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Abstract

During development, coordinated cell shape changes alter tissue shape. In the Drosophila
ventral furrow and other epithelia, apical constriction of hundreds of epithelial cells folds the
tissue. Genes in the Gq1213 pathway coordinate collective apical constriction, but the mechanism
of coordination is poorly understood. Coupling live-cell imaging with a computational approach
to identify contractile events, we discovered that differences in constriction behavior are biased
by initial cell shape. Disrupting Gq1213 €xacerbates this relationship. Larger apical area is
associated with delayed initiation of contractile pulses, lower apical E-cadherin and F-actin
levels, and aberrantly mobile Rho-Kinase structures. Our results suggest that loss of G213
disrupts apical actin cortex organization and pulse initiation in a size-dependent manner. We
propose that Gq1213 robustly organizes the apical cortex despite variation in apical area to
ensure the timely initiation of contractile pulses in a tissue with heterogeneity in starting cell
shape.



Introduction

Individual cells often exhibit coordinated shape changes during tissue morphogenesis.
Disrupting the coordination of cell shape change can result in defective tissue shapes or
ineffectual collective migration (Costa et al., 1994; Weber et al., 2012; Bazelliéres et al., 2015).
Studies have elucidated some mechanisms underlying coordinated cell shape changes or
migration, including mechanical feedback between interconnected cells (Fernandez-Gonzalez et
al., 2009; Pouille et al., 2009; Cai et al., 2014; Bastounis et al., 2016), extracellular signaling
(Wang et al., 2010; Dona et al., 2013), and even response to a global mechanical stress
(Aigouy et al., 2010). To achieve coordinated behavior, cells must overcome heterogeneity,
including inherent variations in cell shape preceding tissue shape change. Whether there are
mechanisms of coordination that overcome heterogeneity in properties such as cell size has, to
our knowledge, not been reported.

A model for collective epithelial shape change is the Drosophila ventral furrow, where
hundreds of cells of the presumptive mesoderm coordinately constrict their apical ends and
invaginate into the embryo interior (Figure 1A). In local regions of the ventral furrow, cells
constrict with similar rate and timing as their neighbors. However, disrupting a G-protein coupled
receptor (GPCR) pathway, including the secreted ligand Folded gastrulation (Fog) and the
Gq12113 protein Concertina (Cta), results in uncoordinated apical constriction (Parks and
Wieschaus, 1991; Costa et al., 1994). In fog or cta mutants, some cells exhibit constriction next
to cells which are not constricting or expanding (Sweeton et al., 1991; Oda and Tsukita, 2001).
Fog is thought to bind to two or more GPCRs coupled to a heterotrimeric G-protein complex
(Kanesaki et al., 2013; Manning et al., 2013; Kerridge et al., 2016). The G, protein, Cta, recruits
RhoGEF2 to the apical surface where it is thought to activate RhoA (Kolsch et al., 2007). RhoA
activates the formin Diaphanous (Dia) to stimulate F-actin polymerization, as well as Rho-
associated kinase (ROCK) to activate myosin (Figure 1B) (Dawes-Hoang et al., 2005; Homem
and Peifer, 2009). Previous studies based on apical cell shapes in fixed tissues suggested that
a subset of ventral furrow cells stochastically initiate contractility without Cta signaling and use
the Cta pathway to upregulate contractility in neighboring cells and promote collective apical
constriction (Sweeton et al., 1991; Costa et al., 1994; Pouille et al., 2009).

Live-imaging studies have revealed that ventral furrow cells constrict in a series of steps,
mediated by contractile events called pulses (Martin et al., 2009). Pulses are associated with
condensation of both myosin and actin structures (Blanchard et al., 2010; Mason et al., 2013),
suggesting that pulses represent transient contractions of an apical actin cortex. The apical
domain of a ventral furrow cell is spatially organized, with ROCK being concentrated and stably
positioned in the center of the apical cortex (Mason et al., 2013). Because ROCK is
concentrated near the apical center and exhibits a radially symmetric decrease in intensity
towards the apical margin, we termed this organization radial cell polarity (RCP) (Mason et al.,
2013). RCP is associated with irreversible or ratcheted contractions, where the contracted cell
shape becomes stabilized over time. The transcription factor Twist (Twi) is required for RCP and
for cells to transition from having reversible to irreversible contractions (Mason et al., 2013; Xie
and Martin, 2015). Twi activates the transcription of fog and thus activates the Cta-pathway
(Figure 1B). Currently, it is unclear why loss of either Fog or Cta results in divergent constriction
behavior between neighboring cells.

Here, we used live-imaging of cell shape and a computational framework to identify and
classify contractile events to determine how Cta coordinates apical constriction. We found that
in the absence of Cta, heterogeneity in nuclear position is associated with variability in the initial
apical area before the appearance of apical myosin pulses. Without Cta activity, initially larger
apical domains specifically exhibit F-actin and E-cadherin depletion from the apical cortex and
ROCK is not stably centered, but drifts back-and-forth across the apex. We propose that proper



organization of the apical cortex leads to the timely initiation of contractile pulses, because

larger apical area is also associated with a delay in the initiation of contractile pulses, which is
preceded by a reduction in apical F-actin. Once cells with larger apical domains start to constrict,
they do so normally. Because the constriction timing correlates with starting apical area, we
speculate that Cta functions to make cells robust to heterogeneity in apical area, enabling cells
with varying areas to initiate contraction in a roughly synchronous manner.

