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Maternal control of the Drosophila dorsal-ventral body axis
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Abstract

The pathway that generates the dorsal-ventral (DV) axis of the Drosophila embryo has been the
subject of intense investigation over the previous three decades. The initial asymmetric signal
originates during oogenesis by the movement of the oocyte nucleus to an anterior corner of the
oocyte, which establishes DV polarity within the follicle through signaling between Gurken, the
Drosophila Transforming Growth Factor (TGF)-a homologue secreted from the oocyte, and the
Drosophila Epidermal Growth Factor Receptor (EGFR) that is expressed by the follicular
epithelium cells that envelop the oocyte. Follicle cells that are not exposed to Gurken follow a
ventral fate and express Pipe, a sulfotransferase that enzymatically modifies components of the
inner vitelline membrane layer of the eggshell, thereby transferring DV spatial information from
the follicle to the egg. These ventrally sulfated eggshell proteins comprise a localized cue that
directs the ventrally restricted formation of the active Spétzle ligand within the perivitelline space
between the eggshell and the embryonic membrane. Spétzle activates Toll, a transmembrane
receptor in the embryonic membrane. Transmission of the Toll signal into the embryo leads to the
formation of a ventral-to-dorsal gradient of the transcription factor Dorsal within the nuclei of the
syncytial blastoderm stage embryo. Dorsal controls the spatially specific expression of a large
constellation of zygotic target genes, the Dorsal gene regulatory network, along the embryonic DV
circumference. This article reviews classic studies and integrates them with the details of more
recent work that has advanced our understanding of the complex pathway that establishes
Drosophila embryo DV polarity.

INTRODUCTION

The Drosophila embryo develops within an eggshell that exhibits conspicuous anterior—
posterior and DV polarity (Figure 1(b)). The development of the embryo occurs in a
spatially stereotyped manner with respect to the intrinsic polarity of the egg and eggshell.
For example, the head always forms adjacent to the anterior pole of the egg, which bears the
micropyle, while the dorsal region develops at the side of the embryo that lies apposed to the
region of the eggshell that bears the conspicuous dorsal appendages. Similarly, the
morphogenetic movements that occur during embryogenesis are correlated with the intrinsic
polarities reflected in the eggshell. This feature is especially evident in the pattern of cellular
movements that occur during gastrulation. As gastrulation begins, a column of cells lying
along the ventral side of the egg invaginates into the embryo, forming in the process what is
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termed the ventral furrow. These cells constitute the presumptive mesoderm of the embryo
(Figure 1(c)) and they will ultimately give rise to much of the viscera of the larvae and fly.
A second component of gastrulation is a narrowing and lengthening of the embryo along the
anterior—posterior axis in the process of germ band extension. As the embryo elongates, the
posterior end and the primordial germ (pole) cells move anteriorwards along the dorsal side
of the eggshell (Figure 1(c)) until they come to lie immediately dorsal to the head anlage of
the embryo. At this point, the embryo is U-shaped, with both anterior and posterior ends at
the anterior of the egg. Later, during germ-band retraction, the embryo shortens and the
posterior end returns to its original location within the eggshell. In wild-type embryos,
ventral furrow formation and germband extension and retraction always occur in a
predictable orientation with respect to the structures and polarity of the eggshell.

The features of the eggshell that differentiate the DV and anterior—posterior regions of the
embryo reflect polarities that are present within the follicle during the process of oogenesis
(Figure 1(a)). At the anterior of the oocyte lie the 15 germline-derived nurse cells, which
synthesize and transport into the forming egg much of its RNA and protein. The nurse cell/
oocyte complex is surrounded by an epithelium of somatically derived follicle cells, which
synthesize the layers of the eggshell and provide yolk to the developing oocyte. At mid-
oogenesis, the oocyte nucleus moves from its initial position at the posterior of the oocyte to
the anterior region near the nurse cells. The presence of the nucleus at these two locations
during oogenesis is responsible for determining the future posterior pole and dorsal side of
the egg/embryo.1-4

The asymmetric structure of the egg chamber and egg, and thus the embryonic events that
are correlated with them, are established during oogenesis, prior to fertilization. This
suggested that the patterning of the initial body plan of the Drosophila embryo would
depend upon maternal information that is deposited into the egg during its formation. This
prediction was resoundingly confirmed through the results of genetic screens, largely carried
out during the 1970s and 1980s, that identified a collection of maternal effect mutations that
lead to profound disruptions of patterning along the anterior—posterior and DV axes of
embryos produced by homozygous mutant females.>9 It was determined that the
establishment of the anterior—posterior axis is dependent upon three groups of maternal
effect genes that separately regulate the development of the anterior (head and thorax),
posterior (abdomen and pole cells), and terminal (acron and telson) regions of the embryo.
In contrast, a single integrated ensemble of maternal effect genes, central components of
which are the ‘dorsal group’ and cactus, orchestrates the formation of the DV axis of the
embryo (Table 1).

THE DORSAL GROUP GENES

The Dorsal Group Mutant Phenotype

Genetic screens for maternal effect mutations that affect embryonic patterning led to the
identification of the eleven founding members of a set of maternal effect genes, collectively
referred to as the dorsal group (dorsal, easter, gastrulation defective[gd], nudel, pelle, pipe,
snake, spatzle, Toll, tube, windbeutel), in which loss-of-function mutations disrupt the
formation of pattern elements along the DV axis of embryos from mutant mothers.5~7:10 A
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later genetic screen, in which site-specific mitotic recombination was used to generate
homozygous mutant germline clones that produce progeny embryos with patterning defects,
led to the identification of three additional genes, krapfen/myd88, seele, and weckle, which
should also be considered members of the dorsal group.1! The defects associated with the
progeny of dorsal group mutant females are readily visualized by examining the cuticle
(exoskeleton) of the first instar larva, which displays a patterned distribution of structural
elements that serve as markers for different cell fates (Figures 1(d) and 2(a)). The cells
derived from the most dorsal region of the embryo form the extraembryonic amnioserosal
membrane and produce cuticle bearing dorsal hairs. Dorsolaterally derived cells secrete
naked cuticle lacking specific structures except at the posterior end of the larvae, where they
form the tracheal spiracles also known as Filzkdrper. Cells originating in ventrolateral
regions generate the conspicuous band of ventral denticles that aid the embryo in moving
through food. Finally, cells derived from the most ventral region of the embryo do not
contribute to the cuticle. Rather, they invaginate during gastrulation to form the ventral
furrow and ultimately generate the mesoderm of the larva. Embryos from females
homozygous for null alleles of the eleven dorsal group genes lack all DV polarity (Figure
2(b)). Cell movements that normally occur only on the dorsal side of wild-type embryos
during gastrulation instead occur all around the DV circumference of embryos produced by
mutant mothers (henceforth referred to as maternally mutant embryos). Following
completion of embryogenesis, these embryos form a tube of cuticular material that displays
dorsal hairs all around its circumference (Figure 2(b)). Less severe, hypomorphic alleles
were identified in some dorsal group genes, which allowed the construction of a phenotypic
series which progresses from loss of the most ventral structures in the weakest alleles, to the
loss of ventrolateral and then dorsolateral elements, and finally to the complete dorsalization
seen in null alleles. This array of mutant phenotypes led Nusslein-Volhard and her
colleagues to propose that the dorsal group genes produce a morphogen that is distributed in
a concentration gradient along the DV axis of the embryo, with the highest levels on the
ventral side, and with cell fate at any point along the axis being determined by the
concentration of the morphogen.>:6:10

Toll Determines the Polarity of the DV Axis

In two classic papers published in 1985, Anderson and Nisslein-Volhard and their
coworkers described their genetic analysis of the Toll locus’2 as well as the results of studies
in which cytoplasm was transplanted between embryos of different maternal genotypes.13
Toll was of particular interest because, in addition to recessive loss-of-function alleles that
result in dorsalized embryos, dominant gain-of-function alleles were recovered that cause an
expansion of ventral pattern elements at the expense of dorsal structures. These alleles
allowed Anderson et al.12 to carry out epistasis analyses between Toll and other dorsal
group genes by generating females that carried a dominant ventralizing allele of Toll and
were also homozygous for a dorsalizing loss-of-function allele in another gene. Phenotypic
analysis of the resulting embryos demonstrated that pipe, nudel, gd, easter, and snake act
upstream of Toll, while dorsal acts downstream (Figure 3).

The primary role of Toll in controlling embryonic polarity was established via cytoplasmic
transplantation experiments. Previous studies had demonstrated that the transplanted
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cytoplasm of wild-type embryos is capable of rescuing the dorsalized phenotypes of
embryos derived from mothers mutant for Toll, snake, tube, easter, pelle and, to a lesser
extent, dorsal.”14 With the exception of Toll, the DV axis of these embryos is invariably
oriented normally with respect to the intrinsic DV polarity of the eggshell. In contrast, in
rescued embryos maternally mutant for Toll, the polarity of the DV axis is determined by the
site of injection, which develops as the most ventral part of the rescued pattern.13 Thus, the
polarity of the DV axis is determined by the relative concentration of Toll activity. On the
basis of these observations, Anderson and colleagues predicted that spatially regulated
conversion of the Toll gene product from an inactive to an active form, under the control of
the dorsal group gene products acting upstream, would explain the formation of the
embryonic DV axis. The subsequent cloning of Toll, which revealed that it encodes a
transmembrane protein with a large extracellular domain bearing leucine-rich repeat
motifs,1> and the demonstration that Toll protein is uniformly distributed throughout the
plasma membrane of the syncytial blastoderm stage embryo,16 provided a framework for
understanding how polarity of the embryonic DV is established: The extracellular domain of
Toll is bound by a ligand that is restricted to the ventral region of the perivitelline space
between the eggshell and the embryo, thus leading to activation of Toll exclusively on the
ventral side of the embryo.

