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Summary

The imaginal discs of Drosophila provide a favorable system for the analysis of the mechanisms
controlling developmental cell proliferation, because of the separation in time between cell
proliferation and differentiation, and the facility with which controlling genes can be identified
and characterized. Imaginal discs are established in the embryo, and grow by cell proliferation
throughout the larval period. Proliferation terminates in a regular spatial pattern during the
final stages of larval development and the first day of pupal development. Cell proliferation can
be locally reactivated in growth-terminated imaginal discs by removing part of the disc and
culturing the remaining fragment in an adult host. The pattern of proliferation in these
fragments suggests that cell proliferation in imaginal discs is controlled by direct interactions
between cells and their neighbors. Proliferation appears to be stimulated by positional
information differences, and these differences are reduced by the addition of new cells during
tissue growth. Genes involved in cell proliferation control have been identified by collecting and
analyzing recessive lethal mutations which cause overgrowth of imaginal discs. In some of these
mutants (fat, lgd, ¢43, dco) the overgrowing tissue is hyperplastic; it retains its single-layered
epithelial structure and is capable of differentiating. In two of the hyperplastic mutants (dco and
c43), the imaginal discs show a failure of gap-junctional cell communication, suggesting that
this form of cell communication may be involved in termination of proliferation. In other
mutants the overgrowing disc tissue is neoplastic: it loses its structure and ability to
differentiate, becoming a tumorous growth. The two genes that give a neoplastic phenotype (dlg
and lgl) have been cloned and ¢cDNAs of one of them (Igl) sequenced. The Igl gene encodes a cell
surface molecule with significant homology to calcium-dependent cell adhesion molecules
(cadherins). The expression of gl at the time of termination of cell proliferation suggests that
there are changes in the way that cells interact with one another at these times, and that these
changes may be implemented by cell adhesion molecules. Direct cell contact within the
epithelium, as well as signalling through gap junctions, appears to be involved in the cell
interactions needed for the termination of cell proliferation. Mutations in genes encoding the
Drosophila homologs of growth factors, growth factor receptors and oncogenes usually show an
effect on cell-fate decisions rather than cell proliferation control, but this may be because
oncogenic mutations in these genes would be dominant lethals and would therefore not be
identified by conventional genetic analysis.

Cell proliferation during development

The remarkably uniform size and shape of organs is the outcome of a highly
controlled program of cell proliferation that occurs during embryonic and
postembryonic organ development, but we know little of how these growth
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patterns are controlled. One of the least understood aspects of the problem is the
question of what causes organs to terminate growth at the appropriate final size
and cell number. Our approach to this problem is to find mutations that interfere
with growth termination during development of imaginal discs in larvae of the
fruit fly Drosophila, and use them to identify the corresponding genetic functions
at the molecular level. It is analogous to the strategy of identifying human
growth-control genes by cloning and analyzing tumor suppressor genes (Sager,
1989).

Cell proliferation in imaginal discs

Imaginal discs are sacs of undifferentiated epithelium in the Drosophila larva.
They have no function in the larval insect, but during metamorphosis they
undergo substantial morphogenesis and differentiation to give rise to various
parts of the adult body surface (see Bryant, 1978). The precursors of the adult
appendages (legs, wings, antennae, mouthparts) as well as the eyes and genitalia
develop from imaginal discs, whereas the abdomen develops from small nests of
cells in the larval integument called histoblasts. Many internal organs develop
from precursors known as imaginal nests or rings, and the central nervous system
develops from precursor cell populations, known as proliferation centers, within
the larval central nervous system (see Bryant and Levinson, 1985).

Imaginal discs provide an ideal experimental system in which to analyze
mechanisms of cell proliferation control. They have a simple histological
structure, consisting mainly of a single-layered columnar epithelium along with
some muscle precursor cells basal to the epithelium. One of their advantages is
that cell proliferation occurs during the larval period and is completed before
differentiation begins in the pupal period. Thus the control of cell proliferation
can be studied in the absence of complications due to simultaneous overt
differentiation, as occurs in most tissues of vertebrates.

