DRhoGEF2 encodes a member of the Dbl
family of oncogenes and controls cell
shape changes during gastrulation

In Drosophila
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We have identified a gene, DRhoGEF2, which encodes a putative guanine nucleotide exchange factor
belonging to the Dbl family of oncogenes. DRhoGEF2 function is essential for the coordination of cell shape
changes during gastrulation. In the absence of maternal DRhoGEF2 gene activity, mesodermal and endodermal
primordia fail to invaginate. The phenotype seen in DRhoGEF2 mutants is more severe than the defects
associated with mutations in two previously identified gastrulation genes, folded gastrulation and concertina,
suggesting that DRhoGEF2 acts in a signaling pathway independent of these genes. Expression of
dominant-negative DRhoA during gastrulation results in phenocopies of the DRhoGEF2 mutant, suggesting
that a signaling cascade involving DRhoGEF2 and the small GTPase DRhoA is responsible for the regulation
of cell shape changes during early Drosophila morphogenesis.
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The first outwardly visible sign of differentiation in all
animals is the formation of the germ layers during gas-
trulation. In Drosophila, gastrulation is associated with
a major morphological rearrangement of the embryo and
begins with the invagination of the mesodermal primor-
dium on the ventral side. Immediately after cellulariza-
tion, the previously rounded apical surfaces of cells in an
[R0-cell-wide stripe flatten and cells move into close
contact with each other. Slightly later, a shallow groove,
the ventral furrow, forms along the ventral midline. The
furrow deepens as more lateral cells become incorpo-
rated in it and eventually closes to complete invagina-
tion of the mesoderm. A few minutes after the onset of
ventral furrow formation, cells of the posterior midgut
primordium start to invaginate. The mechanism under-
lying these invaginations is based on a series of coordi-
nated cell shape changes. By constricting apically, and
displacing cell nuclei from the apical to the basal end,
cells change their shapes from columnar to trapezoidal,
thus forcing the cell sheet to bend inward. Subsequently,
this process is enhanced by a shortening of the cells
along their apical-basal axes resulting in complete inter-
nalization of the epithelium. The force driving these cell
shape changes is thought to be generated by the actin/
myosin network underlying the cell surface, and myosin
has been shown to accumulate specifically in the apices
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of cells undergoing constriction (for review, see Leptin
1995; Sweeton et al. 1991).

Genetic analyses have identified a number of genes
that are required for gastrulation to proceed normally.
Formation of the ventral furrow has been shown to be
under the control of the dorsal-ventral maternal system
and its zygotic target genes twist (twi) and snail (sna)
(Leptin and Grunewald 1990). In twi and sna mutant
embryos, specific but distinct aspects of the cell shape
changes observed in wild-type embryos do not occur.
Consequently, both mutants form only a temporary ven-
tral furrow and the mesoderm is not internalized. In twi,
sna double mutant embryos almost no cell shape
changes can be observed, and for this reason both genes
have been suggested to control ventral furrow formation
in a combinatorial fashion. Invagination of the posterior
midgut (PMG) is controlled in a similar manner by the
zygotic target genes of the terminal maternal system
huckebein (hkb) and tailless (tll). In hkb,tll double
mutant embryos, no posterior midgut invagination is
formed.

All of the genes mentioned above do not only affect
cell shape changes in invaginating tissues but are essen-
tial for the determination of mesodermal and endoder-
mal cell fates, respectively (Leptin 1995). Two genes,
folded gastrulation (fog) and concertina (cta), have been
identified that are specifically involved in gastrulation.
fog is a transcriptional target of twi, sna, hkb, and tll in
the respective tissues and encodes a zygotically acting
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putative secreted protein that is expressed locally in the
presumptive invaginating tissues (Costa et al. 1994). In
contrast to fog, cta, which encodes a putative G-protein
a-subunit, acts strictly maternally and cta mRNAs are
distributed ubiquitously throughout the embryo (Parks
and Wieschaus 1991). Mutations in both genes result in
virtually identical phenotypes, which are most severe in
the endoderm where invagination of the posterior mid-
gut is blocked. In the mesoderm, the phenotype of fog
and cta mutants is significantly less severe compared to
twi or sna mutants. Although the induction of cell shape
changes is delayed and coordination of the invagination
process is disrupted, the mesoderm is eventually inter-
nalized.

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 a model tenta-
tively placing both genes in a common signal transduc-
tion pathway. Because of the nonessential function of fog
and cta in the mesoderm, however, this pathway has
been implicated in the coordination, rather than the con-
trol of cell shape changes during gastrulation (Costa et al.
1994).

We have identified a gene, named DRhoGEF2, which
is essential for the invagination of mesodermal and en-
dodermal primordia during gastrulation. Mutations in
DRhoGEF2 disrupt the coordinated induction of cell
shape changes. DRhoGEF2 encodes a putative guanine
nucleotide exchange factor belonging to the Dbl family
of oncoproteins, suggesting that a signaling cascade in-
volving Rho family GTPases regulates cell shape
changes during early Drosophila morphogenesis.

