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ABSTRACT

In the fruit fly Drosophila melanogaster imaginal discs are the precursors of adult epi

dermal structures. The determination of cell fate and pattern in imaginal discs is believed to 

be specified by a positional information system involving cell-cell interactions. Pattern regu

lation during regeneration of imaginal discs provides a useful experimental model system 

with which to identify genes involved in pattern formation for developing cellular systems. I 

identify a P-element line (A64) from an enhancer trap screen during regeneration of the imag

inal discs (Brook et al., 1993); this P-element is inserted in the gene for the Drosophila 

homolog of UDP-glucose dehydrogenase (UDP-GlcDH). Here I demonstrate, by genetic and 

expression analysis, a novel function for UDP-GlcDH. The evidence suggests that UDP- 

GlcDH is required in mediating the dpp signaling pathway during Drosophila development. 

Dpp is a member of the Transforming Growth Factor-B/Bone Morphogenetic Protein 

(TGFB/BMP) superfamily of growth factors, which are required for both dorsal-ventral axis 

patterning of the embryo and pattern formation in imaginal discs. UDP-GlcDH is a cytoplas

mic enzyme required for the production of UDP-glucuronate. UDP-glucuronate is a precursor 

required for the biosynthesis of various glycosaminoglycans (GAGs) in the Golgi body of a 

cell after synthesis, these GAGs are exported to the extracellular matrix (ECM). Heparan sul

fate is a complex heparin-like glycosaminoglycan (GAG) that is covalently linked to the pro

tein core of various glycoproteins called proteoglycans. Proteoglycans are integral compo

nents o f the ECM that are either bound to the outer surface of the cell membrane or are 

secreted into the ECM. Heparan sulfate proteoglycans (HSPGs) have been implicated in reg

ulating the signaling of various growth factors, such as TGFB/BMP in vertebrates. In this 

study, I demonstrate that UDP-GlcDH is critical in mediating cellular responses to dpp signal

ing, both in dorsal-ventral axis specification of the embryo and in axial patterning of imaginal 

discs. I also show that the loss of UDP-GlcDH function during regeneration in imaginal leg 

discs prevents pattern respecification. Lastly, I present preliminary evidence that suggests this 

regulation by UDP-GlcDH may be due to its involvement in the biosynthesis of heparan sul

fate GAGs.
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L INTRODUCTION

Development is the process that mediates the transformation o f a single-celled zygote into a 
complex multicellular metazoan. This involves the regulation of growth, cell division and cell differ
entiation based on differential gene expression. The mechanism by which these processes are coordi
nated to generate a spatially-organized pattern o f cells with different developmental fates is called pat
tern formation. Elucidating the mechanism of pattern formation is a basic goal of developmental biolo

gy-
1-1. Pattern formation.

Pattern formation is the process by which a genetically identical group of cells can adopt dis
tinct fates that are appropriate for their positions in a cellular field or in a cell lineage. This leads to the 
differentiation of an organized pattern of diversified cells. Classical embryologists showed that the fate 
of a cell in many but not all organisms, depended on its position in the embryo. In some experimental 
systems, when certain fragments of an embryo were isolated and cultured, the cells differentiated 
according to their normal fates. Thus these embryos were thought to behave as “mosaics” consisting 
of self-differentiating parts that have fixed cell fates. Based on this observation, it was hypothesized 
that the cytoplasm of the fertilized egg might contain a pre-existing distribution o f localized cytoplas
mic determinants (reviewed in Slack, 1991). These cytoplasmic determinants would be segregated into 
different cell lineages at cleavage and could therefore determine the fates of cells based on a cells posi
tion in the embryo, so that cell fate would be fixed prior to cell division. Models of this kind are called 
neo-preformationist (Davidson, 1968).

However, many embryos showed different behaviors. When cells were ablated at post-cleavage 
stages, the remaining cells acted in a coordinated manner that compensated for the missing cells, lead
ing to the complete reestablishment of the normal pattern in the embryo. This phenomenon was called 
pattern regulation. Further investigations showed that cell fates in these embryos were not always 
fixed by cell lineage. The grafting experiments of Spemann and Mangold in 1924 (cited in Slack,
1991) using the embryos of the amphibian Triturus showed that ectopically-positioned cells from the 
dorsal blastopore lip in ventral regions of the embryo could trigger ectopic gastrulation, thus producing 
a secondary dorsal-anterior body axis. The secondary axis consisted of cells from both the host and 
grafted tissue, showing that the dorsal blastopore lip had organizing activity that was able to exert a 
long-range influence on the adjacent ventral cells to specify a new axis. Thus the fates o f the ventral 
cells were not fixed. This could not be explained by a pre-localized set of cytoplasmic determinants. 
Spemann (1938) proposed that the long-range influence of the dorsal blastopore lip was a result of cell
cell interactions involving a series of induction events. In this case, a secreted molecule would stimu
late neighboring cells to express a second factor, which in turn would stimulate the expression of addi
tional factors in other cells, thereby generating a chain of inductive signals. The recipient cells some
how are able to sense and interpret their environment, perhaps responding to inductive signals from the 
dorsal lip that act as cell fate determinants. This suggested that some “epigenetic” mechanism must be

1

Reproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



necessary in development, implying that interaction between constituents o f the egg can give rise to 
patterns not initially present (Waddington, 1959). Today, this is understood as a problem of how the 
information for pattern encoded in the genome is decoded during development.

These properties of embryos suggested that development may proceed by a regulative process. 
For example, an early embryo, or part of a later embryo, possesses regulative properties which may be 
explained if the cells’ fates are defined by their positions in the field relative to a signal source like the 
Spemann organizer (dorsal blastoderm lip). From studies that demonstrated the local autonomy of pat
tern mutations in genetic mosaics, Stem (1968) postulated that the competence of a cell to differentiate 
a pattern element was dependent on the ability of its genome to correctly respond to local singularities 
(e.g. peaks of morphogen concentration) in a global prepattem. Wolpert (1969) then formulated an 
alternative hypothesis, referred to as the positional information model. This model described in formal 
terms how cells within a regulative field may adopt particular fates that are appropriate for their posi
tions. He argued that, in a regulative field, cells respond not to singularities in a pre-pattern, but 
acquire positional information (values) about their locations within a developing field according to an 
underlying global coordinate system. A field in this model is a set o f cells that have their position 
specified by the same global coordinate system. The cells may collectively establish these global posi
tional values by means of a smoothly-changing variable, giving every cell a unique value to specify its 
position. In this model, each cell would interpret its local coordinate values and differentiate as a spe
cific cell type. This model left open the question o f the nature of the biochemical mechanism responsi
ble for generating the positional information to which the cells responded.

One popular hypothesis at the time was that spatial information is formed within a tissue by a 
group of cells that express an extracellular factor that diffuses over a long distance within a develop
mental field. Such a diffusible factor would accumulate in the form of a gradient and act as a mor
phogen capable of triggering distinct responses at different distances from the localized source of the 
signal as a function of its changing concentration, influenceing the behavior of cells in a developmental 
field (Lawrence, 1966; Stumpf, 1966; Lawrence, 1972; Sander, 1975; Tickle et al., 1975). This was an 
alternative to Spemann’s (1938) earlier model in which he proposed that spatial information in a field 
could be specified by a series o f local short-range inductive signals (reviewed by Jacobson and Sater, 
1988; Tomlinson, 1988).

Morphogen concentration gradients were proposed as early as the 1930s by Child to explain the 
properties of several developing and regenerating systems (cited in Wolpert, 1969). Turing (1952) 
defined a morphogen as a form-generating substance that is expressed by a group of cells in a field 
which moves through the field providing neighboring cells with information about their relative posi
tion. While Wolpert’s positional information model does not absolutely require that a morphogen gra
dient must be used to generate positional information, this has remained the most attractive version of 
the model (Figure 1). Wolpert illustrated this idea by imagining a flat layer of cells, which differenti
ates a one-dimensional pattern of a French flag. In such a system, the concentration o f the morphogen
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Figure 1. Wolpert’s model for the operation of positional information.
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According to the Wolpert model, positional information is delivered by a gradient o f a dif
fusible morphogen from a source to a sink. A soluble substance (morphogen) diffuses from a 
source where it is produced, to a sink where it is degraded, thereby establishing a continuous 
range o f concentrations within a cellular field. In this French flag model, a source is postulat
ed to exist on the left hand margin o f  the blue stripe, and the sink is located at the right hand 
margin o f the red stripe. A concentration gradient is thus formed, with the highest concentra
tion at one end o f the tissue and the lowest concentration at the other. All cells are assumed 
to be pluripotent, so that the specification o f cell fate is accomplished by the concentration of 
the morphogen. In other words, each cell would interpret the gradient o f information by 
measuring the local concentration o f the morphogen. This would specify a developmental 
response that is restricted by the position o f  a cell in the gradient, thus activating genes 
required for a specific developmental pathway. For example, cells receiving a large amount 
of morphogen would become (or differentiate into) a blue cell. However, there are threshold 
concentrations o f a morphogen below which cells would become white or red (Wolpert,
1969).
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declines in a continuous fashion with distance from the cells that express the morphogen at the edge of 
a field. This provides a graded series of local concentrations that elicit specific responses by cells as a 
function of their distances from the source. In the second stage of this process, each cell would meas
ure the local morphogen concentration which is translated into positional values that specify different 
cell identities in a field in a concentration dependent manner (reviewed by Wolpert, 1989). Thus, the 
position of a specific cell and its fate is determined by a cell’s response to the concentration gradient, 
activating a specific developmental program (gene expression) at discrete thresholds. This model 
uncouples positional information from the final differentiation behavior of cells. Thus interpretation of 
a positional value (cell differentiation) will depend on the genetic constitution (or competency) of a cell 
which in turn is determined by its developmental history. Therefore, the same positional information 
(global coordinate system) could be used by different fields in different developmental contexts, to pro
duce different patterns.

In addition to the experiments in Triturus by Spemann (1938), that defined the Spemann organ
izer, other studies indicated similar examples of organizing centers in other biological systems. One 
early piece of evidence was illustrated in the regeneration of Hydra (cited in Sang 1984). Hydra differ
entiates as a one-dimensional linear array of cells, which contains a head (apical hypostome), a stalk 
and a basal disc. The arrangement of these three organs reflects a polarity (directionality) in the pattern 
of cell fates along the apical-basal axis. When a hydra is cut in half the fragments behave as a regula
tive field. Specifically, the half containing the basal disc will form a new apical structure, and the api
cal half will generate a new base. If  a hydra is cut perpendicular to the body axis into several pieces, 
every region of the stalk can regenerate into an entire proportionally-correct organism, with both a 
basal disc and an apical hypostome. Yet, the basal disc and apical hypostome only form at the basal 
and apical ends, respectively, o f any excised piece o f tissue. Thus, the spatial information in this case 
appears to have directionality. One way to explain this property is to argue that the positional informa
tion is defined by a diffusible factor that forms a gradient o f information with a polarity defined by its 
origin at one pole. In any fragment, there must be a re-establishment of the original gradient (position
al information), cued by the remaining polarity in the fragment, to explain the regeneration of the lost 
tissue. A model involving two interacting morphogens was found to be minimally sufficient to account 
for this regulative behavior (Webster and Wolpert, 1966). This hypothesis was further tested in graft
ing experiments, which showed that when hypostome tissue was transplanted into the middle of anoth
er hydra, it formed a new apical-basal axis with the hypostome extending outward. Conversely, when 
the basal disc cells were grafted into the middle of the hydra, a new axis formed, but with opposite 
polarity, extending a basal disc outward from the stalk (Hicklin and Wolpert, 1973; MacWilliams and 
Kafatos, 1968). It was proposed that the cells in the hypostome secrete a head activator, which 
behaves as a morphogen (Schaller, 1976). This activator would form a gradient, decreasing continu
ously from a high level at the apical end toward the basal disc. Although any part of the hydra was 
able to regenerate a head, multiple heads were clearly not formed. Therefore, it was reasoned that
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extra heads do not normally form because an existing head also produces a diffusible inhibitor that pre
vents the formation of another head, except where head activator is found at the highest level. When 
the head is removed, the inhibitor disappears and a new head can form at the high end of the gradient 
in the remaining fragment. A similar activity gradient model incorporating an activator and inhibitor 
was proposed to explain the formation o f the basal disc.

In another example, experiments on limb development in the chick suggested that a group of 
cells that comprise the “zone of polarizing activity” (ZPA) in the posterior mesenchyme of a limb bud 
may be the source of a morphogen (see review by Brickell and Tickle, 1989). These cells were found 
to act as an organizing center to determine anterior-posterior pattern formation in the chick limb bud. 
When the cells from the ZPA are ectopically grafted in the anterior compartment of a host limb, a mir
ror image duplication o f the posterior limb digits are generated. Results showed that cells of the ZPA 
have the ability to influence cell fate in the surrounding limb tissue, resulting in the reorganization of 
cell pattern. Grafting experiments in insects were also interpreted as revealing the existence of a gradi
ent of positional information that organizes pattern within insect segments (Stumpf, 1966; Lawrence, 
1966).

Despite the explanatory value of morphogen gradients, considerable controversy remained over 
whether such gradients actually operated during animal development and, if  so, how they precisely 
organized cellular pattern. Early candidates for signaling molecules have been suggested for some of 
the systems that have been described above, for example, retinoic acid and Sonic hedgehog for the 
ZPA in vertebrate limbs (Tickle et al., 1982; Thaller and Eichele, 1987; reviewed by Eichele, 1989; 
Riddle, 1993; Tickle et al., 1997), activin and noggin for the Spemann organizer in Xenopus (Green 
and Smith, 1990; Smith and Harland, 1992), and small secreted peptides that show activating and 
inhibitory functions in the head and basal disc in Hydra (Schmidt and Schaller, 1976; Schaller, 1978; 
Bodenmuller and Schaller, 1981). However, in each case, uncertainties remain about whether the rele
vant factor is expressed in the appropriate cells at the relevant time and whether its activity is normally 
responsible for organizing the pattern of surrounding cells.

1-2. Drosophila: a genetic model system for pattern formation.

The Drosophila embryo is a compelling genetic model system, since it enables one to perform 
large-scale mutagenesis screens to identify genes involved in specific developmental processes 
(Nusslein-Volhard and Wieschaus, 1980; reviewed in Ashbumer, 1989; Nusslein-Volhard et al., 1987; 
Ingham, 1988; Hooper and Scott, 1992). The seminal work done by Lewis (1978), as well as Nusslein- 
Volhard and Wieschaus (1980), identified a set o f genes that affected early embryonic patterning.
Since then, a combination of genetic and molecular biological tools have been used to identify a large 
number of genes that determine pattern formation during embryogenesis. This work led to a detailed 
understanding of the molecular basis of positional information and pattern formation during Drosophila

5

Reproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



embryogenesis (Anderson, 1987; Tautz, 1988; review by Ingham, 1988; St. Johnston and Nusslein- 
Volhard, 1992). Some of the strongest evidence for the establishment o f positional information involv
ing morphogen gradients has come from studies on the specification o f the anteroposterior (A-P) axis 
of the Drosophila embryo (reviewed by St. Johnston and Nusslein-Volhard, 1992).

The concept of positional information being established by a morphogen was first validated by 
studies of the bicoid (bed) gene. Mothers homozygous for bed loss-of-function mutant alleles cause a 
matemal-effect lethal phenotype resulting in the loss of anterior structures in the embryo. These were 
replaced by an anterior expansion of the posterior pattern. Transplantation of cytoplasm from the ante
rior to the posterior pole of a wild-type embryo resulted in the specification o f an ectopic anterior pat
tern. Beet' -dosage-dependent cytoplasmic rescue of the bed mutant phenotype suggested that anterior- 
posterior positional polarity is initially specified by the bed gene, suggesting that is may encode a mor
phogen required for anterior identity and pattering (Driever and Nusslein-Volhard, 1988a; Berleth et 
al., 1988). The Bicoid protein (BCD) was shown to exhibit the attributes expected of a classical mor
phogen (reviewed by St. Johnston and Nusslein-Volhard, 1992). Molecular data showed that maternal 
bed mRNA was localized to the anterior pole of an oocyte (St Johnston et al., 1989). Upon fertiliza
tion, the bicoid mRNA is translated into its protein product (BCD) which diffuses posteriorly through 
the syncytial pre-blastoderm embryo and forming a concentration gradient. This gradient organizes the 
segmentation o f the head and thoracic primordia in the embryo (Driever and Nusslein-Volhard, 1988b). 
BCD acts as a DNA-binding transcription factor and regulates the expression of downstream segmenta
tion genes in a concentration-dependent manner (Driever et al., 1989; Struhl et al., 1989). These genes 
constitute the zygotically-expressed genetic program that interprets the maternally-specified positional 
information that is established by the BCD gradient morphogen. Their expression is activated in 
restricted domains along the A-P axis o f the embryo, thus establishing the pattern of metameric seg
ments and different embryonic domains (Ingham, 1988; reviewed by Pankratz and Jackie, 1990; Cohen 
and Jurgens, 1991; Hooper and Scott, 1989).

Expression o f the gap (Nusslein-Volhard and Wieschaus, 1980), pair-rule (Kuroiwa et al., 1984; 
Harding et al., 1986), and segment polarity (Desplan and Theis, 1985; Baker, 1987; Rijsewijk and 
Schuermann, 1987) genes subdivides the action of the BCD gradient into successively smaller 
domains, that specify the parasegments, which define the metameric repeating pattern along the A-P 
axis of the embryo. The homeotic selector genes (Lewis, 1978) are also regulated by the segmentation 
genes, which restrict the expression of the homeotic genes to specific domains in the embryo (reviewed 
by Ingham, 1988), specifying segmental identity (Duncan, 1987; Peifer et al., 1987; Mahaffey and 
Kaufmann, 1988). Thus the role of the segmentation and homeotic selector genes is to translate the 
local level of the BCD signal into different heritably-determined cell states. In this way, the positional 
information provided transiently by the BCD gradient in the early embiyo can specify pattern differ
ences in the remote clonal descendants of the embryonic blastoderm cells.

The early Drosophila embryo is an unusual system because it involves the establishment and
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interpretation of the BCD gradient in a syncytium. Therefore, cytosolic proteins such as BCD, can 
freely diffuse throughout a common cytoplasm to form a gradient. This is not typical o f systems where 
patterning mechanisms operate within fully cellularized tissues. Therefore, this system is not a useful 
model for the sort of morphogen gradient that may operate in cellular tissues, such as in a vertebrate 
embryo, where the developmental process is cellular from its inception. Despite the explanatory value 
of morphogen gradients, at the time considerable controversy remained over whether such gradients 
actually operate during animal development, how they might be established, and how they might 
organize fields with regulative properties. The imaginal discs, unlike the embryo, however, provide an 
alternative experimental paradigm for pattern formation, which may allow investigators to dissect and 
elucidate the molecular mechanism of pattern specification within a fully-cellularized tissue.

1-3. The imaginal disc as a model for pattern formation in a cellular system.

The adult fly possesses ventral (leg) and dorsal (eye-antenna and wing) sets of appendages; 
these are derived from the imaginal discs of a larva (reviewed by Bryant and Schneiderman, 1969). 
Each adult appendage in Drosophila consists of a shell o f integument composed of an outer cuticle 
which is secreted by an underlying epidermis at metamorphosis (during the pupal period). The epider
mis is a simple cellular monolayer bounded apically by cuticle, and basally, by a basement membrane. 
The intricate cuticle pattern produced during differentiation provides a large number of structural mark
ers so that individual parts o f the exoskeleton can be identified separately with a high degree of resolu
tion. In addition, as in the embryo, pattern formation in imaginal discs is highly amenable to genetic 
analysis using large-scale mutagenesis screens that select directly for any changes in the morphology of 
the adult epidermis.

I-3i. Determ ination of the imaginal discs.

An early approach used to understand imaginal disc development sought to ascertain when and 
where the imaginal disc primordia are intially determined for specific adult structures. Adult cuticle 
structures and appendages differentiate at metamorphosis, during the pupal period, but the commitment 
to form specific imaginal structures occurs early in development. Discs are specified shortly after 
embryonic segmentation as small groups o f cells (referred to as polyclones) that are already determined 
for different imaginal fates (Chan and Gehring, 1971; Postlethwait and Schneiderman, 1973; Crick and 
Lawrence, 1975; Bryant, 1976; Simcox and Sang, 1982). Chan and Gehring (1971) showed that cells 
from the anterior and posterior halves o f a bisected blastoderm embryo were heritably committed to 
form only anterior and posterior imaginal structures, respectively. By transplanting small groups of 
these cells to ectopic positions in a host embryo, Sang and Simcox (1983) further tested the specificity 
of these commitments. Their results showed that at syncytial blastoderm stage, donor cells were 
already determined to differentiate structures that are specified by their original segmental location in 
the donor embryo. In addition, the corresponding segmental structures were often deleted in the sur
viving donors. This showed that imaginal disc cells were able to maintain their developmental com-
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mitments to an individual metamere from as early as the blastoderm stage. This kind of heritable com
mitment is referred to as determination, and the experimental demonstration of a heritable commitment 
is used as a specific criterion for a state of determination (Hadom, 1965; Gehring, 1966 and 1973).

Using gynandromorph analysis, it was estimated that the imaginal disc primordia initially con
sist of 10-40 founder cells which map to the prospective ectoderm of the blastoderm embryo (Janning, 
1978; Madhaven and Schneiderman, 1977). Bate and Martinez-Arias (1991) showed that the imaginal 
disc primordia could be identified visually as early as germband extended embryos (stage 11) 
(Ashbumer, 1989) as they segregated from the embryonic epidermis. By stage 13 in germband retract
ed embryos (Ashbumer, 1989), a group of ectodermal cells within the embryonic segments can be 
identified to form the disc precursors. These cells then undergo invaginations to form epithelial sacs 
that remain connected to the larval epidermis by a thin peripodial stalk during larval development. The 
surrounding larval cells cease to divide and are polyploid, whereas disc cells remain diploid and divide 
mitotically throughout larval development. By late third instar, growth and pattern formation within 
the discs are essentially complete, and each disc consists o f tens of thousands o f cells making up a 
characteristically-folded columnar epithelium enclosed by, and connected to, the larval body wall 
(Ashbumer, 1989). During pupariation, the discs finally evert to form external appendages and differ
entiate to form the evaginated adult exoskeleton (Condic and Fristrom, 1991). The larvae from discless 
mutants of Drosophila can develop normally to pupariation, but never undergo metamorphosis, so the 
the adults never eclose. This result indicates that the larval system is autonomous and develops inde
pendently of the disc cells, which seem to have no essential role in the larva (Sheam and Garen, 1974). 
Earlier experimental findings by Epbrussi and Beadle (1936) showed that, following in vivo culture of 
third instar imaginal discs in the abdomen of a larval female host, the discs can differentiate along with 
the host at metamorphosis. These experiments demonstrated that each imaginal disc gives rise to an 
invariant set of adult cuticular structures depending on its segmental origin. This also implied that the 
determination of disc fates must occur in late blastoderm embryos prior to the onset o f larval forma
tion. This suggested that the determination of the fate of a disc is independent o f its position in the 
larva by first instar.

Early attempts to understand pattern specification in imaginal discs came from fate mapping 
experiments. Disc fragments cultured in larval female hosts were only able to make a fraction of the 
adult structures that the whole disc forms normally during metamorphosis. Using the characteristic 
epithelial folds as markers, Schubiger and Hadom (1968) constructed a fate map of the leg disc by cul
turing discrete disc fragments. They were able to show that each fragment differentiates a particular 
part of the leg. Conversely, when groups of cells were removed from a disc, specific pattern elements 
were missing when the disc differentiated, indicating that a late-stage imaginal disc was a composite or 
mosaic of specified pattern elements. The center of a leg disc corresponds to the presumptive distal tip 
of a leg and the periphery of a disc to its base (see Figure 2), so that the radial coordinates o f the disc 
define the proximal/distal (P/D) axis of a leg (Schubiger, 1971). Thus, cells in late 3rd instar imaginal 
discs had already acquired commitments which were specific to their particular positions within the

8

Reproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 2 . Fate map for domains of the mesothoracic imaginal leg disc.
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Schematic representation o f the adult leg in (A) is shown with a corresponding imaginal leg 
disc fate map in (B) derived from disc fragment culture experiments (Schubiger and Schubiger, 
1978). The leg disc in (B) is represented as a series o f concentric rings, telescoped segment by 
segment. The concentric folds (rings) depicted in (B) represent the corresponding segments of 
the leg in (A) (in a proximal to distal direction): coxa (Co), trochanter (Tr), femur (Fe), tibia 
(Ti), tarsal segments 1-5 (Tal-5), and claw (Cl). The D/V axis [dorsal (D), ventral (V)] is rep
resented by the red line, the A/P [anterior (A), posterior (P)] by the blue line and the D/P [dis
tal (Dis), proximal (Prox)] by the yellow line. (A) and (B) are modified from Schubiger and 
Schubiger (1978).
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disc (Bryant, 1975; Poodry et al., 1971).

Imaginal disc fragments were shown to grow independently by mitosis when cultured in an 
adult female host, but do not differentiate (Nothiger and Schubiger, 1966; Schubiger and Hadom,
1968). Hadom (1965,1969) then went on to show, by serial transfer o f imaginal disc fragments 
through in vivo culture in a series of adult female hosts, that the determination o f discs to form specific 
adult segments was indefinitely stable. For example, when wing fragments were subdivided and sub
cultured repeatedly in adult hosts, and finally transferred to a larval host to differentiate, the tissue was 
still capable of forming the original determined structure. Hadom showed in these experiments that the 
early embryonic developmental commitments of cells to particular discs can be bequeathed to their 
mitotic progeny during growth indefinitely through many cell divisions before it was allowed to differ
entiate.

Using mosaic analysis, experimenters showed that cell fate determination in the imaginal discs 
was acquired by a progressive restriction of the developmental potential of cells (Bryant and 
Schneiderman, 1969; Garcia-Bellido and Merriam, 1969, 1971; Garcia-Bellido and Santamaria, 1972) 
to regions called compartments (Garcia-Bellido et al., 1973). These compartmental restrictions subdi
vided the imaginal disc in a simple geometric, anterior-posterior (A/P), dorsal-ventral (D/V) and proxi
mal-distal (P/D) pattern, reflecting heritable commitments of cells and leading to specific final states of 
determination (Garcia-Bellido et al., 1973; Crick and Lawrence, 1975). For example, somatic clones 
produced in wing discs as early as first larval instar defined a compartment boundary that separated the 
anterior and posterior compartments of a wing (Garcia-Bellido et al., 1973). Clones induced later were 
restricted to either upper or lower parts of a wing, thus defining a new compartment boundary that sep
arates dorsal cell fates from ventral ones (Garcia-Bellido et al., 1973; Crick and Lawrence, 1975).
These experiments suggested that successive compartmentalization events progressively subdivide cell 
populations to create more specific cell fates. Since these are clonal properties, these cell fate restric
tions must be heritably maintained. Based on these results Garcia-Bellido et al. (1973 and 1976) pro
posed the compartment model, an alternative to the positional information model proposed by Wolpert 
(1969) in Figure 1, as a mechanism to explain how cell fate is determined in imaginal discs.

Studies of engrailed (en), a gene encoding a nuclear transcription factor that is required to spec
ify the posterior compartment identity in imaginal discs, provided further evidence for the basis of 
compartmentalization. Flies mutant for en showed a mirror-image transformation of structures in the 
posterior compartment of the wing into those of the anterior compartment (Garcia-Bellido and 
Santamaria, 1972; Lawrence and Morata, 1976). The anterior compartment remained unaffected. 
Mutant clones of en induced in the anterior compartment of the wing disc showed that the mutant phe
notype never crossed the A/P compartment boundary. However, mutant clones o f en induced in the 
posterior compartment often did display mutant phenotype across both sides o f the A/P boundary 
(Garcia-Bellido and Santamaria, 1972; Morata and Lawrence, 1975). Clonal cells possessing of enlen 
in the posterior compartment autonomously differentiated structures which are seen normally seen in
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the anterior compartment. This suggests that wild-type en function is required for posterior cell fate, 
and that en must be activated in all the cells of the posterior compartment, and repressed in cells of the 
anterior compartment, where it is not required. This led to Garcia-Bellido’s hypothesis for the basis of 
determined cell states, which he called the selector gene model (Morata and Garcia-Bellido, 1976). 
According to the model, a selector gene is one that selects a particular developmental pathway for a 
cell. Each different selector gene, acting as a binary switch, would be turned ON or OFF at each com- 
partmental subdivision. The resulting combination o f active selector genes in each cell o f the compart
ment would encode the determined state of a cell. The expression of these genes would have to be 
maintained clonally in the compartments that they specify, so that the determined states would be heri
tably transmitted. The combination of selector genes expressed in a particular compartment activates a 
specific set of downstream target genes leading to the specification o f a distinctive developmental fate. 
The formation of the compartment boundary results from cells expressing different selector genes.
This model, however, was not able to explain how selector genes are switched ON or OFF in a posi
tion-specific manner as the compartments are being formed, or how patterning within each compart
ment is later accomplished. However, the regulative properties o f imaginal discs during development 
provided an approach to this problem since the regulative behavior implied that specification of disc 
cell fates was also positionally dependent.

I-3ii. Regulative properties of imaginal discs.

Although compartmental commitments in mature imaginal discs are clonally heritable during 
normal development (and therefore interpreted as cell determination), Schubiger (1971) showed that 
these commitments could be re-specified during regeneration. When undifferentiated disc fragments 
were implanted for a prolonged time period into an adult female abdomen to permit their growth, and 
then allowed to differentiate in a larval female host, they formed structures that transcended those 
expected from the fate map predictions (see Figure 3). For example, upper-medial-quarter (UM1/4) 
fragments in leg discs could regulate to form the entire leg pattern when cultured in the adult host for 
seven days. The complementary 3/4 lateral fragment with the distal endknob (3/4L+EK) also regulated 
to duplicate the pattern specified by the fate map (Schubiger and Hadom, 1968; Schubiger, 1971).
More importantly, this experiment showed that regeneration of the entire pattern was possible even 
from a small fragment derived entirely from the anterior compartment. Thus, under these conditions 
the fragments behaved as if a disc was a regulative field, meaning that the normal cell fate commit
ments represented by the compartments could be re-specified. Therefore, states of cell determination 
which are normally fixed can be changed after tissue injury, under specific experimental conditions 
(Bryant, 1971).

Haynie and Bryant (1976) showed that pattern regulation o f imaginal disc fragments occurred 
by filling in the missing tissue from the cut edges that had fused to form a wound heal, by a process 
called intercalation. They found that certain fragments from the edge of a disc, when cultured alone, 
only formed duplications. However, when grafted to a fragment from the opposite edge of a disc, the
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Figure 3. Pattern regulation of two complementary imaginal leg disc
fragments (described in Schubiger, 1971).
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Regulation o f two complementary leg disc fragments. (A) Two cuts (red, cut A and cut B) 
are made in the imaginal leg disc producing two complementary fragments in; (B) shows the 
1/4 upper medial (1/4UM) and 3/4 lateral plus distal endknob (3/4L+EK). (C) Once the 
1/4UM and 3/4L+EK fragments are implanted into an adult female host abdomen, the cells at 
the cut edge of each fragment (A’ and B ’ for 3/4L+EK.; A° and B° for 1/4UM), fuse to form a 
wound heal [red line in (C)]. Following wound healing, a small group o f cells (blue) on both 
sides o f the wound heal start to proliferate. These groups o f cells are referred to as the regen
eration blastema, which marks the region o f regulative growth and development o f each frag
ment. (D) The 1/4UM fragments will normally regenerate the missing disc tissue, and the 
3/4L+EK fragment will regenerate a mirror image duplicate o f itself. A and P mark the ante
rior and posterior compartment respectively.
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same fragments regenerated intervening structures. This showed that the fate of a duplicating fragment 
could be changed by interaction with another fragment from an opposite edge o f the disc. Reinhardt et 
al. (1977) showed directly by scanning electron microscopy of in vivo cultured wing disc fragments, 
that prior to any cell division, the cut edge o f the disc epithelium first heals by folding and fusion of 
the cut edges so that the cells from different positions confront each other. This subsequently stimu
lates intercalary cell division adjacent to the wound heal. It was suggested that this cell divison leads 
to a restoration of the continuity of positional information by filling in the intervening positional values 
across the wound heal (Reinhardt and Bryant, 1981). Moreover, these experiments taken together sug
gested that the re-specified pattern during regulative growth depended on the positional values of the 
cells on both sides o f the wound that were brought together during the process o f wound healing. This 
showed that cell-cell interactions across the wound heal were instructive in determining the pattern 
regenerated by a disc fragment.

Abbott et al. (1981) used marked clones of cells to study the A/P compartmental restriction in a 
leg disc fragment undergoing regeneration. Clones of cells labeled prior to transplantation of the 
UM1/4 fragment, crossed the A/P compartment boundary, while clones induced later did not.
Therefore clonal restriction was initially lost and then re-established during regeneration. This implies 
that a re-specification o f compartmental cell fate takes place to generate a new posterior compartment 
when cells from that compartment are separated from the anterior UM1/4 fragment. In addition, 
marked clones in the regenerated posterior part o f the leg did not usually extend from the original ante
rior UM1/4 of the leg, but only extended from the site of the cut edges of the disc fragment. This 
means that regeneration does not derive by cell migration from the original fragment (Postlethwait et 
al., 1971), but rather from cells at the cut edges in the wound heal (Abbott et al., 1981). Haynie and 
Bryant (1976) had noted that previously, a small number o f cells from a specific region adjacent to the 
wound heal were needed to produce the new pattern. These cells, which defined a new region of cell 
division, that were able to produce the new pattern, were referred to as the regeneration blastema. 
Bromodeoxyuridine (BrdU) incorporation experiments used to mark cells in S-phase showed that the 
incorporation of the BrdU label was most intense in cells adjacent to the cut edges that had fused to 
form the wound heal (Dale and Bownes, 1980 and 1985). This indicated that these cells possess a high 
mitotic activity, consistent with the postulated regenerative ability of cells at the cut edge.

Using a different experimental approach, Girton and Russell (1980) were able to estimate the 
number of cells that make up the blastema. Larval heat treatment of a temperature-sensitive cell 
autonomous lethal mutation, suppressor o f forked 12 (su(f)^), induced limited cell death in the imagi
nal discs (Clark, 1976; Russell, 1974; Clark and Russell, 1977). When these heat treated larvae were 
shifted back to the permissive temperature and allowed to recover, a number of the adults which 
eclosed exhibited a high frequency of duplications of leg, antenna, and other head structures (Russell, 
1974; Russell, et al., 1977). Using this system, in combination with clonally-marked cells, Girton and 
Russell (1980) estimated that the average number of cells that form the duplicate leg was only about 
seven, consistent with the formation of a localized blastema after cell death.
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The regeneration blastema consists of a dividing population of cells which have lost their previ
ous compartmental commitments. Ultimately, the blastema gives rise to intercalated structures. The 
unique nature of blastema cells was shown in experiments in which the blastema was removed from a 
normally-duplicating disc fragment following wound healing. The blastema was able to regenerate an 
entire disc pattern (Karpen and Schubiger, 1981). Such cells were thus able to transcend their normal 
compartmental restrictions, suggesting that blastema cells had a high level of developmental plasticity. 
Normally in disc fragments, such as the UM1/4 or 3/4L+EK fragments, the surrounding cell environ
ment must limit the developmental potential of a blastema. This implies that the cells from a blastema, 
in the context of the fragment with which it is associated, can somehow “sense” the positional values 
of neighboring cells. Thus, the process of pattern formation (including, in the case of the UM1/4 leg 
fragment), the specification o f a new compartments, may be regulated by a mechanism which involves 
the intercalation of positional information by cell-cell interactions (Bryant et al., 1978; Schubiger and 
Karpen, 1983).

In summary, clonal labeling of cells during both normal disc development and regeneration sug
gest that patterning involves at least two processes: heritable determination o f cell fate by compartmen
tal specification, and specification of positional values by local cell-cell interactions that leads to regu
lative re-patteming of compartmental fates. Re-specification was never considered by the selector gene 
model, which also does not explain how the compartmental states originate during normal develop
ment. The rules of re-patteming in regeneration do suggest that a positional information system may 
underlie compartment formation in normal development. Several models, which try to explain pattern 
formation in the context o f either heritable or regulative properties of imaginal discs have been pro
posed. All postulate a hypothetical positional information system in a disc, that show how the cells 
within a disc would have to change to account for the observed regulative properties. These models 
will be explained in detail, below.

1-4. Models for positional information.

I-4i. The gradient of developmental capacity model.

Bryant (1971) proposed that the ability o f two complementary leg disc fragments to either 
regenerate or duplicate distal structures is due to a proximal-distal gradient o f developmental capacity 
of cells in an imaginal disc. According to this idea, cells exposed by a cut at a particular level could 
only regenerate structures associated with the lower levels o f this gradient (Figure 4). For example, 
the UM1/4 fragment is able to regenerate all lower lateral pattern elements. Based on this model, 
Schubiger (1971) postulated that an UM1/4 fragment must include cells o f  the highest developmental 
capacity. Conversely, the remaining 3/4L+EK fragment could only duplicate lateral pattern elements at 
levels lower than the cells at the cut edge which represents the low end of developmental capacity in a 
disc (Schubiger and Schubiger, 1978). Thus, both fragments produce the same pattern elements, lead
ing to either regeneration or duplication, because the cells at both cut edges represent similar cells that

14

Reproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 4 . Pattern regulation in terms of the gradient of 
developmental capacity model.
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have the same developmental capacity. The model then implies that there is a gradient o f developmen
tal capacity with a boundary, or region, specifying the high point and another specifying a low point, 
where growth can generate only cells with lower positional levels. The utility o f this model is that it 
can explain the regeneration and duplication of complementary disc fragments using a single (simple) 
rule. However, the model cannot be used to explain the behavior of all disc fragments.

Bryant (1975) observed that, in wing discs subdivided into two fragments by single cuts in dif
ferent positions, a region in the center of a disc was included in all regenerating fragment, but this cen
tral region was absent in duplicating fragments. Thus, this model implies that a smaller fragment con
taining only the center of the disc should regenerate all the missing pattern elements, whereas, the com
plementary (edge) fragment should always duplicate. He found, instead, that the center fragment 
duplicated itself and the complementary peripheral fragment regenerated the central pattern elements. 
Thus, the gradient of developmental capacity model is not sufficient to account for all experimentally 
observed results.

The polar coordinate model.

Bryant et al. (1981), applied the polar coordinate positional information model, initially pro
posed by French (1976) to explain regulative behavior of amputated and grafted cockroach limbs, to 
explain the regulative behavior observed in most regenerating imaginal disc fragments (Figure 5). 
French et al. (1976) proposed that a continuous positional information system is specified by polar 
coordinates in two dimensions, so that each cell has both a radial positional value specifying position 
along the P/D axis, and a circumferential (angular or “clockface”) value specifying position around the 
circumference of the leg (Figure 5A). In cockroach legs, removal of a longitudinal stripe of epidermis 
and cuticle from around the circumference of the femur created a situation where distant cells from 
both cut edges were juxtaposed. This initiated the mitotic division o f cells at the wound heal produc
ing a blastema that differentiated the missing intermediate structures by intercalary regeneration. 
Therefore, interpolation of circumferential positional values between the initial values of cells at the 
two cut edges may facilitate regeneration of the missing tissue. This further shows that the re-specifi- 
cation of cell fate after injury depends on local cell-cell interactions as observed in imaginal disc frag
ments in Drosophila.

The model postulates two rules that describe how new positional values are assigned to the 
cells comprising a blastema (Figure SB). In cockroach legs or imaginal discs, when cells with differ
ent positional values become juxtaposed upon wound healing, the discontinuity in positional values is 
“sensed”, leading to cell division. A blastema is formed and new cells adopt the missing fates by 
smoothing out the discontinuity between the positional values of the pre-existing neighboring cells 
through local cell interactions. Therefore, if  cells that are normally in non-adjacent positions in the 
disc epithelium are j uxtaposed by grafting or fusion o f two cut edges (wound healing), cell interactions 
will lead to intercalation of intermediate circumferential positional values. In addition, these observa-
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Figure 5 . The polar coordinate model of positional information during 
axial patterning in imaginal leg discs (French et al., 1976).
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(A) The polar coordinates o f positional information in a developmental field are represented 
by a circumferential clockface (0-12) and radial (A-E) values. The field o f an imaginal leg 
disc is depicted as a flat 2-dimensional layer o f  cells, with the proximal part (A) at the edge 
and the distal part (E) in the center. Each cell would then have precise information as to its 
position in surface space determined by its circumferential and radial values. (B) Shows the 
results o f culturing the 1/4UM and 3/4L+EK (see F igure 3 for description) fragments as 
explained by the polar coordinate model. The regulative behavior o f each fragment can be 
explained best if  the circumferential values are assumed not to be uniformly distributed 
around the disc, but mostly clustered in the upper medial quarter (UM1/4). The values 5 and 
12 (red) heal together. Then, by intercalary growth (red lines), the 1/4UM fragment having 
more than half the positional values is the one that regenerates; the physically larger 
3/4L+EK fragment, which possesses less than half the positional values, duplicates.
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tions show, that the intermediate structures are always filled in by the shortest o f the two possible 
routes, implying that angular positional values are arranged around a (clockface) circle in a continuum 
with no points o f discontinuity. This means that there is no singularity at the position of 12/0 (o’clock) 
or at any other point around the (imagined clock face) circle, thus ruling out a gradient model for spec
ification of the angular coordinate. This rule accounts for the duplication of a fragment that contains 
less than half of the circumferential values, and the regeneration o f one that contains more than half of 
those same values (Figure SB).

The second rule of distalization in the model, states that distal regeneration occurs whenever a 
complete circle of circumferential positional values is present at the cut edge (Schubiger and 
Schubiger, 1978; Bryant et al., 1981). For example, when a cockroach leg is amputated, structures dis
tal to the site o f the amputation are all generally regenerated. Thus, cells at a cut edge at a certain 
proximo-distal level (radial value) regenerate all the missing distal structures (lower radial values).
This rule accounts for the observed duplication o f a central wing disc fragment and the regeneration of 
the complementary edge fragment, that could not be explained by the gradient o f developmental capac
ity model.

However, the polar coordinate model had to be modified since it does not explain the regenera
tion behavior observed by all disc fragments. For example, based on the regulative behavior of wing 
disc fragments, the angular values are assumed to be distributed equally. Conversely, the angular val
ues around the leg disc must be compressed into the upper medial quarter of a disc so as to explain the 
regeneration of the UM1/4 fragment as well as the duplication o f the remaining 3/4 fragment (French 
et al., 1976). Karlsson (1980) attempted to map the distribution of circumferential values required to 
explain the data using the polar coordinate model. She observed that wing discs also show a non-uni
form distribution of angular (clockface) values. According to her data, 7 or 8 o f the twelve clockface 
values were clustered very close to the two ends of the A/P boundary. This supported the possibility 
(see below) that the A/P compartment boundary might act as a source for angular positional informa
tion. Finally, according to this model, normal development in discs could proceed by the same interca
lation of positional values as observed in regeneration. However, the question of how initial positional 
values are determined in the imaginal disc primordia needs to be addressed. In addition, the relation
ship between the binary “decision” mechanism postulated in the selector gene model in the formation 
of compartmental restrictions in imaginal discs, and the continuous positional information system in 
imaginal discs implied by regulative behavior o f regenerating discs, needs to be explained.

In regenerating discs fragments it was shown that cells from one compartment were able to give 
rise to cells of another compartment (Schubiger, 1971). For example, an UM1/4 fragment, consisting 
of cells whose fates are all anterior, can regenerate an entire posterior compartment. This implies that 
the heritable commitment of a cell to anterior fates is lost in cells that regenerate. Szabad et al. (1979) 
showed that the A/P compartment boundary may be transgressed by clones that are induced soon after 
damage to the imaginal disc, while clones induced 24hrs after cell death respected the A/P compart-
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meat boundary. In addition, this clonal restriction appears to be established before regenerative cell 
division begins (Girton and Russell, 1981, Abbott et al., 1981). This implies that cells that give rise to 
the new pattern lose their initial compartmental commitments but are re-assigned new ones before cell 
division first occurs in the blastema. Thus, although cells in the leg disc normally have heritably- 
restricted compartmental fates, they are not irreversibly committed to form these structures when cell 
interactions across the wound heal re-assign positional values.

Subsequent work by Schubiger and Schubiger (1978), implicated compartments and compart
ment boundaries in distal regeneration. Distal regeneration of proximal fragments of imaginal leg discs 
is observed in the absence of complete circumferential values, which is contradictory to the complete 
circle rule of the polar coordinate model. Girton (1981), looking at distal duplications in the leg 
induced with the mutation su(f)^ , also noticed that distally-complete duplications generally contain 
cells from all compartments (posterior, anterior-dorsal and anterior-ventral). These results suggest that 
the ability of fragments to regenerate distally may depend on cooperation between cells of different 
compartments rather than a complete circle of angular positional values. The relationship between 
compartment boundaries and positional information is addressed by a model in which the compartment 
boundaries are be organizers of positional coordinates (Meinhardt, 1983a).

I-4iii. The compartment boundary model.

Crick and Lawrence (1975) proposed the idea that compartment boundaries in a cellular field 
may function as reference axes in a Cartesian coordinate system, where the cells along the boundary 
produce a morphogen that specifies that positional information for the adjacent cells. Meinhardt 
(1983b, 1984, 1986, and 1989) proposed a different model which also related compartments and posi
tional fields. Using the theory of pattern formation proposed by Turing (1952), he described how two 
morphogens could form a pattern of equally-spaced peaks (singularities) that develop spontaneously by 
reaction-diffusion (e.g. a short-range autocatalytic process coupled with a long-range inhibitory process 
involving the diffusion of two morphogens). Autocatalysis is one way to maintain a determined state, 
and this could be the basis for compartments. In this model (Figure 6) a second interaction between 
cells across the compartment boundary generate a morphogen, so that the boundary is the high point of 
a gradient of positional information.

To generate a proximal/distal (P/D) axis, Meinhardt proposed that a third interaction between 
A/P, D/V and P compartments could create a local singularity at the point o f intersection of the com
partment boundaries. The model postulates that the site where the A/D, A/V and P compartment 
boundaries intersect, specifies the presumptive distal/proximal pattern o f a leg by acting as a source (or 
high point) of a third diffusible morphogen. The conical concentration gradient of positional informa
tion generated would provide a radial coordinate for all cells in the disc, and would both induce out
growth and presumably, specify fate along the P/D axis. The radial and circumferential positional val
ues are thought to be integrated into the conical gradient. In general, the discrete compartmental states
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Figure 6. The boundary model for the specification of positional
information to explain pattern formation in imaginal leg discs 
(Meinhardt, 1983a).
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According to the compartment boundary model, the interaction between cells o f different 
compartmental fates at the compartment boundary acts as organizing centers for imaginal 
discs. (A) The primary process involves defining anterior (A) and posterior (P) compartmen
tal fates by establishing new cell lineages. (B) A diffusible asymmetric signal (green arrow) 
from the posterior to the anterior compartment defines the anterior-dorsal (AD) (blue) and 
anterior-ventral (AV) (red) sub-compartments. (C) The intersection between cells along the 
anteriodorsal, anterioventral and posterior borders define a unique point at the center o f the 
disc. Topographically, the three compartments are sufficient to specify the center o f the disc. 
As a result of the interaction among cells o f the AD, AV and P compartments at their point of 
intersection, an organizer region (yellow) is established. This is defined as a local morphogen 
source. (D) By diffusion and decay into the surrounding sheet o f cells, a gradient morphogen 
profile results, thus specifying the positional information along the proximal-distal axis o f the 
disc. The circularly arranged primordia o f the leg disc segments correspond to the contour 
lines o f this cone-shaped distribution. In agreement with this model, the most distal struc
tures, the claw and tarsus, are formed around the intersections o f the compartment borders.
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act as sources of information so that the compartmental boundaries might act as cardinal positional val
ues between which intermediate positional values are subsequently interpolated to establish a Cartesian 
coordinate system that specifies pattern. Unlike all previous models, this would place compartmental
ization upstream o f positional information in the hierarchy o f information flow. Observations by 
Karlsson (1981) support the idea that the polar coordinate description of positional values is specified 
with reference to the compartment boundaries. The polar coordinate model explains the regulative 
behavior of imaginal discs by assuming the intercalation of an existing continuous positional value sys
tem, while the boundary model may describe the mechanism by which such a system of positional 
information could be generated. Meinhardt and Gierer (1980) had earlier observed that the ability of 
proximal fragments to regenerate distal structures is associated merely with the presence of cells from 
the anterior-dorsal, anterior-ventral, and posterior compartments. On the other hand, fragments which 
contain only the posterior or anterior compartment failed to regenerate distal structures. To explain 
this, Meinhardt proposes that cooperative interactions between cells of different compartments can cre
ate a distal organizer at their boundary. Another prediction o f the model is that distal transformation 
(duplication) will occur if  a new intersection of A/P and D/V boundaries is created. Thus, Meinhardt 
suggests a modification of French et al. (1976) in which compartment boundaries in imaginal discs act 
as discrete local organizers of continuous global gradients o f positional information. Recent evidence- 
fully supports this prediction (see below). The boundary model, however, is unable to explain several 
surgical results in imaginal discs (reviewed by Blair, 1996). For example, the UM1/4 fragment of a leg 
disc that lacks cells from the posterior compartment (and therefore an A/P boundary to act as a gradient 
source) is able to regenerate a structurally and functionally complete pattern. This model can neither 
explain the intercalation o f ablated structures within a compartment, nor the duplication of complemen
tary fragments (see review by Blair, 1996). Therefore, the explanatory value of these models remain 
incomplete-possibly because the genetic and molecular mechanisms that determine the regulative 
behavior and positional information in imaginal discs was yet to be determined.

1-5. The genetic and molecular basis of pattern formation in Drosophila imaginal 
discs.

During the past three decades, insights into the molecular components o f the positional infor
mation system in imaginal discs started to emerge ( Sheam et al., 1971; Sheam and Garen, 1974; Kiss, 
1976; Sheam, 1977; James and Bryant, 1981). By 1991, studies of embryonic pattern formation 
(reviewed by Ingham, 1988; St. Johnston and Nusslein-Volhard, 1992; and Ingham and Martinez-Arias, 
1992) were beginning to furnish some clues as to the way in which many o f the genes involved in late 
segmental patterning in an embryo might also participate in patterning adult structures. Pattern trans
formations similar to those observed in an embryo, due to mutations in segment polarity genes, are also 
found in excision and grafting experiments using insect abdominal segments (Locke, 1959; Wright and 
Lawrence, 1981) as well as with regenerating imaginal disc fragments (Schubiger and Schubiger,
1978). This suggested that a common basis for positional information may exist in both an embryo 
and imaginal discs (Meinhardt, 1983a, 1986; Russell, 1985; Martinez-Arias, 1989). Based on the
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mutant phenotypes and the expression patterns of segment polarity genes in imaginal discs, Wilkins 
and Gubb (1991) reason that these genes are instrumental in assigning positional information in discs.

I-5L Segment polarity genes specify both imaginal leg disc primordia in an embryo as well as 
segmental pattern in a larva.

Early clonal analysis experiments provide support for the idea that the determination and pat
terning of imaginal discs involves some of the same genes required for segmentation in the embryo. 
Genetically-marked clones induced in wild-type blastoderm stage embryos indicate that the imaginal 
disc primordia are divided into two groups of cells-one committed to form the anterior, and the other 
the posterior, adult structures of a particular segment (Wieschaus and Gehring, 1976; Lawrence and 
Morata, 1977).

The determination or allocation o f cells to imaginal disc primordia in thoracic segments of an 
embryo depends on wingless (wg) and engrailed {en) function. Embryos mutant for either of these 
genes fail to develop thoracic imaginal disc primordia (Simcox et al., 1989). The wingless gene 
encodes a member of the Wnt family of secreted extracellular signaling molecules (reviewed in Nusse 
and Varmus, 1992). Several findings have shown that wingless protein (WG) acts as an intercellular 
signal involved in pattern formation during embryogenesis (Gonzalez et al., 1991). Mutations that 
reduce or eliminate wg function have global effects on the pattern of cell differentiation within embry
onic segments, even though WG expression is restricted to a subset of cells within each segment pri- 
mordium ( Baker, 1987; Martinez-Arias et al., 1988; van den Heuvel et al., 1989a; Peifer et al., 1991). 
The A/P compartmental restriction in each segment primordium originates with the formation of the 
parasegmental boundaries in the embryo, determined by the adjacent stripes o f expression of WG and 
EN (see Figure 7). This precedes, and is critical for, allocation of disc precursor cells from the epider
mis of an embryo during metamerization (Madhaven and Schneiderman, 1977). Restricted expression 
of WG and EN in thoracic and abdominal segments of an embryo is initially established by gap and 
pair-rule genes during A/P axis pattern formation during germband extension in an embryo (stage 9). 
Expression of engrailed, which encodes a homeodomain-containing transcription factor (van den 
Heuvel et al., 1989a; DiNardo et al., 1988; Vincent and Lawrence, 1994), defines posterior cell fate of 
embryonic segments. Engrailed protein (EN), in a cell-autonomous fashion, activates the expression of 
hedgehog {Mi), which encodes a secreted growth factor. Hedgehog protein (HH) is a transmembrane 
protein that is autoproteolytically cleaved to generate a diffusible product (Lee et al., 1992 and 1994) 
(Figure 7A). The HH protein diffuses anteriorly to neighboring cells stabilizing the expression o f wg. 
WG in turn, secreted by adjacent anterior cells , acts as a long-range signal that diffuses anteriorly to 
determine anterior cell fate. WG acts also as a short-range signal that diffuses posteriorly to maintain 
the expression of en in the immediate neighboring cell. Formation of this regulatory loop between wg 
and en creates the parasegmental boundary in an embryo (reviewed in Martinez- Arias, 1993, see 
Figure 7A). Later, en expression becomes independent of wg and vice versa. Their expressions are 
maintained by an autoregulatory loop. Engrailed expression becomes cell-heritable upon formation of
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Figure 7. Establishing the imaginal disc primordia during Drosophila
embryogenesis (reviewed by Martinez-Arias 1993; and Cohen, 
1993).
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Schematic diagram depicting the spatial relationship among the discfounder cell population 
and the forming parasegment boundary in the embryo. (A) In stage 10 embryos Engrailed 
expressing cells (green cells) activate and maintain wingless expression (red cells) in adjacent 
anterior cells by activating and secreting hedgehog protein (HH) (yellow arrow). Wingless 
expressing cells in turn, secrete wg protein (WG) (red double arrow) which diffuses posterior
ly to maintain engrailed expression in adjacent cells, thus defining the parasegmental bound
ary in each segment o f the embryo, and anteriorly to specify the naked cuticle pattern o f the 
anterior compartment o f each segment. (B) By stage 12 in germband retracting embryos,
DPP (blue double arrow) and WG (red arrow) protein secreted from dpp (dorsal lateral cells, 
blue) and wg (ventral cells, red) expressing cells intersect at cells in the lateral region o f each 
trunk segment o f the embryo. (C) The nuclear target gene Distalless (Dll) (purple cells) is 
activated in adjacent non-expressing cells in response to both the WG and DPP signals, thus 
specifying the leg disc primordium (Cohen, 1993).
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disc primordia from ectodermal cells that straddle the parasegmental boundary in germband extended 
embryos (stage 10-11). Therefore, posterior compartment identity in disc primordia appears to be 
acquired through the embryonic activity of EN in the posterior half of a segment. EN expression sub
sequently maintains posterior compartment identity in a disc during larval stages (Vincent and 
O’Farrell, 1992; reviewed by Cohen, 1993; Lawrence and Morata, 1994; Lawrence and Sanson, 1996; 
Blair, 1996).

The decapentaplegic (dpp) growth factor, is required to specify the dorsal-ventral (D-V) axis in 
the blastoderm embryo (for a review see; Anderson, 1987; Gelbart, 1989). During germband retraction 
(stage 11-13) in the embryo, dpp expression is restricted to a longitudinal stripe on each side of an 
embryo, along the length of the embryo in the dorsal-lateral ectoderm. In addition, wg expression 
fades in the dorsal ectodermal half o f an embryo and is restricted to a transverse set of cells in the ven
tral-lateral ectoderm of each segment in the embryo (Figure 7B) (reviewed in Martinez- Arias, 1993). 
Dpp protein (DPP) and WG are thought to diffuse from the longitudinal stripes of dpp-expressing cells 
in the dorsal half, and the transverse rows of wg-expressing cells, in the anterior compartment of an 
embryonic segment (stage 12) respectively (Figure 7B). Both DPP and WG are then thought to affect 
adjacent cells dorsal to wg-expressing cells and ventral to d/jp-expressing cells. The intersection of 
DPP and WG causes the activation of Distalless (Dll) expression in these cells (Figure 7C) (review by 
Cohen, 1993). Dll is a gene whose activity is required for the specification o f the proximal/distal (P-D) 
axis in leg and wing discs (Cohen et al., 1989; Cohen and Jurgens, 1991). Cohen (1990) showed that 
the earliest Distalless expression coincides with the position where the thoracic disc primordia origi
nate in an embryo. Distalless was most strongly expressed at the point of intersection between wg 
expressing cells at the parasegmental boundary, and the longitudinal stripe of cells expressing dpp. 
Mutations in both dpp and wg result in a loss of Dll expression and the failure o f cells to form disc pri
mordia (Cohen 1990; review by Cohen, 1993). These experiments indicate that the origin and pattern
ing of imaginal discs is closely linked to A/P parasegmental and dorso-ventral positional information 
generated in an embryo (Cohen et al., 1993; Couso and Gonzalez-Gaitian, 1993). The disc primordia 
are made up of en-expressing and wg-expressing cells from both sides of the parasegmental boundary. 
This system generates borders characterized by neighboring cells with different states of determination. 
This coincides with the A/P lineage restriction in the imaginal discs and is probably the first step in 
imaginal disc patterning (Cohen, 1993; Cohen et al., 1993; Couso et al, 1993). This spatial relationship 
suggests that the two morphogens (WG and DPP) that establish the A/P and D/V pattern in an embryo 
also serve as the source of A/P and D/V positional signals which provides an orthogonal coordinate 
system to position imaginal disc primordia. Thus, WG and DPP are not only involved in A/P and D/V 
patterning of imaginal discs later during larval development (see below), but are also responsible for 
the earlier allocation of embryonic cells to disc primordia (Cohen et a l, 1993). These experiments 
confirm the association of imaginal disc patterning with that of the larval epidermis. This supports 
Meinhardt’s (1983a, 1989) earlier speculation that secondary developmental fields (like disc primordia) 
might be established in a naive field of cells at the boundaries of stripes of cells expressing different 
genes, such as adjacent en- and wg- or dpp-expressing cells that specify the A-P or D-V axes in an
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embryo. This would be a way to initiate a determined state leading to the formation of compartments.

It has been shown that wg, dpp and other genes such as hh and en continue to play key roles 
during larval stages in specifying positional information in imaginal discs. Viable mutant alleles of 
these genes that are sufficient for normal embryonic development cause position-specific pattern 
defects, including polarity reversals, in adult disc derivatives, analogous to the effects seen in embryos 
that are mutant for the same segment polarity genes (Baker, 1987; Ingham, 1988; Wilkins and Gubb, 
1991; Held, 1993). These included deficiency-duplication phenotypes in which either the ventral or 
dorsal portion o f a leg was missing and was replaced by a mirror-image copy of the remaining portion 
(Held, 1993). For example, a pupal-lethal allele of wg causes loss of ventral tissue, resulting in a dou
ble-dorsal phenotype in the adult leg. Adult-viable mutations in dpp sometimes delete the dorsal side 
and cause a double-ventral phenotype in a leg, along with loss of distal structures in the wing and leg. 
Null alleles of wg and dpp cause similar phenotypes in genetic mosaic studies, showing that wg and 
dpp are required for specification of ventral and dorsal cell fates, respectively.

I-5ii. Segment polarity genes and the com partm ent boundary model in imaginal discs.

Several studies on signaling molecules have provided both genetic and molecular support for 
some aspects o f Meinhardt’s boundary model and the role of segment polarity genes in imaginal disc 
pattern formation. To explain pattern formation in secondary fields (imaginal discs), Meinhardt 
(1983a) combined Wolpert’s idea that positional information is acquired by the cell’s interpretation of a 
morphogen gradient with the concept o f compartmentalization based on differential selector gene acti
vation (Garcia-Bellido et al., 1976). The cell-cell interactions across the compartment boundaries cre
ated between gene expression domains would specify the source of the required morphogen gradient.

The A/P com partm ent boundary is the prim ary organizer in im aginal discs.

An anterior/posterior compartment boundary bisects every Drosophila imaginal disc.
According to the boundary model, the initial requirement for the generation of positional information 
would be the formation o f a boundary by means of an initial compartmentalization event. For the tho
racic discs, this occurs when segment polarity genes are first activated in an embryo to form paraseg- 
ment boundaries. This system generates a lineage restriction (compartment boundary) in disc primor
dia (Figure 8A). The leg disc, for example, is divided into two lineage compartments (Steiner, 1976; 
Lawrence and Morata, 1977) which abut along an extended interface. Neighboring cells with different 
determined cell fates specify the A/P boundary generated in imaginal disc. The cells o f the anterior 
and posterior compartments are defined by, engrailed/invected (e«/z'nv)-expressing cells that specify the 
posterior cell fate, and cubius-interruptus (ci) (or non-engraz7ec/)-expressing cells that define the anteri
or cell fate (Komberg et al., 1985; Eaton and Komberg, 1990; Lee et al., 1992; Tabata et al., 1992; 
Simmonds et al., 1995). Short-range interactions between cells in adjacent compartments trigger the 
patterning of the imaginal discs of Drosophila (reviewed in, Lecuit et al, 1996; Brook et al., 1996;
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Figure 8 . Genetic model for specifying A/P and D/V compartment
identity in the imaginal leg disc.

Anterior Posterior Anterior Posterior

Genes implicated in specifying anterior/posterior (A/P) and dorsal/ventral (D/V) compartment 
formation. (A) Engrailed (green cells) expression is activated and establishes posterior iden
tity in the disc primordia in embryos following germband retraction. Conversely, en non
expressing cells (white) establish the anterior compartmental fates in the disc. (B) Engrailed 
protein activates the expression o f hedgehog {hh), in the posterior compartment. The HH 
protein (yellow arrow) defines the asymmetric signal that originates in the posterior compart
ment and diffuses across the A/P compartment boundary, into the anterior compartment. (C) 
The diffusion o f HH protein (yellow arrow) into the anterior compartment, leads to the acti
vation o f dpp (blue cells) and wg (red cells) expression in cells o f the anterior-dorsal and 
anterior-ventral compartment respectively, that are adjacent to the A/P compartment boundary. 
DPP (blue double arrow) and WG (red double arrow) protein are then secreted,and go on to 
specify anterior-dorsal and anterior-ventral cell fate respectively in both anterior and posteri
or compartments o f the leg disc (adopted from a review by Brook et al., 1996).
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Lawrence and Struhl, 1996). The compartment-specific expression of ci and en/in is critical for the 
regulation of hedgehog {hh), resulting in the expression of the hh transcript only in the posterior com
partment (Lee et al., 1992; Mohler and Vani, 1992; Tabata et al., 1992; Aza-Blanc et al., 1997; 
Dominguez et al., 1996; Hepker et al., 1997). En protein expression activates hh expression in the pos
terior compartment. HH protein is then secreted by the posterior cells, diffuses across the A/P compart
ment boundary (Figure 8B) into the adjacent anterior compartment. Here it specifies a specialized 
group of anterior cells that express wg and dpp in a stripe of cells adjacent to the A/P boundary in the 
anterior compartment (Basler and Struhl, 1994; Tabata and Komberg, 1994; Aza-Blanc et al., 1997; 
Methot and Basler, 1999) (Figure 8C). This supports the model proposed by Meinhardt in which he 
postulates that cells at the boundary would generate a morphogen that would diffuse in opposite direc
tions into anterior and posterior compartments. Their distances from the border could then partly 
determine positional values of cells.

Genetic studies demonstrate that en promotes the expression of hh and inhibits the expression 
of both dpp and wg in the posterior compartment (Tabata et al., 1992; Sanicola and Sekelsky, 1995; 
Schwartz et al., 1995). By inducing en clones, it was shown that abolishing EN activity in the posteri
or compartment caused both a decline in hh expression and ectopic expression of dpp and wg in those 
cells that had lost en function (Tabata and Komberg, 1994). The consequence is a complete anterior 
transformation o f posterior cells lacking en function, thus creating two new compartments - an anterior 
compartment consisting of en' posterior cells, and a posterior compartment consisting of the remaining 
en+ cells. This created a new compartment boundary, marked by the ectopic expression of dpp and wg 
in cells mutant for en. In some cases, the new compartment formed a new axis of A/P polarity, indicat
ing that juxtaposition o f en -expressing (posterior compartment) cells with non-e«-expressing cells 
alone provides sufficient information to create a new compartment border. When properly situated, 
such an ectopic border can initiate formation of an appropriately-patterned ectopic imaginal appendage. 
These results demonstrate that the A/P compartment border is the critical organizational feature of disc 
patterning.

Creating the dorsal-ventral axis in imaginal leg discs.

HH diffusion into the anterior compartment from the A/P boundary causes differential activa
tion of wg (Basler and Struhl, 1994) and dpp (Blair, 1992; Capdevilla et al., 1994; Basler and Struhl, 
1994; Tabata and Komberg, 1994; Massucci et al., 1990; Posakony et al., 1990) in cells near the A/P 
compartment boundary (Figure 8C). The dorsal cells in the anterior compartment that abut the posteri
or compartment express dpp (Massucci et al., 1990; Raftery et al., 1991; Padgett et al., 1987), whereas 
the corresponding ventral cells express wg (Struhl and Basler, 1993; Couso et al., 1993; Baker, 1987; 
Hepker et al., 1997; Sanicola and Sekelsky, 1995). HH binds to the Patched (Ptc)!Smoothened (smo) 
receptor complex, counteracting the inhibition o f smo and Protein Kinase A (pka), thereby allowing 
activation of wg and dpp in the anterior compartment (Chen and Struhl, 1996, Stone et al., 1996; 
Marigo et al., 1996; Chen and Struhl., 1998) (see Figure 9A). In addition to transducing the HH sig-

27

Reproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



tial, PTC also impedes movement of HH thereby limiting the region of wg and dpp activation to a nar
row stripe abutting the A/P boundary (Chen and Struhl, 1996; Chen and Struhl., 1998). Cubitus inter
ru p ts  (Ci) which is expressed in the anterior compartment, is proteolytically processed into two differ
ent forms - CI75 a repressor and CI7-^  an activator (Alexander et al., 1996; Dominguez et al., 1996). 
At the A/P boundary HH signaling causes Ci to be converted to the activator of wg and dpp expression 
(Aza-Blanc et al., 1997; Chen et al., 1998; Ohlmeyer and Kalderon, 1998; Hepker et al., 1997). In 
cells in the anterior compartment that do not receive the HH signal, CI7-̂  predominates and represses 
wg and dpp (Dominguez et al., 1996; Aza-Blanc et al., 1997; Ohlmeyer and Kalderon, 1998).
Therefore, the localized expression o f dpp and wg transcripts are tightly regulated. EN/INV represses 
the expression o f dpp and wg in the posterior compartment (Sanicola and Sekelsky., 1995; Tabata et al., 
1995) whereas CI7^ acts as a transcriptional repressor o f dpp in anterior cells outside the range of the 
HH signal (Aza-Blanc et al., 1997).