After the discs are established in the embryo, their cell numbers increase
exponentially during the larval period, then the growth rate slows down towards
the end of larval development (Bryant and Levinson, 1985). Cell proliferation in
the wing disc stops in a predictable spatial pattern during the late third larval
instar and early pupal period, as shown by Schubiger and Palka (1987) (Fig. 1).
The first cells to stop proliferating at the end of the larval period are located in a
zone about ten cells wide at the position of the presumptive dorsal/ventral margin
of the wing (O’Brochta and Bryant, 1985); the presence of this zone accounts for
the cell lineage restriction at this position which has been observed in mitotic
recombination experiments (Bryant, 1970; Garcia-Bellido et al. 1976). A second,
narrower band of non-proliferating cells intersects the first one at right angles
and coincides in position with the presumptive third longitudinal wing vein; '

.surprisingly, it does not coincide with the anterior/posterior lineage restriction
and compartment boundary (Garcia-Bellido et al. 1976) which lies nearby. By
3—4h after puparium formation, cell proliferation has terminated over the entire



Cell proliferation in imaginal discs 171

W.L. 6h 12h 18h

—_— e e —_—— -V

....... _— L3

U O S M
—— —— v v T T T —
90 WL 0 3 6 9 12 15 18 21 24

h AEL h AP

Fig. 1. Summary diagram of the spatial patterns of DNA replication in wing
development. The time line at the bottom indicates the developmental time in hours
after egg deposition (AEL) and after pupariation (AP). Asterisks: periods of frequent
mitoses. From 15 to 21 h AP mitotic figures are especially abundant. Continuous lines:
periods with abundant S-phase nuclei in the margin (M) in vein 3 (L3), and in the
intervein regions (I-V). Broken lines: periods with few nuclei replicating. The figures
at the top represent the spatial patterns of four selected periods (wandering larva
[W.L.], 6h, 12h, and 18h AP). (From Schubiger and Palka, 1987).

disc epithelium except for a row of cells along the anterior wing margin where
bristles and nerve cell bodies will later develop. Measurements of DNA content
indicate that the arrested cells are in the Gy stage of the cell cycle (Fain and
Stevens, 1982; Graves and Schubiger, 1982). After the epithelium has secreted the
pupal cuticle there is a further cycle of mitosis between 12 and 24h after
puparium formation. This round of division occurs in a spatially ordered way,
beginning in the cells along the presumptive wing veins and spreading into the
inter-vein regions. After the final round of mitosis, the disc epithelium enters the
stage of adult differentiation and produces the adult wing cuticle.

Since imaginal discs terminate cell proliferation at a reproducible cell number,
and since the adult derivatives of imaginal discs are made up of pattern elements
(e.g. bristles, sensilla, hairs) that are derived from individual cells or fixed small
numbers of cells, it might be assumed that cell proliferation in imaginal discs
terminates after a certain number of cell divisions. However, several studies show
that growth termination in imaginal discs is not a function of a cell-division
counting mechanism. The amount of proliferation within individual cell clones
marked by mitotic recombination during normal development is highly variable,
and clones in different individual flies occupy partly overlapping territories on the
adult structure (Bryant and Schneiderman, 1969; Bryant, 1970), showing that the
lineage pattern is variable. High doses of X-irradiation during larval develop-
ment can kill or mitotically inhibit up to 75% of the cells in imaginal discs,
without causing noticeable abnormalities of the adult structure. The surviving
cells compensate and form the adult structure by undergoing additional
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proliferation, as shown by enlargement of mitotic recombination clones compared
to controls (Haynie and Bryant, 1977). When individual cell clones are genetically
altered by mitotic recombination so that they have a higher or lower proliferation
rate compared to the remaining cells, they contribute more or less to the adult
structure respectively, but the structure is normal (Simpson, 1976, 1979; Simpson
and Morata, 1980, 1981). Thus the cell proliferation pattern is naturally variable
and can be experimentally altered without noticeably altering the size or pattern
of the structure produced. It therefore seems likely that proliferation is controlled
by interactions between cells, independently of their lineage history. Our working
hypothesis (Bryant and Simpson, 1984) is that cell proliferation is controlled by
the developing map of positional information (Wolpert, 1971) in the disc and that
cell proliferation stops when the map is complete.

