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Abstract

Mechanisms underlying neural cell fate specification in the Drosophila sensory
organ precursor lineage.

By Nicholas John Justice

The sensory organ precursor (SOP) lineage is an excellent model system in which
to study the molecular mechanisms that coordinate cell fate decisions in the developing
Drosophila melanogaster peripheral nervous system. I have used the SOP lineage to
search for genes that influence the determination of the hair, socket, neuron, and glial
cells that comprise the external sensory (ES) organs in the adult fly. The SOP and all of
its progeny cells require Notch signaling to be properly specified. We systematically
tested the effects of gene misexpression on Notch mediated cell fate specification in the
SOP lineage using a misexpression screen. I characterized two of the genes that exhibit
misexpression phenotypes consistent with defects in Notch pathway signaling. tribbles
misexpression causes cell fate transformations within the lineage, producing exﬁa
neurons at the expense of hair and socket cells. bantam misexpression results in the
tufting of sensory bristles, perhaps by disrupting Notch pathway mediated lateral
inhibition during selection of the SOP. Using loss-of-function analysis, we demonstrated
that lethal giant larvae (Igl) is required for the specification of neurons and glia in the
SOP lineage. Furthermore, we found that /g/ acts genetically upstream of Notch and
downstream of numb, suggesting a direct function for Lgl in the Numb-mediated
inhibition of Notch signaling activity. Lgl is a tumor suppressor essential for the
establishment and maintenance of cell polarity in epithelial cells in both Drosophila and

mammalian cells. The discovery that Lgl influences Notch pathway signaling suggests
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that this might be a general mechanism for the coordination of cell polarity, cell fate, and

proliferation.
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Introductory Overview

All of the cells that compose an individual multicellular organism are derived
from one cell; in humans this cell is the fertilized egg. Development of a growing
organism involves the proliferation, patterning, and determination of cells in a highly
organized process that results in the specification of every cell to a distinct fate. The path
of differentiation followed by a newborn cell is determined by the intrinsic factors
inherited through a cell’s lineage and by extrinsic factors present in the extracellular
environment. Signaling between cells allows for the coordination of cell fate decisions
within a developing tissue. This is important not only for patterning a developing
multicellular structure, but also for insuring that related cells of a common origin adopt
different fates, such that every cell type needed within the tissue is represented. In this
way, the differentiation of cells is orchestrated to construct a tissue, such as the
musculature, skeleton, or nervous system, which will function as part of the mature
organism. The entire cell lineage that begins with a single-celled oocyte and ends with
terminally differentiated and functional cells is far too complex to study as a whole.
Therefore, simple lineages within model genetic systems have been used to study the
molecular mechanisms that mediate cell fate decisions. Many of the themes of cell fate
specification described in these simple lineages recur throughout metazoan development;
each mechanism has been adapted to a given phase of cell fate determination to influence
how every cell will ultimately differentiate within the organism.

The Sensory Organ Precursor (SOP) lineage in the developing Drosophila
melanogaster peripheral nervous system is a model system for genetic analysis of the

molecular mechanisms that specify neural cell fate during development. The SOP



generates the External Sensory (ES) organs in a well-characterized series of cell
divisions, visible as bristles on the adult fly (Figure 1). By creating mutations that cause
errors in the development of the ES organs, the involvement a particular gene in the
normal process of cell fate specification is revealed. For example, mutations in the genes
achaete and scute result in the failure to specify the SOP, the first cell of the SOP lineage
(Cubas et al., 1991). These genes are now known to confer on epithelial cells the
potential to become neural precursors. Patches of cells initiate expression of genes in the
achaete — scute Complex (as-C) to establish neural potential in cells of proneural clusters
in the developing Drosophila epithelium (Ghysen and Dambly-Chaudiere, 1989). A
subset of these equipotent cells will adopt the neural cell fate of the SOP.

Epithelial cells in proneural clusters communicate with each other via the
extracellular receptor protein, Notch, and its ligand, Delta. In a process termed lateral
inhibition, Notch/Delta signaling activity between cells in contact selects one cell from
each cluster to become an SOP (Artavanis-Tsakonas et al., 1999). Notch activity inhibits
the acquisition of a neuronal fate, in part by down-regulating the expression of the as-C,
while creating a feedback loop by inhibiting Delta expression (Heitzler et al., 1996). This
negative feedback amplifies differences in Notch activity between cells, resulting in low
Notch activity in a single cell within each cluster, which selects that cell as the SOP.
Thus, the SOP cell acquires a neuronal fate via activity of the intrinsic transcription
factors achaete and scute, which establish neuronal potential, followed by the extrinsic
activity of Notch/Delta signaling between equipotent cells to select one cell as the SOP.

Once the SOP has been specified, this neuronal precursor cell rapidly acquires

characteristics that distinguish it from other cells in the epithelium, including changes in



morphology, polarity, and gene expression. As the SOP divides to produce the five cells
that will comprise the mature ES organ, proteins are asymmetrically distributed to one
pole of the dividing cell such that the cellular factors inherited by each daughter cell
differ (Bellaiche et al., 2001a; Gho et al., 1999; Rhyu et al., 1994; Roegiers et al., 2001b).
In the first division, which occurs in the plane of the epithelium after cell polarity has
been oriented along the anterior-posterior axis, the cell fate determinant Numb is
asymmetrically localized to an anterior crescent and inherited by the anterior daughter
cell upon division. After cell division, this cell becomes specified as the pIIb and
remodels its cytoskeleton to polarize perpendicular to the epithelium, now with its poles
oriented along an apical-basal axis (Figure 1A). Numb segregates to the basal daughter
cell in each of two successive divisions, which result in the production of two glia and a
neuron. Numb inhibits Notch activity through direct interaction with the Notch
intracellular domain (Guo et al., 1996), perhaps blocking essential proteolytic cleavage
events that occur during the activation of the receptor (Struhl and Adachi, 1998), and
thereby biasing the relative levels of Notch activity between the two daughters of a given
cell division (Rhyu et al., 1994). This mechanism of Numb mediated inhibition of Notch
is used reiteratively in the SOP lineage to specify each of the fates of the progeny cells of
the SOP that will form the mature ES organ (Figure 1).

The relatively simple lineage of the SOP, along with many tools developed for its
genetic manipulation, provides a system in which we can study how intrinsic and
extrinsic molecular mechanisms specify the neuron, glia, hair and socket cell of the
mature ES organ (Figure 1B). Screens for enhancer traps have identified genetic elements

that selectively express genes only in the SOP and cells of its lineage. Other fly lines



have been engineered that restrict transgenic expression to the pIIb internal branch of the
lineage, or to just one cell, such as the socket cell or neuron. The fates of cells can be
visualized and altered by selective expression of proteins that are known to influence cell
fate decisions within the SOP lineage. Additionally, the MARCM system allows for
clonal tissue to be positively marked, making possible the identification of SOP clusters
derived from mutant tissue within mitotic clones (Lee and Luo, 1999). Because of the
relatively simple nature of the SOP lineage that allows for straightforward analysis of
phenotypes, many discoveries are still being made in this model system that continue a
long contribution to our understanding of the complex molecular mechanisms that

specify cell fate during development.



Figure 1: The SOP lineage produces the cells of the External Sensory Organ

A B
Coiad)~—C—>  hair call (trichogen)

4
SOP lineage ES organ

(A) The SOP lineage begins with the division of the SOP in the plane of the epithelium. The
plib precursor cell remodels its cytoskeleton and divides twice in an apicobasal orientation

to produce a migrating glia (light blue), a neuron (lavender) and a glial sheath cell (red). The
plia precursor cell divides once in the plane of the epthelium to produce the hair and socket
cells. (B) All of the cellular components of the mature ES organ are derived from the SOP
including the hair and socket cells that are visible externally, and the internal neuron and glia.
An extra division in the pllb branch of the lineage produces an additional glial cell that migrates
away from the cluster and undergoes apoptosis (Fichelson and Gho, 2003; Gho et al., 1999).



Chapter 1: Variations on the Notch pathway in neural development

a b L 4o



Variations on the Notch pathway in neural development
Nicholas J Justice* and Yuh Nung Jant

Notch signaling allows cels in contact to adopt different fates.
Regutation of the Notch pathway allows for the same signaling
mechanism to be used in a wide variety of contexts during
development. Intracellular activities of the E3 ubiquitin ligases
Sel-10 and Neuralized involve proteasome-dependent
degradation in the regulation of Notch pathway activity.
Extraceliular manipulations of Notch by Fringe and Scabrous
regulate the pathway by changing Notch interactions outside the
cell. These regulatory mechanisms, along with many others, affect
how Notch signaling activity influences cell fate determination.
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Abbreviations
DSL Delta/Serrate/Lag-1
EGF epidermal growth factor

Fng  Fringe
Hes Hairy/Enhancer of Split
Jog Jagged

ufng  lunatic fringe

mafng manic fringe

newr newalized

NICD  Notch intracellular domain
RING  Really interesting New Genes
Sca Scabrous

SOPs  sensory organ precursors

vz ventricular zone

Introduction

The evolutionarily conserved Notch signaling pathway
mediates cell—cell interactions that allow neighboring cells to
adopt different fates, providing a mechanism for consistent
cell fate determination, differentiation, and patterning of
highly organized tissues. In the developing nervous system,
Notch signaling functions at many stages to dctermine cell
fate, from the first segregation of ncuronal precursors, to the
terminal specification of cells as neurons and glia. Notch
signaling is also important in differentiating neurons, possibly
influencing the elaboration of axons and dendrites as well as
the formation and maintenance of synapses. This review
discusses recent advances that reveal the intricate regulation
of Notch pathway signaling, via both intracellular and
extracellular interactions. We then use the Notch-mediated
specification of glia as an example to illustrate the possible
impact such regulation could have on stem cell specification
by influencing the context of Notch pathway signaling,

The Notch signaling pathway
Notch encodes a single pass transmembrane receptor that is
proteolytically processed during its maturation into a 200kD

extracellular fragment; this fragment is non-covalently linked
to a 100 kD fragment containing a transmembrane spanning
segment and an intracellular domain which extends into the
cytosol [1] (sec Table 1 for specics orthologues of Notoh and
other pathway components). The Notch receptor is activated
by Delta/Serrate/Lag-1 (DSL) ligands presented by neigh-
boring cells. Ligand binding leads to the proteolytic cleavage
of Notch, first at an extracellular site by an ADAM/TACE
family metalloprotease, then by a presenilin-dependent
proteasc — although this might be presenilin itself [2] —ata
site within the transmembrane segment. Once the Notch
intracellular domain (NICD) is cleaved and released from the
plasma membrane, it enters the nucleus and binds CSL
(CBF-1/Suppressor of Hairless/lLag-1) proteins within a
complex that modulates the expression of various target
genes (reviewed in [3]). Transcriptional repressors encoded
by Hairy/Enhancer of Split (Hes) are transcribed in response to
Notch signaling, and mediate many of the primary effects of
Notch activation. Although the description of the pathway
presented above contains the most consistently present
components of Notch signaling in the wide array of systems
and organisms in which it is studied, many additional regulators
have been found to act on the pathway, in subsets of Notch
signaling mediated processes [1].

Tuning the Notch signal inside the cell

The NICD functions in the nucleus to modulate gene
expression, and its manipulation by proteins in the cyto-
plasm can directly impact transcriptional events associated
with Notch activity. The identification of E3 ubiquitin
ligase homology in many genes that genetically interact
with Notch has implicated proteasome-dependent proteolysis
in the cytoplasmic regulation of Notch signaling [4,5].
The recent discovery that many of these E3 proteins can
physically interact with the NICD has suggested that
ubiquitin-mediated proteolysis, which is used broadly by
cells to direct protein degradation, might play a specific role
in Notch signaling, by altering the stability of the NICD.

sel-10 was identified in a screcn for mutations that suppress
the egg-laying defect seen in certain hypomorphic alleles
of /in-12, one of the two Notch receptor genes found
in Caenorhabditis elegans [5). sel-10 encodes a protein
containing an F-box and seven WD-40 repeats, a structure
common to the HECT (homologous to E6 associated
protein carboxyl [C] terminus) domain family of E3 proteins
that function as constituents of the Skpl1/Cdc53/F-box
ubiquitin ligase complex in yeast [5). F-box proteins are
thought to confer specificity on the complex by selectively
interacting with target proteins, bringing them in proximity
to the ubiquitination machincry, which results in covalent
attachment of ubiquitin and subsequent proteasome-
mediated proteolysis of the target protein [6]. Sel-10 can
bind Lin-12/Notch, as well as mammalian Notch4 [5],
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suggesting that it might mediate the ubiquitination and
degradation of Notch.

The recent identification and analysis of a mouse se/-10
homologue (mSe/-10), reported by three independent
groups, has demonstrated that a similar interaction occurs
between Notchl and mSel-10 [7°,8°,9°]. Domain analysis
shows that the mSel-10 F-box interacts with the region of
the NICD that conuins the C-terminal PEST protein
degradation domain, leading to a reduction of transcriptional
activation at target promoters induced by Notch activity
[7°,8°,9°]. Morcover, this interaction involves the phospho-
rylation of the NICD, most likely in the nucleus [8°,9°]. It
remains to be shown that ubiquitination leads directly to
NICD degradation. However, given the evidence that pro-
teasome inhibitors block NICD degradation, that the NICD
is stabilized by truncated mSel-10 containing only the F-box
domain, and that the /in-72 phenotype is suppressed by
sel-10 in C. elegans [5), it seems likely that mSel-10 facilicates
NICD ubiquitination and degradation [7°,8°,9°].

Notch is known to be ubiquitinated by two other HECT
domain E3 proteins. Itch, which is mutant in szzdy mice
that suffer from constant itching of the skin and immune
system abnormalities, can cause the ubiquitination of
Notch in cell culture assays [10]. Additionally, suppressor of
deltex negatively interacts with Nozch, and encodes a
HECT domain E3 that is involved in Drosophila
melanogaster wing development [11]. These two genes, like
sel-10, are believed to inhibit Notch signaling activity via
ubiquitination of the NICD. Perhaps by causing the degra-
dation of actively signaling NICD moleculcs, these genes
increase the temporal resolution of Notch signaling, allow-
ing the pathway to function during multiple signaling
events in succession. Alternatively, ubiquitin-mediated
proteolysis might not have a regulatory impact on Notch
signaling. Instead, it may merely serve to constitutively
remove the NICD, a process that occurs during the lifecycle
of many proteins within the cell.

Ubiquitin-mediated proteolysis could lcad to potentiation
of Notch signaling activity rather than inhibition. neuralized
(meur) encodes a putative E3 protein that belongs to the
RING (Really Interesting New Genes) domain family of
ubiquitin ligases and is required in a subset of Notch pathway-
mediated cell fate decisions during development of the
Drosophila nervous system [4,12,13). In these cell fate
decisions, neur loss of function causes similar phenotypes
to Notch loss of function, suggesting that Neur facilitates
Notch signaling. Selective expression of neur by the sensory
organ precursors (SOPs) during their determination,
division, and differentiation into external sensory bristles,
suggests the intriguing possibility that Neur adjusts Notch
signaling for proper specification of the peripheral
nervous system. Another E3 protein in the RING domain
family has been shown to activate a membrane spanning
transcription factor (reminiscent of Notch) via regulated
ubiquitin/proteasome-dependent processing in yeast [14°¢,15].

Table 1

Notch pathway component orthologues.

C. elegans Drosophila Mouse
Notch Lin-12 (2) Notch (1) Notch (4)
DSL Lag-2 (1) Delta (2) Jagged (3)
Presenilin Sel-12 dPs (2) Presenilin (2)
CSsL Lag-1 Su (H) CBF-1/RBP-Jk
Hes Lin-22 (?) E (spl) Hes (7)

In parentheses are the numbers of orthologous genes found in each
species, with the named gene being the orthologue most commonly
referred to in the text.

Although Notch is known to require proteolysis at an
intramembrane site for activation, it is tempting to speculate
that Neur causes ubiquitination and proteasome-mediated
cleavage of Notch, in an additional proteolytic event during
Notch signaling activation. The function of Neur is equally
likely to be involved in ubiquitin-mediated degradation of
proteins that inhibit Notch pathway activity, yet the identifi-
cation of Neur as a putative E3 protein supports an important
role for ubiquitin-mediated proteolysis in the regulation of
Notch signaling,

Tinkering with extracellular Notch influences
receptor tone

The regulation of extracellular Notch has the potential to
change Nortch receptor activation characteristics by chang-
ing DSL ligand interactions, thus modulating the dynamics
of Notch signaling to effect cell fate determination and
differentiation. The extracellular fragment of Notch
contains 36 epidermal growth factor (EGF)-like repeats, of
which only EGF repeats 11-12 have been shown to be
essential for DSL~-ligand interaction [16). The demonstration
that Fringe (Fng), a gene known to genetically intereract
with the Notch pathways glycosylates Notch, has opened
the door to our understanding of the important role that
extracellular regulation plays in the proper function of the
Notch pathway (reviewed in [17]). More recently, Scabrous
(Sca), a sccreted protein that is highly expressed by many
neural precursors making cell fate decisions in the develop-
ing Drusophila peripheral nervous system, has also been
found to interact with the extracellular domain of Notch,
giving rise to a number of new models as to how Sca
impacts Notch receptor function [18°°].

