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Introduction

Cell and tissue shape changes require force generation via the 
F-actin and nonmuscle myosin-II (myosin) cytoskeleton, which 
forms the cortex that lines the plasma membrane and is coupled 
to adhesion molecules, such as E-cadherin (E-cad; Salbreux 
et al., 2012; Vasquez and Martin, 2016). F-Actin and myosin 
structures that promote epithelial cell shape changes have been 
shown to be dynamic and spatially organized (Blanchard et al., 
2010; He et al., 2010; Rauzi et al., 2010; Levayer et al., 2011; 
Mason et al., 2013; Kasza et al., 2014; Vasquez et al., 2014; 
Jodoin et al., 2015; Munjal et al., 2015). F-actin and myosin 
assembly are regulated by the Rho family of GTPases, molec-
ular switches that bind GTP, localize to the plasma membrane, 
and activate downstream effectors (Jaffe and Hall, 2005). Two 
families of proteins catalyze the cycling between inactive and 
active states: guanine nucleotide exchange factors (GEFs) and 
GTPase-activating proteins (GAPs; Bos et al., 2007). Previ-
ous work has identified GEFs that activate RhoA at particular 
times in development (Barrett et al., 1997; Häcker and Perri-
mon, 1998; Schumacher et al., 2004; Smallhorn et al., 2004; 
Simões et al., 2006; Nakaya et al., 2008; Levayer et al., 2011; 
Nishimura et al., 2012), yet less is known about the role of 
GAPs during morphogenesis.

One well-studied example where RhoA activation leads 
to tissue morphogenesis is epithelial folding during Drosoph-
ila embryogenesis. One RhoA GEF, RhoGEF2, promotes 
numerous folding events in the Drosophila melanogaster em-

bryo (Barrett et al., 1997; Häcker and Perrimon, 1998; Dawes- 
Hoang et al., 2005; Grosshans et al., 2005; Simões et al., 2006; 
Fox and Peifer, 2007). In one of these folding events, ventral 
furrow formation, a group of ∼1,000 epithelial cells undergoes 
apical constriction. Apical constriction changes columnar cells 
to a wedge-shape, which facilitates epithelial bending (Sawyer 
et al., 2010; Martin and Goldstein, 2014). The ventral furrow 
is specified by the transcription factors Snail and Twist, which 
activate expression of several factors, including a G protein–
coupled receptor pathway, that ultimately promotes the apical 
accumulation of RhoGEF2 (Leptin, 1991; Costa et al., 1994; 
Fox and Peifer, 2007; Kölsch et al., 2007; Manning et al., 
2013; Kerridge et al., 2016). It is thought that apical RhoGEF2 
activates the RhoA pathway to stimulate apical constric-
tion. Whether RhoA activation is sufficient to promote apical 
constriction is unknown.

Myosin contractility exhibits spatial and temporal orga-
nization in the apical cortex (Mason et al., 2013; Kasza et al., 
2014; Vasquez et al., 2014; Munjal et al., 2015; Xie and Mar-
tin, 2015). Myosin undergoes discrete accumulations, or pulses, 
that correlate with apical constriction (Martin et al., 2009; Xie 
and Martin, 2015). The RhoA effector Rho-associated and 
coiled-coil kinase (ROCK; Rok in Drosophila) also exhib-
its pulses (Vasquez et al., 2014; Munjal et al., 2015); because 
ROCK activates myosin and myosin phosphatase is required 
for pulsing, pulses likely reflect cyclical activation of myosin 
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motors (Vasquez et al., 2014; Munjal et al., 2015) and possibly 
F-actin assembly (Mason et al., 2013). These myosin pulses re-
sult in contraction of the apical F-actin network (Martin et al., 
2009; Mason et al., 2013) and may promote the spatiotemporal 
organization of the RhoA pathway via cortical flows or advec-
tion (Munro et al., 2004; Munjal et al., 2015). In addition to 
temporal modulation of myosin activity, we recently demon-
strated that there is a spatial organization of RhoA (Rho1 in 
Drosophila) and its effectors within the apical domain (Mason 
et al., 2013). ROCK is concentrated in the middle of the apical 
domain (medioapical) and is depleted from adherens junctions, 
a distribution termed radial cell polarity (RCP; Mason et al., 
2013; Xie and Martin, 2015). RCP is dependent on Twist, but 
the molecules, and thus the mechanisms, that polarize RhoA 
activity in the apical cortex are not known.

Here, we discovered that RhoA activation is required for, 
but not sufficient to, promote medioapical ROCK/myosin ac-
cumulation and apical constriction. RhoGEF2 pulses can pre-
cede myosin accumulation, suggesting that RhoA activation 
initiates contractile pulses. We identified a Rho GAP that we 
named Cumberland GAP (C-GAP), which regulates both the 
spatial and temporal activation of RhoA. We found that C-GAP 
is critical for myosin pulsing and that C-GAP levels dictate 
whether cell shape changes are reversible or irreversible, like a 
ratchet. Collectively, our data demonstrate that simply turning 
on RhoA activity does not promote apical constriction. Instead, 
RhoA GTPase cycling by a paired RhoGEF2–C-GAP module 
is required for apical constriction and modulating the ratio of 
GEF to GAP over time is critical for ratchet-like contractions 
associated with proper tissue folding.

Results

Constitutive RhoA activation does not 
stimulate apical constriction
During ventral furrow cell apical constriction, the RhoA activa-
tor RhoGEF2 is required for apical localization of myosin, but 
it is unknown whether RhoA activity itself is required or suffi-
cient for ventral furrow formation (Dawes-Hoang et al., 2005; 
Fox and Peifer, 2007). rho1 mutants do not proceed to gastru-
lation, and inhibition of RhoA activity perturbs earlier devel-
opmental processes, including cellularization (Crawford et al., 
1998; Magie et al., 1999). Thus, to test whether RhoA activity 
is required for apical ROCK and myosin activity during apical 
constriction, we acutely inhibited RhoA activity by injecting the 
C3-exoenzyme RhoA inhibitor during ventral furrow formation 
(Crawford et al., 1998). The C3 inhibitor prevented apical ac-
cumulation of both ROCK and myosin (Fig. 1, A and B). Ad-
ditionally, C3 injection into embryos that have already initiated 
apical constriction resulted in a loss of myosin, suggesting that 
sustained RhoA activity is required to maintain apical ROCK/
myosin throughout ventral furrow formation (Fig. S1 A). These 
data demonstrate that RhoA activity is absolutely necessary for 
ROCK and myosin apical localization.

In many cell types, overexpression (OE) of constitutively 
active RhoA promotes stress fiber formation and cell contrac-
tility (Ridley and Hall, 1992; Tojkander et al., 2012; Burridge 
and Wittchen, 2013). As apical constriction in ventral furrow 
cells also requires the formation of myosin fibers (Martin et al., 
2010), we asked whether active RhoA is sufficient to promote 
medioapical myosin fiber formation and apical constriction. 

To test this, we expressed constitutively active (CA) RhoA 
(G14V) and quantified apical constriction as well as localiza-
tion and dynamics of myosin. We injected embryos with CA-
RhoA mRNA at one pole to generate a gradient of CA-RhoA 
expression. We observed that CA-RhoA stimulates more api-
cal myosin accumulation in cells proximal to the injection, as 
well as more gradual myosin accumulation, without obvious 
myosin pulsing (Fig. 1, C and D; and Fig. S1 B). In contrast 
to cells distal to the injection (and wild-type [WT] cells, not 
shown), myosin initially accumulates at the junctions instead 
of the medioapical cortex where CA-RhoA is overexpressed, 
as indicated by a lower medioapical/junctional ratio of apical 
myosin (Fig. 1, C and E). Cells distal to the CA-RhoA injection 
were able to constrict their apical surface and the ventral furrow 
invaginated (Fig. 1, C and F). In contrast, proximal cells that 
have mislocalized myosin failed to collectively constrict and in-
vaginate (Fig. 1, C and F). Overexpression of WT-RhoA did not 
induce ectopic accumulation of myosin (Video 1), suggesting 
that the activity, but not the amount, of RhoA promotes myo-
sin organization. These results demonstrated that active RhoA 
is necessary, but not sufficient, for proper myosin organization 
in the ventral furrow. Also, simply turning RhoA “on” is in-
sufficient for proper epithelial contractility, which implied that 
regulation and potentially activity cycling of RhoA is critical to 
organize RhoA pathway activity.

