a—c, and Supplemental Video 9). Because Twist is required for cell shape stabilization
after pulses, we examined F-actin dynamics over the course of individual pulsatile events. In
wild-type cells, F-actin levels usually increase or remain stable during the contraction and
persist as F-actin cables (Fig. 3b). However, in twist mutants, the F-actin network is always
punctate and F-actin levels decrease during contraction (Fig. 6a, d, €). Overall, these results
suggest that Twist facilitates medioapical F-actin assembly. Importantly, twist mutants did
not result in E-Cadherin depolarization, suggesting that the medioapical meshwork of F-
actin cables contributes to cell shape stabilization independently from regulating E-Cadherin
RCP (Fig. 7e).

twist mutants result in the inversion of Rok and Myo-Il RCP

We previously demonstrated that twist is required for apical Myo-II persistence following
pulsed contractions3?. The RCP of Rok suggests that medioapical Myo-I1 phosphorylation
could be coordinated with F-actin assembly to stabilize medioapical actin-myosin cables that
prevent cell relaxation. Therefore, we examined whether Twist regulates the RCP of Rok.
Previous work suggested that the Twist pathway is required for the apical localization of the
Rho1 activator, DRhoGEF2 (Fig. 1b)26. Unexpectedly, we found apical Rok enrichment in
twist mutants VF cells (Supplemental Fig. 4). However, the normal RCP of Rok was
inverted in twist mutants, with Rok exhibiting junctional localization at three-way vertices,
rather than localizing medioapically (Fig. 7a). snail mutants also exhibited a defect in
medioapical Rok recruitment (Fig. 7a). However, Rok localizes to a subapical position,
consistent with the position of AJs in snail mutants (Fig. 7b)%6. Subapical Rok localization
did not exhibit a clear dorsal-ventral polarity in snail mutants, demonstrating that Twist
requires Snail to recruit apical Rok (Supplemental Fig. 4). Consistent with Rok locally
stabilizing Myo-I1, changes in Myo-I1 localization mirrored Rok, with Myo-I1 becoming
enriched in apical or subapical vertices in twist and snail mutants, respectively (Fig. 7c, d).
In twist and snail mutants, Myo-11, and presumably Rok, colocalized with apical and
subapical AJs, respectively (Fig. 7e). Thus, Twist and Snail are required to polarize Rok to
the medioapical domain and away from AlJs. twist mutants continued to exhibit transient
medioapical Myo-I1 pulses between Myo-11 foci at vertices, but medioapical Myo-I1 was not
stabilized (Fig. 7c). Thus, medioapical Rok foci appear to stabilize Myo-II in the
medioapical cortex of VF cells. We propose that the function of Twist is not simply to
activate apical Rhol and Rok, but that Twist polarizes Rho1l signaling in the plane of the
apical surface, leading to the polarization of Rok and Myo-I1 to the medioapical domain.

Discussion

We have demonstrated a spatial organization to Twist pathway components, which polarizes
Rok/Myo-I1 and E-Cadherin/AJs to medioapical and junctional domains, respectively. The
enrichment of Rok/Myo-11 and E-Cadherin/AJs to separate domains is similar to the process
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of cell-cell intercalation during Drosophila germband extension36-40, However, Rok/Myo-11
and AJ components exhibit planar cell polarity (PCP) in germband cells, whereas they
exhibit “radial” cell polarity (RCP) in VF cells (Fig. 8a). Dia-mediated F-actin
polymerization appears to maintain E-Cadherin polarity and link the medioapical and
junctional domains in VF cells, allowing contractile forces to be stably transmitted across
AJs. Thus, Myo-I1 stabilization, AJ organization, and F-actin assembly are temporally and
spatially coordinated to drive ratchet-like apical constriction (Fig. 8b).

During VF cell apical constriction, Rok becomes concentrated as medioapical foci and is
absent or present at low levels at AJs. The RCP of Rok appears to target Myo-11
accumulation to the medioapical domain. The importance of Rok localization is strongly
supported by the fact that the RCP of both Rok and Myo-I11 are inverted in twist and snail
mutants, with Rok and Myo-II accumulating inappropriately at AJs. Although Rok is
improperly localized in both mutants, twist mutants still exhibit contractile pulses,
suggesting that the apical Rok at AJs or low levels of Rok in the medioapical domain are
sufficient to promote Myo-I1 pulses. We propose that Rok’s localization increases Myo-11
phosphorylation when Myo-I1 reaches the medioapical domain either by diffusion or
contractile flow, leading to increased minifilament assembly and stabilization of Myo-II
structures (Fig. 80)°2:60, The inappropriate localization of Rok in twist mutants suggests that
Myo-11 assembly in the medioapical domain, rather than junctions, is critical to stabilize cell
shape between pulses for cells to constrict like a ratchet.