Wg is expressed in the anterior ventral (A/V) quadrant and, dpp is expressed mainly in the ante
rior-dorsal (A/D) quadrant of a leg disc in cells adjacent to the A/P boundary (Capdevilla and Guerrero,
1994). It was proposed that the asymmetric expression of wg and dpp signals the initial specification 
of D/V cell fate (Figure 8C). Earlier studies showed that disc mutants o f wg result in loss of ventral 
structures and their replacement by symmetric duplications of dorsal structures (Baker, 1987; Couso et 
al., 1993, Held et al., 1994, Held and Hempf, 1996; Theisen et a l ,  1996). Ectopic expression of wg in 
the dorsal compartment of a leg disc results in re-specification o f dorsal cells to ventral cells, causing 
ventral axis duplications (Struhl and Basler, 1993; Diaz-Benjumea and Cohen, 1993). Conversely, dpp 
activity is needed to specify dorsal cell fates. Disc mutations of dpp result in ventralization of dorsal 
structures and symmetric duplication o f ventral structures (Held, 1993). Ectopic expression of dpp in 
the ventral compartment results in a ventral-to-dorsal cell fate transformation that causes dorsal axis 
duplications (Diaz-Benjumea et al., 1994). This D/V restriction of wg and dpp function is further sup
ported by experiments in which clones ectopically expressing hh in the disc are able to induce ectopic 
expression of dpp only in the dorsal quadrant of the anterior compartment (Masucci et al, 1990; Basler 
and Struhl, 1994) and wg in the ventral anterior quadrant (Basler and Struhl, 1994). In these experi
ments, ectopic wg or dpp expression is never observed in either the dorsal or ventral quadrants of the 
anterior compartment. Restricted expression o f both wg and dpp was possibly due to the fact that cells 
in the dorsal quadrant are only competent to express dpp, whereas cells in the ventral compartment are 
only competent to express wg. Later studies illustrate that dpp could be expressed in the ventral com
partment in the absence of wg. Conversely, wg could be expressed in the dorsal quadrant in the 
absence o f dpp. This study concluded that wg and dpp might mutually antagonize one another’s 
expression in the anterior compartment, thus restricting their functions to the ventral and dorsal quad
rants (Brook and Cohen, 1996; Theisen et al., 1996; Jiang and Struhl, 1996; Penton and Hoffmann, 
1996; Heslip et al., 1997). These authors suggest that this localized expression of wg and dpp is main
tained by a combination o f autoactivation and lateral inhibition. Thus, restriction of wg and dpp 
expression in the A/V and A/D quadrants correlates with the genetic evidence suggesting that wg and 
dpp function are required to specify the A/V and A/D cell fates, by mutually inhibit the others expres-
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Figure 9 . Model for establishing the proximal-distal organizer in the
Drosophila imaginal leg disc.
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Schematic diagram describing the genetic circuitry implicated in forming the proximal-distal 
organizer in a leg disc. (A) Initially, the anterior-posterior pattern is inherited from the embry
onic ectoderm by the localized expression o f the selector gene engrailed {en) (see Figure 7). 
This leads to the activation o f hedgehog {hh). Diffusion o f HH into the anterior compartment 
activates the expression o f wingless (wg) and decapentaplegic {dpp) by repressing protein 
kinase A {pka) and patched (ptc). The repression o f ptc  by HH leads to the activation o f the 
smoothened {smo) receptor, which allows the cubitus interruptus activator, C i ^ ,  to activate 
dpp and wg expression in the anterior cells adjacent to the A/P boundary. Dorsal/ ventral cells 
fates are established by the restricted expression o f dpp and wg that is maintained by autoacti
vation o f dpp and wg expression and by their mutual lateral inhibition. (B) Subsequently, the 
interaction between adjacent cells o f AD, AP and P compartments, which intersect at a unique 
point in the disc, defines the most distal extremity o f the leg disc. The interactions between 
adjacent cells from these compartments defines the distal organizer, and the distal most 
extremity o f the leg disc. The interaction between these adjacent cells is mediated by wg and 
dpp expression, in which the overlapping expressions o f diffusible DPP (blue) and WG(red) 
morphogens at the center o f  the imaginal leg disc are thought to act as organizing signals to 
pattern cells along the proximal-distal axis. The integration o f high levels o f DPP and WG 
signaling in the center o f the disc leads to the activation o f Dll (yellow) (Cohen, 1993) and 
aristaless {al) (brown) (Campbell and Tomlinson, 1998), genes that specify distal cell fates in 
the leg disc. Anterior compartment (A), posterior compartment (P), dorsal compartment (D), 
ventral compartment (V), and proximo-distal axis (P/D).
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sion, such that dpp expression remains localized in the anteriodorsal quadrant and wg is expressed in 
the anterioventral quadrant. The differential response to HH signal in the dorsal and ventral anterior 
quadrants reflects the subdivision of the anterior compartment of a leg disc into dorsal and ventral cell 
identities. This supports earlier cell lineage evidence that a D/V boundary subdivides the anterior com
partment of a leg into dorsal and ventral subcompartments (Steiner, 1976). The complementary AD 
and AV domains, which are defined by a hidden competence to express wg and dpp, buttress 
M einhardfs assumption of a second (D/V) compartment boundary in a leg disc. In this case, a second 
compartment restriction in a leg disc is regulated by HH function along the A/P compartment boundary. 
Therefore, control of gene expression in the anterior compartment by en via HH functionally links the 
A/P boundary with regulation of D/V axis formation. The A/P compartment boundary, established by 
en expression, acts as a source for a short-range HH signal, which leads to the asymmetrical expression 
of two other secreted growth factors, the products of wg and dpp, which provide spatial information 
that specifies dorsal/ventral compartment fate.

The A/P and the D/V boundaries generate an organizing center for proxim al/distal axis specifica
tion.

A feature that distinguishes the patterning of discs from that of the embryo is a requirement to 
superimpose organization of a proximal-distal axial pattern on underlying anterior-posterior and dorsal- 
ventral patterns. The current model, based on Meindardt’s boundary model (Meinhardt, 1983a), pro
poses that the established intercellular signaling machinery involving segment polarity genes, which 
transmit positional cues within a disc primordium to establish the A-P and D-V axes, is later co-opted 
in the disc to establish a radial proximal-distal pattern.

The activation of dpp and wg by hh was shown to be important not only for specifying the D-V 
axis in a leg disc, but also for inducing distalization in a leg (Basler and Struhl, 1994; Capdevilla and 
Guerrero, 1994; Kojima et al., 1994; Campbell and Tomlinson, 1995; Held, 1995) (Figure 9B). Basler 
and Struhl (1994) showed that clones ectopically expressing hh in the anterior compartment of a leg 
disc can exert a non-autonomous influence on surrounding cells that can lead to axis duplication in a 
leg (Figure 10). Distal duplications in an adult leg induced by ectopic HH expression contain only 
anterior compartment structures and occur only when M-expressing clones occupy both dorsal and 
ventral anterior quadrants. The authors suggest that axis duplications in a leg are due to the juxtaposed 
expression of wg and dpp in dorsal and ventral cells of the anterior compartment. The adjacent expres
sion of wg and dpp is thought to induce an ectopic distal organizer as suggested by Meinhardt (see 
above). Basler and Struhl (1994) further speculate, based on Meinhardfs boundary model (Meinhardt, 
1983a, 3986, 1989), that the apposition o f cells expressing high levels o f wg and dpp at the conjunction 
of the AD/AV and A/P boundaries triggers activation of another morphogen in the same cells. This 
morphogen would then diffuse radially from the organizing center in the middle of a disc, providing 
proximo-distal positional values. Further support for this hypothesis came from studies showing that 
clones ectopically expressing wg or dpp in a imaginal leg disc result in the activation of an ectopic dis-
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Figure 10 . The effects of ectopic expression of hh on proximal-distal
axis formation in a leg disc.

B D

(A) A small clone o f cells ectopically expressing hh (yellow circle) in the dorsal/anterior or 
ventral/anterior region o f a leg disc will induce ectopic expression (B) o f dpp (blue circle) or 
wg (red circle) respectively. These clones will typically result in the overgrowth o f dorsal or 
ventral anterior quadrants. Cells ectopically expressing hh in the medial-lateral region o f the 
leg disc (A), straddling the D/V boundary in the anterior compartment, will induce juxtapos
ing ectopic expression o f both dpp and wg (blue and red circles) (B). (C) In the case in which 
clones o f wg and dpp are closely situated in the same leg disc, this will result in the ectopic 
expression o f al (brown) and D ll (grey). (D) In the case o f medial lateral clones, a supemu- 
mary leg will be generated from the anterior compartment in the adult leg. Decapentaplegic 
{dpp), distalless {dll), hedgehog (hh), wingless {wg), aristaless {al), primary axis (1°), second
ary axis (2°). Hedgehog {hh) expression is depicted in yellow, dpp in blue, and wg in red. 
Anterior compartment (A), posterior compartment (P), dorsal compartment (D), and ventral 
compartment (V).
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tal organizer, causing axis duplications in the adult legs (Struhl and Basler, 1993; Campbell et al.,
1993; Capdevilla and Guerrero, 1994; reviewed in Campbell and Tomlinson, 1995, see also Figure 
9B). When clones ectopically express wg in cells that are in close proximity to cells that express dpp 
endogenously in the AD quadrant, an ectopic distal organizer forms, leading to the formation o f super
numerary distal leg structures (Struhl and Basler, 1993; Campbell et al., 1993). Similarly, ectopic 
expression of dpp in the anterior (or posterior) compartment(s), close to the D A  boundary where wg is 
expressed, induces a distal leg duplication (Capdevilla and Guerrero, 1994). The various ectopic 
expression experiments using hh-, dpp- or wg-expressing clones provide compelling evidence that the 
A/P and D/V boundaries direct P-D axis formation by acting as a source for activation of one or more 
inductive signals.

Dll (first identified by Cohen et al., 1989) was initailly proposed as a candidate morphogen 
responsible for P-D axis formation. Distalless mutations resulted in distal truncation or entire deletions 
of the P/D axis of a leg (Cohen et al., 1989). Distalless is expressed throughout leg disc development, 
and is first detected at the intersection of perpendicular wg and dpp stripes along the A/P and D/V axes 
of an embryo where epidermal cells are first allocated to a leg disc primordia (Figure 8C). Later in 
development, Distalless expression becomes centrally localized in mature leg discs (Figure 9B) 
(Cohen, 1993). However, cloning o f Dll showed that the gene encoded a protein containing a home- 
obox domain, characteristic of a nuclear transcription factor. This is inconsistent with the notion of Dll 
being the diffusible morphogen postulated for patterning of the P/D axis according to the Meinhardt 
boundary model (Cohen and Jurgens, 1991). The authors hypothesized that Dll protein (DLL) might 
specify positional information along the P/D axis o f a leg in response to another P/D morphogen. This 
was supported by earlier genetic analysis which showed that hypomorphic alleles of Dll can be ordered 
in a series wherein varying amounts of distal leg material are missing (Cohen et al., 1989).

The idea that Dll expression is dependent on the activity of wg and dpp is consistent with earli
er genetic data. Reduction of wg and dpp activity caused by certain viable mutations results in the loss 
of distal leg structures (Sharma and Chopra, 1976 ; Spencer et al., 1982; Baker, 1987, Gelbart, 1989; 
Diaz-Benjumea et al., 1994). This is seen with Dll mutations as well. In addition, genetic interaction 
studies show that the phenotypes of weak Dll mutations are enhanced in the presence of wg and dpp 
mutations, supporting the idea that these genes work in a common pathway (Held et al., 1994).

Clones ectopically expressing hh close to (or overlapping) the D/V boundary result in ectopic 
activation of D ll in the clone and surrounding cells (Basler and Struhl, 1994; Figure IOC). Ectopic 
activation of Dll is also found straddling the AD/AV boundary between the ectopic wg-expressing and 
d/jp-expressing domains (Diaz-Benjumea et al., 1994). This shows that Dll activation, responsible for 
P/D axis specification, is the result of juxtaposed expressions of wg and dpp. Using a wg Flp-out con
struct to ectopically express wg (Struhl and Basler, 1993), supernumerary legs are seen only when wg- 
expressing clones are made adjacent to endogenous (^-expressing  cells in the AD quadrant of leg disc 
(Figure HA). This coincides with ectopic Dll expression seen in ectopic patches of wg-expressing

32

Reproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



cells that are in close proximity to endogenous dpp-expressing cells in the dorsal-anterior quadrant of a 
leg disc (Figure 11B). Diaz-Benjumea et al. (1994) also report that Dll expression is activated upon 
ectopic expression of wg or dpp in the AD or AV quadrants, respectively. Therefore, ectopic expres
sion of Dll confirms that dpp and wg are both functionally active at ectopic sites where dpp and wg 
expression are juxtaposed. The authors conclude from this that the initial specification of the P/D axis 
is governed by interactions among the diffusible factors HH (A/P compartment), WG (AV compart
ment) and DPP (AD boundaries) in accordance with the Meinhardt boundary model of positional infor
mation. This may lead to the activation o f another diffusible factor, acting as a morphogen, which in 
turn either regulates the expression of Dll or is regulated by Dll itself (Campbell and Tomlinson, 1995).

1-6. Morphogen gradients in imaginal discs.

Morphogens were originally postulated as form-generating substances that are capable of organ
izing surrounding tissues into distinct territories o f specific cell types (Turing, 1952). The precise 
molecular and cellular mechanisms of molecules with morphogenic properties remained sketchy. The 
model postulates that a morphogen forms a long-range concentration gradient (Stumpf, 1966;
Lawrence, 1966, 1972; Slack, 1987; Wolpert, 1969, 1989 and 1996) that emanates from a localized 
source, diffuses across a cellular field, and provides a series of thresholds that specify the fates of 
neighboring cells (Gurdon et al., 1995; Neumann and Cohen., 1997b; Gurdon, 1998). From insects to 
vertebrates, signaling molecules of the Wnt (Wingless and Int-1) and TGFfi ( transforming growth fac
tors 8) families are proposed to act as bona fide  morphogens with long-range organizing properties. 
These morphogens bind to receptors that activate a specific intracellular signal transduction cascades 
(see reviews, Wodarz and Nusse, 1998; Massague, 1998). For example, in Xenopus, activin, a TGFB 
family member that was originally characterized as a dorsal mesoderm inducer (Green and Smith,
1990; Smith et al., 1990; Gurdon et al.,1994), is known to behave as a potent morphogen. Different 
thresholds of activin produce distinct effects on mesoderm gene expression and cell type. For example, 
high levels of activin induce notochord, and low levels induce haemopoietic tissue (Green and Smith , 
1990; Green et al., 1992; Gurdon et al.,1997). Activin-induced gene expression was examined by 
implanting beads soaked in different concentrations o f activin into the animal cap of Xenopus embryos 
(Gurdon et al., 1994, 1995; Gurdon and Mitchell, 1996). The authors showed that striking changes in 
gene expression and cell type are induced depending on the concentration used.

Despite the appeal of the concentration gradient hypothesis, there are some unresolved issues. 
Even though experiments suggest that cellular responses to a given secreted factor are a function of its 
concentration, it has never been established if  the secreted factor acts directly on the target cells.
Recent studies using the imaginal discs in Drosophila have suggested that secreted factors such as WG 
(Zecca et al., 1996; Neumann et al., 1997; Cadigan et al., 1998) and DPP (Nellen et al., 1996; Lecuit et 
al., 1996; Lecuit and Cohen, 1997 and 1998) protein behave diffusible morphogens to specify cell fate 
over long distances ( see section IV-5ii in the Discussion for a detailed description). In addition, the 
mechanism by which a cell can detect and discriminate between different threshold concentrations o f a
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Figure 11. The effects of ectopic expression of wg and dpp on the proximal-
distal axis formation in an imaginal leg disc.
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(A) Small clones o f cells ectopically expressing wingless (wg) (red circle) or decapenta- 
plegic (dpp) (blue circle) in the leg disc will induce a secondary P/D axis (C) only if  the wg 
expressing clone (red circle) or the dpp expressing clone (blue circle) are situated in the dor
sal or ventral compartment adjacent to the endogenous stripe o f dpp (blue) or wg  (red) 
expression respectively. (B) Ectopic aristaless (at) (gray circle) expression is induced where 
cells expressing dpp juxtapose those expressing wg, marking the presumptive tip o f the 
supernumerary leg (C). For the dpp clones, the supernumerary axis is formed on the ventral 
side. For wg clones, the extra axis forms on the dorsal side. Anterior compartment (A), 
posterior compartment (P), dorsal compartment (D), ventral compartment (V), primary axis 
(1°), and secondary axis (2°).
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morphogen remains unknown. In this case, putative morphogens such as WNT and TGF13 were shown 
to bind to specific receptors, which may or may not he solely responsible for detecting threshold con
centrations.

Positional information systems mediated by gradients of diffusible morphogens that can account 
in principle for imaginal disc patterning in Drosophila (but not necessarily for duplication and regener
ation), have been postulated, but molecular evidence has remained elusive. Decapentaplegic protein (a 
TGFfi family member in Drosophila (Padgett et al., 1987), for example, has been proposed as a candi
date morphogen. Spencer et al. (1982) suggest that disc alleles o f dpp alter the gradient of positional 
information. Mutations of dpp affect an array of positional information values as a result of non- 
autonomous effects, which would be predicted for genes encoding a molecule with the properties of a 
morphogen. The non cell-autonomous behavior o f a gene describes the ability o f a mutant of a gene to 
influence the behavior not only o f cells that contain the mutation, but also their wild-type neighbors. 
Even though dpp is transcribed in only a small portion of the wing and leg discs, mutations affecting 
dpp signaling have phenotypic effects on pattern well beyond its expression domain. Such a discrepan
cy between a small domain of transcription and a large area of influence would be expected if the gene 
product was functioning as a diffusible morphogen. Spencer et al. (1982) show that various alleles of 
dpp could be arranged in a phenotypic series, with an increasing severity o f effects from distal to prox
imal segments of adult legs. Distal structures are abnormal or absent in all mutants, and damage from 
more extreme mutant alleles extends progressively to include more proximal structures. Different 
mutant alleles of dpp, that vary in strength, are associated with position-specific effects on disc develop
ment, showing that dpp affects positional information in a gradient-like manner.

Despite the explanatory value of morphogen gradients, much of the evidence over whether such 
gradients actually operate during imaginal disc development, or how they organize cell behavior 
remains indirect. Much of the available experimental data up to 1996 seem to argue against the view 
that secreted proteins such as HH, WG and DPP function as gradient morphogens. HH, for example, 
seems to be propagated indirectly by its ability to act as a short-range inducer o f DPP and WG (Basler 
and Struhl, 1994; Capdevila and Guerrero, 1994; Ingham and Fietz, 1995; Zecca et al., 1995; Jiang and 
Struhl, 1995; Li et al., 1995; Pan and Rubin, 1995). In the case o f WG and DPP there is compelling 
evidence that these serve as local inducers as described in the embryo (Ferguson and Anderson, 1992a; 
Vincent and Lawrence, 1994; Bienz, 1994). However in a few apparent cases of longer-range organiz
ing activity of WG, DPP and HH, the evidence that these molecules normally exert a direct influence 
on responding cells is not compelling (Struhl and Basler, 1993; Hoppler and Bienz, 1995; Zecca et al.,
1995). The failure to obtain such evidence had left uncertain whether any extracellular signaling mole
cules actually function as a bona fide gradient morphogen.

I-6i. Decapentaplegic acts as a morphogen to specify positional inform ation in imaginal discs.

In two elegant papers Zecca et al. (1996) and Nellen et al. (1996) showed that both WG and
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DPP behaved as gradient morphogens that had both direct and long-range action on patterning in the 
imaginal wing disc. In the case of DPP the authors (Nellen et al., 1996) compared the consequences of 
ectopically expressing DPP with that of ectopically activating the receptor system that transduces the 
DPP signal. They hypothesized that if DPP operated indirectly through the induction of other signals, 
then the ectopic activity of the receptor system alone should be as effective in exerting a long-range 
influence on surrounding cells as the ectopic expression of the DPP ligand. Conversely, if  DPP oper
ates as a gradient morphogen, only the ectopic expression of the DPP ligand should have this property. 
In the developing wing disc, dpp is expressed in a narrow stripe of cells that are adjacent to the A/P 
compartment boundary. Nellen et al (1996) demonstrated in the wing that c^pp-expressing cells can 
influence the behavior of surrounding cells, up to 20 cell diameters away from the A/P boundary. The 
activated form of the dpp receptor thv failed to induce this response non-autonomously in the surround
ing cells. This implied that the long-range organizing activity must be attributed solely to the direct 
action of DPP on responding cells. Secreted DPP must translocate either through or across the tissue 
over many cell diameters, acting directly on cells from the DPP-secreting cells. Different threshold 
concentrations o f DPP would then elicit distinct molecular responses of its nuclear target genes opto- 
motorblind (omb) and spalt (Nellen et al., 1996; Lecuit et al., 1996). This suggested to the authors that 
DPP may form a long-range activity gradient necessary for the activation of its target genes. The edges 
of the domains of both omb and spalt induction extended over a range o f a few cell diameters as a 
function of distance from the DPP-secreting cells, showing different threshold concentrations of DPP 
elicited distinct expression o f target genes. Although the authors did not show the distribution of 
secreted DPP in this experiment, DPP appeared to exert a long-range influence on wing development, 
acting as a morphogen organizing the domains o f spalt and omb expression at different concentration 
thresholds, rather than as a short-range inducer of other signals. The authors inferred from the results 
that the spatial gradient of DPP activity determines both the range and level of target gene activation, 
where different threshold concentrations of DPP elicit distinct molecular outputs (Nellen et al., 1996).

In another study Lecuit and Cohen (1997) show that DPP also functions as a gradient mor
phogen to specify the P/D axis in the leg disc. They showed that DPP could act directly and at long 
range to induce Dll and dachsund (dacj expression respectively. Dac is induced at a greater distance 
from a clone o f DPP-expressing cells than Dll, which suggests that dac can be induced at levels of 
DPP activity that are not sufficient to induce Dll. They proposed that the DPP signal is required in a 
spatially-graded manner to define distinct proximal-distal domains of target gene expression that define 
differences in cell identity along the proximal-distal axis of the leg (Lecuit and Cohen, 1997). The 
kinetics of gradient formation were analyzed indirectly via the expression o f the DPP target genes omb 
and sal. Lecuit and Cohen (1998) showed that small clones of cells expressing DPP, were able to 
organize gene expression over broad domains of surrounding cells. Ectopic expression of low levels of 
DPP results in the differential expression of omb and sal: omb is turned on within 24 hr of clone forma
tion, while sal expression is first observed after 72 hr. These results suggest that receptors sense the 
amount of DPP, and transcriptional output may be the result of stable ligand accumulation on the target 
cell surface over time. By contrast, clones ectopically expressing high levels o f DPP induce both sal
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and omb expression within 24 hr, but both genes are expressed in the same spatial domain. By 50 hr 
after clone formation, the transcriptional boundary of omb becomes measurably wider than that of sal. 
These results suggest that the diffusion o f DPP is initially restricted, resulting in a steep gradient, and 
only after a period o f time does the slope of the gradient lessen to allow differential expression of sal 
and omb. These studies support the hypothesis that DPP may act as a diffusible morphogen, acting 
through THV, to specify all positional values in a field o f cells in a dose-dependent fashion. The extra
cellular gradient of DPP then directs distinct cellular responses over many cell diameters, in a concen
tration dependent manner. If  this so, regulating the graded distribution of DPP in the ECM would be 
critical to its role in specifying positional information in imaginal discs during development.

Maximal DPP activity in imaginal discs require synergistic signaling from a second ligand, 
glass bottom boat (gbb), acting exclusively through the SAX receptor, adding another level of com
plexity to the morphogen model (Khalas et al., 1998). Gbb represents another TGFJ3- like signal in 
imaginal wing discs, and provides a constant level of DPP activity across the imaginal disc (see Figure 
16 page 49). Gbb is normally expressed uniformly throughout the wing pouch o f the disc, and the pat
terning defects observed in hypomorphic dpp mutant wings are exacerbated by a small reduction in 
gbb activity. This suggests that gbb protein (GBB) elevates DPP signaling through its receptor, most 
noticeably in regions of low signaling strength away from the site o f DPP expression (Khalas et al., 
1998). It was also shown that SAX, the receptor for GBB, is required to obtain normal levels of DPP 
signaling in imaginal discs (Penton et al., 1994; Nellen et al., 1994; Brummel et al., 1994; Singer et al., 
1997). The question of how the morphogen gradient involving DPP and GBB is physically formed 
remained unknown. However, recent findings have shed some light on how the diffusion of DPP 
might be regulated to establish a gradient of DPP activity. In the discussion (section IV-4) I will 
describe the current evidence, and how the results from this study might be incorporated with present 
model.

1-7. Regeneration, a model for discovering new genes involved in pattern 
formation.

When the endeavors documented in this thesis were initiated, there was no evidence concerning 
Drosophila limb development regarding the molecular mechanism of the distal organizer beyond the 
required activity of the secreted growth factors HH, WG and DPP. Cells expressing these genes were 
known to have potent organizing activity that could affect the fates of neighboring cells and result in 
secondary axis formation in the leg and wing discs. However, there was only a limited understanding 
at the time of how these genes may function. For example, it was not known whether they act directly 
or as short- or long-range signals. WG is not detectable at distances greater than a few cell diameters 
beyond the domain of transcription of wg in the AV quadrant. Wingless-expressing clones in the AD 
region can recruit neighboring cells to form extra ventro-lateral pattern elements. Such a non- 
autonomous organizing ability could be explained either by an indirect inductive process whereby WG 
behaves as a local signal which goes on to trigger a lateral cascade of short-range inductions (Struhl
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and Basler, 1993; Siegfried and Perrimon, 1994; Siegfried et a l, 1994; Wilder and Perrimon, 1995), or 
by a direct role as the WG morphogen, which would depend on the diffusion o f WG over a long dis
tance.

The current literature reviewed here remained insufficient to describe fully the mechanism of 
insect imaginal disc pattern formation at both the cellular and molecular levels. Most o f the genes 
involved in disc patterning were originally discovered because of their roles in embryonic patterning. 
Evidence to this point implicates signaling molecules like HH, DPP and WG in the initial events of 
imaginal disc patterning. However, relatively little is known about the mechanism by which they inter
act to provide patterning information in a dividing cell population or about other genes that may be 
involved. Thus, additional screens were needed to identify new genes affecting disc patterning. 
Imaginal discs provide a multicellular model system in a genetically-tractable organism by which one 
can utilize the extensive genetic and molecular techniques in Drosophila to identify new genes 
involved in the patterning process. Identification of novel genes will inevitably shed light on the 
mechanism of patterning that could be of general relevance to patterning and regeneration in other bio
logical systems.

One way to dissect the genetic basis of positional information in imaginal discs is to utilize the 
regeneration/duplication phenomenon. The regulative re-patteming events during regeneration of 
imaginal discs involves the formation of a regeneration blastema (distal organizer), the reassignment of 
compartmental commitments, and the re-specification of cell fates. This provides several basic cellular 
and molecular events that can be studied genetically, providing a useful experimental paradigm for pat
tern formation. One approach is to identify genes misexpressed in duplication events during regenera
tion of imaginal leg discs in Drosophila melanogaster (Brook et al., 1993). It is speculated that the 
duplication of the leg pattern would require not only developmental cues to initiate a secondary axis 
but also the same positional cues used in normal leg development to create a new leg pattern. 
Duplications can be induced in situ by using a temperature-sensitive cell-autonomous lethal mutation, 
suppressor o f forked 12 (su(J)^) (Russell, 1974; Russell et al., 1977; Clark and Russell, 1977; Girton 
and Kumor, 1985) (Figure 12). Using an enhancer-trap strategy (O’Kane and Gehring, 1987; Bellen et 
al., 1989) in conjunction with the su(f)^  mutation, Brook et al. (1993) devised a screen that identified 
a set of enhancer-trap lines which were ectopically misexpressed during imaginal disc re-patteming fol
lowing cell death. The enhancer-trap system is useful for identifying a desired class of genes on the 
basis of their expression patterns (Cooley et al., 1988; Grossniklaus et al., 1989; Hartenstein and Jan,
1992). The expression of a lacZ reporter gene by an enhancer-trap insertion putatively indicates the 
expression pattern of an endogenous gene (Wilson et al., 1989; Jacob et al., 1989). In this case, the 
enhancer-trap system is employed instead of a direct mutational approach, owing to the extreme techni
cal difficulty of identifying mutations in genes required for pattern respecification. This is because 
most of these mutations would be homozygous lethal, and also because regeneration phenotypes are 
difficult to score. Using the enhancer-trap screen, over 800 random autosomal inserts of a transposable 
P-lacZ, ry+ construct were initially screened (Brook et al., 1993), followed subsequently by 500 PZ-
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Figure 12. Duplication in adult legs in Drosophila melanogaster caused 
by the temperature-sensitive autonomous cell-lethal 
mutation su (f)^  (this study; Russell, 1974; Russell et al., 
1977).

(A) Legs of adult wild-type female. (B) Heat-treated suppressor o f  forked^  (su(f)^) 
adult female showing a duplication of both mesothoracic (T2) legs. Prothoracic legs (Tl), 
mesothoracic legs (T2), and metathoracic legs (T3). Mesothoracic (second thoracic) leg 
duplications are indicated as (T2*) (see arrowheads).
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lethal insertion lines (Russell et al., 1998). Positive fly lines in which the lacZ reporter gene was 
ectopically misexpressed in regenerating discs were maintained and designated as identifying putative 
regeneration and patterning genes. Several lines that showed differential lacZ expression were re-test
ed for the same behavior in regenerating disc fragments cultured in vivo. Specific expression was often 
seen at the sites of wound healing, where the regeneration blastema subsequently forms (Brook et al.,
1993).

1-8. Objectives.

My objective was to identify genes that may have been isolated in the regeneration enhancer- 
trap screen, and to characterize their roles in the context o f pattern formation in Drosophila. Based on 
the previous evidence demonstrating that genes which regulate pattern formation in an embryo are also 
required in imaginal disc patterning, the embryonic mutant phenotypes associated with the lethal inser
tions were analyzed by looking at embryonic cuticle preparations. Therefore, I decided to screen for 
embryonic lethal effects that resulted in patterning defects, caused by the PZ-lethal insertion lines iso
lated from the regeneration screens by Brook et al. (1993) and Russell et al. (1998).

The zygotic lethal mutation of PZA64, that was chosen from the screen for analysis, generates 
embryos that exhibit a loss o f dorsal pattern elements. Head involution and germband retraction is dis
rupted, and the dorsal-most epidermis is significantly reduced or lost. In embryos that show partial 
germband retraction, dorsal closure fails to occur, resulting in a small opening on the dorsal side.
These phenotypic effects are similar to those caused by mutations in genes that regulate the dpp signal
ing pathway and dorsal-ventral patterning of the embryo. This phenotype, led me to further character
ize the role of PZA64 in dorsal-ventral pattern formation. The specification of the dorsal-ventral (D- 
V) axis in Drosophila embryo unfolds by the sequential action o f three signaling pathways, and the 
challenge is to determine which pathway is affected in a particular mutant.

I-8i Specification of the dorsal-ventral axis in the Drosophila embryo.

The initial signaling cue for D-V asymmetry is determined by a group of maternal genes 
expressed in the germline and soma during oogenesis (Figure 13), which cooperate to progressively 
define the D-V axis. D-V patterning requires communication within the ovary between the germline- 
derived oocyte and the surrounding somatically derived follicle cells, which secrete the chorion and 
vitelline membrane of the eggshell. The oocyte nucleus (germline), located in the dorsal anterior cor
ner of the oocyte, produces an asymmetric dorsalizing signal that is received by neighboring follicle 
cells (soma), thereby defining the polarity of both the embryo and eggshell. The ligand and receptor in 
this pathway are encoded by the genes gurken (germline), the Drosophila TGF-alpha like protein, and 
torpedo (soma), the Drosophila EGF receptor homolog, respectively (Schupbach, 1987; Schupbach et 
al., 1991; Rouhola-Baker et al., 1994). Gurken and torpedo are required for the specification of dorsal 
fates in the eggshell and embryo (Schupbach, 1987; Roth et al., 1995). The spatial regulation of the
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Figure 13. Maternal regulatory pathway that determines D-V polarity in
the Drosophila oocyte.

dorsal follicle

top ra f D-tmk

Oocyte
Nurse 
Cells

A schematic o f the gurken-torpedo maternal regulatory pathway required for D-V pattern for
mation during oogenesis. The drawing shows the dorsal anterior region o f the egg chamber 
with nurse cells (germline) and follicle cells (soma) epithelium surrounding the oocyte. The 
genes fs(l)K 10, squid (sqd), orbital {orb), cappuccino (capu), and spire (spir) are required for 
the localization o f gurken (grk) RNA to the dorsal anterior comer o f the the oocyte in close 
proximity to the oocyte nucleus. The production o f an active gurken protein signal requires 
comichon (cni), and brainiac (brn). Gurken protein binds to the torpedo receptor {top) 
expressed on the cell surface on the neighboring follicle cells. Binding o f gurken protein to 
its receptor activates an intracellular Ras signaling pathway which involves the genes, ras, 
gapl, ra f  and D-mek, within follicle cells. This is modulated by the gene rho in dorsal folli
cle cells, which somehow enhances the signal, leading to proper dorsal cell differentiation. It 
also leads to the repression o f the pattern-forming processes that establish the ventral pre-pat
tern o f the embryo. These pattern-forming processes are active in the ventrally situated folli
cle cells. (Modified from Schupbach and Roth, 1994). Anterior (A), Posterior (P), Dorsal (D), 
and Ventral (V).
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gurken signal is achieved by localizing gurken RNA to the dorsal side of the oocyte. The dorsalizing 
signal, gurken (expressed in the oocyte), is interpreted by torpedo (expressed in the follicle cells), 
inducing the closest neighboring follicle cells to adopt a dorsal fate. Follicle cells that are located ven- 
trally receive little or no signal, and thus enter a ventral fate by default (Manseau and Schupbach,
1989; Schupbach et al., 1991).

The localization of gurken RNA is crucial in defining the spatial asymmetry of the oocyte and 
egg chamber. The localization of gurken RNA to the dorsal anterior side of the oocyte nucleus corre
lates with the similar displacement o f the oocyte nucleus to the dorsal anterior comer o f the oocyte. 
This marks the earliest visible dorsal-ventral asymmetry in the egg chamber (Mahowald and 
Kambysellis, 1989, Schupbach et al., 1991). Soon thereafter, gurken protein (GRK) accumulates in the 
cytoplasm and the plasma membrane on the dorsal side of the oocyte (Roth et al., 1995). The produc
tion of an active signal requires the downstream activation o f comichon and brainiac in the oocyte 
(germline) (Ashbumer et al., 1990; Goode et al., 1992). comichon encodes a hydrophobic protein that 
could be involved in the membrane localization of GRK (Roth et al., 1995). fs(l)K10, spire, cappucci
no, and squid are genes that function upstream of gurken, and may regulate the production of an activi
ty required for the localization of gurken RNA in the oocyte. Matemal-effect mutations in these genes 
cause the dorsalization o f the egg chamber and embryo. Activation of torpedo (a receptor tyrosine 
kinase) in the follicle cells, transmits the germline dorsalizing signal by using the Ras pathway ( van

 der Geer et al., 1994; Heldin, 1995). The GTPase activating protein Gap 1, the serine/threonine kinase
Raf, and the threonine/ tyrosine kinase MEK are required downstream of torpedo (Brand and Perrimon, 
1994; Hsu and Perrimon, 1994). This signaling pathway leads to dorsal follicle cell differentiation, 
presumably by regulating the activity o f unidentified transcription factors. The follicle cells might 
eventually signal back into the oocyte to establish embryonic polarity, because loss of torpedo receptor 
(TOP) activity causes ventralization of the embryonic pattern in addition to the ventralization of the 
eggshell. The activation o f TOP also induces the expression of rhomboid (Neuman-Silberberg and 
Schupbach, 1994). The rhomboid protein is a putative transmembrane protein, that appears to enhance 
the interaction between GRK and TOP.

The dorsal-ventral asymmetry initiated during oogenesis is transmitted to the embryo by a sec
ond signaling pathway through the activity of 12 matemal-effect genes: 11 dorsal group genes and cac
tus (see Figure 14) (St Johnston and Nusslein-Volhard, 1992; Chasen and Anderson, 1993). Mutations 
in these genes perturb the dorsal-ventral polarity of the embryo, but they have no effect on the shape of 
the eggshell. Females that lack the activity o f any one o f the dorsal group genes produce dorsalized 
embryos (Schupbach and Wieschaus, 1989) that lack lateral and ventral pattern elements. On the other 
hand, mutations in cactus cause an opposite phenotype resulting in ventralized embryos encircled by 
ventral denticle belts (Roth et al., 1991, Schupbach and Wieschaus, 1989). In contrast to the dorsaliz
ing signal produced by the oocyte nucleus during oogenesis, the polarity of the embryo is defined by a 
ventral signal that promotes ventral fates. The production of this ventral signal is controlled by the 
ventral follicle cells, which are defined by their failure to receive the GRK signal and thus to activate
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Figure 14. Maternal regulatory pathway of dorsal group genes that
determines D-V polarity in the Drosophila embryo.
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vitelline plasma

nucleus

Toil

A schematic representation o f spatzle-Toll maternal signaling pathway that establishes D- 
V polarity in the syncytial embryo. Early events during oogenesis in the germline and 
soma generate a somatic signal on the ventral side o f the embryo in the perivitelline 
space. The cues that contribute to this signal are encoded by the somatically required 
dorsal group genes nudel (ndl), pipe  (pip) and windbeutel (wind), all o f  which are con
tributed by the maternal soma (follicle cells) The ventral signal is transmitted through 
the perivitelline space by a series o f zymogen activation steps encoded by the dorsal 
genes gastrulation defective (gd), snake (snk), and easter (ea), all o f  which are con
tributed by the germline (nurse cells). The zymogen activation steps lead to the localized 
proteolytic processing o f spatzle protein (spz) (origin germline) and the graded activation 
o f the transmembrane receptor Toll (77) (origin germline) on the ventral side o f the sny- 
cytial embryo. The graded activation o f 77 by spz ligand results in degradation of cactus 
protein (cact) and the graded nuclear import o f dorsal protein (dl) (origin, germline). 
Localization o f dl protein is mediated by the activities o f cytoplasmic factors pelle (pit) 
(origin germline) and tube (tub) (origin germline). (Modified from Govind and Steward, 
1991).
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TOP receptor during oogenesis.

The ligand and receptor in this pathway are encoded by the genes spatzle and Toll (both 
germline factors) respectively. The Toll receptor (TOLL) encodes a transmembrane protein that shares 
sequence similarity with the vertebrate interleukin-1 receptor (Hashimoto et al., 1988; Gay and Keith, 
1991; Schneider et al., 1991). Toll protein is distributed uniformly on the surface of the embryo indi
cating that dorsal-ventral asymmetry does not arise from the spatially restricted expression of Toll. 
Instead, TOLL activity is confined to the ventral side of the embryo by the ventral localization of the 
ligand spatzle (SPZ), in the perivitelline space, which activates TOLL to promote ventral cell fate 
(Chasen et al., 1992; Morisato and Anderson, 1994). The perivitelline space is the fluid-filled compart
ment that lies between the vitelline membrane and embryonic plasma membrane (see Figure 14). 
Spatzle encodes a secreted protein, that shows sequence similarity to a family of vertebrate growth fac
tors that include NGF, TGF6 and PDGFfi (McDonald and Hendrickson, 1993; Morisato and Anderson, 
1994). Consistent with its proposed role as a signaling molecule, the level o f SPZ can determine the 
dorsal-ventral fate of an embryo (Morisato and Anderson, 1994). Spatzle protein is secreted as an inac
tive precursor, and diffuses freely as it becomes distributed uniformly within the perivitelline space.
The spatially restricted production of active SPZ ligand is achieved by a localized proteolytic process
ing reaction on the ventral side of the egg chamber in the perivitelline space, generating the asymmet
ric signal on the ventral side o f the embryo.

The proteolytic processing of SPZ, which defines the ventral polarizing activity, requires the 
function of seven dorsal group genes that act upstream of spatzle and Toll in the genetic pathway 
(Anderson et al., 1985; Chasen and Anderson, 1989; Stein and Nusslein-Volhard, 1992; Hecht and 
Anderson, 1992; Roth, 1994). The processing machinery that converts the precursor to the active form 
is tightly regulated. Ventral production of active SPZ appears to be regulated by a spatially restricted 
extracellular protease cascade in the perivitelline space. The snake and easter (germline factors) genes 
both encode proteins that are members of the trypsin family o f serine proteases (Anderson et al., 1985; 
Chasen and Anderson, 1989; Hecht and Anderson, 1992; Stein and Nusslein-Volhard, 1992; Roth,
1994). Snake (SNK) and easter (EA) proteins are secreted into the perivitelline space as zymogens 
(Chasen and Anderson, 1992; Stein and Nusslein-Volhard, 1992; Smith and DeLotto, 1994), that 
require proteolytic cleavage for protease activity. EA is the protease directly responsible for processing 
precursor SPZ to its active form (Chasen and Anderson, 1992; Morisato and Anderson, 1994). SNK 
functions immediately upstream to cleave the EA zymogen (Smith and DeLotto, 1994). In turn gastru- 
lation defective (a germline factor) encodes a trypsin serine protease that acts upstream of snake, to 
cleave and activate the SNK zymogen.

The extracellular protease cascade is regulated by nudel, pipe  and windbeutel. These are somat
ic factors transcribed in the ovarian follicle cells that provide the earliest ventral cue for embryonic 
polarity (Stein et al., 1991). The nudel gene encodes a large modular protein resembling an extracellu
lar matrix protein that contains a serine protease domain (Hong and Hashimoto, 1995). The pipe gene
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has been shown to encode a 2-O-sulfotransferase, an enzyme localized in the Golgi apparatus, that 
modifies the functional properties of glycosaminoglycans, complex polysaccharide chains found asso
ciated with the extracellular domains of proteoglycans (Sen et al., 1998). The windbeutel gene encodes 
a putative resident protein of the endoplasmic reticulum, and may be responsible for the folding and or 
modification o f a specific factor that participates in the activation o f the ventralizing signal (Konsolaki 
and Schupbach, 1998). Spatial restriction of nudel (NDL) and pipe (PEP) protein activity occurs at the 
level of their expression. PIP synthesis is inhibited in dorsal follicle cells when GRK binds to TOP.
The activation of the NDL zymogen is believed to be localized through the ventrally restricted activity 
of another protease which may involve the function of a proteoglycan regulated by PIP. Thus SPZ the 
D-V “polarizing activity” in the embryo is activated by a spatially localized protease activity on the 
ventral side of the vitelline membrane, that may represent a zymogen cascade complex (Hecht and 
Anderson, 1992; Roth, 1994; Hong and Hashimoto, 1995). It was shown that different concentrations 
of processed SPZ lead to a gradient o f TOLL activity (Schneider et al., 1991), suggesting that active 
SPZ diffuses from its ventral site of activation to form a gradient within the perivitelline space, defin
ing the D-V polarity of the embryo.

The activation o f TOLL initiates an intracellular signaling pathway in the embryo that shows 
similarities to NF-KB and IkB signaling in mammalian cells. The dorsal gene is homologous to NF- 
kB (Steward, 1987) and whereas cactus is related to IkB (Geisler et al., 1992; Kidd, 1992) (Figure 14). 
The activation of Toll disrupts the cytoplasmic complex between dorsal protein (DL) and its antagonist 
cactus (CACT). This leads to the ventral-to-dorsal graded nuclear localization of DL (Kidd, 1992; 
Steward and Govind, 1993; Wasserman, 1993; Whalen and Steward, 1993) and rapid degradation of 
CACT (Belvin et al., 1995). The inhibition of CACT and release o f DL requires the activity of pelle, a 
serine/threonine kinase and tube (unknown) (Letsou et al., 1991; Hecht and Anderson, 1993; Shelton 
and Wasserman, 1993).

Therefore, the principal effect of gurken, the initial asymmetric dorsalizing signal in the oocyte, 
on embryonic polarity is to repress the production of the active TOLL ligand, SPZ, on the dorsal side 
of the oocyte. The gurken signal then acts to restrict and orient the dorsal-ventral patterning events 
that act later following fertilization in the embryo. The graded activation o f the TOLL receptor by the 
diffusion of processed SPZ results in the graded nuclear translocation o f the transcription factor DL in 
a ventral-to-dorsal nuclear concentration gradient (Roth et al., 1989; Rushlow et al., 1989; Steward, 
1989). High levels of DL are present in ventral nuclei, progressively lower levels in lateral nuclei, and 
no detectable protein in dorsal nuclei. This gradient culminates in the transcriptional activation and 
repression of a set o f zygotic group genes which subdivide the axis into distinct domains by setting 
expression limits of key zygotic regulatory genes (Pan and Courey, 1992; Jiang et al., 1992; Kirov et 
al., 1993; Huang et al., 1993; Jiang et al., 1993; Kirov et al., 1994) (Figure 15). These genes are 
responsible for initiating the differentiation of various tissues along the D-V axis. High levels of DL 
present in the ventral region establish the mesoderm by activating the expression of twist and snail, two 
transcription factors (Jiang et al., 1991; Pan et al., 1991; Thisse et al., 1991; Ip et al., 1992), and in turn
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control the formation of dorsal ectoderm and amnioserosa by repressing decapentaplegic {dpp), 
zerknullt (zen), and tolloid expression in ventral regions (St Johnston and Gelbart, 1989; Ip et al., 1991; 
Shimell et al., 1991). Intermediate levels of DL in the lateral regions specify neuroectoderm, which is 
marked by rhomboid expression ( Ip et al., 1992). Snail acts to repress rhomboid in the mesoderm, and 
defines the boundary between the presumptive mesoderm and neuroectoderm (Kosman et al., 1991; 
Jiang et al.,1992; Gray et al., 1994; Leptin et al., 1991). Thus, the continuum of spatial information 
contained in the DL gradient is interpreted by the embryo to subdivide the axis into discrete regions.

As no DL protein is detectable in nuclei in the dorsal 40% of the embryo, the development of 
this region is not directly determined by the DL gradient. Patterning in the dorsal half o f the embryo 
requires a set of zygotically active genes that are activated by default including dpp, screw (sew), short 
gastrulation {sog), shrew {srw), tolloid, twisted gastrulation (tsg) and zerknullt {zen) (Figure 15) 
(Ferguson and Anderson, 1992; Arora and Nusslein-Volhard, 1992). Loss-of-function mutants of these 
genes typically produce a variety o f related mutant phenotypes, characterized by the expansion of later
al and ventrolateral pattern elements at the expense of more dorsal structures like the amnioserosa. 
Thus, a third signaling pathway defines patterning on the dorsal side of the embryo in which the dpp 
plays a critical role (Arora and Nusslein-Volhard, 1992). Genetic analysis suggests that these genes 
establish a gradient of dorsalizing activity encoded by dpp.

The dpp gene in Drosophila encodes a secreted molecule of the Transforming Growth Factor-fl 
(TGFB)/Bone morphogenetic protein (BMP) superfamily (Padgett et al., 1987). The DPP/TGFB/BMP 
superfamily represents an important class of signaling molecules diversified throughout evolution with 
functions that range from the determination of distinct cell fates to the control of cell division 
(Kingsley, 1994; Hogan, 1996). Dpp encodes the primary dorsalizing signal that is required for speci
fying cell fate along the dorsal-ventral axis of the embryo (Irish and Gelbart, 1987; Ferguson and 
Anderson, 1992b; Wharton et al., 1993). Dpp is expressed at a uniform intensity over the dorsal 40% 
of the embryonic circumference that gives rise to the amnioserosa and dorsal ectoderm by stage 9 of 
embryogenesis (St. Johnston and Gelbart, 1987). Dpp seems to act early in the hierarchy of events that 
regulate dorsal development, since dpp expression remains unaltered in any of the zygotic mutants 
(Ray et al., 1991). Loss of dpp function produces the most severe phenotype among the zygotic 
mutants in which cells in the dorsal half behave as ventral epidermal cells differentiating ventral denti
cle belts (Irish and Gelbart, 1987).

While the absence of dpp activity results in the loss of all dorsal tissues (Irish and Gelbart, 
1987), the phenotypes caused by partial loss-of-function mutations in dpp indicate that there is a grad
ed requirement for dpp activity in the specification o f dorsal fates (Ferguson and Anderson, 1992a; 
Wharton et al., 1993). This allelic series showed that dpp is an essential component of a dorsal-to-ven- 
tral gradient of positional information in the embryo. Ferguson and Anderson (1992a), also showed 
that injection of increasing quantities of dpp mRNA into lateralized syncytial embryos, which lack all 
dorsal-ventral polarity, restores dorsal structures in a dose-dependent fashion. The deposition of dpp
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Figure 15. Expression of early zygotic genes required to determine D-V
polarity in the Drosophila embryo.

A schematic representation o f a cross-section fate map of a blastoderm embryo illustrat
ing the initial expression patterns o f zygotic target genes regulated by the maternal sig
naling pathway of the dorsal group genes. The nuclear gradient o f dorsal protein is 
depicted by the circles showing different shades o f red. The relative expression pattern 
and activity o f tolloid (TLD), short gastrulation (SOG) and decapentaplegic (DPP) are 
shown in the cross section o f the embryo. Uniform levels o f TLD are expressed in dor
sal regions (As and dEp), o f the embryo, as SOG shows a gradient expression from ven
trolateral to dorsal regions (vNr to As). DPP shows increasing activity from dorsal later
al to dorsal regions, representing the presumptive dorsal epidermis (dEp) and 
amnioserosa (As) respectively. Twist (twi) and snail (sna) are expressed in the presump
tive mesoderm, rhomboid (rho) is expressed in the presumptive ventral neurogenic 
region. Zerknullt (zen), screw (sew) and shrew (srw) are expressed uniformly in dorsal 
region (As and dEp) o f the embryo. Amnioserosa (As), dorsal epidermis (dEP), meso
derm (Me), and ventral neurogenic (vNr). (Modified from Govind and Steward, 1991; 
Mullins, 1994).
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RNA defined the dorsal-most point of the rescued pattern. These embryos went on to differentiate 
nearly all of the dorsal pattern elements of the ectoderm (Ferguson and Anderson, 1992a). This 
showed that asymmetric DPP activity is capable of promoting detailed ectodermal pattern, in the 
absence of any other asymmetric signal. Therefore it was proposed that the D-V axis in the embryo is 
determined by a gradient of DPP activity established in the syncytial blastoderm prior to cellularization 
(between stages 2-4), and which is formed by spatially-restricted modulation o f DPP activity over its 
domain of expression. Whereas ventral ectodermal cells that lack DPP activity differentiate a meso
derm and neurogenic ectoderm, different levels of DPP activity can elicit two distinct epidermal cell 
fates (St. Johnston and Gelbart, 1987; Irish and Gelbart, 1987; Ferguson and Anderson, 1992; Wharton 
et al., 1993). The dorsal-most cells in the ectoderm nearest the dorsal midline o f the embryo differenti
ate into the extra-embryonic amnioserosa and require high levels o f DPP activity, whereas the dorsal 
lateral cells of the ectoderm differentiate into dorsal epidermis, and are specified by progressively 
lower levels of DPP activity (Ferguson and Anderson, 1992a, Wharton et al., 1993). Because dpp tran
script is expressed at uniform intensity within its dorsal domain (St Johnston and Gelbart, 1987), the 
DPP activity gradient must be formed by post-translational mechanisms that can modulate DPP distri
bution and enhance DPP signaling activity on the dorsal side, while repressing DPP activity on the ven
tral side o f the embryo.

The genes tolloid and screw genetically act upstream of dpp to increase DPP activity, whereas 
diffusible sog protein (SOG) is required to inhibit DPP activity (Ferguson and Anderson, 1992) (Figure 
16). DPP activity is thought to be positively regulated by tolloid protein (TLD) indirectly by protein- 
protein interaction through another component of the dpp pathway. Tolloid is expressed in the dorsal 
30% of the embryo (Shimell et al., 1991). Genetic evidence consistent with this model showed that 
antimorphic mutants of tolloid lead to dorsal defects that show a concomitant expansion of the ventro
lateral ectoderm, and are able to act as dominant enhancers of dpp loss-of-function mutants (Ferguson 
and Anderson, 1992b). However, interaction is not direct since loss of tolloid activity is suppressed by 
increasing dpp dosage. On the other hand, sog loss-of-function mutants, which lead to loss of ventro
lateral ectoderm and a corresponding expansion of the dorsal ectoderm, are enhanced by increasing dpp 
dosage (Ferguson and Anderson, 1992b). This is consistent with sog acting as an antagonist of DPP 
activity. Sog is expressed in a broad lateral stripe of cells that abuts the c//?p-expression domain 
(Francois et al., 1994). The tolloid gene encodes a member of the astacin family of metalloproteases 
closely related to the procollagen protease BM P-1 (Shimell et al., 1991). The sog gene encodes a pro
tein with a type I transmembrane domain and a large extracellular domain (Francois et al., 1994), 
which shows sequence similarity to Xenopus chordin, a dorsalizing factor expressed in the Spemann 
organizer (Sasi et al., 1994; Francois et al., 1995). In fact, sog and chordin are functionally equivalent, 
as assayed by the injection o f chordin RNA into Drosophila embryos and sog  RNA into Xenopus 
embryos (Holley et al., 1995). The data reveal a double inhibition mechanism is used to generate a 
gradient of DPP activity along the dorsal-ventral axis of the embryo. TLD and SOG both act by 
inhibitory mechanisms. SOG functions upstream of DPP in dorsal and ventral regions to inhibit DPP 
signaling, by binding to DPP (Ferguson and Anderson, 1992), thus abrogating receptor-ligand interac-
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Figure 16. Current model for the canonical rf/jp/TGFB/BMP signaling
pathway in Drosophila
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A schematic diagram showing the canonical app signaling pathway. The zygotic gene tolloid 
enhances dpp activity on the dorsal side, while sog  inhibits dpp activity on the ventral side o f 
the embryo. Activation o f the dpp protein (DPP) is achieved by tolloid protein (TOLLOID) 
cleaving the sog protein (SOG), thus releasing the dpp ligand (DPP). The DPP ligand then 
binds and activates its receptors punt (PUNT) and thickveins (THV) which encode receptor ser- 
ine-threonine kinases. Two more TGFB-like ligands, screw (SCW) in the embryo, or glass bot
tom boat (GBB) in imaginal disc, act through their receptor saxophone (SAX), to synergistical- 
ly enhance signaling by DPP through THV. Receptor clustering between PUNT and THV or 
PUNT and SAX upon ligand binding leads to the formation o f activated receptor complexes 
between THV/PUNT and SAX/PUNT. These receptor complexes then transduce the signals 
from their ligands through the receptor specific cytoplasmic factors, mothers against dpp 
(MAD) and medea (MED). The integration between the THV and SAX signaling pathways is 
thought to formally occur at any o f three levels: at the receptor level between THV and SAX, 
at the cytoplasmic levels between MAD and MEDEA, or at the transcriptional activation level 
in the nucleus. The expression o f brinker (BRK), a constitutive repressor o f  DPP target genes, 
is repressed by the activated MAD and MEDEA complex following its translocation into the 
nucleus following their activations by the THV/PUNT and SAX/PUNT receptor complexes. 
Daughters against dpp (DAD) expression is activated by dpp signaling. DAD represents a 
negative feedback inhibitor that is thought to prevent the activation o f THV receptor by the 
PUNT receptor. Schnurri (SHN ) a transcriptional activator o f dpp signaling, helps to promote 
MAD/MEDEA binding to the transcriptional promoter sites o f the DPP target genes. DPP tar
get genes include, Kruppel (K r : embryo amnioserosa), tinman {tin: dorsal mesoderm of 
embryo), evenskipped (eve: in pericardial cells o f mesoderm in the embryo), Labial (Lab: in 
endodermal midgut o f embryo), and Distalless (Dll), aristaless (al), optomotor blind (omb), 
and spalt in imaginal the imaginal discs. (Modified from Podos and Ferguson, 1999).
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tion and transmission o f the DPP signal. SOG is expressed in the ventral-lateral half of the embryo, 
where it is thought to be cleaved and released from the cells surface and secreted into the ECM, and 
diffuses to the opposite dorsal pole where it reduces DPP activity in a graded manner. TLD protease, 
in turn, acts upstream of the DPP/SOG inhibitory complex, to cleave SOG thus releasing DPP so that it 
can bind its receptor (Letsou et al., 1995; Singer et al., 1997) (Figure 16). Uniform dorsal expression 
of TLD (Singer et al., 1997) results in degradation in dorsal regions of SOG in SOG/DPP complexes.
It was also shown that SOG proteolysis is greatly enhanced by the presence o f DPP, presumably in a 
DPP/SOG complex source. The consequence is increasing the concentration o f free DPP in the direc
tion opposite to that of the SOG inhibitory gradient, generating a signal activity which patterns the dor
sal-ventral axis. A simple model for the formation of a DPP activity gradient is that a ventral source of 
the SOG inhibitor, coupled with a dorsal sink for SOG, provided by TLD, results in a ventral-to-dorsal 
gradient of SOG, that causes a reciprocal dorsal-to-ventral gradient of DPP activity.

However, additional complexity was uncovered by findings that suggest that SOG inhibits DPP 
signaling primarily by blocking screw protein (SCW) function (Neul and Ferguson, 1998; Nguyen et 
al., 1998). The screw gene encodes a second BMP ligand of the TGFfi family in Drosophila, which is 
required for the elaboration o f the full dorsal pattern. The screw gene is expressed around the embry
onic circumference in the dorsal half of the embryo at the syncytial blastoderm stage (Arora et al., 
1994). Screw null mutant embryos result in a loss of amnioserosa and dorsal ectoderm with a con
comitant transformation to ventral ectoderm (Arora et al., 1994). Screw loss-of-function mutants can 
be partially suppressed by an increase in dpp dosage, as antimorphic alleles of screw act as dominant 
enhancers o f dpp loss-of-function mutants (Arora et al., 1994). This suggests that screw is required for 
maximal DPP activity, and normally acts to increase dpp activity at the dorsal-most side of the embryo. 
In fact, screw has been found to interact with the signal transduction components of the dpp signaling 
pathway. Thus, the graded dorsalizing signal in a wild-type embryo is thought to be generated by the 
combined action of both DPP and SCREW (Arora et al., 1994).

The transmission o f the DPP signal is integrated downstream through a family o f transmem
brane serine/threonine kinases. The genes thickveins (thv) and saxophone (sax) encode two members 
of the type I receptor family in Drosophila (Brummel et al., 1994; Nellen et al., 1994a and b; Penton et 
al., 1994; Xie et al., 1994). The loss of maternal and zygotic thv activity causes strong ventralization 
of the embryos that are comparable to effects caused by null dpp alleles (Nellen et al., 1994a and b; 
Terracol and Lengyel, 1994), while loss of sax function results in a weaker phenotype limited to the 
amnioserosa (Nellen et al., 1994a and b). Sax receptor (SAX) is required to interpret peak levels of 
DPP or SCW signal to specify amnioserosal cell fates. Overexpression of thv can bypass the require
ment for sax (Brummel et al., 1994), suggesting that the two receptors could use the same intracellular 
signal-transduction machinery. The punt a typell receptor that is the Drosophila homolog of a mouse 
activin receptor (Childs et al., 1994; Letsou et al., 1995; Ruberte et al., 1995), can bind the DPP ligand 
independently, whereas the type I receptors require an association with the type II receptor for ligand 
binding. Removal of maternal and zygotic punt function causes phenotypes indistinguishable from loss
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of dpp or loss o f thv activity. Analysis of genetic phenotypes suggest that dpp signaling requires both 
thv and punt activity, whereas sew  signaling requires sax and punt function.

Response to the DPP signal is mediated by a heteromeric complex containing the type II recep
tor punt (PUNT) and the type I receptor thv or sax, both serine/threonine receptor kinases (THV ,
SAX) ( Brummel et al., 1994; Nellen et al., 1994a and b; Penton and Hoffmann, 1994; Xei et al., 1994; 
Letsou et al., 1995; Ruberte et al., 1995). The DPP signal is thought to initially bind to the type II 
receptor (PUNT), which then recruits the type I receptor (THV) into a heteromeric signaling complex 
(Wrana et al., 1992; Wrana et al., 1994a and b; Derynck and Feng, 1997; Heldin et al., 1997). The type 
II kinase receptor phosphorylates the type I kinase receptor, which transduces the signal to downstream 
components (Childs et al., 1994; Penton et al., 1994, Wrana et al., 1994). While PUNT and THV are 
essential for all DPP signaling (Penton et al., 1994; Nellen et al., 1994; Brummel et al., 1994; Letsou et 
al.; 1995; Ruberte et al., 1995), the second type I receptor SAX along with PUNT is essential to trans
duce the limited SCW signal (Figure 16). It was shown that SAX acts synergistically to elevate the 
biological response o f THV (Neul and Ferguson, 1998; Ngyuyen et al., 1998). Thus, dorsal pattern of 
the embryo is established by the combination of DPP and SCW signals which act through two different 
type I receptors, THV and SAX respectively, to transmit distinct intracellular signals that must be inte
grated downstream, for the accurate interpretation of dorsal positional values in the embryo.

The current paradigm that describes the transmission of the DPP signal from the cell surface to 
the nucleus of target cells involves a single class of proteins known as SMADs which couples receptor 
activation to the control of target-gene transcription (Heldin et al., 1997). Upon activation of type I 
receptors THV and SAX, by a receptor specific SMADs, referred to as Mothers against dpp (Mad), are 
phosphorylated (Raftery et al., 1995; Newfeld et al., 1996 and 1997). Activated Mad protein (MAD) 
then associates with a cytoplasmic factor called Medea (Med) (Wisotzkey et al., 1998; Hudson et al., 
1998). MAD and Medea protein (MED) possess direct and specific DNA-binding capacity and can 
form a complex (Heldin et al., 1997). The MAD/MED complex is then translocated into the nucleus 
where it functions with other transcription regulators such as schnurri (shn) (Arora et al., 1995), to reg
ulate tissue specific target-gene expression such as tinman (tin) and evenskipped (eve) (Azpiazu and 
Frasch, 1993). The simplicity of this pathway allows for the tight coupling of external ligand concen
tration to transcriptional responses, with the sensitivity o f an individual target gene being dependent 
upon the arrangement and/or affinities of MAD-MED binding sites within its enhancer.

Recently, it has been shown that DPP signal transduction does not involve a simple linear cas
cade, but involves a series of negative feed back loops that allow for the establishment of sharp thresh
olds to the DPP activity gradient. Brinker (brk), represents a novel gene whose transcription is 
repressed by DPP and which functions to repress DPP target-gene expression in the absence of the DPP 
signal (Jazwinska et al., 1999; Campbell and Tomlinson, 1999; Minami et al., 1999), such that brk 
expression is a direct reflection of the DPP activity gradient. Brk protein (BRK) expression is localized 
to the nucleus throughout its domain of expression, suggesting that it might function directly as a tran-
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scriptional repressor. Loss of function mutants of brinker result in the inappropriate expression of DPP 
target genes, resulting in the dorsalization of the embryonic ectoderm. This indicated that the tran
scription of DPP target genes can be independent of transcriptional activation by the MAD-MED sig
naling complex. Therefore, BRK protein acts as an intracellular negative regulator of DPP signaling, 
and, as such, represents an integral component of the pathway that is necessary for proper transcrip
tional responses to the DPP gradient. Daughters against dpp (Dad), encodes a second intracellular 
negative regulator of DPP signaling, which behaves differently from brk (Tsuneizumi et al., 1997;
Inoue et al., 1998). The Dad protein (DAD), which has limited similarity with MADs, antagonizes 
DPP signaling by binding to, and inhibiting THY receptor activity, following its transcriptional activa
tion by the MAD-MED complex. Integration of positive and negative inputs on DPP target gene 
expression in the syncytial blastoderm embryo, in response to the DPP activity gradient may be inter
preted by a field of cells to produce sharp thresholds of target gene expression.

By stage 9 of embryogenesis (germband extension), dpp is expressed as a longitudinal stripe in 
cells along the dorsal ectodermal ridge. Here the dpp signaling pathway is co-opted for a later devel
opmental process to specify the dorsal pattern o f the underlying mesoderm and endoderm germlayers. 
Loss of dpp function results in the loss of dorsal mesodermal and endodermal pattern and the conver
sion of dorsal cells to ventral cells (Irish and Gelbart, 1987). Therefore, a dorsal-to-ventral gradient of 
DPP activity arises as a consequence of post-translational modulation o f DPP signaling by a combina
tion of diffusible enhancers (TOLLOID, SCREW) and repressors (SOG) of DPP activity. The spatial 
modulation of SCREW activity by the combined action of SOG and TOLLOID is also likely to be a 
major component o f the generation o f D-V positional information within the embryonic ectoderm.

Based on the genetic and molecular evidence, this study demonstrates that a novel mutation 
caused by the lethal PZA64  insertion can dominantly interact with mutant alleles of both dpp and its 
receptors in embryos and imaginal leg discs resulting in a direct block in dpp signaling. This suggest
ed that a new component of the dpp signaling pathway may have been identified.

I-8ii. UDP-glucose dehydrogenase, a gene required in pattern  formation.

As described later in this thesis, the molecular identification and characterization of the gene 
uncovered by the PZA64 lethal insertion showed that it is the Drosophila homolog o f uridine-diphos- 
phate-glucose dehydrogenase (UDP-GlcDH). It is important to give background to what is known 
about this system so that the results can be interpreted in the proper context. The UDP-GlcDH gene 
encodes an enzyme responsible for the production of UDP-glucuronate by catalyzing the reaction of 
UDP-glucose to yield UDP-glucuronic acid in the cytosol (Dougherty and van de Rign, 1993).
Specific transporters then translocate the UDP-glucuronate along with other UDP-sugars into the Golgi 
lumen (Hirschberg and Snider, 1987; Hirschberg et al., 1998) (Appendix I). In the Golgi lumen, the 
UDP-sugars are precursors for the synthesis o f complex carbohydrate residues called glycosaminogly- 
cans (GAGs) (reviewed in Prydz and Dalen, 2000) (Appendix II). Specific GAG chains are synthe-
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sized in a regulated fashion from linker sequences covalently-linked to specific serine amino acids of 
glycoproteins (Appendix III). This is followed by enzymatic modifications o f specific disaccharide 
residues, such as deacetylation, epimerisation and subsequent sulphur modifications o f the sugar ring 
(reviewed in Prydz and Dalen, 2000) (Appendix III). These complex glycoproteins are referred to as 
proteoglycans (PGs). After synthesis, PGs are exported from the Golgi to the cell surface or extracellu
lar matrix (ECM). At the cell surface, the GAGs remain associated with extracellular domain of mem
brane bound PGs or ECM PGs (reviewed in Prydz and Dalen, 2000). The GAG residues associated 
with the proteoglycan play an integral role in its function (Jackson et al., 1991; Lander et al., 1999). 
GAGs are highly negatively charged molecules, owing to the presence of acidic sugar residues and/or 
modifications by sulfate groups. The specific sugars and their modification patterns in the GAG chains 
are critical for the biological activity of the individual PG, such as its interaction with various growth 
factors or cell-surface molecules (Jackson et al., 1991, Lander et al., 1999).

I-8iii. The ECM, HSPGs and their role in regulating growth factor signaling.