Apical RhoGEF2 pulses precede 
myosin pulses
To understand how apical RhoA is activated to promote radially 
polarized and pulsatile ROCK/myosin, we determined the spa-
tiotemporal dynamics of one of RhoA’s activators, RhoGEF2. 
Previous work in fixed tissues showed that RhoGEF2 is re-
cruited apically and required for apical recruitment of myo-
sin (Dawes-Hoang et al., 2005; Fox and Peifer, 2007; Kölsch 
et al., 2007). Fixing embryos in a manner that preserved the 
apical actin cortex confirmed that endogenous RhoGEF2 was 
apically enriched, present at cell–cell boundaries and colocal-
ized with medioapical myosin (Fig. 2, A and B). However, the 
temporal dynamics of RhoGEF2 were unknown. Therefore, we 
constructed a GFP-tagged RhoGEF2 (GFP::RhoGEF2) that is 
expressed from the endogenous RhoGEF2 promoter, using re-
combineering of a bacterial artificial chromosome (Venken et 
al., 2009). GFP::RhoGEF2 rescued rhogef2 mutants, demon-
strating that GFP::RhoGEF2 functionally substitutes for the en-
dogenous RhoGEF2 (see Materials and methods).

GFP::RhoGEF2 in live tissues also strongly colocalized 
with medioapical myosin during later stages of ventral furrow 
invagination and was planar polarized in the lateral tissues of the 
germband (Fig. 2 C and Fig. S2 B), consistent with staining in 
fixed germband tissues (Levayer et al., 2011). Interestingly, we 
only observed junctional GFP::RhoGEF2 at subapical positions 
in live tissues or in fixed samples (Fig. S2 A). This suggested 
that junctional RhoGEF2 may be less abundant than medioapi-
cal RhoGEF2, that fixation may reduce medioapical RhoGEF2 
levels, or that the GFP tag might alter RhoGEF2 localization. 
We also observed that RhoGEF2 levels increased throughout 
ventral furrow formation, suggesting that apical RhoA activity 
increases during invagination (Fig. 2 D). Moreover, we observed 
clear pulsatile accumulations of RhoGEF2 in constricting cells 
in early stages of invagination (Fig.  2  E). During these early 
pulses, RhoGEF2 appears to fill the entire apical cortex. We 
then asked how RhoGEF2 pulses are temporally coordinated 
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with myosin pulses. Pulse behavior was heterogeneous (Fig. 
S2 C and Video 2); RhoGEF2 pulses did co-occur with myo-
sin pulses, but peak RhoGEF2 intensity frequently preceded the 
peak of the myosin intensity by 10.4 ± 7 s (n = 187 pulses, 5 
embryos; Fig. 2, F and G). Because the peak of the myosin and 
ROCK pulse occurred simultaneously (Vasquez et al., 2014; 
Munjal et al., 2015), this result suggested that the appearance of 
RhoGEF2 precedes RhoA/ROCK activation. Overall, our data 
suggested that pulses of RhoGEF2, and thus RhoA activity, re-
sult in pulsatile ROCK and myosin accumulation.

Identification of a Rho GAP that is critical 
for epithelial folding
Our data showed that simply expressing active RhoA is not suf-
ficient to promote normal myosin organization required for api-
cal constriction. Therefore, we hypothesized that inactivation 
by an unidentified Rho GAP may be a critical component of this 
contractile system. RhoA inactivation by a GAP may turn off 
RhoA between RhoGEF2 pulses and influence pulsatile ROCK/
myosin. We also hypothesized that a GAP might spatially orga-
nize the RhoA–ROCK–myosin pathway, promoting RCP.

We screened all 22 Drosophila Rho GAPs to identify a 
single GAP, RhoGAP71E, which is critical for ventral furrow 
formation (see Materials and methods and Table S1). Although 
little is known about RhoGAP71E during epithelial morphogen-
esis (Greenberg and Hatini, 2011), it regulates RhoA activity 
levels and cell shape changes in cultured insect cells (Bakal et 

al., 2007; Sailem et al., 2014). rhogap71e mRNA is maternally 
loaded, and is enriched ventrally and in the cephalic furrow 
during gastrulation (Fig. 3 A). RhoGAP71E protein is apically 
localized and colocalizes with myosin, specifically in the ven-
tral furrow, similar to RhoGEF2 (Fig. 3, B and C). Across the 
apical surface, RhoGAP71E localizes to cell–cell junctions 
and forms medioapical structures that localize with myosin 
(Fig. 3 D). Because rhogap71e is expressed in the embryonic 
furrows (Fig. 3, A and B), we named it Cumberland GAP (C-
GAP) after the passage or gap in the Appalachian Mountains. 
In addition, loss of C-GAP resulted in abnormal furrow shape, 
resulting in a C-shaped, rather than V-shaped, ventral furrow 
(Fig. 3 E). Thus, the name C-GAP also reflects the mutant phe-
notype of the ventral furrow.

In cultured cells, OE of RhoA GAPs can suppress forma-
tion of actomyosin stress fibers by decreasing RhoA activity 
(Ridley et al., 1993; Vincent and Settleman, 1999; Krugmann et 
al., 2002; Miura et al., 2002; Wennerberg et al., 2003; Yeung et 
al., 2014). Therefore, to test whether C-GAP function is consis-
tent with a RhoA GAP, we overexpressed C-GAP (via capped 
mRNA injections) and asked whether this lowered apical myosin 
and Rho-GTP levels (Fig. 3, F and G). In control (H2O-injected) 
embryos, apical myosin formed a fibrous network spanning 
across the apical surface (Fig.  3 F). However, OE of C-GAP 
blocked apical myosin accumulation. To test whether the GAP 
activity is required to suppress apical myosin, we mutated the ar-
ginine finger (R77A) required for GTPase activity or deleted the 

Figure 1.  Constitutively active RhoA is insufficient 
for apical constriction. (A) Apical myosin depends 
on RhoA activity. Images from live embryos express-
ing myosin::GFP (sqh::GFP) and membrane::RFP 
(Gap43::mCherry) and injected with buffer (PBS, 
Control) or the C3 exoenzyme immediately before 
gastrulation. (B) Apical ROCK localization depends 
on RhoA activity. Images from live embryos expressing 
GFP::ROCK and Membrane::RFP injected with solvent 
or C3 immediately before gastrulation. (C) Constitu-
tively active RhoA (CA-RhoA) disrupts proper myosin 
organization in ventral furrow cells. Image of a live 
embryo expressing Myosin::GFP and Membrane::RFP 
that has been injected at one pole (bottom) with mRNA 
encoding CA-RhoA (G14V). Time-lapse images (right) 
show myosin accumulating abnormally at junctions 
(arrows), specifically in cells proximal to injection. (D) 
Quantification of total apical myosin intensity in em-
bryo in C injected with CA-RhoA mRNA (n = 47 cells 
proximal, 44 cells distal from two embryos; error bars 
represent ±SD). Note that myosin intensity is slightly 
higher close to the injection site (proximal). a.u., ar-
bitrary units. (E) Quantification of myosin intensity in 
the middle of the apical surface (medioapical) relative 
to the junctions. Cells proximal to CA-RhoA injection 
have a lower medioapical-to-junctional ratio (n = 12 
cells proximal, 12 cells distal; **, P < 0.01, unpaired 
t test; error bars represent ±SD). (F) Apical constric-
tion is impaired in cells proximal to CA-RhoA injection  
(n = 47 cells proximal, 44 cells distal; error bars rep-
resent ±SD). Bars, 5 µm.
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GAP domain from full-length C-GAP. Overexpression of either 
the R77A mutant or the GAP deletion mutant did not suppress 
myosin accumulation (Fig. 3 F). In addition, we tested whether 
C-GAP OE affected apical RhoA-GTP activity using a biosensor 
for RhoA-GTP (anillin Rho-binding domain [AniRBD::GFP]; 
Piekny and Glotzer, 2008; Munjal et al., 2015). Overexpression 
of C-GAP decreased apical AniRBD accumulation, similar to 
Rho inhibition with C3, in a manner dependent on the GAP do-
main (Fig. 3 G). Although we cannot rule out that C-GAP may 
regulate other Rho-family GTPases, our results indicate that the 
GAP domain of C-GAP antagonizes the RhoA pathway.