Fringe influences Notch activation

Identification of distant sequence homology between fng
and a bacterial glycosyl-transferase led to the hypothesis
that Fng glycosylates Notch, resulting in a bias of Notch
reccptor activation by Delta versus Serrate [19,20].
Glycosylation by Fng adds O-fucose residues, one of the
less commonly found forms of glycosylation, to carbohydrate
chains at sites between EGF repeats 22 and 36 in the
extracellular domain of Notch, as it matures through the
trans-Golgi network. Dorsal compartment expression of
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Fng during Drosophkila wing formation results in Notch
glycosylation and the selective sensitivity of dorsal cells for
Delea over Serrate. This leads to a difference in the levels
of Notch signaling activity at the boundary of the dorsal
and ventral compartments contributing to formation of the
wing margin, which is thought to organize the outgrowth
and patterning of the wing [21-23]. In the mouse, fag
homologs lunasic fringe (Jufng), manic fringe (mafng), and
radical fringe, have recently been reported to change the
sensitivity of Notch to activation by different DSL ligands.
There have been four Notch receptor genes (Notch1—4)
and three DSL ligands, Delta, Jagged(Jag)1 (Serratel) and
Jagged2 (Serrate2), identified in the mouse genome.
Shimizu e a/. [24] found that Lufng and Mafng can modify
different positions on Notch2, and Hicks & a/. [25] found
that Notchl is differentially activated by Delta or Jagl
depending on whether it is modified by Lufng [25]. These
studies suggest that each Fringe can selectively modify the
Notch receptor, specifically altering Notch sensitivity to
activation by different DSL ligands.

This idea is supported by phenotypes observed in the
inner ear of jag2 and /Jufng knockout mice, in which Notch
pathway function is often examined, due to its very close
resemblance to Notch pathway component expression and
function in Drosophila [26). jag2 knockout results in the
overproliferation of sensory hair cells of both the inner and
outer cellular layers of the mouse cochlea, a phenotype
that is, in many ways, similar to the classic neurogenic
phenotype of Notch pathway mutants in the fly. Knockout
of Jufng suppresses the overproliferation of inner hair cells
in jag2 knockouts, but fails to suppress the overprolifera-
tion of the outer hair ccll laycr [27°°]. So, loss of the Lufng
results in selective rescue of one subpopulation of
Jag2-dependent hair cells, implying that, in the inner layer,
Lufng has the effect of inhibiting Notch receptor activation
by ligands other than Jag2. Mutations in fag/, present in
both the Aeadturner and slalom mutant mice, cause a reduc-
tion in total hair cell number and general patterning
defects of the inner ear [28,29]. Thus, in the inner ear, Jagl
promotes the formation of neurons and Jag2 promotes non-
neuronal fates, whereas Lufng causcs cells of the inner
layer to require Jag2 activation of Notch, in order to remain
non-neuronal. These observations support the hypothesis,
suggested by earlier experiments, that different modifica-
tion and modulation of Notch by each Fng adds specificity
to the Notch signaling pathway, such that closely related
cells can use Notch signaling to promote the acquisition of
very different cell fates.

Scabrous stabilizes Notch

The recent discovery that Sca physically intcracts with the
extracellular domain of Notch, has provided another example
of Notch receptor regulation by interaction with the portion
of the Notch receptor present on the external surface of
the cell [18°°]. scz encodes an 85 kD secreted protein, with
C-terminal homology to the blood coagulation factor
fibrinogen and causes mispatterning of the ommatidia when

mutant in the Drosophila eye [30]. sca mutants also show
mild mispatterning of thoracic bristles, which are derived
from the SOPs on the developing pupal notum. SOPs are
specified within proneural clusters, by the process of
lateral inhibition. In this process, small differences in Notch
signaling between equipotent cells are amplified through
negative feedback on the pathway, such that by the end of
lateral inhibiton, one cell within a cluster has the lowest
Notch signaling activity and will be determined as the SOP
(reviewed in [31]). Interestingly, sca is expressed at the
highest levels specifically'in the cells with the lowest levels
of Notch signaling activity.

It has been proposed that Sca functions to refine the
boundaries between cells adopting different fates, by mod-
ulating levels of Notch signaling activity. The evidence for
this has come primarily from experiments, in which saz is
misexpressed during development of the eye and wing in
Drosophsla. In both regions, this manipulation results in an
antagonism of Notch signaling, causing supernumerary R8
cells in the eye and failure of margin formation in the wing

" [32,33). The similarity between these overexpression phe-

notypes and the phenotype seen in Nofch mutants, suggests
that Sca can’ disrupt lateral inhibition by antagonizing
Notch activity. The recent demonstration that Sca can
stabilize Notch protein through physical interaction with
the extracellular domain suggests a number of models for
how Sca might function to influence Notch signaling activity
[18°°]. In the case of lateral inhibition, SOPs express high
levels of sca, which is thought to enhance a difference in
Notch activity between the SOP and surrounding cells.
Perhaps by stabilizing Notch, Sca blocks the proteolytic
events mediated by kuzbanian and presenilin, thereby
preventing Notch receptor activation. Alternatively, Sca
function may be similar to the proposed action of Fng,
changing Notch receptor specificity for Delta or Serrate.
Indeed, Delta (but not Serrate) is uniquely required during
lateral inhibition, whereas both ligands are equally effective
activators of Notch during specification of cell fate within
the SOP lineage [34]. A model in which Sca alters the sclec-
tivity or stability of the Notch receptor would be consistent
with Sca functioning cell-autonomously in the SOP as an
antagonist of Notch signaling. However, Sca is a secreted
protein, and a model in which sez functions to change
Notch signaling activity in cells surrounding the proneural
SOP remains a possible explanation, consistent with reports
that scz function is non cell-autonomous in the eye [30]. It
will be interesting to see whether further genetic analysis
will be able to resolve these issues.

Notch plays a part in glial determination

The rccent examination of stem cell lineages that produce
both neurons and glia has raised the possibility that Notch
signaling can promote glial determination, in addition to
inhibiting the determination of neurons (review in [35]).
Notch activity often specifies the most undifferentiated
state during cell fate decisions and is thought to help main-
tain the multipotent character of stem cells as they divide,
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to generate daughter cells that adopt terminal differentiation
states. Notch signaling also specifies many terminal cell
fates, after a stem cell finishes dividing. The recent
demonstration that Notch activity promotes the determi-
nation of glia in the retina [36], neural crest [37], adult
hippocampus [38], and cortical ventricular zone [39°], has
provided new insights into the role of Notch activity in the
determination of glial cell fate.

Notch specifies radial glia

Neuroglial stem cells (ncuroglioblasts) in the cortical
ventricular zone (VZ) produce neurons and glia at very
different time points during their proliferation [40]. In the
rat, cortical VZ neuroglioblasts primarily produce neurons
until neurogenesis ends at embryonic day E19.5. As the
production of neurons declines, gliogenesis is just begin-
ning and generates astrocytes until postnatal day P9
and oligodendrocytes until P21 [41]. A unique glial cell
type, generated by VZ neuroglioblasts concomitantly with
neurons, are the radial glia, which form a scaffolding
perpendicular to the ventricular surface of the brain, used
by neurons to migrate from the VZ into the cortical plate
(reviewed in [42]; Figure 1). Cells misexpressing NICD1
(simulating high Notch activity) become predominantly
radial glia, suggesting that Notch activity is not only
restricting neuronal fate, but is also promoting the adoption
of a radial glial fate [39°]. However, the radial glial fate is
not a terminal differentiation state. After neuronal migra-
tion into the cortical plate ends, radial glia regain stem cell
characteristics and begin to divide, producing astrocytes for
the remainder of development and well into adulthood.
Therefore, Notch signaling activity, in this case, can be con-
sidered to promote the less restricted fate of the radial glia.

Recently, Chambers e 4/. [43°°] found that the effects of
Notch activity on glial cell fate determination are highly
variable, depending on spatiotemporal context in the VZ.
Early examination (E19.5) of embryos, transfected with
NICD1 at E14.5, found the accumulation of NICD1 posi-
tive cells in the subventricular zone, but later examination,
at P21, showed that most NICD1 expressing cells became
astrocytes and left the VZ. However, in the olfactory bulb,
which is populated by stem cells from the anterior cortical
VZ, very few astrocytes expressing NICD1 were found at
P21 [43°°]. Anterior VZ stem cell lineages are known to
produce only ncurons [44] and perhaps lack glial compe-
tence, resulting in their failure to differentiate in response
to high levels of Notch activity. Notch activity can be
described as having an anti-neuronal influence on neu-
roglioblasts in the VZ, but whether that influence results
in glial specification depends on the spatial and temporal
context of each particular cell fate decision. A large number
of cells in the VZ respond to Notch activity with no differ-
entiation, ceasing to proliferate and remaining in the VZ
[43°°]). At this time, little is known about what makes a
proliferating neuroglioblast capable of producing glia in
response to Notch signaling, but genes that regulate the
Notch pathway are likely candidates.
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Determination of glia in the sensory organ precursor
lineage

In the Drosophila peripheral nervous system, the details of
neuroglioblast lineages are well characterized. Here, SOPs
are specified by lateral inhibition mediated by Notch
signaling. Each SOP follows a strict pattern of four cell
divisions to produce five daughter cells. Every cell within
the lineage adopts a unique fate and together they differ-
entiate to form an external sensory organ — the bristle —
in the adult fly. Two of the fates specified by this lineage
arc glial: the shcath cell serves to support the neuron
whercas the other glia migrates away from the organ soon
after it is born [45). Recently, a requirement for Notch
activity in the specification of SOPs to neurons and sheath
cells, rather than to the migrating glial cell, has been
reported [46]. The authors take advantage of a tempera-
ture sensitive allele of Notch that can be inactivated at the
precise time of each cell fate decision, in experiments
similar to early studies of Notch function in the SOP
lineage [47). Inactivation of Notch for the duration of the
lincage leads to additional glia, whereas inactivation at
later timepoints, after division has finished, results in
extra neurons. These experiments show that Notch, in
two successive fate decisions made by a neuroglioblast,
promotes a neuronal precursor fate in the first fate
decision, and a glial fate in the next (Figure 1b). Similar to
conclusions made in the developing mouse cortex, the
impact of Notch signaling activity is dependent on the
context of a given fate decision made between a number
of possible fates. A difference in Notch signaling activity
is required during fate specification to prevent cells in
contact — often the two daughter cells of a division —
from choosing the same fate.

An encore for Notch in neuronal differentiation?
The Notch pathway also functions in post-mitotic
developmental processes specific to neuronal differentia-
tion. Although the regulation of Notch signaling by
proteins, such as Sel-10 and Neur inside the cell and Fng
and Sca outside the cell, has an important role in cell fate
dctermination, the modulation of Notch signaling could
also alter interactions between neurons during differenti-
ation. Notch has been found to affect the outgrowth of
axons and dendrites [48-50). Furthermore, given that
Notch is a transmembrane signaling molecule in many
ways similar to cell adhesion molecules [51], it may play
a role in establishing and maintaining the specific cell—cell
contacts found at neuronal synapses. Additionally, Notch
has similar regulation dynamics to those of amyloid
precursor protein and appears to be important for the
maintenance of ncuroglial stem cell lincages in the adult
hippocampus [38]. Thcse findings may indicate the
involvement of Notch pathway components in the devel-
opment of Alzheimer’s disease and even in aging [52].
Thus, the post-mitotic differentiation of neurons is
quickly becoming another area of nervous system devel-
opment, in which Notch signaling has been found to have
a significant impact.
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Figure 1

Influence of Notch signaling on cell fate.
(a) Lineages of neuroglioblasts produce the
neurons and glia of the mammalian cortex.

Early divisions produce mainly neurons and, in
these cells, NICD misexpression promotes
radial glial fates. The radial glia serve as a
scaffold for the neurons to migrate into the
cortical plate. At later timepoints, as

(a)

Cortical plate

vz

Neuron Radial gha O I Neuron Astrocyte

Radial
glia
\ / Neuron \ /
Q Stem cell O Stem cell

neurogenesis ends, misexpression of NICD
promotes astroglial fates. (b) In the
Drosophila SOP lineage, Notch activity
promotes the neural precursor (llib) fate and
not the glial fate. Notch then promotes the
glial sheath fate after the next division of the
lineage. A thick arrow denotes the fate
promoted by Notch activity.

(b) Drosophila SOP lineage
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Conclusions

Regulation by intracellular mechanisms can change the
effects of Notch signaling before modulation of gene
expression and potentially influences the temporal resolu-
tion of Notch signaling. Extracellular regulation can change
the activation of Notch by different DSL ligands, leading to
additional specificity in Notch signaling. Regulatory mecha-
nisms contribute to the developmental context of a given
neural stem cell, and can alter the production of neurons and
glia by altering Notch signaling. Understanding how the
history, intrinsic properties, and extrinsic influences con-
verge within a cell to provide the context of Notch signaling
and control cell fate determination and differentiation
will lead to a better understanding of how Notch signaling
functions during the development of the nervous system.
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Update

Studies from both Drosophila and Xenopus have recently
suggested Delta as a target of the ubiquitin ligase activity
of Neur. Neur interacts with Delta and causes the endo-
cytosis and degradation of Delta protein in Drosophsia
[53°,54°]. A newly discovered Xenopus homologue of Neur
has also been shown to interact with XDeltal and cause its
ubiquitination sn vitro [55°]. These observations suggest a
model, in which the function of Neur within the Notch
pathway is to downregulate Delta, thus altering the
relative levels of Notch signaling activity between neigh-
boring cells. Although earlier studies have proposed that
the action of neur is cell-autonomous, this new evidence
indicates a possible non-cell autonomous role for Neur
through the manipulation of Delta.
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Chapter 2: A gain-of-function screen to isolate genes involved in the
specification of neuronal cell fate during the development of the Drosophila

peripheral nervous system

Introduction

Screens for recessive mutations that cause loss-of-function phenotypes have been
a primary source for the discovery of genes involved in the development of the
Drosophila melanogaster nervous system. Rarely, dominant gain-of-function mutations

caused by spontaneous or chemical mutagenesis have led to the identification of novel

A )

genes. Recently developed transgenic techniques have made it possible to overexpress
genes using the Gal4-UAS system (Brand and Perrimon, 1993). Gal4 activates
transcription from UAS promoter elements, which can be inserted into the fly genome by
P-element transposition (Spradling and Rubin, 1982). Transcriptional activation at UAS-

sequences is restricted to the subset of cells that express Gal4 in a given Gal4 fly line. In

o

this way, UAS-dependent transcription only occurs in specific tissues or cell types, which

allows for the precise analysis of particular developmental events. Based on this system,

3 e oy o

P. Rerth designed the EP screen (Rorth, 1996). She created 2300 lines, each carrying a -
single P-element containing UAS elements and a minimal promoter, which was randomly
inserted into the genome (Rorth, 1996). Theoretically, each EP line will misexpress
adjacent downstream genes in the presence of Gal4, which is expressed in cells of a given
tissue of interest such as the eye, wing, or nervous system, depending on the Gal4 fly line
used.
The invention of the EP element presents a method to systematically screen for

gain-of-function phenotypes, offering advantages over standard loss-of-function genetics.
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Primarily, the EP lines provided a new genetic manipulation for screening, given the
multitude of screens for recessive mutations that have already been performed to near
saturation. Recessive screens can fail to identify genes for many reasons. If gene function
is required early in development, assaying gene loss-of-function effects on later
developmental processes is difficult. For instance, Notch null mutations are lethal at early
embryonic stages, making analysis of the effects of Notch loss-of-function in the adult
SOP lineage cumbersome to study. Additionally, Notch mutations are pleiotropic,
causing phenotypes in almost every tissue of the developing fly that mask its role in the
specification of cells derived from the SOP. Pleiotropy is less problematic in gain-of-
function screens because genes can be misexpressed selectively in the tissue of interest.
Redundancy of gene function is another pitfall of loss-of-function screens that EP screens
avoid. Even though the removal of many genes does not produce a visible phenotype,
misexpression could reveal an endogenous function.

The EP screen is attractive because of its ease and simplicity. Standard screens for
recessive mutations assay phenotypes in F2 progeny, whereas the EP screen looks for
phenotypes in the F1 progeny of a single generation cross. Cloning of genes identified in
the screen is also relatively straightforward. After identification of EP lines that cause
phenotypes when misexpressed, the EP element and surrounding genomic DNA can be
recovered by P-element rescue. If the EP element is inserted in or near genes that are
misexpressed in cells that express Gal4, those genes are likely candidate genes
responsible for an observed phenotype. Additionally, the effects of gene loss-of-function
are easily assayed because imprecise P-element excision can be used to create

deficiencies in nearby genes. For these reasons, we decided to screen the EP line

15



collection for phenotypes in the adult peripheral nervous system (Abdelilah-Seyfried et
al., 2000), in parallel with other screens examining the development of the eye and wing
(Rorth et al., 1998), to assay the effects of gene misexpression.

