The Polar Coordinate

Model Goes Molecular
Peter J. Bryant

Ohe of the fascinations of animal develop-
ment is that cells appear to know their physi-
cal position in the embryo and behave (dif-
ferentiate, grow, divide, migrate, die) accord-
ingly. But what is the frame of reference for
such a positional information system, and
how is it generated? Conventional descrip-
tions of embryos and limbs in terms of ante-
rior-posterior and dorsal-ventral axes imply
thata Cartesian system of orthogonal coordi-
nates specifies position in developing sys-
tems. However, an alternative idea, which
came from studies of limb regeneration in
insects and vertebrates, was the polar coordi-
nate model, proposed in 1976 (1). In this
model the position of limb cells is specified
by one coordinate corresponding to the proxi-
mal-distal axis of the limb and another corre-
sponding to position on one of a concentric
series of circles at different proximal-distal
levels. The molecular basis of the polar coor-
dinate system has always been elusive, but
important clues are now coming from several
sources. One of these sources is the genes
that control the primary segmentation pat-
tern of the Drosophila embryo. Several of these
genes also participate in limb development,
and their expression patterns and mutant
phenotypes provide striking evidence in fa-
vor of a polar coordinate system of positional
information. Here I concentrate on the de-
veloping leg (Fig. 1); the slightly more com-
plex situation in the wing is discussed else-
where (2).

Genes that potentially specify the circum-
ferential coordinate have been found in the

segment polarity class. In the embryo, these

genes are expressed as patterns of stripes of
less than a segment in width; their mutations
cause alterations of segment pattern and po-
larity (3). In the wingless subclass of segment
polarity genes, mutations cause deletion of
the posterior region of each embryonic seg-
ment and its replacement by a mirror-image
duplication of the anterior denticle belt. It is
difficult to test these genes for a subsequent
effect on imaginal disc patterning because
the mutants die as embryos, before imaginal
disc growth. However, analysis of the pheno-
types of weak alleles, and of the phenotypes
of homozygous cell clones in mutant het-
erozygotes, has shown that at least four of the
wingless-subclass genes function again in set-
ting up the limb pattern (4, 5).
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Fig. 1. The leg imaginal disc of Drosophila
develops into the adult leg. During metamor-
phosis, the imaginal disc dramatically elon-
gates, the center of the disc becomes the distal
tip of the leg, and the periphery becomes the
proximal boundary.

The expression pattern of, and require-
ment for, the wingless gene in the developing
imaginal discs are described by Couso and
co-workers in this issue of Science (6). When
it is required for limb patterning, wingless is
expressed in a narrow ventral-anterior sector
in the leg disc (Fig. 2). In flies carrying an
allele of wingless that is lethal at the pupal
stage (4, 7), or a heat-shocked temperature-
sensitive heteroallelic combination (6), ven-
tral structures are replaced by a mirror-image
duplication of dorsal structures. The deleted
region includes not only the ventral-anterior
sector but also flanking areas. This nonau-
tonomous effect of the mutation outside the
region where the gene is expressed is consis-
tent with the idea that the gene product dif-
fuses away from the cell that makes it and is
required for normal development of other
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cells. Small wingless mutant clones in a re-
gion requiring wingless can be rescued by sur-
rounding wild-type cells, confirming that the
gene product can affect cells that do not ex-
press wingless. Indeed, the wingless product
is a secreted protein that is transferred be-
tween cells in vesicles at the apical end of the
cell (8, 9).

Other genes in the wingless subclass may
encode additional elements of the wingless-
mediated signalling pathway. The armadillo
gene is expressed over the entire leg disc, but
appears to be required only in a wide ventral
sector that includes the narrower region where
wingless is expressed (4). This larger sector
may correspond to the region over which the
wingless signal is effective, and armadillo may
function in the response of cells to the wing-
less signal (4). Another element in the re-
sponse to the wingless signal is the engrailed
gene, a member of a different subclass of seg-
ment polarity genes. In embryonic segment
patterning, wingless and engrailed are expressed
in adjacent domains, and each is required to
maintain the expression of the other (10).
Both wingless and engrailed products seem to
be essential for the initial establishment of
the leg imaginal discs in the embryo, because
mutations in these genes completely (wing-
less) or almost completely (engrailed) prevent
the formation of leg imaginal discs in cul-
tured embryos (11).

In the leg disc, engrailed is expressed in a
180° sector adjacent to the wingless-express-
ing sector (12) (corresponding to the poste-
rior compartment), and hedgehog shows a simi-
lar expression pattern. Loss of engrailed func-
tion causes transformation of posterior into
anterior structures (13). The engrailed gene
encodes a homeodomain-containing tran-
scription factor (14) and appears to be re-
sponsible for repressing the expression of
cubitus interruptus in the posterior compart-
ment (12), leaving it expressed only in the
anterior compartment.