C-GAP is required for RCP of the apical 
cortex and tissue folding
During apical constriction, ventral furrow cells exhibit a mesh-
work of myosin fibers, with myosin being most concentrated 
near the center of the apical domain. Furthermore, ROCK is 
present in a concentrated medioapical focus, and ROCK in-
tensity drops off around the cell circumference near the junc-
tional domain, defining an RCP of the apical cortex (Mason 
et al., 2013). We examined the apical organization of myosin 
and ROCK in both C-GAP shRNA and genetic mutant embryos 
(Fig.  4, A–D). To disrupt C-GAP expression, C-GAP shRNA 
was maternally loaded using the UAS-GAL4 system, or C-GAP 
germline mutant clones were generated (Chou and Perrimon, 
1992; Perkins et al., 2015). In both cases, depletion of mater-
nal C-GAP resulted in several classes of phenotypes. In some 
cases, C-GAP depletion disrupted cellularization, and furrow 
canals prematurely constricted, causing nuclei to be squeezed 
or remain in the yolk (Fig. S3, A and C). Whereas myosin in 
furrow canals moved basally toward the yolk in control (white) 

shRNA, basal movement of the cellularization front is halted 
prematurely in C-GAP shRNA embryos (Fig. S3 B). Apical my-
osin appears in the ventral furrow with normal developmental 
timing (around the time of cephalic furrow formation), despite 
the fact that cellularization is disrupted (Fig. S3 B).

C-GAP–depleted embryos were also observed that pro-
ceeded through cellularization and exhibited two classes of 
phenotypes we termed mild and severe based on whether ven-
tral furrow invagination is delayed or blocked (Fig.  4, A and 
C–H; and Videos 3–5). We classified C-GAP–depleted embryos 
with delayed furrow invagination as having a “mild” phenotype. 
C-GAP–depleted embryos that did not invaginate, despite api-
cal ROCK/myosin accumulation, were classified as “severe” 
(Video 5). Myosin typically formed nodes or fibers spanning the 
medioapical domain in control shRNA, whereas C-GAP shRNA 
embryos with mild phenotypes have diffuse myosin spread 
across the apical surface (Fig. 4, A and B; and Videos 3 and 4). 
In control embryos, ROCK is normally concentrated into one 
medioapical focus per cell; however, ROCK spread across the 
apical surface in C-GAP shRNA and mutant embryos with mild 
furrow phenotypes (Fig. 4, C and D). Interestingly, C-GAP de-
pletion leads to more diffuse ROCK/myosin, a phenotype that 
did not completely resemble the CA-RhoA, which resulted in 
more junctional myosin (Fig. 1). We hypothesized this disparity 
is because CA-RhoA would signal to activate effectors inde-
pendently from RhoGEF2, whereas C-GAP depletion would 
lead to excessive activation of RhoA through RhoGEF2. And 
as RhoGEF2 localized predominately to the medioapical cortex 
(Fig. 2, C, E, and F), loss of the GAP that balances RhoGEF2 
could lead to excessive medioapical RhoA activity and more 
diffuse or spread out ROCK and myosin.

Figure 2.  Medioapical RhoGEF2 pulses precede ROCK-myosin. (A–C) RhoGEF2 localizes across the medioapical surface. (A and B) Images from fixed 
Myosin::GFP (sqh::GFP) embryos, stained with a RhoGEF2 antibody. Membranes are subapical F-actin (phalloidin). (C) Images from live embryos express-
ing GFP::RhoGEF2 and myosin::RFP. Note the strong colocalization of RhoGEF2 with myosin. (D) Images of cross section views of ventral furrow formation 
in live embryos showing increasing apical accumulation of GFP::RhoGEF2 (arrows). Line marks the vitelline membrane. (E) Time-lapse images represent 
apical GFP::RhoGEF2 and subapical membrane::RFP. Pulses of RhoGEF2 occur across the entire medioapical region (arrow). (F) Time-lapse images of 
embryo expressing GFP::RhoGEF2 and myosin::RFP show pulsed accumulation (arrows). (G) Quantifications of time delay, in seconds, between RhoGEF2 
and myosin pulses (mean = 10.4 ± 7 s, n = 187 pulses, 5 embryos; error bars represent SD). Bars: (A–C) 5 µm; (E and F) 2.5 µm.

http://www.jcb.org/cgi/content/full/jcb.201603077/DC1
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For C-GAP–depleted embryos with severe phenotypes, 
ROCK/myosin becomes highly condensed into a focus and cells 
become less hexagonal and more rounded (Fig. 4, A, C, and D, 
severe; and Video 5), suggesting a defect in cell adhesion. When 
cells lose mechanical connections to their neighbors, the acto-
myosin network contracts inward without restraint, resulting in 
a highly condensed bolus of myosin and other apical markers 
(i.e., E-cad; Martin et al., 2010). Therefore, we investigated 
E-cad localization in C-GAP–depleted embryos. Normally, 
ROCK is concentrated near the center of the apical domain, and 
E-cad is enriched in a complementary pattern around the cell 
junctions (Mason et al., 2013). We found that C-GAP depletion 
disrupted E-cad localization, causing E-cad to spread across the 
apical surface (Fig. 4, E and F). Because both ROCK and E-cad 
are affected, we cannot conclude whether the dysregulation of 
contractility, adhesion, or both contribute to the loss of RCP. Ad-
ditionally, the altered RhoA activity observed in C-GAP shRNA 
embryos could affect other RhoA effectors such as Diaphanous, 
which regulates F-actin dynamics and contributes to E-cad lo-
calization (Mason et al., 2013). Although myosin contractility 
prevents cell junction disassembly in the ventral furrow (Weng 
and Wieschaus, 2016), it is unclear whether and how perturbed 
contractility enables E-cad to localize across the surface. De-
spite this unanswered question, our results clearly show that 
C-GAP is required for the RCP of both ROCK/myosin, which 
normally localized to a medioapical focus during apical con-
striction, and E-cad, which is normally enriched at the apical 

margin. Additionally, ventral furrow cells lost basal myosin and 
basally expanded, and planar polarized myosin was not affected 
nor was there ectopic myosin in the lateral (germband) cells in 
C-GAP shRNA embryos (Fig. S4). This suggested the C-GAP 
depletion phenotypes are primarily caused by the requirement 
of C-GAP to organize apical contractility in ventral furrow cells 
and not ectopic contractility in other tissues or on the cells’ 
basal surface (Polyakov et al., 2014; Rauzi et al., 2015).

ROCK and myosin localization is restricted to the apical 
cortex (Mason et al., 2013; Vasquez et al., 2014). However, after 
C-GAP depletion (via shRNA and germline clone mutants), 
ROCK localized along the basolateral cell surfaces (Fig. 4, G 
and H). Collectively, our results demonstrate that inhibition of 
RhoA activity via C-GAP is required to restrict ROCK/myosin 
activity to and within the apical domain.

C-GAP is required for myosin and 
ROCK pulsing
Wild-type ventral furrow cells exhibit ROCK and myosin pulses, 
in which apical myosin intensity increases and then decreases 
(Vasquez et al., 2014; Xie and Martin, 2015). We asked whether 
C-GAP also regulated pulsatile contractions. We imaged myosin 
and membranes in WT, C-GAP shRNA, and C-GAP OE embryos 
(Fig. S4 C), and we measured the intensity of apical myosin in 
individual cells. In contrast to WT and C-GAP OE cells, which 
exhibit pulses, C-GAP shRNA cells exhibited a more continuous 
increase in myosin (Fig. 5 A and Videos 3, 4, and 6). To quantify 