We used scabrous-Gal4 (sca-G4), which is expressed selectively in the SOP
(Nakao and Campos-Ortega, 1996), to misexpress the EP lines and screened for lines
with phenotypes in the ES organ bristles on the adult notum. The well-characterized
process of cell fate determination of the SOP and progeny cells of its lineage facilitates
the interpretation of bristle phenotypes in terms of cell fate specification (Figure 1, see
Introductory Overview). Determination of neurons in the Drosophila peripheral nervous
system begins with proneural gene expression in a developing epithelium, establishing
the potential of clusters of cells to become neuronal precursors (Cubas et al., 1991;
Skeath and Carroll, 1991). Acquisition of neuronal potential sets up the next phase of
neuronal determination, in which Notch/Delta signaling between equipotent cells in
contact coordinates cell fate decisions to select one cell from each cluster as the SOP
(Heitzler and Simpson, 1991).

As the SOP divides, terminal cell fates of SOP progeny cells are specified and
each cell differentiates as a unique cellular component of the mature External Sensory
(ES) Organ (Figure 1C). Transformation of cell fate between branches of the lineage
occurs to produce many of the bristle phenotypes observed with loss-of-function
mutations in genes that play a role in the specification of cell fate. For instance, loss-of-
function mutations in numb, which encodes a cytoplasmic inhibitor of Notch, causes ES
organs to be composed of four external cells (most often three sockets and one hair cell)

that lack internal neuron and sheath cells (Rhyu et al., 1994; Uemura et al., 1989). This
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phenotype results from transformation of the plIb to an ectopic plla cell, which divides to
produce two ectopic external cells in each mutant ES organ (Rhyu et al., 1994; Uemura et
al., 1989). Numb overexpression in the SOP causes loss of ES organs and balding of the
notum. Staining for markers of internal cells of the lineage reveals clusters of extra
neurons and glia present underneath the cuticle, indicating that the opposite
transformation of plla to pIIb occurs with Numb gain-of-function (Rhyu et al., 1994). In
similar analyses we can categorize the phenotypes produced when genes under the
control of an EP insertion are misexpressed in the SOP, and focus on lines that affect

specific processes involved in neuronal cell fate specification.

Materials and Methods

Genetic screening

The screen was carried out by crossing female sca-G4 virgins to males from each
of the 2300 independent EP element insertion lines generated by P. Rerth, balanced on
the X, second, or third chromosomes (Rorth, 1996). Crosses to patched-G4, which
expresses Gal4 in cells at the anterior-posterior boundary of the developing wing
imaginal disk, and to 109(2)68, which has a similar expression pattern to sca-G4 but is
expressed at lower levels in the cells of the SOP lineage, were also included. All crosses
were set up in duplicate, allowing for the variation of temperature. One cross was kept at
18°C, while the other cross was kept at 25°C until after embryogenesis (24-48h), then
transferred and shifted to 29°C. The transferred cross was kept at 25°C. Adult progeny
from each cross were scored for bristle phenotypes or other gross developmental

abnormalities. A line was kept for further screening if the genetic combination of Gal4
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and EP chromosomes was lethal or if it caused a consistent phenotype. The entire
collection of 2300 independent lines yielded approximately 140 positively scored lines,

which were further characterized in secondary molecular and genetic analysis.

Molecular analysis — genomic rescue

To determine the genomic location of the EP element lines that generated positive
phenotypes, surrounding DNA was recovered by genomic rescue. A brief description of
the specific methods we used to rescue EP elements begins with isolation of genomic
DNA from adult flies of a given EP line. Genomic DNA was then digested either by
EcoRI (to rescue 3’ sequence) or Sacll (to rescue 5’ sequence). After heat inactivation of
the restriction enzyme, the digested DNA is added to a dilute ligation reaction, then
transformed into E. Coli. Kanamycin resistance was used to select colonies transformed
by circularized plasmid containing EP element DNA, which was sequenced using primers
facing genomic DNA that lies next to the EP element. Sequences were BLAST queried
against the BDGP database to determine the cytological location and identity of nearby
genes. The location of most of the positive EP lines was determined using plasmid
rescue; the remainder were mapped by inverse PCR, mainly by the BDGP

(http://'www _fruitfly.org).

Genetic interactions - secondary screening
Secondary genetic screening was carried out by misexpressing a given EP line
with sca-G4 in the background of a heterozygous loss-of-function mutation in Notch or

Hairless, looking for either enhancement or suppression of the phenotype, which was
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initially observed with misexpression of an EP line alone. For genetic interactions with
Notch, N>*¢!!/F M6; sca-G4/CyO females were crossed to males from each EP line. The
bristle phenotype of N>**!!/+; scaG4/EP was compared with males from the same cross of
the genotype FM6/y; scaG4/EP. N*¢!! is a reported null allele of Notch, and
heterozygous flies display a dominant wing notching phenotype, but have little or no
visible bristle phenotypes. An EP line was scored as positively interacting with Notch if

N>5¢!! was heterozygous in

the EP x scaG4 phenotype was significantly changed when
the background. In similar crosses, an allele of Hairless was included in the background
of EP misexpression with sca-G4 by crossing sca-G4/CyO; H**'/TM3 to an EP line and
comparing the phenotypes of adult control flies with the genotype EP/scaG4; +/TM3, to
sibling flies with the genotype EP/scaG4; H**! /+. H**' is a loss of function allele of
Hairless that displays a dominant, mild multi-socket bristle phenotype, indicating that
Hairless activity antagonizes Notch pathway signaling. Therefore, Notch or Hairless

loss-of-function mutations are predicted to interact an EP misexpression phenotype in

opposite directions.

Results

Adult progeny of crosses between each of the orginal 2300 EP lines (Rorth,
1996), and sca-G4 were screened for bristle phenotypes. 105 EP lines were isolated by
the screen group that caused ES organ defects when misexpressed in the SOP (Abdelilah-
Seyfried et al., 2000). Rescue of the EP elements from these lines revealed the genomic
location of most of the EP insertions. Many EP elements were found inserted near genes

that are known to be involved in the specification of SOP lineage cell fates.
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Approximately 20% of the EP lines that caused bristle phenotypes were found inserted
near genes that were uncharacterized at the time of the screen and had only been reported
as sequenced ESTs. Others were found inserted near genes that had been characterized in
other systems, but had never been shown to be involved in neuronal cell fate
specification. A final class of positive EP lines were found to be inserted in regions of the
genome where no clear prediction could be made as to which gene was responsible for
the observed misexpression phenotype. EP lines were selected for secondary screening
based on the strength and specificity of the misexpression phenotype. Results of the
secondary screen provided genetic interaction information that was considered along with
information about the molecular nature of nearby gene(s), in order to prioritize each line
for further genetic and molecular characterization.

ES organ bristle phenotypes are separable into distinct classes based on the phase
of cell fate specification that is most likely disrupted by misexpression. If the initial
acquisition of neuronal potential is disrupted as proneural clusters form, the resulting
balding of the notum and complete absence of cells derived from the SOP would be the
predicted phenotypic outcome (Figure 1A). EP(2)0415 was included in this class of
phenotypes, and then shown to be inserted upstream of the gene enocding
Extramacrochaete (Emc), a transcriptional inhibitor of the Achaete-Scute Complex
(Skeath and Carroll, 1991). EP(2)0415 misexpression with sca-G4 causes complete
balding of the notum and the absence of the neural and glial internal cells of ES organ
bristles. Inhibition of proneural gene expression by Emc, under the control of EP(2)0415,

is a likely cause of the balding phenotype observed, and therefore serves as a good
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example of an EP line classified with EP phenotypes that display altered acquisition of
neural potential (Table 1).

After a cluster of cells within the epithelium gains the potential to become
neuronal, signaling occurs between equipotent cells via the intercellular interaction of
Notch ;md Delta at cell-cell contacts (Figure 1B). Mutations disrupting lateral inhibition
often cause the overspecification of SOPs, resulting in tufts of ectopic bristles on the
notum (Figure 1B). The gene big brain has been proposed to potentiate Notch activity
during lateral inhibition, after being isolated as a recessive mutation that causes increased
neurogenesis (Rao et al., 1992; Vassin et al., 1985). EP(2)2278 was found to be inserted
upstream of bigbrain after being isolated in the EP screen due to a tufting phenotype
(Abdelilah-Seyfried et al., 2000). This phenotype distinguishes a second class of EP lines
that likely disrupt the next phase of neural cell fate specification: the Notch signaling
mediated selection of neural precursor cells by lateral inhibition (Table 2).

After the SOP is determined, the function of Notch activity changes from the
inhibition of neuronal precursor cell fate to the specification of terminal cell fates within
the lineage (Figure 1C). When Notch signaling is disrupted, cell fates are transformed
between branches of the SOP lineage, resulting in characteristic bristle phenotypes
(Figure 1B). EP lines that give transformation phenotypes when misexpressed in the SOP
were included in the class of lines that disrupt a third phase of cell fate determination: the
specification of terminal cell fates (Table 3). EP(2)2478 displays balding of the notum
and twinned hairs without sockets when crossed to sca-G4, indicating transformations
between fates within the lineage (Figure 1C). When rescued and sequenced, this line was

found to be inserted upstream of numb, which is known to function in the SOP lineage as
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a cell fate determinant (Rhyu et al., 1994; Uemura et al., 1989). The asymmetric
inheritance of Numb influences the extrinsic signaling between cells via Notch and Delta,
coordinating intrinsic and extrinsic mechanisms of cell fate specification to properly
achieve the determination of each of five unique cell fates. EP lines that display cell fate
transformation phenotypes similar to that of Numb were assigned high priority for further
characterization, given that they are good candidates for genes that affect both the
intrinsic competence of a cell to be specified, as well as the Notch signaling pathway that
will select cell fate.

A final class of EP lines cause defects in bristle development when misexpressed
with sca-G4 (Table 4). These lines most likely disrupt cell differentiation, altering the
morphology or viability of the cellular components that make up the ES organ. Whether
these genes are endogenously involved in differentiation or programmed cell death
during the normal course of development remains unclear. Misexpression of genes might
be expected to cause broad changes in the ability of a cell to differentiate appropriately,
or could lead to the death of a cell due to elevated levels of misexpressed protein.
Because of these complexities in interpretation, this class of EP lines was not considered

for further investigation.

Characterization of EP lines inserted in novel genes

The first EP lines chosen for further characterization were those that produced
consistent and specific cell fate phenotypes, which were not inserted in genes already
known to function in cell fate determination. Genetic interaction screens of candidate EP

lines with Notch and Hairless were performed to help predict the activity that was
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perturbed by misexpression, and to test whether a putative misexpressed gene might be
likely to play an endogenous role in SOP cell fate determination. Of the EP lines
classified as having lateral inhibition phenotypes that genetically interact with Notch and
Hairless, 1 selected EP(3)3622 for characterization. I also selected EP(3)3519 for
characterization due to the strength and specificity of the misexpression phenotype, and
the proximity of a novel gene as a strong candidate for the gene responsible for the
phenotype, from the class of genes that produce cell fate transformation phenotypes. Our
findings (Abdelilah-Seyfried et al., 2000), as well as published reports from parallel
screens done in other systems (Abdelilah-Seyfried et al., 2000; Brennecke et al., 2003;
Grosshans and Wieschaus, 2000; Mata et al., 2000; Rorth et al., 1998), suggest functions
for the genes misexpressed by EP(3)3622 and EP(3)3519 that support and contradict the

usefulness of misexpression screens for the purposes of discovering novel gene function.

EP(3)3622 misexpression disrupts lateral inhibiton and selection of the SOP

Adult progeny of EP(3)3622 crosses to sca-G4 display tufts of ectopic bristles on
the notum (Figure 2A). Extra bristles are composed of the normal complement of one
hair and one socket cell externally, along with one glial sheath cell and one neuron. This
suggests that later phases of cell fate specification in the SOP lineage are unaffected by
EP(3)3622, and that misexpression specifically alters processes that determine the fate of
the SOP. Manipulation of Notch signaling results in similar phenotypes due to the role of
the Notch pathway in lateral inhibiton. Heterozygous null loss-of-function mutations of
Notch in the background of a fly misexpressing EP(3)3622 with sca-G4, strongly

enhanced the observed tufting phenotype (Figure 2B). Consistent with this genetic
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interaction, loss-of-function mutations of Hairless, a gene that inhibits Notch pathway
activity (Bang et al., 1991), suppress the tufting of bristles that result from EP(3)3622
misexpression in the SOP (Figure 2C). We pursued the question of how the EP(3)3622
insertion causes a tufting phenotype with attempts to identify target genes misexpressed
by EP(3)3622, as well as by screening deficiencies of the EP(3)3622 genomic region for
bristle phenotypes.

In order to determine which gene is misexpressed by EP(3)3622, we rescued the
EP element along with adjacent genomic DNA, and searched the sequence for target gene
candidates. Digestion with EcoRI rescues sequence 3’ of EP insertions (see Materials and
Methods). However, to our surprise, we found both 3’ and 5° genomic sequence
surrounding the EP(3)3622 insertion in two separate rescued plasmids, indicating that
two EP elements are inserted at a single site in the genome, oriented back-to-back facing
opposite directions (Figure 3; Brennecke et al., 2003; Hipfner et al., 2002). Multiple
insertions of EP elements in a single line complicate the search for misexpressed genes
because multiple genes may contribute to a phenotype. Nonetheless, we attempted to
clone the gene miexpressed by EP(3)3622, using genomic DNA fragments from both 5’
and 3’ rescued plasmids to screen EST libraries. We cloned a cDNA (GH02109) that lies
approximately 2 kb 3’ of the EP insertion, which was the best candidate for the
misexpression target of EP(3)3622 due to its proximity to the EP insertion(s). In order to
test whether misexpression of GH02109 in the SOP causes the same phenotype as
EP(3)3622, we made lines carrying a UAS-GH02109 transgene, and crossed them to sca-

G4. Misexpression in the SOP, however, failed to recapitulate the tufting phenotype
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observed with misexpression of EP(3)3622, indicating that, most likely, GH02109 is not
the gene responsible for the phenotype.

In order to establish whether any nearby gene(s), misexpressed by EP(3)3622,
might have an endogenous role in the selection of the SOP, we generated imprecise
excisions of two lethal P-elements near the EP(3)3622 insertion (1(3)1170 and 1(3)05967),
then screened for P-element excision events that result in lethality when crossed to a
deficiency of the region (Df[emc]). Nine lethal excision lines were established, then
intercrossed to see if lethality in each line results from loss of the same gene(s). All of the
EP(3)3622 revertants that were isolated as lethal excisions failed to complement Dffemc],
but some combinations of alleles yielded adult escapers. Flies with complementing
deficiencies, potentially uncovering the same genes nearby EP(3)3622 that represent
candidate misexpression targets, failed to display any bristle phenotypes that indicate a
requirement for one of these putative genes in SOP determination.

The bristle tufting phenotype observed when EP(3)3622 is misexpressed in the
SOP with sca-G4, along with genetic interactions of this phenotype with Notch and
Hairless mutations (Figure 2), suggest that the misexpressed gene disrupts selection of
the SOP during lateral inhibition. These experiments, however, do not demonstrate the
endogenous function of this gene. Recently, the report of a phenotype associated with a
deficiency of the EP(3)3622 locus (Hipfner et al., 2002) and the subsequent cloning of
the novel gene bantam that is misexpressed by EP(3)3622 (Brennecke et al., 2003), have
provided insight into how bantam might produce the bristle tufting phenotype observed

when it is misexpressed in the SOP.
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bantam was found to encode a 21 nucleotide microRNA that is required for the
proliferation of cells in the imaginal discs during larval development (Brennecke et al.,
2003). bantam can affect dividing cells by regulating Hid, a protein that promotes
apoptosis. Misexpression of bantam with EP(3)3622 causes a decrease in the levels of
Hid protein, resulting in decreased apoptosis. How the regulation of apoptosis by bantam
affects the selection of the SOP remains unclear. Genetic interactions suggest that bantam
activity affects the process of lateral inhibition, perhaps revealing a role for apoptosis
during selection of the SOP. Alternatively, the effects of bantam loss-of-function on cell
proliferation might explain how misexpression disrupts SOP selection. MicroRNAs bind
to the 3° UTR of mRNA transcripts to inhibit mRNA translation (Lee and Ambros,
2001). Many genes that influence cell proliferation contain bantam target sequences,
including string, lethal giant larvae, and discs large (Brennecke et al., 2003).
Misepxression of bantam with EP(3)3622 may regulate these genes to disrupt the cell
cycle, and directly affect cell fate decisions made during lateral inhibition. The cell cycle
may change the ability of a cell to respond to Notch activity, resulting in the
overspecification of cells to the SOP fate (Negre et al., 2003). Alternatively, disrupting
the cell cycle may cause aberrant division of the SOP after it is specified, leading to the
generation of ectopic ES organs, and tufting phenotypes. The role of bantam in the
endogenous determination of the SOP, however, is still unclear. The lack of phenotypes
associated with loss-of-function mutations in bantam make discovery of its role in SOP

cell fate determination difficult.
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EP(3)3519 causes the misexpression of tribbles and disrupts Notch mediated cell fate
specification in the SOP lineage

Crosses of EP(3)3519 to sca-G4 produce flies that are missing ES organs, and
have ES organs with twinned hairs and no sockets (Figure 4). Further internal
examination of the nota from these flies reveals additional glia associated with clusters of
cells under the cuticle (Figure 5B, inset) suggesting that misexpression causes the
transformation of plla to plIb precursor cells, and the transformation of socket cells to
hair cells. The appearace of many single hair cells without an accompanying socket
suggests that misexpression of EP(3)3519 causes a failure to specify and differentiate
socket cells. The loss of socket cells, which are specified by high relative levels of Notch
activity, and internal transformation phenotypes very similar to those produced by loss-
of-function mutations in Notch (Hartenstein and Posakony, 1990), together suggest that
the gene misexpressed by EP(3)3519 can inhibit Notch signaling activity.