Results
Identification of DRhoGEF2 mutations

DRhoGEF2 was isolated from a large screen designed
to characterize the maternal effects of zygotic lethal
mutations (Perrimon et al. 1996). Examination of cuticle
phenotypes of mutant lines and stainings of embryos
derived from germ-line clones using tissue-specific
markers led to the identification of a P-element inser-
tion, 1(2)04291 (Spradling et al. 1995) (referred to as
DRhoGEF2'®04291) " and three chemically induced alle-
les (see Materials and Methods) falling into the same
complementation group. Embryos homozygous for
DRhoGEF2'@94291 dje during late embryogenesis or
early larval stages with no obvious phenotypes. How-
ever, embryos derived from mothers homozygous mu-
tant for DRhoGEF2!®°4291 jn the germ line (henceforth
referred to as DRhoGEF2'®°4291 empryos) develop with
ventral open cuticles. Examination of these embryos re-
vealed deep transverse folds forming during germ-band
elongation (see Fig. 1L). This phenotype is reminiscent of
mutants that fail to invaginate the endodermal germ
layer and suggests that DRhoGEF2'®0°4291 embryos de-
velop defects during gastrulation. Because all embryos
show identical defects the observed phenotype depends
solely on maternal contribution and cannot be rescued
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Figure 1. Invagination of mesodermal and endodermal primor-
dia in wild-type and DRhoGEF2 mutant embryos. All embryos
are stained immunohistochemically for the transcription fac-
tors Twi (A-F) or Fkh (G-L). Expression of Twi is initiated in the
wild-type (A) and DRhoGEF2!(®04291 (B) embryos during syncy-
tial blastoderm. At stage 6 the ventral furrow has invaginated in
the wild type. The PMG primordium has flattened and moved
to a dorsally shifted position (C). The pole cells are attached to
the PMG primordium (arrow in C). In DRhoGEF2'®94291 em-
bryos no ventral furrow is formed (embryo shown is at a slightly
later stage than in C). The mesoderm is not extending to the
posterior pole as in the wild type. The PMG primordium is not
moving dorsally and the pole cells are deeply embedded into the
epithelium (arrow in D). At stage 9 the mesoderm, with the
exception of the most lateral cells of the primordium, has com-
pletely invaginated in the wild type. The germ band is extending
around the posterior pole to the dorsal side of the embryo (E). In
DRhoGEF2'®%4291 embryos at the same stage the mesoderm
remains on the surface of the embryo. The germ band is not
moving around the posterior pole (F). Expression of Fkh is es-
tablished in the PMG primordium at the late syncytial blasto-
derm stage in wild type (G) and DRhoGEF2"®°42°1 empryos (H).
At stage seven the posterior midgut has started to invaginate in
the wild type (I). In DRhoGEF2'®%4291 embryos no invagination
is formed at this stage. Note the folds forming in the dorsal
epithelium indicating that the germ band has started to elongate
(J). At stage 10 the PMG and the AMG (arrowhead) are fully
internalized and have started to elongate in the wild type (K). In
DRhoGEF2'°4291 embryos PMG and AMG remain uninvagi-
nated (arrowhead). The germ band forms deep transverse folds

(L).

zygotically by a paternal wild-type chromosome. The zy-
gotic lethality of the DRhoGEF2'®°42°1 mutation is
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most likely caused by reutilization of the corresponding
gene during late embryonic and early larval develop-
ment. The lethality and the maternal effect phenotype
can be reverted by excision of the P element, suggesting
that no other zygotic lethal mutations reside on the
chromosome and the P-element insertion is responsible
for the observed phenotype.

DRhoGEF2 is essential for the invagination
of mesodermal and endodermal primordia

To characterize the effect of the DRhoGEF2 mutation
during gastrulation we stained DRhoGEF2'(®04291 em.
bryos using antibodies against the transcription factors
twi (Thisse et al. 1988) and forkhead (fkh) (Weigel et al.
1989). twi determines mesodermal cell fates and is ex-
pressed in all cells undergoing ventral furrow invagina-
tion throughout extension of the germ band (Leptin and
Grunewald 1990). fkh expression is initiated by hkb
(Brénner et al. 1994) and tll (Pignoni et al. 1990) at the
late syncytial blastoderm in the gut primordia and is
maintained in these tissues throughout embryonic de-
velopment. Expression of twi and fkh is initiated nor-
mally in DRhoGEF2'®0°42%1 embryos (Fig. 1, cf. A with B
and G with H), suggesting that mesodermal and endo-
dermal cell fates are established correctly in the absence
of DRhoGEF2 gene activity.

DRhoGEF2'®0°4291 empryos develop defects during
gastrulation. On the ventral side of the embryo no ven-
tral furrow is formed (Fig. 1D). As a consequence meso-
dermal cells remain on the surface of the embryo even
after germ-band extension is completed (Fig. 1F). At the
posterior pole, DRhoGEF2'®°42%1 embryos do not form
the amnioproctodeal invagination. Although the PMG
primordium is initially pushed into a slightly dorsally
shifted position (Fig. 1J), probably by the force of the
extending germ band, it never moves around the poste-
rior end onto the dorsal side (Fig. 1L). At the anterior end,
DRhoGEF2'®04291 embryos fail to invaginate the ante-
rior midgut (AMG) (Fig. 1L, arrowhead). These observa-
tions suggest that cell shape changes necessary to inter-
nalize endodermal and mesodermal germlayers are not
initiated in DRhoGEF2'®°4291 empryos.