Figure 3.  Identification of a RhoA GAP, 
Cumberland GAP, involved in tissue folding. 
(A) In situs of C-GAP mRNA. C-GAP mRNA 
is maternally loaded and enriched in ventral 
(bracket) and cephalic (arrows) furrows. (B 
and C) C-GAP is apically enriched (arrow) in 
the ventral furrow, and localizes along subapi-
cal/basolateral membranes (brackets). Images 
from fixed embryo, cross sections stained for 
C-GAP::3xHA (HA epitope), and membranes 
(neurotactin) or myosin (zipper). Images on 
right represent magnified regions from im-
ages on left (yellow boxed regions). "A" is 
apical and "B" is basal. (D) C-GAP localizes 
across the apical surface. Images from fixed 
myosin::GFP (sqh::GFP) embryos, stained for 
C-GAP::3xHA (HA) and with phalloidin (sub-
apical F-actin, membranes). C-GAP forms me-
dioapical structures with (arrow) and without 
(arrowhead) myosin. (E) Images from fixed 
Control (white) and C-GAP shRNA cross sec-
tioned embryos, stained for myosin (zipper) 
and membranes (neurotactin). Ventral furrow 
in Control forms in a V-shape, but C-GAP 
shRNA ventral furrow is abnormally shaped, 
forming a cup, or C-shape (insets at bottom left 
of membrane channel are from boxed, yellow 
region). (F) C-GAP overexpression decreases 
apical myosin accumulation. Images from live 
embryos expressing myosin::GFP and mem-
brane::RFP, injected with mRNA encoding full-
length C-GAP, C-GAP with GAP mutant (R77A), 
C-GAP with GAP domain deletion, or control 
(water injection). (G) C-GAP overexpression 
decreases apical RhoA-GTP. Images from 
live embryos expressing Rho-GTP biosensor  
(AniRBD::GFP) and membrane::RFP and in-
jected with PBS buffer (control), C3, or mRNA 
encoding full-length C-GAP or C-GAP with a 
GAP domain deletion. Bars: (B and C [right], 
D, F, and G) 5 µm; (B and C [left] and E) 20 µm.

http://www.jcb.org/cgi/content/full/jcb.201603077/DC1
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whether C-GAP regulated contractile pulses, we measured the oc-
currence of higher-magnitude constriction events in WT, C-GAP 
shRNA, and OE embryos (Fig. 5 B). We observed that although 
WT and C-GAP–overexpressing cells have comparable pulsing 
frequencies, C-GAP shRNA led to significantly fewer pulsing 
events. Additionally, the maximum constriction rate of cells in 
C-GAP shRNA embryos was significantly lower than in WT or 
C-GAP OE embryos (Fig.  5  C). These data demonstrate that 
regulation of RhoA activity, via C-GAP, is necessary for pulsing.

Interestingly, although C-GAP OE embryos exhibited 
pulsatile myosin and cell contraction, the amount of myosin 
remaining after a pulse, which we defined as the myosin per-
sistence, was significantly decreased (Fig. 5, A and D). Myosin 
persistence was calculated as the normalized difference in myo-
sin intensity between the before-peak and after-peak minimum 
intensity during a contraction pulse (Xie and Martin, 2015). 
Thus, GAP OE does not affect pulse frequency but decreases 
the persistence of myosin after the pulse.

Myosin pulses in Drosophila germband cells were re-
cently proposed to result from a feedback loop in which myo-
sin recruits ROCK by advection (Munjal et al., 2015). Because 
myosin pulses are abnormal in the C-GAP–depleted embryos, 
this suggested that active RhoA regulation is involved in puls-
ing. To test whether RhoA activity/ROCK pulsing is dependent 
myosin pulses, we asked whether ROCK pulses occur in cells 
that lack pulsatile myosin (myosin-binding subunit [MBS] of 
the myosin phosphatase–depleted embryos [MBS shRNA]; 
Fig. 5 E; Vasquez et al., 2014; Munjal et al., 2015). Consistent 
with C-GAP being required for myosin pulsing, ROCK pulses 
occurred less frequently in C-GAP shRNA embryos (Fig. 5 G). 
However, ROCK pulses were not decreased in MBS shRNA em-
bryos that lacked discrete myosin pulses, These data suggest 
that ROCK pulsing is not dependent on myosin pulses. This 
observation, together with the fact that pulsation requires a 
RhoA GAP, suggests that ROCK pulses in ventral cells result 
from cycles of RhoA activation and inactivation (i.e., through 

Figure 4.  C-GAP promotes spatial organization of apical RhoA pathway signaling. (A) Images from live control (white shRNA) or C-GAP shRNA embryos 
expressing myosin::GFP and membrane::RFP. Whereas control embryos form myosin fibers or nodes spanning the apical surface, C-GAP shRNA embryos 
with mild ventral furrow phenotypes have diffuse myosin spread across the apical surface or highly condensed myosin in severe phenotypes, resembling 
cells that lose adhesion. (B) Linescans across myosin structures within individual cells in Control (n = 20) or C-GAP shRNA (n = 25) reveal that myosin forms 
less condensed or organized structures in C-GAP shRNA embryos (shaded areas represent ±SD). (C) Images from live control or C-GAP shRNA embryos 
expressing GFP::ROCK and membrane::RFP. Instead of one condensed ROCK focus in each control cell, C-GAP shRNA results in a more diffuse ROCK 
(mild) spreading across the entire apical domain, or highly condensed ROCK (severe), where the furrow ultimately falls apart and does not invaginate. (D) 
Images from live control (C-GAP heterozygous mutant) and C-GAP homozygous, germline mutant embryos expressing GFP::ROCK and membrane::RFP. 
Both control and C-GAP mutant embryos have identical ROCK localization phenotypes to shRNA embryos. (E and F) Images from live embryos expressing 
E-cadherin::GFP and myosin::RFP. (E) Apical E-cad localization is restricted to cell-cell contacts in control shRNA embryos, but E-cad spreads across the 
apical surface (arrowheads) in C-GAP shRNA. (F) E-cad becomes condensed with concentrated myosin structures in severe C-GAP shRNA embryos that 
appear to lose adhesion. (G) Cross sections from live embryos expressing GFP::ROCK and Membrane::RFP demonstrating C-GAP restricts ROCK activity to 
apical domain. In control shRNA embryos, ROCK localization is restricted to the apical cortex, but C-GAP shRNA embryos have both apical (arrowhead) 
and some basolateral (arrow) accumulation of ROCK. "A" is apical and "B" is basal. (H) Cross sections from live embryos expressing GFP::ROCK showing 
that C-GAP mutant embryos also have some basolateral accumulation of ROCK. Bars: (B) 1 µm; (A and C–H) 5 µm.
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Figure 5.  C-GAP is required for normal myosin pulsing. (A) C-GAP levels influence the amount of apical myosin that persists between pulses. Plots repre-
sent apical area and apical myosin intensity quantified for individual cells. Shaded region indicates time window used in montages on the right. Time-lapse 
images in montages from live embryos expressing myosin::GFP and membrane::RFP. Arrows indicate myosin pulse. (B and C) C-GAP shRNA disrupts 
contractile pulses. (B) Quantification of rapid constriction events in different genetic backgrounds. C-GAP shRNA has significantly lower pulse frequency 
(rapid constriction events per minute, 0.2164 ± 0.1 min−1, two embryos, n = 123 cells) than WT (0.4815 ± 0.01 min−1, two embryos, n = 181 cells) 
or C-GAP overexpression (O.E., 0.462 ± 0.08 min−1, 2 embryos, n = 110 cells; ***, P < 0.0001; n.s., not significant). (C) Quantification of maximum 
constriction rate for individual cells in shows C-GAP shRNA has significantly lower constriction rate (0.228 ± 0.01 µm min−1, three embryos, n = 190 cells) 
than WT (0.345 ± 0.03 µm min−1, three embryos, n = 246 cells) or C-GAP OE (0.433 ± 0.02 µm min−1, three embryos, n = 161 cells; ***, P < 0.0001; 
*, P < 0.05). Error bars represent SEM. (D) Myosin persistence measured for all WT (five embryos, 227 cells, 822 pulses) and C-GAP overexpression 
(three embryos, 145 cells, 447 pulses) pulses reveal significantly lower persistent myosin intensity in C-GAP overexpression embryos (***, P < 0.001; 
Komolgorov–Smirnov test and t test). Red bars represent sample medians, and boxes demarcate the 25th and 75th percentiles. (E) RhoA pathway leading 
to myosin activation. (F) ROCK pulsing occurs in the absence of myosin pulsing. Time-lapse images are from either Control or MBS shRNA (MBS of myosin 
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RhoGEF2 dynamics and C-GAP). This conclusion is also sup-
ported by the fact that RhoGEF2 can precede myosin pulses and 
initially appears across the entire apical cell surface. Thus, in 
addition to self-organization (Munjal et al., 2015), active regu-
lation of RhoA is critical for pulsatile contractions.