Pattern formation of complex multicellular organisms requires information to be transferred 
between cells and tissues. Much of the processing necessary for the transfer o f this information occurs 
in the extracellular environment. Growth factor molecules play a pivotal role in this intercellular com
munication. The binding o f growth factors to the extracellular matrix (ECM) is a major mechanism 
regulating growth factor signaling (review, Taipale and Keski-Oja, 1997). The ECM is a fibrillar 
meshwork of proteins, proteoglycans, and glycosaminoglycans, that is believed to constitute a barrier 
for diffusion and convection of growth factors (review, Taipale and Keski-Oja, 1997). For example, 
the association of growth factors to the matrix allows storage o f large quantities o f signaling molecules 
in a readily available form, allowing extracellular signaling to proceed in the absence o f new protein 
synthesis. Proteolytic release and activation o f matrix stored growth factors can generate rapid and 
highly localized signals (Lyons et al., 1988; Hecht and Anderson, 1992; Taipale et al., 1995; Miyazawa 
et al., 1996). The association of signaling molecules with matrix decreases loss of information by 
slowing diffusion. Although some developmental signals are restricted to adjoining cells, others are 
thought to form long range “gradients.” The formation of the signal gradient could involve the diffu
sion of the growth factor to the low affinity receptor complexes, defined by proteoglycans, at the cell- 
surface and relaying the factors to receptors on other cells. The storage o f growth factors in the matrix 
makes it possible for cells to transmit signals to cells in contact with the same matrix later. 
Proteoglycans play important roles in various cellular processes: control of growth and differentiation 
by regulating growth factor signalling, receptor turnover, protease and protease inhibitor activity, cell
cell adhesion and cell-matrix interactions (Kjellen and Lindahl, 1991; Esko, 1991; Bourin and Lindahl, 
1993; Schlessinger et al., 1995; Werb 1997; Matrisian, 1997; Iozzo, 1998; Woods and Couchman,
1998; Baeg and Perrimon, 2000; Lander and Selleck, 2000; Selleck, 2000). The largest group of 
growth factor ECM interactions involve the binding of growth factors to heparan sulfate proteoglycans 
(HSPG). UDP-glucuronate (UDP-GlcA) along with UDP-N-acetylglucosamine (UDP-GlcNAc) forms 
the basic repeating disaccharide units required for the biosynthesis of the heparin and heparan sulfate
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GAGs. Heparin and heparan sulfate are synthesized by the sequential and alternating addition of Glc- 
A and GlcNAc to the non-reducing end of a tetrasaccharide primer that is initiated on specific serines 
of specific core proteins (Salmivirta et al., 1996; Hiroko et al., 1998) (see Appendix III). The heparan 
sulfate polymer then undergoes a series of modifications that involve deacetylation, epimerization and 
N-linked or O-linked sulfation steps (Kjellen and Lindahl, 1991; Salmivirta et al., 1996). Structurally, 
heparan sulfate GAGs are complex and heterogeneous (Lindahl and Lindahl, 1997; Lindahl et al., 
1998). Discrete variants are achieved during synthesis since not all of the saccharides are subjected to 
all of the modification steps (review by Komfeld and Komfeld, 1980). The HS GAG chains are bound 
to the protein core region, that is associated with the extracellular domain of PGs on the surface of a 
cell. Core proteins have been classified in three distinct families. The syndecans include four mem
bers which are membrane spanning proteins (reviewed in Rapraeger, 2001), the Glypican family con
tain at least six members that are bound to the cell-surface membrane by a glycosylphophatidylinositol- 
anchor (GPI) (David et al., 1990; Filmus et al., 1995; Karthikeyan and Maurel, 1992; Litwack et al., 
1994; Stumpf et al., 1994; Watanabe et al., 1995; reviewed in DeCat and David, 2001), and finally the 
basement membrane proteoglycans, a major member being Perlecan, that are secreted into the ECM. 
The heparan sulfate GAG residues are ubiquitous macromolecules that may be either associated with 
cell-surface proteoglycans or found as an unbound form in the extracellular matrix (Kjellen and Lindal, 
1991; Bemfeld et al., 1992; David, 1993).

The heparan sulfate GAG residues and the HSPGs have been implicated in regulating the bio
logical activities of a variety of growth factors (Capdevilla and Belmonte, 1999; reviewed in Bemfield 
et al, 1999 and Perrimon and Bemfield, 2000). It is thought that cell-surface HS proteoglycans 
(HSPGs) act as low affinity co-receptors to modulate growth factor binding to its primary receptors 
(Mason and Konrad, 1994; Oritz and Leder, 1992; Oritz et al., 1992; Schlessinger et al., 1995; 
Sasisekharan et al., 1997; Yanagishita and Hascall, 1992) (Figure 17). Tissue culture studies have 
shown that cell-associated HSPGs can affect signaling that is mediated by Fibroblast Growth Factors 
(FGFs) (Olwin and Rapraeger, 1992; reviewed Omitz, 2000), Wnt/Wingless (WG) (Reichsman et al., 
1996; reviewed by Cumberledge, 1997) and the Transforming Growth Factor-B (TGFB) (Lopez- 
Casillas and Cheifez, 1991; Lopez-Casillas et al., 1993; Lopez-Casillas et al., 1994). For example, 
betaglycan, a molecule identified on the basis of its affinity for TGF-B, is a transmembrane proteogly
can that potentiates the response of TGFB in transfected cells by promoting the interaction of TGFB 
with its receptors (Lopez-Casillas and Cheifez, 1991; Lopez-Casillas et al., 1993; Lopez-Casillas et al.,
1994). Betaglycan represents an example of a low affinity type III receptor that is a HS modified PG 
(Lopez-Casilas et al., 1993). In this case, however, TGF-B appears to bind directly to the core protein 
itself rather than to the carbohydrate side chains (Lopez-Casillas et al., 1994).

Glypicans have been shown to modulate responses o f tissue culture cells to FGF (Mali et al., 
1993; Steinfield et al., 1996). In the vertebrate model, two mechanisms have been proposed by which 
GAGs can regulate FGF signaling. In one model, the association o f FGF with HS-proteoglycans may 
result in protection of the growth factor from degradation, and may reduce ligand diffusion by allowing
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Figure 17. In vivo models of cell surface HS proteoglycan function.
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A schematic diagram describing the various functions o f  cell surface heparan sulfate proteo
glycans (HSPG) that have been characterized. (A) Soluble paracrine effectors are produced 
by shedding o f the heparan sulfate proteoglycan (HSPG) ectodomains from the cell surface. 
Shedding can instantly changes the function o f the HSPG, such as co-receptor function for 
growth factors, reducing the levels o f a cell surface ligands and its activity. For example, the 
shedding o f syndecan ectodomains leaves a potentially interactive peptide that could for 
example behave as a direct inhibitor o f growth factors. (B) Intracellular pathogens, such as 
the herpes simplex virus, use HSPG as co-receptors to mediate entry o f the pathogen into host 
cells. (C) HSPGs can act as co-receptors for soluble ligands (e.g. growth factors like FGF, 
cytokines) that form part o f a signaling complex with their signal transducing receptors. (D) 
Internalization receptors for soluble ligands such as serpins like lipoprotein lipase, can present 
ligands at the cell surface and take ligands into cells via either coated pits or caveolae for 
degradation, recycling, or transcytosis. (E) HSPGs can also activate protease inhibitors and 
promote association o f inhibitor with the protease. Conversely, HSPG can also inhibit pro
tease inhibitor function by either blocking the access o f  the inhibitor to the protease, or bind
ing directly to the inhibitor and internalizing it for degradation in cell. For example, thrombo
modulin (TM), an HSPG, potentiates the inhibition o f thrombin by antithrombin III (AT III) 
and prevents the cleavage o f fibrinogen and the activation o f Factor V, inhibiting blood coagu
lation near vascular endothelial cells. Alternatively, soluble ectodomains o f syndecan bind 
neutrophil elastase, reducing the enzyme’s affinity for its plasma-derived inhibitor, serpin 
alpha-1-antiprotease (Kainulainen et al., 1998). Elastase remains active in wound fluids 
because it is protected from its protease inhibitor. (F) HSPGs can also act as co-receptors for 
insoluble ligands (e.g., extracellular matrix molecules) which immobilize the receptor com
plex in the plane o f the membrane causing it to associate with actin microfilaments. (For 
reviews on this subject see Kjellen and Lindahl, 1991; Bemfield et al., 1992; Bemfield et al.,
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it to bind to the cell surface via interactions with low affinity proteoglycans (Bemfield et al., 1992).
This would increase the local concentration of the ligand, thus enhancing the probability of a produc
tive interaction with a high affinity receptor (Aviezer et al., 1994). The heparan sulfate side chains of 
cell-surface glypican, or syndecan (another proteoglycan molecule), may perform this function in 
mediating FGF signalling (Bemfield and Hooper, 1991, 1993; Schlessinger et al., 1995; Steinfield et 
al., 1996; Omitz et al., 1995; Omitz, 2000). Initially, heparin-like GAGs are thought to tether FGF in 
the ECM so as to create a reservoir of FGF. A stable FGF-GAG complex is first formed at the surface 
o f the cell. By proteolysis the complex is released from the membrane surface and diffuses to activate 
the FGF receptor at a site distant from the release site (Jackson et al., 1991). Thus, the GAG acts as a 
chaperone for the ligand, and possibly as a stabilizing factor against proteases in the ECM.

A second model is called the dual receptor model. According to this model, the function of 
heparin-like GAG is to oligomerize the FGF ligand, thus inducing receptor clustering. In the case of 
FGF, the high affinity receptors have intracellular tyrosine kinase domains, which are activated by 
transphosphorylation as a result of ligand-induced receptor dimerization. Since FGF binds to the extra
cellular domain of its high affinity receptor as a monomer (Spivak-Kroizman et al., 1994) which is not 
capable of inducing receptor dimerization on its own, it has been proposed that a multimeric heparan- 
sulfate-FGF complex is required in order to produce a biologically-active signal (Mason and Konrad, 
1994; Omitz and Leder, 1992; DiGabriel, 1998; Faham et al., 1996; Herr et al., 1997). The heparin
like GAGs would participate in a dual receptor system as low affinity receptors to facilitate the interac
tions of FGF with its high affinity receptors (Klagsbum and Baird 1991; Yayon et al., 1991; 
Schlessinger et al., 1995; Pantoliano et al., 1994). The binding of heparin to FGF causes FGF 
oligomerization, leading to clustering of FGF receptors for signal transduction (Omitz and Leder, 1992; 
Omitz et al., 1992; Kan et al., 1993).

Other roles of HSPG(s) on growth factor activity include storage of latent forms of growth fac
tors in the ECM or activation of latent growth factors by specific proteases. For example, the hepato- 
cyte growth factor (HGF) is stored as a latent single chain form in the ECM by binding to a HSPG fac
tor (Mizuno et al., 1994). The conversion to its biologically active form is mediated by hepatocyte 
growth factor (Shimomura et al., 1995) HS residues that interact with the specific proteases and help 
target them to cleavage site in HGF, following injury in organs such as the liver or kidney (Miyazawa 
et al., 1996). Hematopoietic stem cell differentiation into multiple blood cell lineages, is dependent on 
two cytokines, interleukin-3 (IL-3) and granulocyte macrophage-colony stimulating factor (GM-CSF). 
These cytokines require associated HS residues on stromal cell-surface HSPG(s) like syndecans, and in 
bone marrow ECM-HSPG like perlecans for presentation of the cytokines to the cells (Roberts et al., 
1998; Klein et al., 1995). It has also been shown that one or more o f the ECM proteins can bind to the 
active form of TGFB once it is released upon proteolytic cleavage from its latent form when bound to 
latent TGFB binding proteins (LTBPs) at the cell surface (Taipale et al., 1994; Saharinen et al., 1996). 
These ECM proteins include the HSPG (s) decorin and biglycan (Ruoslahti et al., 1992; Schultz-Cherry 
et al., 1993). For example, thrombospondin induces the activation of the latent form of TGFB, as in
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turn decorin functions as a negative regulator to attenuate TGFB activity once it is released in its active 
form in the ECM (Ruoslahti et al., 1992).

Other functions of heparan sulfate proteoglycans are summarized in Figure 17. Cells interact 
with fibronectin in the ECM via syndecan-1 (through the HS residues) and B-l integrin found on the 
surfaces of cells (Saunders and Bemfield, 1988). Fibronectin can induce signals through their recep
tors, such as integrins, which interact with the cytoskeleton of the cell (Clark and Bmgge, 1995). In 
this case information might be transferred from the ECM to the inside of the cell directly, via mechani
cal forces, that are mediated by ECM associated factors like HSPGs (Ingber, 1993). Therefore, 
HSPG(s) can act as matrix receptors, responsible for normal actin filament organization (Woods et al., 
1986; LeBaron et al., 1988), controlling the shape and organization of cells in a tissue.

In another example, HSPGs have been shown to activate protease inhibitors, like antithrombin 
III and promote association of inhibitor with proteases (Taipale et al., 1995) (see Figure 17). 
Antithrombin III binds to syndecan-1 and -4, which enables formation of a ternary complex with 
thrombin that has reduced protease activity and is proposed to provide endothelial cells with non- 
thrombogenic surfaces (Kojima et al., 1992). As well, HSPG can remove protease inhibitors from the 
cell surface, providing a mechanism for the activation of a protease, as in the case of uptake and degra
dation of tissue factor pathway inhibitor-coagulation factor Xa complexes (Falcone et al., 1993). In 
another example, lipoprotein lipase is anchored to the cell surface, potentially by a syndecan, on which 
it cycles to a non-degradative intracellular compartment (Saxena et al., 1990). Herpes simplex viruses 
can bind to the cell surface, using a cell-surface HSPG, via the gC and gB viral coat proteins. This 
enables uptake of viral particles upon infection, by fusion of the viral envelope with the plasma mem
brane (Wu Dunn and Spear, 1989; Shieh et al., 1992). Finally, the cleavage o f the syndecan extracellu
lar domain at a protease susceptible site adjacent to the plasma membrane can release bound ligands 
from the cell surface and possibly provide competitive binding sites in the extracellular matrix 
(Bemfield and Sanderson, 1990). These studies have shown that cell-surface HSPGs can affect growth 
factor signaling, but they do not address the role that these molecules play in vivo during development.

I-8iv. The biological roles of HS GAGs and their biosynthetic enzymes in development.

In the context o f development, the importance of heparan sulfate GAG residues with respect to 
the functional role of proteoglycans has garnered much interest over the last decade or so (Bemfield et 
al., 1992; David, 1993; Rapraeger, 1993; Carey, 1997). The heparan sulfate GAG residues on the pro
teoglycan play a critical role in modulating the interactions with various ECM and growth factor pro
teins. The HSGAG chain structure and the modifications o f its sugar residues determines its functional 
specificity (see Lindahl et al., 1998 and references therein). This heterogeneity in structure is due to 
the presence or absence of multiple modifications in the chain, which are carried out by various 
enzymes that are found in the Golgi apparatus during GAG biosynthesis (see Figure 18, Table 1, and 
references therein). Modifications include, N-acetylation or deacetylation, N-sulfation, 3-O-sulfation,
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and 6-0-sulfation of the glucosamine, and epimerization or 2-O-sulfation o f glucuronic acid. The 
overall sulfation patterns, are typically organized into regions o f 2-20 disaccharides. Tissue-specific 
isoforms of the biosynthetic enzymes can produce enormous heterogeneity in the glycosaminoglycan 
chains with distinct sequences and macroscopic organization generating different ligand-binding prop
erties (Ernst et al., 1995). For example, 2-O-sulfate of glucuronic acid promotes the high affinity bind
ing to FGF-2, whereas N- or 6-O-sulfation of glucosamine that promotes HGF binding (Lyon et al., 
1994; Faham et al., 1996). The expression of specific isoforms of these enzymes that create HS 
domains that bind to specific growth factors is thought to be determined by the proteoglycan core pro
tein or by the differentiation state of the producing cell (Nurcombe et al., 1993; Aviezer et al., 1994).

Screens for mutations that affect development in Drosophila, C.elegans and mouse have uncov
ered genes involved in HS GAG synthesis or expression of HS proteoglycans (see Figure 18 and 
Table 1) These mutations have been shown to affect the function of various enzymes that are required 
for biosynthesis and modification of their associated HS GAG chains with specific HSPG molecules 
(Baeg and Perrimon, 2000; Selleck 2000, 2001). In C. elegans, unc-52, a homolog of a basement 
membrane ECM associated proteoglycan, disrupts myofilament assembly during embryogenesis 
(Rogalski et al., 1993; Moerman et al., 1996; Mullen et al., 1999). Squashed vulva-3 (sqv-3), a galac
tosyl transferase, and squashed vulva-8 (sqv-8), a glucuronyl transferase are enzymes that are required 
for the synthesis of the tetrasaccharide linker that joins GAG polymers to the serine residues of the pro
teoglycan core protein (Herman et al., 1999; Herman and Horovitz, 1999; Bulik et al., 2000).
Squashed vulva-7 (sqv-7), encodes a nucleotide-sugar transporter, suggesting that this mutant affects 
the transport of the nucleotide-sugar substrates from the cytoplasm into the Golgi (Herman and 
Horvitz, 1999). All three mutants are matemal-effect lethals that affect GAG biosynthesis, and result 
in defects in the invagination of the vulval epithelium (Herman et al., 1999). In Drosophila the muta
tions identify genes that encode proteins that participate in different steps in GAG biosynthesis or gene 
that encodes a specific HSPG. In the mouse and human, mutations in HSPG(s) or in genes of HS 
biosynthetic enzymes, can result in morphological abnormalities or disease. Targeted disruption of 
Syndecan-1 in mouse results in defective repair of skin and comeal lesions. Lack of Syndecan-1 (a 
transmembrane HSPG) prevents keratinocyte migration into the wound and restoration of stable cell
cell and cell-matrix contacts. This results in a marked delay in reconstitution of normal epithelium. 
Genetic lesions in HS 2-O-sulfotransferase result in mice which die during the neonatal period exhibit
ing bilateral renal agenesis, bilateral coloboma of the iris, skeletal fusions and ectopic ossifications in 
the mouse embryo (Bullock et al., 1998). Mutations in the EXT-1 and EXT-2 genes that encode the 
human HS polymerase enzymes (Lind et al., 1998; McCormick et al., 1998), cause Hereditary Multiple 
Exostoses. These are tumors derived from the growth plate of endochondral bones which occasionally 
undergo malignant transformation into chondrosarcomas and most rarely to osteosarcomas (Stickens et 
al., 1996). These genes have been reported to have a general tumor suppressor function (Hecht et al.,
1995). Mutations in the glypican-3 family of genes (a membrane associated HSPG), results in a rare 
X-linked syndrome, called Simpson-Golabi-Behmel-Syndrome (Pilia et al., 1996). These mutants are 
characterized as both pre- and postnatal overgrowths, with a distinct facial appearance, a predisposition
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Table 1. Drosophila and C. elegans mutants affecting proteoglycan or 
glycosaminoglycan biosynthesis

Genes Vetebrate liomolog Function and mutant phenotype References

01
CO

squashed vnb-a-3 (sqv-3):
C. elf gem

squashed rulra-t (spr-t):
C. elegam

sngarless (sgl): Drosophila

t/mt-velu (mi: Drosophila

mlfGleksi (40: Drosophila

pipe (pip): Drosophila

squashed rsth'a- 7 (sqv-7): 
C. trfegBBS

dalfy: Drosophila 

dull}'-like(dyl): Drosophila 

Drosophila qittleam

ttnc-52 :
C. elegans

Galactosyl transferase

Glucuraiiyl transferase 1

UDP-glucose dehydrogenase

HS co-polymerase: Extl and EXT2 genes

N-deacetylase/N-sulfotransferase: NDST genes

HS-2-O-sulfotransferase: HS2ST genes

putative nucleotide sugar tran^)ot ter

Glyp icons: cell surface HSPG 

Glypicaas: cell susface HSPG 

Syndecan: intergral membrane HSPG 

Perleean: ECM HSPG

Affects GAG linker biosynthesis, vulval 
invagination defects

Affects GAG linker biosynthesis, disrupts vulval 
epithelial invagination

Affecst HSGAG biosynthesis, defects in wg, FGF 
receptor and dp}! signaling

Heparan sulfate co-polymerase, defects in hh 
signaling distribution

Hquiran sulfate modifications, defects in wg FGF 
recep tor, and dpp signaling

Controls generation of ventral signal, results 
indefects in dorsal-ventral patterning in embryo

Affects heparan sulfate biosynthesis, vulval 
invagination defects

Cell surface HS proteoglycan, defects in wg and 
dpp signaling
Cell surface HS proteoglycan, defects in wg 
signaling and WG extracellular distribution

Unknown

myofilament If

Bulik ci at, 2000; Herman et at, IBli 
Herman and Hsniiz, 1999

Bulik et at, 2008; Herman et at, 1999; 
Herman and Hsmfz, 1999

Hacker et at, 199?; Haenyetat, 1991; 
BinarietaL, 1997

Tayada et at, 2008; BeBaicl* et at,
1998; The et aL, 1999; Teyeda et at, 2008

linetat, 1999

Sen et at, 1990

Bulik et at, 2088; Herman et at, 1999; 
Herman and Homes, 1999
Nakata et at, 1995; Tnida et at, 1999; 
Jacksan et at, 19*7; Lin and Ferrimon 
1999

Baegetat, 2W1

Spring et at, 1994

Meermanetal, 199*1; Rorahti, e! ai. 
1993

Genetics of proteoglycan and glycosaminoglycan biosynthesis in Drosophila and C. elegans. The table 
shows the various genes and their mutants affecting different steps in glycosaminoglycan biosynthesis, along 
with their in vivo mutant effects and their vertebrate homologs.



Figure 18 Legend:
A schematic that shows genes isolated in Drosophila and C. elegans that encode enzymes 
involved in GAG biosynthesis. Core proteins have been classified into three distinct families 
based on studies in mammals. The syndecan family includes four members; these are membrane 
spanning proteins. The glypican family contains at least six members bound to the cell surface 
membrane by a glycoslphophatidylinositol-anchor. The final group, basement membrane proteo
glycans are secreted (e.g., perlecan). Glycosaminoglycans (of which heparin, heparan, dermatan 
and chondroitin sulfates are the most common) are attached to the core protein by a consensus 
linker region at a serine amino acid residue. Multiple biosynthetic enzymes are involved in the 
polymerization o f the various polysaccharide chains: A specific sugar nuclear transporter local
izes UDP-modified sugars by UDP-GlcDH into the Golgi lumen from the cytosol. UDP-GlcDH, 
N-acetylglucoaminyl transferase I and HS co-polymerases synthesis the polsaccaride GAG chains 
onto the core protein. During GAG synthesis, the the sugar residues in the polysaccaride chains 
are selectively modified by the following set o f specialized enzymes: N-deacetylase/N-sulfotrans- 
ferase, Glucuronate C-5 epimerase, HS-2-O-sulfotransferase; 3 -0 -sulfotransferase, and 6-0-sul- 
fotransferase. The sulfotransferase adds sulfate moieties in a specific pattern on the GAG chains. 
The sulfate substrate 3 ’Phosphoadenosine-5’phosphosulfate (PAPS) is produced in the cytosol 
and is then actively transported into the Golgi lumen by a sulfur transporter. The sugar residues 
in GAG chains depicted in F igure 18: Glucuronic acid (GlcA), modified Glucuronic acid 
(GlcA*), N-acetyl Glucosamine (GlcNAc), modified N-acetyl Glucosamine (GlcNAc*).

Figure 18 Key Colour
Key Genes Yetebrate Immnkig

□ squashed vuh’â B (sqv-3): Galactosyl transferase
C. elegans

j squashed mbrm-t (sqp-t): Glururonyl transferase 1
C. elegans

□ sngarless (sglj: Drosophila UDP-glucose dehydrogenase

me/ win (ttr): Drosophila HS co-polymerase: Extl and EXT2 genes

w J mlfcifek'ss (si/): Droxmhila N-deacetylase/N-suUbtrausferose: NBST genes

□ pipe (]>ip): Drosophila HS-2-Q-snIfo transferase : HS2ST genes

□ squashed vulva- 7 (sqv- 7): putative nucleotide sugar traiuporter
C. elegans

□ dalfy: Drosophila Glypicans: cell surface HSPG

□ dalfy-like(d\D: Drosophila Glypicans: cell smface HSPG

□ Drosophila syudeam Syitdecan: intergral membrane HSPG

□ mie-SJ: Perlecmt: ECM HSPG
C. elegans

GAG sugar residues

□ GlcA - Glucuronic Acid

o Modified GlcA - Glucuronic Acid

□ GlcNAc - N-acetyl Glucosamine

o Modified GlcNAc - N-acetyl Glucosamine
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Figure 18. Proteoglycans and the glycosaminoglycan biosynthetic pathway 
enzymes identified in Drosophila and C. elegans genetic mutant screens 
(reviews in Lander et al., 1999; Prydz and Dalen 2000; Selleck, 2000 and 
2001)
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to embryonal tumors, and variable morphological anomalies such as polydactyly, renal defects, verte
brate and rib fusions and congenital heart disease (Neri et a l ,  1998). The pathogenesis of these syn
dromes is unknown, but cell-surface HSPGs are known to interact with a variety of ligands involved in 
growth control, which may act to inhibit or enhance growth factor function.

In two concurrent independent studies involving a screen for matemal-effect mutations in 
Drosophila embryos, it was shown that germline clone mutants o f PI 731, a PZ- lethal insertion 
(Spradling et al., 1995), resulted in a wingless-like mutant phenotype in embryos, referred to as kiwi 
(Binari et al., 1997) and sugarless (Hacker et al., 1997) (see Figure 18). In a third study, SG9, a sec
ond P-element lethal insertion line (isolated in a disc screen by Sheam and Garen, 1974), was identi
fied as a modulator o f wingless signaling by its ability to enhance a weak dishevelled (dsh™) adult phe
notype (suppenkasper; Haerry et al.,1997). The mutant phenotypes attributed to the P I 731 and SG9 
insertions were identified as mutations in the Drosophila homolog o f UDP-glucose dehydrogenase. 
Binari et al. (1997) and Haerry et al. (1997) correlated the wg mutant phenotype caused by the UDP- 
GlcDH mutation in embryos with a loss in heparan sulfate GAG production. Characterization of these 
mutations in UDP-GlcDH, referred to as alleles of sugarless (sgl), has not implicated heparin-like 
GAGs in decapentaplegic (dpp) signaling in the embryo, even though Haerry et al. (1997) also showed 
that SG9 and PI 731 mutants suppress the adult wing mutant phenotype caused by an activated muta
tion of thickveins (thvA) (Hoodless et al., 1996).

During the same period, I demonstrated in this study that the embryonic lethal mutation A64, 
that resulted in a dorsal-ventral patterning defects in the embryo, was caused by the insertion of a P- 
element in the sugarless gene. The evidence suggested that the dominant negative effects, caused by 
the loss-of-function mutants of UDP-GlcDH on normal DPP activity, is the result in the loss of heparan 
sulfate GAG production. Furthermore, similar evidence has correlated the possible involvement of 
heparan sulfate GAGs with pattern regeneration in the imaginal discs of Drosophila. In the course of 
this study, genes encoding other enzymes involved in HSGAG biosynthesis have been identified in 
Drosophila by various other labs, implicating their gene functions in the specific regulation of various 
signaling pathways involving WG, HH and FGF signaling (reviewed in Selleck 2000, 2001). For a 
description of these mutations and a summary o f their functions in Drosophila (see Figure 18). A 
more comprehensive description of the roles of these genes is provided in the various sections of the 
discussion in the context o f the results found in this study.
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IL MATERIALS AND METHODS
II-l. Drosophila culture.

Drosophila cultures were reared on medium containing: 10 g agar, 100 g sucrose, 100 g brew
er’s yeast, 100 mg chloramphenicol, 4.3 g sodium phosphate dibasic, 2.7 g sodium phosphate monoba
sic, and 10 ml propionic acid, in 1 L of distilled water (pH 7.4) (Nash and Bell, 1968). Fly stocks and 
crosses were kept at room temperature (between 20°C - 22°C) or in a 25°C incubator, unless otherwise 
indicated. Three percent agar-apple juice plates for egg collections were made as follows: 50% apple 
juice, 50% distilled water by volume in a 500 ml solution, with 15 grams of bacto-agar.

II-2. Drosophila lines. 

T A B L E  2 . Drosophila strains used in this study.
A full description and explanation of the genetic markers and balancers used in this study can be found 
in “The genome of Drosophila melanogasteP’ (Lindsley and Zimm, 1992; Flybase 2001; 
http://www.flybase.com) and as individually referenced in Table 1 below.

STOCK SOURCE

X. y v f  su(f)73 M. A. Russell, University of Alberta

PZ-Iethal inserts:
2. A64 P{lacZ:Hsp70, ry+j/ T(2;3)CyO-TM3, Sb ry506 M. A. Russell, University of Alberta
3. A64 PflacZ:Hsp70, ry+ }ry506/p^[^ gb ̂ 506 S. Scanga (this study)
4,l(3)0831()P^31 {ry+t7.2-PZlacZ ry+} ̂ 506fpp[3r rv,5(16 gpRK Kathy Matthews, Indiana ofUniversity

sugarless alleles:
5.sglA31 /TM3, Sb e
6. sgl a 64/TM3, Sbe
7. sglN71ITM3, Sb e
8 . sglP1731 {ry+t7.2=PZlacZ}/ TM3> sb ,

A. M., University of Toronto 
S. Scanga (this study)
A. M., University of Toronto 
A. Manoukian, University of Toronto

dpp pathway mutants:
9. dpp774*3 / CyO Kathy Matthews, Indiana University
10. dpp37! CyO R. Warrior, University of Southern California

(Capdevilla et al., 1994)
11. thv7 / CyO Kathy Matthews, Indiana University
12. thv str 7 i CyO K. M., Indiana University
13. sax7 / CyO K. M., Indiana University
14. punt333 e7 / TM3, Sb e K. M., Indiana University
15. dppd3/CyO K. M., Indiana University
16. dppd^/CyO K. M., Indiana University
17. dpphr4/CyO K. M., Indiana University
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Wildtype strains :
18. Canton S
19. Ore-R

Balancer lines:
20. Sp/ CyO; rylry
21. TM3, Sb e!TM6, TbHurye
22. TM3, Sb e!TM6. Tb Hu e

LacZ  lines :
23. w g p P acZ' en2]  I CyO

24. P[BS3. Odpp-lacZ] / TM3 Sb

25. hh P[lacZ]2033 ,  TM3 sh

26. p tc  p [lacZ w+]H3 /  cyO 

21 ,P[en-lacZ, ]ryXho25.1 /Cy0  

FRT recombinant lines:
28.w; l(3)08316p {ry * t7-2=PZlacZ}P {FRT2A, w+}!TM3, Sb e
29. y  w 1118 ;P{ry+ , Hsp70: neo FRT<FRT< Hsp70; 

nea= neoFRT}82B P{w+m Hsp70:N:c-myc=NM}88C

30. y  w ; P {Tub(alpha)l>FRTy+>FRThh}
31. yw ; P{y+ FRT2A}/TM3, Sb e

FLPase source lines:
32y w ;  P{w+mChs70-FLPl}

33. y  w fsu(f)12, P{hs70-FLP1} / FM7c 

UAS transgeneic lines:
34. w; P(w+mCUASkiwi5.1} / CyO; Ki / TM3, Sb e
35. w; P{w+mC UAS-heparinase III}
36. w; P{w+mC= UASdpp}
37. w; P{w+mC= UAS-dpp};

1(3)08310P1731(ry Art7-2^pzlacZ}I TM3, Sb
38. w; P{w+mC=UAS-lacZ.B}4-2-4B
39. y ,v f  su(f)12!FM7c\ P{w+mC=UAS-lcicZ.B}4-2-4B
40. w; P {w +mC=VAS-kiwi}5.1ICyO

Gal4 transgenic lines:
41. w; P{w+mC=Gal4-Hsp70.PB}89-2-l

M. A. Russell, University of Alberta 
M. A. Russell, University of Alberta

M. A. Russell, University of Alberta 
M. A. Russell, University of Alberta 
M. A. Russell, University of Alberta

A. Manoukian, University of Toronto 
(Kassis et al., 1992 )
R. Blackman, University of Washington 
(Blackman et al., 1991)
Kathy Matthews, Indiana University 
(Tabata et al.,1992)
Kathy Matthews, Indiana University 
(Hooper and Scott, 1989)
T. Komberg, University of California, San 
Francisco (Hama et al., 1990)

A. Manoukian, University of Toronto
Kathy Matthews, Indiana University (Xu, T., and
Rubin, G. M., 1993)

Kathy Matthews, Indiana University 
A. Manoukian, University of Toronto 
(Easier and Struhl, 1994)

Kathy Matthews, Indiana University 
(Xu, T. and Rubin, G. M., 1993)
S. Scanga (this study)

A. Manoukian, University of Toronto 
A. M., University of Toronto 
A. M., University of Toronto 
S. Scanga (this study)

Kathy Matthews, Indiana University 
S. Scanga (this study)
A. Manoukian, University of Toronto

Kathy Matthews, Indiana University
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42. w;P{w+mC=prd-GAL4 }; S.
pi73jP{ry+t7.2=PZlacZ} / TM3> sb e

43. w; P {w +mCz=GAL4} C5 / CyO G.
44. w; P {w +mC=GAL4} C52/CyO G.
45. y  v fsu(f)12!FM7c\ S.

P f w + m C = G A L 4 j  C 5 /  Cy0
46. y  v f  su(f)^2IFM7c; S.

P {w +mC-GAL4} C52/CyO

S. Scanga (this study)

S. Scanga (this study)

Lines with a transposase source:
47. Sp / CyO; ry Sb P[A2-3, ry+](99B)/TM6, Ubx e
48. w; Sb ry e P[A2-3, ry+J(99B) ry506/ TM6A, Ubx e ry506
49. w; Sb ry e P[&2-3,ry+](99B)/ TM6A, Ubx e ry

R .Hodgetts, University of Alberta 
R. Hodgetts, University of Alberta 
R. Hodgetts, University of Alberta

Deficiencies:
50. Df(3L) CH39 !TM3, Sb e
51. Df(3L) ZN47I TM3, Sb e
52. Df(3L) XA596 !TM3, Sb e
53. Df(3L) Vn ITM3, Sb e
54. Df(3L) v65n / TM3, Sb e
55. Df(3L) w5.4 ITM3, Sb e
56. Df(3L) CH12 /TM3, Sb e
57. Df(3L) XBB70 /TM3, Sb e
58. Df(3L) RM5-2ITM3, Sb e
59. Df(3L) pbl-Xl /TM3, Sb e
60. Df(3L) w5,4/TM3, Sb

K. Anderson, University of California Berkeley 
K A., University of California Berkeley 
K. A., University of California Berkeley 
K. A., University of California Berkeley 
K. A., University of California Berkeley 
A. Manoukian, University of Toronto 
K. Anderson, University of California Berkeley 
K. A., University of California Berkeley 
K. A., University of California Berkeley 
K. A., University of California Berkeley 
A. Manoukian, University of Toronto

EMS-induced mutation:
61. A31ITM3, Sb e 
62 .A991TM3, Sb e
63.C76 /TM3, Sb e
64.C88 /TM3, Sb e 
65£82 /TM3, Sb e 
6 6 . J82 /TM3, Sb e 
61J83 /TM3, Sb e
6 8 . N71ITM3, Sb e
69. SG9 ITM3, Sb e

A. Manoukian, University of Toronto 
K. Anderson, University of California Berkeley 
K. A., University of California Berkeley 
K. A., University of California Berkeley 
K. A., University of California Berkeley 
K. A., University of California Berkeley 
K. A., University of California Berkeley 
A. Manoukian, University of Toronto 
A. Manoukian, University of Toronto

X-ray induced mutation: 
70. XAJ36 99 /TM3, Sb e K. Anderson, University of California Berkeley

For a list of the PZ enhancer-trap lines identified in the su(f)^2 screen, see Brook et al. (1993) and Russell 
et al. (1998).
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II-3. Bacterial and Phage stocks.

Escherichia coli (E. coli) strains were grown in LB or superbroth prepared according to 
Sambrook et al. (1989). The three bacterial and one phage strain used in this study are shown in Table 
3.

TABLE 3.
E. coli and Phage s t r a in s  used in this study

Strain Genetic description Source

XL-1 blue endAl hsdR17 supE44 thi-1 recAl Eugene Chomey,
(bacteria) gyrA96 relAl A(argF-lacZYA)U169 University of Alberta

0 8QdlacZAM15 (Stratagene)

Q358 hsd'R, hsdM+K, supE, 0 8Or Eugene Chomey
(bacteria) University of Alberta

(Doherty et al., 1993)

PMC 103 mcrA A(mcrBC-hsdRMS-mrr)102 Dr. W. D. Addison
(bacteria) recD sbcC University of Alberta

(Kam et al., 1980)

Lambda gtlO Drosophila embryonic cDNA Eugene Chomey
(phage) library at 3-12 hr and at 12-24 hr. University of Alberta

II-4. Screening of PZ enhancer-trap lines using the su (f)^  temperature-sensitive 
autonomous cell-death mutant.

The enhancer-trap lines used as the starting point for this study were PZ-lethal insertions gener
ated from the enhancer-trap regeneration screen by Brook et al. (1993) and the autosomal BZ-lethal 
insertion lines of Spradling et al. (1995).

PZ (Flybase 1994; Flybase 2001, http://www.flybase.com) is a non-autonomous transposable P- 
element derivative, specifically, P[ry+ , P/T:lacZ:Hsp70 Kmr ori] carrying a lacZ reporter gene under 
the control of the weak P-transposase promoter (see Figure 19). The chromosomal locations of the 
autosomal BZ-lethal insertion lines from Spradling et al. (1995) are listed in Flybase (2001, Flybase 
http://www.flybase.com). The screen was performed with the help of Daralyn Hodgetts, Lisa 
Ostafichuk, and M. A. Russell. The suppressor o f  forked mutation, su(f)^ , is a temperature-sensitive, 
cell-autonomous, X-linked lethal mutation (Russell, 1974). A 48-hr 29°C treatment causes extensive 
cell death in imaginal discs o f Drosophila resulting in regeneration and duplication repatteming events
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Figure 19. PZ{lacZ, ry+} -plasmid element used in the regeneration 
enhancer trap screen in this study.

TA& A A T A A A A

H sp70 P-R

15kbp

PZ  enhancer-trap construct from Jacobs et al. (1989) used in the regeneration enhancer-trap 
screen. Shown are the inverted repeats o f the P-element ends (black triangles), the translation 
start site (ATG), the E.coli lacZ reporter encoding the fi-galactosidase gene and the 
Drosophila melanogaster HSP-70 terminator sequence containing the stop codon (TAA) and 
poly-A (AATAAAA) sites, the plasmid sequence containing the kanamycin resistance marker 
(kan-r) and the bacterial origin o f replication (ori) required for plasmid rescue, and the rosy+ 
marker which allows for the transposons in the fly crosses to be detected in the appropriate 
genetic background. The unique Xbal and H pall restriction sites allows for the cloning o f the 
left (P-L) and right (P-R) flanking genomic sequences respectively.
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(Clark, 1976; Clark and Russell, 1977; Girton and Russell, 1981). Males from the Spradling PZ-lethal 
insertion lines to be tested for ectopic misexpression of lacZ were crossed to homozygous yellow (y), 
vermilion (v), forked (f), su (f)^  virgin females collected from a stock kept at the permissive tempera
ture o f 22°C (see Brook et al., 1993; Russell et al., 1998). The cross generated FI progeny males that 
are y  v f  su(f)^!Y  ; PZ/+ (yellow phenotype), and female controls that are y  v f  su(f)^!+  ; PZ/+ (y+ 
phenotype). These progeny were reared at 22°C for 5-days until 3rd larval instar, shifted to 29°C for 2- 
days, and then returned to 22°C to allow the discs to initiate the pattern respecification process. After a 
24-hr recovery period, late third instar ts-lethal male larvae were identified; their imaginal discs were 
dissected and stained for fi-galactosidase activity using the X-gal staining reaction, then compared with 
discs from female controls at the same stage of development.

II-5. Screen for ectopic activation of GAL4 insertions during su (f)^  induced 
regeneration in imaginal leg discs.

A collection o f random autosomal GAL4 insertion lines was screened for ectopic activation of 
the GAL4 insertion during su (f)^  induced regeneration, using a the UAS-lacZ reporter transgene (see 
Brand and Perrimon, 1993). The autosomal GAL4 insertion lines were obtained from G. Boulianne 
(unpublished), N. Perrimon (unpublished), and Kathy Matthews (Bloomington Stock Center, Indiana
University); these are listed in Table 4.

TABLE 4.
Autosomal GAL4 in ser tio n  lines

Stocks Source

e41c, e4A, e9A,3IT/CyO, e26B, E27C/CyO, e33c/TM3, e29c/TM3, e49D, Dr. N.Perrimon
e32A, e43A/CyO, 350A, e7A, e33A/CyO, e33B, e8A, e55A, e21A/CyO, Harvard Medical School
e74A/CyO, e26A, eE6 , enl-2, e65A/CyO, e25A, e6A, e47A/CyO, e41A/TM3,
el3C, e45A/TM3, eF2, elA/CyO, e75B, e3B, e46A, el6 , el6D/CyO, elEl

1J3, 71B, 24B/TM3, 69B/TM3,32B/TM3, 30A/CyO, Kathy Matthews
T80, RG1, 34B, e22c Indiana University

Bloomington Stock Center

A23, A40, A59, C41, C49, B41, B6 6, Cl5, C52, €89, C98, G. Boulianne
D14, D24, B51, B99, C5, Cl4, Hospital for Sick Children

Toronto

Y v f  su(f)^/Y; Gal4/TM3 or CyO males were crossed to y  vf, su(f)^!y w f  su(f)^ \ UAS-lacZ/ 
UAS-lacZ females generating y  vfsu (f)^ !+ \ UAS-lacZ! +; Gal4!+ or y v  f  su(f)^/+; UAS-lacZ! Gal4 
FI male progeny (see Figure 20). These were reared at 22°C (the permissive temperature) for 5-days
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Figure 20. A screen for GaM lines that are activated upon su (f)^
induced regeneration in imaginal leg discs.

Screening for Gal4 insertion lines on the 2nd and 3rd chromosomes.

(1). Cross at 22“C:

,  . m SMcZ X + ; Gaf4 OR + ; GaM

Control fem ales I celMethsd males

js f s g m m , w m m s i. ;  <a w . HAS ia cZ ; GaM
+ + + 7 + +

(2). Cultures shifted to 29°C for 4Shr at mid 2nd instai laival stage.
Ciiltnres shifted to 22°C, anti allow tire larvae to develop for 24hr.

(4). Larvae separated by sex and imaginal discs stained for fi-galactosidase activity.
Note: UASlacI- w; P{w[+mC]=UAJ8ac-Z}4-2-4&f P{w[+mCj=UASIe£-Zf4~2-4B on the second. 

Qd4 -mi; P{w[+mCJ=Qal4} lines on tlie second and third clrromosorne.

Figure 20 describes the crossing scheme and selection o f GaM insertion lines that show 
ectopic misexprssion in imaginal leg discs during regeneration, induced by the su (f)12 n  
upon the heat-treatment of larvae.
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until 3rd larval instar, shifted to 29°C for 2-days, and then returned to 22°C to allow the discs to initi
ate the pattern regeneration process. After a 48-hr recovery period, late third instar male (experimen
tal) and female (controls) larvae were identified and imaginal discs dissected and stained for B-galac- 
tosidase activity, using X-gal staining reaction.

II-6. Genetic analysis of PZ-lethal phenotypes of an UDP-GlcDH mutant, sgl.

II-6L Cuticle preparations.

The embryonic lethal phenotypes of the enhancer-trap PZ-insertions o f UDP-GlcDH, A64 and 
P1731 were determined as described in Wieschaus and Nusslein-Volhard (1986). Males carrying the 
PZ  insert over a balancer were crossed to Oregon R (Ore R) virgin females to out-cross the balancer 
chromosome. The FI non-balancer siblings were mated (50 males to 100 females). Embryos were 
collected at 25°C for 20-hr on yeasted agar-apple juice plates and then counted while they were being 
replated onto fresh plates, where they were allowed to develop for 48-hr at 25°C. Unhatched embryos 
were dechorionated in 50% bleach, washed, mounted on slides, and cleared overnight on a slide 
warmer in Hoyers/15% lactic acid medium (Wieschaus and Nusslein-Volhard, 1986). Cuticles were 
then flattened with a weight on a slide warmer for 3- to 4-hr, before examination under a compound 
microscope.

II-6ii. Crosses used to generate embryos heterozygous for sgl (UDP-GlcDH) and m utations in the
dpp signaling pathway.

To look for interactions between s g ^ ^ 3 1  ancj mutations in the dpp pathway, the balancer chro
mosomes were substituted from sgl^^31/TM 3 Sb e, dpp^^/CyO, dpyfl^^ICyO, thv I CyO, and 
punt^^/TM3 Sb e by crossing to Ore-R. Transheterozygotes were then made by crossing sgl^^ 731/+ 
females to dpp^^/+,punt^^/+, thv^l+ and dppH46/+ males. The resulting embryos were plated on 
fresh agar-apple juice plates and aged at 25 °C until hatching. Cuticles from unhatched embryos were 
analyzed for patterning defects as described above. Samples of 8- to 10-hr old embryos from the 
above cross were also fixed and stained as described in section II-7iv for evenskipped, Kruppel and tin
man protein expression. Controls involving embryos heterozygous for dpp pathway mutations only or 
s g f l  731 were aiso analyzed for differences in evenskipped, Kruppel and tinman protein expression in 
8- to 10-hr (stage 11-13) embryos and for any discemable cuticle defects.

II-6iii. Crosses m ade to analyze ectopic heparinase H I effects in the embryo.

The heparinase III enzyme (also referred to as heparanase), a heparan sulfate specific degrada- 
tive enzyme, was ectopically expressed in the embryo by crossing hsGal4 males with UAShepIII trans
genic (Manoukian lab, unpublished) females. The heparinase III cloned from a bacteria 
(Flavobacterium heparium) (Sasisekharan, 1993) was subcloned into a pUAST expression vector
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(Brand and Perrimon, 1993). The clone encoded an N-terminal signal sequence that allows for its 
proper secretion from the cell upon its expression (Manoukian lab, unpublished). Embryos were col
lected in food vials for 1 hr at 25°C, aged for 2-hr and then heat shocked at 37°C for 15-min in a water 
bath. Embryos were then transferred to fresh apple juice-agar plates and allowed to age for a further 
24-hr at 25°C. Cuticles from unhatched embryos were prepared as described above. To visualize 
Kruppel and tinman expression in these embryos, heat treated embryos were aged 6- to 8-hr AEL at 
25°C following heat treatment. The embryos were then fixed and stained as described in section II-7iv 
for Kruppel, evenskipped and tinman protein expression. Expression o f stain in both experimental and 
controls were monitored in parallel until the appropriate intensity was observed in controls.

II-6iv. Epistasis Analysis of s g ^ /3 1  with dpp,

PrdGal4/prdGal4; sgl^3731/+ males were crossed to UASdpp/UASdpp; sgf^^^ /T M S  females 
and embryos were collected on apple juice-agar plates for 2-hr. Half of the embryos were transferred 
to fresh plates and allowed to age at 25°C for 48-hr, after which cuticle preparations were made. The 
other half of the embryos were aged at 25°C until 8- to 10-hr after egg lay. They were then fixed and 
stained for tinman and evenskipped protein expression as described in section II-7iv. A control group 
o fprdGaW prdGal4; sgl^^ 731/+ ancj UASdpp/UASdpp; s g f^ 3 1 /+  embryos was also collected for 
cuticle analysis.

II-6v. Analysis of s g ^ 7 3 1  interactions with viable dpp disc mutants in adult flies.

Dppd6/CyO; s g f ‘3731 /TM3 males were crossed to dpp^lC yO  and d p p ^ lC y O  females; and 
FI adults that had lost the balancer chromosome were preserved in 70% ethanol. Adult wings and legs 
were dissected in 70% ethanol, mounted in 50% Euparal/50% ethanol, and allowed to clear overnight. 
The wings and legs were then flattened with a weight overnight on a slide warmer.

II-6vi. Mosaic analysis of the sgF*731 mutation in adult wings and legs.
For the generation of adult somatic clones in imaginal discs the FLP/FRT method was used (Xu 

and Rubin, 1993). The following cross was made: y  w P{w+m^hs70-F LP^}/y w, P{w+m^hs70- 
F L P^}; sglPl 731 pj- p p p  2A, w + ]  (80B)/ TM3 Sb e females were crossed to y w  P{w+m<3'hs70- 
FLp32}/Y; P[y+]  FRT2A(80B)/TM3, Sb e males. Embryos were collected in food vials for 12-hr at 
25°C and shifted to 37°C for 2-hr at early second larval instar (60-hr after egg laying), to induce FTP 
activity. Larvae were then incubated at 25°C until eclosion. Adult legs from non-TM3 flies were then 
dissected and mounted as described above in II-6v. All crosses were performed at RT on standard 
medium (see above), except in those cases in which antibiotic was required for selection of the 
Neomycin resistance gene of recombinogenic FRT lines generated for this study (described in Xu and 
Rubin, 1993). The antibiotic G418 (Geneticin, GIBCO laboratories) was used as described in Xu and 
Rubin (1993); 300 pi o f a freshly made solution o f G418 (25 mg/ml) were added per 10 ml of medium. 
This antibiotic is toxic to eukaryotic cells, except, in flies that carry the P[ry+; hs-neo; FRT] cassette.
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II-6viL Analysis of the effects of ectopic heparinase III expression on the adult phenotype.
UAShepIII/UAShepIII females were crossed to hsGal4/hsGal4 males. Embryos were collected 

in vials for 12-hr at 25°C and aged until late second or early third larval instar (78-hr AEL). Larvae 
were then heat treated for 50 min at 37°C and aged until eclosion at 25°C. Adult legs and wings were 
then mounted as described in section II-6v.

II-6viii. Analysis of the effects of ectopic UDP-GlcDH expression on the embryonic and adult 
phenotypes.

w; UASkiwi5.1 (UDP-GlcDH~cDNA)/CyO (Manoukian lab, unpublished) females were crossedO
to hsGal4/hsGal4 (chromosome III) males. Embryos were collected in food vials for 12-hr at 25 C 
and aged until mid second larval instar (72-hr AEL). Second instar larvae were then heat shocked at 
37°C for 1-hr, allowed to recover for 24 -hr and then heat shocked again for an additional 1-hr. The 
larvae were then incubated at room temperature (22°C) until eclosion, and adult wings and legs were 
mounted as described in II-6v.

II-7. Histochemical techniques.

II-7L Staining for B-galactosidase activity in imaginal discs and disc fragments.

a. Dissection and X-gal staining of imaginal discs.

Using watchmaker’s forceps, larval heads were dissected in cold (4°C) phosphate-buffered 
saline (PBS) (140 mM NaCl, 25 mM sodium phosphate buffer, pH 7.2) by separating the head and tho
racic segments from the abdominal segments. The head and the thoracic half o f the larvae contain the 
eye-antenna, wing, and first thoracic (Tl), second thoracic (T2) and third thoracic (T3) leg discs; all 
remain attached to two optic lobes and the CNS stalk. The heads were everted using dissecting needles 
to expose the imaginal discs and were then transferred to microfuge tubes containing PBS. This allows 
for easier manipulation and identification o f the imaginal discs during the fixation and staining process. 
The tissues were then fixed for 10-min at room temperature with freshly prepared 0.75% glutaralde- 
hyde in PBS, washed three times with PBT (0.05% TritonX-100 in PBS), and then stained in 0.2% X- 
Gal (5-bromo, 4-chloro, 3-indolyl galactose dissolved in dimethyl formamide) in staining solution (10 
mM sodium phosphate, pH 7.2, 150 mM NaCl, 1 mM M gC ^, 5 mM potassium ferricyanide, 5 mM 
potassium ferrocyanide), freshly prepared from an 8% X-Gal stock solution in dimethyl formamide

O
kept at -20 C (Bellen et al., 1989). Staining was performed for both controls and experimentals in par-

O
allel at 37 C in the dark for 12-hr and terminated with three washes in PBT. The tissues were then put 
in mountant (70% glycerol buffered with 0.03M Tris, pH 9.0) overnight at 4°C. The imaginal discs 
were then dissected in mountant and placed on microscope slides, flattened with cover slips, and 
observed with a compound microscope.
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b. In vivo culture of imaginal disc fragments.

Preparation and injection of disc fragments for in vivo culture was performed with Lisa 
Ostafichuk, essentially as described by Urspung (1967). Needles for injection were made by pulling 
25 pi Microcaps capillary tubes (Drummond Scientific Co.) over an alcohol burner by hand. The tips 
were broken in order to give them a beveled edge of the desired diameter (approximately the diameter 
of the imaginal disc fragments to be injected). The bevelled edge was sharpened on Saphine Film 
(Circon Corp.). Needles were attached to a mouth aspirator set (American Hospital Supply Corp.) with 
parafilm. The appropriate discs were dissected in Ringer’s Solution (NaCl 7.5 g/L, KC1 0.35 g/L, 10 
mM Tricine, pH 7.2, and 100 mg/ml streptomycin made up in sterile Milli-Q distilled water, then filter 
sterilized and kept at 4°C). Leg discs were fragmented in Ringer’s on a slide using a sharpened insect 
pin. Mated Canton-S female hosts (24- to 48-hr post-eclosion) were anesthetized with diethylether and 
placed ventral side up on double-sided tape attached to a microscope slide. The disc fragment was 
aspirated with a small amount of Ringer’s into the tip o f the needle. Fine forceps were used to pinch 
the ventral abdominal cuticle and the fragment was injected in a posterior to anterior direction between 
the stemites. The host fly was then placed in a vial containing yeast-agar medium. The vial was laid 
on its side so that the host would not become stuck in the medium.The injected hosts were cultured for
2- to 5-days at 25°C; an incision was then made in the host abdomen in PBS. The implanted leg disc 
was recovered, fixed, stained for B-galactosidase activity, and mounted on slides as described in II-7i.a.

II-7U. Staining of embryos for B-galactosidase activity.

Embryos were collected on yeasted apple-juice agar plates for 14-hr at 25°C. Embryos were 
then fixed and stained for fi-galactosidase activity according to Ghysen and O ’Kane (1989), with the 
following modifications. Both controls and experimental samples incubated in staining solution in a 
microfuge tube overnight (12- to 16-hr) at 37°C and monitored the next day in parallel. When the con
trol embryos were sufficiently stained, the X-Gal solution was removed and embryos from both the 
experimental and controls were rinsed three times in IX PBS/0.2% Triton-XlOO. The wash medium 
was then replaced with mountant (70% glycerol, 0.1M Tris HC1 pH 9.0), and the embryos were incu
bated overnight at 4°C. The embryos were then placed in a drop of mountant on a slide, flattened with 
a cover slip, and observed under a compound microscope.

II-7iii. Im m unostaining of imaginal discs.

Imaginal discs were exposed as described above by inverting dissected larval heads in 1XTBS 
(50 mM Tris-HCl pH 7.6, and 150 mM NaCl, in M illiQ -^O ). The heads were transferred to 
microfuge tubes containing 1XTBS on ice. The tissue was fixed for 7-min at room temperature (RT) 
in a TBS/4% formaldehyde fix solution [1XTBS, 4% formaldehyde, 1% Triton X-100, 0.1M Pipes, 2 
mM MgSO/|, 1 mM EGTA (pH 6.9)]. The heads were then rinsed in methanol:fix (1:1 solution), and 
then washed three times in methanol for 5-min each. At this stage, the tissue was stored in methanol
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overnight at -20°C. This step reduces background staining levels in discs. The following day, the discs 
were washed 3X with 1XTBST (IX  TBS, 0.1% Triton X-100) for 5-min each. The tissue was then 
incubated in blocking ( 0.5% Blotto) solution (1XTBS, 0.5% Triton X-100, 0.5% Carnation dry skimO
milk) for 1-2 hr at RT. The discs were then incubated with primary (1 ) antibody (Ab), overnight at 
4 “C in blocking solution with gentle agitation on a rocker. The next day, three washes o f 20-min each 
were performed at RT in IX TBST. Following the washes the discs were incubated for 60-min at RT 
with the appropriate biotinylated secondary antibody (at a dilution of 1/500 from Vector Labs). This 
was followed by another three washes at RT for 10-min each. Discs were then incubated for 50-min in 
IX TBST containing the streptavidin-alkaline phosphatase conjugate (Vector Labs) at a 1:500 dilution. 
Discs were then rinsed three times in IX TBST for 20 min each. To stain for streptavidin-alkaline 
phosphatase activity, embryos were then rinsed twice in AP-developer solution (100 mM NaCl, 50 mM 
M gC ^, 100 mM Tris-HCl, pH 9.5, 1 mM Levamisol, and 0.1% Tween-20). In the last wash , 4.5 pi of 
nitroblue tetrazolium chloride (NBT) and 3.5 pi of 5-bromo, 4-chloro, 3-indolyl phosphate (X- 
Phosphate) solution was added. The colour reaction was allowed to proceed in AP-developing 
buffer/NBT/X-phosphate (according to Boehringer Mannheim) at RT until the appropriate signal was 
observed in the control discs, but before the appearance of any visible background (non-specific stain) 
in the tissue. The colour signal was developed in parallel reactions for both the control and experimen
tal embryo samples. The staining reaction was not allowed to proceed more than 1-hr at RT. The reac
tion was stopped at the same time in both experimental and control samples by washing several times 
in IX TBST. The heads were then incubated in mountant (0.1M Tris-HCl pH 9 /70% glycerol) 
overnight at 4°C, then placed on slides for examination with the compound microscope. Discs were 
then dissected from the larval heads in mountant, placed on slides, and observed under the compound 
microscope.

II-7iv. Immunostaining of embryos.

Primary antibodies were provided by Dr. M. Frasch (rabbit anti-evenskipped and mouse anti- 
tinman), Dr. M. Hoffman (mouse anti-dpp), and Dr. K. Vorwerk (rabbit anti-Kruppel). Zero- to 8-hr 
embryos were collected at 25°C on yeasted agar-apple juice plates, dechorionated in 50% bleach and 
fixed in heptane /4% formaldehyde/ IX TBS solution for 10-min, washed three times in methanol for
10-min each, rinsed three times in IX TBST (10 mM Tris-HCl pH 7, 150 mM NaCl, 0.5% Tween-20) 
for lOmin each, and blocked for 1-hr at room temperature in 1XTBST/ 0.5% BSA/ 0.5% Carnation dry 
skim milk powder. Incubation with primary antibody at the appropriate dilution in 1XTBST was car
ried out overnight at 4°C. Embryos were then washed four times in IX TBST for 20-min each. This 
was followed with incubations at room temperature with the appropriate biotinylated secondary anti
body (Vector Labs) for 1 hr. Embryos were again washed three times in IX TBST for 10-min each, 
incubated with strepavidin-AP (alkaline phosphatase) conjugate at room temperature for 45-min, and 
then rinsed three times in IX TBST for 10-min each. The colour reaction was allowed to proceed in 
AP-developing buffer/NBT/X-phosphate (according to Boeringer Mannheim) at RT until the appropri
ate signal was observed in the control embryos, before the appearance o f any visible background in the
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tissue. The colour signal was developed in parallel reactions for both the control and experimental 
embryo samples. The staining reaction was not allowed to proceed more than 1-hr at RT. The reaction 
was stopped at the same time in both experimental and control samples by washing several times in IX 
TBST. The embryos were then incubated in mountant (Tris-HCl, pH 6.9/70% glycerol) overnight at 
4°C and then placed on slides for examination with the compound microscope.

II-7v. In situ hybridization of embryos.

In situ hybridization o f embryos was performed by using non-radioactive digoxygenin-labeled 
DNA probes. The protocol is from Tautz and Pfeifle (1989) with modifications given below:

a. Fixation.

Embryos were collected on yeasted apple juice-agar plates, transferred to a mesh basket where 
they were rinsed with wash (0.7% NaCl, 0.03% Triton X-100), dechorionated for 2- to-min in 50% 
bleach, and rinsed thoroughly with deionized water. For fixation, embryos were transferred to a scintil
lation vial containing a two-phase 1:1 mixture of heptane and fix (10% formaldehyde, IX PBS, 50 mM 
EGTA, pH 7.4) for 20-min while shaking at RT. To devitellinize the embryos, they were transferred to 
microfuge tubes; and the fixative and heptane were then removed and replaced by 100% methanol and

  shaken vigorously during three methanol washes. Devitellinized embryos sink to the bottom of the
tube. These embryos were then rinsed with 100% methanol, rinsed several times with 100% ethanol, 
and stored at -20°C until used.

b. Staining.

For staining, embryos were rinsed in 100% methanol and then in 50% methanol/50% PBT (IX  
PBS, 0.1% Tween-20) plus 5% formaldehyde mix, post-fixed for 20-min in PBT plus 5% formalde
hyde at room temperature and rinsed in PBT three times for 2-min each. Proteinase K (PBT plus 50 
pg/ml non-predigested Proteinase K ) treatment was performed at 37°C for 3- to 5-min, and stopped by 
rinsing twice with 2 mg/ml glycine in PBT, followed by two rinses in PBT. Embryos were then post
fixed for 20-min in PBT plus 5% formaldehyde at room temperature, followed by five rinses in PBT.
To hybridize the probe, embryos were washed in a 1:1 solution of PBT and hybridization solution 
(50% de-ionized formamide, 5X SSC, 100 pg/ml denatured sonicated salmon sperm DNA, 100 pg/ml 
yeast tRNA, 50 pg/ml heparin, and 0.1% Tween 20) and then rinsed in 100% hybridization solution. 
Prehybridization was performed for 2-hr at 48°C. Hybridization was done at 48°C overnight in a small 
volume (100 pi) with approximately 100 ng/ml denatured probe, washed for 20-min at 48°C in 
hybridization solution, for 20-min in 50% hybridization solution:50% PBT, and five times for 20-min 
each in PBT. To develop the colour signal, the anti-Digoxygenin-alkaline phosphatase-conjugated anti
body was added to embryos in a 1:2000 dilution in PBT and incubated overnight at 4°C. Embryos 
were washed four times for 20-min each in PBT at RT, then rinsed twice in an AP-developer solution
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(100 mM NaCl, 50 mM MgCl2 , 100 mM Tris-HCl pH 9.5, 1 mM Levamisol, 0.1% Tween 20). To 
develop, 500 pi of AP-developer solution was added to embryos, along with 2.3 pi NET and 1.8 pi X- 
Phosphate. The staining reaction in both controls and experimental samples was monitored in parallel 
until the desired colour intensity was attained in the control sample. In this case, control discs were 
monitored for a maximum of 1-hr at RT or until the appearance of background (non-specific stain). At 
this point, both control and experimental staining reactions were stopped simultaneously by washing in 
PBT several times (5 times for 10 min each); the embryos were then placed in mountant,and observed 
under the microscope.

II-7vi. In situ hybridization of imaginal discs.

In situ hybridization of imaginal discs was performed using non-radioactive digoxygenin 
labeled DNA probes using the protocol of Manoukian and Krause (1993) with modifications.

a. Fixation.

Larval heads were dissected and everted (exposing the imaginal discs) in IX PBS and trans
ferred to a 500 pi microfuge tube containing cold IX PBS. The IX PBS was removed and replaced 
with 4% formaldehyde fix (4% formaldehyde, 1% Triton X-100, 0.1M Pipes pH 7, 2 mM M gSO^ and 
1 mM EGTA, pH 6.9, in M illiQ ^ Q ) for 7-min at RT; the fix was then replaced with 100% methanol. 
The heads were then washed three times for 10-min each in 100% methanol. Properly fixed discs sink 
to the bottom of the tube. Heads were then stored in 100% methanol at -20°C until used.

b. Staining.

For staining, the heads were rinsed in 100% methanol, then in 50%methanol/50%PBT (IX 
PBS, 0.1% Tween-20) plus 5% formaldehyde. They were then post-fixed for 20-min in PBT plus 5% 
formaldehyde at room temperature and rinsed in PBT three times for 2-min each. Proteinase K ( PBT 
plus 50 pg/ml non-predigested Proteinase K) treatment was performed at RT for 30-seconds. Proteinase 
treatment was stopped by rinsing twice with 2 mg/ml glycine in PBT, followed by two rinses in PBT. 
Heads were then post-fixed again for 20-min in PBT plus 5% formaldehyde at room temperature, fol
lowed by five rinses in PBT. To hybridize the probe, the heads were washed a solution o f 1:1 
PBT:hybridization solution (50% deionized formamide, 5X SSC; 100 pg/ml denatured sonicated 
salmon sperm DNA, 100 pg/ml yeast tRNA, 50 pg/ml heparin; and 0.1% Tween 20), and then rinsed 
in 100% hybridization solution. Prehybridization was performed for 2 hr at 48°C. Hybridization was 
done at 48°C overnight in a small volume (100 pi) of hybridization solution with approximately 100 
ng/ml denatured probe. The heads were then washed for 20-min at 48°C in hybridization solution, for 
20-min in 50%hybridization solution/50% PBT and five times for 20-min each in PBT. The anti- 
Digoxygenin-alkaline phosphatase-conjugated antibody was added to the heads in a 1:2000 dilution in 
PBT, incubated overnight at 4°C, washed four times for 20-min each in PBT at RT, and rinsed twice in
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a AP-developer solution (100 mM NaCl, 50 mM M gC ^, 100 mM Tris-HCl pH 9.5, 1 mM Levamisol, 
and 0.1% Tween 20). To develop the colour signal, 500 pi of AP developer solution was added to 
heads, along with 2.3 pi NET and 1.8 pi X-Phosphate. The staining reaction, was monitored, in both 
controls and experimental samples in parallel until the desired colour intensity was attained in the con
trol sample In this case, control discs were monitored for a maximum of 1 hr at RT or just proir to the 
appearance of background (non-specific stain). At this point, both control and experimental staining 
reactions were stopped simultaneously by washing in PBT several times (five times for 10-min each). 
The imaginal discs were then dissected from heads in mountant and observed under the microscope.

II-7vii. Photomicroscopy of tissues.
Specimens were photographed with a Zeiss Axioskop photomicroscope using DIC optics (pro

vided by Dr. D. Pilgrim, Biological Sciences Department, University of Alberta) using Kodak GOLD 
35 mm film, ASA100.

II-7viii. In situ hybridization of polytene chromosomes.
The polytene in situ hybridization protocol used was taken from Dr. J. Locke (Biological 

Sciences, University of Alberta) and Ashbumer (1989) and carried out with some modifications given 
below.

a. Preparation of polytene chromosomes.

Third instar larvae o f the required genotype were grown at 18°C (allowing for more rounds of 
DNA replication) making the polytene chromosomes fatter and easier to see with the compound micro
scope. Late third instar larvae were then taken out of the food vials, washed in IX PBS, and placed in 
a drop of 45% acetic acid solution. The salivary glands were dissected and transferred to a gelatinized 
slide containing another drop of 45% acetic acid. A siliconized coverslip was placed on top and the 
salivary glands were squashed and frozen in liquid nitrogen for 5-min. The coverslip was then flipped 
off with a razor blade. Chromosomes were fixed for 10 min in a solution o f 3:1 acetic acid:ethanol, 
transferred to 70% ethanol for 5-min, then to 95% ethanol for 5 min and allowed to dry for 1-hr at RT. 
Slides containing the polytene chromosomes were then stored at 4°C until use.

b. Hybridization using Digoxygenin-AP-labeled DNA probe.

