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Abstract

Rapid and sequential cell shape changes take place during the formation of the ventral furrow (VF) at the beginning of Drosophila

gastrulation. At the cellular level, this morphogenetic event demands close coordination of the proteins involved in actin cytoskeletal

reorganization. In order to construct a regulatory network that describes these cell shape changes, we have used published genetic

and molecular data for 18 genes encoding transcriptional regulators and signaling pathway components. Based on the dynamic

behavior of this network we explored the hypothesis that the combination of three recognizable phenotypes describing wild type or

mutant cell types, during VF invagination, correspond to different activation states of a specific set of these gene products, which are

point attractors of the regulatory network. From our results, we recognize missing components in the regulatory network and

suggest alternative pathways in the regulation of cell shape changes during VF formation.
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1. Introduction

The traditionally biological investigation has exam-
ined and collected information of a reduced number of
genes, proteins or reactions. For years this approach has
produced remarkable achievements and has allowed us
to propose quite realistic biochemical models. However,
with the advent of large sets of gene expression data
generated by genomic and proteomic studies (Arbeit-
man et al., 2002; Gong et al., 2004) it has been evident
that the identification of biologically meaningful gene or
protein interactions involve novel approaches that go
beyond the traditional experimental methods. One of
these approaches is the building of genetic networks that
model the actual behavior of the cells.
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During recent years much has been learned about the
genetic and molecular basis of gene networks controlling
embryo development in Drosophila (Sauer et al., 1996).
These networks involve hundreds of genes, which code
for transcription factors, transmembrane receptors and
their ligands, extracellular matrix proteins and compo-
nents of intracellular signaling cascades (Casares and
Sanchez-Herrero, 1995; Margolis et al., 1995; Bodnar,
1997; Sánchez and Thieffry, 2003; Thieffry and Sánchez,
2003).

In this work, we used published genetic and molecular
data for 18 genes to construct a regulatory network for
Drosophila ventral furrow (VF) formation, and we
provide analyses of the dynamic behavior of this
network by proposing a simple network that describes
a regulatory pathway with on–off elements. We explore
the hypothesis that the combination of the three
recognizable phenotypes depicting the cell shape
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changes that occur in wild type or mutant cells during
VF invagination, namely: apico-basal nuclear move-
ment, apical constriction and cell shortening, corre-
sponds to the activation states of a specific set of gene
products, which control the reorganization of the actin
cytoskeleton in a single cell undergoing its own
developmental program. In this work, the construction
of the Boolean model as well as the inference of missed
elements and structures has been based only on
qualitative information, therefore it constitutes a first
step towards our understanding of the emergent
behaviors of interacting genes and gene products in
the regulatory network that controls Drosophila VF
formation.

1.1. Mathematical modeling of regulatory networks

Mathematical models that represent cellular processes
or mechanisms have described some principles of the
genetic networks. One of them summarizes the genetic
regulatory network in terms of nodes—representing the
genes—and connections among them that define the
regulatory action of a gene product on another gene.
Several of these models have been described as a two
states or Boolean representation (Kauffman, 1969;
Somogyi and Sniegoski, 1996; Wuensche, 1998).

In a Boolean idealized model, the activity of each
element of the network is treated as a Boolean variable,
where the value 1 corresponds to the activated state of
the element and 0 to the inhibited state. The activation
function of each element is a Boolean function, which
depends on the values of the elements that participate in
the regulatory network. In this work, we applied a
particular type of activation functions called threshold
functions, which are defined by

f iðxÞ ¼ H
Xn

j¼1

wijxj � yi

 !
, (1)

where x ¼ ðx1;x2; . . . ;xnÞ 2 f0; 1g
n, the coefficients wij

and the number yi, called weights and threshold value,
respectively, are real numbers, and H is the Heaviside
step function:

HðxÞ ¼
1 if x40

0 if xp0

( )
. (2)

It is simple to verify that for each Boolean threshold
function the weights and the threshold value are not
unique, however, the sign of each coefficient wij is
uniquely determined (Goles and Martı́nez, 1991). Thus,
if the sign of wij is positive, then the activation of the
element associated to variable j allows the activation of
the element associated to variable i, and the opposite,
otherwise. The elements of the network and their
interactions as defined by their activation functions
constitute the interaction graph.
The dynamical behavior of the network depends on
the type of iteration or updating schedule; parallel and
sequential iteration or combinations of them are
commonly used. In the first case, the element values
are updated at the same time, while in the second case
they are updated one by one in a prescribed periodic
order. Since it is well known that the set of fixed points
of the network is exactly the same for both synchronous
and asynchronous iteration (Goles and Martı́nez, 1991),
we decided to apply the synchronous iteration to our
dynamical analysis. Thus, the state of the element i on
the time t+1 is given by xiðtþ 1Þ ¼ f iðxðtÞÞ, which
means that xi becomes active if the sum of the input
values of fi, pondered by the weights wij, is superior than
the threshold value yi, and inactive otherwise.

Since the number of elements within the network (n)
restricts the number of network configurations (2n), the
final state of consecutive iterations is an attractor. An
attractor can be a configuration x in {0,1}n, called fixed
point, that remains stable after a complete iteration, i.e.
xðtþ 1Þ ¼ xðtÞ, or a set of configurations that may
appear periodically as the result of successive iterations,
called dynamical cycle. Such attractors can be identified
within the different cell types of an organism (Kauff-
man, 1993; Zuckerkandl, 1994; Huang, 1999). There-
fore, a modification or change or perturbation of the
genetic regulatory network permits to transit from one
attractor to another, for example, from wild type to
mutant cell types. In this way, each cellular type is
associated to a unique attractor of the regulatory
network describing active and inactive genes of the cell
network (Kauffman, 1969, 1993).

1.2. Drosophila gastrulation and VF formation

The first visible sign of differentiation in metazoan
development is the formation of the germ layers during
gastrulation. In Drosophila, gastrulation occurs approxi-
mately 3 h after fertilization (Costa et al., 1993), during
this stage a series of morphogenetic events take place in
the embryo: the VF invaginates first and forms the
mesoderm and part of the anterior endoderm primor-
dium. At the same time, cephalic furrow is formed on
each lateroventral side of the embryo, near its anterior
end. Then, at the posterior pole of the embryo, midgut
and hindgut primordia invaginate, internalizing the cells
that will become the posterior endoderm. Simulta-
neously, the region of the posterior pole along with
the pole cells shift dorsally, beginning the process of
germ band extension. During the initial phase of germ
band extension, the dorsal epithelium is compressed and
forms two deep transverse furrows, which flatten into
the amnioserosa at later stages. Cells that remain on the
surface of the embryo constitute the ectoderm. They will
form mainly epidermis and neural tissue, while the
endodermal cells will give rise to the midgut and its
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Fig. 1. Confocal images of whole mounts of embryos stained with anti-a-tubulin antibodies: (A) Lateral view of a stage 6–7 embryo (according to

Campos-Ortega and Harstenstein, 1985) during gastrulation step, with anterior to the left and dorsal uppermost. Bracket indicates the cells that form

the ventral furrow (VF). (B) Ventral view of a similar stage embryo, oriented with anterior to the left, revealing the band of cells along the midventral

surface of the embryo that are engaged in VF formation (bracket). (C) Higher magnification view of the ventral region of the same embryo, showing

the midventral cells during VF invagination (arrows) and peripheral cells (arrowhead).
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appendages, and the mesoderm generates muscle, fat
body and gonads.