C-GAP is required for the Twist-dependent 
transition from reversible to irreversible 
constrictions
Our data demonstrated that C-GAP influences pulsatile contrac-
tion within individual cells (Fig. 5, A–C), which affected how 
the ventral furrow folds (Videos 3–6). This led us to hypothesize 
that C-GAP-dependent regulation of RhoA activity at the cellu-
lar level may influence how contractility is coordinated across a 
tissue. Previously, we developed a computational framework that 
established that pulsing and shape changes of individual cells 
are coordinated in space and time across the ventral furrow to 
promote folding (Xie and Martin, 2015). Cells in WT embryos 
exhibit different classes of contractile pulses: ratcheted, unrat-
cheted, or unconstricting (Xie and Martin, 2015; Fig. 6 A). Rat-
cheted pulses exhibit an irreversible constriction in apical area, 
where the constricted shape is sustained because of more per-
sistent medioapical myosin. Unratcheted pulses resulted in an ini-
tial constriction in apical area that is then reversed (i.e., relaxes), 
because there is less persistent myosin to maintain the constricted 
state. The onset of tissue invagination is associated with a tran-
sition in cell behavior from unratcheted to ratcheted pulses (Xie 
and Martin, 2015). In addition to the transition in the pulse class, 
pulses also increase in frequency during the invagination process.

Our previous results demonstrated the transcription factor 
Twist is required for (a) an enrichment of ratcheted pulses, (b) 
pulse behavior transitioning from unratcheted to ratcheted, and 
(c) an increase in pulse frequency over time (Fig. 6 B; Xie and 
Martin, 2015). twist mutant and RNAi embryos fail to accumu-
late medioapical ROCK (Mason et al., 2013; Xie and Martin, 
2015), which suggested that Twist is required for RhoGEF2- 
dependent activation of RhoA (Dawes-Hoang et al., 2005; Fox 
and Peifer, 2007; Kölsch et al., 2007). Therefore, we tested for 
medioapical RhoGEF2 and RhoA localization in twist RNAi 
and mutants, respectively. Twist is required for medioapical 
RhoGEF2 accumulation (Fig.  6  C), but not subapical, junc-
tional RhoGEF2 (Fig. 6 D). Additionally, RhoA failed to form 
medioapical structures or localize to junctions in twist mutants 
and instead localized across the entire apical surface (Fig. 6 E). 
These results led us to hypothesize that Twist is required to in-
crease medioapical RhoGEF2 levels over time (Fig. 2 D), thus 
increasing RhoA activity levels, myosin persistence, and ratch-
eted pulses over time (Fig. 6 B; Xie and Martin, 2015). Know-
ing that RhoA activation drives myosin accumulation (Fig. 1), 
and persistent myosin correlates with ratcheted contraction 
(Xie and Martin, 2015), we hypothesized that the amount of 
persistent myosin at the end of a pulse could be dependent on 
amount of RhoGEF2 relative to C-GAP. Increasing RhoA activ-
ity, by C-GAP shRNA, appeared to result in a more monotonic 
increase of myosin (Fig. 5 A), implying that RhoA activity and 
myosin persistence/pulse behavior are linked.

If the amount of RhoA activity after a contractile event 
dictates the pulse behavior (i.e., ratcheted or unratcheted), then 
decreasing RhoA activity should result in less persistent myosin 
and more unratcheted pulses. Accordingly, we have observed 
less persistent myosin with two unique perturbations that de-
crease RhoA activity: twist RNAi (Xie and Martin, 2015), which 
decreased apical RhoGEF2 levels (Fig. 6, C and D), and C-GAP 
OE, which decreased persistent apical myosin levels (Fig. 5, A 
and D). We then asked whether C-GAP OE phenocopies twist 
RNAi by quantifying (a) the amount of ratcheted contractions, 
(b) the transition from unratcheted to ratcheted pulses, and (c) 
the pulse frequency over time in C-GAP OE embryos.

C-GAP OE significantly increased the fraction of unratch-
eted pulses, relative to other pulse types, similar to twist RNAi 
(Fig.  6  F; Xie and Martin, 2015). Furthermore, whereas WT 
cells predominantly transitioned from unratcheted to ratcheted 
pulses at the onset of invagination, C-GAP–overexpressing em-
bryos did not exhibit this transition, a phenotype that is similar 
to twist RNAi (Fig. 6, G and H). Pulse frequency gradually in-
creased in WT cells during tissue invagination (from 88 s at time 
−200 s to 66 s at time 200 s). However, overexpressing C-GAP 
prevented this transition and “locks” the pulse frequency at an 
intermediate interval or frequency (74 s; Fig. 6 I). Interestingly, 
twist RNAi also locks pulse frequency, but at a longer interval 
(Xie and Martin, 2015).

Because C-GAP OE pulse behavior is similar to twist 
RNAi in that the fraction of unratcheted cell shape changes are 
increased, we propose that Twist is required to increase the rel-
ative levels or ratio of RhoGEF2 to C-GAP and that this ratio 
is a critical determinant that sets the behavior of the cell after 
a contractile event. Ultimately, increasing the RhoGEF2 levels 
over time could increase the GEF/GAP ratio, transitioning to 
more RhoA–ROCK–myosin activation and ratcheted pulses 
that promote tissue invagination.

Discussion

Our work identifies a critical role for RhoA inactivation in pro-
moting contractility. First, expressing a CA-RhoA does not acti-
vate apical constriction but rather impedes it. Second, depleting 
C-GAP disrupts apical constriction, cell adhesion, and tissue 
folding. Because C-GAP is apically concentrated in constrict-
ing cells of the ventral furrow and loss of C-GAP does not result 
in obvious myosin accumulation in other cells or higher myo-
sin levels on the basal surface, we argue that C-GAP mainly 
functions in the apical cortex of ventral furrow cells. We show 
that C-GAP is critical for the spatial organization of the RhoA 
pathway within the apical domain and promotes pulsatile my-
osin dynamics. Although previous work has demonstrated Rho 
GAPs are required for apical constriction in other invaginating 
cells or tissues (Brouns et al., 2000; Simões et al., 2006; Clay 
and Halloran, 2013), our work shows how a GAP is required to 
organize and modulate the dynamics of the contractile machin-
ery and adherens junctions within the plane of the apical cortex 
for proper contractility.

phosphatase) embryos expressing GFP::ROCK and either membrane::RFP. In MBS shRNA embryos, ROCK increases and decreases or pulses (arrows). 
(G) Quantification of ROCK pulse frequency in Control (n = 104 cells, two embryos), C-GAP (n = 89 cells, two embryos), and MBS shRNA (n = 92 cells, 
two embryos) embryos shows that only loss of C-GAP results in fewer ROCK pulses (***, P < 0.0001; *, P < 0.05). Error bars represent SD. Bars, 5 µm.
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Twist increases the GEF/GAP ratio 
to promote ratchet-like (sustained) 
contractions
Pairing a GEF and GAP for the same GTPase, which has been 
recently been observed in other systems (Diogon et al., 2007; 
Um et al., 2014), might be a conserved mechanism to promote 
dynamic RhoA activity required for apical constriction (Simões 
et al., 2006). Our data illustrates that not only are the GEF and 
GAP both required, but that the GEF/GAP ratio most likely 
changes over time to dynamically alter cell behaviors. Either 
lowering (twist RNAi or C-GAP OE) or increasing RhoA ac-
tivity (C-GAP shRNA or CA-RhoA) “locked” cell behavior into 
one state and disrupted ventral furrow formation, illustrating 
that tuning RhoA activity throughout developmental time is 
essential for dynamic processes such as tissue folding (Fig. 7 
and Videos 3–6). This phenomenon has been observed compu-
tationally, as modulating that concentration of GEF relative to 
GAP can alter the efficiency of GTPase activity cycling (Go-
ryachev and Pokhilko, 2006).