The Dorsal Group Serine Protease Cascade

Cloning and molecular characterization of additional members of the dorsal group provided
evidence for a protease cascade acting upstream of Toll. Both snake and easter encode
trypsin-like serine proteases bearing signal peptides at their amino termini.1”:18 They are
expressed in the germline as inactive zymogens and are both activated by a cleavage
reaction that cuts the backbone of the protein between an N-terminal segment, the
prodomain, and the catalytic region in the C-terminus. Although the proteolytic function of
Easter and Snake is activated by the cleavage event, the prodomain and catalytic fragments
likely remain linked by a disulfide bond. The prodomains of both Snake and Easter carry six
cysteine residues that are predicted to form three intra-chain disulfide bridges that generate a
structure termed a Clip domain because of its resemblance to a paper clip.1-21 The Clip
domain was first identified in the proclotting enzyme from the horseshoe crab, Tachypleus
tridentus.1 Horseshoe crab proclotting enzyme functions in the hemolymph coagulation
system and is considered to be the counterpart of prothrombin in the mammalian blood
clotting reaction.22 The Clip domain has been proposed to function as a recognition site for
activators or other components of the hemolymph clotting system.19:20 gd also encodes a
protease, but rather than a trypsin-type protease, GD instead exhibits limited structural

similarity to two serine proteases of the mammalian complement system, factors C2 and
B.23.24

The epistatic relationships of Snake and Easter with one another as well as with other
members of the dorsal group were determined by constructing gain-of-function alleles of
Snake and Easter, SnakeAN, and EasterAN, in which the catalytic domains of the proteins
are fused directly to signal peptides.2>26 When in vitro synthesized RNAs encoding these
N-terminally truncated proteases are injected into embryos, they express pre-cleaved,
catalytically active proteins. When embryos from pipe, windbeutel, nudel, gd, and snake
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mutant mothers are injected with EasterAN RNA, the embryos develop a lateralized
phenotype.2° Thus, once it is activated, Easter does not require the function of the products
of these five genes, indicating that they act upstream and contribute to the conversion of the
Easter zymogen into an active form. In contrast, embryos from spétzle mutant mothers
remain dorsalized following injection of EasterAN RNA, indicating that Spéatzle acts
downstream of Easter. Similar experiments carried out with SnakeAN placed snake
upstream of easter, but downstream of pipe, windbeutel, nudel, and gd, suggesting the
possibility that Snake acts directly to process and activate Easter.2% The results of later
biochemical experiments, in which various combinations of GD, Snake, Easter, and Spétzle
were co-expressed in cultured Drosophila or Lepidopteran cells and analyzed on Western
blots, support a protease cascade model in which GD acts on Snake, Snake on Easter, and
Easter cleaves Spatzle.2728

Spatzle Is the Ligand for Toll

The presence of signal peptides in Snake, Easter, and GD suggested that they are secreted
from the embryo and function within the perivitelline fluid that surrounds the developing
embryo. These predictions were validated in experiments in which perivitelline fluid was
transplanted between embryos of different maternal genotypes and it was demonstrated that
activities corresponding to the precursor forms of Easter, Snake, Spétzle, and later, GD, are
present in perivitelline fluid and can be transplanted between embryos.2? These studies also
found that perivitelline fluid from embryos produced by Toll mutant mothers contains an
activity that is capable of polarizing the DV axis of recipient embryos, which was presumed
to correspond to the ligand for Toll.3% This activity could not be detected in perivitelline
fluid from embryos with functional Toll, suggesting that Toll binds and sequesters the
activity immediately following its formation. This activity was later purified and shown to
correspond to a processed form of the protein encoded by the spatzle gene.31:32 The cleaved,
active Spatzle fragment corresponds to the C-terminal 106 amino acids of the Spétzle
primary translation product(s), which has been referred to as C106.3! Injection of RNA in
which a secretory signal peptide has been fused directly to the amino acid sequences
corresponding to C106 produces a lateralized phenotype in the progeny of wild-type or
easter mutant females, while embryos from Toll or tube mutant mothers remain
dorsalized.3! Moreover, direct binding of C106 to Toll has been demonstrated in cultured
cells and this binding leads to activation of the expression of a reporter gene linked to the
control region of drosomycin,33 a downstream target of Toll signaling in the insect innate
immune system.34 Together, these findings indicate that C106 corresponds to the active Toll
ligand.

C106 is not detected in extracts of embryos from females mutant for easter or for any of the
genes that act upstream of easter.3! These findings place Spatzle downstream of Easter and
suggest that Easter is required to process Spétzle into C106. DeLotto and DeLotto3 co-
expressed an activated version of Easter together with full-length Spétzle in cultured cells,
which led to the formation of mature processed C106. When this was injected into the
perivitelline space of Spatzle-deficient embryos, it directed the formation of ventral and
lateral pattern elements. Modeling of the disulfide-bonded C106 dimer suggested that it
assumes a structure similar to that of vertebrate Nerve Growth Factor.3® Together, the data
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described above indicates that Easter-mediated processing of the Spétzle precursor protein
leads to the formation of the active Toll ligand.

DORSAL-VENTRAL POLARITY IN THE EGG CHAMBER

Torpedo and Gurken

The characterization of Toll as a transmembrane receptor uniformly distributed in the
embryonic membrane, and the demonstration that the ligand for Toll is processed into its
active form by an extracellular serine protease cascade operating in the pervitelline space,
led to the formulation of a model in which activation of Toll occurs specifically on the
ventral side of the embryo through the restriction of one or more of the proteolytic events.2°
This model requires the presence of a molecular cue in the egg that transmits ventral spatial
information, raising the question: Where does this spatial information originate? Initial clues
came from the characterization of the genes torpedo and gurken by Schiipbach.38 Females
carrying loss-of-function mutations in either of these genes produce embryos with
ventralized phenotypes. In addition, however, the eggshells of these embryos appear
ventralized, as do the follicle cell epithelia and egg chambers in the ovaries of mutant
females. In contrast, in females mutant for the dorsal group genes, the polarity of the follicle
itself is unaffected. By generating genetically mosaic females in which the function of
Gurken or Torpedo was separately eliminated from either the germline (hurse cells and
oocyte) or somatic (follicle cells) component of the egg chamber, Schiipbach36
demonstrated that gurken is required to be expressed in the germline, while torpedo is
required in the follicle cell layer. Subsequent molecular characterization revealed that
torpedo encodes the Drosophila homologue of the Epidermal Growth Factor Receptor
(EGFR),37:38 while gurken encodes a Transforming Growth Factor (TGF-a)-like secreted
peptide growth factor.3% During oogenesis, the gurken messenger RNA (MRNA) is
expressed by nurse cells and transported to the oocyte, as well as by the oocyte nucleus.40-43
Starting at stage 8, gurken mRNA localizes in association with the oocyte nucleus, which
has migrated from its original position at the posterior of the oocyte to an anterior position
adjacent to the oocyte/nurse cell boundary (Figures 4 and 5(a)). The localization of Gurken
protein expression to this corner of the oocyte,*0 from which it is secreted*4-46 and from
which it activates Torpedo in the overlying follicle cells, defines the dorsal side of the
follicular epithelium. Taken together, the observations described above suggested a
mechanism in which dorsal group signaling and generation of DV polarity in the embryo are
dependent upon prior establishment of DV polarity in the follicle cell layer under EGFR-
mediated control. The additional observation that females doubly mutant for torpedo and
dorsal produce dorsalized embryos that develop within ventralized eggshells,36
demonstrated an epistatic relationship in which the EGFR signal transduction pathway acts
upstream of the dorsal group signal transduction pathway, perhaps to control its activation
and polarity.

Pipe—the Link Between egg Chamber and Embryo DV Polarity

In contrast to the other eight dorsal group genes, which are expressed in the germline,
mosaic analysis demonstrated that like torpedo, pipe, nudel, and windbeutel are required to
be expressed in the somatic follicle cells.3% The subsequent cloning and characterization of
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the pipe locus demonstrated that it represents the critical link between follicular and
embryonic DV polarity.#’ pipe is transcribed in a spatially restricted domain of follicle cells
that comprise approximately the most ventral 40% of the epithelium that surrounds the
oocyte (Figures 4 and 5(b)). The pipe primary transcript undergoes alternative splicing®’—49;
only one of its mature products, hereafter referred to as the pipe MRNA, functions in DV
patterning.® When the pipe mRNA is ectopically expressed throughout the follicle cell
layer, the resulting embryonic progeny exhibit a ventralized phenotype.4’ Importantly,
directed expression of pipe in dorsal follicle cells of females otherwise lacking pipe function
produces embryos in which the polarity of the DV axis is reversed with respect to the
intrinsic DV polarity of the eggshell. Together, these data indicate that the restricted
expression of pipe within the follicle cell layer defines the ventral side of the future embryo
and suggests that pipe function contributes to the formation of the spatial cue that directs
ventrally restricted Toll activation.