The formation of the VF is a well-studied process of
Drosophila gastrulation, mainly because ventral cells
begins morphogenetic movements earlier than other
regions in the embryo, and they give rise to a
conspicuous structure, which is shown in Fig. 1 (Leptin
and Grunewald, 1990; Sweeton et al., 1991). VF arises
from approximately 20-cells wide band along the
midventral surface of the embryo (Fig. 1). This band
can be divided in two populations: A central population
8–10 cells wide, and a peripheral population 4–5 cells
wide on each side of the central band (Kam et al., 1991).
Detailed observations using scanning electron micro-
scopy and epi-illumination video microscopy have
revealed the morphological changes that take place in
the cells during VF formation (Leptin and Grunewald,
1990; Sweeton et al., 1991). Initially, the central cells
undergo apical flattening, and their nuclei move basally
increasing cell length along their apical/basal axis (Kam
et al., 1991). Some cells begin to reduce their apical
diameter, and once the apices of these cells constrict,
membranous blebs or ruffles can be observed on their
surfaces, suggesting that the contraction of the apical
actin cytoskeleton may play a major role in generating
the forces for cell shape changes. In agreement with this
view, both myosin and bHEAVY-spectrin become loca-
lized at the cell apices as soon as apical constriction
begins (Kiehart, 1990; Young et al., 1991). When
approximately 40% of the central cells have constricted
their apices, a rapid transition phase takes place, and the
remaining cells, in the ventral domain, begins apical
constriction, giving rise to a shallow furrow. The cells
start to shorten and widen basally, this change accent-
uates the wedge-like shape of each cell due to the
increased size of the basal surface relative to the
constricted apex, and appears to generate the force that
drives VF invagination. The peripheral cells do not
undergo these shape changes; instead, their apical sides
are stretched towards the furrow, suggesting that they
are passively drawn into the furrow (Kam et al., 1991).
2. Molecular basis of the model

Given that the shape changes that take place during
VF formation are driven by the re-organization of the
actin cytoskeleton, the understanding of VF formation
requires an assessment of the interplay between up-
stream regulation and cytoskeletal dynamics. With this
in mind we have focused our analysis on gene products
that act as transcriptional regulators to specify meso-
dermal fates, as well as those that function as mediators
of the actin cytoskeleton reorganization in a single cell
that has been committed to changing its shape. These
gene products have been classified according to their
cellular roles as: transcription regulatory factors, signal-
ing pathway elements, actin cytoskeletal regulators and
regulators of actomyosin network contraction. For
some of them, evidences for their involvement in the
cell shape changes during VF invagination came from
phenotypic analysis of mutant Drosophila embryos. For
the others, evidences of biochemical and cell biology
studies in Drosophila and Caenorhabditis elegans and
studies in cell culture models provide support for their
putative role in the cell shape changes described here.

2.1. Transcription factors controlling VF formation

A signaling cascade that activates the transmembrane
receptor Toll on the ventral side of the embryo specifies
VF cells. Toll signaling results in the dissociation of the
cytoplasmic heterodimer of Dorsal and Cactus; free
Dorsal migrates into the nuclei of ventral cell where it
activates the transcription of twist (twi), a basic helix-
loop-helix protein (Jiang et al., 1991) and snail (sna),
which encodes a zinc-finger transcriptional regulator
(Boulay et al., 1987). Twi and Dorsal act cooperatively
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to further activate the ventral expression of sna in a
domain that coincides with the limits of the presumptive
mesoderm. Since Twi and Dorsal act synergistically to
activate sna, in twi mutants, sna is still expressed
normally in a narrow domain of 8–10 cells wide along
the ventral midline (Leptin, 1991). Previous studies
indicate that twi and sna are required for VF formation
and mesoderm differentiation, as both processes are
disrupted in each mutant. However, they have distinct
roles during embryogenesis, while Twi has been
implicated as an activator of mesordermal genes, Sna
is known to function as a repressor of neuroectodermal
genes (Kosman et al., 1991; Leptin, 1991; Hemavathy et
al., 1997). Moreover, several lines of evidence suggest
that twi and sna also have different effects on the cell
shape changes that occur during VF formation (re-
viewed in Leptin, 1995), since mutations in either of
these genes differentially affect the cell phenotypes i.e.
nuclear movement, apical constriction and shortening,
as discussed in Section 3.3.

2.2. Signaling pathway elements

Two genes, fog and cta, specifically affect VF
formation; fog is a transcriptional target of Twi and
Sna and encodes a zygotically acting putative secreted
protein, which is expressed locally in the VF cells (Costa
et al., 1994). In contrast to fog, cta, which encodes a
putative G-protein a-subunit, is maternally supplied and
cta mRNAs are distributed ubiquitously throughout the
embryo (Parks and Wieschaus, 1991). Cta protein is
only 35–44% identical to previously characterized
Drosophila Ga subunits, however it is more similar to
mouse proteins Ga-12 and Ga-13 subunits (Parks and
Wieschaus, 1991). Mutations in both genes result in
practically identical phenotypes, which are significantly
less severe than twi or sna mutants. In embryos lacking
fog or cta activity, the induction of cell shape changes is
delayed and the coordination of the invagination
process is disrupted, however the mesoderm is even-
tually internalized (Parks and Wieschaus, 1991; Costa et
al., 1994). Due to the non-essential function of fog and
cta, they have been implicated in the coordination,
rather than the control of cell shape changes during VF
formation (Costa et al. 1994).

The close resemblance of the phenotypes caused by
fog and cta mutations, and the fact that both genes
encode putative signaling molecules, has led to propose
a model that places both genes in a common signal
transduction pathway. In this model Fog binds to an
unidentified receptor triggering Cta activation (Costa et
al., 1994). In order to test this model, the ectopic
expression of fog using an inducible promotor and the
constitutive activation of cta has been examined (Morize
et al., 1998). Uniform activation of fog and cta is not
lethal, but results in ectopic cell shape changes in the
gastrula. Ectopic expression of fog does not rescue the
gastrulation defects of cta mutant embryos, indicating
that Cta is required for the cell shape changes induced
by Fog and thus may be acting downstream from fog in
wild-type embryos (Morize et al., 1998).