Ventral furrow cells exhibit pulsed constriction in which 
cells initially exhibit reversible (i.e., unratcheted) constrictions 
and then exhibit constrictions where the constriction is main-
tained, resulting in an irreversible shape change (i.e., ratcheted). 
We observed that depletion of the transcription factor Twist pre-
vents cells from transitioning from unratcheted to ratcheted con-
strictions, resulting in continuously unratcheted constrictions, 
appearing almost oscillatory (Martin et al., 2009; Xie and Mar-
tin, 2015). Understanding this result required the identification 
of C-GAP. In the absence of high RhoGEF2, C-GAP is present to 
inactivate RhoA, which could result in myosin inactivation and 
a drop in sustained contraction. We propose that the net increase 
in apical RhoGEF2, which we observe during furrow formation 
(Fig. 2 D), eventually outweighs C-GAP activity (Fig. 7), result-
ing in the observed transition from reversible (i.e., unratcheted) 
to irreversible (i.e., ratcheted) contractile events (Fig. 7). Consis-
tent with this model, we have shown that overexpressing C-GAP 
results in a failure of cells to transition to ratcheted constrictions, 
suggesting that the GEF/GAP ratio sets the final outcome of a 

Figure 6.  Balance between RhoA activation via 
RhoGEF2 and inactivation via C-GAP is required for 
organizing pulse behavior. (A) Mean area response 
within pulse behavior classes (ratcheted, unratcheted, 
or unconstricting) from C-GAP overexpression pulses 
(three embryos, 145 cells, 447 pulses). (B) Summary 
of pulsing phenotypes from WT, twist RNAi, and 
C-GAP OE embryos. (C and D) Live images of 
control (H2O-injected) or twist RNAi injected embryos 
expressing GFP​:RhoGEF2 and membrane::RFP. 
RhoGEF2 accumulates across the apical domain 
(arrows) in control embryos, which requires Twist. 
However, subapical/junctional RhoGEF2 (brackets) 
does not depend on Twist but may decrease in 
twist RNAi. (E) Images from fixed control (twist 
heterozygous) or twist homozygous mutant embryos, 
stained for RhoA and Diaphanous (subapical Dia 
marks membranes). RhoA is radially polarized in 
control embryos, but in twist mutants, RhoA is diffuse 
across the entire apical domain and lacks structure 
or organization. (F) Fraction of pulses from each 
behavior for WT and C-GAP OE embryos. C-GAP OE 
leads to more unratcheted pulses and fewer ratcheted 
pulses. (G) Probability density functions of the timing 
of different pulse behaviors. WT pulses transition from 
unconstricting and unratcheted behaviors to ratcheted 
behavior, whereas all pulse behaviors in C-GAP OE 
pulses are co-occurring. Developmental time of 0  s 
corresponds to beginning of tissue contraction. (H) 
The probability of a cell transitioning from having a 
pulse of a behavior class (left columns) into having 
a subsequent pulse of another behavior class (right 
columns). WT cells show biased transitions to the 
ratcheted state, whereas C-GAP OE cells show a much 
weaker transition direction. The colors and the widths 
of the arrows represent the probability of transition. (I) 
The time interval between consecutive pulses within 
a cell is shown with respect to developmental time. 
Although WT pulses become more frequent, C-GAP 
OE pulses occur at a constant frequency. Line shows 
the best fit. Bars, 5 µm.
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constriction. In addition, we have shown that myosin persistence 
is correlated with cells having a ratcheted constriction in both WT 
and C-GAP–overexpressing embryos (Xie and Martin, 2015). 
We have shown that twist RNAi embryos have significantly 
less tension that WT embryos, suggesting that the ratcheted or 
irreversible contractions generate tension that would resist ex-
pansion (Martin et al., 2010). Thus, we argue that Twist activity 
promotes sustained tension in cells between pulses, which is re-
quired for effective apical constriction and tissue folding.

RhoGEF2 levels increase throughout 
ventral furrow formation and exhibit 
pulsatile dynamics
We identified that RhoGEF2 (orthologue of mammalian LARG, 
PDZ-RhoGEF) localized with medioapical myosin structures, 
consistent with previous studies (Fox and Peifer, 2007; Kölsch et 
al., 2007). Additionally, RhoGEF2 exhibited pulsatile dynamics 
and RhoGEF2 pulses preceded myosin pulses, suggestive of its 
role in promoting or stimulating myosin pulses. This is consistent 
with work demonstrating that OE of RhoGEF2 promoted myosin 
accumulation as well as increased tension and pulse duration in 
Drosophila amnioserosa cells (Azevedo et al., 2011). However, in 
the amnioserosa, as well as other cells that use RhoGEF2/PDZ-
RhoGEF for apical constriction (including Drosophila spiracle 
cells and mouse neural tube), it was unclear whether RhoGEF2 
exhibits dynamic behavior (Simões et al., 2006; Nishimura et al., 
2012). The mechanisms that promote RhoGEF2 pulsing will be 
an important future area of investigation. The activities of the 
RhoGEF2 orthologues are regulated by phosphorylation (Suzuki 
et al., 2003; Chikumi et al., 2004; Ying et al., 2009), and phosphor-
ylation sites on RhoGEF2 have been identified (Zhai et al., 2008). 
Another potential mechanism that may influence RhoGEF2 dy-
namics is association with the microtubule cytoskeleton (Rog-
ers et al., 2004; Bulgakova et al., 2013). RhoGEF2 pulses may 
also be mediated by its activators, such as the Gα12/13 homologue 
concertina (Cta). One possibility is that Cta GTPase flux may 
regulate pulses of RhoGEF2 activation. LARG can function as a 
Gα GAP (Suzuki et al., 2003; Siehler, 2009), so it is possible that 
RhoGEF2 may accelerate cycling of Cta GTPase activity, and 
thus the RhoGEF2-Cta interaction may entrain pulsing.

C-GAP organizes both the spatial and 
temporal organization of the RhoA pathway
A recent study in medaka and zebrafish identified the require-
ment of a Rho GAP, ARH​GAP18, for generation of tissue ten-

sion during gastrulation (Porazinski et al., 2015). It is unclear 
why a GAP, which is thought to inhibit RhoA activity, would 
increase tissue tension, which is typically associated with more 
RhoA activity. Our results and others’ suggest that GAPs may 
be required to concentrate contractile proteins, maintain proper 
cell adhesion, and/or maintain robust cycling (flux) of RhoA 
activity (Yamada and Nelson, 2007; Miller and Bement, 2009; 
Ratheesh et al., 2012; Zanin et al., 2013; Breznau et al., 2015; 
Priya et al., 2015; Zhang and Glotzer, 2015). Clearly, there is 
a need for a deeper understanding for the molecular role of 
GAPs during morphogenesis.

Although it is clear that GEFs establish RhoA activity 
zones at the right place and time to organize contractility in 
development, less is known about how these RhoA activity 
and contractile zones are maintained (Bement et al., 2006). 
It has been hypothesized that GAPs may play a role, and our 
data clearly demonstrates that C-GAP is required to orga-
nize spatiotemporal RhoA pathway and contractile organiza-
tion. Interestingly, recent evidence demonstrates that within 
RhoA zones, Rho GTPase activity cycles (or flux through 
the GTPase pathway) occurs (Burkel et al., 2012; Bement 
et al., 2015), indicating there is some mechanism for RhoA 
inhibition during cytoskeletal contraction. Our data suggest 
that C-GAP, by localizing to regions of high RhoA activity, 
can promote dynamic GTPase turnover where RhoA is acti-
vated. However it is unclear how C-GAP localizes to areas 
of high RhoA activity. C-GAP lacks obvious domains or 
protein–protein binding motifs, and C-GAP’s closest mam-
malian orthologues, based on sequence homology (Hu et al., 
2011), are ARH​GAP20 (a RhoA-specific GAP) and TA-GAP, 
which have been not been thoroughly investigated (Mao et al., 
2004; Yamada et al., 2005).

Our work demonstrates that although RhoA is thought 
to act like a switch to regulate contractility, developmental 
systems may use GEF​:GAP modules to dial or tune RhoA 
activity and dynamically shift cellular behaviors according to 
their circumstance, purpose, or function.

