Polarity determination in the Drosophila
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and JAK/STAT signaling
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The JAK/STAT signaling pathway is required for many processes including cytokine signaling, hematopoiesis,
gliagenesis, and Drosophila segmentation. In this report we present evidence demonstrating that the
JAK/STAT pathway is also central to the establishment of planar polarity during Drosophila eye
development. We show that a localized source of the pathway ligand, Unpaired, is present at the midline of
the developing eye, which is capable of activating the JAK/STAT pathway over long distances. A gradient of
JAK/STAT activity across the DV axis of the eye regulates ommatidial polarity via an unidentified second
signal. Additionally, localized Unpaired influences the position of the equator via repression of mirror.
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The Janus kinase (JAK)/signal transducer and activator
of transcription (STAT) pathway is a signal transduction
mechanism originally identified in mammals (Schindler
et al. 1992). The pathway consists of a transmembrane
receptor molecule with which the JAK tyrosine kinase is
constitutively associated. Following activation and
dimerization of the receptor by ligand binding (Fig. 1A,
1–2), JAK kinase is activated by phosphorylation and
then recruits cytosolic STAT to the complex (Fig. 1A, 3).
Recruited STAT molecules are then phosphorylated on
an invariant tyrosine residue and translocate to the
nucleus (Fig. 1A, 4) in which they bind a consensus DNA
motif and activate transcription (Fig. 1A, 5 for review,
see Darnell 1997; O’Shea 1997). In mammalian systems,
the JAK/STAT pathway has been implicated in the
transduction of cytokine signaling (Kaplan et al. 1996;
Shimoda et al. 1996) as well as the development of the
immune system (Macchi et al. 1995; Durbin et al. 1996),
mammary glands (Liu et al. 1997), and glial cells (Bonni
et al. 1997).
The JAK/STAT pathway is also present in Drosophila,
in which a single JAK homolog encoded by the hopscotch (hop) locus (Binari and Perrimon 1994) and a
single STAT homolog, called stat92E, have been identified (Hou et al. 1996; Yan et al. 1996b). Mutations in both
Drosophila JAK and STAT were first identified by virtue
of their distinctive embryonic phenotypes. When the
function of either is removed from the embryo, there is
partial loss of expression of the pair–rule genes runt and
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even-skipped and, consequently, some abdominal segments are lost or fused together (Perrimon and Mahowald 1986; Binari and Perrimon 1994; Hou et al. 1996).
Recently, an in vivo ligand activating the JAK/STAT
pathway has also been identified in Drosophila. A report
by Harrison et al. (1998) presents evidence that the secreted protein Unpaired (Upd) acts as the pathway ligand
during embryonic segmentation. Mutations in Upd give
an identical embryonic phenotype to loss of hop or
stat92E, Upd is expressed in the domains in which JAK/
STAT activity is required during segmentation, and Upd
activates JAK in a tissue-culture assay (Harrison et al.
1998).
In addition to its role in embryonic segmentation, the
Drosophila JAK/STAT pathway is also required for other
developmental events. For instance, Hop regulates proliferation of imaginal tissue (Perrimon and Mahowald
1986) and the dominant gain-of-function (GOF) hopTuml
allele causes melanotic tumors and hypertrophy of the
larval lymph glands (Hanratty and Dearolf 1993; Harrison et al. 1995; Luo et al. 1995). Ectopic Hop expression
has also been associated with cell fate transformations
(Harrison et al. 1995) and partial loss-of-function (LOF)
STAT alleles have been described that display wing vein
phenotypes (Yan et al. 1996a). Also, a number of viable
alleles of upd have been identified, including outstretchedsmall eye which is probably a regulatory allele
(Harrison et al. 1998) and results in both reduced eye size
and a heldout wing phenotype.
In this study we investigate the function of Upd and
the JAK/STAT pathway in Drosophila eye development
and their roles in polarity decisions. The compound eye
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Figure 1. The JAK/STAT pathway and the establishment of
dorsoventral polarity in the eye disc. Anterior is to the left and
dorsal up, here and in all subsequent figures. (A) The transduction of extracellular signals from the cell membrane to the
nucleus by the JAK/STAT signaling pathway. (B) A schematized representation of ommatidial development and rotation. The movement of the morphogenetic furrow (MF) from
posterior to anterior across the disc leads to the determination
of successive rows of increasingly mature ommatidial clusters
(red). Shortly before determination of the R7 photoreceptor (yellow), dorsal and ventral clusters rotate in opposite directions to
generate the equator (blue line). (C) Ommatidial clusters at the
equator in the third instar eye disc. All photoreceptor nuclei are
marked by anti-Elav (red) and the R7 nucleus is also marked by
expression of Prospero (green, yellow when overlaid). (D) Schematic representation of C showing the position of the equator
(blue line) through this region and the green dorsal arrows and
red ventral arrows used to indicate ommatidial polarity. (E)
Adult eye section at the equator showing the stereotypical trapezoidal arrangement of rhabdomeres in each adult ommatidial
cluster. Each ommatidium is surrounded by a hexagonal array of
pigment granules. (F) Schematic representation of E showing
position of the equator (blue line) through this region and the
green dorsal arrows and red ventral arrows used to indicate ommatidial polarity.

of Drosophila has proved to be a rewarding system for
such studies. In this structure, polarity is established at
the level of repeating multicellular units (known as ommatidia), which are organized into a precise hexagonal

