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Generating patterns from fields of cells

Examples from Drosophila segmentation
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In Drosophila, a cascade of maternal, gap, pair-rule and
segment polarity genes subdivides the antero/posterior axis of
the embryo into repeating segmental stripes. This review
summarizes what happens next, i.e. how an intrasegmental
pattern is generated and controls the differentiation of specific
cell types in the epidermis. Within each segment, cells
secreting the signalling molecules Wingless (the homologue of
vertebrate Wnt-1) and Hedgehog are found in narrow stripes
on both sides of the parasegmental boundary. The Wingless
and Hedgehog organizing activities help to establish two more
stripes per segment that localize ligands for the Epidermal
Growth Factor and the Notch signalling pathways, respect-
ively. These four signals then act at short range and in concert
to control epidermal differentiation at the single cell level
across the segment. This example from Drosophila provides a
paradigm for how organizers generate precise patterns, and
ultimately different cell types, in a naive field of cells.

Introduction

Nusslein-Volhard and Wieschaus (1980) used the cuticle of the
Drosophila embryo in their historic screen to identify patterning
mutants because they realized that the exoskeleton pattern of
this insect provides a fantastic readout of the underlying genetic
program. Twenty years or so later, we are starting to understand
how the genes identified in this screen interact to generate this
pattern. For example, it is possible to give a sequence of
patterning events that take place along the antero/posterior (A/P)
axis, starting from egg deposition and continuing down to the
specification of epidermal cell types at the end of embryogenesis.
The first steps of embryonic segmentation have been known
for some time and involve the progressive subdivision of the A/P
axis by maternal, gap, pair-rule and segment polarity genes
(reviewed by Ingham and Martinez Arias, 1992; St Johnston and

Niisslein-Volhard, 1992) (Figure 1). Most of these events occur
before cellularization of the embryo, in a syncitium where gradi-
ents of transcription factors form and regulate downstream genes
(reviewed by Pankratz and Jackle, 1993; Lawrence and Struhl,
1996). Cellularization is completed around the time at which the
segment polarity genes divide the A/P axis into 14-15 stripes,
prefiguring the future segments of the embryo (Figure 1). The key
segment polarity genes are wingless (wg) and hedgehog (hh), the
latter being secreted by the cells expressing engrailed (en). It
turns out that the other segment polarity genes whose functions
have been elucidated are positive or negative regulators of either
the Wg or Hh signalling pathways (reviewed by Perrimon, 1994).
Pair-rule genes initiate the transcription of wgand en/hh in adjacent
domains, and these two domains subsequently regulate each other
to stabilize their expression in two adjacent but non-overlapping
stripes (reviewed by DiNardo et al., 1994) (Figure 1).

This review focuses on how Wg and Hh organize the pattern
within each segment and how the intrasegmental pattern then
allocates distinct identities to single cells. In the ventral ecto-
derm, after the Wg and En/Hh stripes have stabilized, new
stripes form that localize ligands from two other signalling path-
ways: Serrate (Ser), which activates the Notch receptor, and
Spitz (Spi), which activates the Epidermal Growth Factor
Receptor (EGFR). The interplay of the four signalling pathways
activates downstream genes in stripes as small as single-cell width,
and these genes in turn control specific events of epidermal
differentiation.

More stripes: generation of an
intrasegmental pattern

In the ventral ectoderm, the Wg and Hh domains form a bipartite
organizer that straddles the parasegment (PS) boundary and
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Fig. 1. Patterning along the A/P axis of the Drosophila embryo. A cascade of
maternal and zygotic genes is activated in the syncitial embryo to subdivide the
ectoderm into smaller domains (see Flybase, http:/fly.ebi.ac.uk:7081/, for
nomenclature and information about Drosophila genes). The embryo
cellularizes and undergoes gastrulation after activation of the pair-rule genes.
The segment polarity genes and the Hox genes are activated by the pair-rule
genes but a subset of gap genes also influences directly the Hox genes. Both
segment polarity and Hox genes are thought to act in concert to control the
differentiation of each segment of the future larva.