Slides were incubated for 30-min at 60°C in 2X SSC and rinsed at RT in 2X SSC. To dehy
drate the chromosomes, slides were placed twice in 70% ethanol for 5-min, in 95% ethanol for 5-min, 
and then dried at RT for examination under the microscope for the presence o f clear bands. 
Chromosomes were denatured by immersing the slides in freshly made 70 mM NaOH for 2-min at RT, 
then rinsed twice for 5-min in 2X SSC, immersed twice for 5 min in 70% ethanol, and immersed 5-min 
in 95% ethanol. The chromosomes were allowed to dry at RT and the chromosome region was marked 
with water-proof ink. The Dig-labeled DNA probe was then added to the hybridization solution (45%
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deionized formamide, 6.5% dextran sulfate, 575 pg/ml yeast tRNA, 1.4 pg/ml sonicated salmon sperm 
DNA) to a final concentration o f 30-50 ng/pl. The hybridization solution was heated at 75°C for 10- 
min to denature the probe and quenched on ice for 5-min. Ten to twenty pi was added per slide and a 
coverslip placed on top. Hybridization was performed in a humidified chamber at 37°C overnight. 
Following hybridization, the coverslips were removed and the slides were washed twice in 2X SSC for
10-min each at 42°C, then twice in 2X SSC at RT for 10 min, and finally twice in PBS at RT for 10 
min. To detect the signal, slides were first blocked by immersion in blocking buffer I (100 mM Tris- 
HCl, 150 mM NaCl, pH 7.5, plus 0.5% blocking reagent) (Boehringer Mannheim) for 20 min at 42°C, 
then placed in blocking buffer for 10 min at RT, and finally rinsed briefly in buffer I and flicked dry. 
The anti-Digoxygenin-AP-conjugated antibody was diluted in buffer I at 1/1000; 40 pi of the dilution 
was added per slide, and covered with a 22-mm-square coverslip. Incubations were carried out in a 
humidified chamber at 4°C. Following incubation, the slides were rinsed once for 1-min in buffer I at 
RT to remove the coverslip, then three times for 10-min in buffer I at RT. To detect the probe, slides 
were immersed in buffer III (100 mM Tris-HCl, pH 9.5, 100 mM NaCl, 50 mM MgCl) for 2-min at 
RT. To develop the slides at RT, 40 pi of colour solution (4.5 pi NBT-solution, and 3.5 pi of X-phos- 
phate in 1 ml of buffer III) was added per slide. The signal usually appeared between 0.5 and 1 hr 
later. Following the development of the signal, slides were rinsed for 2 min at RT in TE (100 mM 
Tris-HCl, 100 mM EDTA, pH 7.0 ) to stop the reaction. Lacto-orcein (Lactic acid plus orcein) (Sigma) 
was used as a counterstain to help visualize the banding patterns in the polytene chromosomes. In 
order to observe the chromosomes under the microscope, mountant (as above) was added to the slide 
and sealed with a coverslip and rubber cement. The en-lacZ PZ insertion line, in which the cytological 
location of the PZ insert is already determined, was used as a positive control, and the wild-type 
Canton S line, which contains no PZ insert, was used as a negative control for these experiments.

11-8. DNA extraction and manipulations.

II-81. Plasmid purification.
a. Minipreps.

Small-scale plasmid DNA preparations were carried out according to Sambrook et al. (1989), 
along with the optional STE and phenol-chloroform extraction steps.

b. Midipreps.
Medium-scale preparations were performed according to the Qiagen^M plasmid handbook 

(1995), using the Qiagen resin columns. Heat-treated RnaseA was added to a final concentration of 5
pg/ml.

II-8ii. Restriction digests.

Restriction enzymes were purchased from BRL or Boehringer-Mannheim. Digests were per
formed according to the manufacturer’s suggestion with the buffers supplied. Digested genomic or
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plasmid DNA was separated in 0.8-1.0% agarose gels in TAE buffer (40 mM Tris-acetate, 1 mM 
EDTA), that included 0.5 pg/ml of ethidium bromide. DNA samples were mixed in a 10:1 ratio with 
loading buffer (0.25% bromophenol blue, 0.25% xylene cyanol, 25% fxcoll [type 400]) in MilliQ-water. 
The BRL 1 kb ladder was used as a size standard.

II-8iii. DNA fragment purification.

DNA fragments were excised from 0.8-1.0% TAE-agarose gels following electrophoresis. The 
desired DNA fragments were then purified from excised agarose plugs using the Glassmax™^ kit 
(BRL) according to the manufacturer’s instructions.

II-8iv. Southern blots.

DNA samples electrophoresed on agarose-TAE gels were transferred to GenescreenPLUS mem
brane (Dupont) by capillary action. The protocol describing the transfer and hybridization using appro
priate P^-dCTP-labeled DNA probes is detailed in the manufacturer’s manual. The blot was then 
exposed to Kodak X-ray film for 1 day at -70°C.

II-8v. Plasmid rescue of the A64 PZ  insertion line.

The P-element construct that is inserted near the gene is designated PZ. PZ has specific molec
ular features that make it useful by using plasmid rescue, for cloning genomic sequences adjacent to 
the PZ insertion site. These features include a bacterial origin of replication, a kanamycin-resistance 
gene, and single Xbal and Hpall cleavage sites (see Figure 21).

a. Genomic DNA extraction (protocol provided by Dr. Bill Addison, University of Alberta).

Total genomic DNA was extracted from PZ A64/TM3 adults. Three hundred to 400 flies were 
placed in a chilled mortar containing liquid nitrogen, and ground to a powder using a pestle. Three ml 
of Extraction Buffer (0.1M NaCl, 0.1M Tris-HCl pH 8, 50 mM EDTA) were then added, and the mix
ture was transferred to a 10 ml polypropylene tube. Ten pi o f 0.5M spermidine (20 mg/ml) and 40 pi 
of proteinase K (20 mg/ml) were added to the extraction mix. Two hundred pi of 10% SDS were then 
added to the extraction mix, which was then incubated for 30-min at 37°C. A further 40 pi of 
Proteinase K  (20 mg/ml) were added and the mix was allowed to incubate overnight at 50°C. The fol
lowing day, 100 pi of 1 mg/ml PMSF (phenoylmethylsulfonylfluoride) were added and incubated at 
50°C for 30-min. Five microliters of RNAse (10 mg/ml) was then added and incubated at 37°C for 10- 
min. Two extractions using 1 volume of (1:1) phenolxhloroform were carried out for 5-min each at 
RT. The mix was then spun for 5-min at 5000 rpm at 4°C. This was followed by two extractions with 
1 volume of (24:1) chloroform:isoamylalcohol. The mix was then spun again at 5000 rpm for 5-min at 
4°C. The aqueous phase was transferred to a fresh 10 ml polypropylene tube. Two ml o f 1M ammoni-
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um acetate were added to the DNA solution along with 6 ml of isopropanol to precipitate the DNA.
The DNA was spooled onto a glass pipette, immersed in a solution of 70% ethanol and 300 mM (final 
concentration) potassium acetate (KOAc), pH 5.5 for 30 min, air dried at RT, and then resuspended 
overnight at 4°C in TE, pH 8, to a concentration of 1 pg/pl of DNA.

b. Ligations.

Seven pg of DNA were digested with 30 units of Xbal or Hpall in a total volume of 100 pi for 
6 hr. A phenol/chloroform extraction was performed to inactivate the enzyme. The Xbal and Hpall 
DNA fragments were then allowed to circularize and ligate. The ligation reaction mix consisted of 50 
mM Tris-HCl pH 7.7, 10 mM M gC^, 10 mM DTT, 1 mg/ml ATP, and 25 pg/ml acetylated BSA. Fifty 
pi (3 pg) o f the ASal-digested genomic DNA were added to 450 pi o f the ligation reaction mix along 
with 2 units of T4 DNA ligase (BRL). Ligations were performed at 15°C for 48 hr. then placed at 
65°C for 20-min to inactivate the enzyme. A spin vacuum was then used for 1.5-hr to reduce the vol
ume of the sample from 500 pi to 50 pi. Ammonium acetate (NH4OAC) was added to a final concen
tration of 340 mM along with three volumes of 100% ethanol, to precipitate the DNA overnight at - 
20°C. After centrifugation at 14000 rpm for 30 min, the pellet was washed with 70% ethanol, allowed 
to dry at RT, and then resuspended in 100 pi of distilled H2O overnight at 4°C. The DNA was again 
precipitated with 10 pi 3M potassium acetate (KOAc) and 300 pi of isopropanol overnight at 20°C. 
Following centrifugation at 14000 rpm for 20-min, the pellet was washed three times with 70%, 
ethanol, then resuspended in 7 pi of M illiQ -^ O  overnight at 4°C. The DNA solution was then stored 
at -20°C.

c. Competent Cells.

The preparation of competent cells for electroporation was carried out according to the instruc
tions for the electroporation protocal for E. coli DH5alpha that were provided by the manufacturer of 
the ElectroCell Manipulator 6 0 0 ^ ^ . Competent cells for electroporation were made by inoculating 1 
L of L-Broth (10 g Bacto tryptone, 5 g bacto yeast extract, and 5 g NaCl per liter) with 2 ml of an 
overnight culture of PMC 103. The culture was incubated at 37°C while shaking until an ODggo read
ing of 0.5-1.0 (about 1 0 ^  cells/ml) was obtained. The culture was then placed on ice for 30 min, then 
divided into four equal volumes o f 250 ml in containers and centrifuged at 1000 rpm, and resuspended 
and washed in ice-cold deionized H2O. Cells were centrifuged and washed five times, resuspended in 
DMSO at 1/350 dilution, and stored at -70°C.

d. Transformation.

Electroporation was used to transform the ligated DNA into competent cells. Three ng/pl of 
ligated DNA was added to 40 pi of competent cells in a BTX Disposable Cuvette (3mm) and chilled 
on ice. The cuvette was then placed into the electroporater and exposed to an exponential pulse of 2.45
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kV for 5.5 milliseconds. The cuvette was immediately removed and 1 ml of SOC was added. To 
allow the cells to recover, the mixture was then transferred to a 10 ml polypropylene tube and allowed 
to incubate for 1 hr at 37°C while shaking at 225 rpm. Approximately 250 pi of the mixture was then 
plated onto each o f four LB plates supplemented with kanamycin (70 pg/ml) and incubated at 37°C for
12-to 16-hr to allow for the selection of plasmids containing the genomic flanking sequence, the 
kanamycin resistance marker, and the origin o f replication.

e. Plasmid minipreps.

Colonies that grew were amplified in overnight cultures in LB kan broth at 37°C while shaking 
at 500 rpm. Plasmid DNA was then isolated as described above. The DNA samples were then digest
ed with the enzymes Xbal and Hin&ll and the products were electrophoresed on an 0.8% agarose gel 
to determine the sizes of the ligated product and the genomic insert.

II-8vi. Subcloning of rescued genomic DNA fragment into pBS-KS+ plasmid.

a. Ligations.

To excise the genomic sequence that flanked the left side of the P-element insert, the rescued 
plasmid was digested with HinCtBl, then gel purified (see Figure 21). The genomic fragment was then 
subcloned into a ffindlll cut, dephosphorlyated Bluescript IIK S+ (Stratagene Cloning System) plasmid 
sequencing vector according to Sambrook et al. (1989), with some modifications. The ligation mix 
consisted of 10X T4 DNA Ligase Buffer (300 mM Tris-HCl, pH 7.5, 100 mM M gC^, 100 mM DTT, 
10 mM ATP) diluted to IX concentration, 60 ng Bluescript-KS+ //z'ndlll cloning vector, 20 ng M ndlll 
cut DNA fragment, and T4 DNA ligase (2U) in M illiQ -^ O  for a total volume of 30 pi. Ligation reac
tions were left overnight at 15°C, then stopped the next day by heating at 75°C for 10-min.

b. Transformations.

Ten pi of the ligation reaction was then used to transform electroporation-competent XL-1 blue 
cells prepared according to the Electrocell Manipulator 6 0 0 ^ ^  electroporation protocol. Transformed 
cells were then plated on LB-agar/ampicillin/IPTG plates and incubated overnight at 37°C. Positive 
(white) colonies were then amplified in an overnight culture of LB-broth and ampicillin. A fresh cell 
culture was then used to carry out, using Qiagen resin colums,a medium-scale plasmid preparation 
according to the Qiagen^M plasmid handbook (1995). The template was then prepared for sequenc
ing. Sequencing o f the 1.5 kb genomic fragment was performed in both directions using T3 and T7 
primers (supplied by Stratagene) and subsequently with internal primers. The design of internal 
primers (see primer list in Table 5) and sequencing were carried out at the automated sequencing facil
ity at the Biological Sciences Department, University of Alberta.
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Figure 21. Plasmid rescue of left and right genomic flanking sequence 
from the A64 PZ insertion line.
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II-9. Molecular cloning of Drosophila UDP glucose-dehydrogenase.

II-9L Plating and screening of a Drosophila lambda gtlO embryonic cDNA library.

A total o f approximately 100,000 plaque-forming units from a lambda gtlO  embryonic cDNA 
library were plated over ten large LB + 10 mM MgSOq + 0.2% maltose agar plates for the primary 
screen. The cDNA library, which was provided by T. Komberg (1981), consisted of cDNA isolated 
from 3- to 12-hr and 12- to 24-hr embryos (Huynh et al., 1985). The plating cells were strain Q358 
grown in LB broth + 0.2% maltose. The top agarose consisted of 0.7% agarose, 20 mM M gS04, and 
0.2% maltose. Large-scale phage preparation, preparation of plates, plating o f cells, preparation of 
storage medium for phage, phage titering, and plaque isolation were performed according to Sambrook 
et al. (1989). Plaque lifts were performed using H ybond^^-N  nylon membranes (Amersham LIFE 
SCIENCE). Processing of the membranes and hybridizations using P^^-labeled probe were carried out 
in a Tyler hybridization oven according to the manufacturer’s manual supplied with the membranes. 
After hybridization and washing, the membrane filters were allowed to air dry and were then exposed 
to Kodak X-ray film for 24-hr at -70°C. After positive plaques were identified by aligning the film on 
top of the agar plate from which the plaque had been lifted, a plug was picked up with the wide end of 
a Pasteur pipette, transferred to storage medium (Sambrook et al., 1989), and used for the next round of 
screening. The secondary and tertiary screens were performed as above until a single positive plaque 
was isolated.

II-9ii. Isolation of cDNAs from lambda gtlO positive clones.

Large-scale phage particle isolation and lambda DNA purification o f lambda gtlO  positives 
clones were performed according to Wizard™- Lambda Preps DNA Purification System from 
Promega (© 1993).

II-9iii. Subcloning and sequencing of UDP-GlcDH Drosophila cDNA.

Purified lambda gtlO  DNA was digested with EcoBl to release the cDNA insert from the lamb
da vector. The FcoRI cDNA fragment was isolated from a 0.8% agarose gel and purified using a 
Glassmax"™ kit from BRL according to the manufacturer’s specification. The EcoRI cDNA frag
ments were then subcloned into a Bluescriptll KS+ (FcoRI-cut, dephosphorylated) sequencing vector 
(Stratagene Cloning Systems) according to Sambrook et al. (1989). Plasmids were transformed into 
XL1 Blue electrocompetent cells according to the Electrocell Manipulator^™ goo electroporation pro
tocol. Medium-scale plasmid preparations were performed using the Q iagen™  plasmid midi prep kit 
for template preparation for sequencing of cDNA. Sequencing was performed, and primers (see Table 
5) were synthesized by the automated sequencing facility at the Biological Sciences Department of the 
University of Alberta.
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Table 5.
List of primers used to sequence the 7-3 lambda gtlO  cDNA clone.

Primer Prim er sequence

T7

T3

7-3A (1)

7-3A (2)

7-3A (3)

7-3A (4)

7-3B (A)

..7-3B (B) _

5' GT AAT AC G ACT C ACT AT AG G G C 3’ 
S’AATTAACCCTCACTAAAGGG 3’

S’GACCTGCTAAATGCGGATCGT 3’
5 ’ TTCTGGTACTCATTCATGTCGAT 3 ’

S’ CAT ACT C AC G AC G AAC AC GT G G AG C 3’ 

5 ’ GTAGGCGGCCACCTCGGGCAGATTG 3 ’

S’ AACGAATAACTATAAGTTGTGGGA 3'

5 ’ AC AC C G CT ATT C GT C G C CT C G ATTT G3 ’

B 7-3A (cDNA)

785 bp
EcoRl EcoRI

n  5? 1^ 3 y
■#—

4 2 T3
1100 bp

EcoRI EcoRI

(A) List o f DNA primers that were synthesized by the automated sequencing facility 
at the Department o f Biological Sciences, University o f Alberta. (B) A  schematic 
diagram that shows the relative position o f each primer that was used to sequence 
the cDNA clones 7-3A (1100 bp) and 7-3B (785 bp).

84

Reproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



III. RESULTS

III-l. Identifying genes involved in imaginal disc patterning.

I ll- l i .  LacZ misexpression screen of lethal PZ  insertions.

In an earlier study by Brook et al. (1993) over 800 independent autosomal PflacZ ry^-P Z }  
enhancer-trap lines were generated and screened for changes in lacZ expression during disc patterning 
regulation initiated by cell death. The temperature-sensitive (ts) cell lethal suppressor o f forked 
(su(f)^) mutation was used to induce cell death in a fraction of disc cells and thus initiate disc repat- 
teming. Differential lacZ expression during pattern respecification was observed in approximately 5% 
of all insertion lines tested. The number enhancer-trap lines that may represent genes required for the 
process o f pattern respecification was not clear because the majority o f the insertions that showed dif
ferential expression during pattern respecification were homozygous viable (a non-lethal PZ insertion). 
For this reason, a similar screen (Russell et al., 1998) was applied to another collection of PZ  insertion 
lines that had been preselected for a lethal phenotype (Berkeley Drosophila Genome Project, Spradling 
et al., 1995; Flybase 2001; http://www.flybase.com).

The criteria used for selection was essentially as described in the previous study by Brook et al. 
(1993), in which the insertion lines were first screened for lacZ misexpression during recovery from 
cell death induced pattern regulation in the su (f)^  cell lethal mutant. Each PZ-insertion line was then 
rescreened for lacZ misexpression using gamma radiation (2.5MeV) to induce cell death and pattern 
regulation, in order to eliminate lines reporting sw($ ̂ -induced  transcription unrelated to cell death and 
pattern respecification. This last screen proved to be the most stringent, eliminating approximately 
80% of the lines retained to that point. Therefore, in the new screen of the lethal PZ insertion lines, the 
gamma treatment was first applied (see Table 6A Russell et al., 1998). A total o f 488 PZ-lethal inser
tions were initially tested by gamma treatment. A longer recovery period after gamma irradiation was 
also used to avoid early expression that might be associated with cell death rather than the subsequent 
repatteming process. The 118 PZ-lethal lines that showed differential lacZ misexpression upon gamma 
treatment were then tested in a su (f)^  mutant background for differential misexpression of lacZ during 
pattern respecification following a 24 hr recovery period. The 88 positives from this first su (f)^  treat
ment were then put through a second su (f)^  mutant screen. The PZ  lines that showed lacZ activation 
soon after su(f)^  heat treatment, with no recovery period allowed, were assumed to be directly 
responding to cell death initially induced by the su (f)^  mutant. A total of 41 PZ-lethal lines showed 
this early response to su (f)^  treatment, and were eliminated. The, remaining 47 PZ-lethal lines, that 
showed lacZ activation, were retained as potential pattern respecification genes according to the criteria 
described in Table 6B (Russell et al., 1998). The expression pattern profile o f these positive lines, in 
untreated and treated imaginal discs, was similar to those observed in the first screen by Brook et al. 
(1993). Differential expression ranged from general misexpression of lacZ in all imaginal discs, to 
restricted ectopic misexpression in specific regions of the disc. Sixty-four percent of the insertions
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TABLE 6.
Selection of PZ lethal lines showing differential expression dur
ing pattern respecification.

A. Screening process fei detecting regeneration response genes.

xsm vK t ~ 48® PZ total 
tested

29°C 24 heat treatment

 -....
29®C 14 heat treatment

20Inrecovery
fellswJng gamma
tKSQMJtt

11® i«pmwiM5 ?Z
***■ B 0 B i  8 B t  f ■ * 1! # S t  |

5 370 iMgttfee PS I
MMfiitffis lethal lines I

104 responsr.-e PZ 
total iu*s tasted

88 Bsponsr/e FZ
fcttalSiBBi tested

la sagafe* PZ 
lethal haea

47 nsgatiye PZ 5 41 iispaaswt PZ *lethal laws } lethal fines >

B. The lesmltiag 47 lines that Met a ll three criteria h r  enhancer traps detecting 
re g e n e ra tio n  genes as detrilbed  in the  flaw  chart above.

Lethal insertions on chromosome 2 ( 1{2J ):
m t, wpm* tut, xrtnssi tm , tppima nm.i&pim; nwuipjowj* nm ,iam n,
r u n ,  u r fu m  h s b . ip im s k ;  n m , n t v w s ;  n n c ,  igijmtjs,- h « i ,  ip)K*i6; w a s ,  ipjwgb; HJJS. IC2J071S3; K3«,lt2£a&r.
Lethal uuertioiu on chrome tome 3 ( 1[3J):
run.ipmm; nsu.t&mms; wsh.ipjoiiss; msn. ippuec; nsw, ipjjis»?; ns» . K®»i3»;H»«, lflJOUM; MS31,1(3)0143* HS3S, W5W, lf!3;««0; FLS4Q, l(3pi£»; W5«, K2J0M73;HSS.iPJBIOi, WHJ, 1(3)02281, HM5, 1(3)31231; H5*2.1(3!£!39M, WfM, l(3)n3«, «S»S, F3JUM9,PlctD, ;u-:c'"53», P161S 1(3)03928: Mt'23, 1(2/54651: WCJC 1-.2.CW444. M«i, itijftrSc; Vim. i;3»j.'51in«»,y3)M?i2 n»*i.i-i-pma, m u ,;(•/••■»«; nns.i.ioeti*. ii'ii.ipjuwu; nm.i.sji-i:?. 
H B lf. l(Sje«fS: » « L J (3 » W S i;  mas.ippMtz.

(A) Depicts the criteria used for selecting PZ-lethal lines from Spradling et al. (1995), in the 
su(f) regeneration enhancer trap screen in imaginal discs as described by Russell et al. (1998).
(B) The resulting 47 PZ-lethal lines that were selected as potential pattern respecification 
reporters.
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selected as positive in the screen normally showed patterned lacZ expression in imaginal discs as 
opposed to only 13% in unselected lines, indicating a selection for genes with restricted expression pat
terns. This included annular or distal expression in the leg, wing pouch, wing margin, A/P compart
ment boundary, furrow and post-furrow expression in the eye disc, and patchy patterns in the wing and 
leg discs. These restricted expression patterns may indicate a role in a specific pattern formation 
process. However, 10% of the selected positive lines showed no detectable expression in the control 
discs. Most of the remaining selected lines showed general expression in control discs and increased 
levels of expression during regeneration, implying transcriptional up-regulation of genes during pattern 
regulation.

III-lii. PZ-lethal insertion lines selected for fu rther analysis based on a lethal embryonic m utant

phenotype.

It was assumed that the PZ  enhancer-trap screen identified putative genes expressed during pat
tern regulation based on the altered expression of the lacZ reporter gene. However, the functional rele
vance of this misexpression is not known. A lethal phenotype due to the insertion of the P-element 
indicates possibly that a gene (or genes) with some vital function has been identified. To identify 
genes required specifically for pattern formation, I decided to focus on the PZ  insertions with lethal 
embryonic effects. Many genes with roles in embryonic patterning and segmentation are to be also 
crucial in imaginal disc pattern formation (see Introduction). For example, about 25% of the PZ-lethal 
lines that we scored as positive in the regeneration screen (Russell et al., 1998), also behave as mater- 
nal-effect mutants on embryonic patterning (Perrimon et al.,1996). A phenotype in the embryo may 
strengthen the chances o f finding a gene with a role in imaginal disc patterning. Therefore, the 70 pos
itive PZ-lethal insertion lines generated from Brook et al. (1993) (Table 7) along with 47 selected in 
the screen of the Spradling PZ-lethal insertion lines (Russell et al, 1998) (Table 6B), were examined 
for specific zygotic lethal effects on embryonic patterning. Insertion lines that are embryonically lethal

TABLE 7

PZ-jethal Insertion firtes isolated from the regeneration screen (Brook et
al., 1993) selected for analysis of embryonic cuticle phenotype.

A0S. .All, A14, AM, A40, A44, A46, A56, A64, A72, 104, B28
845 156, 176, m i . B93, B98, COO, COS, C64, C82, €92, ©09
D17 D23, ©39, ©42, ©43, ©46, D90, ©96, EI6, E2B, 134, E43,
£46, E48, £49, 155, ESS, E59 £64, m i , F09, F22, F35, F45,
F47, F62, £75, F89, F90, F91, GQ4, G il, G12, GI5, G17, G19,
GST, G62, m i , G09, G76, H04, H08, H35, H87, H21

PZ-lethal lines selected from the regeneration enhancer trap screen by Brook et al. (1993) 
for the analysis of the cuticle pattern of the embryonic zygotic lethal phenotype.
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as homozygotes were identified by out-crossing each insertion line to Oregon-R (wild-type) flies to 
replace the balancer with a wild-type chromosome. Non-balancer FI adult male and female sibs were 
then crossed to each other. Embryos from the cross were collected for a 12 hr period at 25°C, and per
mitted to develop for an additional 48 hr at 25°C. O f the 117 PZ-lethal lines tested, 98 lines displayed 
an embryonic lethal phase, possibly caused by the PZ  insertion. The remaining 19 lines were lethal 
during later stages (larval or pupal), but the exact stage of death was not determined. To assess the 
embryonic lethal phenotypes, cuticle preparations were made from the dead embryos in each cross. O f 
the 98 embryonic lethal lines, 71 showed informative embryonic pattern defects. The remaining 27 
lines showed no visible cuticle defects. Table 8 catalogues the cuticle phenotypes that were observed, 
along with an example o f a PZ-lethal line for each phenotypic category, and the number of PZ lines 
that showed similar phenotypes. The most commonly observed phenotypes was pair-rule segmentation 
defects, resulting in loss of alternate denticle belts, or fusion o f adjacent denticle belts. Other frequent
ly observed phenotypes included U-shaped embryos that had not completed germband retraction, or 
embryos that did not undergo dorsal closure, resulting in holes in the dorsal part of the cuticle. 
Typically, these phenotypes are an indication of defects in gastrulation or dorsal-ventral patterning. 
Thus, these lethal embryonic phenotypes allowed me to tentatively identify lines that might be defec
tive for specific genetic pathways required in Drosophila embryogenesis. For example, the lines A64, 
H87, P936, and P1386 all showed specific dorsal-ventral patterning defects typical of mutants 
observed from the dpp signaling pathway. Two o f these lines carried insertion mutants in genes previ
ously identified as nuclear targets of the dpp pathway, schnurri (P1386, Arora et al., 1995) and short
sighted (P936, Treisman et al., 1995). These results were of interest because dpp function is also 
required for imaginal disc primordium formation in the embryo, and later in imaginal disc pattern for
mation (see Introduction). Thus, 61% (71 o f 117 o f the positives) o f the selected PZ-lethal lines from 
the disc regeneration screens may identify genes that also have a role in embryonic pattern formation, 
and might represent genes whose functions are co-opted for imaginal disc patterning. One of the goals 
of this study is to characterize the PZ-lethal lines from the regeneration screen using information from 
the embryo.

III-Iiii. A64, the PZ-lethal insertion line selected for further analysis.

The PZ-lethal line selected for further analysis was A64 based on two criteria. First, A64 was 
scored as a positive in the enhancer-trap regeneration screen (see Brook et al., 1993). In A64, lacZ 
expression is activated at an early stage during pattern respecification induced by the su (f)^  cell death 
mutant. Approximately 6 hr after heat treatment in a su (f)^  mutant background, lacZ misexpression is 
observed in leg discs. It was hypothesized that this early activation o f lacZ expression might indicate a 
gene that is activated for the initial respecification of cell fates required primarily for regeneration, 
rather than the later events which might be involved in the elaboration of normal disc pattern. Second, 
although the activation of lacZ misexpression during regeneration provides no direct evidence that A 64 
has an important function during regeneration, the zygotic mutant phenotype in A64 homozygous 
embryos suggests that it might play a role in regulating dpp signaling during embryogenesis. Since
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Table 8.
Zygotic embryonic mutant phenotypes of PZ-lethals from the regeneration 
screen.

Cuticle phenotype
Representative 
PZ -lines showing 
cuticle phenotype

Gene
No. of PZ 

{lecZ, >y) lethal 
insertion lines

gap-like segmentation defects H21 unknown 4

pair-iule segmentation defects D42 unknown 5

segment-polarity segmentation defects
PI 711 unknown 5

incomplete gennband retraction and 
segmentation defects E28 unknown 14

incomplete gennband retraction HS7 unknown 12

incomplete gennband retraction and dorsal 
closure (dorsal open defect) A6t sugsrksz this study 7

incomplete dorsal closure (dorsal open defect) P13SS schnurri 6

ventralized cuticle P93S shortsighted 3

head and tail defects
El 6 unknown 11

necrotic mass in embryos P1S9S unknown 4

no visible cuticle pattern defects G15 unknown 27

larval and pupal letlials P1S33 unknown 19

Categorization of embryonic cuticle pattern defects in P Z  -lethal insertion lines isolated from 
the imaginal disc regeneration screens of Brook et al. (1993) and Russell et al. (1998). Given 
is a example of a P Z  line that exhibits the cuticle pattern defects, along with the gene if 
known, and the number o f P Z  lines associated with a specific cuticle defect.
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dpp has been shown to play a critical role in disc patterning, this suggests that the A64 PZ  insert may 
have uncovered a role for dpp in imaginal disc regeneration in Drosophila.

a. Characterization of A64 lacZ  expression in regenerating leg discs in a su (f)^  background .

Figure 22 shows the misexpression of lacZ of A64 in regenerating second thoracic(T2) leg 
discs following heat treatment in the su(f)^  mutant. A64/+ male flies were crossed with homozygous 
su(f)12 females at room temperature. Following a 2h egg collection, the progeny were allowed to 
develop for 60 hr at 25 °C until mid-second instar. Larvae were shifted to 29°C for 48 hr to induce cell 
death in imaginal discs, then shifted back to 25 °C and allowed to recover. During the recovery period 
lacZ expression in the imaginal leg disc was monitored at various time points following heat treatment. 
General ectopic activation of lacZ was first detected in regenerating imaginal leg discs at 6 hr after heat 
treatment (Figure 22C) confirming the initial characterization of A64 (Brook et al., 1993). LacZ 
expression in non-heat-treated su(f)^\ A64/+ control discs that were at similar developmental stages 
are shown in Figure 22A and B. Heat treatment in a su (f)^  background, which induces cell death, 
typically retards normal development (growth and cell division) of discs. Thus, discs at 6 hr following 
heat treatment, looked similar to mid-second instar discs (compare panel A and C in Figure 22). For 
example, at 6 hr after heat treatment, the imaginal leg disc shows a single concentric fold in the center 
of the disc (arrow, Figure 22C) - similar to what is observed in mid-second instar leg discs (see 
arrow , Figure 22A). Mid-second instar leg discs from non-heat-treated su (j)^ \ A64/+ lines show low 
uniform levels of lacZ expression (Figure 22A). Mid-third instar discs from similar controls show 
again low uniform levels o f lacZ expression (Figure 22B). In heat treated su(f)^ \ A64/+ larvae, the 
leg discs showed elevated levels of uniform lacZ expression at 6 hr (Figure 22C), followed by patchy 
expression at 48 hr (Figure 22D) after heat treatment. In addition, a second distal axis (duplicate) has 
started to form at 48 hr, as indicated by the presence o f a second distal endknob (see arrowhead,
Figure 22D). In controls, with leg discs from A64 PZ  larvae in a background wild-type for suQ )^, no 
ectopic activation o f lacZ expression was detected after a similar heat treatment (not shown).
According to these results, A64 generates ectopic misexpression before any morphological changes are 
detectable in the disc (such as outgrowths). This suggests that A64 could represent a gene required for 
the initial events required in axis respecification during regeneration and duplication of imaginal discs. 
Such a gene may be involved in wound healing and the initiation o f the regeneration blastema, or the 
respecification of compartmental restrictions, events that occur prior to any duplicate forming.

To further determine if A 64 identifies a gene, consistent with its involvement in the early regen
eration response, cultured imaginal leg disc fragments were analyzed for the altered expression of lacZ. 
Disc fragments cultured in vivo undergo wound healing, which involves fusion o f cut edges. This 
process is then followed by blastema formation, represented by proliferation o f cells adjacent to the 
wound heal, and then growth and pattern respecification (see Introduction). T2 leg discs were dissect
ed from mature late third instar A64 larvae, fragmented as shown in Figure 23A, and the resulting 
3/4L+EK disc fragments implanted into the abdomen of Oregon-R female hosts. This environment
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Figure 22. Expression of lacZ in leg discs following 29°C heat treatment 
of su (f)^ ; A64PZ/+ mutant larvae.

A |  B
■jilljlll

..j i i b

Controls (A) and (B) are non-heat treated su(f)^; A64 PZ/+ imaginal leg discs. (C) and (D) 
depict heat treated su(f)^ \ A64 PZI+ experimental leg discs. A64-lacZ expression in (A) sec
ond and (B) third larval instar imaginal leg discs show very weak uniform lacZ  expression.
(C) A64-lacZ expression at 6 hr after heat-treatment is elevated, but remains uniform. (D) At 
48 hr after heat-treatment a duplicate starts to form, indicated by a second distal endknob (see 
black arrowhead), and increased levels o f lacZ expression become patchy. In all panels in the 
figure, the black arrow marks the position o f the original distal endknob in the imaginal leg 
disc. The distal endknob represents the presumptive most distal segment o f the adult leg.

Figure 23. A64 A. B.
PZ  expression in an 
3/4L+EK leg disc 
fragment

(A) Diagram o f the 
3/4L+EK fragment from A 
a A64 PZ  72 leg disc that 
was implanted into the 
female host abdomen.
(B) The T2 leg disc were 
dissected from the 1 
abdomen 24 hr after
implantation and stained for lacZ expression. LacZ expression is elevated in the anterior 
compartment, with higher levels o f expression localized in cells on both sides o f the wound 
heal (see black arrows) where the cut edges have fused (fusion indicated by the solid black 
line). The dashed black line marks the approximate A/P compartment boundary (A, anterior 
compartment; P, posterior compartment)
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permits healing and subsequent pattern respecification of the disc fragment (Schubiger, 1971). 
Approximately 24 hr after implantation, allowing sufficent time for cut edges to fuse and form a 
wound heal (Figure 23B, see black line), the discs were recovered and stained for lacZ expression. 
Elevated levels o f uniform lacZ expression were detected in the anterior compartment o f the leg discs, 
with increased levels of expression in cells on both sides of the wound heal (the site o f origin for cells 
of the regeneration blastema, where pattern respecification and axis duplication initiates (Figure 23B, 
see arrows). Leg discs that were cut but not implanted into the female abdomen, showed no alteration 
in the uniform levels of lacZ expression (not shown). Whole legs discs that were uncut and implanted 
into the female abdomen, and recovered and stained after 24 hr following implantation, showed no 
detectable changes in lacZ expression, when compared to fragmented discs (as in Figure 22B).
Similar fragments (3/4L+EK) from the dpp-lacZ lines were used as a positive control for the misex
pression o f lacZ. P1599, a PZ  line that did not respond in the gamma and su (f)^  treatments in the 
screen, was used as a negative control in the disc culture analysis. Fragments (3/4L+EK) from P I599 
showed no ectopic misexpression of lacZ. This suggests that the A64 PZ  insert may represent a gene 
that is required for events at wound healing that precede growth, such as the initiation of the regenera
tion blastema (distal organizer).

b. Characterization of the embryonic lethal phenotype of A64.

In a cross between PZA64/+  males and females, approximately 17% of the fertilized embryos, 
failed to hatch, turned brown and died. The predicted one quarter o f dead embryos (based on 
Mendelian random segregation of chromosomes) was not observed. This suggested that the embryonic 
lethality caused by this mutation was not fully penetrant. These embryos, presumably homozygous for 
the A64 PZ-lethal insertion, were analyzed for cuticular patterning defects. The A64 lethal phenotype 
showed embryos that fail to undergo complete germband retraction indicated by the dorsal medial posi
tion of the posterior spiracles (see * in Figure 24B) that is normally located at the posterior most end 
of the larva (see * in Figure 24A). Cuticles also showed a loss o f dorsal and dorsal lateral cuticle (see 
#, compare Figure 24A and 24B). Because o f the loss o f dorsal tissue, these embryos were also 
unable to undergo dorsal closure, resulting in holes in the dorsal cuticle (arrowhead - compare Figure 
24A and Figure 24B). Loss o f dorsal tissue may contribute to incomplete germband retraction effects, 
resulting in the characteristic U-shaped embryos. In addition, embryos showed strong dorsal head 
defects, which result in loss o f anterior head structures in the larva (see white arrow, compare Figure 
24A and Figure 24B). These cuticle phenotypes are reminiscent o f embryonic lethal phenotypes 
demonstrated by partial loss-of-function mutant effects o f dpp, and its receptors, thickveins (thv) and 
punt (pnt). Embryos heterozygous for the haplo-insufficient mutant allele dppH46/+ (Figure 24C), 
typically result in U-shaped embryos with a hole in the dorsal cuticle, as well as head defects, both of 
which are seen in A64 homozygous embryos.

To further assess the role o f A64 in the embryo, lacZ expression pattern in staged A64/+ 
embryos was examined (Figure 25). Initially, lacZ expression is detected in dorsal extraembiyonic
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Figure 24. A64 PZ-lethal zygotic embryonic m utant phenotype.

(A) A cuticle preparation of an unhatched 1st larval instar from a wild-type 
embryo. .(B) Cuticle preparation of a dead 1st larval instar from the A64 PZ- 
lethal insertion line. The A64 PZ embryos show a failure o f the germband to 
retract, which is indicated by the dorsal position of the posterior spiracles (*), 
along with a loss of anterior head segments (arrow) and dorsal cuticle (arrow
head). (C) A cuticle preparation of a 1st laval instar from a dpp^^^l+ heterozy
gous embryo, shows anterior head defects and a dorsal open cuticle phenotype 
along with incomplete germband retraction, (white arrow = anterior head seg
ment, white arrowhead = dorsal cuticle, * = posterior spiracles, # = dorsal lateral 
cuticle region). In all figures, anterior is to the left, and dorsal is up.
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cells, the amnioserosa (as) during germband extension at around stage 9 o f embryogenesis. Light 
expression also extends to the dorsal anterior side of the procephelon (pro) in head (Figure 25A). This 
expression is maintained in the amnioserosa during germband retraction (stages 11 and 12) (red arrow, 
Figure 25B). However, during this stage lacZ expression is also activated in the rudimentary head seg
ments, such as: the hypopharyngeal (hy), mandible (md), labium (lb), and maxilla (mx) and intensifies 
in the procephelon (pro). In addition, expression is also detected in the most dorsal ectodermal cells 
that abut the amnioserosa (dorsal ectodermal ridge cells, arrow Figure 25B), and in a cluster of cells in 
the underlying mesoderm of each parasegment (possibly the pericardial cells, arrowheads, Figure 
25B). In germband-retracted embryos (stage 13) (Figure 25C) expression in the ectoderm and meso
dermal cells fades, but is maintained in the head (arrow) and amnioserosa (as). During dorsal closure 
(stage 15), the dorsal lateral and ectodermal ridge cells on both sides o f the embryo migrate dorsally 
and fuse along the dorsal midline (dm) (Figure 25D). At this stage lacZ expression remains in the 
head segments and is strongly activated in cells of the ectodermal dorsal ridge. This lacZ expression 
pattern in the embryo described for the A64 PZ insertion line is consistent with head and dorsal cuticle 
defects observed in A64 homozygous mutant embryos. Cells of the amnioserosa, dorsal ectoderm and 
mesoderm all require dpp function during normal development. It is well known that the formation of 
the pericardial cells in the dorsal mesoderm requires dpp signaling from the overlying ectodermal cells 
along the dorsal ridge (Frasch, 1995). Also, dorsal closure requires proper dpp function in cells from 
the dorsal ectoderm (Frasch, 1995). The lacZ expression pattern of A64 appears to correlate with cells 
that were affected by dpp signaling during various stages of embryogenesis.

Based on the lethal embryonic phenotype and lacZ expression pattern, A64 is required for 
embryonic dorsal patterning. The correlation between cells that express A64 lacZ and those cells 
whose behavior is regulated by dpp signaling, implies that A64 may mediate dpp signaling. Therefore, 
the putative gene uncovered by the A 64 PZ  insertion may represent a novel component o f the dpp sig
naling pathway. This putative gene may function directly within the dpp signaling cascade, or alterna
tively through a second signaling cascade that may indirectly modulate dpp signaling. This is of great 
interest, since very little is known about the modulation o f the dpp signaling pathway. Since A 64 may 
represent a gene yet to be identified in the dpp pathway, I decided to molecularly characterize the A64 
PflacZ ry+}  insertion mutant and attempt to identify the gene it represents.

III-2. Genetic analysis of the A64 insertion.

HI-2i. Segregation analysis of the A64 insertion.

The P {lacZ, ry+ } A64 insertion was originally balanced with the T(2:3)CyO-TM6, Ubx ry chro
mosome. To determine the chromosome on which the insertion was located, a segregation analysis 
was carried out. Figure 26 describes the crossing scheme used to map the A64 lethality. Results of the 
crosses appear in Table 9. When A64 was outcrossed to Sco/CyO or Ly/TM3,Sb balancer stocks, non
balancer F2 progeny were observed only in the first case. When crossed to Ly/TM3, Sb, all the F2
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Figure 2 5 . LacZ  expression pattern of the A64 PZ insertion during 
embryonic development.

A  *>

IS

A64 PZ-inserdon line stained far lacZ expression in A64 lacZ/+ embryos. (A) Stage 9 embryo at 
germband extension shows lacZ expression in the amnioserosa (as) with light expression in the anteri
or dorsal procephelon (pro). (B) At stage 11, high levels of hcZ  expression remains in the 
amnioserosa (red arrow) and extends to the anterior head segments in the procephelon (pro), 
hypopharyngeal lobe (hy), mandible (md), maxilla (mi), and labium (lb), which mark the rudimenta
ry first and third intercalary head segments. Light expression is also detected in dorsal ectodermal 
ridge cells (black arrow), and in patches of cells (possibly the pericardial cells) that extend from the 
dorsal ridge in the dorsal mesoderm (black arrowheads). (Q  At stage 13, by the end of germband 
retraction, lacZ expression is maintained in some cells of the amnioserosa (as) and in the anterior head 
segments (black arrow). (D) At stage 15, dorsal closure is complete and lacZ expression is localized to 
the ectodermal dorsal ridge cells (black arrow) along the dorsal midline (dm), and in a few remaining 
amnioserosa cells. Expression is also maintained in the primordial head structures at the dorsal fold 
(df), the antennomaxillary complex (amx), and the clypeolabrum (cl). In all figures, anterior is to the 
left, and dorsal is up.
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Figure 26. Segregation analysis of the lethal phenotype of A64.

(1). Cross at 25°C

o
ft PlfieeS ?p+,) ,<y OR fy ;y

Q.'0-7M6Ubx

i
Q'O im Sbiy

(2). Selected CyO or Sb, Ubx+ FI males endfemales:

A6i ; fv OR + ; A64- ly 

CyO vy <X'0 ty 

Possible genotypes for Q-'O FI adults

AGi ; n- OR A&t

+ TM3 56 TM3 $&

possible genotypes ibr TM3, Sb 
adult;

(3). Male mud female progeny torn FI were crossed:
Fleeted plienotypes:

1  1 1  I
<3> only Of andQ+ Sb and 56+ Sb only

Each FI cross was scored for the presence of iron-balaiucer F2 flies, which indicates that 
the lethal phenotype does not segsregate with a. particular chromosome

The crossing scheme used to determine with which chromosome the lethal phenotype of A64 
PZ  segregates. (1) A64 PZ  males were outcrossed with Sco/CyO or Ly/TM3 Sb rosy balancer 
female lines. (2) Inter se crosses between CyO FI sibling males and females that were rosy+ 
were carried out. A similar cross was repeated with TM3 rosy+ FI male and female sibs. (3) 
The progeny from the FI crosses were analyzed for the presence of non-balancer F2 flies, 
which indicates that the lethal phenotype does not segregate with the corresponding chromo
some.

Table 9.
Segregation analysis of the A64PZ  lethal phenotype

Parents
F2 Progeny

Total adults Balancer non-Balan.cer

A64 Sa? X. 456 362 Cy 94 Cy+
CyO-ThU CyO

A64 ly X 502 502 Sb 0 $b+
CyO-TMi TMS. Sb

Results of the segregation analysis from crosses in Figure 26. A64 PZ outcrossed to Sco/CyO 
resulted in F2 adults that did not carry the CyO balancer, whereas those outcrossed to Ly/TM3 
Sb only gave adults that carried the TM3 Sb balancer.
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adults carried the TM3,Sb balancer. This indicates that the lethal phenotype of A64 segregates with the 
third chromosome.

III-2ii. Physical Mapping of the A64 PflacZ ry+j insertion using polytene chromosomes.

To determine the cytological location of the A64 insertion, polytene chromosome squash prepa
rations were made from larvae heterozygous for the A64 P{lacZ,ry+}  insertion, as shown in Figure 
27A. The polytene chromosomes were then incubated with a Digoxigenin-labeled full-length PflacZ, 
ry+}  DNA probe to locate the insertion element. The probe hybridized to a band on the left arm of the 
third chromosome at cytological location 65D-E as shown in Figure 27B. No other sites of hybridiza
tion were detected. This result correlated the location of the PflacZ ry+}  insertion and the segregation 
of the lethality with the third chromosome. However, this does not prove that lethality in A64 is due to 
the PflacZ ryA-}  insertion.

III-2iii. Reversion of the A64 embryonic lethal phenotype by excision of the PflacZ ry+J inser
tion.

To determine whether the A 64 embryonic lethal phenotype is due to the PflacZ ry+}  insertion 
at 65D-E, an attempt was made to generate excisions o f the A64 PZ  insertion by mobilizing the P-ele- 
ment with a transposase source, as shown inFigure 28A. PflacZ ry+fl excisions were selected by 
scoring for the loss of the ry+ marker in adult F2 males. Out of 40 chromosomes that were screened 
as putative excisions, 30 resulted in homozygous viable stocks (see Figure 28B). Presumably, these 
viable excision stocks were the result of the precise excision of the PflacZ, ry+}  element from its loca
tion on the third chromosome. It is deduced from these results that the lethality attributed to A64 is the 
result of the PflacZ, ry+}  insertion. The remaining ten ry excisions resulted in embryonic lethal phe
notypes all of which showed a weak dpp-\\ks mutant effect, similar to the A64 insertion line. When 
these lethal were crossed back to the A64 insertion line, all failed to complement, thus demonstrating 
that the lethality o f the ry derivatives and the A64 P{[lacZ] ry+}  insert are caused by lesions in the 
same gene. Loss o f the PflacZ ry+}  element was confirmed by looking for the presence of the PflacZ 
ry+}  element in polytene chromosome squash preparations o f ten viable and ten lethal excision lines. 
None of the squash preparations showed labeling at 65D-E, after hybridization with the Digoxigenin- 
labeled full length PflacZ ry+}  DNA probe.

III-2iv. Genetic mapping and complementation analysis of A 64.

Complementation analysis was conducted using overlapping deficiencies, P-element insertions 
and point mutations which span the cytological region between 64A 1 and 66B10. This helped to refine 
the genetic location map of the A64 PflacZ, ry+}  insert within the cytological interval o f 65 (see Table
10).

Crosses o f A64/TM3,Sb with fly lines that carry the deficiency Df(3L)w5.4/TM3,Sb or
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Figure 27. Cytological mapping of the PZ insert in the A64 line using 
polytene chromosome squashes.

Tb Ch ry

TM3 , Ser ry I
PZ (lacZ ry+} A64 ry

TM3, Sb
c f c f

FI o
PZ (lacZ ry+} A64 ry

Ore -  R

Tb Ch

I

?

B

F2: Non Tb, Ch crawling larvae were collected and polytene chromosome squashes 
prepared for in situ hybridization.

(A). The crossing scheme used to identify larvae that carried the chromosome with the A64 
PZ insertion for polytene in situ analysis o f the P-element insert. A64 PZ/ TM3 Sb males 
were crossed to Tb Ch/ TM3 Sb females. The mutants, Tb {Tubby) and Ch {Chubby), are 
dominant as larval stage markers that give rise to “fat” and “stout” larvae. FI Tb Ch larvae 
that also contained the A64 PZ  insert were then selected, allowed to eclose, and the adults 
were then crossed to Oregon R {Ore-R) females. (B). A polytene preparation of PZA64/+ lar
vae, probed with a Digoxygenin labeled PZ  DNA probe. The probe hybridized to the cyto
logical location, 65 D-E, indicated by the long white arrow. The cytological locations of 
66A-B and 68B-C indicated by the white arrow heads were used as land marks on the poly
tene chromosomes to help map the PZ  probe to its appropriate site. The P-element is local
ized to the cytological location 65 D-E on the left arm of the third chromosome (3L). The 
dark band at 65D-E corresponds to the blue stain produced by the Digoxygenin labeled probe. 
The other dark bands are a consequence of the counter stain that was used to stain the poly
tene chromosomes. Identification o f the cytological location o f the PZ  insertion was deter
mined by using the standard morphological map of polytene chromosomes provided in 
Lindsley and Zimm (1992).
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Figure 28. Generation of revertants of thtA 6 4  PZ-lethal phenotype

A. Introduction of P{ 2-3} transposase source into A64 PZ line :

P { lacZ ry+} A 64 ry Sb e P { 2-3 ry+) ry OO —— ——  x — ———  y
TM3, Sb ry TM6, Tb Hu e ry HI

1
Collected dysgenic FI ry+, Sb, Tb+, Hu +■ males;

{lacZ ry+) A64 ry TM3, Sb

? ?
Sb e P{ -3, ry+ } ry  TM6, Tb Hu e ry

I
Saved A64 ry / TAG 56 ry, F2 progeny males that have rosy (ry) eye colour and crossed 
individually to Ly/TM3, Sb females and stocks established from Sb progeny.

0*0* x ** ^  ^
TM3, Sb ry TM3, Sb ry

To check whether ry derivative chromosomes are caused by imprecise or
precise excision o f the PZ-element, each individual was subsequently checked for the
presence of Sb+ adult (precise) versus Sb (imprecise) adult flies.

B.

Total number of stocks scored 
from lines established from 
s in g le  ry  F2 males.

# of viable Sb+ 
(precise 

excisions)

# of lethal Sb 
(imprecise 

excisions)

40 30 1 0

(A). The crossing scheme used to generate A64 PZ ry- excision lines to give viable rever 
tant phenotypes. (B). Shows the number of viable (precise excision) versus lethal 
(imprecise excision) A64 PZ ry revertants. It is inferred that imprecise excision is the 
result o f the deletion o f genomic sequences adjacent to the PZ insertion site upon the 
mobilization of the P-element due to improper DNA repair, rosy (ry), Third Multiple 
chromosome balancer 3 (TM3), Stubble (Sb), ebony (eb), Tubby (Tb), Humeral (Hu), 
Third Multiple chromosome balance 6 (TM6), Lyra (Ly).
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Table 10.
Complementation Analysis of the A 64 PZ lethal insertion

Mutation Cytological Location C om plem entation w ith  
A64 fo r  lethal

phenotype

I I  I  I  I  I I I  I  I  I I  I  II
J?

M i l l
A B C B E F

I  I  I I  I
A B C  1 E F

I  I  I
A B C

DELETIONS

Df(3L) CH39 -------<

DfPL)ZN47 -----------

DfI3L)XA596 — ■—

Df(3L)Vn — -------

Df(3L)v65n — --------

DfPL)w5.4 ....

Df?3L)CH12 -----------

>
>

>
>

<
< >

DfPL)XBB7Q

Df(3L)Rm5.2

Df(3L)pbl-xl

< >

P-ELEMENT INSERTION

1(3)08310} P(lacZ3P1731

EMS INDUCED MUTATION 
CSS(pah)
JS3 (pale)
ES2 (drifter)
IS2 (drifter)
CIS (drifter}
A31
mi
SG9
A99

65D4-5

65D1-3
65D1-3
65D2-3
65D2-3
65D2-3
65D4-66A
(55D4-&5A
65D4-66A
65D4-66A

. /
\

 -------  (64A1-2;65B5) YES

»------- (64Cl-10;65Cl-5) YES

   (64D1-E13;65CI) YES

— -  (64C12-D1;65D2) YES 

— —  (64El-13ri5Cl-D6)YES

  (65Ari6A) NO

— —  (65A7-9j55C2) YES 

— —  (65Dlri5D3) NO 

(fi5El-12riSBl-2) YES 

y ~ .  (65F3rifiB103 YES

NO

YES
YES
YES
YES
YES
NO
NO
NO

YES

X-RAY INDUCED MUTATION 

XAJ3d 65D4; 66A NO

Genetic mapping of the A 64 PZ-lethal insertion mutant by complementation crosses with 
various deficiency, EMS and X-ray induced lethal mutant lines that span the region of 64A to 
66C.
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Df(3L)XBB70/TM3Sb, resulted in dead embryos. The crosses with the remaining deletions resulted in 
non-balancer adults, where the deletion over A64 PZ  survived. Since A64 complemented both 
Df(3L)Vn (64C12-65D2) and Df(3L)Rm,5.2 (65E1-66B1), but not Df(3L)XBB70 (65D1-65D3) or 
Df(3L)w5.4 (65A-66A), the PflacZ ry+}  lethal insertion in A64 must be located between 65D2 and 
65E1. Several EMS and X-ray induced mutations that had been mapped within the 65D interval were 
crossed to A64 in complementation tests to further refine this cytological map. The mutations pale and 
drifter, which are within 65D1-3, complemented A 64. Thus, A64 was not an allele o f either of these 
genes. However, A64 PZ  failed to complement four lethal mutations previously mapped to this region, 
SG9, A31, N71, and XAJ36, suggesting that the PflacZ ry+}  lethal insertion must be located between 
65D4 and 65E. The PZ insertion {1(3)08310}^^ ̂  .which maps to 65D4-5, also failed to complement 
A64. Therefore, six additional alleles of the gene affected by A64 were identified, PI 731 
(Bloomington stock center, Spradling et al., 1995), Df(3L)w5.4, A31, N71, XAJ36 (generated in a previ
ously reported screen by Anderson et al., 1995), and SG9 (Sheam and Garen, 1974).

III-2v. Genetic analysis of A64 alleles.

The PI 731 mutant 1(3)08310 has been characterized in several previous studies (Binari et al., 
1997; Hacker et al., 1997; Haerry et al., 1997). These revealed a matemal-effect phenotype in non-res- 
cued embryos from PI 731 homozygous germline, females, similar to the wingless loss-of-function 
phenotype in wg mutant embryos. It was shown that P1731 disrupts a gene referred to as sugarless 
(sgl), which is required maternally for wg function in the embryo. The sgl gene encodes the 
Drosophila homolog o f uridine diphosphate glucose dehydrogenase (Binari, et al., 1997; Hacker et al., 
1997; Haerry et al., 1997) (see Discussion). The matemal-effect phenotype of sg l^ ^ 31  was initially 
identified in a screen of PZ-lethals for matemal-effect mutations (Perrimon et al., 1996), where it gave 
a segment polarity phenotype in the embryo. Based on the genetic complementation analysis it was 
concluded that the A64 lethal mutant represented a new allele o f sgl, which this study refers to as 
Sg{A64' p errimon et al. (1996) reported that the zygotic lethal phase for sg l^ ^ 31  js observed during 
the second larval instar stage. In the present study, it is found that sgfl^^  and its alleles s g lP ^ ^ l, 
SgiA3! and sg7̂ 7f also present a zygotic lethal phase during late embryogenesis. In these lines, in 
which each mutant is balanced over a TM6, Tb, Ch balancer, the majority of the lethality occurred prior 
to hatching. For example, only 8% of fertilized embryos hatched to give non-Tubby homozygous 
Sg{A64 mutant larvae, which then died by third larval instar.

In further experiments, the TM6, TbCh balancer was removed by out-crossing to Ore-R wild- 
type flies in order to control for any embryonic lethality in embryos homozygous for the balancer. Tb+, 
Ch+ FI flies from this cross were mated and embryos collected. In the case o f s g f ’̂ 3 1  (see Table 
11B), 21% of the dead embryos showed the U-shaped cuticle defect phenotype (Figure 29C). This 
suggests that PI 731 may be a multiphasic embryonic and larval lethal mutation, with the lethal phase 
possibly influenced by genetic background or culture conditions. As shown in Table 11, similar exper
iments using the other alleles of sgl identified in this study, also resulted in dead embryos with the U-
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Figure 2 9 . Cuticle phenotype of embryos homozygous for sgl alleles

Cuticle phenotypes from an (A) unhatched wild-type embryo (+/+), (B) s g f t^ /SgjA64 an(j
(C) sgF^ 731/SgiP l 731 mutant embryos, embryos that are homozygous for the EMS mutant 
alleles o f sgl (D) s g l ^ h s g l ^ l , (E) sg p 7 1 /SglN71 (p ) sglA^/Df(3L)w5A  , and (G) 
sgl^ l 731/jof(3L)w5.4 hemizygous embryos. All mutant embryos show common phenotypic 
traits, which include incomplete germband retraction indicated by the dorsal positioning of 
the posterior spiracles (ps) and the posterior ventral denticle belts of abdominal segments 7 
(A7) and 8 (A8), along with loss of anterior head segments (white arrow) and a dorsal open 
phenotype (arrowhead). (A l- first abdominal segment, A8 (eighth abdominal) segment, ps 
(posterior spiracle). In all figures, anterior is to the left, and dorsal is up.
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Table 11.
Percentage of sgl mutant embryos that failed to hatch, that showed a U- 
shape phenotype

Crvsxes
# fifS&Mn&il 

smftsyes 
Hnowd

flui felled to 
J»a4ith(Ms)

# cifwtfiaWusd 
erabxycf uiih U-

shagted 
pdusuFtype; (Mi)

A. A64/4 X  A64/4 m €309%) 5707%i c i - 140; 200)

B. P1731/+ X  P1731/+ 314 7103%) 65(21% c.i.= 17.8; 24.2)

C .A 64/+ X  Df(3L)wS.4/+ 291 &m%) §800% c i - 16.8; 23.2)

D. N71/4 X  K71/+ 282 3101%) 3101% c.i.= S.5; 14.5)

E. A31 /+ X A31/4 343 SO 04%) 4403% c i - 10.4; 15.6)

F: P1731/4X Df(3 L) w 5,4/4 310 7404%) 7203% c.i =19.7; 26.3)

G. A 64/4 X  ? 1731/4 303 £000%) §408% c i -  150; 210)

To test if the differences in the frequencies o f dead embryos observed with U-shaped and dor
sal defects between different sgl mutant alleles were significant, a confidence interval (c.i.) 
statistical analysis was carried out (Moore and McCabe, 1993). The total number of embryos 
(n) scored for each cross, was screened for the number of dead embryos (m) (embryos that 
did not hatch) with dorsal cuticle and gastrulation defects. The frequency (p) o f dead 
embryos with dorsal patterning defects in the progeny was then calculated (p=m/n). To deter
mine the confidence interval (c.i.) for the true mean o f the population as estimated by the pro
portion o f successes (expressed as a percentage) in the sample of embryos that were scored 
for each cross the following equation used was:

c.i.= p +  z \ / p(l:P> ~ 
n

where p is the percentage o f positive scores (dead embryos with dorsal defects) in the sample 
embryos from each cross and n is the number of embryos that were scored (600) for each sam
ple. The critical value z was set at 1.960 so that there was a 95% confidence level that the true 
population mean lies between the expressed values (Moore and McCabe, 1993). The confi
dence interval for the true population mean is provided for each cross.
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shaped, dorsal-open phenotype. Seventeen percent of fertilized s g l^ 4  embryos died, resulting in a U- 
shaped phenotype (Table 11A, Figure 29B). The remaining dead embryos showed no noticeable pat- 
trening defect. Lower numbers of dead embryos were obtained for homozygous mutants of sglA^l 
(13%) and s g f f l l  (11%), suggesting that these mutants may represent hypomorphic alleles.

As reported above, homozygous lethal mutant alleles o f sgl result in dead embryos that present 
a dpp-like zygotic phenotype. To determine if loss o f dorsal cuticle and failure o f germband retraction, 
is a loss-of-function effect, s g ^ 4  an{j Sgl^ ^ 31  were examined in combination with the deficiency 
Df(3L)w5.4 (see Figure 29F and G respectively). sg l^ ^ S !  an(j SgjA64^ jn combination with 
Df(3L)w5.4, result in a higher percentage of dead embryos, with a dorsal-open and incomplete 
germband retraction. Therefore, the Df(3L)w5.4 deficiency enhanced the sgl mutant embryonic lethal 
phenotype, suggesting that sgl?  ̂ 3 1  ancj Sg}A64 mutant phenotype was due to a loss-of-function effect. 
For example, 20% of dead embryos that are sgl^^/Df(3L)w5.4 (Table 11C), had dorsal cuticle and 
head defects, and were U-shaped, compared with 23% in sg l^ ^ 31 / Df(3L)w5.4 embryos (Table 11F). 
These results also suggest that sg l^ ^ 31  SgfA64 represent alleles that cause an incomplete loss of 
wild-type function. Thus, they may be classified as recessive hypomorphs as opposed to null mutants.

It was noted that when embryos are homozygous or hemizygous over Df(3L)w5.4, for 
s g f >̂ 3 1 , this results in a higher frequency of dead embryos than that seen with homozygous muta
tions of sg lA ^ , sgl^^l and s g l^ K  To examine the strength of each mutant allele, the penetrance and 
expressivity was determined based on the extent o f pattern defects in dead embryos from each cross. 
Cuticles were prepared from fertilized embryos that failed to hatch, and the strength o f the dpp-like 
mutant phenotype was scored. Embryos homozygous for sgl^  ̂ 31 resuit in lethal embryos with the 
most extreme dorsal defects, suggesting that sg l^ ^ 31  may be the strongest loss-of-function allele. A 
comparison between typical s g ^ 4  (Figure 29B) and s g fU 3 1  (Figure 29C) homozygous mutant 
embryos shows that sgl^^ ̂ 31 embryos fail to retract at all after germband extension. This was indicat
ed by the dorsal position of the posterior spiracles (ps) and eighth abdominal segment (A8) (compare 
panel A with panels B and C, Figure 29). In addition, head segments are completely abolished, with a 
loss of dorsal cuticle (see white arrow, compare panel A and C in Figure 29). If one compares the 
positions of the posterior spiracle (ps) and abdominal segment 8 (A8) between panels A, B and C in 
Figure 23, sgl'^ 4  homozygous mutant embryos are almost fully retracted with only a small hole in the 
dorsal side of the embryo (see arrowhead in panel B, Figure 29). In addition, some of the head seg
ments remain intact (white arrow, Figure 29B). When comparing the number of dead embryos 
observed for sgl^^4 anc[ sgl^^ s g F ^ ^ l  mutant embryos resulted in 4% more dead embryos
(compare cross A and B, Table 11). Embryos homozygous for sgl^^l (Figure 29D) and sg fl^ l  
(Figure 29E) show similar phenotypic defects to that of s g l^ 4  However, the number o f dead 
embryos observed for s g ^ l  (Table 11 cross D) and sglA^l is significantly lower than that of 
sgl^3731, but not sglA^4 (Table 11, compare c.i. values o f cross B with cross E). Again, these results 
suggest that sg l^ ^ 3 I  might represent the strongest loss-of-function allele whereas s g l A s g l ^ l  and 
s g l ^ l  are weaker hypomorphic alleles.
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To determine further the comparative strength of each sgl allele, embryos hemizygous for each 
sgl allele over Df(3L)w5.4 were examined. Combinations of the sgl alleles with the deficiency typical
ly resulted in dorsal-open, U-shaped embryos with loss of anterior head structures. In each case, the 
morphological criteria used to determine the severity o f the mutant phenotype were to examine (i) the 
extent to which the embryo had retracted during germband retraction, (ii) the dorsal positioning of the 
posterior spiracle (ps) and (iii) the posterior ventral abdominal denticle belts. In normal wild-type 
embryos, following the completion o f germband retraction and dorsal closure, the posterior spiracles 
are located at the dorsal-posterior-most position in the larvae (ps, Figure 29A). The abdominal denti
cle belts (Al to A8) are all located ventrally after differentiation of the embryo (see Figure 29A). In 
the sgl mutants, germband retraction is incomplete as indicated by the dorsal positioning of the posteri
or spiracles and the ventral denticle belts of the abdominal segments A8 and A7. Embryos of the geno
type s g ? 7 7311 Df(3L)w5.4 (Figure 29G) typically gave a more severe mutant phenotype than 
Sg{d64/Df(3L)w5.4 (Figure 29F), and resulted in a higher percentage o f dead embryos. In s g ? 77777/ 
Df(3L)w5.4 mutant embryos the posterior spiracles are found dorsally, almost near the middle of the 
embryo, followed by ventral denticle belts from abdominal segments A8 to A7 as one progresses 
toward the posterior end o f the embryo. The ventral denticle belt of A7 in s g ? 77^7/ Df(3L)w5.4 is 
found at the dorsal posterior end o f the embryo where the posterior spiracle is normally positioned 
(compare panels A with G in Figure 29). In sgfl7^IDf(3L)w5.4 mutant embryos, the posterior spira
cles are found on the dorsal side of the embryo, however they are located closer to the posterior end of 
the larva (Figure 29F). The ventral denticle belt of abdominal segment 8 is located at the dorsal poste
rior-most end o f the embryo where the posterior spiracles are found, indicating that sglA^IDf(3L)w5.4 
embryos undergo more germband retraction than those o f s g ? 77^71 Df(3L)w5.4 . Neither sgF7̂ 7 or 
sglN71, over the deficiency Df(3L)w5.4 resulted in embryos that underwent a greater degree of 
germband retraction compared to that of sg l?7 7777 and s g l over the Df(3L)w5.4. In addition, the 
number of dead embryos detected never exceeded 15% of fertilized embryos, for both 
s g l ^ 7/Df(3)w5.4 (dead embryos 15%) and s g l ^ l  /Df(3L)w5.4 (dead embryos 12%). These results 
suggest that s g l ^ 7 and sgl7777 may represent weaker loss-of-function alleles than sg lA ^  and 
s g ? 7 7  ̂7. The sgl? 7 7^7 recessive allele represents the strongest loss-of-function allele sampled, as the 
difference in the number of dead embryos in s g ? 777771 sgl?7777 7 homozygous embryos when compared 
with s g ? 7777 IDf(3L)w5.4 hemizygous embryos was not statistically significant.

III-3. Molecular analysis of the A64 PZ-lethal insertion line.

III-3L Cloning of flanking DNA by P-element rescue.

Genomic DNA flanking the PflacZ ryf-}A64 insertion site was isolated by P-element rescue 
(see Figure 21). Genomic DNA isolated from A64/TM3, Sb flies was digested with Xbal or Hpall. 
Digested fragments were re-ligated and used to transform E.coli PMC 103 host cells and transformants 
were selected on Kanamycin containing agar plates. Eight transformants from the Xbal digest and five 
from the H pall digest were isolated. Plasmids containing the ORI site in the P-element, along with
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flanking genomic DNA, recovered from the transformants were designated A64{1-1)3L/Xbal and 
A64(2-5)3RJHpall. The flanking genomic DNA was isolated by doing a HindUl digest on the rescued 
plasmid DNA. When A64(\-\)3U/Xbal was digested with HindUl, a fragment o f approximately 1.8 kb 
was released, and a HindUl digestion o f A64(2-5)3BJHpall released a 1.0 kb fragment (see Figure 30).

The HindUl fragments from both A64(2-5)3R/Hpall and A64(l-l)3L/Xbal were subcloned into 
BluescriptKS+. Sequencing of both sense and antisense strands was carried out by the Amgen Institute 
(Toronto, Canada). Appendix TV shows the nucleotide sequence of the A64(l-l)3L/Xbal genomic 
clone. At the time a similarity search using the BLAST algorithm (Altschul et al., 1990) showed that 
the A64 (1-1)3L genomic flanking DNA contained the 5’ end o f an open reading frame which was 
homologous to the bovine uridine diphosphate glucose dehydrogenase gene. A 5 ’ initiation codon 
(ATG) was identified at position 297 which corresponds to a translation start site followed by an open 
reading frame (ORF) that extend 835 nucleotides downstream to position 1132. This 835bp stretch of 
DNA which encodes a putative protein homologous to bovine UDP-glucose dehydrogenase, is fol
lowed by a region of 214 nucleotides (from position 1133bp to 1347bp), which shows no significant 
similarity to any known sequence. In addition, a potential 5’ consensus splice site following the 
1132bp position, and corresponding to the end of the open reading frame, was identified. This suggests 
that the 214bp region may represent the beginning o f an intron. The translated 5 ’ amino acid sequence 
from Drosophila was compared to that of bovine UDP-glucose dehydrogenase and showed 85% simi
larity to the N-terminal end o f the bovine amino acid sequence. Further analysis of the sequence 
upstream of the 5 ’ translation start site, starting from position 297bp, showed that the 3’ end of the P- 
element terminal repeat was also present in the 1.8 kb HindUl fragment. This allowed the mapping of 
the precise site of the insertion and its orientation in A64 (see Figure 30). This was determined by 
comparing the nucleotide sequence of the A 64(l-l)3L  1.8kb rescued fragment, with a 5.8kb lambda 
genomic clone isolated from Drosophila (A. Manoukian, Ontario Cancer Institute, unpublished results), 
which contained part o f the 5’ end of the Drosophila UDP-GlcDH gene and its upstream untranslated 
and promoter sequences. Based on this sequence comparison, the P {lacZry+} element is inserted in 
the 5’ untranslated region o f the UDP-GlcDH gene, 150 bp upstream of the ATG translation start site in 
the orientation shown in Figure 30.