EP(3)3519 is inserted immediately upstream of a sequenced EST that was novel
when the EP lines were first screened, but has since been named tribbles (Grosshans and
Wieschaus, 2000; Mata et al., 2000; Seher and Leptin, 2000). Flies carrying a UAS-
tribbles transgene were crossed to sca-G4 and the resulting phenotype was identical to
the phenotypes seen with misexpression of EP(3)3519 with sca-G4. tribbles encodes a
protein homologous to serine/threonine kinases, but lacking the critical “DFG” triplet of
amino acid residues that is required for ATP binding. Kinase assays failed to detect any
kinase activity (not shown), supporting the hypothesis that Tribbles does not function as a
kinase (Grosshans and Wieschaus, 2000; Mata et al., 2000). Because of the specificity of

the phenotype produced by EP(3)3519 misexpression in the SOP lineage, and the
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identification of tribbles as the target of EP(3)3519 that is responsible for the observed
transformation phenotype, we asked whether #ribbles has an endogenous function in the
inhibition of Notch during specification of cell fate in the SOP lineage.

tribbles would be predicted to be expressed in the SOP and its progeny cells if it
functions as part of the mechanism in which Notch signaling determines cell fate
decisions. In order to examine the expression pattern of tribbles, we performed in situ
hybridization on third instar larval imaginal discs using antisense RNA tribbles probes.
We observed expression of tribbles in cells of the wing disc, at the developing anterior
wing margin (Figure 5A, B). Third instar larval wing imaginal discs stained with
antibodies against the proneural gene product Achaete, display two rows of cells along
the anterior wing margin (Figure 5A, inset; Couso et al., 1994). The expression of
tribbles is like that of achaete at the wing margin, suggesting that developing neural
precursor cells express tribbles. Eye disc expression patterns also suggest that SOPs in
the eye express tribbles (Figure SC). tribbles is broadly expressed at early embryonic
stages, and becomes restricted to the embryonic nervous system at later stages (Figure
5D, E). The evidence that tribbles is likely expressed by neuronal precursors of the SOP
satisfied one criterion necessary to demonstrate an endogenous role for a gene identified
by a gain-of-function phenotype.

The strongest-evidence that a gene functions endogenously in a given biological
process, such as SOP cell fate determination, is the appearance of a phenotype when the
gene is removed from the system. To ask whether tribbles loss-of-function causes a
bristle phenotype, we mobilized the EP(3)3519 element, and screened for imprecise

excisions that result in a viable phenotype or lethality when crossed to a deficiency
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covering the genomic region of the EP insertion (Df(3)[rdg], 77C). We recovered three
EP(3)3519 revertants that met these criteria. Two lines were lethal and one was semi-
viable (EP3519™%°) displaying a mild bristle phenotype when crossed to Df(3)[rdg]
(Figure 6A). In EP3519™*"/Df(3)[rdg] individual bristles were doubled at a low
penetrance, however the lethality of the two other revertants led to the hypothesis that
EP3519™% is a hypomorphic mutation in tribbles. We therefore pursued these lethal
lines with the hope that they were null alleles, and that #ribbles function is essential for
viability. Each putative deficiency was recombined onto an FRT chromosome in order to
perform mosaic analysis, looking at clones of cells on the adult notum for associated
bristle phenotypes. Clones made up of cells homozygous for either of the lethal revertant
lines, however, failed to display any bristle phenotypes (not shown).

Northern analysis revealed that EP3519™"%° removes all of the wildtype tribbles
mRNA, shifting the size of the transcript to over 10kb (Figure 6C). We sequenced
genomic DNA from EP3519™%° homozygous flies and found that a 42bp fragment of the
P-element remained at the site where EP(3)3519 had been inserted. Meanwhile, parallel
studies showed that EP(3)1119, an EP insertion in tribbles near EP(3)3519, is a transcript
null mutation of tribbles. EP(3)1119 is semi-viable, and adult escapers have no associated
bristle phenotypes, consistent with the very weak phenotype caused by EP351 9% and
suggesting that loss of tribbles has no phenotypic effect on SOP cell fate specification.
The strength and specificity of the transformation phenotypes displayed when tribbles is
misexpressed, however, suggests that tribbles can disrupt a cellular process that is
important to the specification of cell fate. How might tribbles affect the SOP to cause

changes in cell fate decisions being mediated by Notch pathway signaling?
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Studies on the role of tribbles during the development of other Drosophila tissues
suggest that fribbles functions as a checkpoint in the progression of a cell through the cell
cycle (Grosshans and Wieschaus, 2000; Mata et al., 2000). When tribbles is
misexpressed, levels of the cell cycle protein, String (Cdc25), decline, suggesting that
tribbles can interfere with the cell cycle via modulation of String protein stability (Mata
et al., 2000). Progession of the SOP through the cell cycle, which is mediated by String,
has been shown to alter the competence of the SOP to make a given cell fate decision
(Negre et al., 2003). Thus, regulation of the cell cycle must be coordinated with Notch
signaling during cell fate specification. Indeed, Notch, Delta, and tribbles, were
discovered together in a screen for enhancers and suppressors of an eye phenotype caused
by misexpression of dMyt1, a potent inhibitor of the cell cycle (Price et al., 2002).
Additionally, reports that Notch signaling can determine whether follicular epithelial
cells in the ovary proceed through mitosis or begin to endocycle, indicate that Notch
signaling can have profound effects on dynamics of the cell cycle (Deng et al., 2001).
Thus the cell cycle can be influenced by Notch pathway signaling, and can also impact
the competence of a cell to respond to Notch signaling activity. This interconnection
between the intrinsic process of cell division and extrinsic Notch signaling might help
explain why misexpression of tribbles results in the mis-specification of cell fates in the
SOP lineage.

Within hours of being selected as a neuronal precursor, the SOP divides four
times to generate the five cells of the lineage that will terminally differentiate (Gho et al.,
1999). During these divisions, the time window in which Notch activity must signal to

divert a given cell to another path of differentiation is on the order of minutes (Roegiers
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et al., 2001b). While tribbles was shown to be able to stall the cell cycle via degradation
of String, cells eventually recovered and resumed mitotic cycling (Grosshans and
Wieschaus, 2000; Mata et al., 2000). If division of the SOP is stalled, perhaps the
competency of this cell to respond to Notch activity, specifically in choosing between
plla and pIIb cell fates, expires, causing both cells to be specified as plIb cells, which
results in balding. Similarly, in the decision between hair and socket cell fate, disruption
of the timing of division of the plla, might result in the specification of both progeny as
hair cells, resulting in a twinning phenotype (Figure 5A). This demonstration that
disrupting the cell cycle, an inherently intrinsic property of a cell, can change the way
that a cell responds to an extrinsic signal, exemplifies how intrinsic and extrinsic
mechanisms of cell fate specification are coordinated to determine terminal

differentiation decisions, as a developing precursor cell proliferates in a lineage.

Discussion

We used the SOP lineage as a model system of neuronal cell fate specification to
screen adult flies misexpressing genes at random in the SOP and its progeny. Of the 105
lines isolated with bristle phenotypes, 20 were included in a secondary screen based on
certain criteria. First, we evaluated the phase of SOP cell fate determination affected by
misexpression. Additionally, secondary screens were conducted to determine whether
misexpression phenotypes of the EP lines genetically interact with Notch and Hairless
mutations. Finally, molecular identification of nearby genes likely to be responsible for
the phenotype was carefully considered before individual lines were chosen for further

characterization. We first tested whether gain-of-function phenotypes observed with
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misexpression are relevant to the endogenous function of the misexpressed gene. Most
important was the identification of the gene responsible for the phenotype, the
determination of the endogenous expression pattern of this gene, and an examination of
the loss-of-function phenotypes produced by deficiencies of the gene. These basic
characterizations presented obstacles to the analysis of many lines, most often because
loss-of-function bristle phenotypes were absent or not interpretable relative to the gain-
of-function phenotypes observed in SOP cell fate specification.

Screening for gain-of-function rather than loss-of-function phenotypes was
predicted to isolate a different class of genes from previous screens that had assayed
recessive-lethal mutations. The limitations of a gain-of-function screen, however, became
apparent when numerous labs used the EP lines to look for phenotypes that result from
the misexpression of random genes (Abdelilah-Seyfried et al., 2000; Rorth, 1996; Rorth
et al., 1998). The EP screen appears attractive due to its simplicity and ease; we isolated
105 lines with specific phenotypes after screening only 2300 first generation crosses. The
relatively little effort required to finish the initial screen was not, however, followed by
routine cloning and characterization of novel genes. EP lines driving misexpression of
known genes were identified due to gain-of-function phenotypes. Suprisingly, of the
novel genes discovered by the screen, many failed to display loss-of-function phenotypes
consistent with an involvement in the specification of cell fate. This might have been due
to redundancies in gene function, a complication of genetics that the EP screen was
championed to avoid. However, distinguishing a potentially redundant function from an

ectopic or artificial function when studying novel genes can be difficult.
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Persistent searching for loss-of-function phenotypes associated with EP lines that
misexpress novel or unknown target genes has, in fact, led to the discovery of many
important genes that had eluded standard loss-of-function screens. For instance, tribbles,
a gene that regulates the cell cycle to coordinate morphological events with the cell cycle
during development, was first identified in an EP screen (Grosshans and Wieschaus,
2000; Mata et al., 2000). Additionally, the gene bantam, which encodes one of the first
genetically identified microRNAs in Drosophila (Brennecke et al., 2003), was pursued
due to a misexpression phenotype caused by the nearby EP element EP(3)3622. Thus, the
EP screen has proven to be a successful, but inefficient, tool for gene discovery that was
perhaps misunderstood as a shortcut. The EP screen suffered most because standard
criteria used to judge the importance of genes discovered by loss-of-function genetics are
less effective when applied to genes isolated due to gain-of-function phenotypes.

Traditional genetics relies on the strength of the conclusions that can be derived
from loss-of-function evidence that a gene is required for normal execution of a particular
biological process. Most genes that have been thoroughly characterized in Drosophila are
required for viability, and therefore have an essential function during development.
However, of the approximately 12,000 genes present in the Drosophila genome, loss-of-
function in only about one quarter causes lethality, indicating that the majority of genes
are not strictly required for viability (Miklos and Rubin, 1996). Importantly, this finding
cannot be interpreted to mean that 75% of the genes in the Drosophila genome lack
essential functions._ Non-essential genes might have overlapping functions, such that
when one gene is removed, another gene can compensate for its function, which

ultimately allows the organism to survive. While loss-of-function genetics has proven to
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be an extremely effective means of isolating the genes within the genome that are
required for viability, it is not optimal for examining the roles of genes that may be
important for specialized functions or for fine-tuning of regulatory systems, but fail to
generate phenotypes when removed. Gain-of-function genetics is a more effective tool
for the analysis of such genes. Misexpression is well suited for the identification of genes
with instructive roles in developmental processes. When these genes are over-expressed
they produce strong phenotypes that often reveal a cellular function. For example, we
isolated an EP line that misexpresses dLMO (EP(X)1394, Table 1) and causes ectopic
outgrowths in the wing when misexpressed by patched-Gal4 (Zeng et al., 1998a). dALMO
was shown to interact with and inhibit Apterous to help distinguish dorsal and ventral
compartments during patterning of the wing disc (Milan et al., 1998). Mutations of this
gene were isolated in the early years of Drosophila genetics (Beadex, heldup-a), but the
lack of an interpretable phenotype, even though wing patterning is disrupted in the loss-
of-function mutant, prevented the uncovering of its function. Studies on tribbles
(EP(3)3519) and bantam (EP(3)3622) are additional examples of genes that have specific
functions within the cell that were revealed by gain-of-function, misexpression
phenotypes (see results). As genetic analysis changes focus from genes that are essential
for viability, to genes with subtle loss-of-function phenotypes, these studies may rely
more heavily on gain-of-function manipulations rather than standard genetic analysis of

recessive lethal mutations.
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Figure 1: Phases of neuronal cell fate determination

A Phase 1: Proneural gene expression
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Figure 1 Legend

(A) Neuronal potential is acquired in clusters of epithelial cells during the first phase of
neuronal determination. Patches of cells express proneural genes (yellow), making them
competent to become neuronal precursors. If the expression of proneural genes is
disrupted, the phenotypic outcome is often balding of the notum. (B) In the second phase
of neuronal determination, cells within a proneural cluster communicate with each other
via Notch/Delta signaling at cell-cell contacts (orange and black). High levels of Notch
activity causes cells to remain epithelial (orange circle), while low levels of Notch
activity selects one cell as the SOP (green circle). When lateral inhibition is disrupted,
cells cannot signal to each other via Notch and Delta, resulting in the overcommittment
of cells as SOPs, and tufting phenotypes. (C) In a third phase of neuronal determination,
cell fates are specified as the SOP divides in a well characterized lineage. Cells in the
external branch of the lineage (plla) divide in the plane of the epithelium, to become the
hair and socket cell of the mature ES organ (light and dark black). The plIIb precursor of
the internal branch of the lineage re-orients to divide apicobasally, generating a migrating
glia (light blue) and the pIIIb precursor, which subsequently divides to generate the
neuron (lavender), and glial sheath cell (red) of the ES organ. When cell fate specification
is disrupted, cells transform between fates within the lineage. In this example, the cell
that should become the plla precursor takes on the plIb fate, and divides to produce extra

internal neurons and glia, resulting in a balding phenotype.
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Figure 2: Misexpression of EP(3)3622 results in a tufting phenotype that
interacts with Notch and Hairless

scaG4 x EP(3)3622

Notch | + ;
scaG4 x EP(3)3622

Hairless | + ;

scaG4 x EP(3)3622

(A) Misexpression of EP(3)3622 with sca-G4 causes bristle tufting. ES organs at
dorsal-central and scutellar macrochaete positions are multiplied (arrows), indicating
that too many SOPs were specified, and that lateral inhibition was disrupted.

(B) If EP(3)3622 is misexpressed in a heterozygous Notch background, the severity

of the phenotype is enhanced. Increased numbers of extra ES organs are visible within
ectopic tufts of bristles (arrows). (C) If a heterozygous mutation in Hairless is included in
the background of a fly misexpressing EP(3)3622 in the SOPs, the misexpression bristle
tufting phenotype is significantly suppressed (arrows).
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Figure 3: EP(3)3622 genomic insertion site

< =

EP(3)3208 EP(3)3622 /\ A

(2 EPs back-to-back) 1(3)1170 1(3)05967

A map of the genomic region where EP(3)3622 is inserted (61C). At the genomic site,

2 EP elements are inserted, back-to-back, facing both 5' and 3'. Approximately 2kb
upstream of the EP(3)3622 insertion lies another EP element (EP(3)3208). Downstream
(3') of the EP(3)3622 insertion lie 2 lethal P-element insertions (1(3)1170, 1(3)05967).
bantam, which has been shown to be misexpressed by EP(3)3622 near the EP(3)3622
insertion site.
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Figure 4: Misexpression of tribbles in the SOP causes balding and twinning of
ES organ bristles

(A) The aduit notum of a fly misexpressing tribbles with sca-G4 and raised at 25°C.
Mild balding, twinning (arrows), and hairs without sockets (arrowheads) are evident
across the notum. Normal ES organs are also present (*). (B) Flies of the same
genotype raised at 29°C predominantly display a balding phenotype. Internally, double
pros-positive cells indicate the duplication of internal glia, suggesting the occurrence
of transformations within the SOP lineage (arrow, inset).
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Figure 5: tribbles is expressed in the embryo and larval imaginal discs

(A) In situ hybridization of a third instar wing imaginal disc, using antisense tribbles RNA probes.
Staining is apparent at the wing anterior wing margin, across the ventral and dorsal wing pouch,
and on medial regions of the wing disc that will form the adult notum. (B) Closeup of the anterior
wing margin. Prominent staining is evident at the antieror wing margin, similar to the staining
pattern of anti-Achaete antibodies (Couso et al., 1994; inset), and displaying two rows of cells
that label positive for tribbles RNA. (C) A third instar antennal-eye disc shows tribbles expression
at the morphogenetic furrow and in a distinct pattern ahead and behing the furrow. (D) A stage 5
embryo showing the embryonic pattern of tribbles expression. (E) A stage 11 embryo showing a
segmented pattern of tribbles expression in the embryo.
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Figure 6: EP3519"V20 hag an ES organ phenotype and lacks wildtype tribbles mRNA

« Dffrdg)/+
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(A) EP(3)3519"V20/ Dffrdg] fiies are viable, and
display a mild bristle phenotype. Externally
transformed ES organs are visible on the adult
notum as extra sockets (arrows) and 2 hair/2
socket organs (arrowheads). (B) ES organs in the
eye exhibit a similar frequency of multiple hair

| organs (arrows). (C) A Northern using mRNA from

different genetic combinations of EP(3)3519"V
and Dffrdg], which uncovers the 77C genomic
region, probed with radioactively labeled tribbles
cDNA probes. Wildtype tribbles transcripts are
visible at the predicted size of 2.2kb (lane 1, 3-5).
EP(3)3519"€V20/Df[rdg] mRNA contains no detectable
wildtype transcripts, and 2 new bands appear at
approximately 4.3kb and 7.4kb (lane 2). mRNA from
EP(3)3519"€V20 heterozygous flies contains both
wildtype and mutant transcripts (lane 3). Another
heterozygous lethal revertant (EP(3)3519’9V23)
and yw (wildtype) display normal sized tribbles
transcripts (lanes 4 and 5, respectively).