Results

In cta mutants, differences in cell shape emerge prior to apical myosin pulsing.

To investigate how Cta coordinates apical constriction in the ventral furrow, we imaged maternal
cta mutant embryos with fluorescently tagged myosin Il regulatory light chain (myosin) and cell
membrane (Schiipbach and Wieschaus, 1991; Royou et al., 2002; Martin et al., 2010), then
guantified cell area and apical myosin dynamics. Consistent with previous reports, cta cells lack
coordinated constriction with neighboring cells sometime exhibiting divergent behavior, such as
expanding or constricting (Figure 1C and D) (Parks and Wieschaus, 1991, Oda and Tsukita,
2001). Defining the time we first observed apical myosin pulsing in any cell in the embryo as

t = 0 (Supplemental Figure 1A-D; see Methods), we found that differences in apical area
were present before the appearance of apical myosin pulses and thus before apical contractility
has begun (Figure 1E and F, dotted line; Supplemental Figure 1E, Movie 1). In contrast to
wild-type embryos, which apically constrict as a unimodal distribution of apical area over time,
cta embryos exhibited significant non-unimodality in apical area as they apically constricted
(Figure 1G and H) (Xie and Martin, 2015). This revealed an unexpected aspect of the cta
phenotype, which is that non-unimodality in apical area appeared prior to the onset of apical
myosin pulsing (Figure 11) (Hartigan and Hartigan, 1985). This suggests that a model in which
cta mutants cause uncoordinated apical constriction by differently regulating apical contractility
is not complete, because these defects precede myosin pulsing, the known mechanism of
apical contractility in these cells (Martin et al., 2009).

cta mutants exhibit aberrant nuclear position and cell shape prior to constriction.
Because our data showed that apical area differences precede apical myosin accumulation, we
asked what other properties are heterogeneous in cta mutants. We noticed that nuclear apical-
basal position is perturbed in cta mutant cells (Figure 2A). The top surfaces of nuclei are
positioned 6-9x:m from the apical surface in wild-type embryos (Figure 2B and C). In contrast,
we observed that some cta depleted cells had nuclei positioned within 1-2um of the apex, as
visible by the exclusion of cytoplasmic myosin (Figure 2D) or with GFP-labeled histone 2A
(histone) (Figure 2B; P = 107%, one-sided T-test; Supplemental Figure 2A and B). Nuclei in
cta mutants were apically positioned before observable apical constriction or the onset of apical
myosin contractions (Supplemental Figure 2C and D), suggesting that the increased number
of apical nuclei was not simply a result of apical constriction failing to push nuclei basally
(Gelbart et al., 2012). We reconstructed cell shapes in fixed cta embryos, and found that cells
with apical nuclei had were apically larger but basally smaller, while the reverse was true of cells
with basal nuclei (Figure 2F-H). This suggests that cta mutant cells exhibit heterogeneity in cell
shape and organization at the onset of contractility, with cells having apical nuclei also having
larger apical domains.

To determine if constriction differences are associated with cells with apical nuclei, we
guantified initial apical area as the average cell area 5 minutes before the onset of myosin
accumulation (pre-myosin apical area). cta cells with apical nuclei, defined as cells with nuclei
within 5um from the apex, exhibited predominantly expanding behavior (Supplemental Figure
2E) and had significantly larger apical area prior to the onset of myosin pulsing (Figure 2I



P < 107*2 KS-test). cta mutant cells with apical nuclei also constricted slower than those cells
with more sub-apical nuclei (Figure 2J; P < 10~ KS-test). In summary, in cta mutants, cells
with apically mispositioned nuclei have a larger apical area even before apical myosin pulsing
starts in any cell of the embryo and these cells fail to effectively constrict.

To test whether apical nuclei per se can inhibit apical constriction, we independently
perturbed nuclear apical-basal position and quantified the apical area dynamics in the ventral
furrow. We injected dsRNA against kugelkern (kuk), a known regulator of nuclear morphology
and apical-basal position during Drosophila cellularization (Brandt et al., 2006; Pilot et al., 2006).
Consistent with previous reports, kuk-RNAi embryos had abnormal apically positioned nuclei,
similar to cta embryos (Figure 2E). In addition, the apical nuclear position introduced
significantly more heterogeneity in apical area compared to wild-type embryos prior to the onset
of myosin contractility (Supplemental Figure 2F), with larger apical area being associated with
apical nuclei (Figure 2K; P < 10732, one-sided KS-test). In contrast to cta mutant embryos,
which formed sparse apical myosin meshwork that did not span all the cells, kuk-RNAi embryos
developed relatively normal ventral furrows, with more continuous myosin distribution
(Supplemental Movie 2) (Fox and Peifer, 2007). Additionally, unlike cta mutant embryos, kuk-
RNAI cells constricted at similar rates regardless of nuclear position (Figure 2L; P = 0.05, KS-
test). Therefore, we conclude that the abnormal apical positioning of the nucleus by itself does
not impede apical constriction.

Ctais required for the timely initiation of actomyosin pulsing in cells with larger apical
area.

To understand why cells with apical nuclei and larger apical area in cta mutants exhibited
reduced constriction rate, we examined different properties of myosin pulses in cells with apical
or subapical nuclei. We previously reported that contractile pulses decrease apical area, but that
pulses are heterogeneous in amplitude, timing, and behavior (whether the area decrease is
sustained after the pulse) (Figure 3A) (Xie and Martin, 2015). Therefore, we compared the
timing or quality of myosin pulses between cta mutant cells with either apical or sub-apical
nuclei.