2.3. Actin cytoskeleton regulators

In Drosophila, embryos lacking the gene RhoGEF2,
which encodes a putative GEF for Rho, fail to
gastrulate due to defects in the cell shape changes
required for VF formation, indicating that RhoGEF2 is
a critical signaling component for gastrulation (Barrett
et al., 1997; Häcker and Perrimon, 1998). The evidences
that RhoGEFs may be activated through their interac-
tions with Ga-12/13 subunits (Hart et al., 1998; Kozasa
et al., 1998; Yau et al., 2003) raised the idea that
Drosophila VF formation may be triggered by the Fog/
Cta pathway activating RhoGEF2. Furthermore, a
regulator of G protein signaling domain that is highly
homologous to that of mammalian RGS–RhoGEFs was
identified at the N-terminus of RhoGEF2 (Kozasa et al.,
1998). These results led to the conclusion that the Ga-
12/13–RhoGEF–Rho pathway has been highly con-
served during evolution. However, these observations
are not consistent with the phenotypes of the Drosophila

mutants; RhoGEF is essential for cell shape changes
during VF formation, while Fog/Cta are only involved
in coordinating or accelerating these changes (Häcker
and Perrimon, 1998).

The predicted cellular role of GAPs as inhibitors of
small GTPases has been supported by several in vivo
studies (see Gaul et al., 1992). In our model, excess
accumulation of GTP-Rho due to a defect in GTP
hydrolysis might cause non-physiological activation of
the Rho effectors, interfering with proper cell shape
changes. We proposed that RhoGAP is activated by
Src-mediated phosphorylation, based on the results of
Brouns et al. (2001). Upstream Src we have placed the
G-protein a-subunit, cta, working through the tyrosine
kinase Csk (C-terminal Src kinase) to Src kinase to GAP
in order to relieve the suppression on Rho activity.
Evidence of a Ga mediated actin reorganization come
from a recent study of Lowry et al. (2002) showing that
Csk is critical for relaying G protein signals to actin
cytoskeleton in mammalian culture cells. Csk negatively
regulates the activity of Src through the phosphoryla-
tion of the tyrosine residue of its C-terminal tail (Okada
et al., 1991). Csk is ubiquitously expressed in mamma-
lian cells and is evolutionarily conserved from Hydra to
humans (Miller et al., 2000). In Drosophila, the ortholog
of the mammalian Csk has been identified as the gene
CG17309 (Morrison et al., 2000). Therefore, it is
possible to suggest that heterotrimeric Ga-12/13 pro-
teins may control the activity of Rho by increasing the
activity of the positive regulator RhoGEF and/or by
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Fig. 2. Genetic regulatory network for Drosophila VF formation

constructed from published genetic and molecular data. Abbreviations

are as follows: (D) Dorsal; (Twi) twist (Sna) snail; (Fog) Folded-

gastrulation; (Fog-R) Fog receptor; (Cta) Concertina; (GEF) Rho

Guanine-exchange factor 2 or RhoGEF2; (Csk) C-terminal Src kinase;

(Src) Src kinase; (GAP) GTPase-activating protein; (Rock) Rho-

kinase; (GDI) Guanine nucleotide dissociation inhibitors; (Moe)

Moesin; (Mlcp) Myosin light chain phosphatase; (Mlck) Myosin light

chain kinase (Mlc) Myosin light chain.
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decreasing the activity of the negative regulator Rho-
GAP as described in our model (Fig. 2).

In resting cells, Rho GTPase exists mostly in the
GDP-bound form and in complexes with Rho-GDI in
the cytosol (Sasaki and Takai, 1998). The release of
Rho-GDI from Rho is necessary before Rho becomes
susceptible to GEF activity (Kikuchi et al., 1992;
Kuroda et al., 1992). Biochemical analysis suggests that
binding of Rho-GDI to ERM (Hirao et al., 1996), a
member of ezrin, radixin, and moesin family of proteins,
help to dissociate it from GDP �Rho (Takahashi et al.,
1997). ERM proteins bind F-actin and contribute to the
organization of cortical actin filaments after being
activated through phosphorylation of their C-terminal
residues (Tsukita and Yonemura, 1999). Although,
activation of ERM seems to be a prerequisite for the
activation of the Rho signaling pathway, Rho is able to
generate the active conformation of ERM proteins,
through its downstream target Rho-kinase (Matsui et
al., 1998; Simons et al., 1998). Since the phosphorylation
state of Moesin seems to be regulated by the activity of
both Rho-kinase and myosin light chain phosphatase
(MLCP) (Fukata et al., 1998) a positive feedback cycle
that amplifies the signal transduction pathway by
activating ERM proteins can be predicted as depicted
in the interaction graph of Fig. 2.

2.4. Regulators of actomyosin network contraction

Several lines of evidence indicate that Rho GTPases
are signal transducers upstream from actin cytoskeleton
rearrangements and myosin regulation (Van Aelst and
Symons, 2002). In Drosophila, injection of mutant forms
of Rho or Cdc42 proteins alters the actomyosin
cytoskeleton, disrupting the process of cellularization
(Crawford et al., 1998). At later stages of embryogen-
esis, expression of a dominant negative form of Rac1
and Cdc42 disrupt the actomyosin cytoskeleton at the
leading edge cells during dorsal closure (Harden et al.,
1995). As mentioned before, the embryos that lack
maternal RhoGEF2 fail during apical constriction of
VF cells. Interestingly, myosin localizes to the apical
ends of these VF cells (Young et al., 1991). This
observation coupled with the genetic interaction be-
tween RhoGEF2 and myosin during Drosophila leg
morphogenesis (Halsell et al., 2000) suggests that
RhoGEF2 may exert some of its effect during VF
formation via the activity of myosin in the VF cells.

Rho GTPase may control the activity of smooth
muscle and non-muscle myosin II by regulating the
phosphorylation state of the myosin regulatory light
chain (MLC, reviewed in Somlyo and Somlyo, 2003),
which in turn is modulated by the antagonistic activity
of myosin light chain kinase (MLCK) and MLCP. In
vitro assays revealed that Rho-kinase phosphorylates
MLC and induces the activity of myosin (Amano et al.,
1996; Kureishi et al., 1997). Moreover, Rho-kinase can
phosphorylate the myosin binding subunit of MLCP,
decreasing its activity, which results in the accumulation
of phosphorylated MLC and a contractile response
(Kimura et al., 1996). In Drosophila, the regulation of
the phosphorylation state of myosin regulatory light
chain seems to be essential for myosin II functions
during many developmental processes (Winter et al.,
2001; Mizuno et al., 2002; Tan et al., 2003).