patterns cells on both sides (Figure 2). The PS boundary is visible
in stage 10-11 embryos as a transient groove at the interface
between Wg- and En/Hh-expressing cells. A bit later, at stage 12,
a segmental groove (S) forms at the posterior edge of the En/Hh
stripe and prefigures the deep segmental grooves evident in the
fly larva. The interval between two PS boundaries defines a
parasegment, whereas the interval between two S boundaries
defines a segment (Figure 2).

Early in embryogenesis, at stage 9-10, the expression of Wg
and Hh is interdependent (Figure 2). The Wg protein maintains
En expression in adjoining cells, and En-expressing cells secrete
Hh, which in turn maintains Wg expression in neighbouring
cells (DiNardo et al., 1988; Martinez Arias et al., 1988; Hidalgo
and Ingham, 1990). At the end of stage 10, En expression
becomes independent of Wg and this is when the roles of Wg
and Hh in intrasegmental patterning start. Around stage 11, the
segment polarity genes and the Homeobox (Hox) genes (see
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Figure 1) are responsible for the activation of a single stripe of
Ser expression within each abdominal parasegment (Wiellette
and McGinnis, 1999) (Figure 2). Overexpression experiments
show that Hh and Wg are both repressors of Ser expression
(Alexandre et al., 1999). Consistent with this, the Ser stripe is
expanded in hh or wg mutants (Alexandre et al., 1999; Gritzan
et al., 1999; Wiellette and McGinnis, 1999). Hh, secreted by the
En-expressing cells, represses Ser in the posterior direction, two
to three cell diameters away, and determines the anterior border
of the Ser domain (Figure 2). In the anterior direction, Wg also
represses Ser two to three cells away, thus delimiting the poste-
rior border of the Ser stripe. This shows that although the initia-
tion of Ser expression in broad domains is under the control of
the Hox genes, the polarity genes wg and hh refine the bounda-
ries of the Ser domain by inactivating its expression in a subset
of cells in each parasegment.

At this point, the stage is set for the appearance of another
stripe, which expresses the rhomboid gene (rho; also called
veinlet). rho codes for a transmembrane protein required for the
activation of EGFR ligand Spi (Golembo et al., 1996). As for Ser,
the Hox genes are responsible for activating rho in the ventral
ectoderm (Szuts et al., 1997). The boundaries of its domain of
expression are refined at stage 12 by Ser, Hh and Wg (Alexandre
et al., 1999; Gritzan et al., 1999; Sanson et al., 1999) (Figure 2).
Ser, through activation of the Notch receptor, stimulates Rho
expression in the cells immediately adjacent to its domain. In
addition, Hh stimulates Rho expression up to two cell diameters
away in both directions. This leads to the activation of a stripe of
rho precisely three cells wide posterior to the En/Hh domain
(Alexandre et al., 1999). Anterior to the En/Hh domain, rho acti-
vation is counteracted by the repressive action of Wg signalling.
Together, the activating and repressing activities result in the
asymmetric expression of Rho on only one side of the En stripe
(OFF anterior and ON posterior), which is important for the
polarity of each segment. The key factor in breaking the
symmetry is Wg: in wg mutants, Rho stripes are found on both
sides of the En domain (Gritzan et al., 1999; Sanson et al., 1999).