Materials and methods

Fly genotypes and generation of GFP::RhoGEF2
Fly stocks and crosses used are listed in Table S2. All crosses and 
cages were maintained at 25°C, unless stated otherwise, and nonbal-
ancer females and males were used to set up cages for embryo collec-

Figure 7.  The GEF/GAP ratio is a develop-
mentally controlled mechanism to modulate 
cell shape. A low RhoGEF2/C-GAP ratio, such 
as twist RNAi or C-GAP OE, results in fewer 
medioapical myosin fibers, less persistent my-
osin (orange arrows), and more unratcheted 
pulses. A high RhoGEF2/C-GAP ratio, as in 
C-GAP shRNA, results in “constitutive” ratchet-
ing and less pulsing. In WT embryos, the ratio 
transitions, gradually increasing persistent my-
osin and ratchet-like contractions over time.

http://www.jcb.org/cgi/content/full/jcb.201603077/DC1
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tions. To generate Control (white) and C-GAP shRNA, virgins of the 
shRNA line were crossed to mat67,15 drivers with appropriate markers. 
Crosses were shifted to 29°C for myosin::GFP/membrane::RFP. Cages 
of nonbalancer siblings were maintained at 27°C for myosin::GFP/
membrane::RFP, and F2 embryos were imaged. For C-GAP maternal 
germline clones, hsFLP virgins were crossed to ovoD-FRT2A males, 
then hsFLP;;ovoD males were crossed to virgin RhoGAP71E/C- 
GAP[j6B9],FRT2A mutants with GFP::ROCK and membrane::RFP 
markers. Larvae were heat-shocked for 2 h at 37°C on three or four con-
secutive days. Cages were set up with appropriate female genotypes, 
and mutant males and progeny were imaged. For C-GAP overexpres-
sion using UAS>C-GAP::3xHA (Bischof et al., 2013), UAS>C-GAP 
virgins were crossed to mat15 (for live and fixed imaging) or mat67 (for 
fixed imaging) males with myosin::GFP (and membrane::RFP for live 
imaging). Sibling, nonbalancer progeny were used to set up cages, and 
F2 embryos were imaged.

To generate GFP::RhoGEF2 flies, we amplified GFP-TEV-S 
protein pIC113 plasmid (Cheeseman and Desai, 2005). We then used 
standard recombineering techniques (Venken et al., 2009) and replaced 
the rhoGEF2 start codon in pACM​AN CH321-72J07 (obtained from 
BAC​PAC resources) with GFP::TEV::S.  The resulting plasmid was 
confirmed via sequencing, purified, and injected in our laboratory 
into nanos-integrase; attp40; vk33 embryos. GFP::RhoGEF2 rescues 
adult fertility of trans-heterozygous mutants of several rhogef2 alleles 
(rhogef2[1.1]/Df(2R)ED2747; listed in Table S2), as well as early em-
bryonic phenotypes that are dependent on the maternal contribution 
of RhoGEF2, including ventral furrow formation as shown in Fig. 2 
(D and E). Cellularization proceeds normally, and trans-heterozy-
gous rhogef2 embryos with GFP::RhoGEF2 do not have multinucle-
ated cells typically associated with rhogef2 mutants (Grosshans et al., 
2005). The trans-heterozygous mutants with GFP::RhoGEF2 can be 
maintained as stable stocks.

Live and fixed imaging
For live imaging, embryos were dechorionated with 50% bleach, then 
washed with water and mounted, ventral side up, onto a slide coated 
with embryo glue (double-sided tape soaked in heptane). Spacer cover-
slips (1.5) were attached to glue and a coverslip was attached to create 
a chamber. Halocarbon 27 oil was added to chamber. Embryos were 
not compressed. All imaging occurred at room temperature (∼23°C).

For fixed imaging, embryos were dechorionated with bleach, 
then fixed in a 1:1 mix of 8% PFA in 0.1 M phosphate buffer, pH 7.4, 
and 100% heptane for 20–25 min and manually devitellinized or heat-
fixed (HF) in boiled Triton salt solution (0.03% Triton X-100 and 0.4% 
NaCl in water), cooled on ice, and then devitellinized in a 1:1 heptane/
methanol solution. HF embryos were then stored in 100% methanol at 
−20°C, and then rehydrated with PBS + 0.1% Triton X-100 (PBST). 
For embryo cross sections, fixed embryos were stained and then fixed 
again with 4% PFA in PBST for 15 min, washed with PBST, equili-
brated with 50% glycerol in PBST, and manually sliced.

To visualize F-actin after PFA fixation, embryos were then in-
cubated with Alexa Fluor 647 Phalloidin (Invitrogen) diluted in PBST 
overnight. Embryos were blocked with 10% BSA in PBST. For PFA-
fixed embryos, Diaphanous was recognized using antibody (a gift 
from S.  Wasserman, University of California, San Diego, La Jolla, 
CA) diluted at 1:5,000, E-cad (DCad-2; Developmental Studies Hy-
bridoma Bank) at 1:50, RhoGEF2 (a gift from J. Grosshans, Georg- 
August-Universität Göttingen, Göttingen, Germany) at 1:1,000, HA 
epitope (11867423001; Roche) at 1:100–1:1,000, and Rho1 (p1D9; 
Developmental Studies Hybridoma Bank) at 1:50. Endogenous GFP 
signal was visualized for myosin::GFP. For HF embryos, Zipper (myo-
sin heavy chain, a gift from E. Wieschaus, Princeton University, Princ-

eton, NJ) was diluted at 1:500, Neurotactin (BP 106; Developmental 
Studies Hybridoma Bank) at 1:100, and HA epitope as described for 
PFA fixed embryos. Secondary antibodies were Alexa Fluor 488, 
568, or 647 (Invitrogen), Rhodamine AffiniPure α-Mouse and Alexa 
Fluor 647 AffiniPure α-Rat (Jackson ImmunoResearch Laboratories, 
Inc.) diluted at 1:500. Primary and secondary antibodies were diluted 
in 5% BSA in PBST. Embryos were then mounted using AquaPoly-
mount (Polysciences, Inc.).

For in situ hybridizations, OreR embryos were fixed with 8% 
formaldehyde or PFA, then devitellinized in a 1:1 heptane/methanol 
solution and stored in 100% methanol at −20°C. Digoxigenin-labeled 
probes were synthesized using plasmids described in Table S1. Embryos 
were transferred to 100% ethanol, washed in 100% xylenes, washed in 
ethanol and then methanol, then fixed in 5% formaldehyde in PBS + 
0.1% Tween-20 (PBSTw). Embryos were incubated in hybridization 
solution (50% formamide, 5× SSC, 100 µg/ml salmon sperm DNA, 50 
µg/ml heparin, and 0.1% Tween-20) at 55°C, and then incubated with 
2 µl denatured probe in 100 µl hybridization solution at 55°C overnight. 
Embryos were washed with hybridization solution and then PBSTw, 
and then stained with α-digoxigenin (11093274910, diluted 1:1,000 in 
PBSTw; Roche) overnight at 4°C. Embryos were washed with PBSTw 
and then staining buffer, then a colorimetric reaction was performed 
using NBT/BCIP solution (11681451001; Roche), and quenching was 
performed with PBSTw and ethanol washes. Embryos were rinsed with 
xylenes, mounted with Permount (Thermo Fisher Scientific) or Aqua-
Polymount, and imaged using an Eclipse Ti-S Microscope (Nikon), 
10×/0.25NA objective (Nikon), Spot Idea camera, and Spot Software 
(SPOT Imaging). Reagents for the GAP in situ screen were provided by 
V. Hatini (Tufts University, Boston, MA).

Unless otherwise stated, all fluorescent images were acquired on 
a confocal microscope (LSM 710; ZEI​SS) with a 40×/1.2 Apochromat 
water objective (ZEI​SS), an argon ion, 561-nm diode, 594-nm HeNe, 
and 633-nm HeNe lasers, and Zen Software. Pinhole settings ranged 
from 1–3 airy units (1 airy units for fixed imaging and ∼1.5–3 airy units 
for live imaging). Because it expressed at such low levels, imaging for 
GFP::RhoGEF2 required 3 airy units and a much slower scan speed. 
For improved visualization of GFP::RhoGEF2 in Video 2, exponential 
bleach correction was applied using FIJI; however, no such processing 
was used for images shown in Fig. 2 (D–F) or Fig. S2. For two-color, 
live imaging, simultaneous excitation was used with bandpass filters set 
at ∼499–561 nm for GFP and ∼599–696 nm for ChFP. For imaging api-
cal myosin (Sqh::mCherry) meshwork with GFP::RhoGEF2 (Fig. 2 C), 
Applied Precision DeltaVision Ultimate Focus Inverted Olympus X71 
microscope with total internal reflection fluorescence microscope mod-
ule, 488- and 568-nm lasers, 100× total internal reflection fluorescence 
microscope objective, and 470-nm/525-nm (GFP) and 575-nm/630-nm 
(mCherry) excitation/emission filter sets was used.