array (for review, see Wolff and Ready 1993). The adult
eye is composed of ∼800 ommatidia, each of which forms
one facet. Sections through the eye reveal that each ommatidium contains eight photoreceptor cells in a stereotypic trapezoidal arrangement that has two mirror-symmetric forms, a dorsal form present above the dorsoventral (DV) midline, and a ventral form below. An axis of
mirror-image symmetry runs along the DV midline and
is known as the equator. By analogy to the terrestrial
equator, the extreme dorsal and ventral points of the eye
are referred to as the poles (Fig. 1B–F).
Differentiation of ommatidia begins during the third
instar larval stage when a furrow moves from posterior
to anterior over the epithelium of the eye imaginal disc.
Each ommatidial unit is born as a bilaterally symmetrical cluster of photoreceptor precursors, which is polarized on its anteroposterior axis (Fig. 1B). The clusters
then become polarized on the DV (or equatorial–polar)
axis, as the proto-ommatidium rotates via two 45° steps
away from the DV midline, forming the equator (Fig. 1B).
It has been suggested that the direction of this rotation is
a consequence of a gradient of positional information
emanating from either the midline or the polar regions of
the disc (e.g., Baker and Rubin 1992; Ma and Moses 1995;
Zheng et al. 1995).
A number of recent studies have shed light on some of
the mechanisms involved in the positioning of the equator on the DV midline of the eye imaginal disc. It is now
clear that a critical step is the activation of Notch activity in a line of cells along the midline, and that this
localized activation of Notch is a consequence of the
restricted expression of the fringe (fng) gene product in
the ventral half of the disc and the homeodomain transcription factor Mirror (Mirr) in the dorsal half of the disc
(McNeill et al. 1997; Cho and Choi 1998; Domı́nguez
and de Celis 1998; Papayannopoulos et al. 1998).
Furthermore, an important role for Wingless (Wg) in
polarity determination on the DV axis has been demonstrated. Wg is a secreted protein (and the founder member of the Wnt family of morphogens), which is expressed at the poles of the eye disc. Wg has been shown
to act as an activator of mirr expression; increasing the
levels of Wg expression in the eye disc shifts mirr expression and the position of the equator ventrally,
whereas reduction of wg function shifts mirr expression
dorsally (Reifegerste et al. 1997; Heberlein et al. 1998).
Additionally, it has been shown convincingly that a gradient of Wg signaling across the DV axis of the eye disc
regulates ommatidial polarity such that the lowest point
of Wg signaling coincides with the equator (Wehrli and
Tomlinson 1998).
This paper is the first detailed analysis of Upd/JAK/
STAT pathway function during Drosophila eye development. We show that Upd is necessary to determine the
position of the equator via regulation of mirr. Furthermore, loss of the intracellular pathway components
(JAK/STAT) produces ectopic axes of mirror-image symmetry characterized by nonautonomous inversions of
ommatidial polarity, a phenotype also produced by Upd
misexpression. We have used a novel in vivo assay for
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JAK/STAT activity on the basis of the expression of an
enhancer detector P-element insertion in the stat92E
gene and have shown that the level of JAK/STAT pathway activity is high at the midline of the disc and low at
both poles. This gradient of pathway activity correlates
with the distribution of Upd, which is present at the
optic stalk in the center of the eye. Thus, we provide the
first evidence that the secreted Upd protein can act at a
distance as a developmental patterning signal, activating
a gradient of JAK/STAT activity in vivo.
Results
JAK and STAT are required for correct
ommatidial polarity
LOF clones for mutations in the Drosophila JAK and
STAT homologs were generated by the FLP/FRT system
(Xu and Rubin 1993). Tangential sections through LOF
clones of both hop and stat alleles showed a regular array
of ommatidia containing a wild-type complement of correctly differentiated and correctly positioned photoreceptor cells (Fig. 2A,C; data not shown). Thus, the JAK/
STAT pathway is not absolutely required for imaginal
disc cell proliferation, cell fate specification, or differentiation. Mutant clones were, however, associated with
stereotyped defects in ommatidial polarity.
hop and stat92E LOF clones cause ommatidial
polarity inversions
A large proportion of hop LOF clones result in polarity
defects in which ommatidia straddling the polar boundary of the clone exhibit inverted DV polarity (Fig. 2A–D).
The phenotype is strongest in larger clones and in clones
in which the polar boundary runs parallel to the equator.
Typically, one or two ommatidial rows are inverted,
with the strongest phenotype observed showing about
five inverted rows. Mutant ommatidia in the center of
the clone and on the equatorial margin of the clone show
a normal orientation (Fig. 2A,B). Both totally mutant ommatidia adjacent to the polar boundary and chimeric ommatidia comprising both wild-type and mutant cells on
the clonal border can assume an inverted fate. Occasional inversions were observed in clusters immediately
outside the clone in which all of the photoreceptors were
wild type (arrows in Fig. 2C). LOF hop clones examined
in third instar imaginal discs showed the same phenotype (not shown).
We also tested the downstream pathway component
STAT by inducing clones of stat92E alleles. These gave
qualitatively identical phenotypes to hop clones, but at a
lower penetrance (not shown). The frequency with
which inversions were recovered was increased in a genetic background heterozygous for hop, demonstrating
that removal of a single copy of hop can sensitize the
pathway to loss of stat92E. The weak nature of the
stat92E phenotype would appear to indicate that the
stat92E gene product is only partially required to transduce the hop-mediated signal. Although unexpected,
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Figure 2. LOF and GOF JAK/STAT pathway clones show abnormal ommatidial polarity. (A) A large dorsal hop2 clone
(marked by absence of white+ pigment granules) contains normally differentiated ommatidia in both correct and inverted orientation with respect to surrounding wild-type clusters. (B)
Schematic representation of the clone shown in A. Dorsal-oriented ommatidia are shown as green arrows and inverted ommatidia are shown in red. The approximate position of the
clonal boundary is shown by the purple line. A field of inverted
ommatidia is present around the polar margin of the clone. (C)
A high-magnification view of ommatidia along the polar boundary of a hop2 clone (marked by absence of white+) showing an
inverted ommatidium comprised of entirely wild-type photoreceptor cells (note dark pigment granules associated with the
rhabdomeres of wild-type photoreceptors, indicated by arrows).
(D) Schematic representation of clone shown in C. Dorsal ommatidia are shown by green and ventral by red arrows. Boundary
of the clone is indicated. (E) A clone of cells ectopically expressing Upd (blue) in the dorsal part of an eye disc stained to show
Elav (red) and Prospero (green, yellow in overlay). Ommatidia
with inverted orientation are seen on the ventral edge of the
clone. (F) A schematic representation of clone shown in E indicating the extent of the Upd expressing clone (pale blue) and the
ommatidial orientation indicated by dorsal green and ventral
red arrows.

this finding is consistent with previous evidence that
more than one STAT homolog exists in flies (Sweitzer et
al. 1995; Yan et al. 1996b), and suggests that they act
semiredundantly in ommatidial polarity determination.
Thus, the juxtaposition of wild-type cells and cells unable to transduce the JAK/STAT signal can generate ectopic axes of ommatidial mirror-image symmetry that
resemble the normal equator.