Range of each ligand localized by
the intrasegmental pattern

At stage 12, the ventral domain of each embryonic segment is
thus subdivided into five stripes (Figure 2). Four of the five
intrasegmental stripes act as sources of a ligand from a different
signalling pathway: Spi (EGFR ligand), Ser (Notch ligand), Wg or
Hh. The range of these four ligands is key in positioning the
zones of activation of downstream genes. Determining the range
of a signalling ligand in a field of cells is a complex issue, in part
because of the variety of approaches required for its study. The
most direct way of assessing how far a ligand spreads from its
source is to examine the distribution of the protein by immuno-
staining the whole tissue. However, this assay is dependent on
the sensitivity of the detection method, and on the accessibility
of the epitope, which may vary in different sub-cellular compart-
ments. Another approach is to examine the maximum distance
from the source at which a target gene is activated or repressed.
One drawback of this is that some target genes may be sensitive
to only high doses of ligand, or be unresponsive in some loca-
tions due to the input of other signalling pathways.
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Fig. 2. Generation of an intrasegmental pattern in the Drosophila embryo. This sequence is accurate for the ventral side of the abdomen. PS designates the
parasegmental boundaries and S the segmental boundaries. The anterior of the embryo is to the left, the posterior to the right. The apical side of the cells is up, the
basal side is down. Small violet dots represent the extracellular gradient of Wg protein. At stage 9-10, Wg and En/Hh expression is interdependent, and the Wg
gradient symmetrical. At stage 11, Wg and En/Hh expression become independent, and the Wg gradient becomes asymmetric. At the same time, the Ser domain
is delimited by the repressive action of both Wg and Hh. This generates one Ser stripe, two to three cells wide, per parasegment. At stage 12, Hh activates Rho
expression in two rows of cells posterior to the En/Hh domain, and Ser activates Rho in one row of cells anterior to its domain. This results in a stripe of Rho
expression precisely three cells wide. Anterior to the En/Hh domain, Wg signalling represses Rho expression. At the end of stage 12, the PS boundaries are no
longer visible, and the segment grooves have formed immediately posterior to the En cells. At the end of embryogenesis, the posterior row of En cells and the Rho
and Ser cells secrete denticles which make up the ventral denticle belts of the larval abdomen. Wg signalling specifies smooth cuticle in asymmetric fashion, three
to four cell diameters in the anterior direction, but only extending through the first row of En cells to the posterior. The Ser-expressing cells secrete rows 5 and 6

of the denticle belts.

The range of Wg in the ventral epidermis of the embryo has
been studied extensively (reviewed by Howes and Bray, 2000).
Strikingly, the shape of the Wg gradient undergoes a transi-
tion at mid-embryogenesis (van den Heuvel et al., 1989;
Gonzalez et al.,, 1991; Sanson et al., 1999; Dubois et al.,
2001). At stage 9-10, when Wg is required to maintain En
expression, the gradient of Wg protein is symmetric, as detected
by immunostaining (Figure 2). At stage 11, the Wg protein seems
to recede from the En domain (Figure 2). This change of distribu-
tion occurs when En expression becomes independent of Wg
(Bejsovec and Martinez Arias, 1991; Heemskerk et al., 1991).
The asymmetry in Wg distribution is matched by an asymmetry
in the activity of Wg signalling; for example, Wg represses rho
anterior but not posterior to its source. Unexpectedly, Hh signal-
ling is required for the asymmetric distribution of the Wg ligand
(Sanson et al., 1999). In the absence of Hh signalling, and under
conditions in which a localized source of Wg is maintained, Wg
distribution on both sides of this ectopic source becomes
symmetrical (Sanson et al., 1999). Recent studies have shown
that the asymmetric distribution of Wg is in part due to the accel-
erated degradation of the Wg ligand in the En and Rho domains
(Dubois et al., 2001). Under normal immunostaining conditions,
the Wg protein is mostly undetectable in these domains after

stage 11. By fusing the Wg protein to a horseradish peroxidase
(HRP) tag, which can be detected intact in the lysosomes, the
fate of the Wg-HRP ligand could be traced to the lysosomes in
the cells posterior to its source (Dubois et al, 2001). This
suggests that some Wg can reach the Rho cells, but is immediately
sent to the lysosomes for degradation.