Medioapical contractility and epithelial tension requires that the contractile cortex be
coupled to the junctional domain30:33, Rho1 and Dia localize to both the medioapical and
junctional domains, and we observe F-actin cables originating from both locations in the
absence of Rok and Myo-11 activity. Reducing F-actin assembly using CytoD or diaV
mutants destabilizes the connection between the medioapical contractile network and the
junctional domain. Interestingly, CytoD and diaM mutants cause E-Cadherin to accumulate
across the entire apical surface rather than being restricted to the junctional domain. Dia-
mediated F-actin assembly could polarize E-Cadherin through clathrin-mediated
endocytosis, as was described in germband cells39, thus removing medioapical E-Cadherin.
F-actin-dependent regulation of endocytosis has also been proposed to establish cortical
domains during Drosophila cellularization®3->7:58, Thus, Dia could function to separate E-
Cadherin from peak Rok activity, creating discrete anchor points at cell-cell interfaces that
can be pulled inwards by Myo-I11. In addition, F-actin assembly is required to form a
continuous meshwork of F-actin cables that connects the medioapical and junctional
domains. twist mutants maintain E-Cadherin RCP but lack a continuous meshwork of
medioapical F-actin cables, suggesting that F-actin assembly contributes to the actin-myosin
ratchet independently from regulating AJ polarity.

Our data suggests that Myo-11 localization and F-actin assembly are coordinated to prevent
cell relaxation. First, disruption of F-actin turnover and meshwork formation using F-actin
inhibitors, such as CytoD, does not disrupt apical Myo-11 recruitmentZC. Second, F-actin
cable assembly occurs continuously in Rok inhibitor injected embryos that lack apical Myo-
I1. Therefore, we propose that the combination of localizing Myo-II stabilization to the
medioapical cortex while more broadly activating medioapical and junctional F-actin
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assembly results in the formation of contractile cables that span the apical domain of VF
cells and become anchored at discrete AJ sites (Fig. 8b). These actin-myosin cables could
function like stress-fibers to prevent cell relaxation after contractile pulses and form a
supracellular meshwork30.

Planar polarized actomyosin and AJ localization results in cell-cell intercalation whereas
radially polarized actomyosin and AJ localization causes apical constriction (Fig.
8a)36:37:4048 This is illustrated by the fact that Rok and Dia localize medioapically in VF
cells to drive apical constriction, whereas Dia activation in the germband induces Myo-II
accumulation at vertical junctions that contain Rok*8. Therefore, developmental cues, such
as Twist and Snail, must properly orient Myo-I1, F-actin assembly, and AJ organization to
elicit the appropriate cell shape change8. Importantly, we show that the function of Twist is
not simply to activate, but to polarize apical signals like Rok to spatially regulate Myo-II
stabilization and F-actin assembly. Determining the mechanism that establishes RCP will be
critical to determine how the common set of signaling and cytoskeletal proteins are
regulated to generate different cell shape changes during morphogenesis®162,

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Rok and E-Cadherin exhibit “radial” cell polarity (RCP) in ventral furrow cells.

(a) Diagram of ventral furrow cell and model of apical constriction. Snail is required to
initiate contraction, and Twist stabilizes the contracted cell shape. During the stabilization,
F-actin and Myo-I1 are often remodeled from foci into fibers. (b) Schematic of the Twist
pathway. Twist activates the expression of Fog and T48, leading to Rhol activation, which
is proposed to activate Myo-1l via Rok and stimulate F-actin assembly through Dia. (c)
Model of AJ remodeling in ventral furrow cells. AJ initially assemble subapically then move
apically into spot junctions when contraction initiates. (d) Rok is apically enriched in ventral
furrow cells (arrowhead) prior to more lateral germband cells (arrow). Images are
projections of cross-sections from a time-lapse movie of a rok? germline mutant embryo
expressing Venus::Rok(WT). Dotted yellow line marks the vitelline membrane. (e) Rok
localizes to medioapical foci and patches. Surface view of same embryo in d. (f) Rok is
polarized to a medioapical focus in individual cells. Images are from live embryo expressing
Venus::Rok(K116A) (apical surface projection) and Gap43::ChFP (plasma membranes,
subapical section). (g) Rok localizes to the medioapical surface between AJs. Images are
from fixed embryo expressing GFP::Rok(K116A) (apical projection) and stained for E-
Cadherin (subapical section). Images are surface view (top) and cross-sections (bottom). (h)
Rok colocalizes with apical Myo-Il. Images are from live embryo expressing Myo::ChFP
and GFP::Rok(K116A). Scale bars are 5pm.
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Figure 2.
Rhol pathway components exhibit distinct localizations across the apical surface.