DRhoGEF2 regulates cell shape changes during
gastrulation

Defects in the ability of DRhoGEF2'®°42°1 empryos to
induce cell shape changes during gastrulation were ana-
lyzed by scanning electron microscopy (SEM). In wild-
type embryos the first sign that gastrulation has begun is
a flattening of cell surfaces in an [20-cell-wide stripe
along the ventral midline (Fig. 2A) (Sweeton et al. 1991).
This step is thought to be independent of the actin cyto-
skeleton and appears to occur in DRhoGEF2!(®9°4291 gm.
bryos (Fig. 2E). Subsequently apical constriction of cells
is induced in the wild type at the ventral midline result-
ing in formation of a shallow groove (Fig. 2A). This pro-
cess is severely disrupted in the DRhoGEF2 mutant. Al-
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Figure 2. Cell shape changes in wild type (A-D) and DRho-
GEF2 mutants (E-H) analyzed by SEM. Following cellulariza-
tion, cells in an [20-cell-wide stripe on the ventral surface of the
embryo (indicated by brackets in A and E) flatten their surfaces
and move into close contact with each other. Subsequently api-
cal constriction of cells near the midline (notice the membrane
blebs indicative of this process) forces the epithelium to bend
inward and form a shallow groove (A). As more lateral cells
constrict, the furrow deepens and closes over to invaginate the
mesoderm (B). In DRhoGEF2'®04291 embryos the initial flatten-
ing of the cell surfaces appears to occur. However, only very few
cells undergo apical constriction in a spatially disorganized
fashion (E). As the germ band starts to elongate (indicated by the
formation of transverse folds laterally) temporary clefts form at
random in the ventral mesoderm (F). No ventral furrow is
formed. The PMG primordium is invaginated by a very similar
mechanism as the mesoderm. After the initial flattening, cells
located dorsal to the pole cells constrict first, as seen by the
occurrence of membrane blebs in this region (C). Subsequently
a cup shaped invagination is formed harboring the pole cells (D).
In DRhoGEF2'®942%1 empbryos, cells in the dorsal polar region
do not undergo any specific shape changes and no invagination
is formed. The pole cells are deeply embedded into the epithe-
lium. On the dorsal surface of the embryo, groups of cells un-
dergo apical flattening or apical constriction in random regional
patterns (G). As the germ band starts to elongate some dorsal
cells form cytoplasmic protrusions (arrowhead in H). Altogether
cell shape changes appear randomized (H). A, B, E, and F are
ventral views; C, D, G, and H are dorsal views. All embryos are
oriented with anterior to the left.

though some cells undergo apical constriction in a spa-
tially disorganized fashion, others expand their apices
and remain at the surface (Fig. 2E). As the germ band



starts to elongate and the ventral furrow has closed in
the wild type (Figure 2B), temporary clefts induced by
randomly constricting cells form across the mesoderm in
DRhoGEF2'®°4291 empryos, and no ventral furrow is
formed (Fig. 2F).

In the wild-type PMG primordium, cell shape changes
are first induced dorsally to the pole cells (Fig. 2C). In
DRhoGEF2'®°42°1 empryos no coordinated changes in
cell shape are seen in this region. Most cells remain un-
constricted with rounded surfaces (Fig. 2G). Shortly after
the onset of germ-band elongation a deep invagination
harboring the pole cells has formed in the wild type (Fig.
2D). In DRhoGEF2'®°4291 empbryos cell shape changes
appear to occur at random and no invagination is formed
(Fig. 2H). Interestingly, not only cells in invaginating tis-
sues but those throughout the embryo are affected. On
the dorsal side, groups of cells with flattened surfaces
can frequently be observed to form around constricted
cells embedded in temporary clefts. The pole cells are
deeply embedded into the epithelium and indistinguish-
able from neighboring cells (Fig. 2G; cf. Figure 1D, ar-
row). Later, some cells form cytoplasmic protrusions
(Fig. 2H, arrow). These observations suggest that cells
do not lose the ability to change shape in the
DRhoGEF2!®0°4291 mytant but, rather, undergo random
shape changes because of loss of an instructive signal.

The behavior of cells in the ventral mesoderm at the
onset of gastrulation was examined in further detail in
cross sections of embryos stained with anti-Twi antibod-
ies. Ventral furrow formation begins in the wild type
immediately following cellularization (Fig. 3A) when
cell nuclei start to be displaced from the apical to the
basal end in cells at the ventral midline (Fig. 3B). By
constricting apically, cells change from a columnar to a
trapezoidal shape forcing the epithelium to bend inward
(Fig. 3C). This process is subsequently supported by a
shortening of the cells along their apical-basal axis (Fig.
3D). Although cellularization appears to be unaffected in
DRhoGEF2'®°4291 empryos (Fig. 3E), the basally di-
rected movement of cell nuclei occurs at random posi-
tions across the mesoderm. (Fig. 3F). Only very few cells
constrict their apices in a spatially uncoordinated fash-
ion (Fig. 3G). The shortening of cells along the apical-
basal axis is not observed in DRhoGEF2!®°4291 empryos.
Instead, cells lose their epithelial character and pile up in
multiple layers failing to form a ventral furrow (Fig. 3H).

DRhoGEF2 encodes a putative guanine nucleotide
exchange factor of the Dbl family

To molecularly characterize the gene affected by the
DRhoGEF2 mutation, we isolated genomic DNA adja-
cent to the insertion site of P-element 1(2)04291 by plas-
mid rescue (Cooley et al. 1988). The plasmid rescue
DNA fragment was used to screen a genomic DNA li-
brary, and 24 kb of DNA encompassing the genomic re-
gion flanking the P element was obtained. A screen for
cDNAs located in this region led to the identification of
two transcription units, T1 and T2. T1 codes for a 5-kb
transcript terminating 1.9 kb short of the P-element in-
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Figure 3. Analysis of cell shape changes during ventral furrow
formation in wild-type (A-D) and in DRhoGEF2 (E-H) mutants
in cross sections immunohistochemically stained for Twi.
Shortly after cellularization is completed on the ventral side of
the embryo (A), nuclei of cells at the ventral midline start to
move basally (B). Apical constriction of midventral cells forces
the epithelial sheet to bend inward (B,C). Shortening of cells
along their apical-basal axis supports this process and results in
internalization of the mesoderm (D). DRhoGEF2'®04291 em.
bryos appear normal during cellularization. Cell nuclei are lined
up along the apical end of cells (E). At the onset of gastrulation,
nuclei are seen to move basally in a random manner (F). Very
few cells undergo apical constriction (G). Cells do not shorten
along their apical basal axes; they lose their epithelial character
and pile up in several layers. No ventral furrow is formed (H).