Unlike Wg, Spi and Ser are likely to be distributed symmetric-
ally and they act at a short distance from their sources. The EGFR
ligand Spi is expressed uniformly in an inactive form. Rho
activates Spi by processing it (Lee et al., 2001). Thus, the Rho
stripe is a source of active Spi ligand, and based on its effect on
the denticle fate (O’Keefe et al., 1997; Szuts et al., 1997), is
likely to have a range of no more than two cell diameters on
both sides of the Rho domain. Ser is a transmembrane ligand and
is assumed to activate the Notch pathway only in adjacent cells
(Fleming et al., 1990).

The situation is more complex with Hh. Judging from its action
on its target genes, Hh can signal up to three cell diameters
posterior to the En/Hh domain during stage 11. For example, Hh
represses Ser expression over three cell diameters in the poste-
rior direction (Alexandre et al., 1999; Gritzan et al., 1999)
(Figure 2). Interestingly, Hh signalling is asymmetric in the sense
that some of its target genes are expressed posterior, but not
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Fig. 3. Control of epidermal differentiation by the intrasegmental pattern.
(A) Wg and Spi ligands are distributed across two domains of roughly equal
size. Their gradients overlap within the En-expressing cells, where a
mechanism of competition leads to activation of Wg signalling in the anterior
En cell, and to activation of EGFR signalling in the posterior En cell. Svb is
expressed in the cells that will secrete denticles on the ventral side of the future
larva, and its domain coincides with the domain of EGFR activation. Cells
under the influence of Wg signalling repress Svb expression and secrete a
smooth cuticle. The photograph shows a larval cuticle visualized by dark field
microscopy. (B) The ligands Wg, Hh and Spi act at short-distance and
anisotropically to stimulate the expression of the protein Stripe in three rows
of cells in the ventral epidermis.

anterior, to the En/Hh domain (e.g. rho and stripe, see Gritzan et
al., 1999; Hatini and DiNardo, 2001) (Figure 2). This could be
explained by a repression of the target genes by Wg signalling
anterior to the En/Hh domain, which indeed seems to be the case
for rho and stripe (Sanson et al., 1999; Piepenburg et al., 2000;
Hatini and DiNardo, 2001). Alternatively, this could result from
an asymmetric distribution of the Hh protein after stage 11 but,
so far, there is no evidence that this is the case.

From intrasegmental patterning to
epidermis differentiation

We now have a relatively clear picture of how an intrasegmental
pattern develops and how it establishes a precise distribution of
signalling molecules within the ventral ectoderm of the
Drosophila embryo. The next problem was to relate this pattern
to the differentiation of the different cell types that ultimately
make up the epidermis. Recent work has demonstrated how this
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happens for two events of epidermal differentiation: the
specification of the tendon cells and the specification of cells
that secrete denticles.

Differentiation of epidermal denticles. At the end of Drosophila
embryogenesis, two types of cuticle are made: some cells
secrete a smooth cuticle, whereas others secrete hair or denticles
of various sizes and shapes (reviewed by Martinez Arias, 1993).
On the ventral side of the abdominal epidermis, ‘denticle belts’,
which consist of about six rows of denticle-making cells, are
formed (Figure 2, end of embryogenesis, and Figure 3A). Each
abdominal belt is separated from the next by about six rows of
cells secreting a smooth cuticle. The domain of expression of
genes in the intrasegmental pattern has been mapped precisely
onto the cuticle using B-galactosidase reporter transgenes. Row
1 of each denticle belt is secreted by the second row of En-
expressing cells, whereas the anterior En cell secretes a smooth
cuticle (Dougan and DiNardo, 1992). Rows 2, 3 and 4 of the
denticle belts are secreted by the Rho-expressing cells (Alexandre et
al, 1999; Sanson et al., 1999). Wg expression coincides with a
single row of smooth cuticle secreting cells, just anterior to the
En domain (O’Keefe et al., 1997; Sanson et al., 1999). The Ser-
expressing cells secrete rows 5 and 6 of each denticle belt (J.-P.
Vincent, personal communication).