Similar to wild-type embryos, cta mutant embryos exhibited myosin pulses (Figure 3B
and C, Supplemental Figure 3A, B) and the area change during a myosin pulse was
correlated with myosin intensity (Supplemental Figure 3C and D). In addition, all three classes
of pulses were observed in cta mutants independent of nuclear position (Figure 3D,
Supplemental Figure 3E). Interestingly, we found that cells with apical nuclei had a significant
delay in when the first myosin pulse occurred, compared to cells with subapical nuclei (Figure
3E, Supplemental Figure 4A; one-tailed KS-test, P << 10~7). Thus, cells that have apical nuclei
in cta mutants exhibit a delay in initiating contractile pulses and do not constrict well.

Other aspects of pulsing could not explain the expanding behavior of cells with initially
large apical areas. Cells with apical nuclei surprisingly had more frequent pulsing, with an
average periodicity of 75s compared to 86s in smaller cells (Figure 3F, Supplemental Figure
4B; P < 1073, one-sided KS-test). Cells with apical nuclei also had higher intensity pulses
(Figure 3G, Supplemental Figure 4C; one-tailed KS-test, P < 10~%), which we previously
showed caused faster apical constriction (Xie and Martin, 2015). Therefore, while myosin pulses
were delayed in cells with apical nuclei, pulsing eventually occurred in these cells.

In cta mutants, cells with large apical area have a defect in apical cortex organization.

In ventral furrow cells, the apical cortex is characterized by Rho Kinase (ROCK), myosin’s
activator, being localized in the apical center, and junctional proteins, such as E-cadherin,
localizing around the circumference (Mason et al., 2013; Vasquez et al., 2014; Xie and Matrtin,
2015). In embryos depleted of Twist, which functions upstream of Cta, ROCK is mislocalized to



junctions (Mason et al., 2013; Xie and Martin, 2015). Therefore, we imaged GFP::ROCK and E-
cadherin::GFP in cta embryos to determine if their localization was disrupted. In cta
heterozygotes, ventral furrow cells has ROCK stably positioned in the middle of the apical
cortex (Figure 4A, arrowheads). In cta homozygous mutant embryos, we found that ROCK
organization is different in enlarged cells when compared to cells that already underwent
constriction. While constricted cta cells formed a stable, apical ROCK focus (Figure 4B, red
arrowheads), non-constricted cta mutant cells exhibited aberrant movement, drifting from one
side of the apical surface to the other and also formed multiple apical ROCK patches (Figure
4B-C, cyan arrows). Because these movements were reminiscent of loss of cell-cell adhesion,
or cortex-adhesion coupling (Jodoin et al., 2015), we examined how AJs are organized in
fog,cta-RNAi embryos, which phenocopy cta mutants. E-cadherin is initially uniform along all
cell junctions, but is selectively lost or diluted in expanding cell junctions (Figure 4D, E). Thus,
loss of Cta disrupts the positioning of ROCK and eventually the stability of E-cadherin
specifically in cells that do not immediately undergo constriction.

F-actin can influence adherens junction stability and can affect ROCK localization
(Budnar and Yap, 2013; Munjal et al., 2015). To test whether defects in ROCK and E-cadherin
localization are associated with an abnormal apical F-actin cortex, we examined homozygous
cta mutant embryos labeled with Myosin::mCherry and GFP-tagged F-actin binding domain of
Utrophin (Utr::GFP) (Rauzi et al., 2010). Using sub-apical F-actin (6.:m below apex) to segment
cell boundaries, we observed that cta cells with larger apical area had a more fragmented apical
F-actin cortex (Figure 5A, cyan outline). Smaller cells exhibited a more continuous apical cortex
(Figure 5A, red outline). To examine how apical area prior to myosin accumulation relates to F-
actin loss, we quantified the apical F-actin density (mean F-actin intensity divided by apical
area) within a cell. We found that prior to the onset of apical myosin accumulation, expanding
cells with apical nuclei progressively lost apical F-actin density (Figure 5B and C). In contrast,
smaller cta cells with sub-apical nuclei maintained constant apical F-actin, similar to wild-type
cells (Mason et al., 2013). Importantly, this loss or dilution of apical F-actin from larger cta cells
with an apical nucleus occurred before the onset of visible myosin pulsing. Nonetheless, our
results suggested that in cta mutants, cells that have a larger apical area prior to the onset of
myosin accumulation have a lower F-actin density, whereas smaller cells can organize their
apical cortex normally.