sertion point (Fig. 4A). Expression of this transcript was
found to be unaltered in DRhoGEF2'®°4291 embryos,
suggesting that T1 is unaffected by the insertion (Fig.
4B). Transcript T2 is located downstream of T1 and ori-
ented in tandem. The 5’ end of T2 was mapped 1.1 kb
upstream of the P element, leaving a short intergenic
region of 0.8 kb between T1 and T2 and placing the P
element inside the T2 transcript. Northern blot analyses
showed that two mRNAs, 8.5 and 10.5 kb in length, are

GENES & DEVELOPMENT 277



Hacker and Perrimon

Figure 4. Molecular cloning, Northern A
analysis, and expression of the DRhoGEF2
gene. (A) Genomic map of the region sur-
rounding the P-element insertion 1(2)04291.

231

Two transcription units, T1 and T2, were *
identified near the P-element insertion — 0w
point. The P element was found to be in- T
serted into an intron in the untranslated

leader region of the T2 transcript. The 3’

end of T2 was mapped (20 kb from the P- C
element insertion. Solid boxes indicate ex-
ons; arrows denote transcribed regions. (B)
Northern blot analysis of T1 and T2 on
poly(A)* RNA derived from 0- to 12-hr wild
type (left lane) and DRhoGEF2'(®04291 (right
lane) embryos. A single T1 transcript, 5.0 kb
in length, is detected by the T1 cDNA in
RNA prepared from wild-type and
DRhoGEF2'®942°1 embryos, suggesting that
the P insertion is not interfering with the
expression of this gene. In wild-type RNA
cDNAs of T2 detect two transcripts, 8.5
and 10.5 kb in length. Both transcripts
are absent in RNA derived from
DRhoGEF2'04291 empryos indicating that D
expression of T2 is abolished by the P ele-

ment insertion. (C) In situ hybridization of a FOZ nag W #H
genomic DNA fragment, encompassing part | Ll B I i
of the T2 transcription unit, to wild-type 1 £57-337 49 T8z T150-1 200 1S40 1750 13E0 2558

embryos. DRhoGEF2 transcripts are abun

dant at the syncytial blastoderm stage (top left). DRhoGEF2 mRNAs are distributed evenly throughout the embryo during gastrulation
(top right and bottom left). DRhoGEF2 transcripts are no longer detectable after extension of the germ band (bottom right). (D)
Schematic representation of the DRhoGEF2 protein. The DRhoGEF2 cDNA contains an ORF for a protein of 2559 amino acids with
several regions of homology to sequences present in the databases. A PDZ domain is located near the amino terminus (PDZ). In the
central region DRhoGEF2 contains a cysteine-rich diacylglycerol-binding motif (DAG). A DH and a PH domain are located in tandem
in the carboxy-terminal half of the protein and identify DRhoGEF?2 as a putative GEF for small GTPases of the Rho family. The hatched
box in the amino-terminal third of the protein represents the region not encoded in the shorter version of the cDNA (see Materials and

Methods). Numbers represent amino acid positions.

derived from the T2 locus. Both of these transcripts are
absent from DRhoGEF2'®°4291 empryos (Fig. 4B). This
observation, together with the insertion of the P element
inside the T2 transcript, provides compelling evidence
that T2 identifies the DRhoGEF2 gene. Furthermore the
absence of T2 transcripts, from the 0- to 12-hr embryonic
poly(A)" RNA preparation used in the Northern blot
analysis indicates that there is no significant zygotic
contribution to the expression of DRhoGEF2 during the
first 12 hr of embryogenesis. This is consistent with the
lack of paternal rescue in the DRhoGEF2 mutant and
with the ubiquitous early expression of DRhoGEF2 ob-
served by in situ hybridization to whole mount embryos
(Fig. 4C).

Sequencing of a DRhoGEF2 cDNA revealed an ORF of
7677 bp coding for a putative hydrophilic protein of 281
kD, which contains several regions with similarity to
sequences present in the databases (Fig. 4D). A region of
[BO amino acids near the amino terminus of DRhoGEF2
encodes a PDZ domain (for review, see Fanning and
Anderson 1996), which shows the highest homology to a
motif found in Rhophilin (Watanabe et al. 1996), a mouse
protein implicated in G-protein-coupled signaling events
(Figs. 4D and 5A). Interestingly the GLGF motif, which
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is thought to comprise the ligand binding pocket of PDZ
domains, is changed to GYGM in DRhoGEF2. In the
central region of DRhoGEF2 a cysteine-rich zinc butter-
fly motif is found, which is also present in isoforms of
protein kinase C (PKC) and the mouse Dbl family onco-
protein Lfc (Figs. 4D and 5B) (Kazanietz et al. 1994;
Whitehead et al. 1995). The carboxy-terminal region of
DRhoGEF2 contains an extensive region of homology to
two separate protein motifs characteristic of the Dbl
family of oncoproteins (Fig. 4D and 5C,D) (Cerione and
Zheng 1996). The first motif, termed Dbl homology do-
main (DH domain), was found to promote the exchange
of guanine nucleotides on Rho family GTPases (Hart et
al. 1994). The second domain, located carboxy-termi-
nally juxtaposed to the DH domain, is a Pleckstrin ho-
mology domain (PH domain) (Haslam et al. 1993; Mayer
et al. 1993). Both domains are invariantly present in all
members of the Dbl family and identify DRhoGEF2 as a
putative guanine nucleotide exchange factor (RhoGEF)
for Rho family GTPases.