The circumferential coordinate of the leg
disc pattern could be specified by localized
expression of these and other segment polar-
ity genes, just as anterior-posterior position
within the embryonic segment is specified by
local expression of the same genes. The ex-
pression patterns of wingless and engrailed in
embryonic segments evolve quite directly into
the imaginal disc patterns, as shown by Couso
and co-workers (6). The phenotypes of the
adult-viable segment polarity gene mutants
(15) are consistent with their being involved
in controlling the circumferential coordinate.
Mutations, not only in wingless, engrailed, and
cubitus interruptus, but also in patched and
fused, each affect one or a few longitudinal
bristle rows, corresponding to a specific part
of the circumferential dimension. This result
suggests that these genes will also have secto-
rial patterns of expression.

Proximal-distal levels of the developing
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leg pattern are also associated
with the local expression of
specific genes (Fig. 2). In some
cases expression is in a single
ring, for example, the teashirt
gene at a very proximal level
(coxa-trochanter) and the
apterous gene at a distal level
(fourth tarsal segment). One
gene, rotund, is expressed in a
larger region of the proximal-
distal axis (tarsal segments 1
to 4). In other cases—odd-
skipped, disconnected, and Dis-
tal-less—expression is seen in
a number of concentric rings,
each one usually correspond-
ing to part of the proximal-
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distal extent of a given leg seg-
ment (16).

These expression patterns
show that cells at a given proxi-
mal-distal level share some mo-
lecular identity. But is that
identity important in pattern
formation? The phenotypes produced by
mutations in some of these genes show that
they are, in fact, essential for leg develop-
ment. Thus, mutations of rotund, which is
expressed in tarsal segments 1 to 4, cause cell
death and loss of the corresponding segments
(17). Mutations of Distal-less, which is ex-
pressed at high levels in the tarsal segments
and distal tibia (16), cause loss of distal parts
of the leg; the amount of loss depends upon
the allele in a manner that suggests a graded
requirement for the gene product along the
proximal-distal axis (18). The disconnected
and apterous genes, in spite of showing ex-
pression at specific proximal-distal levels, are
not required for leg development.

Analysis of some of these genes is provid-
ing new information about how the circum-
ferential and proximal-distal dimensions of
the leg disc may be related. In the polar coor-
dinate model, it was proposed that genera-
tion of distal structures requires a majority of
circumferential positional values, and the
phenotypes of several mutants support this
idea. For example, the dorsal duplications
produced in temperature-sensitive wingless
animals are distally incomplete or distally
branched, depending on the time of the heat
pulse (6). Mutations of the decapentaplegic
gene, which is expressed as a narrow proxi-
mal-distal stripe along the anterior-posterior
compartment boundary, cause loss of distal
structures, the extent of loss depending on
the allele (19) Clones of homozygous mutant
hedgehog cells in the posterior compartment
of the disc, where the gene is expressed, give
rise to distal defects in the legs that include
anterior as well as posterior structures (20).

Additional genes showing local expres-
sion in imaginal discs have been identified in
“enhancer trap” lines—strains of flies in
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which a reporter gene has been transposed
into random locations in the genome and
used to detect genes that have interesting
spatial patterns of expression (16, 21). Some
of the most common spatial patterns in the
leg disc are single rings and concentric rings
(22, 23), suggesting that additional genes
will be found that function at distinct levels
of the proximal-distal axis. Radial sectors and
arcs of expression have also been found in
some of these lines, again consistent with the
idea of a polar coordinate system of posi-
tional information.

The genetic control of patterning in the
developing imaginal discs is starting to re-
semble the much-better understood situation
in the overall embryo pattern (3). The ex-
pression pattern of rotund in the leg disc may
be analogous to those of gap genes in the
embryo, in that the gene is expressed and
required in a multisegment domain (17),
while in other cases the expression pattern
seems to be more analogous to that of the
segment polarity genes.

The segment polarity genes potentially
participate in specific signalling pathways in
the embryo (3), and the positional informa-
tion system in developing imaginal discs ap-
pears to utilize many of the same gene prod-
ucts and possibly the same pathways. Imagi-
nal disc development is more complex than
that of embryonic segments, with the addi-
tion of a proximal-distal axis and the added
requirement of controlling cell proliferation
in a spatially organized way. Nevertheless,
with many cloned genes in hand and their
expression patterns providing intriguing clues,
it should now be possible to make rapid
progress in understanding the genetic basis
for the cell interactions underlying the polar
coordinate system of positional information.
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Fig. 2. Patterns of gene expression in the leg disc (late third instar). The patterns are determined from RNA in
situ hybridization, protein immunolocalization, or staining for beta-galactosidase produced by a reporter gene (217).
References: wingless (6); armadillo(4), engrailed and cubitus interruptus (12); hedgehog (24), decapentaplegic (25);
patched (26); achaete and hairy (27, 28); rotund (17); teashirt, odd-skipped, disconnected, Distal-less, and apterous
(16). The patterns for achaete and hairy are from the pupal leg. The wingless diagram also shows the region over which
armadillo function is required (4). A/P, the boundary separating anterior and posterior lineage compartments ( 76).
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