(a) Rhol localizes to medioapical foci and the junctional domain. Apical surface projection
of a fixed embryo expressing GFP::Rok(K116A) and stained for Rhol. (b) Diaphanous
(Dia) colocalizes with Rhol in both the medioapical and junctional domains. Images are
apical surface projections from a fixed embryo expressing GFP::Rhol and stained for Dia.
(c) Colocalization of Rok and Dia. Images are apical surface projections from a fixed
embryo expressing GFP::Rok(K116A) and stained for Dia. (d) Dia localizes to the
medioapical F-actin and Myo-11 meshwork. Images are apical surface projections from the
same fixed Myo::GFP embryo stained for Dia and F-actin (phalloidin). All scale bars are
S5pm.

Nat Cell Biol. Author manuscript; available in PMC 2014 February 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Mason et al.

Page 14

a 0 min 5 min 10 b
£ e
172
S o 60 1500
= E Y Y o
gt 1000 ©
c g 40 8
.‘5 a i Quantification of
T o 5 20 500 & M apical
e RS} c intensity
2. 0 0 ~for individual cell
c® 01 2 3 45 6 7
g2 Time (min)
c8
L3

F-actin  Membranes Merge F-actin  Membranes Merge F-actin  Membranes  Merge

vl

5.7 min

e
0sec 18s 36s 54s 72s 90s 5 f
N 3 250 @ 0.6}
o -
= 5 g, 200 Quanifcation of 04
= 150 totalntensity for
= ] . e = individual pulse “ 02
g -ﬂ.. 2 0
] £ 50
s 8 -0.2)
o T 0 2
a .-unn- B ° I "y 3208 5 205 53
= Time (sec) Time offset (sec)
h Apical Subapical I . ot 2
9 Control - F-actin F-actin Apical F-actin + Y-27632
= 50 00 Z - .
3 S
2w 00 3 5 2 : ﬁx“ -
@ 30 £ € N V3
o 005 5 5 5 &
5 20, ° 8 g 5 : »
g 10 00 o s 2t W QJ»-
2 ol = a 8 00.
= 5 0 35 o ':_‘:‘
Time (min) 2 8 3 S
+Y-27632 z N - 1
T 50 8009 S g
2 40 00 + 3
S 30 & ~ o
400 O ¢ = 3
22 5 3 § 3 o/
S 10 200 N El 3
<o o 3 x 5 3
5 0 2 + P 3 d
Time (min) = . j> 3 hal
Figure 3.

Polarized Rok and Myo-11 condenses dynamic medioapical F-actin cables.

(a) F-actin meshwork organization during ventral furrow formation. Time-lapse images are
from live embryos expressing Myo::ChFP (Myosin) and Utr::GFP (F-actin). Apical Myo-I1I
and F-actin are apical z-projections and sub-apical F-actin is one subapical section. Scale bar
is 5um. (b) F-actin levels slightly increase or remain stable during contraction pulses.
Quantification of total apical F-actin levels (green) and area (black) in an individual cell
from a live embryo expressing Utr::GFP and Gap43::ChFP. Contractile pulses are
highlighted (yellow) and the arrowheads indicate a slight increase in F-actin intensity that
corresponds to F-actin condensation in c. (c) F-actin is dynamically remodeled during and
after contraction pulses. Time-lapse images represent different phases of the contraction
cycle. Contractile pulses and increases in F-actin levels (yellow highlights) are associated
with the condensation of medioapical F-actin into foci (arrowheads). During stabilization
phases (grey), F-actin foci are remodeled, often into cables (arrow). Images of cell and
arrowheads corresponds to pulses in b. Scale bar is 5um. (d) F-actin condensation occurs
with Myo-11 accumulation. Time-lapse images are from live embryo expressing Myo::ChFP
and Utr::GFP. Scale bar is 3um. (€) Graph of a representative contraction pulse demonstrates
that total F-actin and Myo-I1 intensities within a subcellular region increase and decrease at
the same time. (f) Myo-11 and F-actin coalesce simultaneously. Graph of mean time-resolved
cross-correlation analysis of F-actin and Myo-I1 intensities within pulses (n=25 pulses)
demonstrates that correlation peaks at zero seconds. (g) Rok is required for Myo-II
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accumulation and apical constriction. Curves represent average apical area (black) and
apical Myo-I1 intensity (magenta) in control (n=77 cells) and Y-27632 injected (n=82 cells)
embryos. (h) Condensation of medioapical F-actin cables requires Rok activity.
Representative images from embryos expressing Utr::GFP and injected with solvent
(control) or Y-27632 (Rok inhibitor). Note the presence of F-actin cables in Y-27632
injected ventral furrow cells, which are not prominent in germband cells. Scale bar is 5um.
(i) Rok is not required for medioapical F-actin assembly. Representative time-lapse images
are from a Utr::GFP expressing embryo that is injected with Y-27632. Arrowheads indicate
F-actin cable appearance and elongation. Scale bar is 5um.
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Figure4.