DRhoA is involved in early morphogenesis
The identification of DRhoGEF2 as a RhoGEF suggests a
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Figure 5. Conserved sequence motifs found
in DRhoGEF2. (A) Sequence alignment of the
PDZ domains of PSD95, Discs large (Dlg), the
third PDZ domain of InaD, Rhophilin, and
DRhoGEF2. Stars above the sequence indicate
residues implicated in substrate binding. (B) Se-
guence alignment of the DAG-binding motifs of
PKC (Drosophila eye isoform), the mouse Dbl
family oncogene Lfc, and DRhoGEF2. Stars indi-
cate conserved histidine and cysteine residues.
(C) Sequence alignment of the DH domains of
the human oncoproteins Dbl and Lbc, the mouse
oncoproteins Lfc, and Lsc, and DRhoGEF2. (D)
Sequence alignment of the PH domains of Pleck-
strin and the Dbl-family genes Dbl, Lbc, Lfc, Lsc,
and DRhoGEF2. Sequences where aligned by the
Clustal method using DNASTAR software. Solid
boxes indicate residues identical to a consensus
sequence.

role for Rho family GTPases during Drosophila gastru-
lation. To test this hypothesis we expressed dominant-
negative forms of three Rho family members isolated in
Drosophila, DRhoAN® (Strutt et al. 1997), DRac™N'?, and
DCdc42N (Luo et al. 1994) in the mesoderm using the
GAL4-UAS system (Brand and Perrimon 1993). When
expression was driven by a twi—-GALA4 driver line (Greig
and Akam 1993), all embryos developed severe cuticle
defects (not shown) indicating that the dominant-nega-
tive GTPases were expressed and biologically active.
When embryos carrying twiGAL4,UASDRhoAN® were
stained with anti-Twi antibodies, patches of mesodermal
cells that failed to invaginate were seen frequently along
the germ band (Fig. 6B). In addition, staining of the same
embryos with anti-Fkh antibodies revealed that invagi-
nation of the AMG was blocked (Fig. 6C, arrowhead),
a phenotype also observed in DRhoGEF2'®04291 em.
bryos (cf. Figure 1L, arrowhead). The defects seen in
twiGAL4,UASDRhoAN® embryos coincide with the on-
set of expression of twiGAL4 in the mesoderm at stage
seven (Greig and Akam 1993) and thus are likely to
be specific to the loss of DRhoA activity. No similar
defects were seen in invaginating tissues in either
twiGAL4,UASDRac™M” or twiGAL4,UASDCdc42N’
embryos, indicating that DRhoA activity is specifically
required for the invagination of mesodermal and endo-

dermal cells during gastrulation in a manner distinct
from DRac and DCdc42.

To examine an earlier role of DRhoA during gastrula-
tion, we expressed DRhoAN® using a maternal GAL4
driver. When DRhoAN'® was expressed using mata4-
GAL-VP16 (a gift from Daniel St Johnston, Wellcome/
Cancer Research Campaign Institute, Cambridge, UK),
ventral furrow formation as well as PMG invagina-
tion were blocked resulting in a phenocopy of
DRhoGEF2'®°4291 empryos (Fig. 6D,E). Examination of
mata4-GAL-VP16,UASDRhoAN® embryos in cross sec-
tions revealed that cell shape changes are disrupted in a
manner very similar to DRhoGEF2'®°4291 embryos (Fig.
6, cf. F and G to H). Our observations suggest that
DRhoA is required for invagination of mesodermal and
endodermal primordia during gastrulation and its activ-
ity is likely to be regulated by DRhoGEF2.

Discussion

We have identified a gene, DRhoGEF2, which encodes a
putative guanine nucleotide exchange factor belonging
to the Dbl family of oncogenes. Mutations in DRhoGEF2
have a maternal effect phenotype disrupting the coordi-
nation of cell shape changes during gastrulation. Unlike
previously identified gastrulation genes, DRhoGEF2 is
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Figure 6. Expression of dominant-negative forms of Rho fam-
ily GTPases during gastrulation. Embryos are stained immuno-
histochemically for either Twi (A,B,D,F-H) or Fkh (C,E). In
wild-type embryos all mesodermal cells have been internalized
at stage 10 (A). In twiGAL4/UASDRhoAN® embryos at the
same stage patches of mesodermal cells along the germ band
have failed to invaginate (B). Invagination of the AMG is
blocked (arrowhead in C, cf. Fig. 1L). (D-G) mata4-GAL-VP16/
UASDRhoAN® embryos: The phenotype caused by the mater-
nal expression of dominant-negative DRhoA strongly resembles
that seen in DRhoGEF2'®®%4291 embryos. No ventral furrow is
formed (D; cf. Fig. 1D) and no PMG invagination is seen in the
posterior dorsal region (E, cf. Fig. 1J). Cells fail to undergo shape
changes during ventral furrow formation (F,G) in a way very
similar to DRhoGEF2'®°4291 empryos (H).

essential for the invagination of mesodermal and endo-
dermal primordia. In addition, we have obtained evi-
dence that the small GTPase DRhoA plays a role during
gastrulation very similar to DRhoGEF2, suggesting that
a signal transduction pathway involving DRhoGEF2 and
DRhoA regulates cell shape changes during early Dro-
sophila morphogenesis.