What makes the distinction between cells that secrete denticles
and cells that secrete a smooth cuticle? In the ventral epidermis,
the cells that later make the denticle belts at the end of embryo-
genesis express the gene shaven-baby (svb) (Payre et al., 1999;
Figure 3A). Payre et al. (1999) showed that svb is necessary and
sufficient to direct denticle formation cell-autonomously in the
embryo. Consistent with this, orthologues of svb promote hair
formation in other species such as mouse (Dai et al., 1998). It
has been known for some time that Wg specifies smooth cuticle
versus denticle fate, but the details of this induction have
remained unclear (Bejsovec and Martinez Arias, 1991;
Noordermeer et al., 1992; Lawrence et al., 1996). Payre et al.
(1999) demonstrate that Wg specifies smooth cuticle by
repressing the expression of Svb. Svb expression becomes
ubiquitous in wg mutants, and is repressed when Wg is produced
ectopically. Thus, the asymmetric distribution of Wg causes asym-
metric repression of Svb on either side of the Wg source,
resulting in one row of cells making smooth cuticle posterior to
the Wg cells, and three to four cells making smooth cuticle
anterior to them (Figure 3A).

The expression of Svb seems at the same time to be activated
by the EGFR signalling pathway (Payre et al., 1999). The ligands
Wog and Spi are distributed in two domains of roughly equivalent
size, one in which Wg signalling is activated and a second in
which the EGFR pathway is activated (Figure 3A). The zones of
influence of the two signalling pathways overlap briefly in the En
stripe, where a mechanism of competition resolves them into
two non-overlapping domains (Dougan and DiNardo, 1992;
O’Keefe et al., 1997; Szuts et al., 1997). The first row of En cells,
where the Wg pathway ‘wins’, makes smooth cuticle, whereas
the second row, where the EGFR pathway prevails, makes
denticles (row 1 of the abdominal denticle belt). As EGFR is
active in Rho and Ser cells, the domain of EGFR activation
coincides with the domain of Svb expression (Figure 3A). In
addition, the EGFR pathway is able to stimulate Svb expression
when ubiquitously activated (Payre et al., 1999). There is no
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available evidence, however, that the EGFR pathway is actually
required for Svb expression.

Differentiation of tendon cells. Tendon cells direct the attach-
ment of the muscles to the epidermis. In the ventral part of the
ectoderm at mid-embryogenesis, three regularly spaced rows of
cells express Stripe (Sr), a determinant of the tendon cell fate
(Frommer et al., 1996). The position of these rows is invariable
and each one is induced by short-range signalling from one of
the signalling pathways active in intrasegmental patterning
(Hatini and DiNardo, 2001). This was shown using thermosensi-
tive mutations of the hh, wg and EGFR genes. The first row of
Stripe expression (Sr1) is induced by Hh signalling in adjacent
posterior cells (Figure 3B), whereas the induction to the anterior
is blocked by Wg signalling. Sr2 is induced by EGFR signalling
immediately posterior to the Rho domain, presumably through
the ligand Spi. Sr3, on the other hand, requires Wg induction
and forms adjacent to the Wg source (Figure 3B). It can be one
or two (not shown) cells wide. Thus, the induction of each stripe
of tendon cells requires a different signalling pathway, each
acting at short distance and anisotropically. Moreover, Sr activa-
tion seems to occur only at high levels of signalling, explaining
why a single row of Sr cells is induced in most cases (Hatini and
DiNardo, 2001). However, it remains a mystery why Sr2 and Sr3
induction occurs only anterior to the Wg source, or only poste-
rior to the Spi source, respectively.