Although the imaginal discs are undifferentiated epithelia, experimental
analysis has revealed that different parts of a full-grown disc are already different
from one another, so that if isolated they will construct specific parts of the adult
structure (see Bryant, 1978). This covert pattern of differentiation indicates that a
detailed positional information map must have become established during the
growth of the disc.

Growth termination, under normal conditions, coincides with hormonal
changes occurring at the onset of metamorphosis, but it also occurs in the absence
of these hormonal changes. When whole discs from early larvae are implanted
into the growth-permissive environment of the female adult abdomen, they grow
until they reach approximately their normal final size and shape, then they stop
growing (Bryant and Levinson, 1985). Thus under permissive growth conditions,
the attainment of a correct size and shape is due to disc-intrinsic properties,
consistent with the idea that it is controlled by the positional information map.

Growth patterns and cell communication during regeneration

Studies of transplanted disc fragments show that growth termination in
regenerating imaginal disc fragments is also controlled by interactions between
cells and their neighbors within the disc epithelium. When fragments of imaginal
discs are cultured in adult female flies for several days before transfer to larval
hosts for metamorphosis, the cuticular patterns produced after metamorphosis
reveal that the tissue fragment has either regenerated or duplicated during the
culture period (see Bryant, 1978). Bryant and Fraser (1988) investigated the
pattern of cell proliferation in a 3/4 fragment of the wing disc, which regenerates
the missing sector by cell proliferation over a period of several days. Individual
cells in the starting fragment were marked by iontophoretic injection of high
molecular weight, lysinated rhodamine dextran, and the positions of the marked
cells were determined by fluorescence microscopy before and after various culture
times. The results show that cells along the two wound edges are brought together
by wound healing during the first day of the culture period. The marked cells then
move apart over the next three days as new cells are added between them. The
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results indicate that intercalary tissue growth is restricted to the immediate
region of the wound, and does not spread significantly into adjacent tissue. During
the regenerative growth, the new cells become specified to make pattern elements
that would normally intervene between the confronted cells, a process termed
intercalation (French et al. 1976).

The pattern of DNA synthesis during intercalation has been monitored by
analyzing the incorporation of tritiated thymidine, which is detected by
autoradiography of serially sectioned disc fragments (O’Brochta and Bryant,
- 1987) or of the thymidine analog bromodeoxyuridine, which is detected by
immunolocalization on whole mounts (Bryant and Fraser, 1988). Intense and
localized DNA synthesis occurs adjacent to the healed wound, starting at 16 to
18h after the beginning of the culture period (Fig.2). DNA synthesis is
stimulated over a distance of a few cell diameters from the wound, and localized
cell proliferation continues for three to more than five days. The results suggest
that DNA synthesis is stimulated by the positional information discontinuity
across the healed wound, and that the stimulus is attenuated as the positional
information discontinuity is reduced by the addition of cells carrying intermedi-
ate positional values.

The possible role of gap-junctional cell communication across the healed wound
has been investigated by injecting small fluorescent dye molecules into cells close
to the wound region, and determining the degree to which the dye passes into or
across the wound area (Bryant and Fraser, 1988). In undamaged imaginal wing
discs, there is a directional bias but, in contrast to a report in the literature (Weir
and Lo, 1982), there are no fixed boundaries to this form of communication (Fraser
and Bryant, 1985). In disc fragments, dye movement across the wound was not
detectable after one day of culture. Since DNA synthesis is already underway in
the growth zone at this time, we conclude that gap-junctional communication
across the wound is not necessary for initiating the local cell proliferation
involved in intercalary regeneration. After two days there was some dye transfer
into the growth zone from cells outside it, but not as much as in other directions.
After three days there was significant dye transfer into the growth zone. The time
of re-establishment of gap-junctional communication therefore indicates that this
form of cell communication is not involved in stimulating regenerative cell
proliferation, but suggests that it could be involved in terminating it.

Imaginal disc overgrowth mutations

Genes involved in cell proliferation control in imaginal discs have been identified
by selecting recessive mutations (imaginal disc overgrowth mutations) which
cause the imaginal discs to continue growing by cell proliferation beyond the
normal limits during an extended larval period. In some cases, the mutant
animals remain in the larval stage for several weeks rather than the normal four
days. The mutations are all recessive lethals, causing death of the animal either






















