DRhoGEF2 regulates the induction of cell shape
changes

Embryos mutant for DRhoGEF2 appear normal during
cellularization. The first developmental defects coincide
with the onset of gastrulation suggesting that DRho-
GEF2 is specifically required during this process. The
failure of cell shape changes, necessary to invaginate me-
sodermal and endodermal primordia to occur in DRho-
GEF2 mutants, is reminiscent to the phenotype associ-
ated with the gastrulation mutants fog and cta. Both
genes encode putative signaling molecules and have
been tentatively placed in a common signal transduction
pathway. It has been proposed that a localized signal gen-
erated by Fog is received by an unknown receptor and
transduced via the putative G protein Cta to the cyto-
skeleton. The fact that two transcriptional activators of
fog, twi, and fkh are expressed normally in DRhoGEF2
mutants and the identification of DRhoGEF2 as a puta-
tive RhoGef suggest that DRhoGEF2 may be required to
transduce the signal elicited by Fog to the cytoskeleton.
However, there is a significant difference between the
mutant phenotypes of fog and cta on one hand and
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DRhoGEF2 on the other: In contrast to DRhoGEF2, fog
and cta are not essential for ventral furrow formation.
For this reason DRhoGEF2 must be activated in a Fog/
Cta-independent way (Fig. 7). In fact, because of the non-
essential function of fog and cta in the mesoderm, a sec-
ond pathway instructing cells to undergo shape changes
has been postulated (Costa et al. 1994). We propose that
DRhoGEF2 identifies this pathway as a G-protein-
coupled signaling cascade involving the GTPase DRhoA.
Whether this pathway is also required to transduce the
Fog signal is presently unclear and this question will
require further attention in the future.

The phenotype of DRhoGEF2 mutants and the broad
expression of DRhoGEF2 transcripts show that DRho-
GEF2 is not only required for the generation of cell shape
changes in invaginating tissues but that it plays an im-
portant role in the control of cell shape throughout the
early embryo (Fig. 2). This raises the question: How are
cells in different regions of the embryo induced to re-
spond differently to DRhoGEF2 activity during gastrula-
tion? One can envision several mechanisms to regulate
cell shape in a localized fashion. Specificity could be gen-
erated through differential subcellular activation of
DRhoGEF2 to different levels in response to localized,
tissue-specific upstream factors. Fog could be one of
these factors contributing to a synergistic activation of
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Figure 7. Model of the signaling events regulating cell shape
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DRhoGEF2 in invaginating tissues; however, as ventral
furrow formation does still occur in fog mutants, at least
one additional activator must exist. Alternatively, fog
could be involved in a different aspect of cytoskeletal
regulation and cell shape changes in the mesoderm could
depend solely on the localized activity of an unidentified
‘‘zygotic initiator.”

In an alternative model DRhoGEF2 could be constitu-
tively active in all cells to maintain cell shape through-
out the epithelium. Mesodermal cells could be induced
to change their shape by the spatially and temporally
regulated expression of specific cytoskeleton-associated
proteins linking the signaling pathway to the actin cyto-
skeleton in a Rho-dependent manner. Although the iso-
lation of factors conferring specificity during gastrula-
tion has proven to be difficult in the past, we believe that
the identification of DRhoGEF2 will open the path for a
new approach to this problem.

The Dbl family of oncogenes

The Dbl family includes a growing number of oncopro-
teins that are characterized by the presence of two
closely juxtaposed regions of homology (Cerione and
Zheng 1996). The first motif, the DH domain, spans (220
amino acids and has been demonstrated to promote the
exchange of guanine nucleotides on small GTPases of
the Rho family resulting in the activation of these mol-
ecules (Hart et al. 1994). Deletions within this domain
result in a loss of the transforming activity in the proto-
type gene of the family, the oncogene Dbl (Ron et al.
1991). The second region of homology is a widespread
protein motif that was first described in the cytoskele-
ton-associated protein Pleckstrin (Tyers et al. 1988). Al-
though poorly conserved at the sequence level this motif
seems to adopt a common three-dimensional structure
as determined by nuclear magnetic resonance and x-ray
crystallography. The PH domain is most likely involved
in signal-dependent membrane localization (for review,
see Shaw 1996) and may direct proteins to specific cyto-
skeletal locations to activate Rho family GTPases.

In vertebrates the Dbl family presently consists of 115
genes, of which 2, FGD1 and vav, have been shown to be
involved in embryonic development. The human FGD1
gene was determined to be the locus responsible for fa-
ciogenital dysplasia (Aarskog-Scott syndrome), a multi-
systemic developmental disease affecting skeletal and
urogenital systems (Pasteris et al. 1994). In the mouse, a
knockout of the vav oncogene has been found to result in
embryonic lethality (Zmuidzinas et al. 1995). While the
function of these vertebrate genes has been inferred from
their molecular identity, the Cdc24 gene, a member of
the Dbl family isolated from yeast, has been shown by
biochemical and genetic means to function as the physi-
ological activator of the small GTPase Cdc42 (Sloat et al.
1981; Zheng et al. 1994).

In Drosophila two members of the Dbl family have
been identified previously. One of these genes, named
still life, has been shown to play a role during differen-
tion of synaptic terminals (Sone et al. 1997). The second

Role of a RhoGEF during Drosophila development

Drosophila RhoGEF, termed DrtGEF or DRhoGEF1, is
expressed during oogenesis and throughout embryogen-
esis in morphogenetically active tissues (Werner and
Manseau 1997), suggesting a role for another RhoGEF
during gastrulation.