F-actin polymerization is required to couple the contractile network to the junctions.

(a) Titration of actin dynamics with CytoD identifies distinct functions for F-actin
polymerization. Images are from live embryos expressing Myo::GFP and Gap43::ChFP.
Embryos were injected with solvent (control), 0.125 mg/mL CytoD (low CytoD), or 5
mg/mL CytoD (high CytoD). Note low CytoD destabilizes the connection between the
medioapical Myo-I1 network and cell-cell junctions, leading to tears in the supracellular
Myo-11 network (arrowheads). Cellular and tissue-wide Myo-I1 networks are disrupted with
high CytoD. Scale bars are 20um. (b) Mean apical area and Myo-II intensity for different
CytoD doses. Data are from representative embryos injected with solvent (control, n=56
cells), low CytoD (n=86 cells), and high CytoD (n=64 cells). Note that low CytoD embryos
initially constrict before losing adhesion (arrowhead). (c) CytoD disrupts contractile pulses.
Colorbar represents cross-correlation between constriction rate and the rate of change in
Myo-II intensity. Different cells are plotted (Cell index) for different temporal offsets. Note
the significant cross-correlation peak around 0 offset in the solvent control. (d) Mean cross-
correlation between constriction rate and rate in change of Myo-II intensity (p-value
<0.0001, using unpaired, two-tailed test for control compared to low or high CytoD at time
0). Data are from representative embryos injected with solvent (n=56 cells), low CytoD
(n=86 cells), and high CytoD (n=64 cells). () CytoD injection causes gaps in the
medioapical F-actin meshwork prior to its dissociation from junctions. Image from live
Utr::GFP embryo, injected with Low CytoD, demonstrates that F-actin network stretches
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prior to cell-cell separation (arrowhead). Image from live Utr::GFP embryo, injected with
0.25mg/mL CytoD (intermediate, Int. CytoD), shows fragmented medioapical F-actin
network that is separated from junctions. Scale bars are 5um.
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Dia restricts E-Cadherin to the junctional domain, facilitating contractile network coupling
to cell-cell AJs.

(a) Dia is required to couple the medioapical contractile network to junctions. In diaV
embryos, Myo-I1 puncta (arrowheads) lose adhesion and separate but can reattach by
forming new connections (arrow). Control embryos, dia/+, exhibit new connections forming
(arrow) and contraction of Myo-II puncta. The dia™ embryos have similar phenotypes to
embryos injected with low CytoD (0.125 mg/mL). Images are apical surface projections
from live embryos expressing Myo::GFP. (b) In dia/+ controls, Myo-I1 forms supracellular
meshwork that spans the medioapical surface and across junctions, whereas dia¥ embryos
have fragmented medioapical meshworks that fail to maintain connections to junctions.
Images are from fixed embryos expressing Myo::GFP (apical surface projection) and stained
for E-Cadherin (subapical section). (c) Apical E-Cadherin localizes across the apical surface
and loses RCP in diaM embryos. Images are apical surface projections or subapical section
of E-Cadherin from same embryos in b. (d) Inhibition of F-actin assembly by CytoD causes
accumulation of E-Cadherin across the apical surface, similar to phenotype in diaM. Images
are from live embryos expressing E-Cad::GFP, injected with solvent (control) or CytoD
(0.25 mg/ml). () Models for loss of contractile network coupling in dia mutants. Scale bars
are 5um.
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Figure6.