JAK/STAT signaling in the eye

GOF Upd-expressing clones are sufficient to repolarize
ommatidia
As LOF JAK/STAT clones result in ectopic axes of ommatidial symmetry, we investigated the effects of ectopic activation of the pathway by misexpression of the
pathway ligand Upd. GOF Upd clones were generated by
a combination of the FLP/FRT cassette (Struhl and
Basler 1993) and GAL4/UAS systems (Brand and Perrimon 1993), such that Upd was expressed in discrete
groups of marked cells in the developing eye (colored
blue in Fig. 2E). This resulted in inversion of ommatidial
polarity in the wild-type tissue on the equatorial side of
the clone, with the greatest effect observed in clones
closer to the poles of the disc (Fig. 2E,F).
Taken together, these LOF and GOF results indicate
that JAK/STAT function across the DV axis of the eye
disc is necessary for the normal establishment of a single
axis of ommatidial mirror-image symmetry along the
DV midline, and is sufficient to define ectopic axes of
mirror-image symmetry.

stat92E06346 as an in vivo reporter of pathway activity
An interesting aspect of the original P-element-mediated
insertional mutation in the stat92E locus (stat92E06346,
Hou et al. 1996) is the lacZ expression pattern produced
by this enhancer detector. Eye discs from larvae carrying
this insertion (subsequently referred to as stat92E–lacZ)
show a gradient of lacZ activity that is highest at the
poles and decreases to a low point at the DV midline (Fig.
3A). Increased expression is also seen in the ocellar spot
region, and, independently, in many of the macrophagelike blood cells often associated with the eye imaginal
disc complex (arrow in Fig. 3A). However, in situ hybridization experiments undertaken with probes specific for
the stat92E transcript showed ubiquitous expression of
stat92E mRNA in third instar eye discs (not shown), suggesting that this enhancer detector might only report a
subset of stat92E transcript expression.
An intriguing possibility was that stat92E–lacZ expression might be related to JAK/STAT pathway activity. We therefore examined stat92E–lacZ staining in larvae carrying the constitutively active hopTuml allele of
Drosophila JAK (Hanratty and Dearolf 1993). In hopTuml
eye discs with uniformly increased JAK/STAT activity,
the overall level of lacZ activity was consistently lower
(Fig. 3C) than in discs from wild-type siblings stained in
parallel (Fig. 3B). To confirm this apparent negative regulation of stat92E–lacZ expression by the JAK/STAT
pathway, we carried out two further complementary experiments. Firstly, we induced clones lacking hop in a
stat92E–lacZ background. In such clones lying close to
the equator, a strong cell autonomous upregulation of
stat92E–lacZ was observed to a level comparable with
that seen at the poles (Fig. 3D–F). Secondly we ectopically activated the JAK/STAT pathway to higher levels
than could be achieved using the hopTuml allele by ectopically expressing Upd in the presence of the stat92E–
lacZ reporter. Clones of cells expressing Upd close to the

Figure 3. The expression of stat92E–lacZ is negatively regulated by the activity of JAK/STAT signaling. (A) stat92E–lacZ
staining in a third instar disc showing highest levels of lacZ at
the poles of the eye field, at the ocellar spot, and in macrophage
cells located in the middle of the eye disc below the plane of
focus (arrow). (B,C) Eye discs prepared and stained under identical conditions carrying stat92E–lacZ (B) and stat92E–lacZ in a
hopTuml mutant background (C). (D–F) Double label of eye
imaginal disc stained for stat92E–lacZ (red) and a GFP clonal
marker (green). A hop2 clone marked by lack of green staining
(arrow in D, enlarged in E) and results in higher levels of
stat92E–lacZ expression autonomously within the clone (D, enlarged in F). (G) Upd and GFP (green) are coexpressed in GOF
clones within the eye imaginal disc also stained to show the
pattern of stat92E–lacZ (red). An Upd-expressing clone in the
ventral portion of the disc (arrow) completely abolishes the
stat92E–lacZ gradient in the adjacent tissue such that no staining is seen at the ventral pole. Staining at the dorsal pole remains strong (arrowhead). Large cells staining in the middle of
the disc are macrophages.

equator of the disc had no effect (Fig. 3G and data not
shown), however clones close to the poles (arrow Fig. 3G)
resulted in complete loss of polar stat92E–lacZ activity
in that hemisphere, although normal levels of stat92E–
lacZ were observed at the opposite pole (arrowhead Fig.
3G).
We have, therefore, shown that the level of stat92E–
lacZ expression is inversely proportional to the level of
JAK/STAT pathway activation: High activation produced by Upd expression abolishes stat92E–lacZ activ-
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ity, moderate activation produced by the hopTuml allele
gives reduced activity, whereas cells in which there is no
JAK/STAT signaling (such as hop clones) show maximal
levels of stat92E–lacZ activity.
Comparing the results of these experiments with the
endogenous pattern of stat92E–lacZ staining in the eye
disc, we conclude that JAK/STAT activity must be highest at the DV midline (where stat92E–lacZ activity is
lowest) and low at the poles (where stat92E–lacZ activity is upregulated to levels similar to those seen in hop
clones) with a gradient of JAK/STAT activity present
between these extremes (as visualized by the equatorial/
polar gradient of stat92E–lacZ expression, Fig. 3A).
Upd is expressed on the DV midline
Given the known function of Upd as a JAK/STAT pathway ligand during Drosophila embryonic development,
and our results showing that expressing Upd during eye
development can mimic activation of the JAK/STAT
pathway, we decided to investigate whether Upd was
likely to be acting as the endogenous JAK/STAT pathway ligand during eye patterning.
Therefore, we analyzed the time course of Upd expression during eye development, using a polyclonal antiUpd antibody (Harrison et al. 1998). In first instar discs,
only very weak expression was observed, in a faint horseshoe-shaped pattern around the poles and posterior of the
disc (Fig. 4A). By second instar, expression was seen localized to the posterior margin of the disc, lying on the
DV midline adjacent to the optic stalk (Fig. 4B). This
pattern of expression persisted into the third instar stage
(Fig. 4C–E), however, by late third instar, an additional
patch of staining was seen at the anteroventral margin of
the eye disc adjacent to the junction with the antennal
disc (Fig. 4C). Higher magnification views of an early
third instar disc reveal that the Upd protein is highly
expressed in only a small group of cells on the DV midline, where it can be seen cytoplasmically localized (Fig.
4D), but consistent with it being a secreted ligand, the
protein is seen around the periphery of cells away from
the site of expression in a concentration gradient toward
the poles of the disc (Fig. 4D,E).
Considering the expression domain of endogenous
Upd in the eye and the negative regulation of stat92E–
lacZ by ectopically expressed Upd, it seems likely that
the wild-type pattern of stat92E–lacZ is at least partly a
consequence of endogenous Upd expression. We note
that the expression pattern of stat92E–lacZ in the third
instar disc does not seem to be the exact inverse of the
Upd expression pattern. However, it must be borne in
mind that it is difficult to predict the exact stat92E–lacZ
pattern that would be expected, because stat92E–lacZ is
probably a lagging indicator of Upd repression (due to the
perdurance of the ␤-galactosidase gene product) and the
cells in the posterior of the disc (behind the furrow) undergo fewer cell divisions, which would tend to distort
the pattern seen.
On the basis of this evidence, we propose that the Upd
expression at the optic stalk is sufficient to set up a gra-
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dient of JAK/STAT activation across the DV axis of the
developing eye disc.