Chapter 2 - Table 1: Proneural induction phenotypes

EP line predicted gene map position
EP(X)1306 dLMO (LIM-only domain) 17C1-2

(+2 lines)

EP(2)0684 Escargot 35D1-2

(+ 4 lines)

EP(2)2299 Beachl 26A1

(+ 2 lines) involved in endocytosis

EP(3)0415 extramacrochaete (emc) 61D1-2
EP(3)3168 dally 66E1-2

42

phenotype (scaG4)

Genetics

balding
ectopic wing outgrowth
(with ptc-G4)*

Complete balding on notum
(internal cells?)

Severe loss of microchaete
(abdomen), loss of neurons

balding

balding of macrochaete

-

-

no/no

-lyes

A



Chapter 2 - Table 2: Lateral inhibition phenotypes

EP line predicted gene map position phenotype (scaG4) Gengtics
EP(X)1216b CyclinA/cdk?2 associated p19 13C7-8 extra bristles, 2h/2so no/no
(RNA pol Il associated protein) (small bristle morphology)
EP(X)1435 scalloped 13F1-2 extra macrochaete, -/no
missing microchaete
EP(2)0639 SD02913 53D1-2 2h/2s0 -/yes
(+ 3 lines) Hair/2 socket,
abnormal bristle morphology
EP(2)2278 bigbrain 30F extra bristles no/-
EP(3)3622 bantam 61C7-8 tufting, 2hair/2socket yes/yes
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Chapter 2 - Table 3: Cell fate specification phenotypes in the SOP lineage

EP line predicted gene map position phenotype (scaG4) Genetics
EP(X)1408 Mitochondnal carrier homolog 3E6-7 2 hair/2socket yes/yes
EP(2)0456 LD26519 21A4 2h/2s0, twins no/no
EP(2)0598 yan 22D1-2 2h/2s0, no/no
hair w/o socket
hair/2sockets
EP(2)0647 lolalike (BTB transcription factor) 55B5-10 2h/2s0, yes/yes
hair w/o socket
Thick bristle morphology
EP(2)1221 Genbank ID: AQ025055 27F3-5 hair w/o socket, no/no
(+ 2 lines) 2hair/2socket
EP(2)1229 Genbank ID: AQ073484 52B1-3 2h/2s0, hair/2socket, no/-
extra bristles
EP(2)2010 Inscuteable §7B14 hair w/o socket, yes/yes
2h/2s0, balding
EP(2)2146b Ubiquitin conjugating enzyme 2 (UbcD2) 32AS Loss of external cells, no/-
two hair/2 socket,
hair w/o socket
EP(2)2237 Zinc Finger transcription factor 21C4-6 2 hair/2socket, -/-
hair w/o socket

socket w/o hair,
abnormal bristle morphology

EP(2)2583 split ends 21B4-6 hair w/o socket yes/yes

EP(3)3017 rabl11 (vesicle transport) 93C1-2 hair w/o socket, no/-
balding

EP(3)3104 near klar and CG17090 (ser.thr kinase) 61C34 hair w/o socket, /-
2s0/2h

EP(3)3121 eRF-1 (transcription termination factor) 77B1-9 2h/2so, /-
Hair w/o socket
Thin stumpy bristles

EP(3)3519 tribbles 77C1-2 twins, balding yes/yes
internal transformations

EP(3)3673 Drosophila Zyg homolog (human) 62A1-2 balding, -lyes

Armadillo repeats, RNI (RNAse inhibitor)-like hair w/o socket

(centrosome replication)



Chapter 2 - Table 4: Morphology and cell viability phenotypes

EP line predicted gene map position phenotype (scaG4) Genetics
EP(2)2289 Kruppel-homolog isoform 26B7-9  severe loss of microchaetae no/no
Zinc-finger transcription factor on abdomen, Short and thickened
bristle morphology
EP(3)3463 taranis (cell cycle regulation and 89B-C  balding, hair w/o sockets, no/no
glial cell migration) dead external cells
deformed socket morphology
EP(3)3707 DNA pol a - subunit of E2F 93E8-9  short and thin shaft morphology -/-
EP(3)0381 fat facets (de-Ubiquitination enzyme) 100D1-3 balding, no/-
(associated with liquid facets) death of external cells (black dot)
EP(3)3415 Pebble 66A17-18 balding, no/no
Rho GEF involved in cell cycle extra internal sheath cells
EP(3)3449 gliolectin 93F6-8  balding, 2h/2s0, -/-

abnormal bristle morphology
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Chapter 3: Lethal Giant Larvae Acts Together with Numb in Notch
inhibition and cell fate specification in the Drosophila adult sensory organ

precursor lineage
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Drosophila Adult Sensory Organ Precursor Lineage
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The tumor suppressor genes lethal giant larvae (igl)
and discs large (dig) act together to maintain the apical
basal polarity of epithelial cells in the Drosophila em-
bryo [1]. Neuroblasts that delaminate from the embry-
onic epithelium require /g/ to promote formation of
a basal Numb and Prospero crescent, which will be
asymmetrically segregated to the basal daughter cell
upon division to specify cell fate [2, 3]. Sensory organ
precursors (SOPs) also segregate Numb asymmetri-
cally at cell division. Numb functions to inhibit Notch
signaling and to specify the fates of progenies of the
SOP that constitute the cellular components of the
adult sensory organ. We report here that, in contrast
to the embryonic neuroblast, /g/ is not required for
asymmetric localization of Numb in the dividing SOP.
Nevertheless, mosaic analysis reveals that ig/ is re-
quired for cell fate specification within the SOP En-
eage; SOPs lacking Lgl fail to specify internal neurons
and glia. Epistasis studies suggest that Lgl acts to
inhibit Notch signaling by functioning downstream or
in parallel with Numb. These findings uncover a pre-
viously unknown function of Lgl in the inhibition of
Notch and reveal different modes of action by which
Lgl can influence cell fate in the neuroblast and SOP
lineages.

Results and Discussion

Lgl functions with Dig to specify the formation of a pro-
tein crescent at the basal cortex of asymmetrically divid-
ing neuroblasts in the Drosophila embryo [2, 3]. Muta-
tions in /g/ and dig do not affect the apically localized
complex of Bazooka/DaPKC/DmPar-6, which is inher-
ited by neuroblasts that delaminate from the epithelium;
however, they disrupt basal Numb and Prospero cres-
cent formation and thereby affect the asymmetric segre-
gation of cell fate determinants upon cell division [2, 3).
Sensory organ precursor (SOP) cells also divide asym-
metrically during the development of the Drosophila
adult peripheral nervous system but differ from neuro-
blasts in the plane of division and in the role played by
Dig [4]. The SOP follows planar polarity cues to divide
asymmetrically within the epithelium along the anterior-
posterior axis, and, as a result, the anterior daughter
plib differs from the posterior daughter plia in cell fate

‘Correspondence: ynjan@itsa.ucsf.edu
'These authors contributed equally to this work.

[5, 6). Dig forms a complex with Pins at the anterior
cortex and causes posterior localization of Bazooka
and, in tumn, anterior localization of Numb [4, 7]. How
might Lgl be involved in the polarity and asymmetric
division of the SOP? Little is known about the function
of Lgl in the SOP, or whether it acts together with Dig.

To further characterize the role of Lgl in the formation
of crescents in the SOP, we generated mitotic clones
homozygous for either of two protein null g/ alleles: igi*,
a small deletion removing the Ig/ coding sequence [8],
and igl*?, a loss-of-function point mutation [1]. Using the
MARCM system to restrict UAS transgene expression to
clonal tissue [9], we expressed Partner of Numb (Pon)-
GFP in SOPs within mutant clones under the control of
neuralized-Gal4, which allows the visualization of Numb
crescent formation as SOPs divide, without affecting
cell fate [6, 10, 11]. In SOPs within /ig/ mutant clones,
Pon-GFP crescents are seen forming nommally at the
anterior cortex in all cases (Figure 1B, n = 35), as in
control clones. Antibody staining against Numb protein
revealed anterior crescents in mitotic SOPs both inside
and outside /g/ mutant clones (Figures 1C and 1D). Given
the similarity in cortical and cytoplasmic protein localiza-
tion of Lgl in neuroblasts [2, 3] and SOPs (Figures 1G and
1H), as well as the importance of Lgl to the asymmetry of
neuroblasts, we were very surprised to find that both
null alieles of Ig/ fail to disrupt the formation and segrega-
tion of Numb crescents in the dividing SOP. We investi-
gated other aspects of SOP polarity that might be pre-
dicted to depend on Lgl. Upon staining, however, we
saw both DaPKC (Figures 1C and 1D) and Bazooka (not
shown) localized to posterior crescents opposite Numb
in the dividing SOP within /g/ clones, and these SOPs
were indistinguishable from SOPs within neighboring
wild-type tissue. it thus appears that Dig and Lgi function
independently in the SOP, since the loss of /gl does
not alter asymmetric localization of posterior crescent
components or anterior crescent components, which
both depend on Dig [4]. Despite the normal polarity
observed in /gl mutant SOPs, loss of Lgl has a strong
influence on cell fate determination of SOP progenies
that will form the ES organ in the aduit fty.

ES organs are normally visible as two external cells
(a hair cell projecting through a single socket), and both
cells comprise a single sensory bristle (Figure 2A).
Clones of /g/ on the notum cause large tumors and the
disruption of junctions between epithelial cells; this find-
ing is consistent with previous reports of ig/ mutant
phenotypes in imaginal disc tissue [8, 12]. Within these
Igl mutant clones, ES organs appear malformed, con-
taining additional external cells (Figure 2B, arrows). Very
similar phenotypes were found in clones mutant for igH
or Igi*, in which no Lgl protein was detectable (Figure
2F). Most mutant ES organs consist of three sockets
and one hair cell (84%, n = 86, Figure 2B, arrows).
Clusters of four sockets are also present at a lower
frequency (12%, n = 86, Figure 2B, arrowhead). Within
mutant clones stained for markers of neurons (anti-Elav)
and glia (anti-Pros) at pupal stages, we find both interal
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control

control

control

Figure 1. Lgl Is Not Required for Asymmetric Localization of Cell
Fate Determinants in the SOP Cell

(A and B) Asymmetric localization of Pon-GFP is not dependent on
Lgl. Mitotic SOPs in both (A) control and (B) /g/ mutant clones (ig/")
form crescents of Pon-GFP at the anterior cortex.

(C and D) Polarity of the SOP does not require Lgl. DaPKC (blue)
localizes to the posterior cortex opposite the anterior Numb cres-
cent (red) in mitotic SOP cells in both (C) control and (D) /g/ mutant
clones (marked in green by mCD8-GFP; ig/ ).

(E and F) Lgl is not required for asymmetric accumulation of
a-Adaptin in mitotic SOPs. «-Adaptin (red) colocalizes with Numb
(blue) in an anterior crescent (magenta) in mitotic SOPs in both (E)
control and (F) ig/l mutant clones (marked in green by mCDB-GFP;
Igl).

(G and H) Lgl localization is not polarized in the SOP. (G) Lgl protein
was found uniformly distributed along the cell cortex and in puncta
throughout the cytoplasm, (H and G) while Numb (blue) forms corti-
cal crescents in a wild-type mitotic SOP.

cells missing in clusters derived from /g/ mutant SOPs
marked with GFP (96%, n = 26 clusters, Figure 2E,
arrows). All four cells of these GFP-marked clusters are

plis plla

pilb
“pila”
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Figure 2. Lgl Is Required for Specification of the Intemal Neurons
and Glia of the SOP Lineage

(A) The wild-type morphology of the ES organ (arrow), comprised
of a single hair and socket, is visible externally on the notum of an
adult fly.

(B) An ig/ mutant clone (marked by yellow bristies) shows the appear-
ance of additional sockets in each ES organ, often apparent as a
double socket alongside the normal hair and socket (arrows) or as
a four-socket cluster (arrowhead).

(C) Diagram of the wild-type SOP lineage that produces the five
cells of each ES organ.

(D) Diagram of the cell fates observed in SOP progeny that lack igl.
The plib is transformed into an ectopic plla cell, which divides to
produce extra sockets and hairs in each ES organ.

(E) Staining of an /gl clone marked by expression of mCD8-GFP in
SOP progeny cells. Anti-Elav antibodies label neurons in blue, and
anti-Pros antibodies label glial sheath cells in red. Intemal cells of
the SOP lineage are absent in /gi mutant clones (the arrows point
to examples). The normal neuron and glia are present as a pair of
colls in wild-type clusters of SOP progeny outside of the clonal
boundary.

(F) An anti-Lgl antibody displays the absence of Lgl protein (red) in
an /gl mutant clone on the adult notum. Numb protein (blue) is
predominantly cortical in cells both within an /g/ mutant clone and
in wild-type tissue. SOPs mutant for Ig/ are marked by mCD8-GFP
expression.

(G) An /gl mutant ES organ stained for Su(H) (red), which labels
socket cells, shows the most common cell fates found (three sockets
and one hair) within clusters of externally transformed /g/ mutant
SOP progeny (labeled by mCD8-GFP in green).

typically larger, characteristic of the morphology of ex-
ternal hair and socket cells. When clonal nota are labeled
for Suppressor of Hairless (Su(H)), /g/ mutant clusters
most often contain three or four Su(H)-positive cells,



Figure 3. Inactivation of Notch during Cell Fate Specification in the
SOP Lineage Reverses the /g/ Mutant Phenotype

(A-D) (A and C) The adult notum of a female control fly, heterozygous
for Notch™ and containing /gl mutant clones, that has been shifted
to the restrictive temperature (29°C) during cell fate specification of
the microchaetes (12-20 hr APF). The microchaete exhibit /gf loss-
of-function multiple socket phenotypes (arrows), including four
socket clusters (arrowhead). (B and D) After undergoing the same
temperature shift paradigm to 29°C (12-20 hr APF), the adult notum
of a male fly, hemizygous for Notch®™ and containing /g/ mutant
clones, is completely bald. The presence of clones is indicated by
ck-marked twin spots (dashed line). The near complete loss of bris-
tles in ig/ mutant and wild-type tissue indicates that the Notch phe-
notype is epistatic to /gl. The portions boxed in (A) and (B) are shown
in (C) and (D), respectively.

(E-H) Intemal cell clusters in /gl mutant clones have increased num-
bers of neurons and glia in Notch® pupae shifted to the restrictive
temperature during cell fate specification. (E and G) A region of the
developing notum from a female control fly, heterozygous for Notch®
and containing /g/ mutant clones, that has been shifted to 29°C
during cell fate specification of the microchaetes (12-18 hr APF).
(E) Groups of one Elav (blue, neuronal marker)-positive cell and one
Pros (red, glial marker)-positive cell are present in clusters outside
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indicating the presence of extra socket cells within each
cluster (94%, n = 18 clusters, Figure 2G). In wild-type
tissue surrounding mutant clones, internal neuron and
glia pairs are present in regularly spaced arrays (Figure
2E). We can interpret the observed cell fate changes
seen in ig/ mutant clones because of the well-character-
ized lineage of the adult SOP [5). Loss of /g/ causes
the plib cell, which normally gives rise to internal cells
including a neuron and a glia, to adopt the plla cell fate
and produce two additional external cells at the expense
of internal cells of the lineage (Figure 2D).