Twist mediates medioapical F-actin cable assembly.

(a) Twist and Snail are required for medioapical F-actin cable formation. Representative
images are from time-lapse movies of control embryos (twist/+) and snail or twist mutants
expressing Utr::GFP. Control embryos have more obvious F-actin cables (arrowheads). snail
mutants have F-actin puncta that fail to form a fibrous meshwork. twist mutant constricting
cell (arrowhead) has medioapical F-actin condensation during the pulse, but lacks visible F-
actin cables before and after pulse. Non-pulsing cells (arrow) have junctional F-actin, but
lack medioapical F-actin cables. Scale bars are 5um. (b) Twist is required for the
medioapical F-actin meshwork, but not the circumferential F-actin belt. Graphs represent
averages of mean fluorescent intensity of apical and subapical F-actin from linescans across
cells (n=6) from embryos in a. In control cells, F-actin is present in the medioapical cortex
and accumulates at junctions. snail mutants equally lack both medioapical and junctional F-
actin. Error bars are standard deviation. (c) twist mutants have lower ratio of
medioapical:junctional F-actin. Quantifications of average ratio of medioapical to junctional
apical F-actin for control (n=25), snail (n=25), and twist (n=20) cells. Difference between
control and twist is significant (p<0.0001, two-tailed, Mann-Whitney test) but snail is not
significant (n.s.). Error bars represent standard deviation. Scale bars are 5um. (d) Twist is
required to stabilize F-actin levels during contractile pulses. Quantification of apical area
and F-actin intensity in individual control and twist mutant cell from embryo in a. Control
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cell contracts (yellow highlight) and F-actin and cell shape is stabilized during contraction.
twist cells have pulsed contraction (yellow highlight) but do not maintain F-actin
stabilization. (€) Graphs of average behavior of area and F-actin during contractile pulses
from embryos in a (above, control n=51 pulses, below, twist n=45). Values are normalized
to highest and lowest values in individual pulses. Error bars are standard deviation. Yellow
highlights indicate time when F-actin levels are significantly increased from apical area in
control (p<0.0001, two-tailed, Mann-Whitney test) but not in twist mutants (n.s.).
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Figure7.
Twist is required for medioapical radial cell polarity of Rok and Myo-11.

(a) twist and snail mutants result in an inversion of Rok RCP. Images are apical surface
projections from live control, snail, or twist mutant embryos expressing GFP::Rok(K116A)
and Gap43::ChFP. Rok abnormally localizes to junctions at three-way vertices in snail and
twist mutants. (b) Rok localizes subapically in snail mutants, similar to position of the
junctions, while Rok is present apically in control (twist/+) or twist mutants. Cross-section
views of embryos from a. Dotted lines indicate the vitelline membrane (VM, white
arrowhead). (c) Myo-II localization in snail and twist mutants mirrors Rok localization.
Images are from live, control and snail or twist mutant embryos expressing Myo::GFP.
Control embryos (twist/+) possess dense medioapical Myo-I11 meshwork, whereas Myo-I1
localizes to cell vertices in both snail and twist mutants (arrowheads). Myo-11 transiently
appears in medioapical foci in twist mutants during constriction pulses (arrow). (d) The
apical-basal position of Myo-I1 mirrors the position of Rok. Images are cross-section views
of embryos from c. Myo-I1 remains subapical in snail mutants, but localizes apically in
control and twist mutants. (€) Apical-basal position of Myo-II corresponds to position of
adherens junctions. Myo-I1 localizes to subapical adherens junctions in snail mutants and to
apical junctions in twist embryos. Images are cross-sections of fixed embryos expressing
Myo::GFP and stained for E-Cadherin. Scale bars are 5um.
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Radial cell polarity (RCP) coordinates Myo-II stabilization, F-actin assembly, and E-
Cadherin localization to facilitate apical constriction.

(a) Comparison of cell polarity in germband cells (planar cell polarity, PCP) and ventral
furrow cells (radial cell polarity, RCP). Changes in RCP are shown for twist and dia
mutants. Note that we have not analyzed Rok localization in dia mutants. (b) Model for the
Twist-mediated actin-myosin ratchet. Periodic medioapical Myo-I11 pulses transiently
contract the cell (Contraction). Myo-IlI stabilization and F-actin cable assembly are
coordinated to form medioapical contractile fibers that are anchored at AJs and stabilize cell

shape fluctuations elicited by pulsing.
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