Transcriptional control by
intrasegmental signalling

Recent work has identified the response elements that trigger the
expression of the gene sr in the dorsal and lateral epidermis
(Piepenburg et al., 2000). In these regions, only Sr1 is found, Sr2
and Sr3 being restricted to the ventral epidermis (Frommer et al.,
1996; see Figure 3B). Piepenburg et al. (2000) found that a small
fragment of the sr promoter can drive expression in the Srl
pattern. Moreover, this small element responds to Hh and Wg
signalling in the same way as Sr1: Hh activates its expression
posterior to the En domain, whereas Wg represses its expression
anterior to the En domain. The reporter element used in these
studies contains two binding sites for the downstream effector of
Hh signalling, Cubitus interruptus (Ci) (homologue of Gli
proteins in vertebrates), and two binding sites for the down-
stream effector of Wg signalling, Pangolin (Pan) (homologue of
TCF factors). Deletion of one Pan binding site is sufficient to
trigger ectopic expression of the element anterior to the En
domain, indicating that this site is required for Wg repression.
Conversely, the deletion of the two Ci sites completely abolishes
expression from the element. This work strongly suggests that Hh
signalling acts symmetrically and directly to stimulate expres-
sion of Sr on both side of the En domain. Wg breaks this
symmetry by repressing the expression of Sr anterior to the En
cells only, which is consistent with the finding that Wg does not
signal far in the posterior direction after stage 11 (Sanson et al.,
1999; Dubois et al., 2001).

In light of these results, a direct role of downstream effectors of
the Wg pathway in repressing svb transcription is possible.
Indeed, Payre et al. (1999) implied that the expression of Svb is
controlled directly at the transcriptional level by competition
between the Wg and EGFR signalling pathways. Direct evidence
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for this, however, is still lacking. Moreover, stimulation of Svb
expression by EGFR signalling might be indirect. Recent
evidence indicates that the fast degradation of the Wg ligand
posterior to the En cells is under the control of EGFR signalling
(Dubois et al., 2001). Thus, the ectopic activation of Svb
observed after ectopic activation of EGFR could be due to an
increase in the degradation of the Wg ligand, indirectly blocking
Wg-mediated repression. It is conceivable, however, that EGFR
signalling acts at several levels, stimulating svb transcription as
well as accelerating Wg degradation. Further experiments are
needed to distinguish between these possibilities.

Conclusions and perspectives

In the A/P axis of Drosophila, one can now describe a develop-
mental sequence of events from the beginning of axis formation
up to the differentiation of single cells at the end of embryogen-
esis. The sequence is deceptively straightforward: a sheet of cells
is subdivided into increasingly smaller stripes in which signals
from a handful of pathways are differentially activated. In spite
of the simplicity of this mechanism, it has taken years to under-
stand, in part because signals such as Wg perform so many
different functions and act at different ranges to regulate their
targets. This example provides a paradigm for the study of more
complex developing structures such as vertebrate organs or
tissues, which generally employ many more signalling
pathways.

This example from Drosophila development also points out
new fundamental questions that need investigation. For
example, there is the problem of ligand trafficking within a
developing tissue. How are signalling ligands secreted, proc-
essed, transported and recycled? At another level, it will be
important to decipher how these events actually modulate
patterning. A second problem relates to how the input from
various signalling cascades is integrated at the level of transcrip-
tion within a given cell. The example of Sr1 regulation suggests
a combination of modular enhancers working independently
(Arnone and Davidson, 1997). A third question is how the acti-
vation of genes such as srand svb leads to the morphogenesis of
a tendon or a hair-secreting cell. Both svb and sr code for zinc-
finger transcription factors, and thus must regulate a set of target
genes able to modify cell shape in a autonomous manner.
Finally, each row of denticles in the ventral abdomen has its
own polarity and size. It has been hypothesized that the juxtapo-
sition of the different signalling pathways could control the size
and polarity of denticles (Alexandre et al, 1999). How the
signalling pathways influence these aspects of cell morphogen-
esis is presently unknown. Most of these questions are quite
basic and also valid for other developing structures in other
organisms. The small fruitfly provides a wonderful model in
which to investigate them.
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