To determine if  the genomic fragment that was sequenced maps to the same cytological location 
as the PZ  insertion in A64, polytene chromosome preparations were probed with the 1.8 kb A64{ 1-1)3L 
genomic HindUl fragment. The 1.8kb fragment was labeled with digoxygenin and used to probe poly
tene chromosome squashes prepared from wild-type (Ore-R) larvae. The 1.8kb fragment hybridized at 
position 65, on the left arm of the 3rd chromosome. This is consistent with the site o f the PflacZ ry+}  
insertion in A64 (Figure 31 A). Closer examination showed that the 1.8kb fragment hybridized to 65D 
on the polytene map, corresponding with the cytological location o f P 1731, which was mapped to 65 
D4 (Figure 3IB). These results suggest that the A64 PflacZ ry+}  lethal mutation identifies the 
Drosophila UDP-glucose dehydrogenase (UDP-GlcDH) gene. This is consistent with concurrent stud
ies that showed that the PI 731 mutation is due to a P-element insertion in the Drosophila UDP-GlcDH
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Figure 30. Schematic alignment of the A64{ 1-1) (3R) genomic rescued 
fragment with the 5.8 kb lambda genomic clone at 65D.
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The A64(1-1)3R 1.8 kbp (red line) rescued genomic fragment overlaps with the 5’ end o f the 
Drosophila UDP-GlcDH gene. The diagram shows that the P-element is inserted in the 
upstream 5 ’ untranslated region o f UDP-GlcDH. The A64(2-5)3R 1.0 kbp (green line) res
cued genomic fragment overlaps with the 3 ’ end o f an open reading (ORF) that shows simi
larity to a B-transducin protein o f Arabidopsis. There is currently no known mutation o f the 
B-transducin-like gene in flies {Drosophila B-transducin-like gene C G I0064, Berkeley 
Genome Project, Flybase 2001). B-transducin is normally expressed only in retinal cells, and 
therefore, in this case it is unlikely that the PZ  insertion is reflecting B-transducin expression 
or affecting B-transducin function in the embryo.
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Figure 31. In situ hybridization of Digoxigenin-labeled yf<£/(l-l)3L 
genomic DNA flanking sequence onto Ore-R polytene chromosome 
squashes.
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Polytene chromosomes probed with the Digoxygenin-labeled 1.8 kbp rescued genomic DNA 
fragment A64(1-1)3L . The blue stain is visualized at (A) 20X objective (arrow) and (B)
40X objective (arrow head). A prominent signal is detected at chromosomal position 65D 
based on the standard polytene chromosomal map in Lindsley and Zimm (1993). 3L marks 
the tip of the left arm of the 3rd chromosome. The arrowhead at 65D indicates the dark band 
that corresponds to the blue stain produced by the Digoxygenin labeled probe. The other 
dark bands are a consequence of the counter stain that was used to stain the polytene chromo
somes.
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gene (Binari et al., 1997; Hacker et al., 1997), along with the genetic complementation analysis which 
indicated that PI 731 was allelic to A64.

III-31L Isolation of Drosophila UDP-GlcDH cDNAs

The HindlYL A64 (1-1)3L 1.8kb genomic fragment which contains the 5’ end o f the UDP- 
GlcDH gene was used to probe two Drosophila lambda gtlO  cDNA libraries, made from embryos 3-12 
hr after egg lay (AEL) and 12-24 hr AEL (Huynh et al., 1985). An embryonic library was selected 
based on the lacZ staining of A64 embryos (see Figure 25) which suggested that the gene identified in 
this study may be transcribed strongly during the early stages of embryogenesis. A total of 100,000 
plaques were screened, from which 30 positives were isolated. Secondary and tertiary screens were 
carried out to obtain pure single-plaque isolates. Eighteen of the 30 initial positives were not picked up 
in the secondary and tertiary screens, suggesting that they may have been false positives or they were 
lost during the rescreening process. Four out of the remaining 12 did not lyse the host bacteria (Q358) 
during an initial small scale phage purification step. The eight final positives were brought through a 
large-scale phage purification step, followed by DNA isolation and then digested with EcoRI, in order 
to release the cloned cDNA insert from the phage arms (Figure 32). Six of eight isolates, 6-1, 7-3, 8- 
5, 9-4, 10-6, and 13-1 contained a cDNA insert that could be released with EcoRI. Two clones, 11-1 
and 12-5, which did not release a fragment, could be the result of clones that had lost at least one 
EcoRI site upon cloning, thus preventing digestion and release o f the clone. Clones 7-3 and 8-5 
showed an additional internal EcoRI site resulting in two fragments, 7-3A, 7-3B and 8-5A, 8-5B 
(Figure 32). To confirm that the Hindlll A64( 1-1) probe hybridized with the clones, a Southern blot 
was performed on EcoRI-digested samples using each clone (not shown). The blot detected bands that 
corresponded to the cDNA insert in each clone with the exception o f fragment 8-5A. This suggests 
that clone 8-5 may represent a chimera that may have been produced during the various amplifications 
of the library over time. This means that part of this clone may consist o f sequence containing the 
UDP-GlcDH gene that was recognized by the probe (8-5B), whereas the part of the clone (8-5A) con
tains DNA from another region. In the case o f clones 11-1 and 12-5, the band corresponded to uncut 
high molecular weight DNA band. This may represent clones that lost at least one of the EcoRI sites 
flanking the insert.

The EcoRI fragment from each clone (excluding clones 11-1 and 12-5) was gel purified and 
used to make a digoxygenin-labeled DNA probe for polytene chromosome in situ mapping. Polytene 
chromosomes prepared from Ore-R (wild-type) larvae were probed with each cDNA fragment. The 
cDNA clones, 6-1, 7-3 A, 7-3B and 8-5B hybridized to cytological location 65D, which is consistent 
with that of the PZ  insertion and the ^4<54(1-1)3R rescued genomic flanking sequence. The 9-4, 10-6 
and 13-1 cDNA clones hybridized to the cytological location 65D, as well as to other positions on the 
polytene chromosomes. This may be due to contamination from other cDNA sequences which resulted 
in chimeric clones or repetitive DNA (see Table 12).
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Figure 32. Lambda gtlO cDNA clones isolated from a Drosophila 
embryonic cDNA library (Huynh et al., 1985).

Lambda gtlO cDNA clone isolates cut with EcoBL
1 kbp

ladder 6-1 7-3 8-5 9-4 10-6 11-1 12-5 13-1

and 
R (right) 
arms of 
lambda 
gtlO

Lambda-gllO cDNA clone isolates 6-1 through 13-1 were digested with EcoBI. The result
ing fragments were separated on a 0.5% agarose gel. The top bands (black arrowhead) rep
resent the left and right arms o f lambda gtlO. In some isolates, two bands were detected 
for the cDNA insert (e.g., 7-3A, 7-3B, 8-5A, 8-5B), indicating the presence of an internal 
iscoRI site. 11-1 and 12-5 show no insert and represent clones that were not cut with Eco 
RI. The small black arrow indicates a 4 kb band in the lkbp DNA ladder.
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Figure 33. Cytological mapping of the 7-3A cDNA clone to Ore-R poly
tene chromosomes.

The Digoxygenin labeled 7-3A cDNA clone maps to the left arm of the third chromosome 
(3L). (A) A unique band is detected at 20X objective near the tip of 3L (black arrowhead).
(B) Upon close examination at 40X objective in the same preparation, the unique band is 
mapped to the cytological location 65D (black arrowhead). Cytological locations (62C-D, 
63A, 64C-D, 65D, 65E-F and 66A) are determined according to the standard polytene chro
mosomal map in Lindsley and Zimm (1993). The arrowhead at 65D indicates the dark band 
that corresponds to the blue stain produced by the Digoxygenin labeled probe. The other dark 
bands are a consequence o f the counter stain that was used to stain the polytene chromosomes.

Table 12.
Cytological positions of cDNA clones 
on Oregon-R polytene chromosomes.

The cytological location of cDNA clones 
hybridized to wild-type OreR polytene chromo
somes was determined by the standard polytene 
chromosomal map in Lindsley and Zimm 
(1993). Digoxygenin labeled cDNA clones 6-1,
7-3A, 7-3B and 8-5B were map to a single site 
at position 65D on the left arm of the 3rd chro
mosome. The remaining clones either mapped 
to a different location (e.g., clone 8-5A ) or to 
various sites that also included the location at 
65D (e.g., clones 9-4, 10-6, 13-1).
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cDNA clone Cytological location

6 - 1 65D

7-3A 65D

7-3B 6 SD

8 -5 A 6 5 F

8-5B 65D

9- 4 55 A ,65D , 68B, 77A

1 0 - 6 3 7 B, 65D

1 3 - 1 45A, 65D, 85C
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cDNA clone fragments 7-3A and 7-3B when combined, represented the longest cDNA isolate 
that mapped to 65D. Figure 33 displays a signal at 65D where polytene chromosomes were 
hybridized with the 7-3A Digoxigenin labeled DNA probe. Clones 7-3A (1 lOObp) and 7-3B (785bp) 
were subcloned into the EcoRI site in the BluescriptKS+ vector for sequencing. The cDNA was 
sequenced by the Department of Biological Sciences Sequencing facility at the University of Alberta. 
Sequence comparison analysis was performed using a BLAST search o f the available sequence data
base (Altschul et al., 1990). The BLAST results show that 7-3A and 7-3B encode the Drosophila 
homolog of uridine diphosphate glucose dehydrogenase (UDP-GlcDH). This corresponded with the 
sequence of the A 64(l-l)3L  rescued genomic flanking sequence. The similarity search of the available 
databases at the time, using the BLAST algorithm (Altschul et al., 1990), showed that the intial 410bp 
of the 7-3A sequence encodes a 5’ untranslated region. The remaining 690bp encodes the first 230 
amino acids of the N-terminal portion of the UDP-GlcDH protein (Dougherty and van de Rign, 1993; 
Hemple et al., 1994). The first 465bp of the 7-3B cDNA clone encoded the next 155 amino acids mak
ing up the C-terminal half of the UDP-GlcDH protein. The remaining 320bp showed no discemable 
similarity, at the amino acid level, to any notable protein sequence. When the amino acid sequence 
translated from 7-3A and 7-3B was compared with the complete Drosophila UDP-GlcDH 474 amino 
acid sequence (Binari et al., personal communication), 89 amino acids from the C-terminal end were 
missing. Therefore, the 7-3 clone represented an incomplete cDNA sequence, containing the partial C 
terminal end of UDP-GlcDH, in addition to extraneous pieces of DNA that may have been incorporat
ed during the several amplification events of the cDNA library. The deduced M l amino acid sequence 
shown in Figure 34, (kindly provided by Binari et al., personal communication), was used to produced 
a mutiple sequence alignment (see Figure 34) with the amino acid sequences of Arabidopsis, C. ele- 
gans and human homologs obtained from the available databases (provided by NCBI, 
www.ncbi.nlm.nih.gov). Pair wise alignments using the BLAST algorithm (Altschul et al., 1997), with 
the Drosophila (Acc. # 002373) amino acid sequence showed that the greatest similarity occurred with 
C. elegans (Acc. # Q 19905) UDP-GlcDH, with an overall sequence identity of 62% indicated by the 
black shaded boxes and an additional similarity o f 14% as indicated by the grey shaded boxes. This 
was followed by Arabidopsis (Acc. # N P186750) that had a sequence identity o f 61% and similarity of 
14%, and then human (Acc. # 060701), that had a identity o f 61% and similarity of 12% (Clustal W 
(vl.4) pairwise alignment parameters: Matrix-Blosum 30, Open gap penalty - 10.0, and extended gap 
penalty - 0.1). This suggests the clone that was isolated encoded the Drosophila homolog o f UDP- 
GlcDH. The high identity observed between the UDP-GlcDH homologs from different metazoans 
showed that UDP-GlcDH protein sequence was not highly divergent, suggesting that UDP-GlcDH 
function may have remained conserved through evolution.

While this work was in progress, two groups identified PI 731 from the Spradling PZ-lethal 
lines in a germline clone screen for matemal-effeets, as a regulator of the wg signaling pathway in the 
embryo. This was due to a mutation of the Drosophila homolog o f UDP-GlcDH, which they inde
pendently called kiwi (Binari et al., 1997) and sugarless (Hacker et al.,1997). A third group showed 
that an allele of this gene, SG9, behaves as an enhancer o f the dishevelled disc mutant dshw from the

114

Reproduced  with permission of the copyright owner. Further reproduction prohibited without permission.

http://www.ncbi.nlm.nih.gov


Figure 34. Comparison of deduced amino acid sequence of various 
UDP-GlcDH proteins.
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Multiple alignment o f UDP-glucose dehydrogenase amino acid sequences using the ClustalW (vl.4) 
(Multiple alignment parameters: Matrix-Blossum series, Open gap penalty-10.0, Extended gap 
penalty-0.1). Deduced amino acid sequence o f Drosophila melanogaster UDP-glucose dehydroge
nase (Acc. # 002373) and alignment with Arabidopsis (Acc. # NP186750), C. elegans (Acc. #
Q 19905), and human (Acc. # 060701) homologs. Residues identical between more than half of the 
homologs are indicated by black shaded boxes. Similarities among the homologs are indicated by 
gray boxes. Parameters for amino acid sequence similarities: hydrophobic (non-polar R groups: A, 
I, L, M, F, P, W, V) vs hydrophilic (polar but uncharged R groups: N, C, Q, G, S, T, Y), and charged 
(positively charged R groups: R, H, K; or negatively charged R groups: D, E) vs uncharged (neu
tral). Gaps in the sequence introduced to maximize the alignment are represented with “ - ”.
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wingless signaling pathway, and as a suppressor of the wing phenotype due to an activated form of the 
dpp receptor thickveins (thv) (Haerry et al., 1997). The PI 731 mutation is now referred to by the name 
sugarless (Hacker et al., 1997; Flybase 2001). The genetic evidence herein for allelism of A64 and 
P1731, and sequence analysis o f the A64 genomic flanking sequence and cDNAs, shows that A64 is an 
allele of the sugarless gene.

H I-3iii Rescue of the A64 zygotic embryonic lethal phenotype by Drosophila UDP-glucose dehy
drogenase cDNA expression.

To confirm the hypothesis that the A64 embryonic lethal phenotype was due to the loss of UDP- 
GlcDH activity, I attempted to rescue the lethal phenotype of A64 by expression of the Drosophila 
UDP-GlcDH cDNA using the Gal4-UAS system in homozygous A64 embryos.

A transgenic fly line containing a viable insertion of a UAS-sg/ full-length cDNA construct (R. 
Sasisekharan, MIT, R. Binari and B. Staveley, OCI, unpublished), was crossed to Df(3L)w5.4/TM3 Sb e 
to establish a UAS-sgl/ UAS-sgl; Df(3L)w5.4/TM3,Sb stock. Ectopic expression of UDP-GlcDH was 
induced during embryogenesis by crossing VASsgVUASsgl; Df(3L)w5.4/TM3,Sb females to an 
armadillo-Gal4 transgenic stock in which sgl'^ 4  or Sg\P1731 had also been introduced: 
armGal4/armGal4; sgl^^/TM 3, Sb and armGal4/armGal4; sglP ^31 /TM3, Sb (See Table 13).

 ArmGaW was chosen because it will drive the ectopic expression of UAS-xg/ ubiquitously from as
early as the syncytial blastoderm stage in embryos.

Table 13 shows the results of this cross along with the control crosses. In crosses 1 and 2, the 
embryonic lethal phenotype of embryos hemizygous for either A 64 or PI 731 over Df(3L)w5.4 was 
repressed by ectopic expression of the Drosophila UDP-GlcDH construct. This suggests that ectopic 
expression of the full length UDP-GlcDH cDNA clone was able to rescue the sgl loss-of-function 
lethal mutants of sgl^^Df(3L)w5.4/TM 3 and sgl^^ ̂ ^/Df(3L)w5.4 hemizygous embryos. Over half 
o f the embryos (82% {164/200} for s g l^ 4  61% {154/250} for sgft>̂ 31') that were expected to
die, based on the results in Table 11, hatched and progressed into the larva stage. Of these larvae that 
hatched, over half eclosed and gave adults (60% {99/164}for sg lA ^  and 59% {92/154}for P I 731). In 
the control crosses 3 and 4, we observe that approximately 1/4 of the embryos that were screened did 
not hatch and died, as expected according to Mendelian ratios from the cross. In addition, no Sb+ 
adult flies were observed. Thus, in the absence of either the armGal4 driver or the UASsgl construct, 
all s g ^ 4  / Df(3L)w5.4 hemizygous embryos died. In control cross 5 ,1 expected to see no dead 
embryos, but did in fact see 21 dead embryos. Cuticle preparations o f these embryos showed no 
embryonic pattern defects, which may suggest that the ectopic expression o f sgl in a wild-type back
ground might be slightly toxic or affect the internal development o f the embryo. The effects of higher 
levels of ectopic expression of UDP-GlcDH in the embryo using a stronger Gal4 driver will be exam
ined later.

Experimental crosses 1 and 2 (summarized in Table 13) in which ectopic UDP-GlcDH expres-
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sion is driven by armGal- UASsgl, result in adult flies that did not carry the TM3,Sb balancer. This 
indicates that ubiquitous expression of UDP-GlcDH was able to rescue some o f the lethality caused by 
the hemizygous sglA^/Df(3L)w5.4 and sgl^^^^/Df(3L)w5.4 mutations to adulthood. For example, if  
one looks at cross 1, only 86 of the expected 200 fertilized hemizygous embryos died, that is 8% from 
the total number of embryos that were treated (1000). This was significantly lower than the lethality of 
24% and 21% expected for embryos hemizygous for sgl-^^31 /Df(3L)w5.4 and sgl^^/Df(3L)w5.4 (see 
Table 13), if  the UDP-GlcDH cDNA did not rescue the lethal phenotype. Thus, the remaining sg lA ^  
/Df(3L)w5.4 hemizygous mutant embryos seem to have survived past the embryonic lethal phase, 99 of 
which reached adulthood as Sb+ . The rest may have died at larval and pupal stages-indicating that 
some of the sg l^ ^ f Df(3L)w5.4 embryos were rescued only to larval or pupal stages. The rescue by 
expression of sgl cDNA shows that the A 64 lethal phenotype was caused by a loss of UDP-GlcDH 
function due to the PZ insertion.

HI-3iv. Expression pattern  of UDP-GlcDH in Drosophila embryos and imaginal discs.

The wild-type developmental expression profile of UDP-GlcDH mRNA was determined by 
means of a Northern blot. A ^^P-labeled 7-3 A cDNA probe detected a single transcript of approxi
mately 2.4kb (Figure 35). A putative maternal transcript was detected prior to cellularization (0-2 hr 
AEL), along with abundant expression following cellularization throughout embryogenesis (2-24 hr 
AEL). UDP-GlcDH expression was also seen during each larval stage (24-144 hr AEL) and into pupa
tion (PI). Based on a visual inspection of the X-ray film, the highest levels o f UDP-GlcDH transcript 
expression are observed in syncytical (pre-cellularized, 0-2 hr AEL) and early blastoderm (4 to 8 hr 
AEL) embryo. The level of transcript expression seems to drop off at end of embryogenesis (24 hr 
AEL). Transcript levels then seem to increase during the larval third instar (40 to 72 hr AEL), drop
ping off again at 88 hr AEL. Levels of transcript could not be determined at 96 hr, due to underloading 
of the gel. Transcript expression was also observed during pupal stages. Preliminary evidence may 
suggest that UDP-GlcDH transcript expression may be temporally regulated during development.

To determine the spatial distribution of UDP-GlcDH mRNA in the embryo, whole-mount in situ 
hybridization was performed (Figure 36). The UDP-GlcDH transcript was detected with a Dig-labeled 
7-3A cDNA probe in Ore-R (wild-type) whole-mount embryos. UDP-GlcDH transcripts are present 
uniformly throughout the embryo prior to cellularization (not shown), and subsequently become local
ized to the presumptive amnioserosa beginning at stage 9 (black arrow  Figure 36A). By stage 11, 
UDP-GlcDH transcript expression still remains in the amnioserosa (see black arrow, Figure 36B), as 
low expression begins to appear in pericardial cells (mesoderm) underlying dorsal ectoderm (see black 
arrowheads, Figure 36B) and cephalic head segments (red arrow, Figure 36B). This pattern of 
expression at stage 11 in the embryo was consistent with the lacZ expression pattern observed in PZ 
A64 (see Figure 25B). Expression in the amnioserosa is maintained by stage 13 (arrow  Figure 36C) 
and persists up to stage 15 (not shown) in the dorsal ridge cells of the embryo until completion of dor
sal closure. The changes in the expression patterns showed that UDP-GlcDH may also be spatially
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Figure 35. Developmental Northern blot showing the expression profile 
of UDP-GlcDH mRNA in Drosophila melanogaster.

Developmental
stage

pre

Embryonic

post-cellularlized

Larval
1st

Pupal

Time (hr)
2 4 8 16 20 24 4 0  60 72 88 96 120 144 168

RNA
Ladder

UDP-GlcDH
transcript

(2.4kb)

The UDP-GlcDH transcript on the Northern blot corresponds approximately to a 2.4 kb RNA 
band detected using the 7-3A(A64) labeled cDNA probe. The level of expression o f ribo- 
somal RNA 49 (Rp49) was used as a control to measure the relative amounts o f RNA loaded 
in each lane. The Rp49 transcript was detected by a Rp49 cDNA P^^ labeled probe. Both 
probes were used simultaneously in a cocktail during the hybridization process of the filter. 
The numbers 2 to 168 (going left to right) represent the time at which mRNA extractions were 
performed in hr following egg lay, RNA L adder is the lane that contains the 0.24-9.5 kb 
RNA size ladder. Due to overloading of the RNA ladder, white lines are used to mark the 
location and the corresponding sizes of the RNA bands on the film.
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Figure 36.
Expression of the UDP-GlcDH
transcript in Drosophila
embryos.

(A) The UDP-GlcDH transcript accumulates 
in the amnioserosa by stage 9 (germband 
extension) embryos (see black anrow). (B) In 
stage 11 embryos, (beginning of germband 
retraction) UDP-GlcDH transcript expression 
persists in the amnioserosa (black arrow). In 
addition, expression starts to accumulate in 
groups of cells in underlying mesodermal 
germ layer which may represent the pericar
dial cells (black arrowheads). Low-level 
expression is also observed in the anterior 
head segments (red arrow). (Q  By stage 13 
(end of germband retraction) UDP-GlcDH 
expression is lost in the pericardial cells as 
expression levels of UDP-GlcDH in the 
amnioserosa (black arrow) is reduced. In all 
figures, anterior is to the left, and dorsal is up.
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Figure 37.
Expression of UDP-GlcDH transcripts in 
the imaginal leg disc.

UDP-GlcDH transcript expression detected by a 
Digoxygenin labeled UDP-GlcDH cDNA probe 
from Drosophila in second thoracic leg discs in third 
instar larvae. Expression in the second thoracic leg 
disc is uniform. Expression in earlier larval stages 
o f disc development was also uniform (not shown). 
Anterior is to the left and dorsal is up. The black 
line represents the approximate anterior/posterior 
compartment boundary. Anterior (A), posterior (P).
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regulated. The spatial expression of the UDP-GlcDH transcript in an embryo appears to correlate with 
tissues that are responsible for dorsal patterning and gastrulation. This observation is consistent with 
the observed head and dorsal tissue defects that show missing head segments and dorsal cuticle in cuti
cle preparations of sgl mutant embryos (see Figure 24 and Figure 29).

In situ hybridization of the same probe to imaginal discs, showed uniform expression of UDP- 
GlcDH transcript occurs throughout the second and third larval instar. Figure 37 shows the staining of 
an early third instar second leg disc. The presence o f UDP-GlcDH expression in imaginal discs is con
sistent with its possible role in normal imaginal disc patterning, implied by the changes in expression 
that were observed during pattern regulation in regenerating leg discs.

III-4. Developmental effects of the UDP-GlcDH gene in Drosophila embryos.

III-4L Drosophila UDP-GlcDH zygotic m utations result in loss of dorsal-specific gene expression.

As shown earlier, embryos mutant for the UDP-GlcDH gene result in incomplete germband 
retraction and significant loss of dorsal cuticle. This phenotype is similar to the zygotic mutant pheno
types o f the signaling gene dpp and its receptors, punt and thv. Figure 38B shows an embryo homozy
gous for s g P ^ ^ K  In order to establish a role for UDP-GlcDH in dpp signaling, it is crucial to deter
mine if  the dpp-\Iks ventral ized phenotype in UDP GlcDH mutant embryos is, indeed, due to effects on 
dpp signaling. If  this is the case, the expression o f immediate downstream target genes of dpp should 
be affected. Therefore, possible effects on Kruppel (KR), even-skipped (EVE) and tinman (TIN) pro
tein expression in stage 11-12 s g ^ ^ H  homozygous embryos were examined.

sglP ^31/TM3,Sb flies were outcrossed to Ore-R wild flies, and non-Sb FI sgl^^731/+ sjj,s 
were crossed. Batches of embryos from this cross were collected over 2 hr intervals, and allowed to 
develop for another 8 hr up to embryonic stage 11-12. Stage 11-12 embryos represent the time point at 
which induction o f dp/?-regulated gene expression is initiated in the dorsal ecto- and mesodermal cell 
layers. This stage is marked by the activation o f eve in pericardial cells, and tin in the mesoderm and 
near the dorsal ridge cells o f the ectoderm. In addition, KR expression can be found at this stage in the 
amnioserosa, the dorsal most region of the embryo.

Embryos were stained with antibodies to detect KR, EVE and TIN proteins. Figure 38C, E 
and G show the expression of KR, EVE and TIN in Ore-R (wild-type) stage 11-12 control embryos 
respectively. In about one-quarter of the embryos from the experimental cross, EVE (Figure 38F) and 
TIN (Figure 38H) expression was significantly reduced, but was not completely lost during stages 11- 
12. This suggested that dpp signaling is attenuated but not completely lost. In the case of KR, one 
would typically observe a complete loss of expression in the amnioserosa by stage 11-12 as seen in 
Figure 38D, or in some cases only a few cells would show some reduced expression o f KR. This is 
consistent with observations that typically higher levels o f dpp activity are required for KR expression
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Figure 38. Loss of UDP-GlcDH blocks dpp signaling.

Zygotic effects o f a mutation in UDP-GlcDH on dorsal patterning and expression o f dpp tar
get genes involved in ectodermal and mesodermal patterning. All embryos are oriented with 
anterior to the left and dorsal up. Cuticle preparations o f wild-type (A) and 
s g f l  "^hom ozygous (B) embryos. Homozygous embryos are U-shaped with
head defects and loss o f dorsal cuticle. (C) Wild-type and (D) sgF^ ̂ 31/ SgiP173f stage 10 
embryos stained with an antibody to the Kruppel protein which is normally expressed in the 
amnioserosa under the control of dpp signaling. In sgl^ l ̂ 31/ 731 embryos (D),
Kruppel protein expression is lost. Stage 11 wild-type (E) and s g f ^ ^ l  (F) embryos 
stained with an antibody against evenskipped (EVE) protein. (E) Normally EVE expression 
is localized in the pericardial cells in the mesoderm. (F) In sgl sg/ ^  embryos,
EVE protein expression fades (see black arrow), suggesting that the dpp signal from the 
overlying ectoderm germ layer is being compromised. (G) and (H) are stage 11 embryos 
stained with antibody against tinman protein (TIN). In wild-type embryos (G), TIN expres
sion is observed in the dorsal ectodermal ridge and the underlying dorsal mesodermal cells 
that give rise to the visceral mesoderm. (H) In sgl?  ̂  31/ SgiP1731 embryos, TIN expres
sion is not completely abolished, but ectodermal expression has faded or is lost in some 
cells. In the mesoderm, the band o f TIN expressing cells is also interrupted.
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in the amnioserosa (the dorsal-most cells). One would then expect that the amnioserosa, and therefore 
KR expression would be the most sensitive to attenuations in dpp signaling.

Loss o f KR expression in the amnioserosa of the mutant indicates that the dorsal-
most cell fate specified by dpp signaling in the embryo is affected. The effect on EVE expression in 
the segmental clusters of pericardial cells, on either side of the amnioserosa (Frasch et al., 1987) also 
indicates a patterning defect in the dorsal mesoderm, possibly due to the loss o f dpp signaling. The 
effect on TIN expression in the underlying dorsal mesoderm is especially important, as tin is thought to 
be exclusively under the control of dpp signaling. The DPP signal in this case acts as a paracrine sig
nal from the dorsal ectoderm, which is required for the proper specification of the underlying dorsal 
visceral mesoderm (Staehling-Hampton et al., 1994; Frasch, 1995). Failure to express the critical pat
terning genes in the dorsal amnioserosa, mesoderm, and ectoderm, is consistent with the later dorsal 
cuticle and gastrulation defects observed in UDP-GlcDH mutants.

Therefore, it appears that UDP GlcDH zygotic mutant embryos exhibit a loss o f dorsal cell fates 
as a result of the sgl^  ̂ m u ta tio n  affecting dpp signaling. The different responses observed with 
these various markers are consistent with dosage-sensitive effects observed with the dpp signaling 
pathway. These results imply that UDP-GlcDH is required for dpp signaling for the specification of 
dorsal cell fates in the embryo.

III-4ii. Genetic interactions between UDP-GlcDH and dpp signaling pathw ay genes.

As described earlier, mutant alleles o f sgl affect dorsal patterning in the embryo. The pheno
type of these mutant alleles typically show embryos with incomplete germband retraction, disruption of 
head involution, and loss of dorsal cuticle (see Figure 29B, C, D and E ). The strongest mutant phe
notypic effects are shown by the sg l^ ^ 3 ]  allele and include a disruption of germband retraction, 
resulting in severe U-shaped embryos, a failure to undergo dorsal closure, resulting in a prominent hole 
on the dorsal side of the embryo and loss o f head segments (Figure 29C). As was concluded earlier, 
patterning defects in sgl mutant embryos result from an attenuation o f the dpp signaling pathway.

Patterning of the dorsal region of the embryo requires a gradient of DPP activity (see 
Introduction). This process should, therefore, be inherently sensitive to dosage-induced changes of dpp 
signaling activity. Trans-heterozygous genetic interactions which enhance the mutant phenotype of 
weak dpp alleles have been observed using mutations in other genes that mediate dpp signaling. This 
includes genes such as schnurri (shn) (Arora et al., 1995), thickveins (tkv) (Affolter, et al., 1994), screw 
(sew) (Arora et al., 1994; Finelli, et al., 1995) and tolloid (tld) (Shimell et al., 1991).

Based on the genetic evidence so far, I hypothesized that UDP-GlcDH may act as a modulator 
of the dpp signaling pathway. To determine if  dpp signal transduction is dependent on UDP-GlcDH 
function, I decided to test for dosage-dependent genetic interactions o f trans-heterozygous combina-
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tions between a sgl mutant allele and loss-of-function mutant alleles of genes in the dpp signaling path
way (Figure 39, Table 14). Heterozygous sgl^^31/+  or Sg]A64 /+ virgin females were crossed to 
males that were heterozygous for a dpp pathway mutant. Assuming random and non-biased segrega
tion of the chromosomes, approximately 25% of the embryos from these crosses will be heterozygous 
for two mutations at different locations that are in trans to one another: these are trans-heterozygous 
embryos. The sgl heterozygous embryos are normally viable resulting in only 0.8% and 1.1% embry
onic lethality for s g l^ 4  and sgl?  ̂ 3 1  respectively (Table 14). Trans-heterozygous embryos are also 
missing one wild-type copy of a dpp pathway gene. Therefore, since the mothers from these crosses 
are sgl ^32/+ or Sg]A64 /+ heterozygotes, the sgl heterozygous embryos from this cross are carrying 
only half the normal copy number of both zygotic and maternal UDP-GlcDH gene copy. Based on 
copy number, one assumption that is made is that the sgl heterozygote from these crosses may lack half 
the normal amount o f both zygotic and maternal UDP-GlcDH expression. If  the gene product of sgl 
has a function in dpp signaling, it is possible that loss o f half of both the zygotically- and maternally- 
derived sgl expression, when combined with half of the normal copy number of dpp or its receptors, 
could result in a significant increase in embryonic lethality (Table 14). Cuticle phenotypes of 
unhatched first instar larvae (see Figure 39) were analyzed for dorsal pattern defects to determine the 
extent of each genetic interaction with the dpp signaling pathway.

The dppftr27 allele is a haplo-insufficient loss-of-function lethal mutant (Arora and Nusslein- 
Volhard, 1992; Wharton et al., 1993). Embryos homozygous for dpp t̂r^^ are lethal and present a mod
erate ventralized cuticle phenotype that includes head involution, terminal defects that include internal
ization of the seventh and eighth abdominal segments, and almost no dorsal hairs. These phenotypes 
reflect the loss of dorsal fates (Arora and Nusslein-Volhard, 1992). Defective movements of the 
germband are due to loss of the amnioserosa and loss o f dorsal and dorsal-lateral fates in the ectoderm, 
and subsequent expansion of ventrolateral cell fates. From a cross involving dpp^r^  /+ heterozygous 
mutant parents, approximately 29% of fertilized embryos died. All o f the dead embryos showed the 
characteristic dorsal defects usually observed in dpjJ11"^  homozygous mutant embryos (Figure 39A).

Crosses between d p p ^ ^ l+  (male) and sg l^ 7 3 1 /+ (femaie) heterozygous parents, result in 
one quarter of the embryos dieing (see Table 14). The dead embryos display a strong U-shape, dorsal- 
open embryonic cuticle phenotype with head segment defects (Figure 39B). These defects are similar 
to sg l^ ^ 31  homozygous embryos and partial loss-of-function dpp mutants. This trans-heterozygous 
dominant phenotype is observed in approximately 26% of the embryos that were scored (Table 14).
The trans-heterozygous combination of dpp^r^  with sg lA ^ , a weaker allele o f UDP-GlcDH, results 
in fewer (20%) dead embryos (Table 14). However, the dead embryos show a similar cuticle pheno
type to that exhibited by dpp^r^ /+, sg l^ ^ 31 /+ embryos. In a control cross between dppftr^ l+  and 
Ore-R, only 5% of the embryos died. Cuticle preparations of these embryos show slight dorsal pattern 
defects. Control crosses between sg l^^31/+  or sg l^ 4 /+  adults and Ore-R (+/+) flies result in dead 
embryos with even weaker dorsal defects (e.g. posterior tail up) at a frequency o f 1.1% and 0.8% 
respectively (Table 14).
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Figure 39. Genetic interactions among dpp, thv and punt
mutants.

(A) Unhatched dpp^^/dpp^? embryos are weakly ventralized showing head involution and 
tail-up defects. In most cases, the tail (posterior spiracles) is displaced into the embryo 
(arrow). (B) A trans-heterozygous dpp^7/+; sgl?*731/+ embryo show a U-shaped defect 
with loss of head and cephalic structures (arrowhead), loss o f dorsal epidermal cuticle, and 
dorsal displacement of the posterior spiracles (arrow), due to defects in gastrulation. (C) A 
punt^^/punt^^  embryo typically results in aU-shaped dorsal-open phenotype (arrow).
(D) A puntl35/+;sglP*73l/+ ' trans-heterozygous embryo shows a similar U-shaped dorsal- 
open phenotype (arrow), in which the dorsal cuticle is reduced. (E) A thv^/thv^ embryo 
showing a dorsal-open phenotype, with dorsally displaced posterior spiracles (arrowhead) 
and lack of dorsal anterior head segments (arrow). (F) A thv^/+; s g r ^ 3 1 /+  embryo also 
shows similar dorsal open defects (arrow), resulting in a severe U-shaped phenotype, a dor
sally displaced tail (arrowhead), and head-segment defects. Embryo orientation is anterior 
to the left and dorsal is up.
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Table 14. Results of trans-heterozygous genetic interactions among sgl 
and dpp pathway mutant alleles.

p=3.0<W>9»i.m

Genotype Mi Mi Mi M4 Mi F1731 P1731 M731 P1731 P1731 H731 H731_ x x x j. x x x x x x x x

srn  s»? jant155 as?

Frequency of dead embryos with dorsal cuticle patterning defects observed in crosses involv
ing heterozygous mutant parents of sgl and dpp pathway mutant alleles show dominant nega
tive genetic interactions. The bar graph is a diagrammatic representation of the dorsal defec
tive mutant phenotypes observed in dead embryos in control ( X64/+ X +/+) and trans-het
erozygous (e.g., A64I+ X dpp^7/+) crosses. To test if the dominant negative interactions 
among sgl and dpp pathway mutant alleles were significant, I used the confidence interval 
(c.i.) statistical analysis (Moore and McCabe, 1993). The total number of embryos (n = 600 
plated embryos) o f each cross (indicated below the bar diagram) was screened for the num
ber of dead embryos (m) (embryos that did not hatch) with cuticle defects which included the 
involution o f head segments, loss of dorsal cuticle, disruption o f germband retraction and 
internalization o f the posterior spiracles. The frequency of dead embryos with dorsal pattern
ing defects (p=m/n) in the progeny was then calculated. The frequency of dead embryos with 
dorsal defects for dp^ / + , punt^S /+ , thv?/+ and sax^/+ heterozygous mutants males 
crossed to wildtype OregonR (+/+) females were 5%(ci: 3.6; 6.4), 1.2%(ci: 0.4;2.0) ; 0.9%
(ci: 0.1; 1.7) and 0.7% (ci: 0.1; 1.3) respectively (not shown in bar graph). The confidence 
interval (c.i.) for true mean of the population of each sample was determined as described in 
Table 11, is shown below the bar graph.
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Patterning defects resembling those observed in sgl homozygous mutant embryos are also 
observed in embryos that are homozygous for mutations with the punt and thv receptors. Zygotic loss- 
of-function mutations o fpunt^S  (Figure 39C) and tAv'7 (Figure 39E) homozygous embryos fail to 
undergo dorsal closure, show a reduction in the dorsal cuticle, and result in retardation of germband 
retraction (Brummel et al., 1994; Nellen et al., 1994a,b; Penton and Hoffmann, 1994; Letsou et al., 
1995). Again, the similar phenotypes observed between the sg l^ ^ 31  mutation, and these receptor 
mutants, further suggest that UDP-GlcDH interacts with dpp, and might represent a new component of 
the dpp signaling pathway.

To ascertain if  mutations in these dpp receptors also genetically interact with UDP-GlcDH 
mutations, heterozygous combinations o f sg lP ^31  ancj Sg}A64 pu n t^ S  ancj ^ 7  were macje by 
crossing punt^5/+  (chromosome III) and thv^/+ (chromosome II) males to sgl^^31/+  an(j SgjA64/jr 
females (Table 14). These heterozygous combinations resulted in dominant embryonic lethal interac
tions. In the case of thv^/+; sg F ^ 3 1 /+  embryos, 13% of the embryos that were scored died and 
showed dorsal pattern defects (Table 14). These trans-heterozygous embryos typically present loss of 
dorsal cuticle and anterior head segments, along with incomplete germband retraction (Figure 39F). 
sglP1731/pm tl35  heterozygous embryos produce an even higher percentage o f embryonic lethality, 
that resulted in approximately 20% of the embryos showing dorsal defects (Table 14). Again, cuticle 
preparations o f these embryos display a dorsal-open phenotype (Figure 39D) typical o f punt^S  
homozygous embryos, along with loss of head structures and incomplete germband retraction. 
Heterozygous combinations with the s g ^ 4  muant allele also gave dead embryos, with phenotypes 
similar to those observed for sg l?^ 31  However, the number of dead embryos that showed dorsal 
defects is reduced (Table 14). Embryos heterozygous for either pun t^5/+  or thv^/+ alone resulted in 
dead embryos that showed dorsal defects at a frequency of only 1.2% and 0.9% respectively.

I used the confidence interval (c.i.) analysis (see bottom o f Table 11) to determine the signifi
cance of the difference in the number of dead embryos with dorsal defects that were observed in trans- 
heterozygous crosses o f sgl and dpp pathway mutants when compared to dead embryos in control 
crosses. Control crosses involved matings between sgl or dpp pathway mutant heterozygous mothers 
to wild-type Oregon-R (+/+) males. Using this statistical analysis, the lethality that was observed in 
the trans-heterozygous crosses between sgl and dpp pathway mutant alleles was shown to be signifi
cantly different from the percent lethality observed in each of the control crosses (see Table 14 and 
legend below). If  the values for the confidence intervals from two different samples overlap, then the 
difference between the population means is not significant. However, if  the confidence intervals do not 
overlap then it can be stated with 95% confidence that the difference between the population means is 
significant. A summary of the confidence interval from each sample o f embryos for comparison is pre
sented at the bottom of Table 14. Comparisons were made between experimental and control crosses.

Based on this analysis, it was concluded that the percent lethality observed for dpp^r^ l+ ,  
punt^5/+  or thv^/+ heterozygous embryos was significantly enhanced by removing one wild-type
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copy o f the UDP-GlcDH gene (compare 95% c.i. values of control crosses with the trans-heterozygous 
crosses). This suggests that the activity of dpp is reduced below the threshold necessary for normal 
dpp function in the dorsal-most cells that require the highest level of dpp activity. UDP-GlcDH may 
therefore be a gene required for the proper transmission o f the dpp signal. One interesting observation 
was that s g ? ^ 3 1  jn heterozygous combination with punt^S  (a dpp typell receptor) resulted in a sig
nificantly stronger loss-of-function genetic interaction than observed with the th ?  (a type I receptor) 
mutant (see Table 14). However, heterozygous combinations of s g ? ^ 3 1  atl(j £he mutant sax? (a sec
ond type I dpp receptor) did not result in a significant dominant negative interaction (Table 14). The 
removal o f one wild-type copy of UDP-GlcDH gene in sax? /+ heterozygous embryos did not result in 
a significant increase in embryonic lethality with dorsal patterning defects.

These experiments demonstrate that UDP GlcDH and dpp pathway genes may interact during 
embryo development. Removal o f one copy of UDP-GlcDH during early stage embryogenesis appears 
to dominantly block dpp signaling once the dpp signaling pathway has already been partially compro
mised by removing one copy o f dpp or its receptors thv or punt. Mutants o f UDP-GlcDH appear to be 
able to limit the function of dpp signaling to its target cells. The dominant negative interactions 
observed with d p p ^ th v ^  andpun t^ S  suggest that UDP-GlcDH may play a direct role in mediating 
the interaction between the DPP ligand and its receptors. Such dominant negative interactions are rem
iniscent o f those observed between dpp mutants and receptor mutants o f thv and punt (Brummel et al., 
1994; Nellen et al., 1994a,b; Penton and Hoffmann, 1994; Letsou et al., 1995). This dominant interac
tion between UDP-GlcDH mutations and the dpp receptors is consistent with results described by 
Haerry et al. (1997), who showed the suppression of the activated thickveins mutation by the UDP- 
GlcDH mutant allele suppenkasper (sgl ^G9)

In a reciprocal cross, where sgl P1731/+ majes were crossed to females heterozygous for 
dpp27/+, thv^/+ or punt^^/+, the frequency of dead embryos with dorsal cuticle defects was signifi
cantly reduced compared to the opposite crosses performed in Table 14. For example, sgl P1731/+ 
males crossed to dpp?^t+ females resulted in dead embryos with dorsal mutant phenotype at a frequen
cy of 12% (c.i.: 10.0, 14.0), whereas, sgl ̂ ^ 3 1 /+  females when crossed to dpp^?/+ males resulted in 
dead embryos with dorsal defects at a frequency o f 26% (c.i.: 22.5; 29.5) (see Table 14). Control 
crosses that include dpp^7/+ females crossed to +/+ males, or dpp^^/+ males crossed to +/+ females, 
produced dead embryos that showed dorsal defects occurring at a frequency of 5%( c.i.: 3.3, 6.7) and 
1.2% ( c.i.: 0.8, 1.6) respectively. A similar reduction in the frequency of lethal phenotypes was 
observed with crosses that involved the dpp receptor mutants for p u n ? ^  and thv^ (not shown). These 
preliminary tests suggest that the sgl mutants may have matemal-effects. Therefore, the maternal con
tribution of sgl may be critical for maximal dpp signaling, with respect to the initial dorsal-ventral pat
terning events in the embryo events following cellularization.
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III-4MI. Regulation of dpp expression by UDP-GlcDH.

One possible explanation for the dpp-liks, phenotype, described for sgl mutants, could be that 
UDP-GlcDH is a downstream target gene o f dpp signaling, which therefore would regulate UDP- 
GlcDH transcription. One could expect that a mutation in a target gene would prevent the proper read
out of the signal transduction by a cell, resulting in a dpp-\\ks loss-of-function phenotype. This was 
tested by looking at UDP-GlcDH transcript accumulation in stage 11 dpp^r^  homozygous mutant 
embryos. The expression of UDP-GlcDH transcript in the amnioserosa shows no significant change in 
dpphr27 homozygous mutant embryos (Figure 40B) relative to the expression in wild-type embryos 
(Figure 40A). Therefore, dpp does not appear to regulate UDP-GlcDH transcription. In the case of 
the dppfcr27 mutation, the dorsal/ventral patterning defects in the ectoderm and mesoderm do not result 
from loss of UDP-GlcDH transcription.

This leaves two other possible roles for UDP-GlcDH. UDP-GlcDH may be required for either 
expression of DPP protein, or transduction of the DPP signal. Disruption of either o f these processes 
could be consistent with the mutant phenotype and genetic interactions that are observed. To test 
whether UDP-GlcDH affects dpp expression, the distribution of dpp transcripts in UDP-GlcDH mutant 
embryos was examined. sgl^^^^/TM3,Sb females were outcrossed to Ore-R males, the FI Sb+ 
sglP1731/+ sihs were then crossed, F2 embryos collected for 2 hr and allowed to develop for 8 hr until 
stage 11 o f embryogenesis. These embryos were then stained with a DNA Digoxigenin-labeled full 
length dpp cDNA probe to look for presence of the dpp transcript. Assuming random and non-biased 
segregation of the chromosomes, approximately 25% of the embryos from this cross will be homozy
gous for the s g P ^ 3 1  mutations. The dpp transcript is normally expressed on the dorsal side of the 
embryo in ectodermal cells, during germband extension around stage 11 (Gelbart et al., 1985, see 
Figure 41B). In these wild-type embryos, expression is restricted to the ectodermal cells along the 
dorsal ridge abutting the amnioserosa (black arrow) and the lateral pits (white arrowheads) in the ecto
derm. Expression is also localized to the hypopharyngeal lobe, the mandible and the maxilla head seg
ments (black arrowheads). In s g l p n i l  mutant embryos (stage 11), dpp transcript expression is unaf
fected (Figure 41D). This suggests that UDP-GlcDH is not primarily involved in transcriptional acti
vation of dpp at a stage that would explain the embryonic lethal phenotype. This is relevant because 
ectodermal expression of dpp at around stage 10 is required for the specification of the underlying vis
ceral mesoderm where dpp targets such as evenskipped and tinman are expressed (Frasch, 1995). Since 
dpp transcription levels remain unaffected in sgl^3731 embryos prior to stage 11, even though 
sg^3731  affects the expression o f EVE and TIN protein as shown earlier, the embryonic defects can
not be attributed to the loss of dpp transcripts.

One alternative explanation may be that regulation of dpp signaling occurs at the level of the 
DPP protein expression or stability. UDP-GlcDH activity is involved in the production o f gly- 
cosaminoglycans (GAGs) such as heparan sulfate and heparin. Heparin and heparan sulfate residues 
associated with proteoglycans have been implicated in the regulation of growth factor activity (see
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Figure 40. Expression of the UDP-GlcDH transcript in WT and d p p ^
mutant embryos.

A
i l l *

B

k

(A) Wild-type (+/+) stage 10 embryo stained for UDP-GlcDH transcript expression using a 
Digoxygenin UDP-GlcDH cDNA labeled probe. UDP-GlcDH transcript expression is 
detected in the amnioserosa (arrow). (B) shows d p ^ /d p p ^ ^  mutant embryos, which result 
in dorsal defects in the embryo. These embryos were stained for UDP-GlcDH transcript 
expression and show no discemable changes in expression in the amnioserosa (arrow). 
UDP-GlcDH signal in dpp^^ mutants (B) appears comparable with that observed in wild- 
type embryos (A). Control (+/+) embryos and experimentals (dpp^^/dpp^^) were stained in 
parallel and stopped at the same time, to ensure that there was no bias in the intensity o f the 
staining while the signal is being developed. The dark spots non-specific staining of 
amnioserosal cells that have undergone cell death (arrowhead). Lateral views of stage 10 
embryos are shown. In both figures, anterior is to the left, and dorsal is up.
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Figure 41. Expression of dpp in WT and sgl^^31  mutant embryos
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Stage 11 embryos were stained for DPPjprotein (A , C) or dpp transcript (B, D) expression.
(A , B) are wild-type and (C, D) are sg r^  1/ Sg lP l 731 embryos. (A ) There is a high level 
of protein expression observed in cells along the dorsal ridge, abutting the amnioserosa (white 
arrowhead). Lower levels of DPP are also found in the head segments and lateral pits (black 
arrow) in each segment. In (B), dpp transcript is detected using a Digoxygenin labeled dpp 
cDNA probe. Expression is localized to the dorsal ridge cells (black arrow) and to the lateral 
pits (white arrowheads) of the embryo. Transcript expression is also localized to head seg
ments (black arrowheads) starting from the most anterior, the hypopharyngeal lobe, the 
mandible and the maxilla. (C) Most of the DPP expression is lost from the dorsal ectoder
mal ridge and lateral pits. (D) Dpp transcript is localized along the dorsal ridge and remains 
unaffected in s g l^ U jl  mutant embryos (black arrow). The expression of dpp transcript in 
these embryos was not noticeably different from that of wild type embryos in (B). In all fig
ures, anterior is to the left, and dorsal is up.
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Introduction). The level of this regulation has been shown to occur at several levels, one which 
includes regulating protein expression by affecting translation or stability of the protein (reviewed in 
Jackson et al., 1991; Kjellen and Lindahl, 1991; Bemfield et al., 1999). DPP is normally expressed in 
cells along the dorsal ectodermal ridge at stage 11 (Figure 41A). When DPP expression is examined 
in sg lP ^ 31  homozygous stage 11 embryos, approximately 19% of the embryos that were collected 
(from sg$>̂ 3 1 /jr heterozygous parents) and stained showed a reduction or complete loss of DPP pro
tein expression in dorsal ridge cells (Figure 41C). This suggests that UDP-GlcDH function may mod
ulate dpp signaling post-transcriptionally, regulating the levels of DPP protein, possibly by affecting its 
translation or stability once it is secreted. In s g f^  ̂ 31 homozygous embryos DPP signaling activity 
would then be compromised, resulting in its inability to activate dorsal ectodermal and mesodermal 
patterning genes (see Figure 38). These results suggested that UDP-GlcDH may function downstream 
of dpp transcription.

III-4Iv. Epistasis analysis of UDP-GlcDH and dpp mutations.

The results above can perhaps be most simply explained by a defect in dpp signaling efficiency 
resulting from a loss o f UDP-GlcDH function. To test more directly if  this is caused by an upstream or 
downstream affect of sgl mutations on dpp function, effects of overexpression of dpp in combination 
with embryos that were mutant for s g f ^ ^  were examined. This was accomplished by expressing 
dpp ectopically using the GAL4-UAS system (Brand and Perrimon, 1993) in embryos homozygous for 
s g f ^ l .  PrdGal4/prdGal4 flies were crossed with flies from a UASdpp/UASdpp homozygous stock. 
Embryos were collected for 2 hr and then allowed to develop for 30 hr. Approximately (78%) of the 
embryos died. Cuticle preparations of unhatched embryos revealed dorsalization of lateral and ventral 
cell fates caused by ectopic DPP expression. Ventral denticle belts were replaced by thin rows of dor
sal hairs (see white arrowheads Figure 42A). A sample o f these embryos was fixed at stage 11 of 
embryogenesis and stained using an antibody to DPP. In approximately half o f the embryos that 
stained, DPP expression was detected in cells along the dorsal ectodermal ridge, representing the 
endogenous wild-type expression (see arrow  Figure 42C), as well as in ectopic stripes in alternate 
segments (see arrowheads Figure 42C). However, the transformation of ventral to dorsal fate was not 
restricted to the alternate segments in which DPP was expressed. The fate o f lateral and ventral cells in 
adjacent segments was also affected. This may be due to diffusion and a long range o f influence of 
DPP protein. Dorsalization of the lateral and ventral cell fates was also shown by the ectopic activa
tion of the DPP nuclear target, tinman. A sample of prdGal4, UASdpp embryos at stage 11, when 
stained with antibody to TIN protein, showed that TIN was expressed in broad paired-like stripes in the 
same lateral and ventral cells corresponding to ectopic DPP expression, in approximately half of the 
embryos that stained (see arrowheads Figure 42E). This shows that dorsalization of ventral cells is 
due to the ectopic activation of the dpp pathway.

When prdGal4/prdGal4; sg l^ ^ 31/+  males were crossed to UASdpp/UASdpp; sg l^ ^ 3I/+  
females (Figure 42B), over half (72%) (375/500) of the embryos died prior to hatching. Cuticle prepa-
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Figure 42. Suppression of ectopic effects of dpp by the mutation.

prd-dpp ( prdG aW  UASdpp) prd-dpp (prdGa!4/ UASdpp);
sglPl 731/sglPl 731

Ectopic expression of DPP in embryos from the prdGAL4/UASdpp (prd-dpp) line (A ,C ,E), 
and prd-dpp; s g lP ^ 731/s g l P ^ 731 crosses (B,D,F). Cuticle preparations o f (A) prd-dpp and
(B) putative prd-dpp; sg/ 731/ sglp l  731 mutant embryos. (A ) Prd-dpp in embryos results 
in severely dorsalized phenotypes indicated by the loss of denticle belts in the ventral cuticle 
of the embryo. The ventral denticle belts seem to be replaced by dorsal hairs (see white 
arrow heads) (B) A cuticle preparation of dead embryos from the prd-dpp; sglp 3731/ 
sglP 1733 cross show that the gain-of-function effect of ectopic dpp expression by prd-dpp is 
suppressed, resulting in a sgF^ 731/ SgjP l 731 homozygous mutant phenotype. In these 
embryos the ventral cuticle is restored, as is indicated by the presence o f the ventral denticle 
belts (white arrowheads). However, these show head segment (white arrow), dorsal cuticle, 
and germband retraction defects typically observed in s g f ‘3731/Ŝ P1731  homozygous 
mutant embryos. (C-D) show stage 11 embryos from the same crosses stained with an anti
body to DPP. (C) In a prd-dpp embryos DPP is expressed in pair-rule stripe patterns (see 
black arrowheads). Endogenous expression is also observed in cells along the dorsal ectoder
mal ridge (see black arrow) and the head segments. (D) In some embryos from the prd-dpp; 
sglp 3731/SgjP1731 cr0SSj the DPP paired stripes and endogenous DPP expression patterns 
are not present except for DPP expression in the head (see black arrow). (E -F) Stage 11 
embryos from the same crosses stained with an antibody to TIN. (E) In the prd-dpp embryos 
TIN protein is expressed in a pattern similar to that o f DPP, showing that cells are responding 
to the ectopic dpp signal (arrowheads). Endogenous TIN expression was weak along the dor
sal ectodermal ridge (arrow). (F) In embryos from the prd-dpp; s g r  731/ Sg p l  731 cr0SSj 
TIN expression is almost completely absent in some embryos. Very low expression remains 
in cells close to the dorsal ridge in the ectoderm (see arrowheads).
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rations o f these unhatched embryos gave two different patterning defects. Approximately 73% 
(275/375) of the dead embryos showed a dorsalized phenotype as observed in prdGal4, UASdpp 
embryos as described above (Figure 42A). O f the remaining dead embryos, approximately 14% 
(52/375) resulted in the sgZ-like (UDP-GlcDH loss-of-function) mutant phenotype (Figure 42B). 
Assuming random and non-biased segregation o f the chromosomes, the fraction of dead embryos 
showing the sg/-like mutant phenotype is consistent with the dead embryos being homozygous for 
s g f W .  The remaining 13% of the dead embryos showed no apparent cuticle defects. However it is 
not known if lethality in these embryos is due to the embryos being prdGa WUASdpp; 
sglP1731/sglP1731 or prdGal4/UASdpp; +/+, in which case the expressivity o f the ventralized or dor
salized phenotypes is not noticeable in this assay. Thus, the effects of ectopic DPP expression seem to 
be suppressed by the sgl^^ ?31 homozygous mutation. This implies that this gene functions down
stream of dpp, consistent with the above results showing that UDP-GlcDH does not directly affect dpp 
transcription.

A sample of stage 11 embryos from the cross in Figure 42B, that were fixed and stained with 
an antibody to DPP, gave a number of embryos that showed a loss o f the normal dorsal ectodermal 
expression along with ectopic striped expression of DPP (Figure 42D). The loss of DPP expression is 
likely due to the loss o f UDP-GlcDH function caused by the fact that these embryos were also 
homozygous for the sg l^ ^ S l  mutation. Expression in the head segments is reduced but not complete
ly lost. This is consistent with results shown in embryos that were-solely homozygous for 
mutation (Figure 42B), suggesting that, in the absence of UDP-GlcDH function, the levels o f both 
endogenous and ectopic DPP may be compromised, thereby affecting the signaling efficiency of the 
dpp pathway. When a sample of embryos in Figure 42B was stained using antibody to TIN, the 
expression of TIN was almost completely lost (see arrowheads Figure 42F). This showed that these 
embryos were deficient in dpp signaling, possibly as a result of loss o f DPP caused by a loss of UDP- 
GlcDH function. In conjunction with the results in Figures 40 and 41, UDP-GlcDH function seems to 
modulate dpp signaling at the level of DPP . Could UDP-GlcDH enzyme somehow affect DPP activity 
by regulating its translation in the endoplasmic reticulum, or affecting its modification through Golgi 
prior to its secretion from the cell, thus making the DPP more susceptible to degradation? Is this effect 
on DPP function direct or indirect, in other words, does UDP-GlcDH enzyme affect DPP function by 
affecting the synthesis and function of a second factor required for regulating DPP translation or modi
fications?

III-4v. Mosaic analysis of UDP-GlcDH function
To help further understand the role of UDP-GlcDH, a mosaic analysis using sgl mutants of 

UDP-GlcDH was carried out in imaginal discs. This helps to determine at what level in the cell UDP- 
GlcDH function is required. Based on the results from the mosaic analysis o f somatic clones in adults, 
one can determine if  UDP-GlcDH function is cell autonomous (function is required in the cell) or cell 
non-autonomous (function is required outside of the cell, possibly affecting the behavior of adjacent 
cells). Somatic clones of s g f ^ 3 1  were generated in imaginal discs using the hsFLP/FRT recombina-
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tion system (Xu and Rubin, 1993). The sg l?  37 31 allele of UDP-GlcDH was chosen because it is a 
strong loss-of-function mutation. Since s g ? 3733 js an embryonic lethal mutation, it was necessary to 
induce homozygous somatic mutant clones in larval stages. If  a mutant clone o f UDP-GlcDH affects 
cell fates in the imaginal discs, re-specification of cell fates would be observed as changes in the pat
tern of adult structures derived from imaginal discs. These changes would be expected to correlate 
with the presence of phenotypically marked yellow (y-) mutant clones. The yellow  mutant is a visible 
viable mutant that is used to mark somatic clones in the adult cuticle. I f  UDP-GlcDH function acts 
either at the cell surface or within a cell to help activate transduction of a signal such as dpp or wg, 
deletion or changes in the pattern o f normal cuticular structures would only be localized within the 
loss-of-function s g ? 3733 marked clones (autonomous effect). In a cell non-autonomous effect, the 
sgl?3731 marked clones would consist of affected (mutant phenotype) and non-affected (wild-type 
phenotype) s g ? 3733 mutant cells, that are marked with yellow. With this type o f non-autonomous 
clonal effect the cells at the edge of the sgl mutant clone might be rescued by adjacent wild-type cells, 
which are s g ? . The result would be yellow cells that show no phenotypic effects of their sgl muta
tion. In this case, cells that express UDP-GlcDH would compensate for the loss of UDP-GlcDH in 
adjacent sgl mutant cells. This behavior in sgl clones would suggest that the gene encodes a secreted 
factor or is responsible for the production of a second factor, whose function is required outside of the 
cell.

I constructed recombinant lines which were used to mark somatic clones homozygous for 
s g ? 3733. These lines carried a transgene which contained a cassette consisting of a heat shock protein 
70 promoter linked to a Flipase gene (hsFLP) on the X chromosome, a Flipase recombinate target site 
(FRT) cassette, a series of markers on the left arm of the third chromosome (Xu and Rubin, 1993), and 
the s g ? 3 ̂ m u ta n t.  See Figure 43 for a description of the crossing scheme used to generate somatic 
s g ? 3733 mutant clones marked with the yellow  (y) mutant gene. As shown in Figure 43, this was 
accomplished by crossing y  w hsFLPaseU/y w hsFLPasell; FRT80B, sglP1731/  TM3, Sb females 
with y  w hsFLPasell; FRT80B, y + 66E2 TM3, Sb males. FI larvae were heat-shocked at late first (36 
hr after egg lay) and early second (60 hr after egg lay) instar, to induce the expression o f the hsFLPase 
and produce large mitotic clones of s g ? 3733. The FI y+, Sb+ adult legs and wings were scored for 
the presence of yellow marked clones in addition to any morphological defects. Results are shown in 
Figure 44 and Table 15. From a total of 795 wings that were scored from three separate experiments 
(see Table 15), I observed 189 that contained yellow  clones visible along the wing margin (arrows, 
Figure 44B). Forty-three o f those wings that contained yellow  clones had morphological defects, the 
most common consisted o f deletions along the wing margin (arrow Figure 44A). In Figure 44A we 
see a loss of anterior wing margin as a result of a s g ? 3 731 mutant clone. Loss of wing margin tissue 
was found in both anterior and posterior wing compartments. However, the majority of wings that 
contained yellow s g ? 3 731 ciones show no morphological abnormalities (see Figure 44B). This sug
gested that the region o f the yellow clones that were mutant for s g ? 3733, ^ut that appeared normal, 
was rescued by neighboring non-yellow (non-mutant s g ? )  cells, suggesting that UDP-GlcDH function 
is non cell-autonomous.
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Figure 43. Somatic clonal analysis of sglP1731 in the imaginal leg disc.
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Schematic representation o f the events leading to the generation o f somatic mutant clones 
using the FLP recombinase (FLP) and its target site (FRT). The figure shows the crossing 
scheme used for generating y  (yellow), sgl* * mutant somatic clones in adult flies. 
Somatic clones are induced during mitosis in imaginal disc cells. PI flies were allowed to 
lay eggs for 24 hr at 25°C, and were then removed from the vial. FI larvae were heat- 
shocked at 36 hr (AEL) and 60 hr (AEL) for 1 hr at 37°C to activate the expression o f the 
FLP recombinase. After FLP generates a crossing-over event between the FRT sites, which 
are proximal to the y+  wild-type allele and the lethal locus sglP3733, mitotic segregation of 
the chromatids either produces cells that carry two copies o f the y+  (yellow wild-type gene) 
gene and two copies o f the wild-type gene o f  sgl (wild-type clone) or results in cells that 
are homozygous mutant for sglP7733, generating yellow cells in adult tissue (mutant clone) 
(see Figure 44).
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Figure 4 4 . Effects o f s g f ^ l  somatic clones in legs and wings.

A. 1 jr
R
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(A) Large clones o f s g lP ^ S l  induced during early second larval instar result in loss of 
wing margin as observed by the notches in the wing blade (black arrows) The black dash 
line demarcates the postion o f the yellow clone. (B) Dorsal wing margin (40X objective) 
showing effects o f sg lP ^ 31  ciones generated during 3rd larval instar, these result in small 
patches o f yellow clones o f  yellow bristles (arrows) interspersed with normal bristles.
The yellow bristles in the clone appear light in a black and white photo. No patterning 
defects are observed in these small clones. (C) Severe morphological defects result from 
large clones o f s g P ^ ^ l  | n an adult leg induced during the early stages o f second larval 
instar. The long white arrow marks the distal claw structure. The short black arrow 
points to a yellow bristle. The white arrowhead points to necrotic tissue. (D) Smaller 
clones o f sg lP ^ 31  jn the leg result in patches o f yellow bristles (black arrows) and are 
not associated with any morphological defects.
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Table 15.
Mosaic analysis of s g l^  ?31 SOmatic clones in the adult wing and leg.
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Table 15 depicts the frequency of yellow marked clones associated with morphologically nor
mal or abnormal adult wings and legs. The high number of yellow marked clones that are 
homozygous for sglP1731, observed in legs or wings that show no obvious morphological 
phenotypic defects, suggests that UDP-GlcDH function in the tissue is cell non-autonomous 
(see text).
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Twelve percent (344 of 2821, see Table 15) of the legs that were scored had yellow  marked 
clones. Only 33 o f these 344 legs showed any morphological defects. In each o f these cases, the leg 
was severely deformed and only certain bristles types (e.g. the apical bristle) or structures like the claw 
could be discerned with any confidence (long arrow, Figure 44C). In Figure 44C, structures that are 
distal to the femur are lost or have gross defects; the bristles and a distal claw have formed, yet the 
segmental structure is lost, resulting in a spherical mass of tissue. A large group of yellow  bristles that 
would normally mark the presence of a mutant clone could not be distinguished in these legs. More 
often, a few yellow  bristles are observed that are isolated among normal-looking bristles. One possibil
ity is that most s g f ‘7731 mutant cells in the clone die. As observed in wings, 90% of legs that were 
scored (311 of 344) showed yellow clones without any morphological defects (Figure 44D). Typically, 
the small yellow sgl^^ 731 cjoneSj denoted by yellow  bristles (see arrows) are observed in a leg; and 
they are surrounded by normal bristles. These clones show no abnormal phenotype, suggesting that the 
wild-type cells that surround them are able to rescue the sg l^ ^ 31  mutant cells. However, in the larger 
mutant clones in the leg, only the peripheral cells are rescued, as the rest o f the mutant clone may 
cause gross phenotypic defects in the leg , such as those observed in Figure 44C. Dark necrotic 
regions that are observed along with the abnormal morphological phenotype (arrowhead, Figure 44C) 
may be due to dead cells in the clone, caused by the sgl^3731 mutant.

To show that the abnormalities associated with the yellow  clones in the wing and leg are due to 
the sg[P!731 homozygous mutation, yellow marked clones were induced in wild-type (sgl+/sgl+) 
imaginal discs. For the generation of these adult somatic clones in the wing and leg, the same cross 
was repeated in the absence o f the sgl?7731 mutation (see Figure 43). Larvae from this cross were 
heat-shocked at first and early second instar as before. Adults o f the target class with yellow  clones in 
both the wing and leg were observed but showed no abnormalities, except for bent legs and blisters in 
the wing at frequencies of 0.8% and 1.1 %, respectively, in the adult target class. This supports the 
conclusion that abnormalities associated with yellow  clones in the target class containing sgl^3731 
mutation are due to loss of UDP-GlcDH function in those cells.