Ventral Transcription of pipe in the Ovarian Follicle

Given the critical role in DV pattern formation that is played by ventrally restricted pipe
transcription in the follicle cell layer, it is important to understand the factors that regulate
its expression. As described above, Gurken/Torpedo signaling is required to establish DV
polarity within the follicle. In egg chambers that lack gurken function, pipe is expressed
throughout the follicular epithelium,” which suggested that pipe expression is restricted to
the ventral region of the follicle as a direct result of repression by Gurken/Torpedo signaling
on the dorsal side. This model was called into question, however, by the finding that
phospho-MAP kinase, a downstream effector of EGFR activation, can be visualized only in
the dorsal-most half of the follicular epithelium,?* while pipe expression is inhibited in a
region comprising 60-70% of the follicle.#” These observations raised the question of how
pipe expression is repressed in the lateral regions of the follicular epithelium in the absence
of Torpedo activation. Despite the failure to visualize phospho-MAP kinase in these regions,
subsequent studies utilizing kekkon, a target of Torpedo signaling,®® indicated that Gurken
functions as a long-range morphogen that activates Torpedo all along the DV axis of the
follicle layer in a graded manner. kekkon is normally expressed only in dorsal follicle cells.
However, kekkon expression can be detected in ventral follicle cell clones in which Torpedo
signaling has become elevated through the elimination of cbl, a downregulator of activated
Torpedo that functions throughout the follicular epithelium.>! Pai et al.>! confirmed that in a
gurken mutant background, however, ventral cbl mutant clones do not express kekkon, thus
providing evidence that Torpedo signaling extends throughout the follicle cell layer and can
therefore be responsible for suppressing pipe expression everywhere except the most ventral
domain. This model is further supported by James et al.>2 and Peri et al.>3 who showed that
clones of dorsal follicle cell clones lacking the function of the Torpedo effector proteins, Ras
or Raf, exhibit cell autonomous initiation of pipe expression.

How does the Torpedo signaling pathway repress pipe transcription? Analyses of the
transcriptional regulatory elements controlling pipe expression have identified a stretch of
approximately 50 nucleotides about 1.1 kb upstream of the transcriptional start site that is
highly conserved in pipe genes from a number of Drosophila species.>*>% DNA fragments
containing this element direct the transcription of a reporter gene in a pattern that is
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indistinguishable from that of pipe, and mutations introduced into the conserved 50 bp
element lead to de-repression of reporter gene expression in dorsal follicle cells. This
element binds in vitro to Mirror, an Iroquois-class, homeodomain-containing protein that is
expressed in dorsal and lateral follicle cells.>*° Fuchs et al.>® showed that ectopic
expression of mirror in ventral follicle cell clones represses pipe expression in a cell
autonomous manner, while Andreu et al.>* demonstrated that pipe expression is de-
repressed in dorsal and lateral follicle cell clones homozygous for a null mutation of mirror.
Activation of the Torpedo pathway results in the phosphorylation and inactivation of the
HMG-Box protein Capicua,’ a repressor of receptor tyrosine kinase responsive genes,
including mirror.58 Andreu et al.>* have proposed that in dorsal and lateral follicle cells,
Torpedo signaling inactivates Capicua, allowing expression of mirror, which then represses
pipe transcription (Figure 4, top pathway). In ventral follicle cells, the level of Torpedo
activation is insufficient to inactivate Capicua; consequently mirror is repressed and the pipe
locus is expressed (Figure 4, bottom pathway). Consistent with this model, loss of capicua
function leads to ectopic mirror expression and loss of pipe expression,®8:59 while in follicle
cells mutant for capicua that also lack mirror, the pipe locus is de-repressed.>*

The Pipe Sulfotransferase Acts on Eggshell Proteins

The pipe mRNA encodes a Drosophila orthologue of two vertebrate enzymes, heparan
sulfate 2-O-sulfotransferase (HSST) and dermatan/chondroitin sulfate 2-O-sulfotransferase
(D/CSST).4760.61 Both enzymes, as well as the predicted Pipe protein, exhibit a type 11
transmembrane topology, consistent with their localization to the Golgi apparatus and their
role in the modification of glycosaminoglycan side chains of proteoglycan-class
glycoproteins as they transit the secretory pathway. Golgi localization of Pipe requires the
chaperone activity of the dorsal group protein Windbeutel 62 a fly homologue of the
vertebrate endoplasmic reticulum protein ERp29.63 Both HSST and D/CSST transfer sulfate
moieties from the high-energy donor molecule, 3’-phosphoadenosine 5’-phosphosulfate
(PAPS)54 to the 2-O position of the uronic acid monosaccharide units present in heparan
sulfate (HS),5° and dermatan/chondroitin sulfate (DS/CS) glycosaminoglycans,
respectively.1 The demonstration of structural similarity between Pipe and these two
enzymes was intriguing, as sulfated glycosaminoglycans are known to influence the activity
and function of serine proteases in multiple processes, including the formation and
dissolution of blood clots®6-68 and in the control of complement fixation.5°

The question of whether Pipe acts to transfer sulfate to HS or C/DS class glycosaminoglycan
substrates remains controversial. The levels of tri-sulfated HS-derived disaccharides
detected in matrix glycosaminoglycans from dissected Drosophila ovaries are lower in pipe-
mutant derived samples than in wild-type.”? However, females with follicle cell clones
lacking the enzyme activities necessary for the synthesis of HS or C/DS chains do not
produce embryos with disrupted DV polarity, as would be expected if these
glycosaminoglycans are obligate targets of Pipe-mediated sulfation.”! Despite the
uncertainty about its target carbohydrate, there is strong evidence that Pipe-associated
sulfotransferase activity is necessary for the formation of embryonic DV polarity. The
hypomorphic pipe’ mutation affects a domain within the Pipe putative catalytic region that
is predicted to bind to PAPS, based on structural studies of other sulfotransferases.”1:72 The
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weakly dorsalizing pipe’ mutant phenotype is strongly enhanced by feeding mutant females
yeast containing sodium chlorate,”! an inhibitor of the enzyme PAPS synthetase,’3
suggesting that the pipe’ mutation creates a sensitivity to the level of PAPS. Further,
Drosophila females bearing follicle cell clones lacking the function of either PAPS
Synthetase,”* or Slalom,”> which transports PAPS from the cytoplasm to the Golgi,”>76
produce dorsalized progeny embryos. Taken together, these results firmly establish a
requirement for Pipe-mediated sulfation in the follicular epithelium for the establishment of
the DV axis in the Drosophila embryo.

To identify protein targets of Pipe sulfotransferase activity, Zhang et al.”” fed adult female
flies yeast containing radioactive Na,3°SO, and isolated and identified a prominent 35S-
labeled protein present in homogenates of dissected ovaries. This protein, Vitelline
Membrane-Like (VML),’® bears an amino terminal signal peptide, a carboxy terminal VM
domain that directs localization of proteins to the vitelline membrane layer of the eggshell,”®
and 30 perfect (and additional imperfect) repeats of the octameric amino acid sequence ser-
tyr-ser-ala-pro-ala-ala-pro (SYSAPAAP). The central repeat-bearing region of the protein
contains 127 serine and 4 threonine residues, all of which are predicted to undergo Mucin-
type O-linked glycosylation (NetOGly).89 VML is expressed and secreted by the follicle
cells and becomes stably associated with the region of the vitelline membrane that lies
opposed to its site of expression in the follicular epithelium.”” Zhang et al.”” identified
additional vitelline membrane proteins that undergo Pipe-dependent sulfation, and several of
these proteins contain stretches of amino acids with similarity to the SYSAPAAP
octapeptide present in VML.81-84 Females homozygous for a mutation that eliminates VML
do not produce dorsalized embryos.’’ However, the hypomorphic pipe’ phenotype is
enhanced by a reduction in the gene dosage of VML or the other VM proteins sulfated by
Pipe,’’ suggesting that these other Pipe substrates act redundantly with VML to influence
Toll signaling. Taken together, these observations suggest that VML and other glycosylated
vitelline membrane components are sulfated by Pipe and then secreted and incorporated into
the vitelline membrane (Figure 6), where they comprise a ventrally localized cue that
controls the activity of the serine protease cascade that generates the Toll ligand.

EXTRACELLULAR PROTEASES

Localized Easter Cleavage Polarizes the DV Axis

To identify where in the protease cascade the spatial cue generated by Pipe sulfation is
operating, Cho et al.8% examined the processing of tagged versions of GD, Snake, Easter,
and Spatzle in wild-type and pipe-mutant derived embryos. GD and Snake are processed in
both backgrounds, but Easter is not cleaved in embryos from pipe-mutant mothers. Similar
results were obtained in the LeMosy lab.86:87 These findings indicate that Easter processing
requires Pipe activity and implicates the processing of Easter as the first ventrally restricted
proteolysis step in the pathway. The cleavage of Spatzle is also dependent upon Pipe
activity, as would be expected since Spatzle processing requires activated Easter.8°
Correspondingly, overex-pression of pipe leads to an increase in the processing of both
Easter and Spatzle, but not of Snake.8°
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It has long been established that GD acts to process Snake,2”-28 but recent work has
illuminated a second and unexpected function of GD in facilitating the Pipe-dependent,
ventrally restricted processing of Easter by Snake. The initial clues suggesting that GD has
multiple functions came from a genetic analysis of the gd locus by Ponomareff et al.,®8 in
which they classified a large collection of gd mutant alleles as falling into three groups: The
gd[2] class affecting the prodomain, the gd[10] class affecting the catalytic domain, and the
noncomplementing class usually involving deletions or truncations. gd[2] and gd[10] class
mutations complement one another, suggesting that GD provides two distinct functions: A
proteolytic activity that cleaves Snake and a second function that depends upon the integrity
of the prodomain. Cho et al.89 provided evidence that the second function of GD is to
facilitate the cleavage of Easter by Snake. Although Snake processing occurs normally in
embryos from females bearing the gd[2] mutant allele, Easter is not cleaved in these
mutants. In addition, when the catalytically inactive gd[10] mutant protein is overexpressed
in wild-type females, even though there is no increase in Snake processing, activation of
Easter is markedly enhanced and the embryos are ventralized.

The demonstration that Easter processing requires both Pipe activity and the second function
of GD suggested the possibility that GD provides the link between Easter activation and the
Pipe-dependent spatial cue proposed to reside in the vitelline membrane. To investigate this
question, Cho et al.8% examined the distribution of a GFP-tagged version of GD that was
transplanted in perivitelline fluid from donor embryos into the perivitelline space of
nonexpressing recipient embryos. After a short incubation period, GD-GFP was observed to
accumulate in the ventral region of the perivitelline space of the recipient embryos (Figure
5(c)). This localization is dependent upon both Pipe activity and the function of GD that is
disrupted in the gd? class mutations. Taken together, the observations described above
suggest that GD interacts with Pipe-sulfated molecules that are embedded in the ventral
vitelline membrane. This interaction enhances the ability of GD to facilitate the cleavage of
Easter by activated Snake, resulting in ventrally restricted processing and activation of the
Easter protein (Figure 7).