The ability of Rho-kinase to positively regulate
myosin II activity suggests that activated Rho can
mediate cell shape changes through this downstream
effector by modulating the contractile state of the
actomyosin network (Fig. 2). A similar model has been
proposed to explain elongation of the C. elegans

embryo, which is due to actin-mediated contractions
within the lateral epidermal cells (Priess and Hirsh,
1986). Genetic screens in C. elegans have identified
mutations in loci encoding Rho signal transduction
components (Wissmann et al., 1997). The pathway that
regulates elongation includes: LET-502/ROK and
MEL-11/MLCP. MEL-11 prevents contraction by
dephosphorylating MLC-4/MLC. In turn, LET-502
inhibits MEL-11, releasing the block to elongation
(Piekny et al., 2000; Piekny and Mains, 2002; Wissmann
et al., 1999).
3. Implementation of the model

We used published genetic and molecular data to
define the activity of 18 genes during the cell shape
changes that characterize VF formation. We proposed a
simple mathematical model to understand the global
and emergent dynamical behavior of a network, in
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which the information flows from transcriptional
regulators through cascades of intracellular signaling,
which in turn, modulate the organization of the actin
cytoskeleton. In this model, we combined several
biochemical processes such as transcriptional activation,
ligand binding, protein modification, etc. We intended
to recognize whether the previous knowledge about the
components of this network is sufficient to describe wild
type and mutant cell types during VF formation.

In our model, we assumed that individual cells behave
independently of each other within the ventral epithe-
lium. Moreover, the cell represented in our model
corresponds to a central cell as defined by Leptin and
Grunewald (1990), which initiates the cell shape changes
at the onset of VF formation. Previous evidence
indicates that the behavior of individual cells within
the ventral epithelium seems to be independent of one
another: Ventral cells initiate constriction in a stochastic
manner (Kam et al., 1991; Sweeton et al., 1991) that
appears to be more consistent with cell autonomy than
with coordination by cell–cell interactions. Support for
cell autonomy during VF formation comes from mosaic
studies showing that wild type cells within an environ-
ment of mutant non-constricting cells are able to
constrict and invaginate. Thus, the cooperative activity
of ventral cells is not required to allow invagination,
suggesting that the cell shape changes themselves
generate the force for VF formation (Leptin and Roth,
1994).

Even though the activation rates of the different
network elements describing the cell shape changes
could not be distinguished, we knew whether or not each
element was active or inactive at a certain interval of
time and decided to use a Boolean logical model. In this
model, each element of the regulatory network (ie. the
gene products of sna, twit, etc.) was associated to a
Boolean variable (xSna, xTwi, etc.), where 1 indicates that
the element is activated and 0 indicates otherwise. The
activation states for each element in the network are
defined as follows:
1.
Tab

Acti

f D ¼

f Twi

f Sna

f Fog

f R ¼

f Cta

aO
bA
Dorsal (D) ¼ transcriptional activation of twi and
sna.
2.
 Twist (Twi) ¼ transcriptional activation of Twi
target genes.
le 1

vation function of each element of the network

1 (cte) f GEF ¼ xCta

¼ ORa
ðxTwi; xDÞ f Csk ¼ xCta

¼ xD f Src ¼ �xCta

¼ ORa
ðxTwi; xSnaÞ fGAP ¼ ORa(xScr,xGAP)

xFog fRho ¼ ANDb(�xGDI,xGEF

¼ xR f rock ¼ xRho

R ðx1;x2; . . . ;xnÞ ¼ 1 if and only if there exists i in f1; 2; . . . ; ng such th

ND(x1,x2,y,xn) ¼ 1 if and only if xi ¼ 1 for all i ¼ 1; . . . ; n.
3.
,�xG

at xi
Snail (Sna) ¼ transcriptional activation/repression
of Sna target genes.
4.
 Folded-gastrulation (Fog) ¼ binding to Fog recep-
tor (Fog-R).
5.
 Receptor (Fog-R) activated ¼ Signal transduction
trough Cta.
6.
 Concertina (Cta) ¼ activation of RhoGEF2 and
Csk kinase.
7.
 Rho Guanine-exchange factor 2 (RhoGEF2) ¼
activation of Rho.
8.
 C-terminal Src kinase (Csk) ¼ inactivation of Src
kinase.
9.
 Src kinase ¼ activation of Rho-GAP.

10.
 GTPase-activating proteins (GAP) ¼ inactivation of

Rho.

11.
 Rho ¼ activation of Rock.

12.
 Rho-kinase (Rock) ¼ activation of Moesin and

Mlcp.

13.
 Guanine nucleotide dissociation inhibitors (GDI) ¼

sequestering/inactivation of Rho.

14.
 Moesin (Moe) ¼ inactivation of GDI, actin reorga-

nization.

15.
 Mlcp ¼ inactivation of myosin.

16.
 Mlck ¼ activation of myosin.

17.
 Myosin (Mlc) ¼ reorganization of actin into an

actomyosin contractile network.

18.
 Actin ¼ cytoskeletal re-organization.
As a result, x ¼ ðxD;xTwi; . . . ; xActinÞ in {0,1}18 repre-
sents the state vector that at a given time indicates the
activity of the 18 elements that conform the regulatory
network.

The information that defines the activation functions
of each element in the regulatory network is shown in
Table 1. For the mesodermal transcriptional regulators,
their direct interactions were derived from mutant
phenotypes affecting VF formation (summarized in
2.1). Similar evidences were used to define the activity
of the Fog/Cta signal transduction pathway. However,
in this case we assumed the existence of a G protein-
coupled receptor, which is activated upon the binding of
Fog to affect Rho-mediated signaling throughout the
activity of Cta (summarized in 2.2). A set of interactions
that link Rho-GEF, Rho-GAP and Rho-GDI with their
regulators was derived from results obtained with
f GDI ¼ �xMoe

f Moe ¼ ANDðxrock; xmlcp;xMoeÞ
b

f mlcp ¼ �xrock

f mlck ¼ 1 (cte)

AP) f mlc ¼ ANDb
ð�xmlcp; xrock ; xmlckÞ

f Actin ¼ ANDb
ðxMoe;xmlcÞ

¼ 1. And �xi ¼ 1 if and only if xi ¼ 0.
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mutant Drosophila embryos, as in the case of RhoGEF2
or inferred from data obtained with cell culture systems,
as in the cases of GAP and GDI (summarized in 2.3).
The action of activated Rho on actin contraction was
based on genetic and biochemistry studies in Drosophila

and C.elegans (summarized in 2.4).
The function ANDðx1;x2; . . . ;xnÞ is a threshold

function that can be written as: ANDðx1; x2; . . . ;
xnÞ ¼ Hðx1 þ x2 þ � � � þ xn � nÞ, where the function
Heaviside H is defined as in Eq. (2) of Section 1.1.
Furthermore, we can replace xi by �xi by changing xi by
(1�xi) in the argument of the function Heaviside. Thus,
ANDðx1; . . . ;�xi; . . . ;xnÞ ¼ Hðx1 þ � � � þ ð1� xiÞ þ � � �

þxn � nÞ. In the case of the function ORðx1;x2; . . . ; xnÞ,
an analogous observation can be made. Consequently,
the activation functions defined in Table 1 are all
Boolean threshold functions. Based on this model
description, we constructed a first interaction graph of
the regulatory network, which is shown in Fig. 2, where
the dependence of the activation function of i on the
variable j is represented by the arc from j to i, and its
sign is equal to the sign of wij of the threshold
representation of the function, which is uniquely
determined.