In addition to the DH and PH domains, DRhoGEF2
contains an amino-terminal PDZ domain. The PDZ do-
main is a widespread modular protein motif and has been
implicated in the assembly of signaling molecules to the
plasma membrane by binding to the carboxyl terminus
of transmembrane receptors or by forming heterodimers
with other PDZ domain-containing proteins (for review,
see Fanning and Anderson 1996). Interestingly the family
typical GLGF motif that is thought to specifically inter-
act with a (S/T)XV motif commonly found at the car-
boxyl terminus of transmembrane receptors is not con-
served in DRhoGEF2. Consequently, the DRhoGEF2-
PDZ motif might have a different binding specificity or
may exclusively form heterodimers. Consistent with
this idea, the PDZ adaptor protein InaD, which has been
implicated in the assembly of a signaling complex during
G-protein-mediated photoreceptor signaling in the eye,
contains five PDZ domains with modified substrate-
binding motifs (Tsunoda et al. 1997). The DRhoGEF2-
PDZ domain might link the RhoGEF to a similar adaptor
protein present in invaginating tissues during gastrula-
tion.

In its central region DRhoGEF2 contains a cysteine-
rich zinc butterfly motif that is also found in another
member of the Dbl family, the mouse oncogene Ifc
(Whitehead et al. 1995) and in isoforms of PKC (Kazani-
etz et al. 1994). In PKC this domain has been shown to
bind the second messenger diacylglycerol, which is gen-
erated following signal-dependent hydrolysis of mem-
brane lipids (Ahmed et al. 1991; Bell and Burns 1991;
Hubbard et al. 1991; Quest et al. 1992). Similar to the PH
and the PDZ domains, this motif could promote mem-
brane association of DRhoGEF2 and activation in re-
sponse to specific signals. The presence of three different
regulatory domains might provide a mechanism to acti-
vate DRhoGEF2 to different levels in response to distinct
cellular signals; for example, the second messenger dia-
cylglycerol could activate DRhoGEF2 throughout the
epithelium to maintain cell shape while the PDZ do-
main mediates specific signals present locally in the in-
vaginating tissues.

A role for Rho during gastrulation

The members of the Rho family, Rho, Rac, and Cdc42,
belong to the Ras superfamily of GTP-binding proteins
and cycle between a GDP and a GTP bound form. The
level of activity of these molecules is regulated by gua-
nine nucleotide exchange factors (GEFs) like DRhoGEF2,
which convert the GTPase into its active GTP-bound
form, and GTPase-activating proteins (GAPs) which
stimulate the hydrolysis of GTP (Fig. 7). The alternation
between an active and an inactive form allows small
GTPases to act as bimodal switches in various intracel-
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lular signal transduction pathways (for review, see Rid-
ley 1996).

In Drosophila, homologs of several members of Rho
family GTPases have been cloned. In studies using domi-
nant-negative as well as activated forms of these mol-
ecules DRho, DRac, and DCdc42 have been shown to
play a role in regulation of cell shape changes during
dorsal closure and head involution as well as in morpho-
genesis during axon outgrowth muscle development and
oogenesis (Luo et al. 1994; Harden et al. 1995; Murphy
and Montell 1996). In addition, mutations in DRhoA
have been shown recently to disrupt tissue polarity dur-
ing imaginal development (Strutt et al. 1997).

DRho, DRac, and DCdc42 are expressed uniformely
throughout development and are most likely supplied
maternally to the embryo (Hariharan et al. 1995). An
important question arising from this observation is: How
is specificity generated among these very similar mol-
ecules? It has been demonstrated that RholL, DRac, and
DCdc42 fulfill specific but distinct functions during oo-
genesis (Murphy and Montell 1996). Similarly, expres-
sion of dominant-negative forms of DRac and DCdc42 in
neurons during axon outgrowth and during muscle de-
velopment results in distinct phenotypes. Our studies
indicate that the function of DRac and DCdc42, if any,
during gastrulation is clearly distinguishable from
DRhoA in that only DRhoAN*®, but not DRac™’, or
DCdc42N, interferes with the invagination of mesoder-
mal and endodermal precursors. Furthermore, maternal
expression of DRhoAMN'® resulted in the generation of
phenocopies of DRhoGEF2 mutant embryos. Based on
these observations, we propose that DRhoGEF2 acts as a
DRhoA-specific RhoGEF and that specificity in G-pro-
tein-coupled signaling pathways acting simultaneously
in the same tissues is generated at least in part by the use
of GTPase-specific GEFs.

Materials and methods
Drosophila stocks

UASDRhoAN®/Cyo was obtained from M. Mlodzik (Strutt et
al. 1997). UASDRac™!” and UASDCdc42N'" were provided by
Y.N.Jan (Luo et al. 1994) and the twiGAL4-driver line was from
M. Akam (Greig and Akam 1993). The mata4-GAL-VP16 line
contains a construct consisting of the DNA-binding domain
(amino acids 1-144) of GAL4 fused to the VP16 transcriptional
activation domain expressed from the a4-tubulin promoter and
was a gift of D. St Johnston.

Genetics of DRhoGEF2

A single P[LacZ, ry*] element insertion, 1(2)04291, was identi-
fied in a screen for maternal effects of zygotic lethal mutations.
Association of the observed phenotype with the P-element in-
sertion was confirmed by mobilization of the P element using a
y w; A2-3, Sb/TM6 strain (Robertson et al. 1988). Of 108 exci-
sion lines, 83 were homozygous viable. From a parallel screen,
using chemically induced mutagenesis, three further alleles,
DRhoGEF25278, DRhoGEF23V8, and DRhoGEF2°'?, were
identified by complementation analysis. Embryos derived from
germ-line clones of all these alleles show phenotypes identical
to DRhoGEF2'®°4291 hy|l embryos during gastrulation. Females
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with germ-line clones were generated using the autosomal FLP-
DFS technique (Chou and Perrimon 1996).