Once Easter is cleaved, its activity is confined to the ventral region of the perivitelline space
by an inhibitor that rapidly binds and inactivates processed Easter, thereby preventing
activated Easter from diffusing to lateral and dorsal regions (Figure 7). Misra et al.%
observed that processed Easter is present in a high molecular weight complex whose size
suggested the presence of a covalently linked Serpin-type inhibitor. Subsequently, Serpin
27A was shown to be an inhibitor of Easter.91:92 The importance of this inhibition for DV
patterning is demonstrated by the completely ventralized phenotype of embryos from
females homozygous for mutations that eliminate Serpin 27A.91.92

Finally, Easter is also regulated at the level of secretion by Seele, an endoplasmic reticulum-
localized saposin-like protein.93 In embryos from females mutant for seele, the secretion of
Easter, but not of other secreted dorsal group proteins, is disrupted, leading to a weakly
dorsalized embryonic phenotype. The Easter protease is clearly a critical control point for
regulation of the pathway that establishes embryonic DV polarity.
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Nudel, the Fourth Serine Protease in the DV Pathway

Of the 11 founding members of the dorsal group of genes, nudel is the only one whose
function in DV patterning remains largely unexplained. Analysis of chimeric females
demonstrated that nudel, like pipe and windbeutel, is required to be expressed somatically,
rather than in the germline.3 Molecular analysis of nudel demonstrated that it is expressed
throughout the follicle cell layer at mid-oogenesis (st. 7-11) and that it encodes a very large
secreted protein of 2616 amino acids with a central domain that exhibits homology to
trypsin-type serine proteases.?* It is likely to be extensively glycosylated; there are 23
potential sites for N-linked glycosylation and two regions rich in serine and threonine
residues that could serve as sites of O-linked glycosylation. Nudel also carries three
consensus sites for glycosaminoglycan side chain addition,?>-97 and a mutant version of
Nudel in which all three glycosaminoglycan addition sites were altered eliminated the ability
of the protein to function in DV patterning.®” This finding suggested that
glycosaminoglycans borne by Nudel might undergo Pipe-mediated sulfation. However,
when clones homozygous for nudel mutations were generated in the ventral follicle cell
layer, no local disruptions in embryonic DV pattern were observed in the resulting
embryonic progeny, as would be expected if ventral-specific sulfation of Nudel were
necessary for DV patterning.98:99

nudel mutant alleles fall into two phenotypic classes.100 Many of the eggs produced by
females carrying Class | alleles are collapsed, and those that do initiate development arrest
during early embryogenesis. Embryos from females carrying Class 11 alleles are able to
complete embryogenesis but they have fragile vitelline membranes and are dorsalized. Class
I1 alleles are missense mutations in the central serine protease domain.1%° In contrast, none
of the class I alleles have been mapped to the protease domain. Although the large size of
the nudel gene has precluded the identification of the Class I lesions, they are associated
with a reduction or complete absence of Nudel protein, truncation, or deletion of portions of
the protein, or altered processing, secretion or stability of the full-length protein.10 Thus,
Nudel provides a proteolytic function necessary for embryonic DV axis formation as well as
additional, perhaps structural functions required for eggshell integrity, egg activation and
early embryonic development. The discussion below refers to the influence of Nudel
specifically on DV patterning and the effects of the class Il alleles on this process.

nudel is the only dorsal group gene with mutations that result in a failure of GD
processing,28:8% which led to speculation that GD is a substrate of Nudel protease activity.
However, Snake also fails to be cleaved in a nudel mutant background,8%:87 and this is
unlikely to be due to the lack of GD processing, as the ability of GD to act as a protease does
not require that it be processed.87:89 This raises the possibility that Nudel may exert a more
general influence on proteolytic activity in the perivitelline space. The vitelline membrane of
eggs from nudel mutant mothers is soft and unusually permeable to lipophilic dyes such as
neutral red.100.102 Moreover, the normal cross-linking of vitelline membrane proteins that
occurs during eggshell biogenesis is disrupted in the eggs of nudel mutant mothers,192 and
this may affect the perivitelline environment in a way that influences the activity of the DV
protease cascade.
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Nudel itself undergoes a complex pattern of cleavage events, during both oogenesis and
embryogenesis.101-103 Some of the events that occur in the embryo, including the release of
a mature fragment that contains the Nudel protease, depend on the proteolytic activity of
Nudel itself. Thus, the critical protein target of Nudel proteolytic activity may be Nudel, and
the requirement for its protease activity may be for the generation of multiple fragments
derived from the large Nudel protein, which then carry out additional functions required for
embryogenesis and DV patterning.

ACTIVATION OF TOLL

Cytoplasmic Transduction of the Activated Toll Signal

Epistasis analysis of the dorsal group genes revealed that three of its members, dorsal, pelle,
and tube, act downstream of Toll.12104 |njtial characterization of the dorsal cDNA showed
that its putative product exhibits almost 50 percent identity, over a stretch of about 300
amino acids, with the proteins encoded by the avian oncogene v-rel and its cellular
homologue c-rel, as well as with the human c-rel open reading frame.1%5 Subsequently, the
p50 and p65 subunits of the mammalian transcription factor NF xB were also shown to
exhibit striking amino acid similarity to both Dorsal and the vertebrate Rel proteins over the
same stretch of amino acids.196-110 NF B influences a wide variety of processes, including
hematopoietic cell development and function, the innate and adaptive immune responses,
inflammation, cell proliferation and death, neuronal function and many others.111 In
response to a variety of signals, NFxB relocalizes from the cytoplasm to the nucleus, where
it regulates the transcription of various target genes. In the cytoplasm, NFxB is present in a
complex with one of several cognate inhibitor molecules referred to as 1xBs. In response to
an activating signal, 1xB undergoes phosphorylation, ubiquitination and degradation,
releasing NF#B to enter the nucleus.

The development of tools to visualize Dorsal protein revealed that Toll signaling regulates
Dorsal at the level of nuclear localization and that the spatial cue that determines ventrally
restricted Toll activation is transduced into a gradient of nuclear localization of Dorsal in the
embryo.112-115 |n wild-type embryos, beginning at the syncytial blastoderm stage, highest
levels of nuclear Dorsal protein are present at the ventral side with successively lower levels
in ventro-lateral and dorsolateral nuclei and no Dorsal protein detectable in nuclei on the
dorsal side. (Figures 9(a) and 5(e)) In embryos from females homozygous for loss-of-
function mutations in any of the other dorsal group genes, Dorsal remains cytoplasmic. In
contrast, in embryos from females carrying dominant, ventralizing alleles of Toll, Dorsal is
present in nuclei all around the circumference of the syncytial blastoderm embryo.

The regulation of Dorsal nuclear localization by Toll signaling is mediated through
Cactus,116 a Drosophila homologue of the vertebrate 1xB proteins that regulate NFxB
activity.117.118 |n embryos from females bearing loss of function alleles of cactus, Dorsal is
present in nuclei all along the DV axis. In wild-type embryos, activation of Toll results in
rapid degradation of Cactus,119 producing a cytoplasmic gradient of Cactus with low levels
present ventrally and high levels dorsally120.121 (Figure 5(d)). In embryos from dorsal group
mutant females, which lack Toll signaling, cytoplasmic levels of Cactus remain high
throughout the embryo, allowing it to sequester Dorsal in the cytoplasm.
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Sequence elements within the first 150 amino acids of Cactus are critical for Toll-dependent
degradation of the protein, while a C-terminal PEST domain influences Cactus stability in a
signal-independent manner.119-122 Mytant Cactus proteins that lack the critical amino
terminal region are resistant to ventral degradation and exert a dominant dorsalizing effect
on the embryonic phenotype, suggesting that they prevent Dorsal from entering the nucleus
despite normal Toll activation. Within the amino terminal region, Cactus contains two
stretches of amino acids with similarity to the | xB-a motif containing the serine residues
that undergo phosphorylation, leading to its ubiquitination and degradation. When the serine
residues in both of these motifs are converted to alanine, Cactus becomes insensitive to
dorsal group signaling,122 suggesting that these two elements act redundantly to control
signal-dependent degradation of Cactus.