3.1. Dynamics of the network

The central hypothesis of the model predicts that,
during VF formation, the wild-type cell is characterized
by the three mentioned phenotypes and corresponds to
the stable state vector (fixed point) x� ¼

ð1; 1; 1; 1; 1; 1; 1; 1; 0; 0; 1; 1; 0; 1; 0; 1; 1; 1Þ of our regula-
tory network, where all the elements of the network are
active except Src, GAP, GDI, and Mlcp, which are
inhibited. Furthermore, the network must be robust
against mutations; i.e. each mutant cell type should
correspond to a stable state of a network that is now
modified according to the nature of the mutation.

We can observe that: If x ¼ ðxD;xTwi; . . . ;xActinÞ in
{0,1}18 is a stable state vector of the network, where
xD ¼ 1, then the value for each other variables
corresponds exactly to those of x�, which is in agreement
with our hypothesis, except that ðxRho; xRock;xGDI ;
xmoe;xmlcp;xmlc; xActinÞ can also take the value (0,0,1,
0,1,0,0). In other words, the regulatory network shown
in Fig. 2 has only two fixed points:

I x� ¼ ð1; 1; 1; 1; 1; 1; 1; 1; 0; 0; 1; 1; 0; 1; 0; 1; 1; 1Þ,

and

II y� ¼ ð1; 1; 1; 1; 1; 1; 1; 1; 0; 0; 0; 0; 1; 0; 1; 1; 0; 0Þ.

Since Actin is inhibited in y�, and consequently there
are not cell shape changes, this vector is not observed in
wild-type embryos. Hence, x� is the only fixed point of
the network where Actin is active in wild-type embryos.
Furthermore, this vector has a great basin of attraction,
indeed, independently of the type of iteration that was
used, every vector z in {0,1}18 where zD ¼ zmlck ¼ zMoe ¼

1 after of a finite number of iterations converges to the
fixed point x�.

3.2. Relationships between the structure and the dynamics

of the network

The number of possible fixed points of a regulatory
network is connected to the structure of the interaction
graph, in particular, to the positive feedback loops or
positive circuits in the interaction graph. The impor-
tance of the positive and negative circuits in the multiple
equilibriums and homeostasis of a given genetic
regulatory network, and particularly in generalized
logical networks, has been extensively studied (Thieffry
et al., 1995; Thomas et al., 1995). In the case of Boolean
threshold networks, Aracena et al. (2002, 2004) and
Demongeot et al. (2003) showed that there are a limit for
the maximum number of fixed points in terms of the
number and interconnections of positive circuits in the
connection graph.

Aracena et al. (2002, 2004) proved that the maximum
number of fixed points of a Boolean threshold network
is 2jtðGÞj, where t(G) is the minimum set of nodes
covering the positive circuits of the interaction graph G,
which is not necessarily unique, and |t(G)| is the
cardinality of the t(G). Furthermore, the vector of
states of these nodes is different for each fixed point,
namely, if tðGÞ ¼ ft1; t2; . . . ; tpg and x and y are two
distinct fixed points, then the vectors ðxt1;xt2; . . . ;xtpÞ

and ðyt1; yt2; . . . ; ytpÞ are also different. In this way, there
is a correspondence between the fixed points of the
network and the states of the nodes of t(G). In our
original network there are five positive circuits in the
graph: The self-loop of Twi, Moe and GAP, and the
feedback loops: Moe-GDI-Rho-Rock-Moe and Moe-
GDI-Rho-Rock-Mlcp-Moe. Consequently, jtðGÞj ¼ 3,
where tðGÞ ¼ fTwi;Moe;GAPg. Hence, the vectors x�

and y� described in previous section can be only
characterized by the state values of the variables xTwi,
xGAP and xMoe. Thus, the fixed point x� can be
represented by the vector ðxTwi;xGAP;;xMoeÞ ¼ ð1; 0; 1Þ
and y� by ðxTwi; xGAP;xMoeÞ ¼ ð1; 0; 0Þ. This means that
the value of the vector ðxTwi;xGAP; xMoeÞ determines the
state values of the rest of the element at each stable state
of the network. Moreover, in the wild type cell the only
positive circuits of the network with different state
configurations for each stable state are those including
the element Moe.

3.3. Robustness of the regulatory network

An alternative to test the robustness and consistency
of the regulatory network proposed in Fig. 2 is the
analysis of the effects of mutations (Sánchez et al., 1997;
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Fig. 3. Genetic regulatory network proposed for Drosophila ventral

furrow formation with the minimal structure to satisfy the model
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Sánchez and Thieffry, 2001, 2003; Albert and Othmer,
2003). By doing so, we will also be able to determine the
main components of the network that are responsible
for the occurrence of each of the three phenotypes under
study. The mutations analysed in this work are loss-of-
function mutations, which can be simulated by assigning
the value zero to the corresponding variable and logical
function.

A simulation of a loss-of-function mutation of cta or
fog genes in the network of Fig. 2 results in a network
having stable state with xGEF ¼ 0. The result is in
disagreement with the experimental information on
these mutants, since the modification of the wild-type
cell observed in RhoGEF2 mutant embryos is different
from that of cta or fog. In fact, RhoGEF2 loss-of-
function mutations result in midventral cells capable of
undergoing nuclei release from the apical side, but
unable to constrict their apices and shorten their length
(Häcker and Perrimon, 1998; Barrett et al., 1997).
RhoGEF2 mutant embryos fail to gastrulate indicating
the critical role of RhoGEF2 in the cell shape changes
required for VF formation. On the other hand, fog and
cta mutant embryos still constrict their VF cells and
internalize the mesoderm even though shape changes are
delayed and uncoordinated (Costa et al., 1994; Sweeton
et al., 1991). The observations of these mutant cell
phenotypes have led to propose the existence of at least
one additional activator of RhoGEF2 (Häcker and
Perrimon, 1998), this element in the network, named
as A, represents the so-called zygotic initiator of apical
constriction (Costa et al., 1994; Häcker and Perrimon,
1998; Leptin, 1999). Given that embryos with half of twi

doses show several minutes delay in VF formation
(Leptin and Roth, 1994), it is possible that the level of A
is limiting and that this component needs to accumulate
until reaching a critical level required for shape changes.
Considering this, we have represented this functional
dependence of A by a loop. Since we know that the cell
types observed in both twi and RhoGEF2 mutant
embryos exhibit similar phenotypes (see below), we
connected them in a common pathway through A. The
logical activation function assigned to A is equal to
f A ¼ ORðxTwi; xAÞ, therefore, the activation function of
RhoGEF2 is redefined by f GEF ¼ ORðxCta;xAÞ.