Loss of Cta enhances the correlation between pulse initiation and initial apical area

To determine the relationship between initiating contractility and apical area, we directly
measured this relationship in wild-type and cta mutant embryos. In wild-type embryos, there
was no correlation between pre-myosin apical area and the time of the first pulse (Figure 6A,
Supplemental Figure 4D; B = 0.03, P = 0.7, Spearman’s correlation). In contrast, cta mutant
cells’ pre-myosin area was correlated with the timing of the first myosin pulse (Figure 6B,
Supplemental Figure 4E; R = 0.24, P < 107%), on average being delayed by 2.2s + 0.95 per
1um? of pre-myosin apical area. To see if this correlation was detected because of the
increased variance in the apical area in cta mutants, we also determined this relationship in kuk-
RNAIi embryos, which have greater variance than cta mutant embryos, but have intact Cta
signaling (Supplemental Figure 2F). While kuk-RNAi cells also exhibited a correlation

(R = 0.8, P < 0.02, Spearman’s correlation), the relationship was less steep, with a regression
coefficient of 1,25 + 0.8s delay per 1um? of pre-myosin apical area (Figure 6C, Supplemental
Figure 4F). Furthermore, whereas cta cells with apical nuclei exhibited significantly delayed
initiation of pulsing compared to those with sub-apical nuclei (Figure 3D), kuk-RNAi cells with
apical and sub-apical nuclei initiated pulsing at the same time (Figure 6D; P = 0.2, KS-test).
Our data reveals that there is a relationship between apical area and timing of the first
contractile pulse that is enhanced by Cta (Gq1213) l0SS.



Next, we examined the relationship between the pre-myosin apical area and the density
of apical F-actin, defined as the F-actin intensity averaged over the cell apical area. We imaged
and compared F-actin levels in fog,cta-RNAi and kuk-RNAi embryos. Despite an increased
heterogeneity in apical area, kuk-RNAI cells with larger area did not exhibit lower apical F-actin
density (Figure 6E), unlike the fog,cta-RNAI cells (Figure 6F). We sorted cells by their pre-
myosin apical area (average area within the first minute) and measured their apical F-actin
density over time. kuk-RNAi cells starting with larger apical area had similar F-actin density as
those with smaller area (Figure 6G). In contrast, initially larger fog,cta-RNAi cells had less
apical F-actin compared to smaller ones (Figure 6H). Indeed, the initial apical area anti-
correlates with time-averaged F-actin density in cta mutant cells (Figure 6l; R = —0.47,

P < 0.005, Spearman’s correlation), but not kuk-RNAi cells (R = —0.18, P = 0.1). Taken
together, our data suggest that Cta is required a continuous apical F-actin cortex in cells with
larger initial apical area, which is associated with timely initiation of contractility.

Discussion

Coordinated cellular behavior is seen across tissue development and regeneration, from
collective shape changes, collective migration, to coordinated cell-cell intercalation (Fernandez-
Gonzalez et al., 2009; Friedl and Gilmour, 2009; Tada and Heisenberg, 2012). Furthermore,
developing tissues often require cells to behave homogeneously despite inherent heterogeneity
in their physical properties. Here, we report that Cta allows cells with diverse starting apical
areas to initiate contractility at similar times. Because wild-type ventral cells show heterogeneity
in their starting apical size (Supplemental Figure 2F), we propose that the Gq1213 (Cta)
promotes robustness against area-dependent defects in cortex maintenance and contractility. In
support of this model, we observe defects in ROCK polarity, AJ localization, and F-actin cortex
continuity that exhibit area-dependence. These defects are likely to collectively contribute to the
delay in actomyosin contraction initiation, which is also correlated with initial apical area. One
caveat is that our fluorescent constructs and imaging might not be capturing the true initiation of
myosin accumulation. However, our analysis detects low-amplitude myosin pulses that do not
reduce apical area, suggesting that we can detect the lower limit of pulses that generate
sufficient force to change cell shape (Xie and Martin, 2015). Finally, by comparing the behavior
of Cta-depleted cells and kuk-RNAI cells with diverse apical area, we show that Cta is needed to
robustly initiate contractility and repress apical cortex defects in larger cells.

Previous studies of fog mutants suggested that Cta-signaling coordinates tissue folding
by increasing the number of contracting cells from a few “stochastically” activated cells to a
“coherent” activation of contractility across the tissue (Sweeton et al., 1991; Pouille et al., 2009).
Our data is consistent with these past studies in that there are two populations of cells with
diverging behavior. However, live-imaging and quantitative analysis allowed us to reach a new
interpretation for the mechanism of Cta signaling. We find that defects in myosin dynamics and
continuity of the apical F-actin meshwaork correlate with apical area prior to apical myosin
pulsing and probably underlie the lack of coordinated apical constriction. Cells which initially
have smaller apical area are more likely to initiate myosin pulsing early and maintain an intact
apical F-actin meshwork; in contrast, cells which start out with larger apical areas tend to display
a discontinuous apical F-actin meshwork and subsequent delay in myosin pulsing (Figure 7A).
Crucially, tissues with intact Cta-signaling but large heterogeneity in initial apical area (i.e. kuk-
RNAIi embryos) do not exhibit as strong a size-dependent defect, and constrict in a coordinated
manner. This suggests that G,1213 (Cta)-signaling is required in cells to contract over larger
apical domain distance. We propose that Cta is required in a length-dependent manner, where
apically larger cells require it to robustly organize their apical domains and initiate contractions
in a timely manner (Figure 7B).