Vertebrate 1xBs are phosphorylated by a complex of three proteins: 11 K-a (for 1 B-a
Kinase), 1xK-4, and 1 K-y (also known as NEMO).123-127 Drosophila homologues of 1xK-4
(1rd5)128.129 and | xK -y (Kenny)139:131 have been identified, but mutations in these two
genes do not significantly disrupt either DV patterning or Toll receptor-mediated activation
of the Drosophila innate immune response. Transmission of the signal between activated
Toll and the Dorsal/Cactus complex (Figure 8) requires the actions of the dorsal group gene
products Tube and Pelle, which localize to the plasma membrane following activation of
Toll.132 Directly targeting either Tube or Pelle to the membrane by myristylation or fusion
to a transmembrane domain is sufficient to activate the ventralizing signal.132-134 Sun et
al.135 ysed targeted mutations based on structural modeling to generate the following
dynamic model of this process: Tube and the adapter protein MyD88136 exist as a
membrane-localized complex that binds to Toll upon ligand-induced dimerization of the
receptor. Next, Pelle is recruited to form a heterotrimeric complex that is critical for
transducing the activated Toll signal. One additional zinc-finger motif containing protein,
Weckle, binds to both Toll and MyD88 and is considered to act as an adaptor protein that
participates in the assembly of the signaling complex.3” Two-hybrid and
immunoprecipitation studies and X-ray crystallography have demonstrated a complex
network of physical interactions between Toll, Weckle, Myd88, Tube, Pelle, Dorsal, and
Cactus.133-144 The formation of this complex activates signaling that is dependent upon the
Pelle kinase. However, although Pelle phosphorylates Tubel33.145 and Toll, 140 as well as
itself,140.145.146 Cactus and Dorsal were initially shown to be only very weak targets121:133
of Pelle-mediated phosphorylation. The question of whether Pelle functions as the Cactus
kinase in vivo was recently revisited by Daigneault et al.14” They noted that expressing Pelle
protein in functional form in E. coli is challenging due to the appearance of mutations that
either block expression or inactivate the kinase domain, presumably due to toxic effects of
Pelle kinase activity in bacteria. To circumvent this problem, they co-expressed Pelle
together with A protein phosphatase. Pelle protein purified in this way exhibits robust
phosphorylation of Cactus that is largely dependent upon the presence of the three serine
residues previously shown to be necessary for Toll-dependent degradation of Cactus.122

Ubiquitination of vertebrate 1 xB occurs through the Skp1/Cullin/F-box (SCF)-type E3
ubiquitin ligase containing the F-box protein 4 TrCP.148.149 The fly orthologue of A TrCP is
Slimb.150 Although it has been reported that loss of Slimb activity in Drosophila embryos
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perturbs the expression of Dorsal target genes, 49 embryos lacking Slimb activity
nevertheless exhibit an asymmetric distribution of a Cactus-LacZ fusion protein and develop
polarized pattern elements along the DV axis.122 Moreover, while expression of either the
viral £TrCP inhibitor VPU1 or RNAI directed against slimb47 in tissue culture cells can
inhibit the degradation of Cactus induced by activated versions of Toll or Pelle, the
expression of VPU in adult flies does not interfere with Toll-dependent activation of the
immune system, suggesting that Slimb is not uniquely required to mediate Toll-dependent
degradation of Cactus in that context. The question of whether Slimb acts alone to mediate
Cactus ubiquitination in Drosophila embryos during DV patterning remains an open one.

Although destabilization of Cactus in response to Toll signaling appears to be the primary
signal controlling the graded nuclear accumulation of Dorsal protein, Cactus protein levels
appear to be regulated via additional mechanisms as well. Casein Kinase I1-mediated
phosphorylation1®2 of serine residues located within the C-terminal PEST domain?19
appears to be involved in controlling the levels of Cactus protein in a Toll-independent
manner, apparently through processing by the calcium-dependent cysteine protease, Calpain
A.153.154 |t has been suggested that this is the mechanism by which Dorsal nuclear uptake in
the embryo is influenced by the expression of Decapentaplegic (Dpp) in the follicle cell
layer.153.155 | imited proteolysis by CalpainA also appears to generate an N-terminally
deleted version of Cactus that is insensitive to Toll-mediated signaling.1>4

Finally, although Cactus stability is certainly the most significant influence upon Dorsal
nuclear localization, embryos completely lacking maternal Cactus activity nevertheless
exhibit a shallow gradient of nuclear Dorsal.116:120 |n these embryos, Dorsal is present in
nuclei all around the DV circumference, but concentrations are higher on the ventral side.
Correspondingly, a mutant version of Dorsal that is incapable of interacting with Cactus°6
also forms a shallow gradient of nuclear localization.15” Although independent of Cactus
function, the shallow gradient of Dorsal nuclear uptake observed in these situations is
nevertheless dependent upon dorsal group signaling. One possible source of asymmetric
nuclear uptake of Dorsal could be the protein Relish,158 which is expressed in early embryos
and processed into two fragments, an N-terminal Rel/NF xB/Dorsal homologous DNA-
binding domain, and a C-terminal 1 xB-like fragment that may have the capacity to behave
like Cactus.131:159 Direct phosphorylation of Dorsal itself may also play a role. It has been
reported that Protein Kinase A-mediated phosphorylation of Dorsal induces its nuclear
uptake,160 and dorsal group-dependent phosphorylation of Dorsal has been observed
following dissociation of Dorsal from Cactus.161:162 Moreover, a mutant version of Dorsal
in which six conserved serine residues have been mutated fails to undergo phosphorylation
and is constitutively cytoplasmic.163 Phosphorylation of Dorsal at a site near its nuclear
localization sequence may enhance its recognition by the Importin 58/97 complex,64 which
mediates nuclear transport of proteins.16° It is also possible that dorsal group signaling
influences specific components of the nuclear pore complex that are required for
translocation of Dorsal into the nucleus,166-168
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Endocytosis and Toll Signaling

Toll undergoes endocytosis following its activation in the syncytial blastoderm stage
embryo, and it has recently been demonstrated that this is required for transmission of the
Toll signal. Lund et al.169 observed GFP-tagged Toll not only in the plasma membrane of
both syncytial and cellular blastoderm stage embryos, but also in cytoplasmic particles that
were identified as early endosomes by the presence of Rab5. Wild-type Toll fused to
photoactivatable GFP translocates from the ventral plasma membrane to Rab5-positive
particles within minutes of photoactivation. A GFP-tagged version of the mutant Toll[10B]
protein, which is constitutively active, exhibits reduced plasma membrane levels
accompanied by an increase in a particulate distribution that colocalizes with Rab5,
suggesting that Toll activation is associated with its trafficking to endosomes. Further, Lund
et al.169 reported that injection of either the Dynamin antagonist Dynasore, or synthetic
RNA encoding a dominant-negative version of Rab5, inhibits the accumulation of Dorsal
protein in nuclei near the site of injection. Thus, endocytosis is necessary for activated Toll
to induce Dorsal nuclear localization. However, endocytosis induced by the injection of
wild-type Rab5 on the dorsal side of embryos does not induce Dorsal nuclear uptake at that
position, indicating that endocytosis in the absence of receptor activation is not sufficient to
activate the downstream pathway.

Additional components required for the endocytosis of Toll were identified using a
Schneider S2 tissue culture system that reconstitutes Spatzle-mediated Toll activation.
Huang et al.170 screened a double-stranded RNA (dsRNA) library representing all known
and predicted kinase and phosphatase-encoding genes to identify those whose RNAI activity
was capable of interfering with Spétzle-induced degradation of a Cactus-Luciferase fusion
protein. Pelle was the only kinase identified using this assay, along with the protein tyrosine
phosphatase Myopic.1’? RNAi-mediated knockdown of both pelle and myopic also
interferes with Spétzle-induced expression of Toll pathway target genes in S2 cells.
However, myopic dsRNA does not interfere with Toll target gene expression that is
activated by overexpression of either MyD88 or Pelle, indicating that Myopic acts upstream
of these two proteins. Myopic has been reported to localize to endosomes!’! and consistent
with this, Huang et al.17? observed Myopic in punctate, round, presumably vesicular
structures throughout the cytoplasm. The majority of Myopic-containing vesicles were also
positive for Rab5 and Hrs (hepatocyte growth factor-regulated tyrosine kinase substrate), a
subunit of the ESCRT-0 complex.172 Although Toll is primarily a plasma membrane protein
in S2 cells, Huang et al.17 observed significant co-localization of Toll with Myopic, and
showed that Toll and Myopic co-immunoprecipitate with Hrs, confirming localization of
those two proteins to the early endosomal compartment.

Finally, it is quite intriguing that ventral inhibition of Toll endocytosis can have long-range
effects on the formation of the Dorsal nuclear gradient. VVentral injection of either Dynasore
or of dominant-negative Rab5 locally inhibits Dorsal nuclear uptake but results in increased
nuclear Dorsal at lateral and dorsal positions, in some cases to levels that are sufficient to
invert the polarity of the embryo’s DV axis.169 The best explanation for these observations
is that local endocytosis of Toll is required not only for the propagation of the Toll signal,
but also to remove activated Spatzle ligand from the perivitelline space. When endocytosis
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is blocked on the ventral side of the embryo, Spétzle bound to Toll can presumably be
released and is free to diffuse to lateral or dorsal regions, where it binds and activates
additional Toll molecules.

The Extracellular Spatzle Gradient

A long-standing goal in studies of DV patterning is to understand how a relatively broad
region of pipe expression, which comprises 40% of the follicular epithelium and does not
itself exhibit gradations in expression levels,*” results in a gradient of Dorsal nuclear
localization in which Dorsal is completely nuclear only in the ventralmost 20% of the
embryo and then declines in a graded fashion in more lateral and dorsal regions,113-115
Models to explain this phenomenon must also incorporate the finding that an expansion of
the domain in which Spétzle is being processed into the Toll ligand does not result in a
simple corresponding expansion of the Dorsal nuclear gradient. Rather, it causes the region
of highest nuclear Dorsal to split into two maxima, resulting in two separate expression
domains of the Dorsal target gene twist. This occurs in embryos from mothers mutant for
gurken or torpedo,36:173 in which the pipe expression domain is expanded, and in those that
overexpress spatzle directly from injected RNA.173:174 |t is considered likely that an
understanding of how this split Dorsal gradient forms will provide important insights into
the normal mechanism the controls the spatial constraints of Toll receptor activation and the
shape and extent of the Dorsal nuclear gradient along the DV axis of wild-type embryos.

One potential explanation for this finding is that it reflects a process of lateral inhibition that
contributes to shaping the wild-type Dorsal nuclear gradient. Cytoplasmic transplantations
carried out by Roth17® conclusively demonstrated that the split in the Dorsal nuclear
gradient is not mediated by events occurring downstream of Toll, suggesting that if such a
regulatory mechanism is operating it is occurring in the perivitelline space. A
comprehensive analysis by Morisatol”4 showed that the split gradient phenomenon requires
that both Spétzle and Easter activity be intact. For example, if spatzle is overexpressed in the
embryos of mothers carrying a dominant ventralizing allele of easter, the domain of twist
expression is enlarged, but it is not split into two. Similarly, over-expression of a dominant
lateralizing allele of spatzle produces uniform expression of the ventral mesodermal marker
Twist that does not resolve into multiple domains.