As mentioned before, the three phenotypes that depict
the cell shape changes during VF formation involve
actin cytoskeletal re-organization. In terms of the
modeling, this means that a cell exhibiting any of the
three phenotypes must be associated to a stable vector x,
whose variable xActin has the value 1. The phenotype
predicted from a simulation of loss-of-function muta-
tion of twi in the network reveals that if x is a stable
state of the network, then xRho ¼ 0 and consequently
xactin ¼ 0, which is in disagreement with the observation
that in twi mutants a transient VF of abnormal
appearance still forms in a stripe 8–10 cells wide that
probably corresponds to the expression domain of sna.

These cells undergo some of their characteristics shape
changes: Nucleus movement from apical to basal side
and increasing in cell length along the apicobasal axis
(Costa et al., 1993; Leptin and Grunewald, 1990). Here
we proposed that these cell shape changes are under sna

control, represented by a connection to a new element
named as B. Moreover, we hypothesize that B might
corresponds to a second signaling cascade involving the
small GTPase Rap1 (as discussed in Section 4). The
added element B connects Snail to Actin, with the
activation function f B ¼ xSna and the activation func-
tion of Actin is then redefined by f Actin ¼

ORðxB;ANDðxMoe;xMlcÞÞ, which can be written as
f Actin ¼ Hð2xB þ xMoe þ xMlc � 2Þ, i.e. f Actin is also a
Boolean Threshold function.

Therefore, we suggest a new regulatory network with
20 elements controlling the cell shape changes in VF,
whose interaction graph is shown in Fig. 3. The vector x0

in {0,1}20 defined by x0 ¼ ðx�;xA ¼ 1;xB ¼ 1Þ where y�

in {0,1}18, which is the vector associated to the wild type
cell defined previously in Section 3.1, is an stable state of
the new network with a big basin of attraction in
agreement with the hypothesis of the model. The
another stable state of this network: y0 ¼ ðy�; yA ¼

1; yB ¼ 1Þ where y� in {0,1}18 was defined in Section 3.1.
The robustness and consistency of the new regulatory

network shown in Fig. 3 was also tested by simulation
and analysis of loss-of-function mutations. To simplify
the analysis we studied the state values of a group of ten
elements: Twist, Sna, Fog, Cta, RhoGEF2, GAP, Rho,
Actin, A and B, among the 20 elements of the network.
We selected these elements based on one hand in the
existence of well-characterized mutations and on an-
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other in the fact that for a given stable state of the
network the state values of these elements allow to
determine the state values of the rest. For example, let x

in {0,1}20 be a stable state vector of the network, if
xRho ¼ 1, then ðxRock;xGDI ;xmoe;xmlcp;xmlc;xActinÞ ¼

ð1; 0; 1; 0; 1; 1Þ and ðxRock;xGDI ;xmoe;xmlcp;xmlc;xActinÞ ¼

ð0; 1; 0; 1; 0; 0Þ otherwise. This stable state vector corre-
sponds to the values of the vector (xTwist, xSna, xFog, xCta,
xGEF , xGAP, xRho, xActin, xA, xB). Besides, a phenotypic
vector p ¼ ðpNM ; pAC ; pCSÞ in {�1,1}3 is associated to the
cellular phenotypes observed in wild type or mutant
cells, where pNM ¼ 1, if there is nuclear movement in the
cell and 0 otherwise; pAC ¼ 1, if there is apical
constriction in the cell and 0 otherwise; and pCS ¼ 1, if
there is cell shortening in the cell and 0 otherwise. Thus,
the phenotypic vector associated to the wild type cell is
p ¼ ð1; 1; 1Þ. The following section discussed the pheno-
types predicted from the simulation of loss-of function
mutations in the above-mentioned genes. Table 2
presents a summary of the mutations, stable states and
associated phenotypic vectors.

3.3.1. Simulation of loss-of-function mutants

Loss-of-function sna mutation: This mutant cell type
has the associated phenotypic vector p ¼ ð�1;�1; 1Þ, i.e.
only cell shortening is observed in the cell. The network
reaches only one stable state where Actin is active:
(1,0,0,0,1,0,1,1,1,0). In this case xRho ¼ 1 and xB ¼ 0,
therefore, Actin is activated through the pathway
Twist-A-RhoGEF2-Rho, which might control cell
shortening in agreement with the observation of mutant
phenotypes. The evidence indicates that the nuclei of sna

mutant cells remain close to the apical side while cells
become shorter and more cuboidal (Leptin and Grune-
wald, 1990), suggesting that cell shortening is under the
Table 2

Results of simulations of loss-of-function mutants

Genetic background Stable statesa (xTwist, xSna, xFog,

xCta, xGEF , xGAP, xRho, xActin,

xA, xB)

Phenotypic vec

p ¼ ðpNM ; pAC ;

Wild type (1,1,1,1,1,0,1,1,1,1) (1,1,1)

Loss-of-function sna (1,0,0,0,1,0,1,1,1,0)a (�1,�1,1)

Loss-of-function twi (0,1,0,0,0,0,0,1,0,1)a (�1,1,�1)

(0,1,0,0,0,1,0,1,0,1)a

Loss-of-function twi/sna (0,0,0,0,0,0,0,0,0,0) (�1,�1,�1)

(0,0,0,0,0,1,0,0,0,0)

Loss-of-function cta (1,1,1,0,1,0,1,1,1,1) (1,1,1)

Loss-of-function fog (1,1,0,0,1,0,1,1,1,1) (1,1,1)

Loss-of-function

RhoGEF2

(1,1,1,1,0,0,0,0,1,1) (�1,1,�1)

aOnly stable states where Actin is activated were considered.
bPhenotypes that describe the cell shape changes of wild type or mutant

constriction and cell shortening.
control of Twi. Moreover, analyses of RhoGEF2
mutations indicate that cell shortening does not occur
in these mutant cells, suggesting that Twi acts through
RhoGEF2 to activate this change in the cellular shape.