Ectopic expression of Upd at the poles
repolarizes the eye
Further experiments were carried out to test the hypothesis that localized expression of Upd at the DV midline
and the consequent gradient of JAK/STAT expression is
important for normal eye patterning. The normal pattern
of Upd expression was altered by ectopically expressing
Upd in the developing eye imaginal disc using the
GAL4/UAS system and the 30A–GAL4 line, which
drives expression at the dorsal and ventral poles of the
developing eye disc (Brand and Perrimon 1993). In wildtype eyes, the array of facets appears externally regular
(Fig. 4F), however, misexpression of Upd at the poles of
the eye gave rise to adults in which the normal regular
array of ommatidial facets was externally disrupted at
both the dorsal and ventral poles of the eye (arrow in Fig.
4G; data not shown). Sections through either the dorsal
or ventral regions of such eyes showed that although
equatorially ommatidial polarity was normal, at the
poles (where Upd was ectopically expressed) ommatidia
had inverted orientation (Fig. 4H,I). Note that the inversions generated by misexpressing Upd in this manner do
not form a regular and straight equator but rather appear
to define a field of inversion with no clear boundary between dorsal and ventral ommatidial fates. This confused region may well represent the area in which ommatidia are responding to competing polarity signals,
produced either by endogenous Upd expression at the
optic stalk and Upd at the poles or possibly by other
independent signaling mechanisms (see Discussion).

Loss of upd at the optic stalk results in dorsalization
of the eye field
Next, we investigated the effect of completely removing
Upd expression from the developing eye. Clones homozygous mutant for two independent Upd alleles were
generated. These were recovered at high frequency and
all of the clones analyzed, which lay within the eye field,
displayed no visible phenotype either in imaginal discs
or adult eyes (not shown). However, clones that overlapped the region of Upd expression adjacent to the optic
stalk produced almost complete dorsalization of the eye
field as assayed by ommatidial polarity (Fig. 5A–C).
In an effort to better understand the ommatidial dorsalization observed following removal of Upd, we looked
at the expression of mirr. Wild-type mirr expression is
restricted to the dorsal hemisphere of the eye (Fig. 5D,I;
McNeill et al. 1997), and via repression of fng results in
activation of the Notch pathway at the DV midline
thereby defining the position of the endogenous equator
(Cho and Choi 1998; Domı́nguez and de Celis 1998; Papayannopoulos et al. 1998). To investigate mirr regulation, we used P-element insertions in mirr that function
as enhancer detectors and express both the lacZ gene and

JAK/STAT signaling in the eye

Figure 4. The wild-type expression pattern of Upd and
the phenotype induced by ectopic expression of Upd from
the poles of the eye. (A–E) The pattern of staining with an
anti-Upd polyclonal antibody; scale bars, 50 µm. (A) First
instar disc. Staining is faintly visible in a horseshoe
around the poles and posterior margin of the disc. The
small bright spots of staining distributed across the whole
disc may represent staining in the peripodial membrane
and/or could be nonspecific. (B) Second instar. Expression
is localized to the posterior margin at the DV midline,
adjacent to the optic stalk. (C) Late third instar. The furrow has progressed more than halfway across the disc.
Expression is still seen localized adjacent to the optic
stalk, however, a new region of high-level expression is
evident on the ventro–anterior margin adjacent to the antennal disc, which is not present in younger discs (and
thus presumably plays no role in ommatidial polarity determination). (D) Higher magnification view of the posterior midline region of an early third instar disc, focused
basally. A small cluster of cells shows high-level cytoplasmic expression. (E) More apical view of disc shown in D.
A gradient of extracellular Upd can be seen in the extracellular space between the nascent ommatidial clusters.
(F) Scanning electron micrograph (SEM) of the dorsal half
of a wild-type adult eye. (G) SEM of the dorsal half of an
eye in which Upd expression was driven at the dorsal and
ventral poles during development by the 30A–GAL4
driver at 18°C. The eye appears normal apart from a weak
disruption of externally visible facet packing at the dorsal
pole (arrow). (H) Section through the dorsal region of an
eye similar to G produced by expression of Upd with the
30A–GAL4 driver. The eye is normal in the ventral part of the field (close to the equator), but inverted ommatidia are seen near the
dorsal pole. (I) Schematic representation of C. Dorsal ommatidia are shown by green and ventral by red arrows. Note that there is a
region of inversion of ommatidial polarity near the dorsal pole, but that ommatidia of both fates are clearly mixed.