An immediate question raised by this study is how Cta (Gq1213) influences the
organization of the apical cytoskeleton and AJs to yield robust contractions across larger apical
distances. F-actin loss could cause or be result from apical expansion; indeed, both defects
could reinforce each other. Several features of F-actin meshworks could lead to the area-
dependence we observe, including actin filament length, number, crosslinking, and the coupling
between AJs and the cortex. One possible mechanism is that loss of Cta leads to lower
RhoGEF2 activity and therefore RhoA and Dia activity (Kolsch et al., 2007). Dia, a member of
the formin family, is both an actin nucleation and elongation factor (Goode and Eck, 2007,
Bilancia et al., 2014). Lower Dia activity could sensitize cells that might need more or longer
filaments to span across larger apical domain. Alternatively, defects in F-actin seen in cta
mutant cells could be the direct consequence of disrupting myosin activation by ROCK, because
myosin crosslinks actin filaments in addition to functioning as a motor. Myosin crosslinking is
important for its ability to organize F-actin structures (Ma et al., 2012; Alvarado et al., 2013), and
apically larger cta cells might require more active myosin for effective crosslinking across larger
distances. RhoA is also known to activate LIM kinase to suppress cofilin activity (Maekawa et al.,
1999). Actin severing and recycling factors like cofilin are required for stable attachments
between the apical cortex and AJs in ventral furrow cells (Jodoin et al., 2015), and could also
contribute to the size-sensitivity observed in cta mutants. Finally, because the actin cortex and
AJs cooperate and stabilize each other (Budnar and Yap, 2013; Lecuit and Yap, 2015; Weng
and Wieschaus, 2016), a size-dependent defect in actomyosin contractility could fail to stabilize
AJs in larger cells, which could feed-back on the apical cortex itself. To identify which defect is
most upstream, further work is needed to quantify Dia and E-cadherin dynamics in cta embryos,
as well as uncouple these processes by specific molecular mutations.

One interesting aspect of Cta-signaling is its role in positioning the nucleus along the
apical-basal axis. We show here that cta mutants have heterogeneous nuclear position, with
some cells having abnormal apical nuclei. While the relatively normal ventral furrow formation of
kuk-RNAi embryos demonstrates that apical nuclei are not the direct cause of uncoordinated
apical constriction, it is nonetheless interesting that Cta affects nuclear position. In the wild-type
ventral furrow, the basal migration of nuclei is thought to be a passive response to apical
constriction due to volume conservation (Gelbart et al., 2012). In addition, G,-mediated polar
myosin contractions are thought to center the nucleus in the C. elegans embryo (Goulding et al.,
2007). However, in cta cells the abnormal apical nuclear localization occurs before the onset of
apical myosin accumulation, which suggests an alternative mechanism that can position the
nuclei. One possible mechanism is centrosomal microtubules, a known mediator of nuclear
positioning (Gundersen and Worman, 2013). Alternatively, disrupted actomyosin contractility at
the cell's basal or lateral surface before gastrulation could underlie the aberrant nuclear
positions. Additionally, junctional myosin could be acting to maintain nuclear position or apical
size before the onset of apical myosin contractions.

In summary, studies of cell coordination have identified non-cell autonomous
mechanisms of coordination, including cell-cell signaling through chemical or mechanical means
(Fernandez-Gonzalez et al., 2009; Dona et al., 2013), or extrinsic signals like global tissue
tension (Aigouy et al., 2010). However, cell-autonomous mechanisms can also coordinate
tissue-level behavior by ensuring that cell behaviors are robust against heterogeneity or noise in
initial cell properties. Cell geometry has been known to influence actomyosin organization and
activity. The amount of mechanical work done by cells cultured on micropatterened surfaces
closely correlates with the cell’s spread area (Oakes et al., 2014). Cells also exhibit a
characteristic length scale at which they can extend or contract (Vignaud et al., 2012). In the
ventral furrow, we propose that Cta signaling buffers the length-dependent sensitivity of the
contractile machinery by ensuring the robust organization of apical F-actin and the timely
initiation of contractions. Investigation into its molecular mechanism will be crucial for



understanding how contractile machinery functions at different length-scales and how
developmental processes might be tuning or shaping their behavior.

Materials and Methods

Fly stocks and crosses

The fly stocks used in this chapter are listed in Table 1. To generate embryos trans-
heterozygous for cta with labeled myosin and cell membrane, we crossed cta®“'%; Myosin::GFP,
Gap43::mCherry/Tm3 flies with Df(2L)PR31/CyO, Myosin::GFP deficiency flies (Schipbach and
Wieschaus, 1989). Non-balancer F1 were crossed and F2 embryos were imaged. cta®“'° over
deficiency F1 females with labeled F-actin or labeled ROCK could not be obtained.
Homozygous F-actin labeled cta®“*® embryos were instead obtained by imaging the non-
balancer F1 progeny of cta®“**/Cy0O; Utr::GFP, Sgh::mCherry/Tm3 flies. To obtain homozygous
cta *“'° embryos with labeled ROCK and cell membrane, cta®“**/CyO; ROCK::GFP were
crossed to cta®“*°/Cy0; Gap43::mCherry/Tm3 flies. Non-balancer F1 were crossed and F2
embryos were imaged. To generate embryos with labeled myosin and cell membrane for
injections, Myosin::GFP flies were crossed into Gap43::mCherry/ CyO; Myosin::GFP flies. Non-
balancer F1 were crossed and F2 embryos were imaged. Embryos with labeled F-actin and cell
membrane were generated by crossing Utr::GFP/CyO with Gap43:mCherry/TM3 flies. Non-
balancer F1 were crossed and F2 embryos were imaged. Embryos with labeled histone and cell
membrane were generated by crossing Histone::GFP and Gap::mCherry/CyO flies. Non-
balancer F1 were crossed and F2 embryos were imaged.