Loss-of-function twi mutation: The network reaches
two stable states: (0,1,0,0,0,1,0,1,0,1) and (0,1,0,0,0,
0,0,1,0,1). In both cases xGEF ¼ xRHO ¼ 0 and conse-
quently Actin is activated only through of the pathway
Snail-B. The only difference between them is the value
of xGAP, which in this case can adopt two possible
values. This result probably indicates the existence of
several regulators of GAPs. GAPs are large molecules
containing multiple domains in addition to their GAP
catalytic domain, such as SH2, SH3, proline-rich, and
GTPase domains, indicating that they are likely to
interact with additional proteins. GAPs may also be
regulated by phosphorylation, for example p190 Rho-
GAP, a GTPase-activating protein for Rho is phos-
phorylated and activated by the tyrosine kinase Src
(Brouns et al., 2001) leading to the inhibition of Rho
activity (Chang et al., 1995; Arthur et al., 2000). In this
case, the associated phenotypic vector is p ¼ ð�1; 1;�1Þ,
i.e. there is only nuclear movement. This result is in
agreement with the observation that in the absence of
Twi, sna will still be expressed in a narrower midventral
domain (Leptin, 1991), however inputs from Twist over
fog and A are missed, thus only basal movement of the
nuclei is observed in a stripe 8–10 cells wide along the
ventral midline (Leptin and Grunewald, 1990; Costa
et al., 1993).

Double loss-of-function twi-sna mutation: The network
has two stable states (0,0,0,0,0,0,0,0,0,0) and (0,0,0,0,0,
1,0,0,0,0). In both cases the only variable with a value
different to zero is xGAP. Since Src is activated, the final
activation of GAP depends on itself. However, in both
tor

pCSÞ

Comment on phenotypeb perturbations

Cell nuclei remain close to the apical surface, VF cell shorten

along its apico-basal axis

Basal movement of the nuclei is observed, apical surfaces of the

cell does not constrict, cell does not shorten

The three cell phenotypes are perturbed

The three cell phenotypes are observed

The three cell phenotypes are observed

Same as described for loss-of-function twi mutation

cells during VF invagination: Apico-basal nuclear movement, apical
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cases Actin is not activated and therefore there are not
changes in the shape of this mutant cell type. This is
coherent with the experimentally observed phenotypic
vector p ¼ ð�1;�1;�1Þ. Based on this result, we suggest
that apical cell constriction is due to the combined
action of Snail, Twist and RhoGEF2.

Loss-of-function fog or cta mutation: The cell type
observed in fog and in cta mutants is practically
identical. In both cases, the associated phenotypic
vector is the same p ¼ ð1; 1; 1Þ and it is also the same
for wild type cells. In the case of the fog mutation the
stable state with Actin activated is (1,1,0,0,1,0,1,1,1,1)
and in the case of cta mutation is (1,1,1,0,1,0,1,1,1,1),
i.e. the only difference is the state value of xFog. Beside,
in both cases Actin is activated trough the pathways:
Snail-B and Twist-A-RhoGEF2-Rho, which fits
the observation that, in fog and cta mutations the three
phenotypes that describe cell shape changes during VF
formation are still observed (Parks and Wieschaus,
1991; Costa et al., 1994). In addition, this result shows
the robustness of the constructed network against the
analysed mutations.

Loss-of-function RhoGEF2 mutation: The network
reaches only one stable state: (1,1,1,1,0,0, 0,0,1,1). In
this case, the phenotypic vector associated is
p ¼ ð�1; 1;�1Þ, i.e. there is only nuclear movement, as
in twi mutation, since Actin is activated through the
pathway Snail-B. Accordingly, nuclear movement is
the only phenotype observed in RhoGEF2 mutant cell
type as reported by Barrett et al. (1997) and Häcker and
Perrimon (1998).
4. Discussion

In this work, our main goal was to explore whether
the molecular data available could be combined in a
dynamic model compatible with the cell shape changes
that take place during VF formation. Due to the lack of
quantity data about the activity of the elements of the
network we selected a Boolean network as the dynami-
cal model.

The Boolean networks have been commonly used to
model genetic regulatory networks due to the simplicity
of its formulation and computation (see, for example,
Bodnar, 1997; Mendoza and Alvarez-Buylla, 1998;
Sánchez and Thieffry, 2003). Moreover, the compar-
isons between the mathematical results on the dynamical
properties of this type of network and the use of
differential equation to model genetic regulatory net-
works (Snoussi and Thomas, 1993; Thomas et al., 1995)
provide the confidence that the Boolean networks are
useful to study quality properties of the dynamical
behavior of gene interaction. Discrete modeling of
Drosophila regulatory networks has been the focus of
several reports (Sánchez and Thieffry, 2003; Sánchez
and Thieffry, 2001; Sánchez et al., 1997; Albert and
Othmer, 2003). One main point that distinguished those
works with the one presented here is the suggestion of
missed elements and connections such that the proposed
network results to be coherent with the qualitative
information obtained from wild type and mutant cells.
Besides, we attempted to understand which combina-
tion(s) of the elements within the network controls each
of the three phenotypes that describe cell shape changes
during VF formation. As a result of the analysis of the
regulatory network robustness, we can propose the
existence of at least two new elements and a positive
feedback loop, and suggest how they may be connected
to the other elements of the network. Moreover, since
the dynamical behavior of the network was centered in
the steady states of the system, the results that we
obtained are valuables for different types of iteration.

The biological information on the network presented
here indicates the existence of a general cellular
machinery that is able to produce the cell shape changes.
This machinery is formed by several elements with
ubiquitous expression in the embryo, among them Cta,
RhoGEF2, Myosin and Actin, which are maternally
supplied and whose expression can be detected in all the
cells of the embryos. Therefore, in order to generate the
specific cell shape changes observed at the VF cells, the
expression of some of the components must be temporal
and/or spatially regulated. Fog is one of these compo-
nents; it is expressed transiently and exclusively in the
cells that form the VF, however biological evidence
indicates that its activity is insufficient to explain the
behavior of the ventral cells during VF formation (Costa
et al., 1994). Therefore, we proposed the existence of
elements A and B, and linked them with the rest of the
elements in the network based on biological informa-
tion, in particular, phenotypic analysis of mutant
embryos.

During VF formation the earlier cells constricting
their apices are localized to the central region of the
furrow, as does the cell represented in our model, and
they do not require the expression of fog to initiate
constriction. Mutation analyses reveal that apical
constriction of the central cell is neither seen in twi nor
in sna mutants (Leptin and Grunewald, 1990), therefore
we assumed that both transcriptional regulators are
needed to elicit this shape change. Furthermore, the
apical constriction is not observed in RhoGEF2 mutants
either, revealing the essential role of RhoGEF2 during
VF formation, as a regulator of a signaling cascade
involving the Rho GTPase (Barrett et al., 1997; Häcker
and Perrimon, 1998). The central cells reach threshold
levels of twi and sna (Leptin and Roth, 1994) more
rapidly than peripheral cells, and thus they might be
able to activate the early transcription of the zygotic
initiator, represented here by A, which induce constric-
tion in a cell-autonomous manner. At the same time, the
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transcription of fog is activated in the central cells, as
evidenced by in situ staining of fog transcripts (Costa et
al., 1994). As a result, secreted Fog will signal the
neighbor cells, and might reinforce apical constriction
through further activation of RhoGEF2. In this
scenario the product of fog gene seems to function in a
non-autonomous manner after the cells have initiated
their apical constrictions, and thus it is assumed that
Fog accelerates this process in the remaining cells of the
ventral region. This supposition seems to be consistent
with the phenotypes of fog and cta mutants (Parks and
Wieschaus, 1991; Costa et al., 1994). In these mutant
embryos, the cell shape changes occur more slowly and
in a less orderly fashion than in wild-type embryos.
However, the ventral cells retain the capacity to
constrict, a furrow is eventually formed and the
mesoderm develops normally (Parks and Wieschaus,
1991; Sweeton et al., 1991; Costa et al., 1994).