The transformation of intemal cells to supemumerary
socket and hair cells in /g/ mutant clones is similar to
numb loss-of-function and Notch gain-of-function phe-
notypes in the SOP lineage [13-17]. One possible expla-
nation for this similarity is that Lgl functions to inhibit
Notch signaling activity. To test this possibility, we used
a temperature-sensitive allele of Notch (Notch®™) to inac-
tivate Notch in /g/ mutant clones on the adult notum.
Notch® pupae shifted to the restrictive temperature
(29°C) during divisions of the SOP (12-24 hr APF) show
aloss of external socket and hair cells (balding), accom-
panied by an increased number of internal cells [18].
Temperature shifts performed on hemizygous Notch®
pupae cause loss of external cells (balding), both within
and outside /g/ mutant clones (Figures 3B and 3D), which
is in contrast with the extemal transformation pheno-
types that remain in /g/ mutant clones on Notch® hetero-
zygous control flies (Figures 3A and 3C). When examined
intemally, GFP-marked /g/ mutant clusters are com-
posed entirely of internal cells expressing Pros and/or
Elav in hemizygous Notch®™ pupae (Figures 3F and 3H),
while, in /gl mutant heterozygous controls, clonal clus-
ters lack intemal Elav/Pros-positive cells (Figures 3E
and 3G). Taken together, these results indicate that the
transformation of intemal cells to extemal cells ob-
served in /g/ mutant ES organs is due to an increase in
Notch signaling activity, and that /g/ functions upstream
of Notch to inhibit Notch signaling activity and thereby
influence cell fate within the SOP lineage.

Numb specifies cell fate, possibly via direct physical
interaction with Notch [16], by inhibiting Notch activity
in the daughter cell to which it is asymmetrically segre-
gated. /g/ and numb mutants exhibit similar cell fate
phenotypes, and both cause transformation of the plib
cell into an ectopic plla, which divides once to generate
two additional external cells in each SOP cluster (Figures
4C and 4E). Our observations that Notch is epistatic to
Igl positions Lgl with Numb as an upstream inhibitor
of Notch signaling activity and raises the question of
whether Lgl functions as part of the same Notch inhibi-

the /gl mutant clone (arrowhead). (G) The same region as in (E). The
SOP progeny within the g/ MARCM mutant clone are positively
marked by mCD8-GFP (green); the /g/i mutant clusters (arrow) do
not express Elav or Pros. (F and H) A region of the developing notum
of a male fly, hemizygous for Notch® and containing an /g/ mutant
clone, that has undergone the same shift to 29°C (12-20 hr APF).
(F) Multtiple Elav (blue)- and Pros (red)-positive cells are present in
clusters. (H) The same region as in (F). The SOP progeny within
the /g/ MARCM mutant clone are positively marked by mCD8-GFP
(green). Clusters of cells expressing Elav (blue) and Pros (red) are
present inside (arrow) as well as outside of the clone (arrowhead).
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Figure 4. /gl Is Required for Numb-GFP to In-
hibit Notch

(A) Overexpression of Notch™ in the SOP
lineage causes a multiple socket phenotype
(arrows).

(B) Expression of the Numb-GFP causes
transformation of external to intemal cells
within the SOP lineage (balding) and transfor-
mation of socket to hair (twinning, arrow).
(C) In a numb? mutant clone (marked by GFP
expression), multiple sockets are present
throughout the clone. The most common
phenotype is three sockets and one hair cell
(arrows). Double sockets are also present (ar-
rowhead).

(D) Expression of Numb-GFP rescues 60% of
ES organs to wild-type morphologies within
numb? clones (arrows). The appearance of a
partially rescued two hair/two socket pheno-
type is also common (arrowhead).

(E) In an /gl clone (marked by GFP expres-
sion), the phenotype is similar to that seen in
numb? clones, and the clone exhibits external
transformations such as three sockets and
one hair (arrows) and ectopic socket clusters
(arrowhead).

external

l

! transformations

I nb2 99% (n=33) nb2 + numbGFP
[ igt 99% (n=86) igi + numbGFP

' (F) Expression of Numb-GFP fails to rescue
nne_-,m,om the external formation ph ype in an
= Igl* clone (arrows).
=43
0% et (G) Quantification of the bristie phenotypes
89% (n=123) from genotypes shown in (C)~(F). An ES organ
was counted as externally transformed if it

contained more than one hair and one socket;

thus, all three external phenotypes observed, four socket, three socket/one hair, and two hair/two socket, were considered external transforma-
tions. The n values are the total number of clonal bristles counted for each genotype.

tory mechanism as Numb to specify cell fate. In order
to test this possibility, we examined the epistatic rela-
tionship of numb and /gl during cell fate specification
in the SOP lineage. Expression of Numb-GFP in SOPs
on the notum with neuralized-Gal4 results in balding and
twinned hairs without sockets, due to the transformation
of plla to plib and transformation of socket to hair (Figure
4B); thus gain-of-function phenotypes opposite to numb
loss-of-function phenotypes are produced [6]. We fur-
ther verified that Numb-GFP could replace endogenous
Numb function by expressing Numb-GFP in SOPs within
numb? clones that lack endogenous Numb protein.
Numb-GFP rescued the numb loss-of-function multiple
socket phenotype (Figure 4C) in 60% (Figure 4G) of
mutant ES organs (Figure 4D, arrows). Given that Numb-
GFP can restore Numb function and rescue cell fate
transformations caused by loss of numb, we tested
whether Numb-GFP could rescue cell fate transforma-
tions caused by loss of /gl function. Misexpression of
Numb-GFP in SOPs mutant for /gl failed to alter external
cell fate transformation phenotypes. The majority (89%)
of Ig/ mutant SOPs (Figure 4G) expressing Numb-GFP
produced multiple socket ES organs identical to bristle
phenotypes seen with /g/ mutations alone (Figures 4E
and 4F). The only detectable difference between experi-
mental and control /g/ mutant SOPs was the presence
of Numb-GFP (Figure 4F), which was asymmetrically
segregated to the anterior cell upon division (not shown).
The failure of rescue by Numb-GFP suggests that /g/
functions downstream or in parallel with numb to inhibit
Notch and influence cell fate.
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The discovery that /g/ function is required to specify
cell fate within the SOP lineage, but does not affect
asymmetric segregation of Numb, suggests that Lgl
function is distinct from Dig function in the SOP. Lgl
function is most likely required after polarization of the
SOP and somehow contributes to the selective inhibition
of Natch activity that specifies the fate of the plib cell.
How might Lgl fulfill this function? Lgl is a WD repeat-
containing protein conserved in eukaryotes ranging
from yeast to man [8, 19-22]. Similar to many other
WD repeat-containing proteins, Lgl likely interacts with
multiple partners in a dynamic manner. It binds type |l
myosins and t-SNAREs on the plasma membrane and
is known to be involved in exocytosis in yeast and Dro-
sophila by presumably targeting vesicles to the plasma
membrane and thereby inserting membrane proteins at
specific zones along the apical-basal axis of epithelial
cells and releasing extracellular signaling molecules
such as DPP [1, 21-24]. The requirement for Lgl function,
however, is not restricted to membrane proteins and
secreted proteins that require vesicular transport. For
example, formation of the basal crescent in neuroblasts
involves cytoplasmic and cortical movements of globu-
lar proteins, such as Numb, Pon, Prospero, and Miranda,
that attach to the cytoplasmic side of the membrane
via lipid modifications or association with membrane
proteins [2, 3, 10]. One plausible scenario for the role
of Lgl in mediating basal Numb crescent formation in
neuroblasts is that Lgl and motor proteins form a com-
plex that mediates basal transport of determinants [2,
3, 25). Such Lgl-containing adaptor complexes in the



SOP must differ from those in embryonic neuroblasts
under this scenario, given that anterior Numb crescent
formation in the SOP is independent of Lgl.

Recently, the AP2 complex-protein a-Adaptin has
been shown to asymmetrically localize to the anterior
crescent in mitotic SOPs in a Numb-dependent manner
[26). «-adaptin mutations resuit in cell fate phenotypes
strikingly similar to both numb and /g/ [26]. A requirement
for Lgl to appropriately localize proteins essential for
Numb-mediated inhibition of Notch, such as a-Adaptin,
could account for the cell fate transformations that resuit
from gl loss of function. Given the proposed function
of Lgl in vesicle targeting, we imagined that Lgl might
be required in the SOP to deliver proteins that function
in a Numb-mediated mechanism to promote Notch inhi-
bition. We tested this idea by staining /g/ mutant clones
with antibodies against a-Adaptin and looking for differ-
ences in its localization in dividing SOPs. We found no
effect of /g/ mutations on the asymmetric localization of
a-Adaptin to anterior crescents in dividing SOPs (Fig-
ures 1E and 1F). While the asymmetric localization of
a-Adaptin is not dependent on /g/, a scenario in which
Lgl is required to deliver components of the machinery
required for Numb-mediated inhibition of Notch cannot
be excluded. Altematively, Lgl could directly participate
in such a mechanism and could perhaps target endo-
cytic vesicles containing Numb and Notch to the lyso-
some for degradation. A direct role for Lgl in the Notch
pathway is supported by recent studies suggesting that
vesicle trafficking of Notch and Delta plays a critical role
during Notch pathway signaling [27]. Lgl might bring
Notchinhibitors to the plasma membrane or traffic endo-
cytic vesicles in an inhibitory mechanism with Numb and
a-Adaptin that specifies cell fates in the SOP lineage.

Experimental Procedures

Fly Stocks and Genetics

Mosaic clones of ig/ were made by using FRT40A-recombined al-
leles of /gl and /g™’ [1] in a background containing either yw Ubx-
fip (kindly provided by J. Knoblich), which generates large clones
[28] in wing imaginal discs, or yw heat-shock fip, crossed to either
y* ck FRT40A/CyO to generate externally marked clones or to p{tub)-
gaf80 FRT40A; neuralized-Gal4, UAS-mCD8::GFP, or UAS-
Pon::GFP/TM6y* to generate MARCM clones [9), positively marked
by expression of GFP in the SOP lineage (see [6, 11]). First instar
larvae were heat shocked for 30 min at 37°C to generate large clones
with hs-fip. Similar crosses were performed to generate clones of
numb by using the previously described FRT40A recombinant of
numb? [15]. In Numb overexpression experiments, UAS-Numb-GFP
was present on the third chromosome and was selectively ex-
pressed in SOPs and their lineage by neuralized-Gald (now in the
absence of UAS-mCD8::GFP) within clonal tissue. Clones in which
Numb was overexpressed in a background wild-type for ig/ and
numb were generated by crossing yw Ubx-fip; y* ck FRT40A to
p(tub)gali80 FRT40A; neuralized-Gal4/TM6y ' . Numb rescue clones
were generated by crossing yw Ubx-fip; y* nb? ck FRT40A/CyO;
UAS-Numb-GFP to p(tub)gaiB0 FRT40A; neuralized-Gal4/TM6y *.
Clones that overexpressed Numb in an /g/ mutant background were
generated in similar crosses, but yw Ubx-fip; Igl' FRT40A; UAS-
Numb-GFP was used instead. For Notch® epistasis experiments,
Notch® was recombined with yw Ubx-fip to generate Notch®™ Ubx-
fip, which was then crossed to /igl* FRT40A/CyO, from which males
were obtained for use in MARCM crosses as described above. White
pupae were collected and aged for 12 hr at 25 C, then shifted to
29'C for 8 hr to inactivate Notch activity specifically during cell fate
specification in the SOP lineage [18]. Overexpression of Notch™®
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was achieved by crossing a UAS-Notch-dB2A2 (kindly provided by
E. Giniger) to 109(68)-Gal4 [16].

Live imaging and immunochistochemistry

All live celts and immunohistochemical-labeled celis were visualized
on a Leica PS2 confocal microscope, with one exception stated
below. For staining and live imaging, pupae were selected at pupar-
iation and were aged at 25°C for 15-18 hr to visualize the divisions
of the SOP lineage, for 24-28 hr to analyze celi fate, or to the pharate
adult stage (approximatety 80-100 hr) to analyze external morphol-
ogy. Adult nota were dissected and placed in 80% isopropanol and
were mounted in Hoyer's medium. images of adult nota were taken
on a Nikon E800 microecope equipped with a Spot digital camera
and Software (Diagnostic Instruments). Live imaging of control and
gl mutant clones was performed essentially as described in [6, 7).
However, for the purposes of quantification, external phenotypes
were visualized by using reflecti nfocal mi py; the nota
of kive pharate adults were imaged by using 488/568 excitation laser
lines, the reflection images were collected by using the Cy3/Rhoda-
mine filter set (585nm LP), and the GFP images were collected by
using the Cy2/GFP filter set (522 nm DF) on a Biorad MRC600 confo-
cal microscope. Mutant ES organs were identified due to their ex-
pression of GFP, and they were then scored for the number of hairs
and sockets present. Control and mutant cione pupae were fixed
and stained by using standard protocols. The antibodies used were
rabbit anti-Prospero (1/1000), rat anti-Elav 7E8A10 (1/100; Develop-
mental Studies Hybridoma Bank, University of lowa), rat anti-mCD8
(1/100; Caltag), rabbit anti-Bazooka (1/1500; kindly provided by A.
Wodarz), rabbit anti-nPKC{ C-20 (1/1000; Santa Cruz Biotechnol-
ogy), rabbit anti-a-Adaptin (1/100; kindly provided by M. Gonzalez-
Gaitan), guinea pig anti-Numb (1/1000), rat anti-Su(H) (1/1500; kindly
provided by F. Schweisguth), rabbit anti-Lgl (1/1000; kindly provided
by F. Matsuzaki), and rat anti-Lgl (1/100; kindly provided by C.Q. Doe).
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Chapter 4: Lgl function

Summary

The processes of epithelial polarization, asymmetric division, and cell fate
specification, share a requirement for lethal giant larvae (lgl; Betschinger et al., 2003;
Bilder et al., 2000; Justice et al., 2003; Ohshiro et al., 2000; Peng et al., 2000). The
finding that /g/ is required for cell fate specification in the SOP lineage led us to predict
that /g/ might affect polarity or asymmetry, and thereby influence cell fate. However, no
disruption of asymmetric segregation of proteins is detectable in SOPs lacking /g/ (Justice
et al., 2003). Models for how Lgl might function to influence Notch-mediated cell fate
decisions in the SOP will be presented here, using insights from previous studies on the
molecular nature of the Lgl protein, and new data from analysis of /g/ in the developing

Drosophila adult peripheral nervous system.

Introduction

Igl was originally isolated with dlg in screens for mutations that cause increased
proliferation in the Drosophila imaginal disks (Gateff, 1978). /g/ encodes a 127 Kd
protein containing WD-40 repeats and has no other homologs in the Drosophila genome
(Mechler et al., 1985). Homologs of /g/ have been identified in yeast (Kagami et al.,
1998; Lehman et al., 1999), mouse (Plant et al., 2003), and human (Strand et al., 1995),
all of which share a common domain structure with Drosophila Lgl. Biochemical
analysis has shown that Lgl can bind myosin II (Zipper in Drosophila) and SNARE
proteins (Strand et al., 1994b; Strand et al., 1995). The yeast homologs of /g/,

Sro7/Sro77, are essential for targeted exocytosis, which is consistent with the observed
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interaction between Sro7/77 and Sec9p, a yeast t-SNARE involved in vesicular
trafficking and exocytosis (Kagami et al., 1998; Lehman et al., 1999). A role for /g/ in
targeted exocytosis has also been observed in Drosophila. Loss of function mutations in
Igl cause defects in the secretion of the morphogenetic signaling factor, Decapentaplegic
(Dpp), which disrupts embryo and wing development and results in patterning
phenotypes similar to those caused by loss of dpp (Arquier et al., 2001). Together, these
data from multiple systems support a model in which Lgl functions as a link between
vesicles and motor proteins, perhaps localizing proteins to specific domains within the
cell by directing vesicular trafficking and targeted exocytosis (Bilder et al., 2000).

A genetic requirement for /g/ during the apico-basal polarization of epithelial cells
has been well-characterized in the follicular, embryonic, and imaginal disc epithelia
(Agrawal et al., 1995; Bilder et al., 2000; Tanentzapf et al., 2000). Cells organize into a
polarized epithelium due to the coordinated activity of three protein complexes. Bazooka
acts with aPKC and Par-6, together termed the Par complex, in an early step that
designates the apical pole of the cell. Another protein complex composed of Crumbs,
Stardust (Sdt), and Discs Lost (Dlt), responds to apical domain designation by the Par
complex, and expands the apical domain basolaterally along the cell cortex (Bilder et al.,
2003; Tanentzapf and Tepass, 2003). Meanwhile, Dlg, Scribble (Scr) and Lgl expand the
basolateral domain apically. Crumbs/Sdt/DIt complex activity and coordinated Dlg/Scr,
Lgl activity are mutually antagonistic, each promoting apical versus basolateral domain
expansion along the cortical cytoskeleton (Bilder et al., 2003; Tanentzapf and Tepass,

2003). The competition reaches a resolution where the adherens junction will form, at the
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interface between apical and basal domains (Bilder et al., 2003; Johnson and Wodarz,
2003; Tanentzapf and Tepass, 2003).