Immunohistochemstry

For fixed imaging, embryos were dechorionated with bleach then fixed in a 1:1 mix of 8%
paraformaldehyde (PFA) in 0.1M phosphate buffer pH 7.4 and 100% heptane for 20-25 minutes
and manually devitellinized. To visualize F-actin following PFA fixation, embryos were incubated
with AlexaFluor647 Phalloidin (Invitrogen) in 10% BSA in PBS+0.1% TritonX-100 (PBST)
overnight and stained with E-cadherin antibody (DCad-2, from Developmental Studies
Hybridoma Bank) at 1:50 in 5% BSA in PBST. Embryos were then mounted using
AquaPolymount (Polysciences, Inc.).

Imaging

Embryos were dechorionated with 50% commercial bleach and washed with water. They were
mounted ventral side up onto a glue-coated slide. No. 1.5 coverslips were glued to either side of
the embryo to avoid its compression. A No. 1 coverslip was added on top to create a chamber,
into which halocarbon 27 oil was added for imaging. Glue was generated by dissolving double-
sided tape in hexane.

Images were acquired on a Zeiss LSM 710 confocal microscope with a 40x1.2 Apochromat
water objective (Zeiss). Two-color images were acquired simultaneously. For GFP, a 488nm
Argon ion laser was used for excitation and a 493-557nm bandpass filter used for emission. For
mCherry, a 561nm diode laser was used for excitation and 572-700nm bandpass filter used for
emission. The pinhole size was set to 2 Airy units.

dsRNA preparation and injection
To generate dsRNA for injection, sequences used against fog and kuk were as previously
reported (Pilot et al., 2006; Martin et al., 2010). cta daRNA sequences were designed with E-



RNAI (Arziman et al., 2005). For all sequences, a T7 promoter sequence (5'-
TAATACGACTCACTATAGGGAGACCAC-3) was followed by gene-specific sequences: fog-F:
5- TGGTGACCAGTTCTCTTTCC-3', fog-R: 5-TGTTGCAGTTGCCGAAGT-3’; cta-F: 5'-
CAGGCCAGACCACATAATACC-3', cta-F: 5'-GCGAAACAATACATGAACTCGGC-3’; Kuk-F: 5'-
CAGGCCAGACCACATAATACC-3', kuk-R: 5-GCGAAACAATACATGAACTCGGC-3..

dsRNA was prepared using the Invitrogen MEGASscript T7 transcription kit and purified using
phenol-chloroform RNA extraction and resuspended in 0.1x PBS. For injection, embryos were
dechorionated in bleach and desiccated for 4-6 minutes in anhydrous Drierite. They were
mounted ventral-side up on a glass slide and covered in injection oil, a 3:1 mixture of
halocarbon 800 and halocarbon 27 oils. Borosilicate glass capillary needles were used for
injection. To ensure sufficient knock down of the target gene, all dSRNA injection was done in
the blastoderm stage, 2.5-3 hours before gastrulation. After injection, the injection oil was
removed and replaced with halocarbon 27 oil. The embryos were stored in the dark at room
temperature until imaging. Control embryos were injected with 0.1xPBS.

Image processing

All images were filtered with a Gaussian filter of width 1px. To obtain the cell outline, a z-slice of
the cell membrane 4-5um from the apex was chosen. Apical myosin images were obtained by
maximum intensity projection of the apical most slices until the chosen membrane slice. Apical
myosin images were additionally thresholded using a threshold calculated as 2.5-3.5 s.d.s
above the mean intensity of a sub-apical, cytoplasmic z-slice in the myosin stack. Sub-apical
cytoplasmic myosin images showing nuclear position were obtained by mean intensity
projection of z-slices basal to the chosen membrane slice. Apical F-actin images were obtained
by maximum intensity projection of 3-4 um z-slices from the apex. Sub-apical F-actin images
used to identify cell boundaries were chosen at 6-8um from the apex.

All image processing was done in FIJI (NIH) and MATLAB (The Mathworks).

Cell segmentation and pulse quantification

Cell segmentation and 3D reconstruction was done with Embryo Data Geometry Explorer
(EDGE) (Gelbart et al., 2012). Pulse quantification was done with a previously published
framework, which combines computationally and manually detected myosin pulses to obtain a
comprehensive dataset of myosin pulsing during ventral furrow formation (Xie and Martin, 2015).
We imaged myosin and cell shape in more than 10 cta mutant embryos and chose 3
representative embryos to perform our segmentation and extensive pulse curation. In cta cells,

3 embryos, 318 cells, and 1127 pulses were analyzed. For kuk-RNAi cells, 3 embryos, 170 cells,
and 712 pulses were analyzed. For wild-type cells, 822 pulses from 227 cells in 5 embryos from
the previous study were used. Determination of area behaviors during pulses in cta and kuk-
RNA: cells were done by co-clustering them with area response data of pulses from 5 wild-type
and 5 twi-RNAi embryos used in the previous study.

Measuring nuclear position

For cta and kuk-RNAi embryos with labeled cell membrane and myosin, cells with apical nuclei
were identified manually by visualizing each cell in orthogonal view. The nucleus is visualized by
the exclusion of cytoplasmic myosin. Cells with nuclei within 0-5um of the apex were
categorized as having “apical nuclei” and otherwise as having “sub-apical nuclei”.
Apex-to-nucleus distance was determined by visualizing each cell in orthogonal view and
measuring the straight-line distance between the vitelline membrane and the top of the nucleus.
Still images from Histone-GFP and membrane-mCherry cells were used at the beginning of the

10



movie (t = 0 minutes in Supplemental Figure 2A and B). Distances were calculated using
F1Jl/imaged (NIH).