the P-element mini-white+ marker gene specifically in
the dorsal half of the adult eye, henceforth referred to as
mirr–lacZ.
When mirr–lacZ was present in a background in which
clones removing upd were generated, a low frequency of
flies were recovered in which all or almost all of the eye
field expressed the dorsal fate-specific white+ mirr reporter (Fig. 5E). When the eyes of flies showing this external dorsalization phenotype were sectioned, the dorsal fate of the ommatidia within the region ectopically
expressing mirr was confirmed (Fig. 5F,G), although intriguingly, such eyes showed occasional ommatidia still
exhibiting ventral fate in the mirr-expressing region
(shown as red arrows in the gray-shaded region in Fig.
5G).
Therefore, we conclude that Upd expression at the optic stalk during normal eye patterning is required for
restriction of mirr expression to the dorsal hemisphere of
the eye. This restriction then determines the position of
the equator along the DV midline of the eye disc via
activation of Notch.

might induce ectopic axes of mirror-image symmetry
would be through the generation of ectopic boundaries of
mirr expression. We therefore analyzed the expression of
mirr–lacZ in hop clones. Many clones lying both dorsally and ventrally were examined in eye discs, and in no
case was an alteration in mirr–lacZ expression observed
(Fig. 5H–J and data not shown). Additionally, hundreds of
adults carrying mirr–lacZ were examined, in which hop
clones had been induced, and, again, in no case was a
change in mirr-regulated white+ expression observed.
Thus, ommatidial polarity inversions generated by
hop clones are mirr independent. We therefore conclude
that the process of midline equator definition by dorsally
restricted mirr expression and the regulation of ommatidial polarity by the JAK/STAT pathway are separable
processes. We also note that our results suggest that Upd
might act independently of Hop to regulate mirr expression, although we cannot exclude the possibility that we
never obtained a hop clone that exactly overlapped the
domain of Upd expression.

JAK/STAT LOF clones produce polarity inversions via
a mirr-independent mechanism

The relationship of the Upd/JAK/STAT pathway
to the Wg pathway in ommatidial
polarity determination

Given the role of Upd in restricting mirr expression, one
possible mechanism by which JAK/STAT LOF clones

Our results show that LOF JAK/STAT clones give nonautonomous inversions of ommatidial polarity on the
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polar clonal boundary, and that JAK/STAT activity is
highest at the DV midline as a result of localized Upd
expression. This situation is reciprocal to that seen for
LOF Wg pathway clones that cause nonautonomous inversions of ommatidial polarity on the equatorial clonal
boundary (Wehrli and Tomlinson 1998). An important
question is whether the Wg and JAK/STAT pathways are
acting independently to regulate ommatidial polarity decisions, or whether one acts through the other.
We therefore carried out experiments to test directly
whether Upd and Wg might regulate each other’s expression. We found that ectopic Upd expression had no effect
on Wg expression in the developing eye disc (Fig. 6A) and
also that ectopic expression of Wg adjacent to the optic
stalk did not alter Upd expression (Fig. 6B). Thus, Upd
cannot be producing its phenotype via negative regulation of Wg and, similarly, Wg does not act via regulation
of Upd.
These results indicate that Wg and Upd do not regulate
each other’s expression, and, thus, that one of these pathways is not likely to be downstream of the other. Instead,
we surmise that Wg and Upd act in parallel to one another in the regulation of ommatidial polarity.

Discussion

Figure 5. Upd is required for dorsal restriction of mirr expression and positioning of the equator, but hop clones do not affect
mirr expression. (A,B) An eye disc containing an Upd clone
situated at the posterior of the eye field is dorsalized with the
equator shifted to the ventral margin. (A) The photoreceptor
markers Elav (red) and Prospero (green, yellow in overlay); (B)
The clonal marker in which nonstaining cells lack upd function. (C) Schematic representation of the disc shown in A and B.
Much of the eye field has assumed the dorsal (green arrow) fate
and only a small number of ventral ommatidia (red arrows) are
present along the ventral posterior margin of the eye separated
by an equator (blue line) (䊊). Ommatidia with unscoreable rotation. (D) A wild-type eye showing the dorsal white+ expression domain of a mirr enhancer-detector P-element insertion.
(E) mirr enhancer-detector expression throughout the eye of a
fly in which upd LOF clones have been induced. A slight reduction in eye size and disorder of the ommatidial array in ventral
regions is apparent. (F) Section through an eye similar to that
shown in E showing the expression domain of the mirr enhancer-detector white+ (dark pigment granules). The approximate area sectioned is indicated by the dotted white box in E.
Note that this particular eye had a small region of white− tissue
at the ventral edge, which shows normal ventral ommatidial
orientation. (G) Schematic representation of F showing the ommatidial orientation with dorsal (green arrow) and ventral (red
arrow) fates. Shading indicates the extent of mirr expression (as
revealed by regulation of white+). Note that some ommatidia in
the mirr-expressing region nevertheless show ventral rotational
fate. (H–J) Ventral hop clones do not activate mirr expression.
Confocal image of an eye disc containing a ventrally situated
hop clone marked by lack of green staining (H,J) also stained for
dorsal-specific expression of a mirr enhancer detector in red (I,J).
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In this paper we present data showing a specific role for
the JAK/STAT signal-transduction pathway in the developing Drosophila eye. We demonstrate that a gradient
of JAK/STAT activation is required for normal polarity
determination on the DV axis, and that localized expression of the secreted ligand Upd at the DV midline is
capable of setting up such a gradient. We also show that
ectopic expression of Upd alone is able to induce ectopic
axes of ommatidial symmetry. Finally, we find an additional role of upd in defining the position of the equator
via regulation of mirr expression.