It seems likely that the dominant ventralizing alleles of easter produce variants of the
protein that cannot be inhibited by Serpin 27A.176.177 |t is known that loss-of-function
mutations in Serpin 27A also lead to an expansion, but not a splitting, of the region of the
embryo in which Dorsal nuclear concentrations are at their highest levels. Thus, the results
of Morisatol74 suggest that the function of Serpin 27A in limiting the spread of Easter
activity is also required for the process that resolves the expanded region of Twist
expression into two separate domains when spatzle is overexpressed. In the case of the
dominant lateralizing allele of spatzle used by Morisato,174 it is reported to map to the C-
terminal cysteine knot, which might be expected to affect its interaction with Toll.
Alternatively, the C-terminal domain of this mutant protein may be deficient in binding the
N-terminal prodomain, which could affect a mechanism that has been proposed to contribute
to the shaping of the Dorsal gradient, as described below.
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When the N-terminal prodomain of Spatzle (N-Spz) is expressed as an independent peptide
fragment, it exerts a dorsalizing effect on normal patterning,1’4 a finding that was taken to
suggest that after Spétzle is cleaved by Easter, N-Spz may act to inhibit Toll signaling.
Depending on the diffusion characteristics of the activating C-terminal fragment versus the
inhibitory prodomain, their opposing activities could create within the relatively broad
domain of Spétzle cleavage a high point of ventral Toll activation falling off in a gradient in
lateral regions. Moussian and Roth178 proposed that the inhibitory influence of the Spétzle
prodomain may exert its effect by facilitating the inhibition of Easter by Serpin 27A.
Though not mathematically validated, this model can account for the effects of Spatzle
overexpression, for the ability of N-Spz to inhibit DV patterning, and for some of the
observed phenotypic consequences of Serpin 27A mutations and dominant ventralizing
alleles of Easter.

Recently, Haskel-Ittah et al.1”® proposed and mathematically validated an alternative model
in which ventral peak levels of the active cleaved carboxyl fragment of Spatzle (C-Spz)
form via a self-organized shuttling mechanism. They theorize that following Spétzle
cleavage within the region of the perivitelline space influenced by the Pipe targets, the N-
and C-terminal domains are initially associated and can activate Toll. Following Toll
activation, C-Spz (activator) and N-Spz (inhibitor) are released and dissociate from one
another. The two domains are further theorized to re-associate with one another to form an
inactive, highly diffusible complex. Consistent with this, Haskel-Ittah et al.1’® demonstrated
that simultaneously overexpressing N-Spz inhibits the ventralizing influence of
overexpressing the C-Spz. Ventrally restricted cleavage and destruction of the N-Spz
component of this inactive complex is hypothesized to lead to the release of active C-Spz,
which would produce a ventrally directed flux of activated C-Spz. One caveat of this model
is that it is not clear under what circumstances N-Spz and C-Spz are free to re-associate with
one another. Weber et al.180 reported that although the conformation of the molecule
changes, the N- and C-terminal fragments of Spatzle remain complexed together after
cleavage, a finding that was recently confirmed by Ursel et al.181 Weber et al.180
demonstrated that it is only upon binding of C-Spz to Toll that N-Spz is released. However,
it is unclear whether free N-Spz is stable in the perivitelline space. In addition, as Toll bound
to ligand is apparently rapidly endocytosed following its activation,169 it does not seem
likely that free C-Spz is present at high levels in the perivitelline space. Indeed, Toll ligand
activity in the perivitelline fluid is much higher in embryos derived from Toll mutant
mothers, implying that activation of Toll leads to the removal of Spéatzle from the
perivitelline space.3C Finally, the existence of a protease that acts to cleave and inactivate N-
Spz remains, at this point, entirely speculative. Haskel-Ittah et al.1”® provide some
experimental data consistent with several aspects of their model. However, other
observations described in the literature are difficult to reconcile with this model. For
example, females mutant for hypomorphic alleles of Serpin 27A produce embryos with an
expanded, but not split, mesodermal region, as would be predicted according to the self-
organized shuttling model. That observation, together with the studies of Morisato,174 are
more consistent with a model in which Easter activity, rather than C-Spz diffusion, is the
critical determinant that defines the spatial parameters of Toll activation and consequently
Dorsal nuclear uptake.
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THE DORSAL NUCLEAR GRADIENT

Despite the 25 years since it was first visualized,113-115 a complete understanding of the
formation of the Dorsal nuclear gradient (Figures 5(e) and 9(a)) and its relationship to target
gene expression is still a work in progress. Initial studies of the Dorsal gradient focused on
syncytial blastoderm stage embryos that had been fixed and stained with antibodies against
Dorsal, which did not reveal the dynamic aspects of Dorsal behavior that are likely to be
important for its function. For example, the Dorsal concentration gradient is established
during the nuclear division cycles 10 through 14, and since the protein exits the nucleus
during each division, the gradient must re-form multiple times.

To document the movement of Dorsal protein, DeLotto et al.182 examined the behavior of a
Dorsal-GFP fusion protein in live embryos and found that it forms a nuclear gradient similar
to that of endogenous Dorsal. As nuclei enter mitotic prophase, the gradient disappears, then
reappears at the end of mitosis. While in the cytoplasm, Dorsal-GFP transiently exhibits a
particulate distribution near the plasma membrane, but only in ventral and ventrolateral
regions of the embryo. These particles may correspond to a complex that includes
components of the Toll signaling complex.

When DeLotto et al.182 photobleached a small area within a ventral nucleus at interphase,
they found that unbleached Dorsal-GFP in the nucleus quickly redistributed, sharply
bringing down the overall level of fluorescence in the nucleus. This result suggests that
Dorsal is not stably bound to chromatin but is instead moving freely within the nucleus. A
similar finding was obtained with photobleaching of dorsal nuclei, and in both cases there
was a rapid recovery of nuclear fluorescence following the initial depletion. This suggests
that photobleached Dorsal-GFP is moving out of the nucleus into the cytoplasm while
fluorescent cytoplasmic Dorsal-GFP is entering nuclei. This is consistent with rapid
bidirectional exchange of Dorsal between nuclei and cytoplasm on both the ventral and
dorsal sides of the embryo and is supported by the identification of a CRM1-dependent
nuclear export signal168.182.183 jn the carboxy terminal 44 amino acids of the protein.

Kanodia et al.184 investigated how the shape and amplitude of the Dorsal gradient change
during the period between nuclear cycles 11-14. They collected ‘ends on’ images at
multiple time points of live embryos expressing Dorsal-GFP, which allowed them to
visualize the entire DV axis. They found the Dorsal nuclear gradient to be extremely
dynamic: In every division cycle, nuclear concentrations of Dorsal increase during
interphase, drop to low levels during mitosis, and then increase again at the next interphase.
Utilizing parameters constrained by experimental data, Kanodia et al.184 developed a
mathematical model that predicts that the shape of each reformed Dorsal gradient will
remain relatively constant (bell-shaped, centered at the ventral midline), but the amplitude
(difference between basal and highest nuclear levels of Dorsal) will increase with each
division cycle. Thus, according to their model, the nuclear concentration of Dorsal at a given
point on the DV axis will increase between cycles 10 and 14. In addition, the model
constructed by Kanodia et al.184 suggests that the Dorsal gradient extends across the entire
DV axis to the most dorsal region of the embryo.
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Liberman et al.185 also examined the Dorsal gradient at multiple time points between cycles
10 and 14. Rather than live imaging, however, they collected three dimensional stacks of
confocal images of staged and fixed embryos stained with antibodies against Dorsal, then
computationally ‘unrolled’ the images to produce two dimensional images from which
nuclear Dorsal levels could be measured. In agreement with Kanodia et al.18 Liberman et
al.185 found Dorsal levels to be dynamic within nuclei, with levels increasing over the
course of each interphase, and they also observed the overall nuclear gradient to be roughly
bell-shaped at all stages. In contrast to the results of Kanodia et al.,184 however, Liberman et
al.185 did not observe the Dorsal gradient to extend across the entire DV axis but instead
found that nuclear levels of endogenous Dorsal reach a baseline in dorsolateral regions.
They present evidence suggesting that the discrepancy arises from an ectopically broad
gradient formed by the Dorsal-GFP fusion protein used by DeLotto et al.182 and Kanodia et
al.184 In a subsequent study, Reeves et al.18 provide support for the earlier analysis of
stained embryos!85 using two photon light-sheet microscopy to examine the distribution in
living embryos of a Dorsal-Venus construct that fully rescues embryos from dorsal mutant
mothers. Like endogenous Dorsal in their previous study, they observed the Dorsal-Venus
gradient to be flat in dorsal-lateral regions of the embryo.

This finding raises the question of how Dorsal contributes to the transcriptional regulation of
genes such as zerknullt (zen) and short gastrulation (sog), which exhibit changes in
expression at locations along the embryonic DV circumference in which Liberman et al 185
and Reeves et al.186 do not detect changes in Dorsal nuclear concentrations. Although this
inconsistency may arise simply from the difficulty in detecting small differences in
extremely low levels of nuclear Dorsal, it may instead reflect the influence of factors that
operate downstream of Dorsal. Alternatively, the dynamic changes in Dorsal levels within
individual nuclei over time raises the intriguing possibility that in addition to a concentration
effect, there may be an important temporal component of Dorsal activity that defines
thresholds of gene expression.