When loss-of-function twi mutants are observed, two
cell phenotypes appears altered, apical constriction and
shortening. Our model, however, do not allow us to
distinguish between them, Twi regulatory pathways
include the transcriptional activation of fog, and
through the component A, the activation of RhoGEF2.
Moreover, activation of fog and A results in actomyosin
contractility through the same Rho GTPase activated
pathway. Without adding a new component to the
network that was exclusively under the control of Twi
we should have assigned different activation states to the
component A in order to differentiate apical from
basolateral constriction. This approach is, however,
inapplicable to the Boolean model proposed in this
work, since each element of the network is considered to
be either on or off, and intermediate expression levels
are neglected. Cell shortening along the apicobasal axis
may be dependent on the same machinery that generates
apical cell constriction, which is the contraction of
actomyosin network. To our knowledge, there is not
information on specific mechanisms that regulate cell
shortening, however it may be assumed that such
mechanisms should be able to produce a functional
activation of RhoGEF2 and Rho-GTPase along the
lateral sides of the cells, while apical constriction is
probably dependent on the apically localized activation
of a GTPase.

A more direct role in the process of invagination has
been suggested for Sna than for Twi. Experiments of
over-expression of sna, in twi mutant background reveal
that Sna induces at least part of the cell shape changes in
the central cells of the VF, including apical constriction,
given as result a discontinuous furrow that does not
invaginate completely (Ip et al., 1994), due to the
impairment in cell shortening as a consequence of twi

absence (see below). It has been proposed by Ip et al.
(1994) that sna promotes the activity of twi on
mesoderm regulatory genes by blocking the expression
of twi inhibitors that are normally restricted to the
lateral neuroectoderm. A similar mechanism can be
suggested to explain the effects of over-expressed sna on
the cell shape changes, however there is no further
biological evidence to support this regulatory mechan-
ism. The analysis of sna and twi mutant cells indicates
that nucleus movement from the apical to the basal cell
side is under sna control, and we have represented it by a
connection to B. As mentioned before (Section 3.3.1) we
hypothesize that B might correspond to the small
GTPase Rap1. The following evidence supports this
assumption: in Rap1 mutant embryos there is a failure
of the VF to close. In these embryos, VF cells display the
apical constriction that is characteristic of the invaginat-
ing region. However, these cells are not brought together
in the midline following VF formation and remain
separated as two distinct rows. In these mutant
embryos, nuclei are found at a variety of levels, and
many of the nuclei fail to move basally as the VF forms
(Asha et al., 1999).

Recent studies in mammalian tissue culture cells
support the notion that Rap1 is a regulator of the cell
morphology. Expression of a dominant-negative form
of Rap1B is able to block the neuronal differentiation of
PC12 cells in response to nerve growth factor (York et
al., 1998). Rap1 is also activated to high levels during
platelet aggregation, apparently in response to an
increase in intracellular calcium (Franke et al., 1997).
Additional evidence on the role of Rap1 in morphoge-
netic processes came from the report of Haigo et al.
(2003). They demonstrated that Shroom an actin-
binding protein expressed in epithelial cell is sufficient
to bring about apical constriction during Xenopus

neurulation. Interestingly, Shroom requires the activity
of Rap1 to elicit this cell shape change. This protein is
able to generate apical constriction in undifferentiated
epithelial cells regardless of their presumptive fate,
suggesting that in this case, as well in VF cells, the
apical constriction requires the cellular machinery
that is already in place in the epithelial cells. Even
though, the mechanism that explains the activity of
Rap1 in this morphogenetic process is unclear, these
observations argue for a role for Rap1 in mediating
certain morphological changes, possibly in response to
several intracellular signaling pathways. It can be
proposed that the interaction of Rap1 with a cytoske-
letal component might require the binding of the
activated Rap1 to an effector molecule, such as Shroom
(Haigo et al., 2003) or AF-6, a linker protein, that
translates Rap1 activation into cytoskeletal remodeling
by recruiting the actin-regulator profilin to specific
membrane domains of mammalian cells (Boettner
et al., 2000).

In this work we attempted to understand the
mechanisms that dictate the behavior of a single cell,
since the concerted action of individual cells can drive
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complex multicellular rearrangements. The description
of VF formation at the level of cell sheets or coherent
groups of cells, along with the incorporation of
quantitative information to the model represents one
of our future challenges. Nevertheless, the Boolean
approach used in this work enabled us to integrate
qualitative data on gene interactions into a coherent
picture, and provided a straightforward method to
verify the coherency of these interactions. Our analysis
was focused on the structure and stable states of the
regulatory network, which are not dependent on the
type of updating of the network, however, in a future
work, it might be possible to associate a certain type of
updating to our model by using the accessible informa-
tion of the activation schedule of some of the elements in
the network. By doing so we might be able to study, for
example, the dynamics trajectories of the different state
configurations of the network.

Our work is in good agreement with known experi-
mental results on wild type and mutant VF cells,
revealing the internal robustness of the network and
providing insights that might be relevant both from
experimental and theoretical point of view. We con-
cluded that new elements should be incorporated
to the network and, at least for the element B, we
proposed that it might correspond to the Rap1 GTPase.
The analysis of a functional interaction between Sna
and Rap1 GTPase, as well as, Rap1 over-expression
experiments could help to verify this prediction. It is
known that our understanding of the gene networks
that control cellular behavior during gastrulation, and
in particular, during VF formation is incomplete
(Leptin, 1999; Ip and Gridley, 2002). This points to
the limitations of classic genetic techniques, since
mutants with a partially penetrate phenotype may
be ignored and functionally redundant genes are
entirely missed (Miklos and Rubin, 1996). As an
alternative to the genetic approach, subtractive hybridi-
zation experiments that allowed the identification of
genes differentially expressed during gastrulation (Gon-
zález-Agüero et al., 2005) and whole-genome microarray
assays that identified a large number of new Dorsal

target genes (Stathopoulos et al., 2002) have been
reported, yielding insights into how the activity of
transcripion factors and their associated signaling
pathways control Drosophila VF formation during
gastrulation.
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González-Agüero, M., Zúñiga, A., Pottstock, H., Del Pozo, T.,
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