Embryo temporal alignment

Different ventral furrow movies were aligned by the onset of myosin accumulation. For each
movie, five to ten ROI regions containing the embryo were taken from the maximum intensity
projection of myosin channel. The average myosin intensity was quantified for each ROl as a
function of time, and the onset of myosin intensity increase was determined manually from the
average intensity curves (Supplemental Figure 1A).

Statistics

For comparing distributions, two-sided T-test or KS-test were used, as specified in the text.
Unless otherwise specified, correlation values are Spearman’s correlation, and P-value for
correlations are against a null-hypothesis of no correlation. All statistics were done in MATLAB.
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Figure 1. Apical area behavior diverges in cta cells prior to actomyosin contractions.

A. Schematic of ventral furrow invagination in the Drosophila embryo.

B. Schematic of the Cta pathway.

C-D. Apical cell shape during wild-type (C) and cta mutant (D) ventral furrow formation in
embryos expressing the membrane marker Gap43::mCherry. Outlined cells are quantified in (E-
F).

E-F. Cells diverge in constriction behavior in cta but not wild-type embryos. Average apical area
are shown in black for wild-type (E) and cta (F) embryos. Red and cyan traces show individual

cell area time-series for the cells highlighted in (C) and (D), respectively. Dotted lines mark the
onset of myosin accumulation.
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G-H. Kernel density estimations of the distribution of apical area as a function of time for wild-
type (G) and cta (H) embryos.

I. cta cells do not apically constrict as a single mode and area divergence occurs prior to myosin
accumulation. P-value for Hartigan’s test for non-unimodality shows that cta embryos exhibit
significant multi-modality compared with wild-type embryos (Hartigan and Hartigan, 1985).
Dotted line is & = 0.05.

Scale bars are 5um. Error bars are standard deviation.
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Figure 2. Nuclear position alone does not underlie divergent area behavior.

A. Apical-basal nuclear position can bias apical area.

B. The probability density function (PDF) of apex-to-nuclear distance were measured in
Histone::GFP fog,cta-RNAi cells (W = 115) and control-injected cells (n = 49) (Supplemental
Figure 2A-B).

C-E. Orthogonal views of ventral furrow cells are shown for wild-type (B), cta (C), and kuk-RNAi
(D) embryos expressing Myosin::GFP and membrane marker Gap43::mCherry. Nuclei are
visible as dark spots which exclude cytoplasmic myosin signal (outline).

F. Fixed cta embryo stained with phalloidin is shown at 2um from the apex. Outlined cells are
shown in (G-H).

G-H. Cells with apical nuclei are apically expanded. 3D reconstructions of highlighted cells from
(F) are shown with the apical-basal height of the nucleus indicated.

I,K. Apical nuclei are correlated with larger apical area in cta and kuk-RNAi embryos. The initial
apical area is quantified for cta (I) and kuk-RNAi (K) cells with apical or sub-apical nuclei.

J,L. Apical nuclei affect apical constriction in cta but not kuk-RNAi embryos. Constriction rates
are quantified for cells with apical or sub-apical nuclei in cta (J) and kuk-RNAi (L) embryos. cta
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cells with apical nuclei show significantly lower constriction rate while kuk-RNAi cells constrict at
similar rates.

Scale bars are 5pm.
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Figure 3. Initiation of contraction differentiates constricting and expanding cta cells

A. Schematics of alternative models of different contractile properties associated with
constricting or expanding cell area change.

B. Example apical area traces of a cta mutant cell with apical nucleus (cyan) and a cta mutant
cell with a sub-apical nucleus (red). Pulses shown in (C) are highlighted in gray.

C. Still images of cta mutant cells shown in (B), from embryos expressing Myosin::GFP and cell
membrane marker Gap43::mCherry. Both cells with apical and sub-apical nuclei exhibit apical
myaosin pulses (arrows).

D. Distribution of myosin pulse behavior in cta mutant cells with apical nuclei versus sub-apical
nuclei.

E. Expanding cells exhibit delayed contraction initiation compared to constricting cells. The
distributions of the first observed myosin pulse is shown for both populations.

F. The distributions of the interval between consecutive pulses are similar between expanding
and constricting cta cells.

G. Expanding cta cells on average exhibit higher pulse amplitude compared to constricting cells.
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Scale bars are 5pm.
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Figure 4. Large initial area leads to aberrant RCP in the absence of Cta-signaling.

A. Ventral cells display medioapical ROCK foci. Labeled ROCK (GFP::ROCK) and cell
membrane (Gap43::mCherry) are shown for cta/CyO cells. Arrowheads refer to stable
medioapical foci.

B. cta mutant cells display heterogeneous radial cell polarity (RCP). ROCK and cell membranes
from cta mutant embryos expressing GFP::ROCK and Gap43::mCherry are shown for a small
cta mutant cell next to a larger one. A focus of ROCK forms earlier in the smaller cell (red
arrowheads) compared to the larger neighboring cell (cyan arrows). Multiple ROCK foci form in
the larger cell (arrows).
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C. Expanded cta mutant cells exhibit ROCK foci that rapidly translocates across the apical
domain (arrowhead). Shown is a cta mutant embryo expressing GFP::ROCK and
Gap43::mCherry.

D. AJs are uniformly present in cells from wild-type embryos. Apical E-cadherin and orthogonal
views are shown for control-injected embryos expressing E-cadherin::GFP.