Somatic clones of mutations in genes such as dpp typically behave cell non-autonomously in 
mosaics. That is, somatic clones that are homozygous for mutations in dpp can form structures that 
look morphologically normal. This is because signaling from wild-type cells surrounding the clone can 
rescue the mutant cells. However, this is not true for mutations in genes encoding the dpp receptors, or 
for other intracellular components of its signal transduction pathways in the target cells. Clones that 
are homozygous for mutations in these genes (e.g., thv, punt, mad, medea, schnurri) act cell 
autonomously, so that morphological defects coincide with the mutant marked cells. Mutant clones of 
sgl^3731 behave much like those of dpp. Thus, the non-cell-autonomous behavior o f sgl?7731 SUg_ 
gests that UDP-GlcDH function is required outside of the cell. This non-cell-autonomous behavior of 
UDP-GlcDH, along with the effects o f DPP expression in sgl mutant embryos, would place UDP- 
GlcDH function upstream of the dpp receptors thv and punt.
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UDP-GlcDH activity is localized in the cytoplasm of the cell. The non-cell-autonomous behav
ior of UDP-GlcDH suggests that the its functional readout is required outside o f the cell (extracellular- 
ly). This raises the question of how UDP-GlcDH carries out its cell-non-autonomous effects. As stat
ed earlier, UDP-GlcDH is involved in the production of glucuronic acid, a saccharide that is a compo
nent of complex polysaccharides called glycosaminoglycans (GAGs). The majority o f GAGs produced 
by a cell are localized to the ECM , usually associated with the extracellular domains o f various pro
teoglycans found on the surface of the cell or in the ECM (see Introduction for details). Heparan sul
fate is a biosynthetic product of UDP-GlcDH and represents the majority of GAGs associated with the 
ECM. Therefore, a loss of UDP-GlcDH function in the cell would result in the loss o f heparan sulfate 
GAG production, and a depletion of heparan sulfate GAGs in the ECM. It was shown that the wg-like 
loss-of-function phenotype as seen in germline clones of s g f l  ̂ 31 was (jue to a depletion o f heparan 
sulfate in embryos (Binari et al., 1997; Hacker et al, 1997). Hacker et al. (1997) looked at the produc
tion of heparan sulfate GAGs in germline clones of s g f ^ 3 1  They showed that in extracts from 
s g P ^ 3 1  germline clones heparan sulfate GAGs were absent. Binari et al. (1997) showed in a direct 
test, in which heparinase III degradative enzyme was injected into precellularized embryos, that the 
wg-like phenotype was caused by a direct loss in heparan sulfate GAGs in the embryo. Only embryos 
injected with heparinase III (also called heparanase), a enzyme specific for heparan sulfate GAG 
degradation, resulted in sgl germline clone phenotype. Injection of other degradative enzymes such as 
heparinase I (specific for heparin sulfate) and chondroitinase ABC (specific for chondroitin 4-sulfate, 
chondroitin 6-sulfate and dermatan sulfate) did not mimic the sgl germline clone phenotype. This 
implicated heparan sulfate, an ECM component, as a crucial moiety required in mediating wg signaling 
during embryonic patterning. Therefore, the non-cell-autonomous behavior o f UDP-GlcDH mutant 
clones is consistent with the hypothesis that heparan sulfate is the component o f the ECM through 
which UDP-GlcDH may regulate function o f growth factors such as DPP and WG.

III-4vi. Ectopic expression of heparinase III in cellularized embryos.

To see if the effects o f UDP-GlcDH on DPP function might be mediated indirectly through the 
action of heparan sulfate GAGs in the ECM, I looked at the effects of over expression o f heparinase III 
using the hsGAL4/UAS expression system in embryos (Figure 45). As previously shown by Binari et 
al. (1997), injection of active heparinase III [cloned from Flavobacterium heparium (Hopwood, 1989; 
Sasisekharan et al., 1993; Ernst et al., 1996) and expressed and purified from serum of S2 {Drosophila 
Schneider) cells] into Drosophila pre-cellularized blastoderm embryos, depleted heparan sulfate GAGs 
in the embryo. This resulted in a wg-like mutant phenotype as observed in sgl germline clones. Thus, 
heparan sulfate moieties were identified as crucial GAGs in mediating the wg signal. A hsp70-Gal4 
line was crossed with a line carrying the UAS-heparinase III transgene ( provided by the Manoukian 
lab, University of Toronto, Ontario Cancer Institute, see Figure 45-1) that contained the 5’ signal 
sequence that would allow for its secretion out of the cell. Heparinase III enzyme was ectopically 
expressed in cellularized stage 5 embryos, between 2 to 3 hr after egg deposition. Ectopic expression 
of heparinase III in these embryos resulted in 68% embryonic lethality prior to hatching (Table 16).
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Figure 45. Expression of heparinase III degradative enzyme inhibits dpp
signaling in the embryo.
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(I). Crossing scheme used to generate embryos that express heparinase III degradative 
enzyme. Embryos were collected from 0-1 hr at 25°C, allowed to develop for 1 hr at 25°C, 
and heat shocked for 10 min at 37°C. Half o f the embryos were aged for another 6 hr at 
25°C, then fixed and stained for Kruppel (ICR) and tinman (TIN) expression respectively. The 
remaining embryos were allowed to develop for another 20 hr at 25 °C to analyze the cuticle 
phenotype. II.. Ectopic expression o f heparinase III using hsGaU/UAShepIII in wild-type 
embryos. (A) The cuticle from an embryo where heparinase III was expressed. Upon differ
entiation of these embryos, cuticles show head involution defects (white arrow), incomplete 
germband retraction resulting in the dorsally displaced posterior spiracles (ps) and loss of dor
sal cuticle pattern (white arrowhead). (B) In stage 11 hsGaUfUAS hepIII embryos stained for 
Kruppel protein expression, KR expression in the amnioserosa is lost. (C) Similar embryos 
stained for tinman protein expression show a loss of TIN expression in the dorsal ectoderm 
and mesoderm. TIN expression in the head is unaffected. All panels in (II) show a lateral 
view of embryos, with anterior to the left and dorsal up. The frequency of dead embryos 
observed with a dorsal defective U-shaped phenotype is shown in Table 16.
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Table 16.
Frequency of lethal phenotype in heparinase III treated embryos.

Crosses
V> Dead 

IT-shaped 
embryos

hsGal4 (HI)
hsGal4 {HI)

0 (n=500)

UAShep 2.1 (11) 
UAShep 2.1 (11) 0 (n=5M)

.........h s G s U d l lh .......
UAShtp 2.1 (11) 

non-heat treated
0 (n=500)

hsGaU (111); 
UAShep 2.1 (11) 
hea t treated

68 (n-500)

Heat treatments of UAShep2.1/UAShep 2.1, hsGal4fhsGal4 embryos resulted in dead embryos 
with a U-shaped dorsal defective cuticle pattern. The controls UAShep 2.1/ UAShep 2.1, 
hsGal4/hsGal4 (non-heat treated), hsGal4/hsGal4 (heat treated), and UAShep 2.1/ UAShep 
2.1 (heat treated) resulted in no dead embryos with U-shaped dorsal defects, n is the number 
of embryos that were scored from each cross.
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Cuticles from these embryos showed a severe U-shape phenotype, loss o f dorsal cuticle fates and ante
rior head structures, similar to the zygotic lethal phenotype observed in embryos homozygous for sgl 
mutant alleles (Figure 45-IIA). Control embryos showed no such effects (Table 16). To analyze if 
dpp signaling was affected, the expression of both KR and TIN in stage 11 embryos was examined.
Loss of expression was observed for both KR (Figure 45 II-B), and TEN (Figure 45 IIC) protein in 
embryos that expressed the heparinase III enzyme. This shows that dpp signaling is severely compro
mised in heparinase III treated embryos. The ability to phenocopy the dpp mutant phenotype of sgl by 
over expressing the heparinase III enzyme in the embryo, suggests that heparan sulfate GAGs may be 
crucial moieties required to modulate DPP signaling.

III-4vii. Ectopic expression of UDP-GlcDH results in dorsalized embryos.

If loss of UDP-GlcDH function results in loss of dpp signaling, one would predict that overex
pression of UDP-GlcDH might result in enhancement of dpp signaling. Reichsman et al. (1996), has 
shown in Drosophila Schneider (S2) cell line that loss of heparan sulfate GAGs in WG-responsive 
cells reduced wg signaling. Addition of exogenous heparin or heparan sulfate to these cells was able to 
restore WG activity. Binari et al. (1997) later showed that injection o f heparan sulfate into pre-cellular- 
ized embryos in Drosophila results in the conversion of ventral denticle into naked cuticle, mimicking 
the ectopic effects o f wg signaling and a gain-of-function of WG activity. These two studies suggest
that heparan sulfate GAGs are able to directly up-regulat:e WG activity and possibly ectopicaliy acti-____
vate wg signaling.

Gain-of-function mutations that cause ectopic activation of the dpp signaling pathway in an 
embryo result in dorsalized cuticle phenotypes. Ectopic expression of UDP-GlcDH was carried out 
using a hsp70-UDP-GlcDH (full Drosophila) cDNA transgene (Binari and Staveley, Manoukian lab, 
unpublished) to drive the expression o f UDP-GlcDH throughout the embryo at any stage. This resulted 
in an increase in heparan sulfate GAG expression (Manoukian lab, unpublished).

Ectopic expression of UDP-GlcDH was induced between 2 and 3 hr (in cellularized blastoderm 
embryos) following egg deposition (stage 5), for 12 to 15 min at 37°C. Close to half of the embryos 
failed to hatch (Table 17). About 3/4 of the dead embryos showed a significant narrowing or a com
plete loss in ventral denticle belts that were replaced by dorsal hairs (see Figure 46A), which extended 
into lateral and ventral regions of the embryo. This suggests that ventral cells adopted dorsal cell fates. 
However, transformation into dorsal cell fate was incomplete. The naked cuticle could also be inter
preted as the result of an increase in wingless signaling. This could explain the observed defects in the 
head segments and naked cuticle, but would not explain the presence o f ectopic dorsal hairs and the 
internal displacement o f the posterior spiracles.

To determine if ectopic expression of UDP-GlcDH results in the ectopic activation o f the dpp 
signalling pathway in more ventral cells, the expression of TIN in a sample of the same heat treated
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Figure 46. Effects of ectopic
expression of UDP-GlcDH in the
embryo.

Ectopic expression of UDP-GlcDH activates the dpp 
signaling cascade. (A) Cuticle of an embryo in 
which UDP-GlcDH was ectopically expressed by a 
heat-shock sgl transgene (hs-sgl) at 2 hr into 
embryogenesis. This results in the loss of ventral 
denticle pattern which is replaced with dorsal lateral 
cuticle and anterior head deletions (white arrow
head). The white arrows point to some o f the 
remaining ventral denticles ( Orientation: a ventral 
view with anterior to the left.). (B) Stage 11-12 
non-hs-sgl embryo stained for expression of TIN.
Normal TIN expression is visible along the dorsal 
ectodermal ridge, the underlying dorsal mesoderm 
and the anterior head segment in the clypeolabrum, 
optic lobe and mandible. (C) In a heat shocked hs- 
sgl stage 11-12 embryo, TIN expression expands 
into ventral lateral and ventral mesodermal regions 
of the embryo. (D) DPP expression show no effects 
on the normal expression pattern of DPP, in heat 
treated hs-sgl transgenic stage 11-12 embryos.
Compare panel (D) in this figure with the wild-type 
expression pattern in Figure 41A. Panels (B) to (D) 
show a lateral view of embryos, with anterior to the 
left and dorsal up.

Table 17. Number of lethal and dorsalized phenotypes generated by
ectopic expression of UDP-GlcDH (sgl cDNA) during embryogenesis.
Number of dorsalized phenotypes 
induced upon the ectopic expression of 
sgl cDNA transgene during embryogene
sis. Control embryos that carried the sgl 
full-length cDNA, but were not heat 
shocked (non-HS) showed no observable 
phenotypic effects. Over half of the 
embryos that were heat shocked prior to 
cellularization died. O f the dead 
embryos, 70% showed a dorsalized cuti
cle phenotype.
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embryos was also monitored. Hsp70-UDP-GlcDH embryos were collected for 2 hr and then heat 
shocked at 37°C for 12-15 min. The embryos were then allowed to develop for another 6 hr until stage 
11, and stained for TIN expression. Normally, TIN protein is localized to cells in the dorsal ectoderm 
along the dorsal ridge and the underlying mesoderm (Figure 46B). After ectopic activation of UDP- 
GlcDH, TIN protein expression expands ventrally into ventral lateral and ventral cells (Figure 46C). 
These results show that the loss of ventral lateral and ventral cell fates by ectopic expression of UDP- 
GlcDH is due to ectopic activation of downstream targets of the dpp signaling pathway that are nor
mally expressed in dorsal tissue. However, when stained using an antibody to DPP a normal pattern of 
expression was observed in these embryos. No ectopic expression of DPP was detected in lateral or 
ventral cells of the embryo (Figure 46D, compare to 41D). Therefore, the overexpression of UDP- 
GlcDH enzyme, which may cause an increase in heparan sulfate GAG expression, is be able to ectopi- 
cally activate the dpp signaling pathway without ectopically increasing DPP expression.

III-5. Role of UDP-GlcDH function in imaginal disc pattern formation.

The detection of UDP-GlcDH in the imaginal disc regeneration screen for novel patterning genes 
suggested a role that had not been previously suspected for this gene. Therefore, we decided to investi
gate what function UDP-GlcDH has in imaginal disc pattern formation. Based on the results presented 
above on its role in regulating dpp signaling during embryogenesis, the initial analysis looked at effects 
of sgl on dpp disc specific mutants. Genetic evidence has shown that dpp signalling is required for 
imaginal disc pattern formation and development. The disc-defective class of mutations in dpp results 
in variable loss of distal leg and wing structures (Gelbart, 1989). Dpp is expressed in a stripe of cells 
in the anterior compartment that runs adjacent to the anterior/posterior compartment boundary. It has 
been shown that dpp activity can influence A-P patterning of a wing disc and the dorsal compartment 
of leg discs (Zecca et al., 1995, Nellen et al., 1996; Lecuit et al., 1996). Furthermore, dpp can affect 
the process of patterning the proximal-distal axis (Lecuit and Cohen, 1997). Therefore, I examined 
whether UDP-GlcDH regulation of dpp signaling extended to imaginal disc patterning.

III-5L Regulation of dpp signaling by UDP-GlcDH during imaginal disc patterning.

Evidence to support a role for UDP-GlcDH function in dpp signaling was sought by testing the 
ability of the sg l^ ^ ^ l  mutant to enhance the adult phenotypes o f dpp mutations (see Figure 47). To 
do this, I tested whether the removal of one copy of UDP-GlcDH can enhance the dpp phenotypes of 
weak disc-specific dpp mutant alleles in adult legs or wings. Basler and Burke (1996) showed that the 
dpp allelic combinations d p p ^ /d p p ^  and d p p ^ /d p p ^  result in minor defects in adult leg and wing 
anatomy, respectively. For example, 5% of d p p ^ /d p p ^  adult wings showed a loss of the anterior 
crossvein (arrow Figure 47C). In about 2% of d p p ^ /d p p ^  adult legs one observes loss of claws in 
the leg; however, in most cases the legs are normal (Figure 47A). Basler and Burke (1996) also 
showed that the removal o f one copy of the sax or thv receptor gene could dominantly enhance the 
adult phenotype in the d p p ^ /d p p ^  flies, causing a substantial loss o f medial wing tissue. In
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Figure 47. Genetic interactions b etw een  sglP1731 mutation and dpp
disc mutant alleles in the w in g  and leg

The sglPU31  mutant allele dominantly enhances the loss-of-function phenotypes gener
ated by weak dpp disc mutant alleles in adult fly wings and legs. (A) and (C) show the 
the weak phenotypes generated by weak hypomorphic disc mutant alleles o f dpp. (B) 
and (D) show that losing one wild-type copy the UDP-GlcDH gene can dominantly 
enhance the phenotypes of weak dpp loss-of-function disc mutants. (A) The heterozy
gous combination of dpp^/dpp™  exhibits no phenotypic effect in the adult leg. The 
black arrow marks the position of the distal claw on a leg. For a close-up see inset in 
top right-hand comer. (B) Trans-heterozygous combinations of d p p ^ /d p p ^ ;  
sg r* '^ * /+  adults show loss of the claw in the adult leg (see black arrow). For a close- 
up see inset in top right-hand comer. (C) The heterozygous combination of 
dpphr4/dppd$ resulted in a very weak phenotypic effect (e.g., loss o f the proximal cross 
vein in the anterior compartment). The arrow marks the position where the proximal 
cross vein would be normally found. The black arrowhead points to the posterior cross 
vein , which was not affected in the adult wings. LI to L5 refer to longitudinal veins of 
the adult wing. The black line demarcates the putative anterior/posterior boundary, 
based on fate mapping, that divides the wing into the anterior (A) and posterior (P) com
partments. (D) The mutant combination o f dpp^ /dpp^ ^ ; sgl*3 31/+ shows loss of 
medial wing structure in the wing blade adjacent to the anterior/posterior compartment 
boundary. The phenotypic effects that were observed between LI and L5 in the wing 
blade, includes the loss o f L3 and L4 wing veins, the proximal and posterior cross veins 
as well as loss of the intervening wing tissue. In addition, loss of the distal wing margin 
was observed (see black arrow). This phenotype depicted in panel (D) is characteristic 
of severe dpp disc mutant effects.
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Table 18.
Frequency of dominant n ega tive  genetic interaction between sglP^31  an£j 
dpp lo ss-o f-fu n ctio n  disc mutants in wings and legs of adult flies.

Crosses
#ofFl
Adults
scored

# of FI adults 
with leg 
defect*

wofFl adults
with wing 

defects

x - & ■ 354 7<2W) 
(c.i.: 1.3; 2.7)

1

X  J s g i
405 2 20 # <5M)

(c.i.: 3.9; (5.1)

fapdS ssiP1731 x 
"qW  rnF %o 377 S3*(17W) 

(cl: 15.1;1S.P) 6

dpp Ŝ P1731 y, hr4 ffi 
Q'O 1M3 A  Q-0 IMS m 5 79*(20«) 

(c.i.: 18D;22J0)

One copy of sgl^^ ̂ 31 introduced into a trans-heterozygous combination of weak dpp disc 
mutants, dpp^/dpp^^  and d p p ^ /d p p ^  led to a significant dominant enhancement of the 
dpp mutant phenotype in legs and wings of the adult. Both the frequency (table above) and 
severity (see Figure 47 B and D) of the dpp loss-of-function phenotype were significantly 
enhanced in adults. To test if  the dominant interactions between sgl and partial loss-of- 
function dpp disc mutant alleles are significant, I used the confidence interval (c.i.) statisti
cal analysis as described in Table 11 (Moore and McCabe, 1993).

* : includes Cy+, Sb, Ki+ and Cj+, Sb+, Ki adults in the FI progeny.
# : includes adults that showed weak loss of wing margin in addition to the expected

loss of the anterior crossvein.
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dppd5/dppd6 flies, loss of one copy of sax or thv resulted in loss o f distal claw and truncations in the 
fifth tarsal segment. They showed that receptor mutants o f the dpp pathway can act as dominant 
enhancers of dpp disc loss-of-function mutants. Thus, these weak dpp mutant phenotypes can be 
enhanced by a reduction in the dosage o f other components of the dpp signaling pathway.

In a similar experiment, one copy of UDP-GlcDH was removed by crossing dppd^/CyO; 
sglP  ̂731 jTM3,Sb males with d p p ^ /C yO ; Ki/TM3,Sb females. The presence of one copy of the 
s g l^ U ll  mutant allele resulted in a dominant effect that enhanced a weak dpp loss-of-function wing 
mutant phenotype. Approximately 20% of adults that eclosed ( genotype dp p ^ /dppd^ , 
sglP1731/TM3,Sb or Ki) (see Table 18, Figure 47D) showed a loss of medial wing structures between 
the longitudinal wing veins L2 and L5. This included L3 and L4 wing veins, along with the intervein 
regions (L2-L3, L3-L4 and L4-L5) and the anterior and posterior cross veins, all tissues that require 
normally higher levels o f dpp activity for their proper determination and patterning. In addition, a loss 
of the distal wing margin was observed. This phenotype is a characteristic o f wingless disc mutations, 
however wg does not specifically affect the distal wing margin. The distal margin effect might be 
enhanced by loss of dpp function, which in conjunction with wg is also required for distal patterning. 
Removing one copy of UDP-GlcDH from dppdd/dppd3 flies, by crossing dppd^/CyO; 
sglP7 737 /TM3,Sb males with dppdd/CyO; Ki/TM3,Sb, resulted in the enhanced dpp mutant phenotype 
of the adult leg. Approximately 17% of the adult progeny showed loss of a claw, suggesting that one 
copy of sgl3*3733 acted as a dominant enhancer of the dpp^/dpp*33 loss-of-function mutant phenotype 
( compare arrows in Figure 47A and Figure 47B). These wing and leg structures correspond with 
regions that require the maximal levels of DPP activity for their formation during imaginal disc pat
terning. Proximal regions of the leg and more posterior and anterior regions o f a wing that require 
lower DPP activity remain unaffected. These results suggest that DPP activity may be regulated by 
UDP-GlcDH in the imaginal tissues.

HI-5ii. Ectopic expression of heparinase III  in imaginal discs causes adult patterning defects.

Ectopic expression of heparinase III, a degradative enzyme specific for heparan sulfate GAGs, 
during different embryonic stages in Drosophila resulted in wg-like (Binari et al., 1997) and dpp-\iks 
(this study) mutant patterning defects in the embryo. When heparinase III was ectopically expressed 
during the second larval instar, it resulted in patterning defects in adults which resembled phenotypes 
resulting from a loss in dpp signaling (Figure 48). The phenotypes were generated by using a hsp70- 
Gal4 transgene to drive the general expression of UAS-heparinase III in imaginal discs at specific 
stages during larval development. Homozygous Hsp70-Gal4 (on chromosome III) males were crossed 
with homozygous UASheparinaselll (chromosome II) females. Embryos were collected for 12 hr at 
25°C, and allowed to develop until mid-second instar (60 hr AEL). Larvae were then heat shocked at 
37°C for 1 hr followed by a second 1 hr heat shock the following day. Second instar larvae were cho
sen since heat treatments during first instar were lethal and resulted in dead larvae by the third instar 
stage. Heat shock at second instar resulted in patterning abnormalities in 40% of the adults.
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Figure 48. Morphological abnormalities induced by heparinase III
expression in imaginal discs.

ij

. *

»

'  ,• J t  JUT

Ectopic expression of heparinase lU degradative enzyme results in sgl and dpp mutant-like defects in the 
adult leg and wing. (A) Ectopic heparinase HI expression can cause loss of the L3 and L4 veins, proxi
mal and posterior cross veins, intervening regions of tire wing blade between L2 and L5 and the notches 
in the anterior wing margin (black arrow). (B) In some severe cases a loss of both the distal anterior and 
posterior wing margin (white arrowheads) along with the entire wing blade was observed, resulting in a 
vestigial-like wing. (Q  In the second thoracic leg, defects varied from loss of distal leg segments such 
as the claw and T4 to T5 ( white arrow), to outgrowths such as those observed in the tibia (Ti) (white 
arrowhead). (D) In rare cases, a complete deletion of the leg can be observed (see black arrows). 
Anterior compartment (A), posterior compartment (P), longitudinal veins 1,2 and 5 (LI, L2, L5 ), first 
tarsal leg segment (Tal), tibia (Ti), femur (Fe). For comparison, a wild type like wing is shown in 
Figure 47C; for a wild-type second thoracic leg see Figure 49A. The black line marks the approximate 
position of the A/P boundary in panels A and B.

T able 19. Frequency of defects 
observed with heparinase III 
treatment of imaginal discs.

The number of leg and wing defects 
caused by the ectopic expression o f hepari
nase III in imaginal discs. Heparinase III 
expression was induced during the second 
larval instar, using hsGal4 to drive ectopic 
expression of heparinase III under the reg
ulation of the UAS promoter.

Genotype
# of legs 

scored # of leg 
with 

defects

#  of wing 
with 
defects

# of wings 
scored

1009 201 -

heat shock 510 - 89

459 5 -

no heat shock
179 . 8

hsGa!4
499 0 -

heat shock
189 - 0

UAShep III 
heat shock

502 0 .

200 - 0
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Heat shocks at third instar only resulted in weak eye defects, with a small loss of ommatidia (not 
shown) in 5% of adults.

This treatment caused several phenotypic effects in the adults, most o f which showed morpho
logical defects that included the deletion of leg segments (19% o f legs) and wing margin ( 18% of the 
adult wings) (Table 19). In Figure 48C, distal tarsal leg segments (Claw, TI to T4) are missing (see 
white arrow). In some rare cases the opposite effects are observed. In Figure 48C (white arrow
head) an outgrowth in the ventral compartment is observed near the proximal end of the tibia. Defects 
in adult wings (Figure 48A) typically included the loss of longitudinal veins L3 and L4 and medial 
intervein tissue on both sides o f the A/P compartment boundary. In some cases this was accompanied 
with deletions in the wing margin (arrow Figure 48A). Approximately 8% of the adults, demonstrated 
a complete loss of all leg segments (Figure 48D). In these flies, I observed necrotic tissue in the tho
rax in place of the leg (arrow, Figure 48D). To determine if  this tissue was leg disc that had failed to 
elongate during pupariation, the tissue was dissected and examined under the microscope. The tissue 
appeared to be a lump of differentiated cuticle, with some bristles, but without any distinguishing leg 
features. In the case o f the wings, severe effects included loss of wing blade as well as reduction in 
distal anterior and posterior wing margin resulting in a vestigial like wing (Figure 48B).

The leg and wing discs affected by heparinase III ectopic expression mimic phenotypes that
result from dpp and wg loss-of-function disc mutants, suggesting that heparinase III treatment during
disc development may abrogate DPP and WG function required for proper patterning of leg and wing
tissue. More significantly, ectopic expression of heparinase III in imaginal discs phenocopies effects
caused by somatic clones in sg lP ^31  mutants, and the dominant negative enhancer effects of 
Sg f l7 3 1 on partial loss-of-function dpp discs mutants (compare Figure 47D to Figure 48A). Dpp 
activity is crucial for furrow progression in the patterning o f ommatidia in an imaginal eye disc 
(Treisman and Rubin, 1995). Loss of dpp function in an eye disc inhibits furrow progression, thus 
causing loss of ommatidia. Overexpression of heparinase III in larvae gives rise to adults with fewer 
ommatidia, similar to the phenotype caused by the inhibition of furrow progression by dpp-disc muta
tions (Treisman and Rubin, 1995). Results in Figure 41 and 42 suggest UDP-GlcDH is required for 
imaginal disc patterning by regulating dpp signaling. Heparinase III treatment of Drosophila Schneider 
cell lines and embryos resulted in the inhibition o f the wingless signaling pathway, as a result of 
heparan sulfate degradation (Riechman et al., 1996, Binari et al., 1997; Hearry et al., 1997). This sug
gests the that regulation of dpp signaling by UDP-GlcDH in the imaginal disc may work through 
heparan sulfate GAGs modulation of DPP activity levels.

III-5iii. Ectopic expression of UDP-GlcDH in imaginal discs.

In a variety o f both vertebrate and invertebrate developmental systems, it has been demonstrat
ed that groups of cells have the ability to influence the developmental programme of neighboring cells. 
These groups of cells are referred to as “organizers.” Several factors have been identified in
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Drosophila that possess organizer-like activity, and can lead to distal duplications in adult legs and 
wings. One such gene is dpp, which in conjunction with wg, may specify the position of the distal 
organizer in imaginal leg and wing discs (see Introduction).

If UDP-GlcDH can indirectly modulate DPP and WG activity through heparan sulfate biosyn
thesis, ectopic expression of UDP-GlcDH might also result in the ectopic activity of DPP or WG. One 
possible outcome could be duplication of leg and wing structures. To test this, I expressed UDP- 
GlcDH in imaginal disc cells using a Hsp70-Gal4 line to drive the ectopic expression of a UAS-UDP- 
GlcDH Drosophila full-length cDNA construct during different stages o f larval development. This 
leads to a significant increase in the level of heparan sulfate GAG as detected in imaginal disc tissue 
using monoclonal antibodies to heparan sulfate (unpublished data from Dr. Manoukian’s lab,
University of Toronto).

Homozygous Hsp70-Gal4/Hsp70-Gal4 (3rd chromosome) males were crossed to UAS- 
UDPGlcDH(2.l)/UAS-UDPGlcDH(2.1) (on the 3rd chromosome) females. Eggs were collected for 6 
hr at 25°C. At second larval instar (50 hr AEL), larvae were heat shocked at 37°C for 1 hr followed by 
a second heat shock 12 hr later for 1 hr. Using this treatment leg duplications in adults were observed, 
whereas a single heat treatment at this stage was ineffective (see Figure 49). Similar heat treatments at 
first instar resulted in larval death at the third instar stage, whereas heat treatments during the third lar
val instar resulted in minor effects such as bent legs or blisters in the wing. As shown in Figure 49, 
the effects were variable, with limb bifurcation occurring at various proximal-distal positions along the 
leg (see Figures 49B, C, and D) in 6-8% of the adults examined. The percentage is the frequency of dupli
cations observed in legs of adult flies that were scored out of 3150 heat-treated individuals. Proximal outgrowths 
from the femur included anterior and posterior ventral pattern elements (Figure 49B). This is very 
similar to effects observed after ectopic expression ofW G  (Lecuit and Cohen, 1997). In addition, 
medial outgrowths were found originating from the tibia that rejoined distally in the tarsal segments, 
creating an O-ring structure (Figure 49C). Distal bifurcation, as seen in Figure 49D, included duplica
tions of claw and fifth tarsal segments (Ta5). In some cases, bifurcations were associated with mirror- 
image duplications of the anterior leg compartment (Figure 49D). In Figure 49D, it can be seen that 
the femur, tibia and tarsal segments 1-3 have undergone a thickening o f their anterior dorsal and ven
tral compartments. This is similar to the effects o f ectopic hh expression (Basler and Struhl, 1994), 
which leads to ectopic activation of both wg and dpp in the ventral-anterior and dorsal-anterior sub
compartments (see Introduction). Bifurcations which led to complete leg duplicates were rarely 
observed (Figure 49E). In these cases, the structures included within the duplicate branch contained 
pattern elements belonging to all compartments; that is, the duplicate appeared to be circumferentially 
and distally complete. Bifurcations were observed to originate from either the dorsal or ventral (as 
shown in Figure 49E) compartments of the leg. Therefore, increased levels of UDP-GlcDH expres
sion suggest that this may likely lead to elevated activities of dpp or wg signaling in imaginal discs.
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Figure 4 9 . Morphological defects in adult legs induced by the ectopic
expression of UDP-GlcDH in imaginal discs.

Pleiotropic morphological patterning effects in leg appendages caused by the ectopic expression of the 
UAS UDP-GlcDH transgene in imaginal leg discs. (A) Wild-type, second thoracic leg, showing the 
femur (Fe), tibia (Ti), tarsal segments 1 to 5 (Ta 1 to Ta5), distal claw (Cl) and apical bristle (ap). (B) 
Shows proximal outgrowths in the femur (Fe) and tibia (Ti). In this case, there is an over-growth of the 
femur (arrowhead) and the start of a duplication of the tibia (arrow), which is indicated by the differentia
tion of a second apical bristle (ap). (Q  In some cases, medial duplication occurred, resulting in a ring
like structure. The duplication (arrowhead) begins at the distal part of the tibia (Ti) and rejoins at the distal 
end of the first tarsal segment (Ti). (D) Shows expansion of the anterior compartment of the tibia (Ti), 
and tarsal segments 1 to 3 (Tal to Ta3). This is indicated by a thickening of the anterior ventral compart
ment [note a duplication of the apical bristle (ap)] and anterior dorsal compartment It also shows the 
bifurcation of the distal fifth tarsal segment (Ta5) and the claw (Cl). The black line marks the putative 
dorsal-ventral compartment boundary. (E) In rare cases, a complete duplication of the second thoracic 
leg is observed. The distal bifurcation initiates firm the proximo-ventral region of the tibia (Ti).

152

Reproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



III-6. UDP-GlcDH organizer-like function required during pattern regulation in 
regenerating imaginal leg discs in Drosophila.

III-6L Misexpression of hh, ptc, wg and dpp in duplicating imaginal discs.

The isolation of A64 in the regeneration screen (Brook et al., 1993), followed by its identifica
tion as an allele of sugarless (this study), shows that UDP-GlcDH is ectopically activated following 
cell death-induced regeneration in imaginal leg discs. Recent ectopic expression studies have implicat
ed various signaling molecules in the formation o f axial duplications. These genes include en ( the 
selector gene for posterior compartment identity) hh, wg, dpp and ptc, all of which are involved in sig
naling across a compartment boundary that defines the distal organizer in imaginal leg discs (see 
Introduction). I f  these genes are required for distal organizer activity, their expression patterns would 
be expected to change appropriately when discs undergo duplications following cell death induced pat
tern regulation in the su (f)^  mutant after heat-treatment. Therefore, the temperature-sensitive cell- 
lethal mutation su (f)^  was used to conveniently initiate pattern regulation, and simultaneously moni
tored the response o f hh, wg, dpp and ptc  expression using the lacZ reporter.

Homozygous su (f)^  females were crossed with males from various lines which contained a 
lacZ reporter construct whose expression was under the regulation of en (not shown), hh, dpp, wg and 
ptc  upstream promoter sequences. To induce duplications in imaginal leg discs, progeny from the cross 
were allowed to develop until mid-second instar larvae (60 hr AEL). The larvae were then shifted to 
29°C (restrictive temperature) for 48 hr, and then returned to 18°C. The expression of these genes in 
the resulting duplicating imaginal leg discs was then monitored by assaying the expression of 13-galac- 
tosidase activity at various stages after the heat treatment. Beginning at 6 hr following heat treatment, 
and at daily intervals thereafter, samples o f male larvae were dissected, fixed and stained to monitor 
the pattern of lacZ expression in the duplicating leg discs. Females were fixed and stained in parallel 
as a control. Results o f this experiment are shown in Figure 50. Normal expressions patterns of hh-, 
dpp-, wg-, and ptc-lacZ in second thoracic leg discs are shown in Figure 50A,F,K and P, respectively, 
from control female larvae.

At 6 hr following heat treatment, the discs showed a necrotic appearance and had only a single 
circular fold defining the proximal-distal axis. Hh (Figure SOB) and en (not shown in this figure) were 
ectopically activated throughout the anterior compartment, as well as in the posterior compartment 
where they are normally expressed. Expression of dpp, normally found only along the A/P compart
ment boundary, also appeared strongly throughout the disc epithelium immediately after heat treatment 
(Figure 50G). Wg (Figure SOL) expression had spread into the anterior ventral quadrant, while ptc  
(Figure 50Q) expression was broadened and showed patchy expression in the anterior lateral region of 
the disc, suggesting that the normal A/P compartmental restriction of gene expression had broken 
down.
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Figure 50. Misexpression of segment polarity genes during pattern regula
tion of imaginal leg discs induced in the su (f)^  temperature sensitive mutant.

hh-lacZ

jgi

dpp-lacZ

wg-lacZ

ptc-lacZ

€
Control
no-heat

6 hr 
post-heat

24hr
post-heat

48hr
post-heat

72hr
post-heat

tem-
Detection of lacZ expression using X-Gal staining of enhancer-trap lines o f segment polarity 
genes {hh, dpp, wg and ptc), in second thoracic leg discs during pattern regulation in su(j9 
perature sensitive mutants. Wild-type expression pattern of (A) hh-lacZ, (F) dpp-lacZ, (K) wg- 
lacZ and (P) ptc-lacZ  in non-heat treated su (f)^  in second thoracic leg discs in control female 
larvae. The black line in (A), (F), (K), and (P) approximates the presumptive anterior/posterior 
compartment boundary. Ectopic expression patterns o f (B) hh-lacZ, (G) dpp-lacZ, (L) wg-lacZ 
and (Q) ptc-lacZ in second thoracic leg discs at 6 hr following heat treated su (f)^  in male larvae. 
Lac-Z expression of (C) hh, (H) dpp (M) wg and (R) ptc  at 24 hr after heat treatment. At this 
time small out-growths in the imaginal leg discs begin to emerge (C and R, see arrow). 
Expression of (D) hh-lacZ, (I) dpp-lacZ, (N) wg-lacZ and (S) ptc-lacZ  at 48 hr after heat treat
ment. An ectopic patch of expression from enhancer trap lines is observed. The expression pat
terns overlap or coincide in cells along the edge of the leg disc, which corresponds to to the 
medial-lateral region o f the anterior compartment (I and N, see arrow). Mirror image expression 
patterns are observed at 72 hr after heat-treatment, for (E) hh-lacZ, (J) dpp-lacZ, (O) wg-lacZ 
and (T) ptc-lacZ. The arrow in panel (O) marks the ectopic expression of wg-lacZ in the dupli- 
cate.These mirror image expression patterns correspond to the mirror image duplication of the 
proximal-distal axis of the second thoracic leg disc, which is indicated by the formation of a dis
tal endknob (E, see arrow). The arrowhead in panels (J) and (T) indicate the position of the orig
inal stripe of expression of dpp-lacZ and ptc-lacZ respectively. The arrow in panels (J) and (T) 
mark the stripe of expression of dpp-lacZ and ptc-lacZ  along the secondary A/P boundary of the 
duplicate. In all panels the imaginal leg discs are oriented with anterior to the left and dorsal up.
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By 24 hr, normal hh-lacZ expression remains in the posterior compartment as ectopic expres
sion dissipates in the anterior compartment, with the exception of some expression in medial lateral 
cells of the anterior compartment (arrow, Figure 50C). Ptc-lacZ expression at the A/P boundary 
remains broadened relative to untreated controls; however a discrete ectopic stripe is also observed in 
some discs in medial lateral cells of the anterior compartment (along the presumptive D/V boundary) 
of a leg disc (arrow, Figure 50R). This was an indication that a new A/P-like boundary may have 
formed which, would be a requirement for distal-proximal axis formation in a leg imaginal disc, based 
on Meinhardt’s (1983) boundary model. Wg-lacZ expression extended dorsally to fill the entire anteri
or-ventral compartment (Figure 50M). There was no sign of ectopic wg-lacZ expression in the poste
rior compartment. Conversely, dpp-lacZ expression extended ventrally in the anterior-dorsal quadrant 
o f a leg disc (Figure 50H). The zones of wg and dpp expression appear to meet along the D/V bound
ary, corresponding with the expression of the ectopic ptc-lacZ stripe (Figure 50R).

By 48 hr, dpp-lacZ (Figure 501) and wg-lacZ (Figure SON) expression were often localized in 
two discrete zones, with dpp-lacZ in a line along the original A/P compartment boundary and wg-lacZ 
in a wedge-like stripe along the ventral A/P compartment boundary. At the second site we see that both 
dpp- lacZ (arrow, Figure 501) and wg-lacZ (arrow, Figure SON) expression are located in a smaller 
ectopic patch near the anterior lateral edge of the disc. Anterior-ventral wg and dorsal-anterior dpp 
expressions disappear between 24 and 48 hr, except where these two zones of expression meet at the 
D/V boundary. In conjunction with the extended ectopic stripe of ptc-lacZ  expression in the same 
region, this ectopic expression of dpp, wg and ptc  in what may be adjacent regions, might be the first 
indication of the formation of an ectopic P/D axis associated with a duplication event in a leg. The for
mation of a second P/D axis, is further supported by the ectopic expression o f hh-lacZ in cells along 
the edge o f the anterior compartment, in a mirror-image pattern (Figure 50D) to its normal lacZ 
expression pattern in the posterior compartment. This ectopic expression o f hh seems to overlap, or is 
adjacent, to ectopic expressions of dpp, wg and ptc, implying that a second posterior compartment fate 
is determined as a prelude to the formation o f a secondary leg axis.

By 72 hr, a new epithelial fold is sometimes found, clearly showing the formation of a duplicate 
in the leg disc, indicated by a second distal endknob (arrow, Figure 50E). The duplicate is associated 
with the mirror-image ectopic expression patterns of hh-, dpp-, wg- and ptc-lacZ. Ectopic wg-lacZ 
expression is seen as a second small wedge-like pattern in the ventral half o f the duplicating leg disc 
(arrow, Figure 500). Hh-lacZ expression is maintained in the posterior compartment as it expands in 
its ectopic site at the anterior margin, in cells that are adjacent to those that express ectopic wg-lacZ, 
possibly due to the fact that the duplicate is growing (Figure 50E). By this stage, the mirror image 
ectopic expression pattern o f hh-lacZ is a good indication that a second posterior compartment has 
formed. The formation o f a new posterior compartment by 72 hr is indicated by both dpp-lacZ and 
ptc-lacZ  expression. Both dpp-lacZ (Figure 50J) and ptc-lacZ  (Figure SOT) expression are observed 
in a stripe of cells in the anterior compartment, that run adjacent to the original A/P boundary (see 
arrowhead in Figure 50J for dpp-lacZ and in Figure SOT for ptc-lacZ) and the new A/P boundary (for
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dpp-lacZ see arrow in Figure 50 J; for ptc-lacZ see arrow in Figure SOT). These results show that by 
72 hr the imaginal leg disc has undergone pattern respecification that re-establishes the normal A/P 
boundary and anterior/posterior compartment gene expression patterns, along with the formation of a 
new secondary A/P boundary and P/D axis. The new A/P boundary intersects at the site of the second
ary distal extremity as indicated by the new concentric folds and a second distal endknob. Formation 
of ectopic anterior patches of wg, dpp, hh, and ptc  expression are associated with, but precede the for
mation o f the ectopic proximodistal axis, as indicated by later formation of a second set of concentric 
epithelial folds and a distal endknob in this region. These results establish a correlation between the 
specification of a new secondary axis during leg duplication and the ectopic expression of various 
genes that have been shown to possess distal organizing abilities in imaginal discs.

A current model to account for the formation of a distal organizer in imaginal discs requires that 
dpp and wg must be expressed in adjacent cells in order to initiate the formation of a proximal-distal 
axis (reviewed, Campbell and Tomlinson, 1995). Therefore the expression of wg and dpp was exam
ined using confocal immunofluorescence microscopy in duplicating imaginal leg discs in su(f)^  
mutant larvae as described above. The results show that wg and dpp ectopic expression are expressed 
not only in adjacent cells (as would predicted by the Meindhardt model), but they also overlap, in cells 
at the medial-lateral edge of the anterior compartment where the ectopic distal extremity later arises as 
described in Girton and Russell (1980 and 1981) (see Figure 51).

Figure 51A shows the expression of WG (green) and d/jp-6-Galactosidase (dpp-B-Gal, red) 
expression in a normal leg disc. Dpp 6-Gal expression is localized to a stripe of cells along the A/P 
boundary in the anterior compartment. WG expression is localized to the ventral compartment of the 
leg. The yellow stain in the ventral compartment marks the expression where WG and dpp 6-Gal over
lap. Low levels of dpp expression are normally found in the ventral compartment of the leg disc along 
the A/P boundary. However, the functional significance of this expression has not yet been deter
mined. In the ventral compartment, wg acts to suppress dpp function (Brook and Cohen, 1996;
Theisen et al., 1996; Jiang and Struhl, 1996; Penton and Hoffmann, 1996). Perhaps, in this case, nor
mally high levels o f wg could suppress any effects o f dpp function. Approximately 24 hr after heat 
treatment of su(f)^  mutants, one sees the misexpression o f WG and dpp 6-Gal in cells of the anterior- 
ventral and anterior-dorsal subcompartments (Figure 51B). By this time expression o f WG and dpp-6- 
Gal overlaps significantly. At 48 hr, WG and dpp-6-Gal ectopic expression is restricted to cells near 
the medial-lateral periphery of the leg disc in the anterior compartment (Figure 51C see arrow), as the 
expanded expression o f WG and dpp-fi-Gn\ is throughout most o f the anterior compartment. The ecop- 
tic site include cells that express WG and dpp-6-Gal, along with cells that show overlap of expression. 
In addition, the original dpp-&-G&\ stripe of expression has begun to re-establish itself (see white 
arrowhead in Figure 51C). The formation of a new secondary A/P boundary, as indicated by the 
expression of a second stripe of dpp-6-Gal and a wedge of WG (see white arrow in Figure 51D), 
seems to coincided with the earlier conjoined ectopic expression of WG and dpp-6-Gal, as observed in 
Figure 51C. Thus, the ectopic patch of WG and dpp expression (as seen in Figure 50 panels I  and N,
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Figure 51. Overlapping ectopic expression of wg and dpp during pattern
regulation of imaginal leg discs in a mutant.

Expression o f wg [monitored by the expression o f wingless protein (WG) green] and dpp- 
lacZ (monitored by the expression o f the B-galactosidase protein; red) associated with the 
su(f)12 mutant in second thoracic leg discs. Yellow stain represents the regions o f imaginal 
disc where the expression o f wg and dpp overlap. Orientation o f the leg discs; anterior to 
left and dorsal up. The white line marks the approximate anterior/posterior compartment 
boundary. (A) Expression o f WG and dpp-lacZ in a non-heat treated su (f)^  control leg 
disc. Dpp-lacZ  (red) is expressed in a stripe in cells o f the anterior compartment adjacent 
to the A/P compartment boundary. WG expression is localized to cells o f the ventral com
partment. Ectopic expression o f wg  and dpp during pattern regulation in the leg disc, 
induced in su (f)^  mutant at (B) 24 hr, (C) 48 hr and (D) 72 hr after heat treatment. In 
panel (B) both dpp and wg  become ectopically expressed in the anterior-dorsal and anteri
or ventral subcompartments respectively, o f  the leg disc. The white arrow in panel (C) 
marks the ectopic patch o f WG and dpp-lacZ expression that overlap in the medial-lateral 
region o f the anterior compartment o f the leg disc. The white arrowhead marks the normal 
expression of dpp. The white arrow in panel (D) marks the duplicated axis in the leg disc 
and the mirror image staining pattern o f dpp-lacZ  (red) and WG (green) in the duplicate.
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and in Figure 51C) seems to coincide with region of the new distal organizer, that is responsible for 
secondary axis formation during duplication. The expression data seems to agree with Meindhardt’s 
hypothesis which states that adjacent expression of dpp and wg is required to establish an new com
partment boundary. However, evidence showing that both wg and dpp function is required in order to 
form a duplicate during regeneration is thus far only based on the correlative expression studies.

The changes seen in the wg, dpp and hh expression patterns in duplicating discs are consistent 
with their normal roles in distal organizer function in imaginal leg discs, suggesting that these genes 
may be involved in ectopic axis initiation and repatteming during leg duplications in the su(f)^  
mutant. The regeneration screen identified the UDP-GlcDH gene as another possible participant in this 
process. The results described in prior sections of this study and by other published work, suggest that 
UDP-GlcDH plays a role in dpp signaling during normal imaginal disc development. It was also 
shown that ectopic UDP-GlcDH expression can cause pattern duplications in adult legs, suggesting that 
it may have a role as a distal organizer during normal leg development (see Figure 49). Therefore, it 
was of interest to determine if  UDP-GlcDH may have some role in the formation of the duplicate dur
ing pattern regulation in regenerating imaginal leg discs.

III-6ii. UDP-GlcDH transcrip t and heparan sulfate GAGs are ectopically expressed during pat
tern regulation of imaginal leg discs in su(f)^^ mutant larvae.

To determine if  the ectopic expression of UDP-GlcDH during regeneration coincides with that 
o f wg, dpp or hh, I investigated the expression patterns o f both the UDP-GlcDH transcript and heparan 
sulfate GAGs in duplicating imaginal leg discs in heat treated su (f)^  mutant larvae (see Figure 52).
In situ hybridizations were performed at various times after heat treatment, using a Digoxygenin- 
labeled Drosophila UDP-GlcDH cDNA probe. In non-heat treated su (f)^  mutant controls, UDP- 
GlcDH transcript is observed in a uniform pattern in the imaginal leg disc (Figure 52A). At 6 hr fol
lowing heat treatment, UDP-GlcDH was expressed throughout the leg disc (Figure 52B). This pattern 
was typical of 56/200 (25%) of the leg discs that were examined. The remaining leg discs showed no 
detectable ectopic expression of the transcript. By 24 hr the uniform expression was lost and it became 
restricted to various regions o f the anterior compartment. The pattern o f expression varied between 
different second thoracic leg discs. Figure 52C shows UDP-GlcDH transcript restricted predominantly 
to the anterior-dorsal quadrant o f imaginal leg discs, extending up to the presumptive medial-lateral 
boundary of the anterior compartment (see arrow in Figure 52C). This pattern was found in approxi
mately 45 of the 300 (15%) leg discs that were examined. In 36 o f the 300 (12%) leg discs, UDP- 
GlcDH transcript expression was observed throughout the anterior-ventral compartment. A smaller 
number (15 out o f 300) o f legs discs showed UDP-GlcDH transcript expression throughout most o f the 
anterior compartment. The remaining leg discs showed weak uniform expression that did not vary 
from the non-heat treated leg discs (not shown). When the expression o f heparan sulfate GAGs was 
analyzed using a monoclonal antibody during pattern duplication in the heat treated su (f)^  discs 
expression was more restricted than that of UDP-GlcDH transcript. In non-heat treated su(f)^  con-
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Figure 52. UDP-GlcDH transcript and heparan sulfate GAG misexpression

Ectopic expression o f  UDP-GlcDH and heparan sulfate during pattern regulation in imagi
nal leg discs. The dark line in (C) and whites line in (D) and (F) mark the approximate 
anterior/posterior compartment boundary. Anterior (A), Posterior (P), Dorsal (D), Ventral 
(V). (A) UDG-GlcDH transcript expression in non-heated treated su (f)^  second thoracic 
leg disc. (B) Ectopic expression o f the UDP-GlcDH transcript observed throughout the sec
ond thoracic leg discs at 6 hr following heat treatment in su (f)^  mutant. By 24 hr after 
heat treatment UDP-GlcDH transcript shows variable patterns o f expression throughout the 
anterior compartment o f the leg disc. (C) UDP-GlcDH transcript expression that is local
ized to the anterior-dorsal compartment, extending to the medial-lateral region (see arrow). 
Expression extends up to the presumptive medial-lateral border (see black arrow). The 
UDP-GlcDH transcript was detected using a UDP-GlcDH Digoxygenin-labeled cDNA 
probe. (D) Heparan sulfate GAG expression (monitored by a heparan sulfate specific mon
oclonal antibody) in non-heat treated su (f)^  mutant second thoracic leg disc. (E) 
Expression o f heparan sulfate during pattern regulation in a second thoracic leg disc, at 6 
hr and (F) 48 hr following heat treatment in a su (f)^  mutant. (E) At 6 hr elevated heparan 
sulfate expression is observed mostly throughout the anterior compartment. (F) By 48 hr 
elevated levels o f heparan sulfate are detected only in a patch o f cells in the presumptive 
medial-lateral region o f the anterior compartment marked by the black arrow. The arrows 
in both panels (C) and (F) mark the approximate medial-lateral region o f the anterior com
partment in both leg discs. Because o f growth and cell division induced in su (f)^  heat 
treated discs, the morphology o f imaginal discs become distorted, resulting in the dorsal or 
ventral shift (see arrow F) o f the anterior medial lateral regions o f the leg disc. In all pan
els, the anterior compartment is to the left, and the dorsal compartment is up.

during pattern regulation in leg discs in the su(f)^  mutant
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trols, second thoracic leg discs showed uniform expression o f heparan sulfate (Figure 52D). At 6 hr 
following heat-treatment, increased expression of HS was seen only throughout the anterior compart
ment of imaginal leg discs (Figure 52E), unlike that observed for the UDP-GlcDH transcript. By 48 
hr, elevated levels of heparan sulfate expression is restricted to a region of cells in the anterior medial- 
lateral region o f the leg disc (arrow Figure 52F). Due to the extensive growth and cell division that 
occurs around the anterior medial-lateral region upon duplication, distortions are commonly observed 
in the morphology o f the leg disc in the anterior compartment, which may explain the ventral displace
ment of the patch of HS expression. Even though UDP-GlcDH transcript shows variable expression in 
the anterior compartment, elevated HS expression seem to be maintained in only in the medial-lateral 
region, the region that corresponds with the putative position of the second distal organizer. This is 
similar to the expression patterns seen for wg and dpp (compare to Figure 501 and SON). Therefore, 
there seems to be a strong correlation between the expressions o f wg, dpp, and heparan sulfate in later 
stages during pattern duplication in s u f l mutants, corresponding to the period when the second A/P 
boundary and presumptive distal organizer is established. However, based only on the expression 
study, the question of whether HS is functionally required for distal organizer function during regenera
tion remains to be answered. To help answer this question, I looked at the effects of heparinase III 
expression on pattern regulation in su(f)^  mutants during heat treatment.

III-6ML UDP-GlcDH is required for distal organizer function in imaginal leg discs.

To determine if UDP-GlcDH function is required during pattern regulation and formation of the 
distal organizer region in duplicating leg discs, I wanted to look at the effects of sgl mutants only in 
cells that define the secondary distal organizer (regeneration blastema) during duplication in su(f)^  
larvae. However, because of the non-cell-autonomous property of sgl mutant in somatic clones, pheno
typic effects could only be seen when large clones were generated. In the case of regeneration in 
su(f)^  mutants, the number of cells that make up the regeneration blastema initially involves only a 
small number of cells (see Girton and Russell, 1980). Clones generated using the sgl mutant in this 
case were ineffective because of the cell non-autonomous property of the sgl mutant. To circumvent 
this problem, I induce the expression of the heparinase III enzyme using a UAS-heparinase III con
struct in the regeneration blastema, only during regeneration and duplication events induced in the heat 
treatment of su (f)^  mutant larvae. The mosaic study o f the sgl mutant, the genetic interactions of the 
sgl mutant and dpp disc mutant alleles and UAS-heparinase III treatment, all suggest that ectopic 
expression of heparinase III mimics the effects o f the sgl mutant in discs.

Spatial and temporal control of UAS-heparinase III was achieved by using GAL4 lines isolated 
in a screen using the su (f)^  mutation, that are only expressed during duplication-induced during pat
tern regulation (see Figure 53-1). Using a UAS-lacZ reporter construct, approximately 100 random 
Gal4 insertion lines were screened (see Table 4) for specific ectopic activation of Gal4 during pattern 
regulation in imaginal leg discs induced in su (f)^  mutant larvae using the same conditions as in the 
regeneration screen (Brook et al., 1993; Russell et al., 1998). By looking at UAS-lacZ expression 48 hr
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after heat treatment, I was able to determine which of the Gal4 lines were activated in specific regions 
of a leg disc, at a particular period during pattern regulation (Figure 53-11). Two Gal4 lines were iso
lated that were o f particular interest. C5-Gal4 showed activation that coincided with cells of a regener
ation blastema, or secondary distal organizer, which localized to the medial lateral region in the anteri
or compartment. This restricted expression was observed as early as 24 hr following heat treatment, 
just prior to any visible indication of an outgrowth (Figure 53-IID). The C52-Gal4 line showed acti
vation throughout imaginal leg tissue (Figure 53-IIC). Again, further expression analysis showed that 
activation of C52-Gal4 expression was observed as early as 12 hr following heat treatment, prior to 
any visible outgrowth (duplicate) occurring in a leg disc. However, unlike C5-Gal4 which remains 
localized to the outgrowth in a leg disc (see arrow in Figure 53-IID), C52-Gal4 shows general expres
sion in the leg disc during pattern regulation. The C5 and C52 Gal 4 lines were used to direct hepari
nase I I I  expression. It was hypothesized that any observed effect after expression of the heparinase III 
enzyme would be due to a reduction or loss of heparan sulfate GAGs by cells, mimicking the loss of 
UDP-GlcDH function in sgl mutants.

Therefore, I used the C52-Gal4 driver to express heparanse III, to determine whether UDP- 
GlcDH function is required during regeneration for distal organizer function, I first attempted to 
express heparinase III during the early stages of regeneration, soon after the induction o f cell-death, by 
using the C52-Gal4 driver. In this case, the expression of heparinase III enzyme in the initial stages of 
pattern regeneration resulted the complete loss of distal limb structures in adults (Figure 54-11 B&C). 
When heparinase III was expressed prior to any visible morphological effects (due to cell growth and 
proliferation), not only was pattern duplication inhibited, but the regeneration o f the original primary 
limb was also hindered. This was observed in 17% of adults. This number coincides closely with the 
frequency o f leg duplications (20%) obtained after the same heat treatment of su (f)^  mutant larvae in 
the absence of heparinase III expression (Figure 54-IIA). Thus, almost all duplication events were 
completely inhibited when heparinase III was expressed throughout the regenerating leg disc.
However, some legs remained unaffected. This may be due to variation in the amount of enzyme 
expressed, and may also reflect the developmental stage o f each disc when heat treatment is performed. 
Perhaps legs that were affected were able to recover because not all of the heparan sulfate was degrad
ed by the heparinase III enzyme. This may be because the enzyme is not being efficiently secreted into 
the ECM. There was no apparent logic as to which legs were affected. In order to see if there are any 
graded effects based on amount of heparinase III enzyme expressed, the strength of the Gal4 driver 
would have to be varied. In this case it would be unrealistic to expect to isolate Gal4 lines that are 
expressed in similar patterns but vary in the amount o f their expression upon su (f)^  heat treatment. 
Controls in which su (f)^  larvae were heat-treated with only the C52 Gal4 or UAS-heparinase III con
struct present resulted in 18% and 19.5% leg duplication frequency, respectively. This was similar to 
su(f)12 heat-treated controls. This suggests that the reduction of heparan sulfate at a critical stage early 
in regeneration prevents discs from recovering their pattern after cell death-induced damage during 
heat treatment. When the C5 Gal4 line was used to drive expression of heparinase HI exclusively in 
cells associated with a regeneration blastema in su (f)^  heat treated larvae, only duplicate limb forma-
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Figure 53. Identification of Gal4 lines that are activated during pattern
regulation of imaginal leg discs in the su(f)12 mutant.

*>4fP

UAS -lacZ

VAS . lacZ

Gal4
X  tran sgen ic f  j —^  

lines

i
B -gal

SU012 Gal4 insert UAS SacZ reporter

II.
:IM

■ ■ ■ I
F>

\
l l i l B h l l l l l l i

A \ P

\
C D >

A1

d

I. Crossing scheme used to identify Gal4 lines that are misexpressed during pattern regula
tion in imaginal leg discs in su (f)^  mutant flies. A  su (f)^ / su (f)^ ; UAS-lacZ/UAS-lacZ 
reporter construct line is established and crossed with various Gal4 lines. Gal4 misexpres- 
sion is then detected following heat treatment, by a UAS-lacZ reporter gene in a su(f)22, 
mutant background during pattern regulation. II. Gal4 lines that are ectopically misex
pressed during pattern regulation in a second thoracic leg disc. (A) C52-Gal4 and (B) C5- 
Gal4 expression in non-heat treated su (f)^  larvae. (C) C52-Gal4 and (D) C5-Gal4 
expression in the second thoracic leg discs in su (f)^  larvae, 24 hr and 48 hr after heat 
treatment respectively. The black arrow in panel (D) marks the expression o f C5-Gal4 
reported by the UAS-lacZ construct, in the duplicating region o f the leg disc. The black 
line in panel A and D marks the approximate position o f the A/P boundary. In all panels of
(II), anterior is to the left, and dorsal is up.
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Figure 54. Adult defects induced by the expression of heparinase III 
degradative enzyme in imaginal leg discs during pattern regulation in the 
su(f)12 mutant.
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I. Crossing scheme used to express heparinase III degradative enzyme during patterning regula
tion in su(j)12 mutants in imaginal leg discs. II. (A) Duplication o f the second thoracic leg 
(arrow) in adult flies, induced during pattern regulation in su(f)22/  su(f)22; UAS heparinase III/ 
UAS heparinase III mutants heat treated at second larval instar. (B) Defects induced in the sec
ond thoracic leg in adult flies during pattern regulation, following heat treatment of su(j)22; 
C52-Gal4/ UAS heparinase III second instar larvae (20X objective). A duplication is never 
observed and the second thoracic leg is lost and is replaced by a necrotic mass o f tissue (see 
arrow in B and C). (C) su(f)22; C52-Gal4/ UAS heparinase III in (B) at 40X objective. (D-E) 
Panel (D) shows defects induced in the second thoracic leg in adult flies during pattern regula
tion, following heat treatment o f  su(f)22; C5-Gal4/ UAS heparinase III second instar larvae 
(20X objective). In these adult flies no phenotypic effects were observed in the original second 
thoracic leg. However, duplication in these flies is incomplete or severely truncated (arrow). In 
panel (E) (at 40X objective) the outgrowth occurs from the proximal end o f the femur (Fe). The 
partial duplication includes the tibia, see panel (E) [Ti*, arrow] and a bleb adjacent to the apical 
bristle in the duplicate [panel (E), arrowhead]. The apical bristle (ap*) is marked for the distal 
tibia (Ti) [see panel (E)]. In panel (D) the apical bristle of the original leg (ap) is indicated.
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tion was inhibited in adults. In 79% of the duplications adults showed second legs that either had dis
tal segments that were truncated, or the complete duplicate was missing (Figure 54 D and E). The 
duplicates were scored for the presence of claw, tarsal segments, tibia and femur. The original leg 
remained unaffected. Figure 54D (arrow) shows a duplication initiated at the base of the femur. The 
growth seems to contain a portion of the distal tibia (see arrow Ti*, Figure 54E) indicated by the pres
ence of an apical bristle (ap*), and a tissue mass (arrowhead, Figure 54E), which might be a rudimen
tary first tarsal segment (Tal). In some cases, the duplicate is nothing more than a necrotic lump o f tis
sue at the base o f the femur where many duplicates normally appear (not shown). This extreme pheno
type was seen in 4% of the legs. Only 3% of the duplications were complete and contained the claw, 
all five tarsal segments, a tibia and a femur. Control experiments using either UAS heparinase III or a 
C5-Gal4 line in combination with su (f)^  showed no effect on the frequency of leg duplications.

It is inferred that loss or reduction in heparan sulfate GAGs, due to the expression of heparinase 
III, inhibits various cellular processes during pattern regulation {i.e. cell-cell signalling, adhesion and 
movement) in a leg disc, preventing formation of, or proper function of, the distal organizer. Thus, 
heparan sulfate may be needed to modulate these cellular events in repatteming o f the proximal-distal 
axis o f a leg disc. These results are consistent with the idea that UDP-GlcDH functions through 
heparan sulfate GAGs and may be necessary for distal organizer function in imaginal discs required in 
pattern formation. The heparan sulfate GAGs may help mediate growth and cell proliferation , by reg
ulating dpp activity, in a spatially and temporally restricted manner to allow proper cell patterning.
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IV. DISCUSSION

IV-l. Isolating novel genes involved in pattern formation.

Using the enhancer-trap technology in conjunction with the conditional cell-lethal mutation 
su(f)12 to induce regeneration in imaginal leg discs (Russell, 1974), screens were performed to search 
for PZ  insertion lines that showed altered lacZ expression patterns during regeneration (Brook et al., 
1993; Russell et al., 1998). Various patterns of altered expression of lacZ were found. These included: 
i) ectopic expression, during regeneration, of reporters not normally expressed in discs; ii) ectopic mis- 
expression o f lacZ in reporters that normally show restricted expression in a disc; and iii) loss of lacZ 
expression, in reporters that are normally expressed in imaginal discs (Brook et al., 1993; Russell et al., 
1998). These results suggested the existence of a program involving positive and negative regulation 
of different genes during pattern regulation.

It was assumed that lacZ misexpression detected in the su(f)^  mutant following a 24 hr heat 
treatment, coincided with the initial steps in pattern regulation that are important for the re-specifica
tion o f a new leg pattern. These events followed cell death (Clark and Russell, 1977), but preceded the 
re-initiation of cell division and re-establishment of compartment restrictions (cell fates) during regen
eration of the leg disc (Girton and Russell, 1981). Intercellular signals are known to provide the posi
tional cues normally responsible for pattern formation in various Drosophila tissues. Three signals 
have critical roles in patterning the embryo and imaginal discs; they are encoded by the hh, dpp, and 
wg genes (see Introduction). Either loss-of-function mutations o f these genes, or local ectopic misex
pression in imaginal discs can cause a long-range re-organization o f disc pattern (see Introduction, 
Struhl and Basler, 1993; Basler and Struhl, 1994; Tabata and Komberg, 1994; Diaz-Benjumea et al., 
1994; Capdevilla and Guerrero, 1994; Felsenfeld and Kennison, 1995; Pan and Rubin, 1995; Lepage et 
al., 1995). This study, along with that o f Brook (1993), showed that the wg, dpp and hh genes are 
deregulated and misexpressed in the su (f)^  mutant during regeneration in imaginal discs, implying 
that they may also play important roles in pattern respecification in the imaginal leg disc during regen
eration.

This complex regulation of gene expression during the initiation o f a novel axis in the leg dur
ing pattern respecification may partly involve the program o f gene regulation that occurs during normal 
pattern formation in the embryo and imaginal discs. Therefore, my hope was that this approach would 
allow me to identify novel genes that mediate the formal rules of a general positional information sys
tem in imaginal discs. If  genes required early in the development o f the embryo or imaginal discs 
(such as wg, hh and dpp) are also re-utilized during regeneration, patterning mutants of this class 
would die early in development. Thus these genes would go undetected in a mutagenesis screen for 
regeneration in adult flies. The enhancer-trap screen helps us to by-pass this problem. However, there 
have been several examples in which the zygotic function of a gene in the embryo may also be 
required for a similar genetic program in imaginal disc patterning. Therefore, mutant effects in the
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embryo can provide useful information on the developmental function o f the genes identified in the 
enhancer-trap screen. For this reason I focused on enhancer-trap lines (scored as positive in the regen
eration screen) that also caused an embryonic lethal phenotype when homozygous.

A number of the PZ-lethal enhancer-trap lines identified in the regeneration screen produced 
embryonic lethal mutations that resulted in specific morphological effects on embryonic pattern forma
tion; consistent with the zygotic requirement for these genes during embryogenesis (see Table 5;
Russell et al., 1998; Perrimon et al., 1996). By using the zygotic embryonic-lethal phenotype as an 
assay for identifying the possible developmental function of a gene, several lines were identified that 
may represent either novel genes or genes with previously unrecognizable functions required for the 
regulation of pattern formation. Some PZ  lines identified in the screen represent insertions in genes 
that have already been characterized (see Table 6). For example, schnurri (PI836, shn) (Arora et al., 
1995; Grieder et al., 1995), a gene involved in the dpp signal-transduction pathway, encodes a putative 
zinc finger transcription regulator factor. Zygotic mutations in shn have been shown to affect several 
events that require dpp signaling in the embryo, such as the establishment o f dorsal identity, as well as 
gut morphogenesis and imaginal disc development. Another example included, shortsighted (shs) 
(P936) (Treisman et al., 1995) which is the Drosophila homolog o f the murine TSC-22 gene. This 
gene encodes a typical leucine zipper transcription factor that is induced in response to TGF-beta sig
naling in vertebrates. Mutations in shs cause a delay in photoreceptor differentiation in Drosophila, 
suggesting that shs may be required for the transmission o f the dpp signal. P1484 is an allele o f the 
Drosophila homolog of the human EB1 gene. EB1 protein is localized to microtubules o f the mitotic 
apparatus during cell division, suggesting a role in microtubule polymerization and spindle function. 
EB1 protein has also been shown to bind to the carboxyterminus o f the APC protein o f the 
WNTZWingless signaling pathway (Su et al., 1995). Loss o f this domain is associated with the majority 
of familial and sporadic forms of colon carcinoma in humans. By its association with the mitotic appa
ratus, EB1 may play a physiological role in connecting APC (i.e., the Wnt/Wingless pathway) to cell 
division, thus coordinating the control of normal growth and differentiation.