Drug and RNA injections
C3 exoenzyme protein (CT03; Cytoskeleton, Inc.) was resuspended at 
1 mg/ml, dialyzed into PBS, and stored at −80°C. PBS was injected 
as control buffer. To synthesize capped mRNA for RhoA-WT and 
CA from plasmids previously described (Simões et al., 2014) and for 
C-GAP and C-GAP mutants, we used mMES​SAGE mMAC​HINE SP6 
Transcription kit (Ambion) and injected embryos with mRNA at 0.5–1 
µg/µl. To synthesize double-stranded RNA for twist RNAi using meth-
ods and primers previously described (Martin et al., 2010), we used 
MEGAscript T7 Transcription kit (Ambion).

Dechorionated embryos were mounted ventral side up for fur-
row injection then desiccated for 4–10 min using Drierite (Drierite 
Company). A 1:1 mixture of halocarbon 700:halocarbon 27 oils was 
added over the embryo for injection. Embryos were injected laterally 
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during mid-to-late cellularization (furrow canals at base of nuclei; 
Fig. 1, A and B) or during ventral furrow formation (furrow canals 
at yolk, cephalic furrow ingressing; Fig. S1) for C3 injections and 
imaged immediately after injection (∼3–5 min after injection). For 
injection of capped RNA of CA-RhoA and WT-RhoA (Simões et al., 
2014), embryos were injected laterally at one pole at the end of yolk 
clearing and the initiation of cellularization, roughly 1 h before imag-
ing (Fig. 1 C and Video 1). For injection of capped RNA of C-GAP 
RNA (Fig. 3, F and G), embryos were injection around the initiation 
of pole formation and imaged ∼1.5–2 h after injection. After injection, 
injection oil was removed and embryos were mounted as described for 
live imaging and incubated at room temperature or 25°C. For twist 
RNAi experiments (Fig. 6, D and E), embryos were injected with twist 
dsRNA (Martin et al., 2010) or water (control) immediately after egg 
laying, before pole cell formation, and incubated at room temperature 
or 25°C for 2.5–3 h before imaging.

Image processing and analysis
Images were processed using MAT​LAB (MathWorks), FIJI, and Pho-
toshop (Adobe Systems, Inc.). A Gaussian filter (kernel = 1 pixel) was 
applied to images. Apical images are maximum intensity projections 
of multiple z-sections (∼2–5 µm). Subapical images are ∼1–2 µm 
below the apical sections.

Image segmentation for temporal quantification of area and my-
osin intensities was performed using custom MAT​LAB software titled 
EDGE (Embryo Development Geometry Explorer; Gelbart et al., 2012). 
Raw images were subjected to Gaussian filter (1 pixel) processed via 
background subtraction to remove cytoplasmic myosin::ChFP or myo-
sin::GFP by subtracting cytoplasmic intensity values two SDs from the 
mean. We made maximum intensity projections, imported mages were 
imported into EDGE, and cell membranes were automatically detected 
and manually corrected. Cell area and integrated fluorescence intensity 
of myosin were quantified (Figs. 1, 5, and 6).

To compare the frequency of instances of rapid area reduction 
between embryos (Fig.  5  B), we used methods previously described 
(Vasquez et al., 2014). In brief, we smoothed apical area curves and 
calculated instantaneous rates for each time point. Rapid area reduc-
tions were defined as instances where the constriction rate exceeded a 
threshold of one SD above the mean rate for all WT cells. To compare 
maximum constriction rates among WT, C-GAP shRNA, and C-GAP 
OE (Fig. 5 C), we identified the instance of the maximum constriction 
rate of each cell. The identified maximum constriction rates were for 
all cells of each condition. To compare ROCK pulsing frequency, we 
computationally and manually identified ROCK pulses using methods 
previously described (Mason et al., 2013).

Linescans of myosin::GFP in control (white) and C-GAP shRNA 
cells were generated using FIJI (Fig. 4 B). At least 20 cells were ana-
lyzed for each genotype. Ratios of medioapical to junctional myosin in 
CA-RhoA (Fig. 1 E) were obtained using FIJI, by manually drawing 
a line around cell junctions to determine mean intensity. Circles or el-
lipses were drawn over medioapical region to obtain mean intensity. 
For each cell, medioapical intensities were divided by junctional in-
tensity and then averaged across all cells. For RhoGEF2 and myosin 
pulse analysis (Fig. 2 G), FIJI MTrackJ plug-in was used to manually 
identify local peaks/pulses of GFP::RhoGEF2 and myosin::RFP from 
five embryos and 187 pulses and time delay were plotted using Prism 
(box and whiskers, 5th and 95th percentile).

Statistical analyses were performed in Prism (GraphPad; Figs. 
1 and 5) and MAT​LAB (Fig. 6). Datasets were subjected to Komol-
gorov–Smirnov tests to determine distributions and used unpaired, two-
tailed, t test for pulse behavior (Figs. 1, 5, and 6). All error bars are 
listed in figure legends, and results of tests are represented as p-values.

Quantification of C-GAP OE
To quantify degree of C-GAP OE in mat15>C-GAP embryos used for 
live imaging and pulse analyses, we collected 100 stage 5 and 6 embryos 
from four genotypes: Oregon R (WT), mat15>GAL4, UAS>C-GAP, 
and mat15>C-GAP (C-GAP OE). RNA was extracted from pooled em-
bryos using TRIzol (Thermo Fisher Scientific) and the manufacturer’s 
protocol. Precipitated RNA was resuspended in water, Dnase I treated 
(New England Biolabs, Inc.), and concentration quantified. Superscript 
III One-Step RT-PCR System (Invitrogen) was used to perform reverse 
transcription reaction and PCR, following the manufacturer’s protocol, 
with minor exceptions. 250 ng RNA was added to reaction, and 25 PCR 
amplification cycles were used. Gene-specific primers for RpL32, a ri-
bosomal protein as a control, were manually designed, and two unique 
C-GAP primer sets were designed using Universal ProbeLibrary Assay 
Design Center (Roche) and FlyPrimerBank (Hu et al., 2013). Products 
were run on an agarose gel and visualized using ethidium bromide and 
Bio-Rad ChemiDoc MP. Quantifications were performed using FIJI gel 
analyzer plug-in. C-GAP OE is ∼1.5 times higher than endogenous 
gene expression (Fig. S4 C).

Pulse quantification and classification
Pulse quantification used a previously published framework, where 
Gaussian models were fitted to the myosin intensity signal and used 
to extract local changes in apical area (Xie and Martin, 2015). Deter-
mination of area behaviors during pulses in three C-GAP OE embryos 
(145 cells and 447 pulses) were done by coclustering them with area re-
sponse data of pulses from five WT embryos (227 cells and 822 pulses) 
and five twist RNAi embryos used in the previous study.

Online supplemental material
Fig. S1 shows that RhoA activity is required to maintain apical Myosin. 
Fig. S2 shows that GFP::RhoGEF2 forms structures across the apical 
surface, localizes subapically to junctions, and is planar polarized in 
the lateral (germband) cells. Fig. S3 shows that C-GAP is required 
for cellularization, which precedes ventral furrow formation. Fig. S4 
shows that C-GAP shRNA embryos phenotypes appear to be ventral 
specific. Video  1 shows that CA RhoA OE alters myosin dynamics 
and apical constriction during ventral furrow formation. Video  2 
shows RhoGEF2 and myosin pulsatile dynamics during ventral furrow 
formation. Video 3 shows WT ventral furrow formation. Video 4 shows 
a C-GAP shRNA embryo with mild ventral furrow phenotype. Video 5 
shows a C-GAP shRNA embryo with severe ventral furrow phenotype. 
Video 6 shows a C-GAP overexpression embryo. Table S1 describes 
Rho-family GAP expression and screen during early embryogenesis. 
Table S2 lists genotypes for fly stocks used in this study. Online 
supplemental material is available at http​://www​.jcb​.org​/cgi​/content​/
full​/jcb​.201603077​/DC1.
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