Epithelial cells lacking /g/ fail to form adherens junctions with neighboring cells
and round up, disorganizing the developing epithelium and resulting in multilayered
epithelial structures due to overproliferation (Bilder et al., 2000). Many of the other genes
involved in establishing and maintaining epithelial polarity produce similar loss-of-
function phenotypes. Thus, loss of proper polarity in the cells of a developing epithelium
leads to a failure to form cell junctions, and the failure of those cells to respond to
appropriate controls on proliferation mediated by cell contact (Bilder et al., 2000).
However, a mechanism linking cytoskeletal polarity proteins such as Lgl with control of
the cell cycle has not been elucidated. The discovery that Lgl is required in neuroblasts
for the asymmetric segregation of cell fate determinants during mitosis was one of the
first pieces of evidence implicating Lgl in the coordination of cellular polarity with the
cell cycle (Ohshiro et al., 2000; Peng et al., 2000). In neuroblasts lacking /g/, Miranda, a
protein normally segregated to a basal protein crescent during mitosis, is uniformly
localized to the cytoplasm and is also found on the mitotic spindle (Ohshiro et al., 2000;
Peng et al., 2000). The connection between the onset of mitosis and the formation of
asymmetrically localized protein crescents suggests that this process is regulated by the
cell cycle machinery (Lu et al., 2000). Lgl may function at the intersection between these
two basic cellular processes (see appendix; Betschinger et al., 2003). Our finding that Lgl
is required for the inhibition of Notch pathway signaling in the SOP suggests one
possible mechanism that might mediate the coordinated regulation of cell polarity, cell-

cell contact, and the cell cycle (Justice et al., 2003).
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Understanding how Lgl coordinates cellular polarity and cell division to achieve
proper segregation of proteins during asymmetric cell division of the embryonic
neuroblast does not answer the question of what role Lgl plays to help establish cell
polarity. Although a defect in asymmetric segregation is seen in the neuroblast when a
mutant Lgl lacking phosphorylation consensus sequences is misexpressed, a
corresponding disruption in the polarity of the overlying epithelial cell layer is not
observed (Betschinger et al., 2003). This suggests that phosphorylation may not regulate
Lgl during cell polarization or in other contexts where /g/ function is required. One of
these contexts is Notch pathway mediated specification of cell fate during the elaboration
of the SOP lineage. Our results from studies in the SOP, reveal a role for Lgl in
regulating Notch activity, which is required to specify the fates of all of the cells of the
lineage (Justice et al., 2003). While it has been demonstrated that the activity of Lgl is
required for Numb to appropriately inhibit Notch activity, the precise role of Lgl in this
inhibitory mechanism is unclear (Justice et al., 2003). Given previous studies that have
implicated Lgl in the regulation of vesicular trafficking, along with new studies
suggesting the importance of vesicular trafficking in the regulation of Notch pathway
signaling (Berdnik et al., 2002b), and additional preliminary data on the function of Lgl
in the SOP, a number of models for how Lgl functions to inhibit Notch activity can be
proposed. These models, as well as theoretical and experimental evidence supporting

each model, are discussed below.
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Results and Discussion
Lgl may inhibit Notch by regulating vesicular trafficking

In one possible scenario, Lgl functions to traffic vesicles and thereby directly
participates in the inhibition of Notch activity to specify cell fate. The role of vesicle
trafficking in the regulation of Notch pathway signaling has been emerging from many
convergent lines of study. First, the discovery in C.elegans of a cell non-autonomous
requirement for Notch endocytosis during the specification of fates in the vulval lineage,
suggests that Notch endocytosis influences the ability of a cell to signal to neighboring
cells via Notch and Delta (Shaye and Greenwald, 2002). Second, the recent discovery
that Neuralized, an E3 ubiquitin ligase selectively expressed in the SOP (Lai et al., 2001,
Yeh et al., 2001), promotes Delta endocytosis to influence cell fate decisions that are
mediated by Notch signaling (Deblandre et al., 2001; Lai et al., 2001), suggests that
endocytosis is a critical aspect in Notch pathway regulation. Studies in other Notch
signaling contexts have indicated that Delta may have a cis-inhibitory (intracellular)
impact on Notch signaling activation (Sakamoto et al., 2002), perhaps explaining how
Neuralized positively regulates Notch pathway activity (Vassin et al., 1985). Finally, a
requirement for a-Adaptin, a protein central to the process of endocytosis, in the Numb
mediated inhibition of Notch activity during specification of cell fates in the SOP lineage
has been revealed (Berdnik et al., 2002a). Lgl might function in one or more of these
contexts, perhaps regulating the movement of Delta to the plasma membrane, or in
moving Notch to the lysosome where it can be degraded, to inhibit Notch signaling

activity.
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Evidence for a direct role for Lgl in Notch inhibition

In support of a model in which Lgl participates in a step of Notch regulation that
requires vesicular trafficking, we observed Lgl in vesicular-like structures when we
labeled wildtype SOPs for Lgl protein (F. Roegiers, pers comm., Justice et al., 2003). In
the SOP, which is specified by low levels of Notch activity during the process of lateral
inhibition, we see strong Lgl staining in what appear to be vesicles within cells
surrounding the SOP (Figure 1). Neuralized has been recently found to mono-ubiquitinate
Delta, thereby inducing endocytosis and removal of Delta from the cell surface
(Deblandre et al., 2001; Lai et al., 2001; Yeh et al., 2001). Perhaps during specification of
cell fates in the SOP lineage, cis-interactions between Notch and Delta block Notch
activation, and Delta functions to inhibit Notch signaling activity. The endocytosis of
putative Notch/Delta complexes that cannot signal may be resolved by transport of Notch
to the lysosome, and recycling of Delta to the plasma membrane where it can again exert
an inhibitory influence on cis-oriented (intracellular) Notch receptors. Alternatively,
when Delta interacts with Notch in a trans-orientation (intercellular), this endocytic step
would potentiate signaling between cells, and could explain why Notch endocytosis is
required non-autonomously in the C.elegans vulval lineage (Shaye and Greenwa!d,
2002). Additionally, this vesicular model of Notch pathway regulation could explain why
Neuralized functions as a potentiator of Notch signaling via the endocytosis of Delta
(Justice and Jan, 2002; Lai, 2002).

Lgl has been shown to be required for exocytosis in yeast and to regulate the
secretion of Dpp during embryonic and larval development in Drosophila (Arquier et al.,

2001; Kagami et al., 1998; Lehman et al., 1999). This evidence implicating Lgl in the
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exocytosis of vesicles and secretion of proteins would lead one to predict that Lgl is not
also part of an endocytic mechanism because these two cellular mechanisms rarely share
protein machinery (Gundelfinger et al., 2003; Richmond and Broadie, 2002). This issue
may be resolved, however, if Lgl functions in a stage of vesicular trafficking that is
shared between the endocytic and exocytotic pathways, perhaps during transcytosis. For
instance, if Numb-mediated inhibition of Notch by endocytosis involves the movement of
an endocytic vesicle, containing Notch; from an endosome to an inhibitory compartment

(Seto et al. 2002), this step may require Lgl.

A model for Lgl function with Numb in an endocytic mechanism.

Our finding that /g/ functions genetically downstream of numb (Justice et al.,
2003), which has been proposed to function in an inhibitory mechanism involving the
endocytosis of Notch (Berdnik et al., 2002b), is hard reconcile with an /g/ function in the
exocytosis of an inhibitor of Notch. These two cellular mechanisms have not been
reported to share common protein elements (Richmond and Broadie, 2002). One
possibility is that Lgl is responsible for the movement of proteins involved in an
endocytic inhibitory mechanism to the plasma membrane, placing /g/ function genetically
downstream of numb. In this scenario, /g/ function would be permissive. Lack of Lgl
would render Numb ineffective, due to the loss of an intact endocytic machinery at the
plasma membrane, which is needed to inhibit Notch. Components of the endocytic
machinery, such as a-Adaptin, have been recently found to be required for the Numb
mediated inhibition of Notch activity to appropriately specify cell fate in the SOP lineage

(Berdnik et al., 2002a). a-Adaptin binds Numb and is asymmetrically segregated during
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division of the SOP. This asymmetric localization of a-Adaptin is dependent on the
presence of Numb protein, consistent with the demonstration that Numb and a-Adaptin
proteins physically interact both in vitro and in vivo (Berdnik et al., 2002a). We tested
whether the localization of a-Adaptin is disrupted by loss of /g/, and found no change in
a-Adaptin localization in /g/ mutant SOPs (Justice et al., 2003). However, a potential
explanation for the loss-of-function phenotype observed in /g/ mutants still remains in a
direct function for Lgl in the endocytic mechanism in which Numb inhibits Notch
(Justice et al., 2003). This function would place /g/ in a similar position as a-adaptin in a
genetic pathway including numb and Notch (Berdnik et al., 2002a). Additionally, if Lgl
functions during endocytosis, it might be predicted that Lgl physically interacts with
Numb and/or a-Adaptin. In order to test whether a complex of Numb and a-Adaptin

might also include Lgl, we assayed the ability of Numb and Lgl to interact in vitro.

Lgl binds Numb in vitro

To gain insight into whether the function of Lgl in Numb mediated Notch
endocytosis might be direct or indirect, we performed in vitro binding assays with Lgl
and Glutathione-S-Transferase (GST) fused to full length Numb, N- or C-terminal
fragments of Numb, or the intracellular domain of Notch. GST fusion proteins containing
either the full length or N-terminal portion of Numb, which includes a phosphotyrosine
binding domain, were able to interact with in vitro translated Lgl (Fig 3). GST alone or
GST fused to the C-terminal portion of Numb, however, exhibited no significant binding
to Lgl (Fig 3, lanes 2, 5). Because Numb has been shown to bind Notch (Fig 3, lane 7;

Guo et al. 1996), we tested whether Lgl could also bind the intracellular domain of
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Notch. No significant interaction was detected between GST-Notch™™ and Lgl (Fig 3,
lane 6). Our finding of a direct interaction between Lgl and Numb suggests that Lgl
might be a member of a complex that mediates Notch endocytosis.

A role for Lgl in directing vesicles from locations in the cell where signaling is
activated, to an inhibitory environment, could involve either endocytosis or transcytosis
of Notch containing vesicles to endosomes destined to reach the lysosome and be
degraded (Seto et al., 2002). This model of Numb-mediated Notch inhibition predicts the
removal of Notch receptors before they are activated, given our current understanding of
the proteolytic nature of Notch signaling activation (Chan and Jan, 1998). Notch is
activated by proteolytic cleavage and release of the intracellular domain from the
membrane to the nucleus (Artavanis-Tsakonas et al., 1999; Struhl and Adachi, 1998),
where it modulates transcription, and would no longer be subject to downregulation via
endocytosis. Perhaps the asymmetric segregation of Numb to one of the two daughter
cells of a cell division, leads to the immediate endocytosis of Notch in the cell that
receives Numb, and subsequent movement of those enodcytic vesicles to a degratory
compartment. This temporally defined decrease in Notch activity would then specify a

difference in cell fate.

Indirect models for Notch inhibition by Lgl

Many alternative, mutually non-exclusive models, in which loss of Lgl function
indirectly leads to increases in Notch signaling activity and the mis-specification of cell
fate, cannot be ruled out. For instance, Lgl may be necessary to specify the basolateral

domain of the plIb cell, which remodels to polarize and divide in an apico-basal
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orientation. The inability to specify this domain might cause the anterior daughter to
divide in the incorrect orientation within the plane, similar to the orientation in which the
posterior daughter cell (plla) divides, indirectly resulting in the specification of the
anterior daughter as a plla. Perhaps the remodeling of the cytoskeleton plays a necessary
part in the inhibition of Notch activity. Misexpression of Numb causes transformation to
a plIb cell fate, and subsequent re-modeling of the cytoskeleton to achieve an apico-basal
polarity. Thus, it seems that Numb mediated Notch inhibition, which depends on Lgl, is
instructive to the acquisition of the plIIb cell fate. In contrast, Lgl is permissive;
misexpression of Lgl in the SOP does not cause a phenotype (data not shown). The
demonstration of a dependence of the Notch pathway on the formation of intracellular
domains, however, would represent a new feature of Notch regulation, and perhaps
suggests another possible indirect model for Lgl function.

A scenario in which loss of /g/ might have an indirect effect on Notch signaling is
suggested by its importance in the establishment and maintenance of cell-cell contacts in
epithelial cells. Perhaps Notch signaling inhibition requires proper cell contacts to be
established between sibling daughter cells of the SOP. In a similar role for Lgl in the SOP
as that in epithelial cells, Lgl might be required to establish and maintain points of
intercellular contact, where Notch signaling between cells occurs. We have observed that
Armadillo, an important component of cell junctions, is delocalized in SOPs that lack Lgl
(Figure 5; F. Roegiers, pers. comm.). This suggests that cell-cell contacts, where
Cadherin, Frizzled, and Notch signaling occurs in the SOP, may be disrupted in the
absence of Lgl. When Lg| is missing, a lack of contact between cells may be responsible

for the observed increase in Notch signaling, which results in cell fate transformation
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phenotypes observed in /g/ mutant ES organs (Figure 6). Similar to cells in an epithelial
layer where it has been suggested that cell-cell contacts provide inhibition of the cell
cycle to suppress tumorigenesis (Bilder et al., 2000), cells in the SOP lineage may require
cell contacts to inhibit Notch signaling. It is tempting to speculate that increased Notch
signaling activity is also responsible for the overproliferation of epithelial cells that lack
Lgl, however, there is little experimental evidence in support of this hypothesis. The
connection between cell polarity, cell contact, and the cell cycle is exemplified in this
scenario, in which all of these aspects of cell biology converge to influence cell fate

decisions being made during development.

Investigating a role for Lgl in regulating Notch pathway activity
An imaging approach

In order to distinguish between potential scenarios for the role of Lgl in
Notch inhibition and cell fate specification, it will be important to gain a better
understanding of how Notch pathway activity is regulated by the vesicular distribution of
Notch and Delta protein. Recently, many lines of evidence have indicated that the
dynamics of Notch and Delta protein localization is important for regulating Notch
activity in the SOP lineage, as well in other contexts of Notch mediated cell fate
specification (Berdnik et al., 2002b; Lai et al., 2001; Seto et al., 2002; Shaye and
Greenwald, 2002). However, the details of this mechanism are still relatively unclear. In
order to determine the role of Lg] in this mechanism, the subcellular localization of Delta
and Notch protein should be analyzed in wildtype and /g/ mutant SOPs. Labeling

wildtype and /g/ mutant SOPs with antibodies against the extracellular and intracellular
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domains of Notch and Delta might uncover which aspect of the vesicular distribution of
these proteins is disrupted by loss of Lgl. For example, if /g/ loss-of-function mutations
cause a reduction in the number of Notch containing vesicles in the SOP, this might
suggest that Lgl is required in an initial endocytic step, and support a model in which Lgl
functions during endocytosis in cooperation with Numb and a-Adaptin (Figure 4). If
removal of Lgl causes the accumulation of vesicles containing Delta protein, this would
support a model in which Lgl is required to bring Delta to the plasma membrane, where it
might function to inhibit the activation of Notch (Figure 2). Loss of Lgl might cause
Delta and Notch to change localization relative to each other, as has been suggested by
preliminary experiments on the effect of numb mutations on the vesicular localization of
Notch and Delta (R LeBorgne, F Schweisguth pers comm.). A change in how Delta
interacts with Notch might be predicted to occur at the transition between lateral
inhibition and cell fate specification phases of SOP determination, given the difference in
the effects of Notch activity during the selection of the SOP compared to its role during
terminal cell fate decisions made by progeny cells of the lineage (Hartenstein and
Posakony, 1990; Zeng et al., 1998b). This change in activation might correlate with a
change from transcytosis, which has been proposed as a mechanism of Notch activation
(Klueg and Muskavitch, 1999), to endocytosis, which is likely inhibitory (Berdnik et al.,
2002).

Additional approaches that would help uncover how vesicular dynamics,
potentially involving Lgl, function to regulate Notch pathway signaling, include the
construction of epitope or GFP tagged Notch or Delta extracellular and intracellular

fragments for immunohistochemistry and live imaging. Additionally, membrane
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associated dyes such as FM-143, which has been used extensively for imaging the details
of synaptic vesicle movements (Ryan et al., 1997), might also help uncover the step in
which Lgl participates during Notch signaling. Due to the dynamic nature of a vesicle
mediated regulatory mechanism, a combination of antibody labeling and live imaging

techniques will be most successful.

A genetic approach

If Delta does, in fact, exert an inhibitory influence on Notch activity during cell
fate specification in the SOP lineage, the predicted phenotypic outcome of misexpression
of Delta in the SOP lineage with neuralized-Gal4 would be balding due to internal
transformations. Previous overexpression studies using sca-G4, however, have not been
reported to produce consistent internal transformations in the lineage, perhaps due to an
effect on lateral inhibition as well as cell fate specification (Zeng et al., 1998b). Other
Gal4 drivers that are expressed by one branch, or by single cells of the lineage (pros-G4,
Moore et al., 2002; ase-G4, Barolo et al., 2000), may produce consistent Delta
overexpression phenotypes that would make clear whether Delta ligands activate or
inhibit Notch. A function of Lgl to regulate Delta localization, as has been proposed to be
the role of Neuralized in Notch pathway signaling, could then be tested.

lgl loss-of-function causes external transformations, which is predicted by the
exocytotic model to result from a failure to move Delta to the plasma membrane (Figure
2). In this model, Delta exerts a cis-inhibitory influence on Notch, which explains why /g/
mutations cause phenotypes similar to Notch gain-of-function. Using the same genetic

setup used to test the epistatic relationship of numb and Ig/ (see Chapter 3), it is possible
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to over-express Delta in the SOP lineage while removing /g/, and thereby test whether
Delta requires Lgl in order to effect cell fate decisions made by Notch pathway signaling.
If Delta misexpression alone causes phenotypes consistent with a Notch inhibitory
membrane, then removing Lgl should suppress or block the effects of Delta over-

expression.