Cloning of DRhoGEF2

A 5-kb genomic DNA fragment flanking the DRhoGEF2 P-ele-
ment insertion was obtained by plasmid rescue (Cooley et al.
1988). This fragment was subsequently used to screen a geno-
mic DNA library (Stratagene) to obtain clones covering 24 kb of
genomic DNA. Using subfragments covering this entire region,
36 cDNAs were isolated from poly(dT)-primed (Brown and Kafa-
tos 1988) and random-primed (Clontech) cDNA libraries. Two
of the cDNAs correspond to the T1 transcript (see Fig. 4B) and
are 3.5 and 5.0 kb in length, respectively. All other cDNAs were
between 1.2 and 5.5 kb in length and encode different subre-
gions of the T2 transcipt. Restriction analysis and DNA se-
quencing allowed the reconstitution of two distinct transcripts
from these cDNAs, 8607 and 7545 bp in length. Both transcripts
are represented by multiple independent cDNAs and contain all
the regions of homology to other proteins found in the T2 se-
quence. In the shorter transcript the region of the ORF from
amino acid 429 to 782 (DAPTVK....GGQATG) is not present
(see Fig. 4D). We presume that the two alternative proteins are
encoded by the two respective transcripts seen on Northern
blots. The discrepancy in transcript sizes observed between the
Northern blot analysis and the T2 cDNAs is most likely due to
gel migration artifacts caused by secondary structure formation
in the RNA.

DNAs were sequenced using the dideoxy chain termination
method (Sanger et al. 1977). The precise point of P-element
insertion was determined by sequencing the P-element rescue
DNA fragment using a primer derived from the P-element LTR
as well as genomic DNA fragments. The P element is inserted
into an intron in the untranslated leader region of the transcript
(as determined by comparison of genomic and cDNA sequences)
260 bp upstream of the 3’ intron boundary. The intron is 1.1 kb
in length.

Northern Blot analysis

Northern blots were carried out by standard procedures (Sam-
brook et al. 1989) using 5 pg poly(A)*—RNA per lane. Transcript
sizes of T1 and T2 were first determined in separate experi-
ments (not shown) using the 5-kb T1 cDNA or the 5.5-kb T2
cDNA (extending from the 5’ end and encompassing both tran-
scripts) as probes. Northern blots using both probes simulta-
neously were carried out on poly(A)*-RNA prepared from 0- to
12-hr collections of wild-type or DRhoGEF2'®°42%1 empryos.
The absence of both T2 transcripts from DRhoGEF2'(204291 gm-
bryos suggests that DRhoGEF2'®°42%1 s a null allele and that
there is no significant zygotic expression of DRhoGEF2 during
the first 12 hr of embryogenesis.

Immunohistochemistry

Embryos were fixed by shaking in 4 ml of PEM (100 mm PIPES,
1 mm EGTA, 20 mm MgSO,), 4% formaldehyde, and 5 ml of
heptane for 20 min and devitellinized by addition of 10 ml of
methanol and vigorous shaking for 30 sec. Stainings were car-
ried out by standard procedures. The polyclonal rabbit anti-Twi
antibody (gift of Siegfried Roth, Max-Planck-Institut fur Ent-
wicklungsbiologie, Tibingen, Germany) was used at a dilution
of 1/5000. The polyclonal Fkh antiserum (gift of Pilar Carrera,
CSIC, Barcelona, Spain) was diluted 1/2000.

In situ hybridization to whole mount embryos

In situ hybridization was carried out by standard protocols using
digoxigenin (Boehringer)-labeled double-stranded DNA probes.



The stainings shown in Figure 4C were reproducible with sev-
eral genomic DNA fragments encompassing different regions of
the T2 transcript. Control fragments yielded no staining.

SEM

Embryos were collected at timed intervals, dechorionated, fixed
in 2.5% glutaraldehyde for 2 hr, and devitellinized with metha-
nol. Embryos were then washed twice in 0.1 m sodium cacodyl-
ate (pH 7.4), postfixed in 1% osmiumtetroxide and 0.1 m sodium
cacodylate (pH7.4) for 1 hr, and dehydrated in an ethanol series.
After exchange of ethanol against carbon dioxide in a critical
point dryer, embryos were mounted on stubs, gold-palladium
coated in a sputter coater, and photographed in the SEM.

Sectioning of embryos

Embryos stained with polyclonal antiserum against Twi were
dehydrated in an ethanol series and then transferred into etha-
nol/xylene (1:1) and finally into xylene. After mounting in
araldite (Serva) on a slide, embryos were staged under the light
microscope and selectively embedded (in araldite) for section-
ing. After polymerization of the araldite overnight at 80°C, 5
um sections were cut on a Leitz microtome, mounted in
araldite, and photographed under Nomarski optics on a Zeiss
Axiophot microscope.
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Note

Initially the gene described in this article was named akkordeon
(akk); however, we subsequently became aware that the same
gene had been independently isolated and named shar pei by K.
Barrett and J. Settleman (pers. comm.). To avoid confusion and
to reflect its putative function, we mutually agreed to rename
the gene DRhoGEF2.

The DNA and protein sequences of DRhoGEF2 have been
submitted to GenBank and have been assigned accession num-
ber AF031930.
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