THE DORSAL-DEPENDENT GENE REGULATORY NETWORK

Identification of Dorsal Target Genes

Evidence that the nuclear concentration of Dorsal along the embryonic DV axis defines the
transcriptional state of specific zygotic genes was first provided by Roth et al.,11°> who
generated mutant embryos with phenotypes ranging from complete dorsalization to strong
ventralization and then correlated the levels of nuclear Dorsal with the expression patterns of
the putative Dorsal target genes twist and zen. These experiments demonstrated that twist is
expressed only in nuclei that contain the highest levels of nuclear Dorsal, while zen is
expressed only in nuclei that apparently lack Dorsal. Embryos with intermediate levels of
nuclear Dorsal express neither zen nor twist.

Our initial understanding of Dorsal’s role in controlling zygotic gene expression relied on
the characterization of a relatively small number of genes, primarily twist, snail, single-
minded, rhomboid, sog, zen, and dpp, that were originally identified on the basis of their
mutant phenotypes. The transcriptional regulation of these genes was examined using lacZ
reporter constructs and in vitro studies of Dorsal binding to DNA sequences from putative
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regulatory regions. These studies identified binding sites for Dorsal and provided evidence
that binding site number and arrangement influenced the affinity of Dorsal binding
(reviewed in Stathopoulos and Levine!8” and Reeves and Stathopoulos!®8). Dorsal
transcriptional targets were initially classified as belonging to one of three groups of genes
(Figure 9): Type I, exemplified by snail and twist (Figure 5(f)), bear low affinity binding
sites for Dorsal and are activated only in cells containing high levels of Dorsal, which will
form ventral mesoderm. Type I, such as rhomboid, are expressed in the ventral domain of
the neurogenic ectoderm, where nuclear Dorsal is present at intermediate levels. Type Il is
either activated (sog) or repressed (zen) in the dorsal region of the embryo, which has the
lowest concentration of nuclear Dorsal (Figure 9).

The boundaries of the expression domains of Dorsal target genes are defined by the affinity
and number of Dorsal bindings sites as well as by the presence of binding sites for additional
transcription factors. For example, a number of Dorsal target genes, e.g., rhomboid,189 are
expressed in two ventrolateral stripes in the neurogenic ectoderm. In addition to consensus
binding sites for Dorsal, the regulatory regions of these genes contain binding sites for
Twist, 190 the bHLH proteins Daughterless and Scute,2°1 and for Su(H),192 which together
define the lateral extent of expression. The failure of the Type Il neurectoderm-expressed
Dorsal target genes to be activated in the presumptive mesoderm where nuclear Dorsal
levels are high is due to the presence of binding sites for Snail, which is expressed in the
mesoderm and represses these genes.190

As noted above, Dorsal represses some genes and activates others. Dorsal’s intrinsic activity
is to turn on gene expression: synthetic constructs containing only Dorsal binding sites are
activated. Dorsal’s function as a repressor depends upon its ability to facilitate the binding of
co-repressor proteins to neighboring AT-rich regions within the Ventral Repression
Elements (VRES) of zen and dpp.193-198

Over the last decade, the Levine lab has applied successively more sophisticated approaches
to identify additional Dorsal target genes and subdivide the embryonic DV axis into regions
defined by distinct thresholds of sensitivity to control by Dorsal. This work has established
the set of genes regulated by Dorsal as one of the most highly characterized gene regulatory
networks to be described. Initially, Markstein et al.19% used a bioinformatic approach to
search the Drosophila genome for clusters of the DNA sequence that conforms to the
optimal Dorsal binding site. Of the 15 regions containing three or more binding sites, three
were associated with known Dorsal target genes, while two others were shown to be
associated with genes that exhibit asymmetric expression along the DV axis. The
identification of additional Dorsal targets has escalated rapidly as researchers have taken
advantage of the approach of Roth et al.11° to use females bearing various dorsal group
mutations to generate homogeneous populations of embryos with uniformly high,
intermediate, or low levels of nuclear Dorsal. Stathopoulos et al.2% made probes from RNA
isolated from these three classes of embryos and screened Affymatrix chips containing the
coding capacity of the entire genome. They identified approximately 40 new putative Dorsal
target genes and demonstrated directly that 19 exhibit localized patterns of expression along
the DV axis. Stathopoulos et al.2% also examined genomic DNA lying within approximately
25 kb of certain Dorsal target genes for clusters of Dorsal binding sites. This approach
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allowed them to use less stringent criteria than the strictly computational methods of
Markstein et al.19 and led to the identification of novel enhancers that respond to low,
intermediate and/or high levels of Dorsal.

Biemar et al.2% also generated probes from embryos with uniformly low, intermediate, or
high levels of nuclear Dorsal and used them to screen a tiling array containing the entire
Drosophila genome. They identified an additional 30 protein-coding genes as well as two
transcription units encoding known microRNAs. Zeitlinger et al.22 further increased the
number of potential Dorsal target genes several-fold by subjecting embryos with uniformly
high nuclear concentrations of Dorsal to chromatin immunoprecipitation coupled with
microarray analysis (ChIP-chip). Their object was to determine the genome-wide occupancy
of Dorsal, Twist, and Snail, as many known DV enhancers contain clusters of binding sites
for Dorsal, Twist, and/or Snail. This study identified with high confidence 428 regions that
bind to all three factors. DNA sequence analysis revealed that the frequency of binding sites
for Dorsal, Twist, and Snail is much higher in the identified regions than in random DNA.
Further, many of the identified sequences are conserved in orthologous regions of the 12
sequenced Drosophila genomes, supporting the idea that the binding sites are functional.
This study also identified new DV enhancers in genes whose expression was already known
to be Dorsal-dependent. Finally, Dorsal/Twist/Snail binding site clusters were found near
anterior—posterior patterning genes and genes encoding components of signal transduction
pathways activated by Dpp, EGF, and Notch. Together, these data suggest that Dorsal
regulates a much larger network of genes than was previously appreciated.

Shadow Enhancers and Paused RNA Pol I

The study of Dorsal target genes has provided important insights into general aspects of
transcriptional regulation, including the role of shadow enhancers. These secondary
enhancers often reside relatively far from their target genes, and exhibit activity that is at
least partially redundant with the primary enhancer responsible for gene expression control.
It has been estimated that as many as half of all Dorsal target genes might be associated with
shadow enhancers.292:203 Hong et al.293 suggest that these shadow enhancers may be
pervasive in genes required for animal development and that they may increase robustness
by ensuring precise, reproducible patterns of gene expression. Characterization of the Dorsal
target gene snail revealed a Dorsal-regulated enhancer immediately upstream of the
transcription unit, as well as a second cluster of Dorsal binding sites located 7 kb upstream,
within a neighboring gene (Figure 10). Under normal growth conditions, either enhancer
alone is capable of directing expression of the snail gene that is sufficient to rescue the
gastrulation phenotype of snail mutant embryos.294.205 However, using a novel reporter
system that enables visualization of nascent transcripts, Perry et al.20> demonstrated that in
embryos from dorsal/+ heterozygous mothers or in embryos cultured at elevated
temperatures, many mesodermal nuclei lack reporter gene expression if only one of the two
enhancers is present. Moreover, if embryos in which snail expression is driven only by the
shadow enhancer are cultured at elevated temperature, they exhibit erratic patterns of
gastrulation that are not observed when both enhancers are present.
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Transcription of many Dorsal target genes is also regulated through a mechanism involving
paused RNA polymerase Il (Pol I1). Although recruitment of Pol |1 to the core promoter was
considered to be the rate-limiting step in the activation of transcriptional initiation, it has
been demonstrated that Pol 11 binds to the promoter of Drosophila heat shock genes in the
absence of heat shock, but pauses immediately downstream of the start site.206-208 As g
result, Pol 1l is primed to rapidly continue transcription of these loci in response to heat
shock. Zeitlinger et al.2% examined Pol Il occupancy over the whole genome in Drosophila
embryos derived from mothers mutant for Toll108, a well characterized mutation that
produces uniformly mesodermalized embryos. Pol Il was found to be concentrated at the
start site of 12% of the genes examined, and was completely restricted to the start site in
62% of this group of genes. Several lines of evidence suggest that these genes have a paused
form of Pol 11.209 Developmentally regulated genes, including many DV genes, were highly
enriched among those with paused Pol I1. Notably, even genes that are repressed in
mesodermal tissue, and do not undergo transcription in Toll1%B-derived embryos, were
shown to contain stalled Pol 1.

Boettiger and Levine?10 examined the expression profiles of, and the Pol 11 distribution
along the transcription units of 14 members of the DV gene regulatory network in both
expressing and nonexpressing cells. They classified the genes as either synchronous, in
which cells fated to express the gene exhibited expression within a 3-min time window, or
stochastic, in which all cells fated to express the gene exhibited asynchronous activation of
expression that occurred over fifteen to twenty minutes. Significantly, synchronous genes
bear paused Pol 11 near their start sites, while stochastic genes do not. Lagha et al 211
provided strong evidence that synchrony of gene expression is an important factor in
coordinating spatiotemporally regulated developmental events. Previous studies had
suggested that core promoter elements are sufficient to elicit Pol Il pausing. By creating
chimeras between synchronous and stochastic genes, Lagha et al.211 showed that a 200 bp
sequence centered around the transcription start site is sufficient to determine whether a
gene is activated synchronously or stochastically, and the same 200 bp region determines
whether or not paused Pol 1, associated with synchronous activation, is present. Lagha et
al.211 demonstrated the potential relevance of Pol 11 pausing for developmental events by
constructing a snail transgene in which its paused promoter was replaced with a nonpaused
promoter. Embryos expressing snail from this construct exhibited less synchronous snail
activation as well as a reduction in the integrity of mesoderm invagination during
gastrulation.