E. E-cadherin is depleted from junctions in expanded cells in fog,cta-RNAi embryos. Apical E-
cadherin and orthogonal views are shown for fog,cta-RNAi embryos expressing E-
cadherin::GFP. Arrowheads point to cell-cell boundaries that have lost E-cadherin intensity over
time.

Tick marks show the position of the orthogonal slice. Scalebars are S5um.
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Figure 5. Large initial area leads to cortical instability in the absence of Cta-signaling.

A. Expanded cta cells exhibit defects apical cortex compared to constricting cells. Maximum
intensity projection of the top 4um z-slices of Utr::GFP shows the apical F-actin cortex. Utr::GFP
at a sub-apical position (5.6um below apex) shows the cell outlines. The constricted cell exhibits
relatively stable apical F-actin while the expanding cell has holes in the apical cortex.

B-C. cta cells with apical nuclei cells lose apical F-actin density over time. cta cells were
grouped according to their nuclear position, and their area dynamics are shown in (B). Cells with
sub-apical nuclei maintain constant apical F-actin density, while cells with apical nuclei
progressively lose apical F-actin (C).

Scale bars are 5um.
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Figure 6. Contractility defect is linked to initial apical area in cta mutants.

A-C. cta cells exhibit higher correlation between pre-myosin apical area and timing of the first
pulse. Histogram of pre-myosin apical area and the timing of the first pulse is shown for wild-
type (A), cta mutant (B), and kuk-RNAi cells (C). Line represents best-fit. Colorbar indicates the
count for the number of pulses in each bin.

D. Apical nuclear position does not lead to later pulse initiation in kuk-RNAi cells. The timing of
the first contraction pulse is quantified for kuk-RNAi cells with apical and sub-apical nuclei.

E-F. F-actin holes form in initially larger fog,cta-RNAi cells but not kuk-RNAi cells. Apical F-actin
(maximum intensity projection of top 5.2um z-slices) and cell membrane are shown for kuk-
RNAI (E) and fog,cta-RNAi cells (F) in embryos expressing labeled F-actin, Utr::GFP, and
labeled cell membrane, Gap43::mCherry. Scale bars are 5pm.

G-H. Larger fog,cta-RNAi cells have lower F-actin density. kuk-RNAi cells (G) and fog,cta-RNAi

cells (H) were sorted by their initial apical area. The sorted apical area and F-actin density time-
series are shown. Colorbar indicates apical area (left) and F-actin density (right).
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I Initial apical area anti-correlates with apical F-actin density (Utr::GFP intensity/area) in fog,cta-
RNA. cells but not kuk-RNAi cells. Initial apical area is quantified against the average apical F-
actin density in the first 4 minutes of ventral furrow formation.
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Figure 7. Model of Cta-dependent coordination of apical constriction.

A. Loss of Fog/Cta signaling affects apical constriction in a manner modulated by initial apical
area. Cells starting with smaller area establish a ROCK-signaling domain and maintain an apical
F-actin network over time. This leads to efficient apical constriction in the cells. In the absence
of Fog/Cta, cells starting with a larger area lose apical F-actin and cannot establish a stable
ROCK focus. We propose that this leads to delayed contractile pulsing, eventual loss of cell
surface E-cadherin, and apical expansion.

B. Model for how the Fog/Cta pathway prevents uncoordinated apical constriction. Red cells are

initially smaller. Blue cells are bigger. Fog/Cta enables these cells to constrict together. In
contrast, without Fog/Cta, bigger and smaller cells exhibit divergent contractility.
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Table 1.

Fly stocks used in this study.

Stock Source
1 cta®*, cn?, bn'/CyO (Schiipbach and Wieschaus,
1989), gift from E. Wieschaus
2 Df(2L)PR31/CyO Gift from E. Wieschaus
3 w; P{w+ sgh"-GFP::ROCK(K116A)}attP40 (Simoes et al., 2010), gift from J.
Zallen
4 w; P{w+ sgh"-UtrABD::GFP}/CyO (Rauzi et al., 2010), gift from T.
Lecuit
5 y, w, sqh™®, cv; Pfw+ sgh"-Myosin::GFP}42 (Royou et al., 2002), Bloomington
stock center
6 w;; Pfw+ sgh"-Myosin::mCherry}A11 (Martin et al., 2009)
7 w;; Pfw+ sqh"-Gap43::mCherry}attP40 (Martin et al., 2010)
8 w;; P{w+ ubi"-H2A::GFP} (Lu et al., 2009), gift from E.
Wieschaus
9 w; P{w+ ubi’-eCadherin::GFP} (Oda and Tsukita, 2001), gift from
E. Wieschaus
10 cta®“', cn', bn'/CyO; sghp-Myosin::GFP, sghe- This study
Gap43::mCherry/Tm3
11 Df(2L)PR31/CyO; P{w+ sgh"-Myosin::GFP Gift from E. Wieschaus
12 cta®“*, cn?, bn'/CyO; P{w+ sqh"- This study
GFP::ROCK(K116A)}attP2
13 cta®“*?, cn?, bn'/CyO; P{w+ sqh"-UtrABD::GFP}, | This study
P{w+ sgh"-Myosin::mCherry}A11/Tm3
14 cta®“*, cn?, bn'/CyO; P{w+ sqh"- This study
Gap43::mCherry}attP2/TM3, Sb
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