There were many other PZ-lethal lines that showed specific embryonic patterning defects but 
for which no gene has yet been correlated with the P-element insertion. These insertions may affect 
genes the functions of which are co-opted from the embryo by the imaginal discs during regeneration; 
these genes may also be required during normal patterning o f the imaginal discs. Bona fide compo
nents of the wg and ^pp-signaling pathways, which are known to be required in both embryonic and 
imaginal disc pattern formation, may also be recruited in regeneration, possibly reiterating the early 
patterning steps in the imaginal disc primordia. This is consistent with earlier findings which showed 
that both wg and dpp activities are necessary for the initial determination and patterning o f the imaginal 
disc primordia when they are recruited as progenitor cells from the ectoderm of the embryo shortly 
after the establishment of the parasegmental boundary (Cohen, 1990). Therefore, if regeneration in 
imaginal discs makes use of parts of the embryonic genetic program, then those PZ-lethal lines with 
zygotic mutant effects on embryonic patterning that resemble mutations o f known genetic pathways
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(such as wingless or decapentaplegic) may potentially identify genes involved in these pathways.

A second group of PZ lethals, in which the lethal phase was at either the larval or pupal stage 
(Table 5), also showed misexpression o f lacZ during regeneration. In these lines (e.g., P1491, P1529, 
PJ586, P I688, and PI 70S) lacZ expression is not normally observed in control discs, but is activated 
during regeneration. Perhaps these lines represent genes that are remnants from an ancestral program 
in the fly, in which at one time the progenator of the fly was able to regenerate its limbs. However, 
during its evolution to its current state, the fly may have lost this ability to regenerate. In this case, the 
lethal effects o f the PZ  insertion could be the result of a mutation to either a vital function in some lar
val tissue, or to a function required during morphogenesis in the pupae. Thus, a wound healing 
response from these PZ enhancer-trap lines in the imaginal discs may in some cases represent genes 
that initiate part of an ancient genetic program for regeneration in the progenator. For example, these 
genes may either coordinate the cell movements required to form the wound heal in the disc or regulate 
the recruitment of downstream genes like wg and dpp that are required to mediate early steps in pattern 
regulation during regeneration.

IV-2. Isolation of the Drosophila homolog of UDP-glucose dehydrogenase.

P(lacZ ry+)A64, was ectopically misexpressed during regeneration in imaginal discs, and was 
selected for further analysis based on its lethal embryonic phenotype which resulted in dorsal defects in 
the embryos resembling mutants in the ^TP-signaling pathway. The PZ A64 mutation was able to 
enhance the embryonic loss-of-function mutant phenotypes of the dpp ligand and its receptors, suggest
ing that A64 represented a mutation in a gene that is able to modulate dpp signaling. The A64 locus 
was cloned by plasmid rescue of the PZ  insertion and shown to encode the Drosophila homolog of 
UDP-glucose dehydrogenase. Other mutant alleles o f UDP-GlcDH were isolated in several concurrent 
independent studies. Kiwi (kiwi^^ ?31 ̂ g inan  et al., 1997) and sugarless {sg lP ^ S l; Hacker et al., 
1997) were isolated due to their matemal-effect on wg signaling in the embryo. Another allele, sup- 

penkasper {skn^^dlO^ Haerry et al., 1997), was isolated as an enhancer of the dishevelled (dsh^^®) 
mutant of the wg signaling pathway and as a suppressor of an activated thickveins (thvA) mutant of the 
dpp signaling pathway.

The UDP-GlcDH enzyme, located in the cytosol of cells, is required for the conversion of 
UDP-glucose to UDP-glucuronic acid. In vertebrates, UDP-glucuronic acid serves many functions. In 
the liver, UDP-glucuronate helps detoxify non-polar molecules by converting them into more easily 
secreted polar derivatives (Tephyl and Burchell, 1990). UDP-glucuronate is also converted into L- 
ascorbic acid (vitamin C) (Lehninger et al., 1993). However, it is unlikely that either of these two 
pathways can account for the A64 zygotic mutant phenotype in the Drosophila embryo. UDP-glu
curonate is further utilized in the biosynthesis of glycosaminoglycans (GAGs) such as hyaluronic acid, 
chondroitin sulfate, heparin, and heparan sulfate (Ernest et al., 1995). GAGs are modified chains of 
sugar residues that are covalently linked to various proteoglycans, which are either found associated on
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the surface of cells or secreted into the ECM. Heparan sulfate is similar to heparin except for a lower 
degree of sulfation and a higher percentage of glucuronate residues. The results herein suggest that the 
most crucial role for UDP-glucuronic acid during Drosophila development is to permit the synthesis of 
GAGs the role of which is to mediate signaling of the dpp pathway in regulating dorsal-ventral pattern
ing in embryonic tissue.

IV-2L Loss of UDP-glucose dehydrogenase inhibits dpp signaling in the embryo.

The shape o f the Drosophila egg shell already shows dorsal-ventral asymmetry at the time it is 
oviposited. Following cellularization, different cell types within the embryo along the dorsal-ventral 
axis become distinguishable as determined by changes in cell shape and pattern o f cell division during 
gastrulation and germband elongation. These cells eventually give rise to four distinct cellular regions 
(see Figure 15). Cells at the ventral midline become muscle and other mesodermal derivatives. 
Ventrolateral cells give rise to the ventral epidermis and the ventral nerve cord. Dorsolateral cells give 
rise to dorsal epidermis, and cells of the dorsal midline form the extraembryonic amnioserosa (Chasan 
and Anderson, 1993). Mutations that disrupt the embryonic dorsal-ventral pattern fall into one of three 
classes that affect these specific cellular regions as decribed in the introduction (section I-8i). These 
mutations are: (1) matemal-effect mutations that perturb the polarity of the embryo and surrounding 
egg shell; (2) matemal-effect mutations that produce embryonic defects within a wild-type egg shell, 
and (3) zygotic mutations that affect embryonic pattern within more limited regions of the dorsal-ven
tral axis.

Based on the results in this study up to now, the phenotypic effects described for sgl mutants 
suggest that UDP-GlcDH function falls into the third category of dorsal-ventral patterning mutations. 
The current data demonstrate that: (1) UDP-GlcDH function can increase the sensitivity of cells to 
DPP protein, thus enhancing DPP activity; (2) UDP-GlcDH is required for maximal dpp signaling; and 
(3) UDP-GlcDH functions downstream of DPP signaling, possibly modulating DPP stability or binding 
to its receptor, thus affecting the cellular response to the DPP activity gradient.

Sgl zygotic mutants typically show loss of dorsal and dorso-lateral cell fates, causing defects in 
gastrulation and dorsal closure. Loss o f the dorsal and dorsal-lateral epidermal pattern are usually con
sidered to be partial loss-of-function effects o f dpp signaling. Typically, a complete loss of DPP activi
ty, results in a total loss of dorsal and dorsal lateral cell fates, which are replaced with ventral cell fates. 
In these embryos, the ventral denticle belts form a complete ring around the circumference of the 
embryo upon differentiation (Irish and Gelbart, 1987; Ferguson and Anderson, 1992a; Wharton et al., 
1993). These severe phenotypes are usually characteristic o f dpp null alleles, dominant negative 
mutants o f thv, or null alleles o f the matemal-effect gene cactus. Weak dorsoventral mutant effects are 
usually characteristic o f either zygotic hypomorphic mutant alleles o f af/?p-pathway genes, which 
include dpp and the receptors, thv, punt and sax, or of loss-of-function mutants of tolloid, and screw 
which act as positive modulators of DPP activity. These modulators are required to pattern the dorsal
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(amnioserosa) and dorso-lateral (dorsal epidermis) most aspects of the embryo. Therefore, zygotic 
mutations in UDP-GlcDH (sglA ^  and sg lP ^ S l}  result in phenotypes in the embryo that are similar to 
those caused by partial loss-of-function alleles o f dpp or by zygotic ^p-pathw ay genes (thv, punt) and 
typical o f the mutants of tolloid and screw.

The zygotic phenotype in sgl mutant embryos was confirmed to be due to a loss in dpp signal
ing, as demonstrated by the loss of expression of dpp nuclear target genes. Dpp expression in the dor
sal half of the embryo normally induces the transcription o f downstream target genes like Kr in the 
amnioserosa and tin and eve in the dorsal mesoderm and pericardial cells (Azpiazu and Frasch, 1993; 
Frasch et al., 1987). Sgl homozygous embryos showed a loss or reduction in KR expression, as well as 
TIN and EVE expression by stage 10-11 of embryogenesis. Thus, dorsal defects due to loss of UDP- 
GlcDH function result from loss of expression of specific dpp target genes required for dorsal ectoder
mal and mesodermal patterning (Azpiazu et al., 1996), that strongly implicating UDP-GlcDH in modu
lating dpp signaling. The loss o f EVE and TIN expression in the pericardial cells suggests that UDP- 
GlcDH function is specifically required for determination of the heart precursor cells, which is depend
ent on a DPP signal from the overlying dorsal ectoderm. In a recent paper by Walsh and Stainier 
(2001), UDP-GlcDH function was implicated in proper cardiac valve formation in zebrafish, suggests 
that UDP-GlcDH may play a general role in heart development in several species.

The dominant enhancement of dpp loss-of-function alleles by sgl mutants further supported the 
role of UDP-GlcDH as modulator for dpp signaling. Trans-heterozygous combinations of sgl^^31  
with various ^qp-pathway mutations showed loss of the amnioserosa and dorsal ectoderm pattern 
resulting in gastrulation and dorsal-closure defects. The appearance was similar to that of the pheno
types seen in embryos hemizygous for sgl alleles over the deficiency Df(3L)w5.4 which encompasses 
the UDP-GlcDH locus, and in embryos heterozygous for the haplo-insuflficient allele dppP^G. 
Enhancing the dorsal defects of dpp mutants by removing one copy of UDP-GlcDH reflects its role in 
regulating the dosage-sensitive activity of dpp signaling in this region (Irish and Gelbart, 1987). Loss 
of KR expression in the amnioserosa of these trans-heterozygous embryos (not shown), the normal 
expression of which requires the highest levels o f DPP activity, supports this proposed the role of sgl as 
a positive modulator of dpp signaling.

Further support for the positive modulator role o f UDP-GlcDH was demonstrated by the 
ectopic expression o f UDP-GlcDH in blastoderm embryos. These embryos mimicked a dpp gain-of- 
function phenotype. The resulting cuticle showed a dorsalization of ventrolateral and ventral embryon
ic epidermis, as opposed to the ventralized phenotypes caused in sgl zygotic loss-of-function mutant 
embryos. Normally no detectable dpp expression is observed in ventral cells o f the blastoderm embryo 
that give rise to the mesoderm and neuroectoderm germlayers, because dpp expression is normally sup
pressed in these cells. In addition, any DPP activity resulting from the diffusion of DPP from the dor
sal side of the embryo would be inhibited by high levels o f SOG in the ventral ectoderm. As expected, 
the ventral epidermal fates o f these cells remain unaffected in dpp and sgl zygotic mutations.
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However, when dpp is ectopically expressed in these ventral cells of the blastoderm embryo, the ven
tral program can be suppressed and these cells instead adopted dorsal cell fates (Ferguson and 
Anderson, 1992a; Wharton et al., 1993). This study showed that ectopic UDP-GlcDH expression in 
the blastoderm embryo was sufficient to cause the ectopic activation of the dpp signal cascade and 
transformation of ventral cell fates to those o f dorsal. This was reflected later in the ectopic expression 
of TIN in the underlying ventral mesoderm. This was not caused by either the ectopic activation of 
dpp transcription or elevated translation of DPP in the corresponding ventral region of the embryo (see 
Figure 46). One possible explanation could be that if UDP-GlcDH acts as a positive modulator of 
DPP activity, higher expression levels of UDP-GlcDH will make the lower concentrations o f DPP that 
have diffused further from dorsal side of the embryo more potent in ventral cells. This result suggests 
that ectopic activation of the dpp-signaling pathway can apparently occur in the absence of detectable 
levels of DPP expression. This dosage-sensitive modulation of DPP activity by UDP-GlcDH is charac
teristic o f the interactions observed with some other modulators of DPP for example, SCW and TLD 
which act to augment DPP activity and SOG (a negative modulator) which inhibits it; the expression of 
these modulators is also spatially regulated.

Concurrent studies presented evidence that maternal germ-line clones mutant for sg lP ^ S l  
result in cuticle phenotypes of the embryo that were indistinguishable from the wg-like mutant pheno
type in the embryo (Binari et al., 1997, Hacker et al., 1997). This suggested that the full maternal con
tribution of UDP-GlcDH is critical for wg signaling during embryogenesis. With the exception of gas
trulation defects caused by a zygotic mutant effect observed in embryos homozygous for s g f ^ ^ l  
(Binari et al., 1997), dpp-like mutant phenotypes were never reported in these studies. Initially, the 
dpp-hke phenotypes observed in s g l^ 4  and s g f ^ ^ l  zygotic mutants for the most part, affected the 
later functions of dpp signaling during embryogenesis, such as dorsal mesoderm patterning, gastrula
tion and dorsal closure. However, as described above, a closer examination of the phenotypes from 
embryos homozygous for various sgl mutant alleles showed dorsal-patterning defects that were consis
tent with effects on earlier dpp function required for dorsal epidermal patterning in the blastoderm 
embryo. These defects included the loss of the dorsal extraembryonic tissue (e.g., the amnioserosa) 
which leads to dorsal open phenotypes and loss o f the dorsal lateral epidermal pattern. Loss of KRUP- 
PEL protein expression in the amnioserosa in homozygous sgl mutant embryos suggested that early 
dpp signaling may have been compromised. In addition, the ectopic effects o f UDP-GlcDH misexpres- 
sion are consistent with the effects of dpp signaling on dorsal epidermal patterning o f the blastoderm 
embryo.

In embryos derived from parents that were heterozygous for the sgl mutation, the wg-like cuti
cle phenotype was never observed. In this case, it seems that UDP-GlcDH expression contributed by 
the heterozygous mother is enough to allow for proper wg signaling in the embryo. In fact dosage 
effect alleles of wg pathway genes have never been observed, suggesting that the wg signaling pathway 
is not dosage sensitive. Conversely, germ-line clones (GLC) o f s g f ^ S l  never gave dpp-hke mutant 
phenotypes in the embryo, but rather gave only strong wg-like mutant phenotypes when crossed to
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fathers heterozygous for the sgl mutation (Binari et al., 1997). However, when GLC females of 
sgl^ l 731 were crossed to males that were wild-type (+/+), this resulted in partial rescue of the wg-like 
phenotype. In addition, a very small number of these embryos showed gastrulation defects and loss of 
dorsal pattern that were similar to those observed in the zygotic sgl mutant phenotype. Therefore, the 
GLC phenotype of UDP-GlcDH mutations may reflect an early crucial role for UDP-GlcDH function - 
one that is required for wg signaling during A-P segmental determination in the embryo upon cellular- 
ization. Since wg-like mutant phenotypes have not been observed in the zygotic effects of sgl muta
tions in the embryo, this suggests that the maternal contribution o f UDP-GlcDH is sufficient for wg 
signaling in the embryo. The dpp-like zygotic phenotype in sgl mutant embryos suggests that the 
maternal UDP-GlcDH contribution may not be able to compensate for the loss of zygotic UDP-GlcDH 
with respect to dpp function. The failure to observe the dpp-mwtmt phenotypes in GLCs of sgl^^31  
may be the result of the wg-signaling requirement for UDP-GlcDH being epistatic to that for dpp sig
naling during embryo patterning.

However, it was observed that the cross of females heterozygous for sgl^^ 731 j+ w ith males 
heterozygous for one o f the three dpp pathway mutants (thv7, pu n t^ 5  or dpp^7) resulted in a higher 
frequency of dead embryos with dorsal epidermal pattern defects than did crosses between heterozy
gous sgPT-731 /+ males and dpp-pathway mutant females. This implied that the sgl mutant had a 
matemal-effect on dpp signaling. Mothers containing only one normal copy of wild-type UDP-GlcDH 
(sgl/+) seem to have effects on the DPP activity that are limited to the dorsal-most region of the 
embryo; these effcts are characteristic of certain genes (e.g., tolloid, sog, screw, sax, thv, and punt) that 
are required for the early regulation o f DPP signaling in the blastoderm embryo. Maternal effect 
mutant alleles have been described for activated genes in the <afpp-signaling pathway, including dpp 
itself, thv and sax (Brummel et al.,1994; Nellen et al., 1994a and b; Penton and Hoffman, 1994; Xie et 
al., 1994; Letsou et al., 1995; Ruberte et al., 1995). These authors showed that dpp signaling can be 
compromised when one functional copy of these genes are simply removed in the mother in combina
tion with other mutants that regulate dpp signaling. The regions most affected in these embryos by 
slight changes in dpp signaling, were regions that require the maximal levels o f DPP activity, ( e.g., the 
amnioserosa and the dorsal ectoderm). Therefore, the maternal component o f UDP-GlcDH function 
may have a role in regulating the ^op-signaling cascade.

The matemal-effect of sgl mutants never resulted in embryos that showed egg-shell asymmetry 
defects. This latter observation suggested that UDP-GlcDH function was not required for the early 
events in D-V polarity during oogenesis. However, the possibility o f an earlier function for UDP- 
GlcDH - one that affects the maternal - signal pathway (i.e. dorsal group genes and cactus) involved in 
dorsal-ventral pattern specification in the syncytial embryo cannot yet be excluded.

IV-2ii. Role of UDP-GlcDH in dpp signaling during Drosophila embryo development.

Based on the genetic analysis which suggests that UDP-GlcDH functions directly downstream
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from dpp but upstream from receptor function to augment dpp signaling, three possible models that are 
consistent with the present paradigm of dpp signaling can be used to describe UDP-GlcDH function. 
First, UDP-GlcDH function may help mediate the activation of dpp receptors by promoting DPP bind
ing and PUNT and THV receptor clustering. Second, UDP-GlcDH function may be required to direct
ly potentiate DPP activity by regulating DPP ligand processing and stability. Third, UDP-GlcDH may 
enhance DPP signaling primarily by enhancing SCREW activity, a second TGFB-like ligand, that is 
required to maximize the DPP/THV signaling cascade through SCREW’s receptor, SAX, to specify 
dorsal most epidermal cell fates.

The first model is supported by the observation that mutations in sgl can dominantly enhance 
^op-receptor loss-of-function mutants of thv and punt in trans-heterozygous combination in the 
embryo. The loss-of-function phenotypes in embryos that were heterozygous for thv or punt mutant 
alleles were each dominantly enhanced when one copy of UDP-GlcDH was removed, suggesting that 
UDP-GlcDH could be interacting directly with the receptors. Genetic epistasis analysis showed that 
the ectopic effects o f DPP expression in the embryo, which normally causes dorsalization of wild-type 
embryos, could be suppressed in sg/-mutant embryos. Haerry et al. (1997) showed that the sg lP ^ lO  
mutation was able to suppress the activated form of the thv receptor. This result initially suggested that 
UDP-GlcDH may act downstream from the dpp-receptor complex. On the other hand when I ectopi- 
cally expressed UDP-GlcDH in embryos that were homozygous for thv^ or pun t^ S  mutant alleles, in 
neither case was the mutant phenotype suppressed (Scanga and Manoukian, unpublished). These 
results are consistent with UDP-GlcDH function required downstream of DPP activity but upstream of 
THV and PUNT receptor function. The hypothesis most consistent with these data is that UDP-GlcDH 
may act with the receptors to modulate receptor-complex activation by DPP.

Even if  sgl mutant embryos, possess functional DPP protein, receptor activation could be inhib
ited because loss of UDP-GlcDH function may prevent the PUNT receptor from complexing and acti
vating THV. In this case the model in this case could involve UDP-GlcDH interacting directly or indi
rectly through some other factor with the receptors PUNT and THV, to help promote receptor cluster
ing upon DPP binding. One question would be whether UDP-GlcDH promotion of the PUNT/THV 
receptor complex is dependent on DPP binding. In this scenario, UDP-GlcDH could help DPP bind 
more efficiently to its receptors, thus enhancing the interactions between PUNT and THV, or it may 
promote PUNT-THV interaction independent of DPP binding. Ectopic UDP-GlcDH expression is able 
to partially rescue dorsal cell fates and suppress the ventralizing effects in d p j f l ^ h  haplo-insufficient 
mutant embryos (Scanga and Manoukian, unpublished). However, when we ectopically expressed 
UDP-GlcDH in embryos that were homozygous for the haplo-insufficient null allele dppP^G (which 
leads to a completely ventralized embryo), we were not able to rescue any of the dorsal pattern. This 
suggests that in embryos that completely lack DPP function, increasing the levels of UDP-GlcDH 
expression were not sufficient to activate PUNT/THV receptor function. Partial rescue of the weak 
phenotype in dpp^46/+ mutant embryos, suggests that UDP-GlcDH requires the presence of functional 
DPP in order to promote PUNT/THV receptor clustering. Therefore, as proposed by the second model,
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UDP-GlcDH could either function, to help to stabilize and initiate DPP dimerization that is required for 
DPP ligand binding, or it could be directly regulating binding of the DPP dimer (active ligand) to the 
PUNT and THV receptors, which results in their clustering and activation.

To help test this hypothesis, the effects of UDP-GlcDH loss- and gain-of-function mutations on 
dpp transcript and DPP expression were tested. Embryos homozygous for the sglP ^31  loss-of-func
tion mutant resulted in the reductionin, and in some cases, a complete loss of DPP expression in the 
dorsal hypodermis by stage 11. However, dpp transcript expression remained unaffected. Conversely, 
no detectable effects on UDP-GlcDH transcript expression in d p p ^  homozygous embryos was 
observed in the amnioserosa. In addition, the regulation of UDP-GlcDH transcript expression did not 
appear to require DPP activity. When dorsalization of the embryo by ectopic expression of dpp was 
suppressed in mutant embryos homozygous for DPP expression was either significantly
reduced or completely lost, from both ectopic and endogenous sites (see Figure 42). In turn, increased 
expression of UDP-GlcDH, which caused ectopic activation o f dpp signaling in the ventral region of 
the embryo, and resulted in dorsalization of the embryo epidermis, seemed to have no effects on DPP 
translation or transcription. In these embryos, DPP expression patterns apparently remained unaltered, 
because no ectopic DPP was detected in the ventral region o f the embryo. These results suggest that 
UDP-GlcDH may modulate DPP activity by regulating the stability o f DPP protein and, in turn, the 
effective biological levels o f DPP for its receptors at the cell surface.

Regulation of DPP stability could occur during the processing o f the DPP precursor form prior 
to its secretion from the cell. UDP-GlcDH enzyme function is cytoplasmically localized (Lindahl et 
al., 1998). Here, UDP-GlcDH enzyme could be responsible for the synthesis of (a) factor(s) that may 
be directly responsible for modifications o f DPP during its synthesis in the ER or its migration through 
the Golgi apparatus. Such modifications could function to protect DPP from non-specific protease 
degradation in the extracellular matrix. In turn, specifc modifications may allow for the regulated 
degradation and clearing o f DPP from the ECM and cell surface during dpp signaling, once the dpp 
signal transduction pathway is activated in the receiving cells, attenuating DPP signaling. Lack of 
these modifications may cause unregulated turnover and premature degradation of the DPP ligand by 
specific proteases; these processes may possibly lead to reduced dpp-sigaaXing activity. One could 
expect, that an increase in modifications that result in a more stable form of the DPP protein as a result 
of increased UDP-GlcDH activity, would also reduce or inhibit the proper turnover o f DPP protein, 
thus causing DPP to accumulate in an embryo. However, this role for UDP-GlcDH is hard to reconcile 
with results that show that when UDP-GlcDH is ectopically activated in vivo, no accumulation or ele
vation of ectopic DPP is observed, even though there is evidence that the dpp signaling pathway is 
ectopically activated in ventral cells o f the embryo. A more sensitive assay using a Western blot to 
compare wild-type embryos with those that have ectopic UDP-GlcDH expression should be carried 
out. It is possible that an increase in DPP protein occurs that is high enough to ectopically activate the 
receptors at the surface o f ventral cells, but too low to be detected by the current wholemount staining 
technique.
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Assuming that DPP expression is not affected by the expression levels of UDP-GlcDH, another 
model could have UDP-GlcDH indirectly regulating DPP stability and activity via another secreted fac
tor. This factor may directly interact with DPP and modulate its effective biological activity at the cell 
surface. The function o f this ECM factor would, in turn, be directly regulated by UDP-GlcDH activity 
in the cell, such that a decrease or increase in UDP-GlcDH expression (or activity) may result in con
comitant increase or decrease in the expression (or activity) of the ECM factor. DPP activity normally 
is thought to be spatially regulated by a post-translational mechanism, involving TED and SOG, that 
enhances DPP activity on the dorsal side and repress DPP activity on the ventral side of the embryo. 
One possibility is that the ECM factor could enhance TED inactivation and subsequent degradation of 
SOG, thus alleviating SOG inhibition of DPP activity. TED degradation o f SOG allows the release of 
DPP preprotein, which is then cleaved to form an active DPP ligand. Active DPP ligand can then dif
fuse and bind to its receptors. TED is not directly involved in the cleavage of DPP preprotein, because 
loss o f TLD activity is suppressed by increasing dpp dosage. Thus, the ECM factor could act as a 
colocalizing factor that allows TLD to bind with the SOG/DPP inhibitory complex, and promote TLD 
targeted degradation of SOG. In addition, the ECM factor could also remain associated with the DPP 
preprotein to promote its cleavage, and the subsequent release of activated DPP ligand. To test if UDP- 
GlcDH acts directly in the cleavage of the DPP preprotein, one could test if the loss of TLD activity is 
suppressed by increasing the expression of UDP-GlcDH. In a converse experiment, one could test if 
ectopic TLD activity can be supressed by sgl mutants. The observation that ectopic DPP expression 
can be suppressed by the sgl mutation, is suggestive that UDP-GlcDH may affect DPP preprotein 
cleavage. However, DPP expression was also lost in these embryos, consistent with the hypothesis that 
UDP-GlcDH may instead regulate DPP stability.

Two earlier studies have suggested that SOG inhibition of DPP signaling is indirect, acting to 
primarily block SCW signaling (Neul and Ferguson, 1998; Nguyen et al., 1998). They showed that 
spatially restricted activation of SCW by TLD results in the activation o f the SAX receptor which 
enhances DPP/THV signaling in the embryo (Neul and Ferguson, 1998). The authors concluded that 
maximal DPP function requires synergistic signaling from the second BMP-like ligand, SCW, which 
acts through the SAX receptor (Arora et al., 1994). The mechanism(s) by which TOLLOID/SOG 
mediates non cell-autonomous elevation o f DPP signaling through SCW, or by which the SCW/SAX 
signal is integrated into the DPP/THV signaling pathway are presently unknown. The question then 
arises whether UDP-GlcDH function affects DPP/THV signal by modulating the SCW/SAX signal and 
its integration with the DPP/THV signaling cascade.

Support for a role o f UDP-GlcDH of mediating SCW/SAX signaling was initially suggested by 
the observation that mutant alleles of sgl resulted in phenotypes that were similar to those caused by 
loss-of-function mutant alleles of sew, sax, and tld (Ferguson and Anderson, 1992; Arora et al., 1994). 
This suggests that the function of SCW, SAX, and TLD can be attenuated with a loss in UDP-GlcDH 
function. Null alleles of saxophone typically result in loss of the dorsal-most pattern element, the 
amnioserosa (Nellen et al., 1994a). Trans-heterozygous analysis of sgl/+ and sax/+ mutant embryos

174

Reproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



showed no dominant interactions that resulted in a loss-of-function dpp-like phenotype in the embryo. 
However, dead larvae were observed by the second larval instar stage. One reason could be that the 
maternal contributions from one wild-type copy of sax or UDP-GlcDH is suffucient to rescue their 
zygotic deficiency in the embryo. This suggests that there may be different requirements for the thv 
and sax receptors in relation to UDP-GlcDH function, further supporting the hypothesis that thv and 
sax have independent functions during development. Because of the dosage effects associated with the 
dpp signaling pathway, another way to test whether sax requires UDP-GlcDH function would be to 
cros viable females that are heterozygous for both sax and sgl mutations with males that are heterozy
gous for either sgl or sax mutant alleles, and then check wether the lethal phase can be shifted to the 
embryo or earlier stages of first instar larvae.

When it was shown that expression o f UDP-GlcDH was able to partically rescue the loss-of- 
function phenotypes in dppP ^ /+  heterozygous embryos, the initial explanation was that increasing 
UDP-GlcDH expression was able to elevate residual DPP activity. However, another explanation could 
be that ectopic UDP-GlcDH function enhances the SCW/SAX signaling pathway which would increase 
the synergistic interaction with the residual DPP activity. Therefore, if one did a similar experiment in 
a sew or sax mutant background, one would expect that ectopic UDP-GlcDH expression would be able 
to rescue the partial loss-of-function mutant of dpp. Conversely, whether or not ectopic expression of 
UDP-GlcDH can rescue sew embryonic mutant alleles must also be established.

To test whether the modulation of SCW activity (by the combined action of SOG and TLD) 
requires UDP-GlcDH function, one could look to see whether ectopic expression of SOG is suppressed 
or enhanced in the presence of the sgl mutant. Injections of sog RNA can normally block the dorsaliz- 
ing activity of SCW mRNA injected into sew  mutant embryos, but cannot do so when dpp RNA is also 
injected (Neul and Ferguson, 1998; Nguyen et al., 1998). One could investigate the effects of a loss- 
of-function sgl mutant (with a decreased amount of UDP-GlcDH) and of a gain-of-function mutant 
(with an increased amount of UDP-GlcDH) in a similar experiment. For example, if UDP-GlcDH 
activity is a positive regulator of TLD inactivation of SOG, loss o f UDP-GlcDH activity in sew 
mutants that are injected with sog and sew RNA should enhance the ectopic effects of SOG, thus 
blocking the dorsalizing activity of injected sew  mRNA. On the other hand, increased UDP-GlcDH 
expression should inhibit the effects o f injected sog RNA on injected SCW activity. Also, genetic 
analysis between loss-of-function mutant alleles of sew or tolloid and sgl has yet to be done. These, 
and other experiments should further help clarify the role of UDP-GlcDH in the SCW/SAX signaling 
pathway and the nature of this interaction.

Therefore, based on the current genetic evidence, UDP-GlcDH may act to enhance DPP func
tion at three levels: (1) by indirectly regulating DPP activity by regulating its processing with respect to 
TLD/SOG interaction in the ECM, (2) by promoting the stablility of active DPP ligand or (3) by regu
lating DPP binding to its receptor complex. By helping to regulate DPP protein processing and stabili
ty, UDP-GlcDH may modulate the effective biological concentration of DPP in a spatially restricted
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manner in the ECM, allowing for a proper cellular response by promoting the efficient formation of the 
DPP ligand-receptor complex. The question then remains, how does the UDP-GlcDH enzyme, which 
is localized in the cytosol, execute its function outside the cell?

IV-3. The role of heparan sulfate proteoglycans in DPP signaling in 
Drosophila embryos.

In this study, UDP-GlcDH has been characterized as an enhancer o f DPP signaling. Mosaic 
analysis of somatic clones of sgl mutants suggested that UDP-GlcDH function behaves as a cell non- 
autonomous regulator of the J/7/7-signaling pathway. The cell non-autonomous function of sgl mutants 
suggests that UDP-GlcDH activity, which is normally localized in the cytosol of the cell, in fact has 
regulatory effects outside the cell. Two models were proposed to explain how UDP-GlcDH may regu
late DPP activity: (1) UDP-GlcDH may help to modifiy DPP ligand prior to its secretion from the cell, 
or (2) UDP-GlcDH may regulate the expression or activity of a second factor that is localized to the 
ECM, that in turn can directly affect DPP activity or stability.

UDP-GlcDH enzyme is required in the biosynthesis of glycosaminoglycans (GAGs), residues 
that are covalently attached to the extracellular domains of proteoglycans found on the surface cells 
and in the ECM. Proteoglycans are involved in various extracellular processes, one o f which involves 
the regulation o f growth factor activity. This regulation is usually specified by the type of GAG 
residues associated with the core protein. Mutations that affect the synthesis and biochemical proper
ties of the GAG residues have been shown to have profound effects on proteoglycan function and 
growth factor activity (see Introduction). Therefore, some initial experiments were formed in this 
study to address the possibility of the second model. The preliminary data presented in this study so 
far has implied that the phenotypes resulting from UDP-GlcDH loss and gain-of-function mutant 
effects may be the due to effects on heparan sulfate GAG biosynthesis, which in turn may affect the 
regulative role of specific proteoglycans on DPP signaling in the ECM.

IV-3L H eparan sulfate GAGs and their possible role in dpp signaling in Drosophila embryos.

In Drosophila, the maternal effects of sgl mutation on wg signaling was shown are due to a 
block in the synthesis of heparan sulfate GAGs (Binari et al., 1997; Haerry et al., 1997). In the experi
ment in which heparinase III enzyme was injected into syncytial blastoderm embryos, the authors were 
able to directly correlate the loss of HS GAGs with a block in wg signaling in the embryo (Binari et al., 
1997). In Drosophila tissue culture cells, wg signaling was, upon incubation with heparinase III 
enzyme, inhibited by removing HSGAGs from the surface of cells receiving the WG signal 
(Reichsman and Cumberledge, 1996). Protein extracts from maternal and zygotic sgl mutant embryos 
lack several proteoglycans that are recognized by an antibody against heparan sulfate (Hearry et al.,
1997). In addition the authors showed that the high-molecular-weight bands of the heparan sulfate- 
containing protein syndecan are shifted to a lower-molecular-weight band in sgl mutant embryos. They

176

Reproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



demonstrated that this was not due to protein degradation, and therefore concluded that it was due to a 
block in the synthesis of GAG chains. In these studies, the addition of excess exogenous heparan sul
fate restored wg signaling in embryos and cells that were depleted in heparan sulfate residues. This 
suggested that heparan sulfate is the crucial moiety in wg signaling. Based on this evidence, the zygot
ic sgl dpp~]sks mutant phenotype most probably results from a similar block in the synthesis of the 
heparan sulfate GAGs (Figure 18), consistent with the second model.

In Drosophila, the two major families of cell-surface proteoglycans that contain heparan sulfate 
GAG residues are syndecans (Spring et al., 1994) and glypicans (Nakato et al., 1995) (see Figure 18). 
Syndecans are transmembrane HS-proteoglycans that function as co-receptors in FGF signaling in 
mammals (David, 1993). The expression pattern of Drosophila syndecan in the central nervous system 
coincides with the expression o f the FGF receptor (Spring et al., 1994). However, no mutant pheno
type for syndecan has of yet been observed. The dally gene, which encodes a glypican homolog in 
Drosophila, was initially isolated as a mutant that affected control o f cell division and morphogenesis 
in the eye, wing and antenna (Nakato et al., 1995). Jackson et al. (1997) showed that dally is required 
for normal dpp signaling during imaginal disc development. Mutations in dally can reduce cellular 
responses to DPP, whereas ectopic expression of dally can enhance the tissue response to DPP. In the 
latter case, this led to enhanced duplications of the wing disc. This suggests that dally may act by 
modulating the signaling strength of DPP at the cell surface. Jackson et al. (1997) proposed that dally 
may function as a co-receptor, interacting with DPP and promoting ligand-receptor complex formation 
at the cell surface. In this study, it was shown that mutants of sgl were able to enhance weak loss-of- 
function disc mutants o f dpp, both in the leg and wing, consistent with the effects observed with dally 
mutant effects. The phenotypes in the wing resembled the effects observed in dally mutants on dpp 
signaling. Therefore, this implies that the heparan sulfate residues in DALLY were critical for dally 
regulation of dpp signaling. Recently, Tsuda et al. (1999) implicated dally as a regulator of wg signal
ing during Drosophila embryogenesis. Ectopic expression o f dally in the embryo produces expansion 
of naked cuticle along the anterioposterior axis and a loss of most of the ventral denticles. This is con
sistent with an increase in WG activity and the effects of GLC mutants of sgl in the embryo.

One study has suggested that heparan sulfate proteoglycans may also play a role in specifying 
early dorsal-ventral polarity in the syncytial embryo, even though no evidence was found that showed 
that sgl mutants had any effects on dorsal-ventral pattern at this stage. Pipe, a dorsal group gene, is 
required to specify the dorsal protein (DL) gradient which establishes the initial dorsal-ventral pattern 
in the syncytial embryo. Pipe RNA is only expressed in the ventral follicle cells, such that the position 
of pipe expression is sufficient to define the dorsal-ventral polarity of the embryo. Sen et al. (1998) 
demonstrated that the expression of pipe in what would normally be dorsal follicle cells reversed the 
dorsal-ventral polarity of the embryo. The authors also showed that the pipe encodes a heparan sulfate 
2-0-sulphotransferase, an enzyme that is known to modify the glycosaminoglycan (GAG) side chains 
of proteoglycans in the Golgi (Sen et al., 1998; see Figure 14 and Figure 18). Based on its homology 
to a heparan sulfotransferase, it was assumed that PIPE activity is localized within the Golgi apparatus
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of the ventral follicle cells. It is speculated that, along with windbeutel (Konsolaki and Schupbach,
1998), which appears to encode a protein localized to the ER and Golgi, PIPE may act to modify a pro
teoglycan that is secreted by the ventral follicle cells to orient the dorsal-ventral axis of the embryo.

Loss of pipe  function results in no activation of EASTER, the protease required to activate 
SPATZLE, resulting in the transformation of ventral cells into dorsal cell fates (Morisato and Anderson, 
1994; Misra et al., 1998). Therefore, in the absence o f PIPE, dorsal-ventral signaling is completely 
blocked. NUDEL a membrane associated serine protease proteoglycan (Hong and Hashimoto, 1995), 
is speculated to be a substrate for PIPE. It contains a conserved amino acid sequence that could be 
sites for GAG addition. NUDEL is exported by the ventral follicle cells into the peri-vitelline space on 
the ventral side of the oocyte. It was unclear whether NUDEL is associated with the vitelline mem
brane that surrounds the oocyte before fertilization, or if  it is anchored to the ventral side of the oocyte, 
during oogenesis. LeMosy et al. (1998), showed that NUDEL is localized to the plasma membrane of 
the egg and then the embryo, providing an ideal source for the morphogen gradient. Therefore, based 
on the mutant phenotype of pipe, sulfation of the GAG residues possibly associated with the NUDEL 
protein is essential for NUDEL activity. Upon fertilization, NUDEL activates a complex on the ventral 
side o f the embryo consisting of two proteases, EASTER (Chasan and Anderson, 1989) and SNAKE 
(Smith et al., 1995), possibly by helping to remove a protease inhibitory factor and by regulating the 
targeted cleavage o f EASTER and SNAKE. This protease cascade in turn acts as a ventral extracellu
lar cue which triggers the proteolytic processing and activation of the SPATZLE ligand (Morisato and 
Anderson, 1994; Schneider et al., 1994), directing the presentation of the processed SPATZLE ligand to 
its receptor TOLL, located on the outer surface of the cell membrane o f the embryo (Gerttula et al., 
1988; Hashimoto et al., 1988). The graded activation of TOLL in turn induces the translocation of 
DORSAL from the cytoplasm to the nucleus in a ventral-to-dorsal nuclear gradient in the embryo 
(Anderson et al.,1985; Anderson and Hecht, 1993), reflecting the ventral-dorsal graded distribution of 
activated SPATZLE in the perivitelline space. Thus, events that are described downstream of pipe  sug
gest that the modified proteoglycan must act by controlling the proteolytic activation of the ligand 
SPATZLE. In the model, the initiation of dorsal-ventral polarity may require the PEPE-dependent sul
fation of HS GAGs of a proteoglycan, possible NUDEL, which in turn helps to localize a ventral pro
tein complex on the plasma membrane of the embryo initiating the sequence of proteolytic events to 
produce activated SPATZLE ligand.

Sugarless (see Figure 18) mutations, when analyzed for their matemal-effect phenotype in 
germline clones (Binari et al., 1997; Hacker et al., 1997; Haerry et al, 1997), surprisingly showed no 
effects that were consistent with dismption of the maternal dorsal-ventral patterning that involves the 
SPATZLE/TOLL signaling pathway. One possible explanation is that there may be another UDP- 
GlcDH-like gene that is specifically required for production of the heparan sulfate GAG residues for 
the proteoglycan(s) that regulate the early maternal SPATZLE/TOLL signaling pathway. However, one 
must remember that the mutant wg-like phenotypes observed in the embryos were due to germline 
clone effects of , whereas pipe function is determined by the somatic follicle cells that sur-
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round the oocyte in the egg chamber. Therefore, another explanation would be that UDP-GlcDH func
tion is still provided by the same set o f follicle cells, even if  the germline cells are mutant (e.g., the 
nurse cells or oocyte). In this case, one should look at the effects o f sgl mutant clones in the follicle 
cells. In another experiment, one could generate mothers that are heterozygous mutant for both pipe 
and sgl. In this case, pipe!+, sgl/+ mothers would be crossed to fathers that are heterozygous for sgl/+ 
to determine whether mutants of sgl can dominantly enhance mutants of pipe. By injecting heparinase 
III enzyme into the perivitelline space of embryos, one can also test directly whether heparan sulfate 
GAGs are required in SPATZLE/TOLL activation. In this case, one would predict that the degradation 
of heparan sulfate would result in the disruption in the proteolytic activation of EASTER and SPAT
ZLE ligand, mimicking the pipe mutant phenotype.

In this study, it was shown that ectopic expression of heparinase III following cellularization of 
the syncytial embryo resulted in loss of the dorsal cuticle pattern and generation of U-shaped embryos, 
which is much like the phenotype observed in zygotic loss-of-function mutants for sgl and dpp path
way genes. It was inferred from these results that the dorsal defects caused by the ectopic expression 
of heparinase III in the embryos was the result of heparan sulfate degradation, that caused the block in 
dpp signaling. Heparinase III can degrade both heparin and heparan sulfate into di- and tetrasaccha- 
rides (Nakajima et al., 1983; Ototani et al., 1981; Godavarti and Davis, 1996). However, heparan sul
fate is favored over heparin as the possible GAG moiety responsible for the phenotype because heparin 
is largely intracellular, whereas heparan sulfate is extracellular. This would then suggest that heparan 
sulfate GAG residues, which are most likely associated with specific membrane or ECM-associated 
proteoglycans may play a role in mediating DPP activity in the embryo. The block in dpp signaling 
was confirmed by the loss of tinman and Kruppel expression in the embryo.

This indicated that the similar phenotype observed in sgl mutant embryos may be explained by 
defects in heparan sulfate biosynthesis. However, only 68% of the embryos that expressed heparinase 
III resulted in a lethal phenotype. This observation could be explained by two caveats: (1) It has not 
been determined whether the heparinase III enzyme is secreted by the cells in the embryo. Even 
though the heparinase III construct carries a N-terminal signal sequence, and expression of this con
struct in Drosophila Schneider cells in culture results in heparinase III activity in the serum, in vivo 
confirmation of heparinase III activity in the embryo remains to be determined, the existence of in 
vivo activity can possibly be determined possibly by looking for the effects o f extracts from embryos 
that ectopically expressed heparinase III on the migration (on polyacrylamide gels) o f various heparan 
sulfate proteoglycans, for example, syndecan or DALLY, two common membrane-bound HSPGs, or 
perlecan, an ECM-associated HSPG. If the heparinase III is properly secreted from the cell, one would 
expect that degradation o f the heparan sulfate residues found on these proteoglycans would cause the 
latter to migrate further down the polyacrylamide gel, when compared to controls (see Haerry et al., 
1997). As the HS GAGs are being removed, one would expect the sharpening of bands created by 
shifts in the the migration of HSPGs (due to a reduction in molecular weight), as the HS GAGs are 
removed in embryos that ectopically expressed heparinase III. (2) Assuming that heparinase III
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enzyme is secreted by the cell, the heparinase III only enzyme degrades heparin and heparan sulfate 
GAG residues. Therefore, other GAG residues such as chondroitin sulfate or dermatin sulfate 
(Appendix II) may still be present. Even though the heparan sulfate molecules may be degraded, the 
presence o f other GAG residues that remain may allow for some some residual function of the proteo
glycans that may be involved in regulating DPP activity. Therefore, it is inferred from these experi
ments that the phenotype that resulted from ectopialy expressed heparinase III was due to degradation 
the heparan sulfate moieties in the ECM. This implied that the UDP-GlcDH may regulate the produc
tion of HS GAGs that are specifically required for dpp signaling.

Binari et al. (1997) showed that injection of excess heparan sulfate into syncytial embryos prior 
to cellularization resulted in a naked cuticle phenotype similar to that observed when WG is ectopically 
expressed in embryos (Macdonald and Struhl, 1988). Later, Tsuda et al. (1999) showed that ectopic 
expression of DALLY (a heparan sulfate proteoglycan) in the embryo produces expansion of naked 
cuticle and loss of most of the denticles, which is consistent with an increase in ectopic WG activity. 
The use of polyclonal antibodies to heparan sulfate shows that when UDP-GlcDH was expressed 
ectopically at cellularization in blastoderm embryos, levels of heparan sulfate increased by stage 10-11, 
(Manoukian lab, unpublished). This resulted in dorsalization o f the embryo similar to that seen in 
embryos in which dpp signaling was ectopically activated (see Figures 42 and 46). This implied then 
that elevated expression o f heparan sulfate may enhance DPP activity throughout the embryo. There 
was no evidence to show that dpp transcript or protein expression had increased as a result of ectopic 
UDP-GlcDH expression, in the embryo. However, loss of heparan sulfate GAGs in embryos, whether 
due to heparinase III treatment or sgl mutants resulted in a loss o f DPP expression.

One possible explanation for these effects may be that higher levels of heparan sulfate localized 
to the cell surface help to stabilize the DPP in the ECM, in turn making the cells more responsive (sen
sitive) to the lower levels of endogenous DPP. Also, higher levels of HS GAGs at the cell surface may 
enhance the sequestering o f active DPP to the cell surface so it can bind more effectively with its 
receptors. In effect, this would lower the threshold of response o f the ventral cells to DPP, in turn 
leading to the activation of its receptors and their downstream signal-transduction cascade. Another 
possible explanation could be that higher levels of heparan sulfate may enhance TLD activity, leading 
to the degradation of SOG, which is normally found at high levels in the ventral part o f the embryo. 
This in turn would allow for the release and activation o f the DPP ligand. Excessive levels of heparan 
sulfate in this case, could, promote TLD-specific interactions with the SOG/DPP complex, cleaving 
SOG and releasing the DPP ligand. The subsequent proteolytic activation of the DPP preprotein could 
also be enhanced by high levels of heparan sulfate. Therefore, the one may speculate that the cumula
tive effects of these steps could allow for enough DPP ligand to be targeted to its receptors in the ven
tral cells to cause a biological response.

The ectopic phenotypic effects caused by increasing the level o f UDP-GlcDH expression sug
gest that the UDP-GlcDH enzyme represents the limiting factor in heparan sulfate biosynthesis that
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affects dpp signaling. If  UDP-GlcDH function is rate limiting, one would expect that an increase in the 
expression of other enzymes involved in the biosynthesis of heparan sulfate GAGs would not cause 
phenotypic effects similar to those of ectopically expressed UDP-GlcDH. Therefore, these results sug
gest that there may be other isoforms of the UDP-GlcDH enzyme that are required for the biosynthesis 
of HS residues that specifically affect the activity of other growth factor molecules. To date, a search 
of the sequence data base from the Berkeley Drosophila genome project (2001) has not yielded other 
UDP-GlcDH like sequences. Thus far, increasing the expression of other enzymes in the biosynthetic 
pathway has been shown to specifically affect the activity o f other signaling molecules. Over-expres
sion of TTV (a HS co-polymerase enzyme) in Drosophila results in only a hh loss-of-function pheno
type (Bellaiche et al., 1998; The et al., 1999). In the case o f HS regulation of HH protein, TTV may be 
acting as the limiting factor for the hh signaling. Therefore, another enzyme in the biosynthetic path
way may act as the limiting factor for another signaling pathway, consistent with UDP-GlcDH being 
the limiting factor for the DPP signaling pathway.

Studies in mice have shown that specific isoforms of these HS copolymerases, for example, the 
sulphotransferases (see Figure 18), may be responsible for the discrete sulfate modification patterns of 
heparan sulfate GAGs ( Bullock et al., 1998; Forsberg et al., 1999; Humphries et al., 1999). Specific 
modified forms o f heparan sulfate GAGs were shown to regulate the specific activity of different 
growth factors, underscoring the discrete action o f different modified forms of HSGAGs. The spatial 
and temporal regulation of expression of these modifying enzymes seems to regulate the temporal and 
spatial activity of growth factors during development, as reflected in the tissue specific effects of 
mutants o f the isoforms. Modification of HSGAGs, for example, deacetylation followed by sulfation, 
modulates the growth factor binding-specificity of HS GAGs. The modifications of functional groups 
along HSGAG chains provides a chemical specificity for interactions with growth factors such as FGF 
(Rapraeger et al., 1991) and TGFI3 (Lopez-Cassalis et al., 1993). In Drosophila the gene sulfateless 
{sfl) (see Figure 18), encodes the homolog of heparin, as well as of heparan sulfate N-deacetylase/N- 
sulphotransferase, an enzyme that to modifies heparan sulfate, replacing the acetyl groups with a sulfur 
group. Sfl was shown to be essential for wg signaling but has no effects on dpp signaling (Lin and 
Perrimone, 1999). Lin et al. (1999) showed that germline clones of sfl resulted in a wg-like embryonic 
phenotype. Therefore, the loss o f specific sulfate groups can affect GAG or PG function in a tissue, by 
lowering or eliminating the affinity of the GAGs for a specific growth factor, such as WG. This 
demonstrates that the specific sulfate groups found in HSGAG residues are critical for promoting only 
wg signaling. In fact genes that encode various other enzymes that are involved in the production and 
modification o f heparan sulfate GAGs in Drosophila have been isolated and shown to specifically 
affect only certain signaling pathways (Figure 18). This suggests that these genes may represent dif
ferent isoforms of the enzymes that are required for the production of specific HSGAGs that are 
responsible for the regulation of a specific signal transduction pathway. A summary of the genes and 
their effects is shown in Figure 18.

As mentioned earlier, one caveat to the model that has been proposed is the possibility that the
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phenotypes observed when UDP-GlcDH expression is decreased or increased are not due to the direct 
attenuation or enhancement of the DPP signal by heparan sulfate. In sgl mutant embryos or in embryos 
in which heparinase III was ectopically expressed, transcript expression of DPP remained unaltered; 
however, DPP protein expression was reduced or completely lost. Conversely, when UDP-GlcDH was 
ectopically expressed in the embryo, expression of both dpp transcript and protein was not altered. 
Based on the direct interaction model for heparan sulfate and DPP protein, it was proposed that the 
presence of heparan sulfate contributed to the stability of endogenous levels of DPP in the ECM. 
However, changes in the level o f dpp expression have been shown to have effects that attenuate or 
enhance dpp signaling, without producing any observable change in its transcript or protein expression. 
Therefore, it is possible that increases or decreases in heparan sulfate expression can affect DPP signal
ing by regulating the transcription or translation levels of dpp in the embryo, enough to cause dpp-like 
loss- or gain-of-function phenotypes. In this case, the current in vivo methods of detection may not be 
sensitive enough to resolve any slight differences in transcript or active protein levels.

Human cell-culture studies demonstrate several examples in which GAGs were shown to regu
late transcript and protein levels in cells (reviewed in Jackson et al., 1991). During hepatocyte-cell dif
ferentiation in the liver, GAGs were shown to increase the secretion of transferrin, haptoglobin, albu
min, alpha 1-inhibitor, alpha 1 -antitrypsin, and hemopexin. GAGs were also shown to regulate levels of 
cytosolic aldolase expression and cause increases in the cytoskeletal gene expression of mRNA for 13- 
actin, (3-tubulin, cytokeratins, alpha-actin, and desmoplakin (Schuetz et al., 1988; Ben-Zelev et al., 
1988). The ECM components that regulate these genes have been linked to the proper maintenance of 
cell morphology. HS-GAGs were also shown to specifically up-regulate the synthesis of whey acidic 
protein, transferrin, and 13-casein in mammary epithelial cells during pregnancy and lactation (Bissell 
and Hall, 1987; Chen and Bissell, 1987 and 1989). Mechanisms for the regulation of transcription or 
translation remain to be determined; however, one proposed model suggests that HSPG(s) could modu
late a signal transduction cascade to indirectly regulate the expression levels o f these genes in response 
to changes in the extracellular environment around a cell (Chopra et al., 1989; reviewed in Jackson et 
al., 1991). A second model suggests a direct physiological role for intracellular HS-GAGs; in this 
model, the HSPG is internalized by the cell through a facilitated mechanism, and the GAG moieties are 
degraded and delivered to the nucleus. In the nucleus, the HS-GAG molecules interact with specific 
transcription factors to regulate gene expression (Ishihara et al., reviewed in Jackson et al., 1991).

To address this caveat, quantitative analysis of the dpp transcript or protein expression must be 
undertaken under conditions in which UDP-GlcDH activity is either decreased, as in sgl embryos or 
heparinase III treated embryos, or increased, as in embryos that ectopically express UDP-GlcDH. To 
assess changes in dpp transcript levels, quantitative Northerns, 5’ RT-PCR, or RNase protection can be 
used to determine relative dpp transcript expression. Using quantitative Western analysis would allow 
comparison of the levels o f DPP preprotein prior to its cleavage activation with levels of active secret
ed DPP ligand, thus revealing whether DPP translation is attenuated or enhanced. In this case antibod
ies that discriminate between preprotein and cleaved active form must be used.
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The results presented thus far suggest that heparan sulfate GAGs may be the critical moieties 
required to stabilize DPP in the ECM, and enhance DPP signaling during embryo development in 
Drosophila. The results underscore the important role that the cellular environment plays in growth 
factor signaling. The lack of biochemical evidence thus far makes it unclear which particular mecha
nism is involved in this regulation. It has shown that the in vivo regulation of heparan sulfate GAG 
turnover in a cell by hydrolytic cleavage with endogenous lyases or hydrolases may play a role in mod
ulating the biological function of heparan sulfate GAGs in binding proteins (Ernst et al., 1995). 
Previous studies involving heparan sulfate and WG regulation suggest that WG is directly interacts 
with heparan sulfate. One could expect that a similar scenario could also apply to DPP. Reichsman et 
al. (1996) showed that heparan sulfate can directly modulate extracellular localization of WG and pro
mote its signal transduction in Drosophila cell cultures. They demonstrated that WG signaling was 
restored in UDP-GlcDH mutant cell lines when heparan sulfate was added to the cell culture. Another 
experiment (Wesley and Manoukian, unpublished), showed that in vivo immunoprecipitation (IP) 
analysis of Drosophila embryo extracts using either a WG or a heparan sulfate antibody resulted in the 
isolation of a complex that contained WG and a heparan sulfate containing factor. They showed that in 
a similar IP in sg/-mutant embryos, a complex of low molecular mass was pulled down only when WG 
antibody was used. This complex could not be detected on a Western blot with heparan sulfate anti
bodies, however, direct interactions between HS-GAGs and DPP have not yet been tested for. If  it 
turns out that direct interactions between HSGAGs and DPP do occur, then regulation of the levels of 
heparan sulfate GAG synthesis and turnover in the ECM would be critical in its role in regulating the 
threshold response of a cell to the DPP and other growth factor signals. However, since loss of UDP- 
GlcDH does not result in a complete loss of DPP activity, it is possible that, in addition to heparan sul
fate GAGs, other components yet to be identified in the extracellular matrix are involved in transduc
ing the DPP signal. These unidentified factors may compensate for the absence o f heparan sulfate 
caused by sgl mutants.

IV-3ii. Models for heparan  sulfate GAG modulation of dpp signaling in Drosophila embryos.

In light of the preliminary evidence presented above, I propose that UDP-GlcDH regulation of 
dpp signaling is carried out by the regulation o f heparan sulfate GAG biosynthesis. Based on the mod
els proposed for UDP-GlcDH regulation of dpp signaling in section IV-2ii o f the disccusion, I specu
late that heparan sulfate GAGs and their proteoglycans are involved in modulating various aspects of 
DPP signaling in the embryo. Modulation by specific HSGAGs residues associated with either mem
brane or ECM forms of heparan sulfate proteoglycans (HSPGs), may occur directly at either the level 
of DPP ligand processing and stabilization or at receptor binding and activiation (Figure 55). 
Enhancement may also occur indirectly by specific HSGAGs that regulate the synergistic SCW/SAX 
signaling pathway.

The modulation of DPP activity is a key aspect of dpp signaling during dorsal-ventral axis spec
ification in the embryo. For example, activation of SAX by SCW enhances DPP/THV activity to
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Figure 55. Models for the dpp signaling cascade involving HSPG regula
tion.
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A schematic diagram showing possible roles o f transmembrane- and ECM- associated 
HSPG(s), in regulating dpp signaling. F igure 55 depicts four possible models that are consis
tent with the evidence discussed herein. (A) The first model suggests that a transmembrane 
HSPG (TM-HSPG) found on the surface o f dpp expressing cells exists in a complex with the 
DPP and SOG inhibitor protein. HS residues help to sequester diffusible TOLLOID to the 
complex at the cell surface, where TOLLOID then degrades SOG (d-SOG) and releases active 
DPP ligand into the ECM. (B) In the second model diffusible DPP once released from dpp 
expressing cells is complexed with SOG inhibitor and an extracellular matrix associated 
HSPG (ECM-HSPG), localizing the DPP ligand. Diffusible TOLLOID is then sequestered by 
the ECM-HSPG, to degrade SOG (d-SOG) and release active DPP near the cells that will 
receive the signal. (C) In a third model, a TM-HSPG on the surface o f cells receiving the DPP 
signal, acts as a low affinity co-receptor, to sequester diffusible DPP ligand from the ECM to 
the surface o f the cell, where it then helps to promote DPP dimerization and binding to its 
receptors PUNT and THV. This then promotes PUNT and THV receptor clustering, which acti
vates THV and the downstream intracellular signal transduction pathway. (D) A fourth possible 
model could be one in which HSPG(s) are required, in a similar fashion, to regulate the second 
TGF13 signaling pathway in Drosophila. In this case, HSPG(s) modulate SCW and GBB to 
promote signaling through a second receptor complex, SAX and PUNT, which in turn is 
required to synergistically enhance the dpp signaling pathway. These models do not preclude 
the possibility that the HSPG(s) described here may also perform a second role, one o f limiting 
or promoting DPP ligand diffusion through the ECM.
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determine the dorsal-most cell fates (e.g., amnioserosa) (Arora et al., 1994; Neul and Ferguson, 1998; 
Nguyen et al., 1998). However, it is not clear how the combined activities o f these two ligands are 
integrated to specify positional information. In contrast, SOG, an extracellular protein (Marques et al., 
1997), inhibits DPP activity possibly by direct protein-protein interactions with DPP (Francois et al., 
1994; Holley et al., 1995; Piccolo et al., 1996). Loss o f sog results in (^-dependen t expansion of dor
sal cell fates, whereas ectopic dorsal expression of sog leads to a partial ventralization of the embryo 
(Ferguson and Anderson, 1992b; Francois et al., 1994; Holley et al., 1995; Biehs et al., 1996). In turn, 
tolloid (tld), a secreted zinc metalloprotease related to BMP1, is expressed in the dorsal half of the 
embryo (Shimell et al., 1991; Mullins, 1994), and acts a positive regulator o f DPP activity by degrad
ing SOG, thus suppressing the inhibition of DPP (Marques et al., 1997). In addition, SOG also antago
nizes SCW, by blocking its activity and thus limiting its ability to augment DPP signaling in a graded 
manner along the dorsal-ventral axis (Neul and Ferguson, 1998; Nguyen et al., 1998). These observa
tions have led to a model in which a ventral-to-dorsal gradient of SOG results in the production of a 
reciprocal dorsal-to-ventral gradient o f DPP activity (Marques et al., 1997).

In one model, HSPGs may physically interact with DPP or SWC via the HSPGs’ HS residues 
that are specific for only DPP or SCW binding. In this case, for temporal and spatial regulation of DPP 
activity to occur, HSPGs would have to be expressed in a specific spatially and temporally manner in 
the embryo such that once DPP or SCW is released upon SOG cleavage, the HSPGs can help to 
sequester the active ligand to the cell surface, thus enhancing ligand binding to its receptors.
Therefore, HSPGs would act as co-receptors for DPP and SCW signaling (Figure 55C and D).
Another possibility could be that the heparan sulfate GAGs may, at the same time, help promote recep
tor clustering of PUNT and THV at the cell surface upon DPP binding. The HSPGs at the cell surface 
could maintain low-affinity interactions with PUNT and THV, keeping them in close proximity to each 
other. At the same time the HSPGs could also contribute to increasing the local concentration of active 
DPP ligand at the surface of cells. This would then allow for the rapid binding of DPP, clustering o f its 
receptors, followed by activation o f the signaling cascade in the receiving cell. Therefore, for example, 
high levels of heparan sulfate may, in the presence o f low levels of DPP, act to concentrate DPP to the 
surface of cells, allowing it to reach the necessary threshold level for ligand-receptor oligomerization. 
Biochemical evidence from studies in vertebrates proposed a similar mechanism for HSPG regulation 
of FGF receptor activation. Lin et al. (1999) provided genetic evidence that, in Drosophila o f a similar 
mechanism, showing that specific modified forms of HSGAGs maybe essential for FGF signaling.
They demonstrated that embryos mutant for heartless or breathless, which encode two Drosophila FGF 
receptors (Beiman et al., 1996; Gisselbrecht et al., 1996; Klambt et al., 1992), have zygotic phenotypes 
similar to those of embryos that lack UDP-GlcDH (sgl) and N-deacetylase/N-sulphotransferase (sfl). 
They showed that the sfl mutant enhances the mutant phenoptypes of these two FGF receptors in the 
embryo. Since the clustering o f FGF receptors is a key process in the transduction o f the FGF signal, 
HSGAGs may somehow be involved in regulating this process indirectly through its involvement in 
the production of heparan sulfate. In fact, both breathless- and heartless-dependent MAPK activation 
is significantly reduced in embryos that fail to synthesize heparan sulfate in sfl mutant embryos. In
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vertebrates, heparan sulfate is not believed to be required for receptor binding of the growth factor, but 
instead it enables the formation of a high affinity complex that potentiates receptor signaling at low 
growth factor concentrations (Nugent and Edelman, 1992; Roghani et al., 1994). The FGF receptors 
have been shown to bind to a specific pentasaccharide sequence in heparan sulfate (Maccarana et al., 
1993; Guimond et al., 1993). Low-level activity results from bringing the two kinase domains of the 
FGF tyrosine kinase receptors into close proximity, thus allowing the phosphorylation of one of the 
receptor kinases by the other (Klemm et al., 1998). In the presence of FGF ligand, activity is maxi
mized, suggesting that heparan sulfate is used to enhance FGF signaling. Therefore, a similar mecha
nism could be used to explain heparan sulfate regulation of dpp signaling.

The data could also be explained by a second model, in which HS-GAGs play a more direct 
role in establishing the DPP/SCW activity gradients (see Figure 55A). One of the best-defined bio
chemical functions of HSPGs is their interaction with serine proteases and growth factors, both of 
which are central in the extracellular events that lead to activation of the ligand, and its downstream 
receptor. An example o f  this would be the activation of SPATZLE and its receptor TOLL (see Figure 
14). In another example, the anticoagulant activity o f heparin is based on specific binding to both the 
serine protease thrombin and the serpin inhibitor o f thrombin, antithrombin III (see Figure 17). 
Heparan sulfate GAGs synthesized by mast cells and basophils activate antithrombin III, a protease 
inhibitor, providing a precedent for GAG-mediated control of extracellular enzyme activity (Finelli et 
al., 1995; Shimell et al., 1991, reviewed in Homebeck et al., 1994). In the model proposed here, local
ized HS-GAGs found associated with either ECM- or membrane- bound HSPG, could localize DPP 
preprotein, in a complex that would include SOG, at the surface o f the i/pp-expressing cell. In addi
tion, the HSPG complex can, in turn, help to co-localize TLD to this complex and promote TLD cleav
age of SOG in dorsal regions of the embryo, thus releasing the DPP ligand. Therefore, in this case, 
HS-GAG function allows for the localization and efficient binding o f TOLLOID to SOG, inducing the 
cleavage and release o f the DPP preprotein from its inhibitory complex.

In another model, a specific ECM-HSPG could be involved in the processing step o f the DPP 
preprotein into an active ligand (Figure 55B). The same, or different, ECM- or membrane- bound 
HSPG could then promote the proteolytic cleavage o f the DPP preprotein into an activated DPP ligand. 
The HS-GAG would act as an initiation signal for a specific DPP proteolytic processing enzyme. 
Therefore, the expression o f this specific HS-GAG would have to be both spatially and temporally reg
ulated, tieing it in with the proper regulation of DPP activation in dorsal cells o f the embryo. In a simi
lar scenario, HS-GAGs in the ECM could also remain associated with the activated DPP ligand by act
ing as a chaperone through DPP’s migration across the ECM to its receptor on a cell surface. This 
interaction could protect DPP from natural proteases that would result in its premature degradation and 
turnover. In this case HS-GAGs may act to maintain the effective biological concentration of active 
DPP in the ECM. The HS-GAGs may also help to regulate DPP diffusion to its receptors in the neigh
boring cells. Therefore, any loss of HS-GAG expression in the ECM would leave free DPP ligand 
unprotected from degradation once DPP is released from SOG. Lastly, the HS-GAGs could be
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required at the level of SCW regulation of DPP signaling. To help promote maximum DPP activity for 
the determination o f the dorsal-most cell fates in the embryo, HSGAGs may be involved in mediating 
the integration of SCW signal with the dpp signaling cascade.

Although SOG has been primarily characterized as an inhibitor o f DPP and SCW signaling, 
closer analysis has also suggested that it exerts a long-range positive, cell non-autonomous effect on 
DPP and SCW activity; this activity which is essential for the specification o f dorsal-most cell fates 
(amnioserosa) (Zusman et al., 1988; Ashe and Levine, 1999), requires extracellular SOG diffusion and 
TLD function (Ashe and Levine, 1999). The mechanism by which SOG mediates cell non-autonomous 
elevation o f DPP and SCW signaling remains unknown. One hypothesis proposed by the authors is 
that SOG may facilitate the diffusion of DPP and SCW toward the dorsal-most side o f the embryo, 
whereupon TLD would cleave SOG to liberate active DPP and SCW ligand and thereby increase the 
dorsal DPP ligand concentration (Holley et al., 1996). Alternatively, while full-length SOG inhibits 
DPP/SCW signaling, a TLD-mediated cleavage product o f SOG may elevate DPP/SCW signaling, 
either directly or as an independent signal (Marques et al., 1997). In this model, the SOG/DPP com
plex may be formed and stabilized by a ECM-associated HSPG that helps to target the complex to the 
dorsal-most side o f the embryo. Therefore, in sgl mutants, targeting of the SOG/DPP complex is abro
gated, resulting in the loss of the extra-embryonic tissue (amnioserosa) in the embryo blastoderm.

Each o f the models proposed here can be used to explain the observations that show loss of dpp 
signaling and the fading o f DPP in embryos as a result of the sgl mutant or heparinase III treatments. 
By increasing or decreasing the levels of heparan sulfate in the extracellular matrix (in different regions 
of a tissue), one may enhance or attenuate these various processes, resulting in the promotion or sup
pression of dpp signaling respectively. However, at this point, there is no direct biochemical evidence 
to support existence of the interactions proposed by any one o f the models. Thus, the specific level at 
which HS and HSPGs regulate the DPP signal remains to be determined. Biochemical studies of HS 
GAG-protein binding would allow determination of which proteins (e.g., DPP itself or one of its recep
tors in the signaling cascade) may interact directly with the HS moieties. I f  such interactions occur, 
then which specific HS moieties are involved in the binding? Identification of the type of HSPG 
involved in the interaction would also be critical. An IP (immunoprecipitation) approach in which anti
bodies to proteins suspected to be interacting with HSPGs could be used to pull down, from embryonic 
extracts, any factors that may complex with a protein of interest. The components from the complex 
could then be separated and identified biochemically. An approach using genetic screens could help 
isolate specific components involved in the regulation of expression o f heparan sulfate moieties that 
specifically affect dpp signaling. A genetic suppressor or enhancer screen of the sgl mutation in the 
embryo may help isolate other mutations that result in dorsal-ventral patterning defects in the embryo. 
In turn, one could then ectopically express heparan sulfate in these mutant lines by injecting heparan 
sulfate into the perivitelline space of the syncytial blastoderm embryo to see whether the phenotype 
can be suppressed or enhanced. Simply expressing ectopic UDP-GlcDH would not work. Even 
though, as suggested in this study, UDP-GlcDH activity is rate limiting, the mutant phenotypes o f any
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downstream mutations that affect either the modification o f the HS chains, or the expression o f the pro
tein core of the proteoglycan would not be altered by the ectopic expression of UDP-GlcDH, which 
would only increase the production of the HS chains that had yet to be modified.