A biochemical approach

Recent studies suggest that Lgl complexes with Par-6 and aPKC to influence cell
polarity and asymmetric cell division (see appendix; Betschinger et al., 2003; Plant et al.,
2003; Yamanaka et al., 2003). aPKC was found to phosphorylate Lgl and thereby impact
the subcellular localization of Lgl by altering its interaction with the cytoskeleton
(Betschinger et al., 2003). Preliminary experiments in the SOP using flies carrying a
transgene containing a mutant Lgl lacking aPKC phosphorylation sites and over-
expressed with Neuralized-Gal4, display a lack of asymmetric Numb and Pon crescents
(J Knoblich pers comm.). The cell fate phenotype that results, however, is relatively mild
when compared with the /g/ loss-of-function cell fate phenotype observed in mitotic
clones of /g/ null mutations (J Knoblich pers comm.; Justice et al., 2003), suggesting that
phosphorylation does not regulate the activity of Lgl that is responsible for its inhibition
of Notch activity. This raises the question of which protein associations are important for
the function of Lgl in Notch mediated cell fate specification. If new interactions can be
detected between Lgl and proteins important for Numb mediated Notch inhibition in the

SOP lineage, such as a-Adaptin, this would suggest that the function of Lgl with Par-6
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and aPKC in cell polarity is independent of its function in Notch inhibition. For example,
Lgl may be a member of an endocytic complex containing both Numb and a-Adaptin,
that is asymmetrically localized at cell division and functions in the endocytosis and
selective inhibition of Notch through direct interaction with the Notch intracellular
domain (Figure 4). Alternatively, Lgl may interact with proteins involved in the vesicular
movements of Delta, such as Neuralized, to regulate Notch activity (Figure 2). Lgl may
interact with junctional proteins, such as Armadillo, which is delocalized in /g/ mutant
epithelial cells (Figure 5), which would suggest an indirect role for Lgl in Notch pathway
regulation due to a function in establishing and maintaining cell contacts (Figure 6).
Because Lgl interacts with many proteins in many different contexts, a biochemical
approach that isolated the SOP lineage would be most effective at finding a specific role
for Lgl in Notch pathway signaling. This might be possible if an epitope-tagged Lgl
transgene was overexpressed in the SOP lineage with Neuralized-Gal4, and Lgl
interacting proteins were isolated by immunoprecipitations using ;cmtibodies against the
epitope. Alternatively, immunoprecipitations could be performed using antibodies against
candidate proteins, such as Numb, a-Adaptin or Armadillo, then probed to see if Lgl is a

member of a larger complex that is known to function in the SOP.
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Figure 1: Lgl is localized to vesicles

A

(A) Flourescent micrograph showing Lgl immunostaining of the pupal notum. Lgl immunoflourescence
is found in puncta (arrows). (B) The same field of cells immunostained for Numb protein. Numb

is predominantly localized to the plasma membrane but is also found in puncta. (C) A merged image

of both Lgl and Numb stainings shown in panels A and B. Positively labeled puncta overlap in a subset
of puncta in each population (arrows). (D) The same merged image as in C, now merged with a image
showing an SOP positive for mCD8-GFP, which is selectively expressed in the SOP by Neuralized-Gal4.
Numerous Lgl positive puncta appear to accumulate to higher levels in only one cell adjacent to the
SOP (dashed line).
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Figure 2: Exocytosis Model - Lgl is required for the exocytosis of a Notch inhibitor

wildtype

Delta (or another protein) is "cis-inhibitory"

If Lgl inhibits Notch via a role in exocytosis, it may be required to move an inhibitor of Notch to the
plasma membrane. In the wildtype, after cell division, the anterior daughter must inhibit Notch
signaling activity to be appropriately specified as the plib precursor (open blue circle), which is
accomplished through the asymmetric segregation of Numb (orange) to the anterior daughter cell.
Delta has been proposed to function as an inhibitor of Notch activation during some contexts of
cell fate specification, and has been shown to be endocytosed in response to mono-ubiquitination
by Neuralized. If Delta must be recycled to the plasma membrane in order to manintain appropriate
inhibition of Notch, Lgl may be required during exocytosis of vesicles containing Delta (or another
Notch inhibitor).
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Figure 3: Lgl binds Numb in vitro
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The results of a GST pulldown assay using [835]-radioactivity labeled, in vitro translated (IVT),
Lgl protein, and GST-fused Numb or Notch fragments. Lgl does not pulldown with GST alone or
with C-terminal fusions of Numb (GST—NumbC; lanes 2-3). Lgl does pulldown with an N-terminal
Numb fragment (GST-NumbN), as well as with full-length Numb (GST-NumbFL) GST fusions
(lanes 4-5). GST fused to the intracellular domain of Notch (GST-NotchiNtra) does not interact
with IVT, [S35]-labeled Lgl (lane 6), but does interact with IVT [S35}-labeled Numb (lane 7). Input
lanes show 1/10th (lanes 1,8) of the radioactively labeled input protein that was used in each of
the experimental lanes (lanes 2-7). The ladder on the left is measured in kilodaltons.
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Figure 4:An Endocytic model of Notch inhibtion

In this model, Lgl participates directly in the endocytosis of Notch, in a Numb-mediated inhibitory
mechanism. Numb is asymmetrically segregated to the anterior daughter cell at cell division (orange),
where it functions in the endocytosis of Notch receptors. This results in lower relative levels of Notch
activity in the anterior daughter, which specifies this cell as the plib neuronal precursor (open blue
circle). In the absence of Lgl this endocytic mechanism might be disrupted, leading to high levels of
Notch activity in both daughters of the SOP division, which results in the specification of two plia
precursors (filled blue circle), and external transformation phenotypes.
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Figure 5: Armadillo localization is disrupted in /gl mutants

(A) A wildtype SOP (bright spot) surrounded by epithelial cells, and stained with antibodies
against Armadillo, shows a restricted localization of the protein to the plasma membrane.
(B) In the absence of Lgl, SOPs (along with surrounding epithelial cells) display increased
cytoplasmic localization of Armadillo, and less staining at the interface between cells,
suggesting that cell contacts may be disrupted by loss of Lgl.
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Figure 6: Indirect model for Lgl function - loss of cell-cell contact

Igl -/~

One indirect model that might explain the cell fate transformations seen in /gl loss-of-function
mutants postulates that a properly developed cell-cell junction is disrupted in the absence of
Lgl, which is required to inhibit Notch signaling activity. In the absense of proper cell contact,
Notch activity is high in both cells, leading to the specification two plla precursors (filled blue

circles), and loss of the internal plib lineage that generates the neuron and glia of the mature
ES organ.
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Appendix: A lethal giant kinase in cell polarity
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news and views

A lethal giant kinase in cell polarity

i focus on
cell polarity

The coordinated action of several conserved multiprotein
cally dividing cell. How apically localized cues affect the

r. However, new
Pars-aPKc [

ellular diversity arises when two

daughters of a dividing cell become

different from one another.
Asymmetric cell division is one such mech-
anism that creates differences between
daughter cells and is used in development
to select neural precursors, to specify termi-
nal cell fates and to maintain multipotent
stem cell populations. During asymmetric
cell division, a polarity cue in the mother
cell is used to direct the asymmetric local-
ization of cell-fate  determinants.
Asymmetrically dividing cells often rely on
the earlier establishment of polarity in an
epithelial cell layer for such a polarizing
cue. For example, in the Drosophila
melanogaster embryo, neural precursor cells
termed ‘neuroblasts’ delaminate from a
polarized epithelium, inheriting polarity
cues at the apical cortex that will direct
basal formation of a crescent containing the
cell-fate determinants Numb and Prospero
(Fig. 1). These proteins, together with their
adaptors Partner-of-Numb and Miranda
(Mir), are then asymmetrically segregated
to the basal daughter cell during cell divi-
sion. The apical Par complex directs their
basal localization and consists of three fac-
tors: Bazooka (ASIP or mPar-3 in mam-
mals, Par-3 in Caenorhabditis elegans),
dPar-6 (mPar-6 in mammals, Par-6 in
C. elegans) and aPKC (PKCA/PKC{ in
mammals, PKC-3 in C. elegans).
Importantly, mutations in any one of these
genes delocalizes the Par complex, resulting
in a failure of basal crescent formation and
subsequent changes in the cell fates pro-
duced by the division.

So how do apically localized proteins
affect basal crescent formation at the basal
pole? The first clue came from the discov-
ery that Lgl, a WD protein originally iden-
tified in Drosophila as an epithelial
tumour suppressor’, is required specifical-
ly for basal crescent formation®’. In Igl
mutants, the Par complex forms normally
at the apical cortex; however, the basal
crescent fails to form. This requirement
for Lgl suggests that it functions in a
mechanism that couples the apical Par
complex to basal crescent formation.
Now, the connection between Lgl and the
Par complex in this mechanism has
become clear. Betschiger et al. in Nature!
and Plant et al. on page 301 of this issuc of

studies provides a direct
omplexdlrocﬂyngulaus Lethal giant larvae (Lgl).

link between the two

Nature Cell Biology® independently report
that Par-6, aPKC and Lgl physically inter-
act in a complex, and that Lgl is in fact a
substrate of aPKC. The direct interaction
between apical proteins and those
required for basal crescent formation
reveals a functional link between the
polarity complexes that is essential for cell
polarization and asymmetric cell division.

Betschiger et al. set out to find what fac-
tors might mediate Drosophila Par complex
activity by using antibodies against Par-6 to
immunoprecipitate proteins that interact
with the Par complex. This approach iden-
tified Lgl in a complex with Par-6 and
aPKC. Independently, Plant et al. isolated
an analogous complex from mammalian
neural tissue. Kinase assays performed in
both systems show that Lgl is phosphorylat-
ed at conserved PKC consensus sites by
aPKG, raising the possibility that the apical
Par complex regulates Lgl through phos-
phorylation to direct basal crescent forma-
tion. Indeed, when Betschiger et al
expressed an Lgl mutant that cannot be
phosphorylated, Mir — a protein that is
normally restricted to the basal crescent —
became uniformly localized around the cell
cortex in dividing neuroblasts. Moreover,
expression of an aPKC mutant that lacks
the Par-6-binding domain resulted in uni-
form cortical localization of aPKC and a
redistribution of Miranda to the cytoplasm,
similar to the altered localization of
Miranda observed in Igl mutants. Thus, it
seems that localized phosphorylation of Lgl
at the apical cortex is necessary for proper
basal crescent formation. The fact that
phosphorylation of aPKC causes Lgl to dis-
associate from membranes and the
cytoskeleton indicates that phosphoryla-
tion inhibits the cortical localization of Lgl.
Taken together, these observations suggest a
parsimonious model to explain how the
apical Par complex directs basal formation
of a crescent in the dividing neuroblast.
Apically localized Par-6-aPKC activity
results in phosphorylation of Lgl on the
apical side of the cell, causing Lgl to disas-
sociate from the cytoskeleton selectively at
the apical cortex. Basally localized Lgl
remains non-phosphorylated and therefore
maintains an association with the cortical
cytoskeleton, where it targets and/or retains
anchors for cell fate determinants and their
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adaptor proteins. These proteins form a
basal crescent that will be segregated to the
basal daughter cell at cell division (Fig. 1).

This model, although attractive in its
simplicity, may need some additional ele-
ments to explain observations that have
been made in asymmetrically dividing neu-
roblasts. For instance, if the basal crescent
forms as a result of Lgl dissociating from
the apical cortex, why is it that the basal
Miranda crescent does not abut the apical
Par complex, but instead seems to be sepa-
rated from the apical crescent by a gap? One
explanation may be that the apical and
basal crescents initially meet, but then, after
Lgl is inactivated apically, proceed to sepa-
rate along the lateral cortex through the
action of myosins, such as Zipper or
Jaguar®. Another possible explanation for
this gap is the spreading of Par-6-aPKC
activity beyond the apical crescent. As Par-
6-aPKC releases apical Par-3/Baz and binds
Lgl, consistent with observations that Par-
6-aPKC-Lg! complexes do not contain Par-
3/Baz, the complex might dissociate from
the apical cortex. In the absence of an apical
tether, aPKC activity could spread beyond
the detectable apical crescent, phosphory-
lating cortical Lgl localized to the lateral
cortex and creating a gap between apical
and basal crescents.

Studies of mammalian homologues of
the Par complex have identified many pro-
teins that physically interact with Par-
6-aPKC to influence polarity’. For example,
mPar6 has been shown to interact with Par-
3 (refs 8,9), Pals/Sdt'® and Cdc42 (refs 8, 9).
Furthermore, interaction of Par-6 with acti-
vated Cdc42 at the leading edge of astro-
cytes polarizes their migration in response
to integrin signalling'', as shown in the
scratch wound assay. The recent report that
Par-6 interacts with GSK3p'? to influence
cell migration (reviewed in a News and
Views piece on page 275 of this issue), fur-
ther supports a central role for Par-6 in
organizing cell polarity. But is the interac-
tion of Par-6, aPKC and Lgl important in
establishing mammalian cell polarity? Plant
et al. show that endogenous mLgl localizes
to post-Golgi complexes, as well as to the
leading edge of polarizing astroctyes. aPKC
activity at the leading edge might be pre-
dicted to locally phosphorylate Lgl, thereby
influencing polarization. Indeed, when
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Figure 1 A model for directing asymmetry: Lgl is apically phosphorylated by aPKC.
Neuroblasts delaminate from a polarized epithelium, inheriting Par complex proteins at
the apical cortex (green). Apically localized Par-6 (yellow) and aPKC (blue) bind to Lgl
(red) at the apical cortex. As the neuroblast divides, aPKC phosphorylates Lgi, resulting
in local dissociation of Lgl from the cortical cytoskeleton. At the opposite pole, basally
localized Lgl is not phosphorylated, and therefore maintains cytoskeletal association,
where it functions to target and retain proteins selectively at the basal cortex (light
biue). Basally localized anchors recruit the adaptor proteins Miranda and Pon for cell
fate determinants Pros and Numb that together form a basal crescent (purple). Basally
localized Numb and Pros will be asymmetrically segregated to the basal daughter during
cell division, where they will function to specify cell fate. A gap is often observed
between apical and basal crescents along the lateral cortex, suggesting that additional
components may function to further restrict the apical and basal crescents as the cell
progresses through the cell cycle (adapted from ref. 4).

Plant et al. microinjected astrocytes with
constructs encoding a mutant of Lgl that
lacks aPKC phosphorylation sites, they
observed a significant decrease (19%) in the
number of cells that could polarize in

response to scratch wounding. This finding
suggests that phosphorylation of Lgl is an
important step, mediated by association with
Par-6 and activated aPKC, that influences the
acquisition of mammalian cellular polarity.
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How might Lgl activity establish polarity?
Lgl has been proposed to function in epithe-
lial polarization by regulating the delivery of
vesicles to specific domains through its inter-
action with vesicle/membrane-associated
SNARE proteins and non-muscle myosin II
(called Zipper in Drosophila)'>'. Consistent
with this role for Lgl, yeast Lgl homologues
have been shown to be required for vesicular
transport and secretion'”. How this function
for Lgl correlates with the phosphorylation-
dependent association of Lgl with the cell
cortex is unclear. Previous studies of Lgl sug-
gest that Lgl phosphorylation inhibits its
interaction with myosins, which might result
in dissociation of Lgl from cytoskeletal con-
tacts'. In this way, a specific domain could be
targeted for vesicle/protein delivery by spa-
tially restricting the cytoskeletal localization
of Lgl by phosphorylation, as seems to be the
case during crescent formation in the asym-
metrically dividing neuroblast.

The mechanism of cell polarization and
migration in mammalian cells and the inter-
actions critical for asymmetric segregation
of fate determinants in the Drosophila neu-
roblast reveal the importance of Lgl phos-
phorylation in both cases. However, the
extent to which phosphorylation by aPKC
regulates Lgl is not yet known. Betschiger et
al. note that although expression of a phos-
phorylation-defective Lgl mutant disrupts
asymmetry in the neuroblast, it has little or
no effect on the polarity of adjacent epithe-
lial cells, which also require Lgl function to
polarize appropriately. This suggests that Lgl
may be regulated by alternative mechanisms
in epithelial cells. Parallel studies in these
systems, as well as in additional contexts
where Lgl and aPKC are known to function,
will be able to address how general the reg-
ulation of Lgl by phosphorylation is in coor-
dinating cell polarity. d
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