Figure 6. Wg and Upd do not regulate each other’s expression.
(A) A disc containing clones of cells ectopically expressing Upd
(red), stained for expression of Wg protein (green). Strong Wg
expression can be seen at the dorsal margin, adjacent to a large
patch of Upd-expressing cells, indicating that Upd does not repress Wg expression. (B) The posterior region of a disc containing clones of cells ectopically expressing Wg (red), also stained
for Upd expression (green). Upd expression remains at the optic
stalk even when adjacent to Wg-expressing cells.
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JAK/STAT signaling affects ommatidial polarity via
a second signal
The ommatidial polarity phenotype produced by removal of JAK activity in mosaic clones has a number of
important features. Firstly, the phenotype observed is an
inversion of ommatidial polarity in which either the dorsal rotational form is seen in the ventral hemisphere of
the eye or vice versa. Secondly, the phenotype is only
observed on the polar boundary of the mosaic tissue.
Thirdly, the strength of the phenotype (in terms of the
number of inverted ommatidia seen) is dependent on the
size and shape of the clone. Fourthly, the phenotype is
cell nonautonomous as either fully mutant, fully wildtype, or mosaic clusters can manifest the phenotype.
From these characteristics, we can deduce the following: The nonautonomy of the phenotype produced by
removal of the autonomously acting pathway component JAK, and its dependence on clone size and shape,
suggests that JAK/STAT affects ommatidial polarity via
a secreted downstream signal (which we will subsequently refer to as a second signal). The direction of the
nonautonomy (only in a polar direction) and the strict
DV nature of the polarity inversions indicates that this
second signal must be graded in its activity along the DV
axis, with a change in direction of the gradient at the
equator. The direction of this gradient would then be the
instructive cue to which ommatidia respond when rotating to establish their mature polarity.
As we have demonstrated that JAK/STAT activity itself is graded along the DV axis, with highest activity at
the midline, the simplest interpretation of these results
is that JAK/STAT signaling positively regulates the secretion of a second signal, which is highest at the equator

and lowest at the poles. This then explains why JAK/
STAT LOF function clones produce inversions of ommatidial polarity only on the polar side of the clone—the
predicted diffusion of the second signal into the hole
made by the clone will produce an ectopic peak of second
signal just outside of the polar boundary of the clone that
phenocopies the normal equator (Fig. 7A,B). Similarly,
Upd GOF clones are predicted to produce equatorial inversions (Fig. 7C,D).
Only a model such as this, in which the expression of
the second signal (which is the primary determinant of
ommatidial polarity) is proportional to JAK/STAT activity can explain the ommatidial polarity inversions that
we see on the polar side of LOF clones and the equatorial
side of GOF clones. The simpler hypothesis that a single
threshold level of JAK/STAT activity defines the region
of second signal secretion (i.e., at the DV midline) does
not explain why LOF clones near the poles of the eye disc
(where JAK/STAT activity is always low) can induce ectopic equators.
Whereas in our diagrams we have represented the second signal as being at high levels at the equator and low
levels at the poles, it is equally likely that the gradient of
the second signal is in fact highest at the poles of the disc
and lowest at the equator, with Upd acting as a repressor
of second signal expression. Whereas the molecular nature of the second signal (or signals) remains unknown,
these alternatives are impossible to distinguish.
A similar gradient model involving a second signal has
recently been proposed to explain the phenotypes observed for LOF and GOF clones of the Wg signal-transduction pathway. An important difference is that Wg is
expressed in the polar regions of the eye disc and is predicted to be a repressor of the second signal (Ma and