Dorsal has historically been considered a conventional transcriptional activator that binds to
enhancer elements and once bound, acts to recruit the Pol 11 complex. The characterization
of many of its target genes as bearing paused Pol Il suggests a more complex mechanism in
which Dorsal binding might instead release Pol 11 to begin elongation (Figure 10). Multiple
scenarios have been proposed to explain the role of Pol 11 pausing in gene expression (see
Levine212 for discussion). In the case of DV development, it is seems likely that paused Pol
Il fulfills the requirement for a mechanism capable of mediating rapid induction of gene
expression during a brief time window within a coordinated group of cells.
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CONCLUSION

About 34 years after the description of the first mutations affecting a dorsal group gene,
dorsal, we have arrived at a fairly comprehensive description of the signal transduction
pathway that defines the polarity of the DV axis of the Drosophila embryo. In reflecting
upon our current understanding, it is worth considering what questions remain to be
answered. For example, what is the molecular nature of the ventrally localized eggshell cue
that is formed through Pipe sulfotransferase activity, and how does this signal regulate the
ability of GD to facilitate the cleavage of Easter by activated Snake protein? What
mechanism accounts for the formation of a gradient of activated Spétzle within the
perivitelline space, when the distribution of the Pipe-sulfated ventral cue is presumably
uniform within the ventral domain? How does the Dorsal nuclear gradient remain stable
over the course of multiple nuclear mitoses, leading to consistent patterns of zygotic target
gene expression? We look forward to exciting results in the future with respect to these and
the other questions that remain unanswered for this pathway.

As noted above, the set of genes regulated by Dorsal protein comprises one of the most
complete and well understood gene regulatory networks thus far documented, largely
through the work of Levine and coworkers. A major area of investigation that follows from
this work will be to understand how the products of these genes combine to mediate
morphogenetic movements and cellular differentiation along the DV axis. The extensive
study of the regulation of Dorsal target genes has already led to important insights into the
process of transcription more generally, such as the elucidation of the role of shadow
enhancers and of paused Polymerase as a potential transcriptional checkpoint for expression
of developmental genes. It will be of interest to determine whether paused RNA Pol Il
constitutes a general mechanism to coordinate the expression of developmental genes in
Drosophila and other organisms, and to understand how enhancer binding proteins such as
Dorsal influence this process at the molecular level.

Finally, an unexpected and monumental insight, which owes much to the prior study of DV
patterning in the embryo, was the recognition of the critical role played by Toll receptor
signaling in the innate immune response in both insects3# and vertebrates.?13 Thus, it is not
overly optimistic to expect that additional exciting surprises related to this fascinating
pathway remain to be discovered.
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Drosophila dorsal-ventral polarity from the oocyte to the first instar larva. The compass at
the upper left indicates the direction of Anterior (A), Posterior (P), Dorsal (D), and Ventral
(V) for each schematic drawing. Relevant structures are labeled. (a) Stage 10 oocyte. (b)

Egg contained within the eggshell. (c) Embryo undergoing germband extension during

gastrulation. (d) Cuticle of first instar larva.
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FIGURE 2.
Wild-type and dorsalized embryonic phenotypes. (a) Cuticle of an embryo from a wild-type

female. Anterior is to the left and ventral is on the bottom. (b) Dorsalized cuticle of a larva
from a gdYM90/gdVM90 muytant female.
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The current understanding of the order of action and epistatic relationships of the gene

products known to be involved in dorsal-ventral patterning of the embryo.
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FIGURE 4.
Model for the ventrally restricted expression of pipe in the follicle cell layer. Schematic

drawing of a stage 10 oocyte. pipe is expressed in the ventral region (blue) but repressed in
the dorsal epithelium (green). Relevant effector molecules and their activation states in
ventral and dorsal follicle cells are indicated at right.
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FIGURE 5.
Sequential asymmetry along the DV axis of polarity from the oocyte to zygotic gene

expression in the embryo. In all panels, anterior is to the left and ventral is down. (a, b)
Stage 10 oocyte showing the dorsal anterior localization of gurken mRNA (a) and ventrally
restricted expression of pipe mMRNA (b). (c—e) Syncytial blastoderm embryos showing
ventral localization of GD-GFP after injection into the pervitelline space (c), ventral-to-
dorsal gradient of Cactus-LacZ degradation visualized by X-gal staining (d), and ventral-to-
dorsal gradient of Dorsal nuclear localization visualized with anti-Dorsal antibody (e). (f)
Cellular blastoderm embryo showing the expression domain of the mRNA encoding the
Dorsal target gene twist in the presumptive mesoderm.
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FIGURE 6.
Diagram depicting the sulfation of VML by Pipe in a ventral follicle cell. PAPS is

transported from its cytoplasmic site of synthesis into the Golgi apparatus by Slalom. Pipe
present in the Golgi lumen transfers sulfate from PAPS to VML. Sulfated VML is then
secreted and incorporated into the vitelline membrane layer of the eggshell.
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Diagram depicting the formation of the Spatzle ligand in the ventral perivitelline space.
VML-associated and free GD processes and activates Snake. Only GD that is associated
with Pipe-sulfated VML promotes the interaction between activated Snake and the Easter
zymogen, which leads to Easter cleavage and activation. Activated Easter then processes
and converts Spatzle into the active Toll ligand. Active Easter is bound by and inactivated

by Serpin 27A.
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FIGURE 8.

Diagram depicting the components that mediate Toll activation and signaling, leading to
Dorsal nuclear uptake. Binding of activated Spétzle to Toll leads to the recruitment of a
complex comprised of Myd88, Tube, and Pelle, in a process that depends upon Weckle. This
leads to the phosphorylation, ubiquitination, and degradation of Cactus, releasing Dorsal to
enter the nucleus.
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()

Ventral

FIGURE 9.
Different levels of nuclear Dorsal result in differential gene expression. (a) Diagram

depicting the nuclear Dorsal gradient. Colors on the outside circle indicate the regions in
which zygotic genes classified as Type I, 11, or 111 targets exhibit Dorsal-dependent
transcriptional regulation. Type | targets are transcribed in the ventral mesodermal region.
Type |l targets are transcribed in the lateral neuroectoderm region and repressed in the
mesodermal anlagen. Type Il targets transition from either a repressed (ventral/lateral) to a
de-repressed (dorsal) state, or from an active (lateral) to an inactive (dorsal) state, with the
transition point occurring within the dorsal half of the embryo. (b) Cross-section of an
embryo used for in situ hybridization to visualize the expression domains of snail (sna)
(Type 1), ventral nervous system defective (vnd) (Type I1) and intermediate neuroblasts
defective (ind) (Type 1), short gastrulation (sog) (Type 111) and decapentaplegic (dpp)
(Type ). (Reprinted with permission from Ref 188. Copyright 2009 Cold Spring Harbor
Press)
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FIGURE 10.
A model for Dorsal-mediated control of the snail (sna) transcription unit in the mesoderm

and in the dorsal ectoderm/neurectoderm. At top is shown the position of the sna
transcription unit in relation to the positions of the primary and shadow enhancer regions.2%°
In regions of lower nuclear Dorsal concentrations (dorsal ectoderm/neurectoderm), there is
no Dorsal binding to either enhancer, and RNA Pol Il is paused at the start site.209212 |n the
ventral cells with high levels of nuclear Dorsal (mesoderm), Dorsal is bound to both
enhancers. The binding of Dorsal induces the previously paused RNA Pol Il to initiate sna
transcription.

Wiley Interdiscip Rev Dev Biol. Author manuscript; available in PMC 2016 January 24.



1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Stein and Stevens

TABLE 1

Page 46

Genes Required for Embryonic Dorsal-Ventral Axis Formation in Drosophila and the Functions of their
Protein Products (see text for details)

Gene Identity of Protein Function in Dorsal-Ventral Patterning

papss Synthetase for high-energy sulfate donor 3’- Generates the high-energy sulfate donor PAPS that is
phosphoadenosine 5’-phosphosulfate (PAPS) required for Pipe activity

slalom Membrane protein with multiple membrane spanning ~ Transporter for PAPS from cytoplasm into the Golgi
domains

pipe Homologue of vertebrate enzymes heparan/ Expressed in ventral cells of the follicular epithelium;
chondroitin/dermatan sulfate 2-O-sulfotransferase transfers sulfate to VM constituent proteins

windbeutel Homologue of the vertebrate endoplasmic reticulum Chaperone for Pipe; required for Pipe function and
proteins ERp29 (rat) and ERp31 (human) transport to the Golgi apparatus

nudel Secreted serine protease with additional structural Required for GD processing and for eggshell integrity

gastrulation defective (gd)

snake
easter

seele

Serpin 27A
spatzle

Toll

weckle
Myd88/krapfen
tube

pelle

cactus

dorsal

features of extracellular matrix proteins

Secreted serine protease

Secreted serine protease
Secreted serine protease

Saposin-like endoplasmic reticulum resident protein

Inhibitor of serine proteases

Secreted growth factor

Leucine-rich repeat-bearing single-pass
transmembrane receptor; Homologous to vertebrate

Interleukin-1 Receptor and Toll-like receptors
(TLRs)

Zinc-finger containing adapter
Death domain-containing adapter
Death domain-containing adapter

Serine/threonine protein kinase

Homologue of vertebrate | xB

Homologue of vertebrate NFxB

Processes and activates Snake; facilitates processing of
Easter by Snake; localizes ventrally in the perivitelline
space

Processes and activates Easter
Processes Spatzle into the active Toll ligand

Required for secretion of Easter into the perivitelline
space

Binds and inhibits activated Easter
Processed form is the ligand that activates Toll

Receptor protein activated by Spéatzle

Recruits Myd88/Krapfen to Toll
Component of the Toll signaling complex
Component of the Toll signaling complex

Component of the Toll signaling complex;
autophosphorylates, and phosphorylates Toll, Tube,
Cactus, and possibly Dorsal

Binds to and prevents nuclear localization of Dorsal;
undergoes graded degradation along the embryonic DV
axis

Undergoes graded nuclear accumulation and controls
transcription of zygotic target genes along the DV axis of
the embryo
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