IV-4. The role of heparan sulfate GAGs in regulating DPP morphogen in imaginal 
discs in Drosophila.

The context-dependent requirement for HS or HSPG(s) in the normal function of a morphogen 
may be important. DPP-dependent activities defined in two different developmental contexts, one in 
the embryo and the other in the imaginal discs, may reflect distinct differences in the way of which 
gradients of the DPP morphogen are created and maintained and/or the way in which receptors are acti
vated. As described earlier, in the blastoderm embryo, dpp and sew  are expressed over a broad area in 
which they are required for patterning. The gradient of DPP activity is formed rapidly through post- 
translational mechanisms. The principal mechanism used to generate positional information in the 
embryo, is a cell non-autonomous, spatially restricted modulation of DPP and SCW signaling by SOG 
and TLD. The rapid inhibition of SOG by TLD may preclude morphogen diffusion from a localized 
source, particularly as the DPP and SCW receptors are all provided to the embryos from the maternal 
genome during oogenesis and thus unlike the imaginal discs, cannot be subjected to feedback regula
tion. In contrast, DPP in the wing disc is secreted from a localized source, and behaves as a mor
phogen gradient that is established by the diffusion of DPP protein across a field of cells over a long 
distance. This is believed to provide a gradient of spatial information (which is defined by the local 
concentration o f the DPP) that specifies positional information and, ultimately the behavior o f the 
responding cells (Nellen et al., 1996; Lecuit et al., 1996; Zecca et al., 1996).

IV-4i. ECM molecules that regulate WG and HH diffusion in imaginal discs: possible models
for the DPP morphogen gradient.

The factor(s) involved in creating a concentration gradient in a cellularized environment with 
the appropriate range, slope and spatial restrictions are not well understood as the possible mechanisms 
remain speculative. One assumption would be, if  these factor(s) can physically interact with the mor
phogen, then temporal and spatial regulation of such (a) factor(s) in the ECM or on the cell surface 
would be critical for the formation of the gradient. Also, one would have to determine whether these 
factors are involved in the passive or active diffusion of the morphogen through the ECM, or whether 
they are part of an active endocytic-exocytic regulated process in which the morphogen travels from 
cell to cell. Several possible molecules could be used by the cell to regulate diffusion o f a morphogen 
molecule. These could include lipids, cholesterol moieties, membrane receptors, and ECM- and mem
brane- associated HSPGs, to name a few. Recent studies in Drosophila have shed some light on possi
ble factors and mechanisms involved in establishing a morphogen gradient.

Zecca et al. (1996) have shown that WG behaves as a morphogen gradient in wing imaginal
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discs. In these discs, wg is transcribed in a 4- to 5-cell-wide stripe stradling the dorsal/ventral (DAO 
boundary in the wing pouch (Baker, 1988; Williams et al., 1993; Couso et al., 1994). Distalless (Dll) 
expression, a direct nuclear target, is regulated by WG, in a concentration-dependent manner, some 20 
cells away from the site of WG synthesis at the D/V boundary (Zecca et al., 1996, Neumann et al.,
1997).

Cadigan et al. (1998) suggested the WG receptor Dfrizzled-2 (Dfz2) (Bhanot et al., 1996), as 
one potential factor involved in shaping the WG gradient. The current model describes the WG gradi
ent as being biphasic, with an initial steeply decreasing slope followed by a more gradually decreasing 
slope (Cadigan et al., 1998). Cadigan et al. (1998) showed that high levels of Dfz2 receptors bind and 
stabilize WG, allowing it to reach cells far from its stripe o f synthesis. In this case Dfz2 acts as a posi
tive regulatory factor in modulating the WG gradient. Dfz2 is, therefore, an important factor for the 
establishment o f the gradual decreasing slope of the morphogen gradient. However, the identity o f the 
factor(s) that cause the initial slow rate of diffusion and/or rapid turnover ofW G  in the gradient is still 
in question? Recent evidence seems to point to HS-GAGs as being one o f these factors.

Haerry et al. (1997) showed that the depletion of HS-GAG production in sgl mutant embryos 
has effects on the range of WG activity in the embryo. In wild-type embryos, en, (which is under the 
control of WG) is expressed in stripes that are two cells wide in each parasegment. The authors 
observed that in sg/-mutant embryos, the initial expression o f EN protein expanded the stripe of 
expression to more than two cells wide. One possible explanation offered was that WG was able dif
fuse further from source cells in sgZ-mutant embryos than in wild-type embryos. These authors specu
lated that the HS-GAG chains in the ECM may be required to help concentrate WG, perhaps by 
restricting its diffusion, in addition to modulating the reception o f the WG signal. In fact, WG itself 
was shown to migrate further in sgZ-mutant GLC embryos, causing the expansion of EN expression and 
expansion of naked cuticle upon differentiation (Scanga and Manoukian, unpublished). However, the 
levels of WG are eventually reduced in sg/-mutants, thus attenuating the wg signal and causing EN 
expression to fade, finally resulting in the wg-like mutant phenotype in the embryo. When imaginal 
wing discs were incubated in culture with heparinase III enzyme, WG protein was observed to travel 
further into the wing pouch. This correlated with the expansion of Dll expression to the edge of the 
wing pouch (Scanga and Manoukian, unpublished). Neither the HSPG nor the type of HSGAG mole
cule involved in this process has been identified. Therefore, in conjunction with the results presented 
by Cadigan et al. (1998), the data suggest that the WG gradient seems to form by regulated diffusion, 
in which the receptor and HSPG(s) may act to constrain WG migration in the ECM.

In a recent paper by Greco et al. (2001), the authors implicate HS-GAGs in a novel cell biologi
cal mechanism that disperses the WG morphogen via membrane fragments over long distances through 
the imaginal disc epithelium. Membrane exovesicles called argosomes, are derived from basolateral 
membranes in imaginal discs. These argosomes travel through adjacent tissue in which they are found 
predominantly in endosomes. The authors showed that WG colocalized with argosomes derived from
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wg-producing cells, providing a vehicle for the spread of WG. They further showed that HSPG(s) are 
required for the localization of WG to these argosomes on the membrane surface o f the producing and 
receiving cells. Therefore, the data suggest that WG diffusion may involve more than one mechanism, 
and that HSPG(s) may be required as a general factor in these different processes.

Another recent study reported the identification of another Drosophila glypican gene, dally-like 
{dly) (see Figure 18), an HSPG that is involved in WG signaling (Kharen and Baumgartner; 2000;
Baeg et al., 2001). The authors showed that over-expression of dly resulted in a wg-like phenotype in 
the adult wings; this phenotype exhibited the notching of the wing margin and loss o f sensory bristles. 
Over-expression of DLY, was followed by an increased accumulation of extracellular WG protein in 
the ECM. The phenotype was the result o f  excessive DLY protein sequestering WG along the D/V 
compartment boundary (the putative wing margin), wg is expressed in cells that straddle the boundary, 
thus preventing it from accessing and activating its receptor, Dfz2. Sulfateless {sfl), a N-deacetylase/N- 
sulphotransferase, is involved in GAG modification; in sfl mutants, the GAG chains are not synthe
sized properly and the modified form of DLY protein is significantly reduced. WG expression is not 
altered in s/J-mutant clones, indicating that s/7-mutant cells normally transcribe wg and secrete WG . 
Outside the s/7-mutant cells expressing wg, extracellular WG is dramatically decreased. However, an 
abnormally high accumulation o f extracellular WG was detected on sfl mutant cells located adjacent to 
wild-type cells, suggesting that HSPGs act locally in a cell non-autonomous manner. Taken together, 
the evidence suggested that DLY HSPGs are involved in restricting extracellular WG accumulation and 
diffusion.

Tout velu {ttv), a gene that affects heparan sulfate biosynthesis in Drosophila, was identified 
based on the inability o f HH protein to diffuse across a field of cells in the imaginal disc (Bellaiche et 
al., 1998). The tout velu gene encodes the Drosophila homolog of EXT 1 (Figure 18) (Toyoda et al., 
2000), a heparan sulfate-specific co-polymerase. Mutations in these genes have been associated with 
reductions in the levels of heparan sulfate (Lind et al., 1998; McCormick et al., 1998). EXT1 muta
tions are associated with exostoses, which are cartilaginous tumors o f the growth plate in bone tissue 
(McCormick et al., 1998; Kitagawa et al., 1999). Using genetic mosaics in imaginal discs, Bellaiche et 
al. (1998) showed that ttv function does not abrogate the ability o f cells to respond to HH, although this 
ability is reduced; rather, it alters the distribution o f HH, preventing its diffusion from HH-synthesizing 
cells. The fact that the ttv mutant affected HH function in the disc, but not that o f other morphogens 
such as DPP or WG, shows that specific heparan sulfate residues exist that are produced by this co
polymerase for an HSPG(s) responsible for regulating the diffusion of HH across the disc epithelium. 
This also shows that the specific HSPG(s) synthesized by ttv perform a function opposite to that of 
DLY. Further studies suggested that membrane-targeted cholesterol-modified HH protein requires 
heparan sulfate proteoglycans either to be trapped by receiving cells or to move from cell to cell (The 
et al., 1999). The converse seems to be true for the PTC protein, a multiple-pass transmembrane pro
tein, which has been implicated in HH reception when complexed with serpentine transmembrane pro
tein SMO (Ingham et al., 1991; Chen and Struhl, 1996), the receptor essential for the transduction of
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the HH signal (Hooper, 1994; van den Heuvel and Ingham, 1996). The studies showed that PTC 
receptor limits the range of HH diffusion from the posterior compartment into the anterior compart
ment. They provide evidence that the up-regulation of PTC expression induced by HH (Hooper and 
Scott, 1989; Tabata and Komberg, 1994) serves to sequester any free HH by creating a barrier to its 
further movement. This reflects a novel self-limiting mechanism by which HH restricts its own range 
of action. A second mechanism by which HH movement is impeded is by the cholesterol moiety, 
which is covalently bound to the C-terminus of the N-terminal portion (Porter et al., 1996) of the HH 
protein once it undergoes autoproteolytic cleavage (Lee et al., 1994; Porter et al., 1995). The lipid 
modification acts as an anchor, tethering activated HH to the membrane surface o f the M-expressing 
cells. Dispatch (Disp), a gene that encodes a 12-pass transmembrane protein, is required in posterior 
compartment cells to release cholesterol-modified HH from the membrane surface o f producing cells.
In the absence o f Disp, HH is retained by the posterior cells; however, its diffusion into the anterior 
compartment is inhibited, resulting in a loss of HH signaling. An interesting observation is that PTC 
contains a sterol-sensing domain (Osbome and Rosenfeld, 1998), which raises the possibility that PTC 
can interact directly with the cholesterol moiety of HH, thus sequestering HH and restricting its mobili
ty (Beachy et al., 1997). Looking at HH and WG signaling, a complex picture begins to emerge, that 
shows that receptors, lipid moieties, and HSPG(s) may all be involved in an integrated negative and 
positive regulation of morphogen movement through the ECM.

A similar picture is starting to emerge for regards to the regulation o f DPP gradient morphogen. 
From tissue-culture experiments, Gurdon and colleagues had proposed from earlier tissue cultures 
experiments that activin, a TGFfl homolog in vertebrates, forms a concentration gradient by passive 
diffusion (reviewed in McDowell et al., 1997). The current model proposed is that DPP diffuses from 
its site of expression in a stripe of anterior cells adjacent to the A/P compartment boundary; this pro
tein, behaving as a morphogen, confers positional information that specifies anterior/posterior pattern 
in discs (Lecuit et al., 1996; Nellen et al., 1996). However in the case o f DPP in Drosophila imaginal 
discs , some evidence suggests more of a regulated diffusion process in which DPP is constrained as 
the protein spreads, rather than just spreading by passive diffusion (O’Connor, 1998; Lecuit and Cohen,
1998). By looking at clones in wing discs that produced DPP at different rates, these two groups 
looked at the effects that the formation of the DPP gradient had on target-gene expression. Activation 
of omb and spalt, two targets o f dpp signaling in the wing, requires different levels o f DPP activity. 
Since omb is activated at lower levels of DPP than is spalt, one would expect, in this experiment a pas
sive diffusion model in which the area of activation of omb should always be greater than that of spalt, 
irrespective of the rate of DPP production from the clones. The aforementioned authors showed that in 
clones producing low levels of DPP, omb was activated before spalt. However, in clones producing 
high levels of DPP, both omb and spalt activation occured in the same cells before DPP could spread. 
Eventually, omb expression expanded into cells further from the clone, but spalt expression remained 
localized in cells adjacent to the clone. The rate of production o f DPP seems to control the sequence of 
omb and spalt activation. Perhaps more importantly, an unidentified factor/process seems to initially 
limit the movement o f DPP in tissue exposed to high levels o f this protein.
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Another study showed that the dpp receptor THVmay, in addition to binding to DPP in order to 
activate the signaling cascade, also contribute to constraining the movement o f DPP in the ECM, thus 
causing the slow initial phase o f DPP-gradient formation (Nguyen et al., 1998; Haerry et al., 1998). 
Haerry et al. (1998) suggested that DPP must down-regulate the expression o f its receptor to permit its 
own diffusion. In the wing disc, for example, THV is normally expressed at high levels in the periph
ery of the wing pouch but only weakly in the medial regions of the disc, resulting in the dosage- 
dependent activation of spalt and omb. High levels of DPP near the center activate both of these 
genes, whereas omb alone is activated at the periphery of the wing pouch, where levels of DPP and 
THV expression are lower (Grimm and Pflugfelder, 1996; Nellen et al., 1996). It was postulated that 
these high levels o f THV at the lateral margins of wing discs may restrict DPP diffusion and provide 
boundaries for its area o f action (O’Connor et al., 1998). Lecuit and Cohen (1998) showed that clones 
over-expressing thv sensitized cells to low levels o f DPP and induced target-gene expression in cells 
inwhich DPP levels are normally insufficient to do so. This showed that high levels o f receptor could 
increase the sensitivity of cells to low levels of DPP. However, broad over-expression of THV led to a 
reduction in the area of expression of omb, and sal and in the size o f the wing. Furthermore, O ’Connor 
et al., (1998) showed that ectopic over-expression in the wing pouch o f a dominant negative form of 
thv that can bind the ligand but not transmit the signal also resulted in smaller wings and a reduction of 
the area in which omb was expressed. These observations suggested that high levels of THV can limit 
the ability o f DPP to diffuse in the wing disc (Nguyen et al., 1998; Haerry et al., 1998; Lecuit and 
Cohen, 1998). These groups postulated that DPP activity spreads slowly over the wing disc, up-regu
lating the expression o f its target genes, as THV in turn limits the effective range of DPP. Thus, the 
DPP-dependent down-regulation of thv expression is essential for proper DPP gradient formation and 
may be the kinetically limiting factor in DPP diffusion across the developing wing disc.

Recent reports suggest that cellular processes that involve endocytosis (Gonzalez-Gaitan and 
Jackie, 1999; Entchev et al., 2000) and the formation o f cytoneme formation (Ramirez-Weber and 
Komberg, 1999) may shape the DPP gradient, thus implicating cellular trafficking of DPP as an impor
tant means of regulating DPP diffusion. Gonzalez-Gaitan and Jackie (1999) showed that dpp signaling 
is reduced in endocytosis-defective Drosophila wing discs. Further studies showed that the long-range 
movement o f DPP involves not only DPP receptor function but also Dynamin function and the rate of 
endocytic trafficking and degradation (Entchev et al., 2000). Entchev et al. (2000) proposed a model in 
which the gradient is formed by intracellular trafficking that is initiated by receptor-mediated endocyto
sis o f the DPP ligand in receiving cells, the gradient’s slope is determined by the balance between 
endocytic recycling and endocytic degradation o f this ligand. An alternative mechanism was proposed 
that was based on the observation that described lateral cells of the wing imaginal disc projecting long 
slender processes called cytonemes. These cytonemes are oriented in a nearly parallel fashion towards 
the DPP-signaling center in the central region o f the disc (Ramirez-Weber and Komberg, 1999). 
Whereas no specific function has yet been ascribed to cytonemes, the authors suggest a mechanism by 
which target cells in the lateral regions of the disc could sense DPP directly at its site o f production, 
without the need for extracellular DPP diffusion. The graded effects o f DPP signaling across the disc
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could then derive intracellularly from the spatial or temporal decay o f the DPP signal as it is trans
duced from the cytoneme tip to the cell body. As yet, long-range DPP signaling via cytonemes is not 
easily reconciled with the observed requirement for THV receptor down regulation within the central 
region o f the wing disc (Haerry et al., 1998; Lecuit and Cohen, 1998), If  all disc cells use cytonemes 
to sense DPP at its source, then the experimental elevation of THV receptor levels throughout the disc 
should effect an increase, rather than the observed decrease, in DPP signaling (Haerry et al., 1998; 
Lecuit and Cohen, 1998). Teleman and Cohen (2000) support the hypothesis that the DPP gradient 
forms by the diffusion of DPP through the extracellular matrix. They showed that DPP forms an unsta
ble extracellular gradient that spreads rapidly in the wing disc. Rapid turnover o f secreted DPP as it 
diffuses through the ECM supports the earlier endocytic cellular trafficking model proposed by 
Entchev et al. (2000). However, the activity gradient visualized by the rapid activation of MAD differs 
in shape from the DPP ligand gradient. The evidence suggests that the DPP activity gradient may be 
shaped at the level of receptor activation. The processes described so far are not necessarily mutually 
exclusive. Therefore, establishing the DPP gradient in the ECM could involve more than one mecha
nism; multiple mechanisms would integrate to regulate extracellular diffusion, interaction with the cell 
membrane, and turnover of the secreted DPP protein.

This integration o f mechanisms would have to occur outside the cell, either on the membrane 
surface and/or in the ECM. This implies that other factors (in the ECM or associated with the cell 
membrane) that may come into contact with DPP could regulate the shape o f its gradient. In several 
vertebrate cell culture studies, it has been shown that the ECM provides a physical and chemical con
nection between cells o f a tissue. With respect to signal transduction, the ECM is thought to provide 
the scaffolding for the tethering o f diffusible ligands (such as secreted growth factors, proteases, and 
membrane receptors) that somehow regulates their migration and activity (Folkman et al., 1989; Ingber 
and Folkman, 1989; D ’Amore, 1990; Spom and Roberts, 1990; Vlodavsky et al., 1991a, b). For exam
ple, bone induction and differentiation by the BMPs are governed by components of the ECM 
(reviewed in Chen et al., 1991). Various macromolecules that make up the ECM, such as type IV col
lagen, heparin, heparan sulfate proteoglycans, fibronectin, and hydroxyapatite, have been shown to act 
synergistically with BMP extracts, providing optimal osteogenic activity during bone development 
(Sampath and Reddi, 1981; Luyten et al., 1989; Ozkaynak et al., 1990; Wozney, 1998; Wozney and 
Rosen, 1998). The binding o f BMPs in the pressence o f heparin and heparan sulfate is in some cases 
sufficient for osteogenesis (Paralkar et al., 1990; Hemmati-Brivanlou et al., 1994). It was proposed 
that BMPs are sequestered by proteoglycans or other ECM-associated molecules; the secreted growth 
factors are converted into an insoluble matrix-bound form, thus allowing BMP to act locally in induc
ing osteogenesis (Paralker et al., 1990). This suggested that the inductive signals from secreted growth 
factors like BMP require the proper extracellular molecular environmen for proper localization and 
activity, that includes the presence of heparin or heparan sulfate proteoglycans. It is believed that such 
ECM molecules would act as the scaffolding required for the regulated diffusion and delivery of the 
secreted growth factor to its proper receptors (Paralker et al., 1990). For example, in certain primates, 
an ectopic source o f hydroxyapatite in the form of a disc implant alone was osteoinductive (Ripamonti,
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1996; Ripamonti et al., 1996). One observation was that endogenous BMPs in circulation progressive
ly bound to the implanted hydroxyapatite disc, which then becomes highly osteoinductive. This 
showed not only that specific ECM factors act as modulators of BMP activity, but that they can also 
regulate the diffusion of these BMPs.

In another study, different structural forms of hydroxyapatite implants were studied for their 
osteogenic capabilities (Marouf et al., 1990). Prior to implantation, both disc and bead forms of 
hydroxapatite were treated with BMPs. The disc form was consistently osteoinductive, whereas the 
bead form was inactive, despite the fact that the chemical composition of the two hydroxyapatite con
figurations was identical. This demonstrated that the structural context for effectively presenting BMPs 
is also important in determining the efficiency of bone induction (Ripamonti et al., 1996). Further 
studies showed that other ECM molecules such as collagen and fibronectin a glycoprotein), which have 
properties similar to those of hydroxapatite, had similar effects on BMP activity (McPheron et al., 
1992). This suggests that a combination of ECM factors may be required to modulate TGFfl/BMP 
function.

If a combination of certain ECM factors can tether a specific ligand to regulate its migration 
and create reservoirs in which the levels and specific activity of the ligand can be regulated, then regu
lating the expression pattern of these ECM factors could affect the distribution pattern and activty of a 
secreted morphogen. Based on some initial evidence in this study, I propose that one such factor(s) 
may involve HSPG(s).

IV-4ii. Heparan sulfate GAGs may reg u la te  the distribution of DPP in the ECM of 
imaginal discs.

Based on genetic analysis, this study showed that weak dpp disc mutant phenotypes were 
enhanced when only one copy of the UDP-GlcDH gene was removed. This resulted in the loss of the 
most distal leg structure (claw), the distal wing margin and the anterior/posterior medial regions of the 
wing blade that are adjacent to the A/P compartment boundary. Thus, when the level o f DPP signaling 
is reduced by the removal o f one functional copy of dpp, the further loss of UDP-GlcDH causes a 
more-than-additive effect. This severe dominant negative enhancement of the dpp phenotype by UDP- 
GlcDH (sgl^^S!)  mutations suggests that UDP-GlcDH is crucial in modulating the levels o f DPP 
activity in a dosage-dependent manner. The distal segment of the leg (claw), the distal wing margin, 
and the medial region of the wing blade all require maximal DPP activity. These regions were shown 
to be the most sensitive to slight fluctuations in the level of dpp signaling, as is evident from the simi
lar phenotypes observed in partial loss-of-function disc mutants of dpp (disc-dpp) in the imaginal discs. 
Haerry et al. (1998) had shown that the phenotype caused by an activated-THV receptor mutant in 
adult wings was suppressed when one copy of UDP-GlcDH gene was removed. The authors inferred 
that suppression was caused by a reduction in heparan sulfate levels. In this study, dominant enhance
ment of dpp disc mutants by sgl mutants may be caused by a similar reduction in HS levels, which
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directly affects DPP activity, supporting the hypothesis that proposes that HS or HSPG(s) are required 
for maximal DPP signaling in the imaginal disc. The specification of the wing blade region closest to 
the anterior and posterior wing margin normally requires lower levels of DPP activity. The lateral 
regions of the wing disc, that were not affected by the loss of one copy of UDP-GlcDH, depend more 
on GBB signaling through SAX to specify their cell fates (Haerry et al., 1998; Khalsa et al., 1998). 
Therefore, reducing, but not completely abolishing the heparan sulfate levels may have less of a nega
tive effect on GBB signaling in this region of the wing. However, regions adjacent to the A/P compart
ment boundary are more dependent on high levels levels of DPP activity and therefore, may be more 
sensitive to any attenuation of the signal by factors (e.g., HSGAGs) that behave as modulators.

Further support for the hypothesis that heparan sulfate may regulate the DPP signal by directly 
interacting with DPP or modulators of the dpp signaling pathway, was suggested by experiments 
involving dally (Nakato et al., 1995, Jackson et al. (1997). Jackson et al. (1997) showed that Dally 
positively modulates dpp signaling strength in a graded fashion in imaginal discs. Ectopic dally 
expression enhanced dpp gain-of-function mutant phenotypes resulting in mirror-image wing duplica
tions. Conversely, loss-of-function dally mutants were able to repress dpp gain-of-function mutants in 
the wing. In each case, the authors did not observe changes in dpp expression; however, target-gene 
expression was expanded or reduced concomitantly with an increase or decrease in dally expression 
respectively (Nakato et al., 1995). The results of these experiments are consistent with the positive 
modulator role o f dally for dpp signaling. In fact, daily's regulation o f WG signaling in imaginal discs 
is specified by the former’s heparan sulfate moieties, as is indicated by the loss of WG signaling in sgl 
mutants, in which heparan sulfate residues are absent (Tsuda et al., 1999). These authors also showed 
that loss-of-function mutants of dally in the embryos were enhanced by the sg lP ^ H  mutant in trans- 
heterozygous embryos. Similar dominant negative interactions were observed between dally and sfl 
mutants, which also showed reductions in heparan sulfate production, resulting in a wg-like mutant 
phenotype (Li and Perrimon, 1999). These experiments showed that the heparan sulfate moieties were 
responsible for the specific function of DALLY.

When heparinase III was ectopically expressed in imaginal discs, a range of patterning defects 
was observed, including the phenotype that was observed in the disc-dpp and sgl trans-heterozygous 
combination mutants (compare Figure 47D with Figure 48A). It was inferred from the expression of 
heparinase III that the phenotypes were caused by the inhibition of DPP signaling that resulted from 
heparan sulfate degradation in the ECM. To date, the evidence showing that heparinase III is active 
and localized to the ECM, and has a direct effect on heparan sulfate levels in the imaginal discs in vivo, 
has not been confirmed. However, in a preliminary experiment in which imaginal wing discs were cul
tured in the presence of active heparinase III enzyme in vitro, the expression of DPP target genes were 
shown to be affected. Spalt-lacZ expression was reduced or lost near the A/P boundary in the wing 
pouch, whereas less severe or no significant effects on omb-lacZ expression were observed (Scanga 
and Manoukian, unpublished). One could speculate that since activation o f sal normally requires a 
high level of DPP activity, this may explain why sal-lacZ expression was inhibited. This showed that
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heparinase III treatment of discs, which results in the reduction o f heparan sulfate, had a direct effect 
on DPP signaling. Conversely, when levels o f heparan sulfate were increased in imaginal discs,using 
the hs-sgl construct, distal axis bifurcation occurred in some legs, as did other partial duplication 
effects that were restricted to only certain segments o f the leg.

The gradient of DPP activity is reflected in the concentration-dependent manner in which cells 
respond to DPP. Experimental evidence found herein and provided by others suggests that regulating 
levels o f heparan sulfate GAGs in the ECM of imaginal discs may affect the cell patterning and mor
phology of adult tissues, due to its ability to directly attenuate (due to a loss of HS) or enhance (due to 
an increase in HS) the effective biological activity of DPP signaling (in the context of DPP’s behavior 
as a morphogen gradient) on its receptor complex at the cell surface. This may be accomplished by 
specific HS residues found on proteoglycans that are expressed in a spatially and temporally regulated 
fashion, acting as co-receptors to modulate DPP binding. Therefore, by regulating the levels of HS 
residues on the surface of the cell, one can regulate the affinity of the co-receptor to its ligand, thereby 
enhancing or reducing the efficiency with which the ligand can find and bind to its receptor. On the 
other hand, regulating the levels of heparan sulfate could affect GBB signaling to its SAX receptor, 
thereby indirectly enhancing the DPP signal-transduction pathway. There is no evidence so far that 
would exclude this possibility. In either case, up-regulation or down-regulation of the DPP signal 
transduction pathway in imaginal discs normally leads to specific pattern duplications or truncation 
respectively in both the adult leg and wing, thereby reflecting the graded morphogenic activity of DPP 
(see Introduction). For example, duplications o f discrete pattern elements of the leg are shown to be 
caused by either discrete changes in the levels of DPP ectopic expression or constitutive activation of 
the DPP receptors. When the expression of DPP transcript or protein was looked at in vivo in imaginal 
discs during ectopic expression UDP-GlcDH, no observable increase in DPP transcript or protein was 
observed (Scanga and Manoukian , unpublished). However, as was shown by Struhl and Basler 
(1993), only small amounts of morphogen can have profound organizing activity in the imaginal disc, 
resulting in axis duplications. Again, one possibility that cannot be discounted, may be that any 
increase or decrease in UDP-GlcDH expression may lead to an increase or decrease in transcription or 
translation of dpp respectively that cannot be detected in vivo by current staining methods. In either 
case, either increasing the activity of endogenous DPP protein in the gradient or increasing DPP 
expression may lead to the up-regulation of the dpp signal-transduction pathway, resulting in ectopic 
pattern duplications.

The occurrence of complete axis duplications in the legs o f adult flies, upon ectopic expression 
of UDP-GlcDH, suggests that the over expression o f HS-GAGs in cells of the imaginal disc seem to 
induce distal organizer-like activity. It has been shown that cells possessing distal organizer function in 
imaginal discs are defined by the coordinated interaction of adjacent cells expressing high levels of wg 
and dpp (Campbell et al., 1993; Campbell and Tomlinson, 1995). This suggests that both wg and dpp 
signaling may be coordinately activated at ectopic sites, at which time they are expressed in adjacent 
cells, thus creating a distal organizer, as a result o f UDP-GlcDH over-expression. Based on the co-
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receptor model for HSPG(s), one could hypothesize that an ectopic distal organizer can be created by 
high levels of heparan sulfate GAGs expressed on the surface o f the cell, thus sequestering both DPP 
and WG from the ECM, localizing them to their respective receptors on the cell surface of adjacent 
cells and enhancing their signaling activities. Therefore, high levels of heparan sulfate GAG residues 
presented at the cell surface could increase a cell’s sensitivity to low levels of DPP and WG ligand in 
the ECM, and increase the binding efficiency to their receptors. This would, in effect, cause an artifi
cial decrease in the response threshold for a cell, stimulating the inappropriate ectopic activation of 
both DPP and WG signaling cascades. Thus, by varying the amount o f heparan sulfate GAG residues 
in the ECM, one may modulate the effective threshold response of cells to DPP and WG ligand, which 
would in turn would stimulate an organizer-like activity in the cells.

However, a closer look at the pleiotropic phenotypes observed when heparinase III or UDP- 
GlcDH are ectopically expressed in imaginal discs suggests that a more complex interaction may be 
involved between the DPP ligand and HS or its HSPG(s), other than the HSPG behaving as a co-recep
tor or enhancer of DPP activity. For example, ectopic heparinase III expression in imaginal discs 
resulted not only in loss o f leg segments or wing blade, but also in outgrowths, suggesting that ectopic 
organizer-like activity was also induced (see Figure 48). Based on these observations, one could 
hypothesize that HS and HSPG(s) may regulate the movement o f DPP through the ECM to its site of 
action. Reducing the levels of HS residues could cause unregulated diffusion o f DPP from its site of 
expression, possibly causing the inappropriate accumulation o f DPP in different regions of the imaginal 
disc, and exposing cells to higher levels of DPP ligand than they normally see. Based on this explana
tion, the function of HSPG may then be required to restrict DPP diffusion in the ECM. Consistent with 
this, Jackson et al. (1997), showed that loss-of-function mutants of dally were able to suppress partial 
loss-of-ftmction disc dpp mutant phenotypes in the wing. This suggested that dally behaves as a nega
tive modulator of dpp signaling. This is consistent with either HS residues inhibiting DPP binding to 
its receptors, or with a requirement that HSPG(s) may also constrain DPP migration. However, the 
dpp-like disc mutant phenotypes induced by heparinase III treatments in the wing and leg discs do not 
exclude the possibility that HS residues may be required to promote DPP migration. Therefore, the 
question of whether HS residues promote or inhibit diffusion o f DPP remains unresolved.

In experiments in which UDP-GlcDH was ectopically expressed in specific regions of the 
imaginal leg disc, loss o f distal or proximal leg segments or size deformities such as the compression 
of leg segments were typically observed (Thomson, Russell, and Scanga, unpublished). This supports 
the hypothesis that HSPG(s) may act to limit DPP diffusion. For example, over-expression of heparan 
sulfate using Dll-Gal4 resulted in distal leg deletions that were similar to effects observed in dpp loss- 
of-function disc mutants. Therefore, ectopic expression of heparan sulfate may, in some cases, act to 
block diffusion by either sequestering DPP ligand to the surface of DPP expressing cells or by trapping 
DPP in the ECM. This would cause, in effect, the lowering of DPP activity in the imaginal leg discs. 
Therefore, patterns that require high levels of DPP activity (e.g., the distal leg segments) would be 
most affected. Using a dpp-Gal4 driver to ectopically express UDP-GlcDH resulted in phenotypes that
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mimicked the over-expression effects of wg (Wilder and Perrimon, 1995) in imaginal leg discs 
(Thomson, Russell and Scanga unpublished). Over-expression o f UDP-GlcDH in the rf/jp-expressing 
stripe of cells along the A/P boundary resulted in mirror-image duplications of ventral tissue, proximo- 
distal compression and lateral expansion of leg segments. In this case UDP-GlcDH expression over
laps the endogenous expression of dpp along the A/P compartment boundary in the anterior-dorsal 
quadrant. To explain the phenotypes, it is speculated that DPP secreted from these cells may be teth
ered by excess amounts of HS-GAG residues located either on the cell surface or in the surrounding 
ECM. This would then prevent DPP from diffusing to its target cells. Normally, wg expression is sup
pressed in the anterior-dorsal quadrant by the presence o f DPP expression (Brook and Cohen, 1996; 
Basler and Struhl, 1996). I f  DPP diffusion away from the A/P boundary were restricted, WG activity 
would spread more dorsally, thus ectopically activating the wg signaling cascade and accounting for 
the observed ectopic wg-like phenotype in the anterior-dorsal quadrant of the leg. However, unlike the 
over-expression of wg, which also results in the loss of dorsal structures (Wilder and Perrimon, 1995), 
the over-expression of heparan sulfate in this case may continue to enhance DPP activity in the dpp- 
expressing cells themselves; thus, those structures remained present. WG in this case would not be 
able to convert these cells to ventral cell fates because DPP activity would still be present and inhibito
ry to WG activity. Baeg et al. (2001), showed a similar effect when they over-expressed Dally-like in 
the wing discs resulting in a wg loss-of-function phenotype. This suggested to the authors that DLY 
limits WG diffusion in the wing pouch from its expression at the wing margin, such that when DLY 
was over expressed it led to the accumulation o f extracellular WG at the wing margin.

To further address the role of HS GAG(s) in DPP migration, additional experiments are current
ly under way. By varying the levels of heparinase III treatment using a heat inducible promoter, one 
can test the effect of varying the amount of HS residues in DPP signaling. One prediction would be 
that moderate reductions in HS may have diffusion effects, whereas completely abolishing HS residues 
would also abolish the co-receptor function of HSPG on the cell surface. We would expect that the lat
ter treatment would abrogate dpp signaling, leading to loss-of-function phenotypes as in dpp-mutant 
discs. Thus, the two roles proposed for HSPG(s) may be separated, by controlling the amount of 
heparinase III treatment. In another experiment, generating large clones expressing heparinase III in 
anterior cells adjacent to DPP expression at the A/P boundary in the wing disc would tell us whether 
HS residues at the cell surface or in the ECM limit or promote DPP migration. Assuming that cells 
expressing heparinase III in the clone should be devoid of HS residues, one can, by looking at DPP 
expression, look at the effects o f DPP diffusion through the heparinase Ill-expressing clones. I f  HS is 
required to promote DPP migration, one would predict that DPP would not be able to diffuse through 
the clone and thus would accumulate at the edge of the clone that is adjacent to the dpp-expressing 
cells. Conversely, if HS residues restrict DPP diffusion, then one might expect accumulation of DPP 
protein on the edge of the clone furthest from the cells expressing dpp. In this instance one would also 
expect to observe low levels of DPP through the clone. Therefore, small changes in heparan sulfate 
levels in the ECM may cause shifts in the diffusion pattern o f a secreted growth factor like DPP, thus 
affecting a discrete areas o f the disc.
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It has recently been shown that Dll expression, which is normally localized to the wing margin, 
expands both ventrally and dorsally through the wing pouch when whole discs are incubated in culture 
with heparinase (Scanga and Manoukian, unpublished). This suggested that the cells in the wing pouch 
were exposed to increased levels o f WG activity not normally found in that region. The wing pouch is 
regulated by a gradient of WG activity emanating from the wing margin. When we looked at WG ex
pression in the wing pouch of discs cultured in the presence of heparinase III, extracellular WG expres
sion had expanded, and WG had diffused further from the wing margin into the pouch. This correlated 
with the observed expansion of Dll expression from the margin. Cells further away from the margin 
were now exposed to a higher concentration of WG; thus the threshold for Dll activation in these cells 
was exceeded. Lowering the levels of heparan sulfate allows WG to diffuse further, causing an expan
sion o f the WG gradient. Therefore, small changes in heparan sulfate levels in the ECM may only 
cause shifts in the diffusion patterns of a secreted growth factor like WG, thus affecting the spatial pat
terning o f the tissue. Whether or not similar effects are associated with changes in the diffusion of the 
DPP protein is currently being studied (Scanga and Manoukian, unpublished).

By promoting the migration of DPP, ECM or membrane bound HSPG could act as a chaperone, 
helping DPP diffusion through the ECM. On the other hand, if HSPG(s) limits DPP diffusion, the HS 
residues would act as barriers to restrict DPP movement. A recent study by Paine-Saunders et al.
(2002) shows that noggin, (a secreted peptide that has been shown to inhibit ventral fate and promote 
dorsal fate from the Spemman organizer during embryo development in Xenopus) binds strongly to 
heparan sulfate proteoglycans on the surface of cultured cells. Noggin protein (NOGGIN) promotes 
dorsal cell fate by binding to BMPs’ and inhibiting their ventralizing function by preventing interac
tions with receptors on the cell surface (Zimmerman et al., 1996; Thomsen., 1997). NOGGIN is de
tected only on the surface of cells that express heparan sulfate. Heparan sulfate bound NOGGIN is 
shown to remain functional and can bind BMP2 and 4 at the plasma membrane (Paine-Saunders et al., 
2002). BMPs normally act as ventralizing morphogens during dorsal-ventral axis specification in early 
Xenopus embryos (Jones et al., 1996; Dosch et al., 1997; Dale and Jones, 1999; Dale and Wardle,
1999). NOGGIN is assumed to diffuse from the dorsal lip of the Spemman organizer, establishing an 
inhibitory gradient that binds to BMP thus forming an ventralizing BMP activity gradient that mirrors 
that of NOGGIN (Jones and Smith, 1998; Dale and Jones, 1999; Dale and Wardle, 1999). Paine- 
Saunders et al. (2002) proposed that heparan sulfate proteoglycans in vivo can regulate the diffusion of 
NOGGIN, which in turn regulates the diffusion, and therefore the formation o f gradients of BMP activ
ity. This sort of model can explain the observation that shows that when ectopic UDP-GlcDH is 
expressed at high levels in certain regions of the imaginal disc, it can inhibit DPP activity. Conversely, 
when heparinase III is ectopically expressed in imaginal discs DPP activity can be enhanced, resulting 
in outgrowths. In this case, the function o f a NOGGIN-like (Holley et al., 1996) inhibitor can be 
enhanced or inhibited when heparan sulfate levels at the cell surface are either increased by the ectopic 
expression of UDP-GlcDH, or decreased by the expression of heparinase III respectively. When its 
function is enhanced, a NOGGIN-like inhibitor will bind to DPP and inhibit its diffusion and activity; 
when inhibited, it is unable to bind to DPP, thus allowing DPP diffusion and possibly ectopic activity.
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The outcome in both scenarios would be that the HSPG(s) are acting to restrict DPP ligand dif
fusion, which in turn would allow for frequent encounters with DPP’s high-affinity receptors. Thus, by 
regulating the pattern of expression of extracellular or membrane-associated HSPG(s), the tissue may 
then be able to modulate the pattern and range of DPP diffusion; this modulation ultimately determines 
the shape o f the DPP gradient. One trend that is observed is that morphogens may use specific 
HSPG(s) to carry out specific biological roles. For example DALLY is required to promote WG sig
naling, behaving possibly like a co-receptor, whereas DALLY-LIKE is required to limit the distribution 
of WG ligand in the imaginal disc. Therefore, future experiments must look at the identification and 
role of specific HSPG(s) that act in DPP signaling and gradient formation. Discrete HS residues asso
ciated with a specific proteoglycan (ECM- or membrane-tethered [MT]) may then be expressed in a 
regulated manner; this regulation determines their spatial and temporal expression pattern in imaginal 
discs. These HSPGs could then specifically regulate the pattern of DPP diffusion or local activity lev
els in the imaginal tissue, thus ultimately affecting positional information. Therefore, any changes in 
the levels and pattern o f expression of the ECM or membrane associated HSPG molecules, could mod
ifying the gradients of positional information by altering the normal diffusion pattern o f the mor
phogen.

IV-5. Role of the ECM during regeneration.

This study has also implicated UDP-GlcDH and HS-GAGs in the regeneration process of imag
inal discs. Regeneration of appendages in some vertebrates (e.g., urodeles) begins with the local for
mation o f a growth zone or blastema at the plane of amputation (wounding). The blastema in urodeles 
is a group of cells that can influence neighboring cell fates via cell-cell interactions that promote cell 
division and de-differentiation. These interactions are thought to involve either local inductive cell sig
nals or the graded diffusion of (a) morphogen(s) (Bryant and Fraser, 1988; Bryant and Gardiner, 1992; 
Gardiner et al., 1992). Several studies have identified these signaling proteins as members of various 
families o f secreted growth factors such as TGFG/BMPs (Viviano and Brockes, 1996); WNTs (Chang 
et al., 1994), and Sonic hedgehog (SHH) (Stark et al., 1998). These are the vertebrate homologs of 
DPP, WG and HH. Several interesting events that occur in the urodele blastema after wound healing 
and prior to growth-factor regulation underscore the importance of the ECM in the early stages of 
regeneration. Metalloproteases (MMP) are expressed in the mesenchyme upon limb amputation, 
resulting in the degradation of the ECM (Tang and Tu, 1994). It was thought that this may permit cells 
to escape from their matrix and migrate to form the blastema. In other studies, ECM degradation was 
thought to facilitate de-differentiation by disrupting cell contacts (Tang et al., 1997). This response to 
wounding was shown to be inhibited when the contact between cells were re-established (Miyazaki et 
al., 1996). The subsequent reconstitution o f the ECM was important in the repatteming of the verte
brate limb, allowing the proper response o f cells to soluble mediators such as TGFB and WNTS in the 
amputated limb of urodeles (Chen et al., 1991; Nace and Tassava, 1995).

Remodeling of the matrix in vertebrates has long been thought to be important for patterning,
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since the matrix could limit or enhance differential gene expression and cell migration (Jackson et al., 
1991). Increased expression of GAG chains were shown to regulate the activities of growth factors 
during wound repair in mice and humans. The expression of heparin, and heparan sulfate GAG-associ- 
ated proteoglycans such as the syndecans, is increased after tissue injury (Gallo et al., 1996). A retard
ed wound-healing response was seen in syndecan-1 -deficient mice, because angiogenesis and cell 
migration in the wound were poor. Normally, the factors released upon tissue injury (e.g., the antimi
crobial peptides synducin and cathelocidin) cause the up-regulation o f syndecans on the cell surface 
(Gallo et al., 1994). This is quickly followed by the regulated shedding (due to metalloprotease) into 
the wound fluid o f the highly-sulfated heparan GAG chains found on syndecans-1 and -4, 
(Subramanian et al., 1997; Kato et al., 1998). These syndecan GAG chains inhibit proteases, heparan 
binding epidermal growth factor (HB-EGF), and fibroblast growth factor 2 (FGF2) signaling, which 
are collectively responsible for the migration and proliferation of keratinocytes in the wound 
(Kainulainen and Wang, 1998). This is consistent with studies that show that these soluble 
ectodomains inhibit cell proliferation (Mali et al., 1994; Forsten et al., 1997). Later, heparinases are 
expressed by neutrophils and macrophages, which digest the syndecan-1 and -2 GAG chains to pro
duce heparan-like fragments that bind to FGF2 and stimulate its activity; this activity is required for 
proliferation o f subdermal fibroblasts (Kato et al., 1998). Many ECM proteins that are expressed (e.g., 
fibrillar collagens, fibronectin, and tenascin) avidly bind the released heparan sulfate fragments and act 
as a reservoir as the new ECM is formed. Incorporation of these GAGs into the ECM allows proteases 
and growth factor activities to return to normal levels; this return to normal may be required for the 
regeneration of cell-differentiation pattern of the lost tissue. In a similar manner, heparan sulfate 
GAGs, along with other ECM components accumulated during regeneration, may provide a suitable 
ECM environment to regulate the activities of growth factors such as DPP and WG during re-pattern
ing o f the leg imaginal disc (Dealy et al., 1997). Therefore, the shedding of syndecan ectodomains 
maintains growth-factor and proteolytic balance at the wound site (Kato et al., 1998; Kainulainen et al., 
1998).

In this study, it was found that the up-regulation of UDP-GlcDH expression in the regenerating 
imaginal leg disc is followed by the ectopic accumulation of heparan sulfate in the anterior compart
ment of the regenerating disc (see Figure 52E and F). This may be indicative of a remodeling o f the 
ECM following the random cell death in su(f)^~m utant discs. Axis duplication of the leg in su(f)^  
mutants suggests that, at some point, stable ectopic activation o f wg and dpp is achieved, which results 
in the stable formation o f a distal organizer and in the global re-patterning of the imaginal leg disc. 
Heparan sulfate GAGs have been implicated as a key modulator o f this process, underscoring the 
importance of the extracellular matrix in pattern regulation during regeneration. When I analyzed the 
expression of various genes (en, hh, ptc, wg, and dpp) (Figure 50 and 51) that are responsible for 
organizing spatial pattern in imaginal discs, I observed that changes in the expression pattern of these 
genes during pattern regulation of the leg in su(f)^-rsmtwA flies somewhat correlated and overlapped 
with the changes in the expression pattern of UDP-GlcDH and heparan sulfate GAGs (see Figure 52). 
Ectopic expression of en is initially detected in the anterior compartment approximately 6-12 hr after
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the heat treatment (AHT) used to induce cell death in su(f)^ -m u tan t leg discs. The loss of the posteri- 
or-compartment restriction of hh expression also seems to occur simultaneously with the ectopic 
expression of en. It is possible that during the initial stages of regeneration, a breakdown in the ECM 
occurs that could result in the loss o f cell-cell contacts that may be responsible for maintaining A/P 
compartmental restriction of en and hh expression. At this stage in regeneration, expression levels of 
UDP-GlcDH and heparan sulfate increased, possibly in response to an ECM remodeling cue. The 
breakdown in the compartment boundary and the ectopic misexpression o f hh in the anterior compart
ment correlated with the expression of ptc  in the anterior compartment. Normally, ptc  expression is 
localized in a stripe of cells in the anterior compartment that abuts the A/P boundary and responds to 
HH protein secreted from the posterior compartment. The loss o f cell-cell contacts may result in a 
deregulation o f en expression in the anterior compartment and a simultaneous increase in the diffusion 
of HH into the anterior compartment.

At 24 hr AHT, ectopic expression of both dpp and wg was observed throughout the anterior 
compartment. This was consistent with the findings o f Basler and Struhl (1994), which showed that 
general ectopic expression of hh in the leg disc resulted in misexpression of dpp and wg in the anterior 
compartment. This suggested that cells beyond those located near the A/P compartment boundary 
(where dpp and wg are normally activated by HH) are receiving higher-than-normal levels of HH. 
However, wg and dpp expression soon became restricted to the anterior-ventral and anterior-dorsal 
quadrants, suggesting that the dorsal/ventral difference in competence to respond to HH is still main
tained. More interestingly, even though the A/P compartment restriction had broken down with respect 
to hh expression, it was maintained with respect to dpp and wg expression, suggesting that cells in the 
posterior compartment were still able to repress dpp and wg expression. By this time, the reconstitu
tion o f the ECM may have begun to take place, as is suggested by the up-regulated expression o f UDP- 
GlcDH and heparan sulfate, particularly in the anterior-dorsal and anterior-ventral quadrants of the leg 
disc. Assuming that heparan sulfate GAGs are required as co-receptors for HH signaling (as was sug
gested by Perrimon and Duffy, 1998), cells may require a minimal level of heparan sulfate to respond 
to HH. This could account for the observed general ectopic activation o f dpp and wg expression in the 
anterior compartment. However, the amount of heparan sulfate expression at this time may have been 
too low to restrict HH diffusion.

At more than 24 hr AHT, both UDP-GlcDH and heparan sulfate GAG expression levels began 
to level off, suggesting that the ECM was completing its recovery by this stage. At about the same 
time both en and hh ectopic expression in the anterior compartment faded, along with that of wg and 
dpp. en and hh expression became restricted to the posterior compartment, and dpp and wg expression 
was re-established along the A/P compartment boundary suggesting that the A/P compartmental restric
tion had been also established. This may be the result of the re-synthesis of the ECM and re-formation 
of cell-cell contacts in the tissue. However, in the leg discs, ectopic expression of en and hh was still 
detected in a patch o f cells in the anterior compartment near the edge of the disc. By 48 hr, a stripe of 
ptc  expression was observed in cells overlapping the expression of en and hh in the anterior compart-
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men! This suggested that a new ectopic A/P compartment boundary had formed. Furthermore, ectopic 
wg and dpp expression was also observed in the same region of the leg disc. The formation o f a sec
ond end knob with a set of concentric folds in the leg disc and the mirror-image duplication patterns of 
expression of en, hh, ptc, dpp and wg seen later in discs, indicate that this ectopic pattern o f expression 
preceded the formation o f a duplicate P/D axis. I propose that this anterior ectopic expression, which 
represents a new secondary A/P boundary, may initiate the establishment of a new distal organizer that 
gives rise to the duplicate P/D axis in the leg. The morphology of duplicates in the leg suggests that 
they may originate from the region corresponding to the anterior medial extremity o f the leg (Russell, 
Girton and Morgan, 1977), which is consistent with the site o f ectopic expression of the genes 
described above. The localized misexpression of diffusible morphogens like DPP and WG at this 
ectopic site in the leg disc may, therefore, explain how these cells acquire organizing abilities and pro
vide the proper patterning signals to neighboring cells to create the duplicate leg in the adult. This is 
consistent with the current compartment boundary model’s describing imaginal disc patterning; in this 
model, the distal organizer is defined by the confrontation between the AP, AD, and AV compartments, 
which is determined by en/hh, wg, and dpp expression at the boundary. The adjacent expression of 
both wg and dpp expression at the distal organizer is required for distal outgrowth in the leg discs (see 
Introduction, reviewed by Campbell and Tomlinson, 1995; Brook et al., 1996). Heparan sulfate GAG 
expression, along with that of dpp and wg, in the cells in the medial-lateral region of the disc is also 
consistent with its possible role in regulating dpp and wg function as organizers.

Neither the compartment boundary model nor the distal organizer model completely explains 
how the new gene-expression pattern itself is generated during a duplication event. Heparan sulfate 
GAGs may be among the molecules involved in the initial events in the disc that lead to the ectopic 
expression o f hh, wg, and dpp in the small group of cells that eventually provide the cues for pattern 
formation o f the duplicate. The possible importance of this remodeling of the ECM is underscored by 
the observation that duplication and regeneration of the leg in adults was inhibited by a depletion of 
heparan sulfate (see Figures 53 and 54). Regeneration o f the leg disc was suppressed by the expres
sion of heparinase III in regenerating imaginal leg discs in heat-treated s u ( j mutants. In addition, 
when heparan sulfate was removed from the medial-lateral region of the leg disc that forms the dupli
cate, the formation o f a secondary P/D axis was suppressed, resulting in a necrotic stump. These two 
results imply that heparan sulfate may be required to establish or regulate distal organizer activity for 
the orginal D/P and a duplicate in the leg disc. Furthermore, the expression o f both UDP-GlcDH and 
heparan sulfate in su(J)^-mutant discs during regeneration supports a role for heparan sulfate in form
ing the distal organizer (Figure 52). The later expression o f heparan sulfate is restricted to cells at the 
lateral edge of the anterior compartment, where it overlaps the expression of both wg and dpp. This 
occurs prior to any apparent morphological evidence of a duplication event in the leg discs. This pat
tern of misexpression of heparan sulfate is consistent with the effects of heparan sulfate depletion dur
ing regeneration and further supports the idea of its involvement in the events leading to distal-organiz- 
er formation. The ectopic activation of UDP-GlcDH at the 6-12 hr prior to heat treatment suggests that 
the ECM may be critical for an early step in re-patterning (such as the re-specification of cell fate and
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compartmental restrictions). Heparan sulfate GAG expresion, combined with that of dpp and wg, in 
the cells of this region of the disc is also consistent with HSGAGs possible role in regulating the func
tion of dpp and wg as organizers.

BMP-2, the human homolog of dpp, plays a decisive role during bone regeneration and repair 
in animals (Wang et al., 1990; Torumi et al., 1991). Human BMP-2 can substitute for the Drosophila 
homolog during dorsal-ventral patterning of the Drosophila embryo, just as DPP can, in turn, induce 
ectopic bone formation in animals (Padgett et al., 1993; Sampath et al., 1993). BMP-2 protein is nor
mally found attached to the bone matrix together with other BMPs (e.g., BMP-4, and BMP-6) (Israel et 
al., 1992). The binding of BMP-2 to abundant sites on the cell surface and the extracellular matrix is 
thought to be promoted by heparin-binding sites found in its N-terminal sequence (Koeing et al., 1994; 
Ruppert et al., 1996). Similar heparin-binding motifs were found to exist in the N-terminal region of 
Xenopus laevis BMP-2 and Drosophila DPP and GBB proteins (Plessow et al., 1991; Ruppert et al., 
1996). The occurrence of heparin-binding sites in BMP-2 explains why the specific biological activity 
of BMP-2 is enhanced by heparin or heparan sulfate in embryonic limb-bud cells or during chondroge- 
nesis in chick limb-bud mesenchymal cells (Roark and Greer, 1994; Ruppert et al., 1996).

With respect to dpp and regeneration in imaginal discs, these observations provide further sup
port for the critical role that GAGs may play in regulating dppfBMP activity in tissue regeneration.
Like BMP-2, the HSGAGs expressed during imaginal disc regeneration may interact with the GAG 
binding sites of DPP, helping to localize and potentiate DPP activity to the wound heal and future 
regeneration blastema (organizer). However, there is no biochemical evidence showing direction inter
action between DPP and heparin or heparan sulfate GAGs. In addition, the question of whether dpp 
function is required for regeneration in imaginal discs still remains to be answered. IP studies using 
antibodies against HS proteoglycans or HS GAGs are being carried out to determine whether DPP pro
tein can be co-precipitated from Drosophila embryonic extracts (Gupta and Scanga, Manoukian lab). 
Thv and punt null mutants will be used to generate somatic clones during regeneration in specific 
regions of the leg disc, in su (f)^  mutants. This will be accomplished by using the Gal4/UAS expres
sion system to specifically generate mutant clones in the regenerating part of the disc (see Figure 53).
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V. Summary

Vertebrate cell-culture studies provided the intial evidence for the involvement of an HSPG - 
specifically, betaglycan, an integral membrane-bound proteoglycan - in the regulation o f the 
TGFB/BMP family o f secreted growth factors (Lopez-Casillas and Cheifetz., 1991; Lopez-Casillas et 
al., 1993; Lopez-Casillas et al., 1994). Betaglycan, a type III receptor that acts as a non-signaling 
receptor accessory molecule, increases the efficiency of TGFfi ligand binding to its type I and type II 
signaling receptors. In most cell lines, the GAG chains of betaglycan are a mix o f heparan sulfate (HS) 
and chondroitin sulfate (Segarini and Seyedin, 1988). The GAG chains on betaglycan were, however 
found to be dispensable in binding TGFB. (Cheifetz and Massague, 1989; Lopez-Casillas et al., 1993; 
Lopez-Casillas et al., 1994). No such type III receptors have been reported for vertebrate BMPs.
Dally was the first HSPG to be shown through genetic means, to regulate DPP/BMP signaling during 
development in imaginal discs (Jackson et al., 1996). Dally acts as a positive regulator of DPP, by 
enhancing DPP signaling, suggesting to the author that it may serve as a DPP co-receptor. However, it 
was not determined which active region - the protein core or the HS residues o f Dally - affected dpp 
signaling. Haerry et al. (1997), to help further define the dpp-signaling pathway, designed a genetic 
enhancer and suppressor screen to identify novel components o f the pathway. A constitutively active 
form of the DPP type I receptor, encoded by the gene thickveins (thv), was expressed ectopically in the 
wing discs resulting in a highly blistered phenotype. The authors identified a P-element mutant, SG9, 
from a previous imaginal disc screen (Sheam and Garen, 1974); SG9 dominantly suppressed the wing 
blister phenotype o f the activated THV (A-THV) mutant. The SG9 mutant turned out to be an allele of 
sugarless (Binari et al., 1997; Haerry et al., 1997; Hacker et al., 1997), which encodes the gene for 
UDP-glucose dehydrogenase (UDP-GlcDH) in Drosophila. UDP-GlcDH is involved in the biosynthe
sis of heparan sulfate GAGs in the cell. The SG9 allele of this mutation (which has reduced activity 
relative to the wild type) with reduced activity was shown to cause lethality during pupal stages. The 
pharate adults show all structures derived from the imaginal discs (e.g., legs, wing, eyes, and antenna) 
to be small or not fully developed. The authors concluded that the phenotype of the dead pupae and 
evidence from genetic interactions with dpp disc mutants supported the suggestion that HS is important 
for af/jp-signaling in the wing disc. Although HS synthesis seems to be involved in the ^up-signaling 
pathway in imaginal discs, embryos without either maternally supplied or zygotically derived mRNAs 
encoding UDP-GlcDH showed no defects in dorsal-ventral patterning, a process that is critically 
dependent on DPP signaling (Binari et al., 1997; Haerry et al., 1997; Hacker et al., 1997). Binari et al. 
(1997), however, did report that the zygotic phenotype of the sgl allele P1731 [1(3)08310] (Spradling et 
al., 1995) showed extensive loss of dorsal cuticle structures and perhaps of the amnioserosa. This 
zygotic phenotype is characteristic o f partial loss-of-function alleles of dpp and its two known recep
tors thv and punt.

The study herein demonstrates that the zygotic contribution, and possibly the maternal contribu
tion as well, is required for DPP signaling during dorsal-ventral patterning o f the embryo. From an 
enhancer-trap regeneration screen in imaginal discs (Brook et al., 1993), I identified a P-element lethal
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insertion line (A64) that produced dead embryos that showed dorsal cuticle and gastrulation defects. 
A64 turned out to be another allele o f sugarless (sgl). Developmental processes are often sensitive to 
the level of function in a signaling pathway. It has been shown that when DPP signaling is reduced 
below a certain threshold, a relatively modest change in function can produce drastic effects on devel
opmental patterning in both the embryo and imaginal discs. I showed that adults heterozygous for a 
dpp partial loss-of-function mutant or a receptor loss-of-function mutant, when crossed to adults that 
were heterozygous for the sgl mutant alleles A64 and P I 731, result in embryos with dorsal defects.
This showed that sgl mutants were able to dominantly enhance r/p/7-pathway mutants in the embryo. 
This type o f genetic interaction, intergenic non-complementation, provides strong evidence that the two 
genes affect a common signaling pathway in the embryo. Similar genetic interactions were observed 
between sgl mutant alleles and dpp disc mutants, suggesting that the phenotypic effects observed with 
dally are also due to the absence of the HS residues. These results suggest that the HS residues are 
critical moieties that help modulate DPP signaling. From the heparinase III expression studies in the 
embryo and imaginal discs, which phenocopy the dpp loss-of-function phenotype, it was inferred that 
the HS residues in the ECM may directly affect DPP activity. Preliminary studies of the effects of the 
sgl mutant and heparinase III treatments in imaginal discs, opens the possibility that HS residues may 
also play a role in organizing the extracellular distribution of DPP. It has been shown, in other studies, 
that mutations in sulfateless (sfl; N-deacetylase/N-sulphotransferase; Lin and Perrimon, 1999) and tout- 
velu (ttv; transmembrane HS polymerase; Bellaiche et al., 1998), two enzymes that are involved in the 
modification of HS residues on HSPG(s), can specifically affect the extracellular distribution of WG 
and HH, respectively. The specific effects of these biosynthetic enzymes may be due to the presence 
of different isoforms o f an enzyme that is responsible for producing specific modified forms o f HS 
residues. These HS residues may in turn be responsible for the regulation o f a specific morphogen. 
Thus, regulating the diversity o f HS residues found on HSPG is critical for their specific functional 
roles (review Lindahl et al., 1998). Several studies in wound repair have implicated HSPG(s) in modu
lating growth factors, such as FGF and BMP during wound repair in mice and humans. In vitro cell- 
culture studies have established that BMPs can induce bone regeneration and that various ECM com
ponents are essential in the induction processes. This study provides the first in vivo genetic evidence 
for the requirement of HS residues during regeneration o f imaginal discs. Ectopic expression of UDP- 
GlcDH was also shown to induce distal leg duplications. Along with the observations from the regen
eration experiments, this suggests that cells expressing high levels of HS residues may possess proper
ties of a distal organizer. Therefore, specific HS moieties expressed at high levels in a concentrated 
area may possess the ability to enhance the levels DPP and/or WG (two gene products that, when com
bined, define distal organizer function) in imaginal discs.
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Appendix I. Synthesis pathways for the formation of HJDP-siigars (Prydz and 
Dalen, 2000)

GlcATP
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GlcNAc-6-P2NAD+
H 20

2NADH
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UTP

olgi apparatus] PPi
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T ppi

jERGICj
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Synthesis pathways for the formation o f UDP-sugars and PAPS required for the synthesis o f proteogly
cans. Each UDP-sugar and PAPs is actively transported from the cytosol into the Golgi lumen, by a 
corresponding transporter. A bbreviations: APS, Adenosine-5-phosphosulfate; ERG IC, ER-Golgi 
Intermediate Compartment; Gal, Galactose; GalNAc, N-acetyl-Galactosamine; Glc, Glucose; GlcA, 
Glucuronic acid; GlcN, N-Glucosamine; GlcNAc, N-acetyl-Glucosamine; IdoA, Iduronic acid; PAPs,
3 ’ -Phosphoadenosine-5 ’ -phosphosulfate; Xyl, Xylose.
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Appendix II. The structure of dissacharide residues of different 
glycosaminoglycan chains (Prydz and Dalen, 2000)
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The structure o f the repeating disaccharides in the different types o f GAG chains. The sulfation 
modifications are not shown.
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Appendix III. The heparin and heparan sulfate biosynthetic p a th w a y  (review 
Lander et al., 1999)
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(A ). The different steps in the synthesis o f heparin and heparan sulfate GAG chains o f the GlcA-Gal- 
Gal-Xyl-linker region. (B) The different sulfation positions in each GAG are marked in blue.
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Appendix IV. Sequence of the 1.8kb A64(l-1) (3L) rescued genomic DNA
fragment containing the 5’ translation start site for Drosophila
UDP-GlcDBL

CT CCACCGCGGTGGCGGCCGCT CT AGAACT AGGGATCCCCCGGGCT GCAGGAATT CGAT AT CAAGCTT CGGCTATCGACGGGACCACCTT AT

GTTATTTCAT CAT GGCT CGAACGAAT AGCACGCGACATTCGCCGGAAAAAAAACGAT AACT AT AAGTT GT GGGAAATTCGCACAAGGGACAG

AAGGAAGAAGAAGAAGCAGCAT ACGAAAGGGACGAACGGCGAAGCAAAACAAAT CGAGCGACGAAT AGCGGT GT GCAACGAAAAGAAGGT CT

GCTGCATTGGCGGCT GGTATGTCGGCGGTCCGACCTGCGCGGTTAT GGCGCTCAAAT GCCCCGAT ATCGTGATAACCCTGGTGGACAAGAGC 

Start

TCCGAGCGGATTGCCCAGT GGAATTCGGAT AAGTTTGCCCATTT ACGAGGTACGTTT CGCTTT CCT CCTT CTCATCGTTTGTAGTTACAT AG

GAAGTGCCACTGTTTCTGTGTGT AT GTGTGTGCT AGAGAAGAGAGAGAGCGAGAGGGACGATAGGT AGTGfrGTGTGTGTGTGTGCT CACGCCT

TAACCTTGCAATTTGTGTYTTTTT CT GCTTTT CGGGGCTTCCACYAAT CATAAACAAACAAGT CAT CCTCCCTCAAT CAATYCCCGAT CCGA

ACCATCGAGCACAAACT AAAYCGT CGAT GACCGCT CATATCCAAGT CGGYYGAAT ACCCCACACCT CCCT CCAGACT CCCCTT AAGT AAACC

AGTT CCCT GCACACAAAAT AT GCCAGAT CT ATTTGGAGATTTCTTGAATAATTCCAT CCTATGAGATGGATT ACAT GGTTT AT AGAT ATACT

TAGCATTT ATTTT GT AACACATTGAAAT ACTATTT GT AATTTAGCCAT AAAT AAGTTTGCT GCTATCCTGCT
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TG TTTT ACTAGTAAT CATTTG ATATTTAGCCAG ACCT ACAAAACTCCAGT AAG TTTT CGCGCAGT GTAGT CCGTCTT CACTTGAACAACGCT

GCGT GT CCGGCATTCTACT AGACTTCAGGT GCTTAACGCACTT GGCCCACAACAAGGTCAATGGT CAGTCCATT AGT CACT CAAAAT AAACC

ATGAAAAGCGCGCAGAGCCGTTTGATTGCT GAAAT AT GATT CGGAACGGAAAAGT AGAGTGGGAAT CGATTTTACTTTCCAGACT GCGTGAC

CATCGGCGTCCCT CCATTAGGCCT AAAATT CCAGATACT ACAAAAT GCGCCAAACGAAGCCARAAGGT GCAAGCGGATTGCCT CCGAT CCAC

CACACCACTGGCGCATTTCCGT CCTGGCTT CCGCCCGCCTCATTTCCCACTGTACAT AT GT CGAGCTAACCACT CTT CTTATCGGCT CTGCG

CCAAAACAAAGTCTCGGGT CGAGATAAGCT CGCTGGGCATGGCGTTTCTT AT ATTTTTTTT GGTTT ACCGACCGCACATTAGTTGGAAATTG

TCCAATTACCCACGTTCTCGACAAACAGCCAGT ATCTCT GGTGAAAAAAAAGCACCGAATAGAAGT AT GT ACAATCAGCCAAACACT CAGTA

TATATGTTTT GTTTT CT ATTAGACAATAATTT GGT ATTT GT AT CCT AT AGCAGT AGT AATCAGTT AAAAACCCATACATTTTGGAAGATGGT

AT AGGGCATAT ATTAAGCT CATTCTT AT CGCCCTACT ATTGTAT CCCT AAAAAT AGTTTAAAAACCCATTAAGAAAAT ACACTATT GACTGCA

GCCT AGAAGCTTATCGATACCGTCGACCTCGAGGGGGG

The nucleotide sequence of the A64 (1-1) 3L 1.8 kbp genomic flanking region rescued from the 
P-element insertion line A64. A 5’ intiation codon at position 297 corresponds to the translation 
start site of the UDP-GlcDH gene of Drosophila. The ORF extends 835 bp downstream of the 
5’ start site, encoding the first 273 amino acids of the enzyme.
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