Figure 7. A model for how Upd/JAK/STAT signaling determines ommatidial rotational fate. (A–E)
Graphs that represent a single dorsal (left) to ventral
(right) line of cells through an eye imaginal disc. The
levels of Upd (blue) and second signal (yellow) are
shown with the peak of Upd corresponding to the
equator or center of the disc. (Green arrows) Dorsal
rotational fate; (red arrows) ventral fate (B,D). (A,B)
The effect of a JAK/STAT LOF clone (gray) on ommatidial polarity; (C,D) the effect of an Upd misexpressing clone. (E) The predicted concentration of a
single second signal if it were both negatively regulated by Wg diffusing from the poles and positively
regulated by Upd from the equator; note that the
opposing effects of shallow Upd and Wg gradients
can combine to produce a steep gradient of second
signal. (F) The two proposed functions of Upd/JAK/
STAT in ommatidial polarity determination: Upd
acts together with Wg to restrict mirr expression and
define the position of the equator via activation of
Notch, which itself leads to production of an ommatidial polarizing signal; Upd also activates a gradient
of JAK/STAT activity that indirectly regulates ommatidial polarity by a mirr-independent mechanism;
additionally, Wg secreted from the poles also produces a gradient of an ommatidial polarizing signal.
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Moses 1995; Treisman and Rubin 1995; Reifegerste et al.
1997; Heberlein et al. 1998; Wehrli and Tomlinson
1998), such that Wg GOF clones behave like JAK/STAT
LOF clones showing polarity inversions on the polar
clonal boundary.
As we have demonstrated that Upd expression does
not regulate Wg and vice versa, we can exclude the possibility that these two pathways act sequentially, and so
propose that they must act in parallel. An attractive possibility is that the Upd and Wg pathways might act in
parallel to regulate the concentration of a single second
signal. In this case, Upd expression at the DV midline
would activate the signal and Wg expression at the poles
would repress the signal. Adding together the effect of
two such opposing signals produces a predicted second
signal concentration that has a fairly even slope from the
DV midline to the poles (Fig. 7E). In contrast, a single
signal that is high at the DV midline and decays to zero
at the poles has a very shallow gradient in the polar regions (cf. Fig. 7A). As reading the slope of a steep gradient
is presumably easier than reading the slope of a shallow
gradient, the use of two opposing gradients to set up
second signal concentration is thus highly advantageous.
Therefore, this presents a possible biological explanation
for the proposed redundant use of both an Upd and a Wg
concentration gradient in determining ommatidial polarity.
The interpretation of the second signal
The most likely candidate for a receptor of the second
signal is the seven pass transmembrane protein encoded
by the frizzled (fz) locus (Vinson et al. 1989). fz function
is required in the presumptive R3/4 cells of the pre-ommatidium, and clonal analysis suggests that it interprets
a gradient of positional information that is high at the
equator and low at the poles (Zheng et al. 1995). Recent
results suggest that differential activation of Fz signaling
in R3/4 results in asymmetric Notch activation in this
photoreceptor pair, which ultimately leads to a binary
cell-fate decision such that the cell closest to the equator
takes on the R3 fate and the ommatidial unit as a whole
adopts the correct rotational fate (Cooper and Bray 1999;
Fanto and Moldzik 1999).
Localized Upd expression and definition
of the equator
Three recent studies have demonstrated a critical role of
Iroquois family transcription factors such as Mirr in positioning the normal equator (Cho and Choi 1998;
Domı́nguez and de Celis 1998; Papayannopoulos et al.
1998). Dorsally restricted mirr expression represses the
expression of fng, which is consequently restricted to the
ventral hemisphere. Thus, mirr and fng expression abut
at the DV midline, and this leads to activation of Notch
in a narrow band of cells. This localized activation of
Notch is then sufficient to define the equator and organize ommatidial polarity, apparently through secretion
of an unidentified second signal.
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Our results show that localized Upd expression on the
DV midline at the posterior margin is also necessary for
the correct positioning of the equator, and that when upd
function is removed from this region by clones induced
during early first instar development, the eye field becomes dorsalized and the equator is shifted to the ventral
edge of the eye. This shift in the position of the equator
coincides with ectopic expression of the homeobox gene
mirr in the ventral hemisphere. Thus, we propose that
Upd acts upstream of the mirr/fng/Notch-dependent
mechanism for definition of the equator, by either directly or indirectly regulating mirr expression.
We note that this role of Upd in positioning the equator on the DV axis is reciprocal to the function of Wg in
this process. Overexpression of Wg from the polar regions causes the equator to be shifted toward the ventral
margin of the disc, as assayed both by ommatidial polarity and by expression of mirr (Heberlein et al. 1998). Conversely, removal of wg function causes at least partial
ventralization as mirr expression is lost. Thus in the dorsal hemisphere, Wg activates mirr expression, whereas
in the ventral hemisphere, Upd represses it.
Interestingly, the Unpaired expression domain, located at the posterior midline of the disc, coincides with
the position at which the morphogenetic furrow is initiated. Furthermore, previous reports have linked furrow
initiation with ommatidial rotation (Chanut and Heberlein 1995; Strutt and Mlodzik 1995; Reifegerste et al.
1997). Thus, it is conceivable that Upd expression might
actually determine the site of furrow initiation, and that
Upd GOF clones might induce ectopic furrow initiations. However, Upd LOF clones that overlap the normal
expression domain of Upd still result in furrow initiation
(Fig. 5A–C) and, similarly, in GOF clone experiments we
saw no evidence for ectopic furrow initiation events.
Therefore, we currently have no evidence to support this
hypothesis.
Regulation of ommatidial polarity by JAK/STAT
signaling is mirr independent
Although Upd acts as both a regulator of mirr expression
and an activator of the JAK/STAT pathway, we found no
evidence that mirr is itself regulated by JAK/STAT. No
change in mirr expression in discs or adults eyes was
observed in hop LOF clones in either the dorsal or ventral hemisphere. Therefore, the ommatidial polarity inversions observed on the polar edges of hop clones cannot be produced as a consequence of inducing an ectopic
mirr/fng boundary.
We note that our results only indicate a role for Upd
function as a repressor of mirr expression in the ventral
hemisphere of the eye. However, JAK/STAT LOF clones
in both the dorsal and ventral hemispheres result in ommatidial polarity defects. This again supports a mirr-independent function of the JAK/STAT pathway in ommatidial polarity determination.
A similar situation appears to exist in the case of the
Wg pathway. Wg itself is required as an activator of mirr
expression only in the dorsal hemisphere (Heberlein et
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al. 1998), however, Wg-pathway LOF clones in both the
dorsal and ventral hemispheres have been reported to
result in reorganization of ommatidial polarity (Wehrli
and Tomlinson 1998). It is not currently known whether
Wg pathway LOF clones in the eye result in changes in
mirr expression. However, by analogy to Upd/JAK/
STAT function, it is possible that Wg both acts to position the equator via a mirr-dependent mechanism and
also regulates ommatidial polarity in both the dorsal and
ventral hemispheres by a mirr-independent mechanism.
The reorganizations of ommatidial polarity observed
when Upd is ectopically expressed are almost certainly a
consequence of ectopic activation of JAK/STAT signaling, rather than any effect on mirr expression. This follows from the fact that Upd misexpression produces the
same phenotypes both dorsally and ventrally, whereas
Upd only represses mirr ventrally.

Redundancy between JAK/STAT and mirr/fng/Notch
pathways
There is now overwhelming evidence that the polarity of
ommatidia is determined by the slope of the gradient(s)
of one or more unidentified diffusible second signals.
Furthermore, the concentration of the second signal(s)
appear to be dependent on Wg pathway activity, JAK/
STAT pathway activity, and Notch activity at the DV
midline. Given our present state of knowledge, it is possible that each of these three signaling pathways could
be regulating either the same or different second signals.
The simplest model would be that there is a single
second signal secreted from the equator, which is downstream of mirr/fng/Notch, and that Wg and Upd/JAK/
STAT feed into this pathway upstream of Notch. This is
consistent with the roles of Wg and Upd as regulators of
mirr expression and, thus, in positioning the endogenous
equator. However, it is not consistent with the observed
ommatidial polarity inversions produced in the eye field
both dorsally and ventrally by Wg-pathway and JAK/
STAT-pathway LOF and GOF clones. These phenotypes
indicate that second-signal concentration is dependent
on Wg pathway and JAK/STAT pathway activity across
the whole of the eye field (see above), and thus the second signal cannot be only secreted from the DV midline
as a consequence of localized Notch activation. It is conceivable that Notch is activated on the polar boundary of
JAK/STAT LOF clones, but in this context the only
known mechanism of Notch activation is via mirr/fng
interactions, and we have ruled out this possibility.
Instead, our data points to a model in which Upd and
Wg first act to define the equator via restriction of mirr
expression to the dorsal hemisphere and localized activation of Notch along the DV midline. Definition of the
equator is known to occur early in development (Cho
and Choi 1998), while the disc is still small, and divides
the disc into two hemispheres separated by a straight
boundary that will form the future equator. Such boundaries evidently serve as a source of a second signal that
can polarize ommatidia, as fng LOF clones that induce

ectopic regions of activated Notch result in changes in
ommatidial polarity (Cho and Choi 1998; Domı́nguez
and de Celis 1998; Papayannopoulos et al. 1998).
Subsequently in development, we surmise that gradients of JAK/STAT and Wg-pathway activity across the
DV axis of the eye disc are responsible for setting up a
gradient(s) of one or more second signals that can determine ommatidial polarity. These signals might be responsible for maintaining longer range polarization of
ommatidia away from the equator and the localized
Notch-dependent polarizing signal.
There is a great deal of support for such a model. First,
it is consistent with the known timing of the events
involved. The requirement for fng function has been
shown to lie between late first instar and mid second
instar (Cho and Choi 1998), which coincides with the
first appearance of high levels of Upd expression at the
optic stalk. However, the ommatidia are not formed (and
thus do not respond to the polarity signal) until the start
of the third instar, a stage when localized Upd expression
still persists. Furthermore, extracellular Upd protein can
be seen in a concentration gradient many cell diameters
from the optic stalk at the early third instar stage, consistent with Upd being at least partly responsible for setting up the long-range gradient of JAK/STAT activity
across the DV axis of the eye disc that is revealed by the
stat92E–lacZ reporter.
Secondly, this model does not require that a single
source of second signal secreted by a narrow band of cells
at the equator should be capable of determining ommatidial polarity across the whole of the DV axis of the disc
during the third instar stage of development. Instead, the
band of activated Notch at the equator would serve to
draw a straight line between the fields of dorsally and
ventrally polarized ommatidia, and need only secrete a
localized source of second signal to polarize ommatidia
in this region. Further from the equator, the opposing
gradients of Upd and Wg signaling would provide a
robust mechanism for maintenance of correct ommatidial polarity across the DV axis. Conversely, without the mirr/fng/Notch mechanism to draw a straight
line, it would be impossible to imagine how Upd at
the posterior margin and Wg at the poles alone could
provide the perfectly straight equator that is ultimately
formed.
Thirdly, the phenotypes that we observe are consistent
with multiple competing mechanisms responsible for
determining ommatidial polarity. When we induce inversions of ommatidial polarity by generating hop clones
or ectopically expressing Upd, we do not produce
straight equators, such that we obtain two cleanly abutting fields of dorsal and ventral ommatidia (Fig. 2A,B,E,F;
Fig. 4H,I). Instead, there is usually some confusion of
ommatidial identities as if they might be receiving conflicting signals. Additionally, when upd activity is removed from the optic stalk, an equator still forms (albeit
at the ventral edge of the disc), but some ommatidia
dorsal to the equator still adopt a ventral fate (Fig. 5F,G)
as if the determination of ommatidial polarity is less
robust in the absence of Upd.
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Concluding remarks
This is the first report of a developmental patterning role
for a gradient of JAK/STAT activity during Drosophila
development and of the ability of the Upd secreted protein to set up such a signaling gradient at a distance from
its site of expression.
Upd is required to position the future equator via dorsal repression of mirr and localized activation of Notch
at the DV midline, and also appears to regulate ommatidial polarity via activation of a gradient of JAK/STAT
pathway activity and secretion of an unidentified second
signal. Intriguingly, in both of these contexts, Wg secreted from the poles of the disc appears to cooperate
with Upd. It will be interesting to see whether this represents a general mechanism for cooperation of these
signaling pathways in pattern formation.

Materials and methods
Fly stocks
Fly stocks used include the following: hop4 and hop2 (known
previously as hopHC257 and hopC111, respectively; Perrimon and
Mahowald 1986); stat92E06346 (Hou et al. 1996) and stat92Ej6C8
(Berkeley Genome Project); upd[os1A] and upd4 (known previously as asupdYM55; Harrison et al. 1998.) Upd is also known as
outstretched and sisterless-C. The mirr–lacZ reporters B1-12
(Choi et al 1996) and l(2)f7 (Brodsky and Steller 1996) were also
used. The FRT18A and FRT82B lines (Xu and Rubin 1993) were
either recombined with the mutations listed above or the P[Ubiquitin–GFP,w+] (Davis et al. 1995) and P[w+] markers. Clones
were induced by two 3-hr 38°C heat shocks at 24–48 and 48–72
hr of development to express the FLP recombinase (Golic and
Lindquist 1989). hopTuml (Hanratty and Dearolf 1993) interaction with stat92E–lacZ was visualized after 3 days at 29°C.
Larvae hemizygous for hopTuml were selected by the presence of
melanotic tumors.
A recombinant of p[Act>y+>Gal4,w+] with cytoplasmic
p[UAS–GFP,w+] (Ito et al. 1997) was used to generate and mark
GOF clones. UAS–Wg (gift of Henry Krause, University of Toronto, Toronto, Ontario, Canada) and UAS–Upd were crossed to
p[Act > y+ > Gal4,w+], p[UAS–GFP,w+] in the presence of a FLP
source; 24–48 hr larvae were heat shocked for 45 min at 37°C
followed by incubation at 18°C (UAS–Wg) or 25°C (UAS–Upd)
until mid-third instar. UAS–Upd was generated and transformed into w1118 flies by standard methods.
Histology
Eye imaginal discs were dissected from wandering third instar
larvae, fixed in PBS + 6% formaldehyde (2% for anti-Upd) for
15–20 min, and stained with rat anti-Elav (Robinow and White
1991) at 1:40; mouse anti-Prospero (Spana and Doe 1995) at 1:3;
Rat anti-Upd (Harrison et al. 1998) at 1:1000. Rabbit anti–LacZ
(Cappel) was preabsorbed and used at a final concentration of
1:4000. Fluorescently conjugated secondary antibodies (Jackson
labs) were used at 1:250 to 1:500 dilution. Anti–LacZ was visualized with HRP-conjugated anti-rabbit (Vector Laboratories) 1:
1000, the TSA-Indirect amplification kit (NEN Lifescience) and
streptavidin–Texas red (1:500). All washes used PBS plus 0.1%
Triton X-100 except for anti-Upd, which used PBS plus 0.1%
Tween 20. All discs were postfixed in PBS plus 4% formaldehyde prior to mounting and visualization on a Leica TCS NT
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confocal microscope. LacZ activity staining was visualized as
described in Brand and Perrimon (1993). Adult eye sections (1–2
µm) were prepared by standard methods (Tomlinson and Ready
1987); heads for S.E.M. were critical-point dried and coated with
25 nm of gold by standard methods prior to imaging.
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