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University of Washington
Abstract

THE NEUROGENIC GENES IN DROSOPHILA
OOGENESIS

by Michele Keller Larkin

Chairperson of the Supervisory Committee: Associate Professor Hannele Ruohola-Baker
Department of Biochemistry

The Notch receptor of Drosophila and its homologues in other organisms
mediate cell-cell interactions required for the correct partitioning of cell fates within
equivalence groups. Genes related to Notch and other components of the Notch signaling
pathway represent a well conserved system for signal transduction, having been isolated
from organisms as diverse as flies, worms, sea urchins, frogs, fish, chickens, mice, rats,
and humans (reviewed by Lardelli er al., 1995) The expression and requirements for
Notch signaling are pleiotropic through development, in contrast to other tissue or cell
type specific receptors. How the Notch signaling cascade mediates pattern formation in
so many tissues and cell types is not well understood. The research contained herein
increases the understanding of Notch signaling by studying its role during Drosophila
oogenesis. Additionally, this research lends insight into several important processes that
take place during Drosophila oogenesis, including determination of follicle cell fates
surrounding the egg chamber and in stalk formation, establishment of the oocyte anterior-

posterior axis, and the control of germ-line mitosis.
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Introduction

The Drosophila Notch gene encodes an ~300kD transmembrane receptor,
with an extracellular ligand binding domain and an intracellular domain required for
signaling (reviewed by Weinmaster, 1997). Notch was initially identified by the mutant
phenotype from which it takes its name - flies heterozygous for this mutation exhibit
notches in their wing margins (Mohr, 1919). Later work revealed that most of the
epidermis of Notch mutant embryos is transformed to the neural fate (Poulson, 1940); it is
this phenotype which now defines some members of the Notch-signaling cascade as
"neurogenic”. Although the Notch signaling pathway has long been associated with
neurogenesis, the requirements for Notch-signaling are pleiotropic, affecting tissues
derived from all three germ layers. Notch is widely expressed in the Drosophila embryo,
and expression persists in uncommitted and proliferative cell groups in later stages of
development (reviewed by Artavanis-Tsakonas et al., 1995). Notch signaling is generally
involved in mediating cell-cell interactions required for the correct partitioning of cell

fates.

STRUCTURE OF THE NOTCH RECEPTOR

The Notch receptor is a very large transmembrane receptor, containing
several specific domains identified in other proteins (reviewed by Egan et al., 1998). The
extracellular domain of Notch contains an N-terminal signal peptide, 36 tandem EGF-like
repeats, and 3 tandem cysteine rich repeats termed the Notch/LIN-12 repeats. The signal
peptide is required for passage through the secretory pathway on its way to the plasma
membrane. EGF-like repeats are protein-protein interaction motifs; each is approximately
40 amino acids long and contains 6 cysteine residues with conserved spacing to form 3

disulfide bridges. The Notch/LIN-12 repeats are also cysteine rich domains; it has been



9

suggested that they are required to prevent dimerization of the receptor prior to ligand
binding and activation. The extracellular domain is followed by a transmembrane domain,
then the intracellular domain. This cytoplasmic domain contains a Ram domain, six
cdc10/ankyrin repeats, which are protein-protein interaction motifs, and a PEST sequence,

important for protein stability.

COMPONENTS OF THE NOTCH PATHWAY

Many components of the Notch-signaling cascade have been identified, and
like Notch, some of the other constituents are encoded by so-called neurogenic genes
(reviewed by Blaumueller and Artavanis-Tsakonas, 1997 and Egan er al., 1998). There
are two known ligands for Notch in Drosophila: Delta and Serrate. They are both
membrane bound and are homologous to one another as well as to Notch. The Notch-
signaling cascade also includes the nuclear protein Mastermind, the membrane protein Big
brain, the bHLH genes of the Enhancer of Split complex, Deltex, Hairless, numb,
groucho, and Suppressor of Hairless. In addition, different interaction and phenotypical
studies have also linked neuralized, almondex, fringed, daughterless, wingless, strawberry
notch, vestigial, shaggy, Star, bearded, scabrous, and canoe to the Notch pathway
(reviewed by: Blaumueller and Artavanis-Tsakonas, 1997; Kimble and Simpson, 1997;
Young and Wesley, 1997; Egan et al., 1998). An interaction pathway for neurogenic gene
action was proposed by de la Concha et al. (1988) by modifying the dosage of neurogenic
genes individually and analyzing the effects. More specifically, they examined whether
over-expression of the different neurogenic genes could rescue the neurogenic phenotypes
resulting from mutations in other neurogenic genes. Further studies have supported this
conception of the pathway (Lieber er al., 1993). It appears that Delta, Big brain,
Neuralized, and Mastermind act in elaboration of a signal upstream of the Notch receptor,
while genes of the Enhancer of split complex act after Notch. A speculative model for
Notch signaling is illustrated in Figure | (Artavanis-Tsakonas et al., 1995). Suppressor of




Hairless is sequestered in the cytoplasm, presumably by its interaction with the
cytoplasmic domain of Notch (Fortini and Artavanis-Tsakonas, 1994). Either Delta or
Serrate may bind to the extracellular domain of the Notch receptor, resulting in
recruitment of the cytoplasmic protein Deltex (Fehon er al., 1990; Rebay er al., 1991;
Lieber er al., 1992, de Celis er al., 1993; Diederich et al., 1994; reviewed by Artavanis-
Tsakonas er al., 1995). Both Deltex and Suppressor of Hairless are able to bind to the
intracellular Ankyrin repeats of Notch, leading to the suggestion that recruitment of
Deltex leads to displacement Suppressor of Hairless, and its subsequent translocation to
the nucleus (Diederich et al., 1994; Fortini and Artavanis-Tsakonas, 1994; reviewed by
Artavanis-Tsakonas et al., 1995). Furthermore, it is thought that ligand binding results in
dimerization of the receptor (reviewed by Artavanis-Tsakonas et al., 1995 and Greenwald
1994), and that this dimerization is stabilized by binding of Deltex (Diederich et al., 1994).
Putative Suppressor of Hairless binding sites in the regulatory sequences of the Enhancer
of Split genes suggest that transcription of these genes may be Suppressor of Hairless
dependent (Tun er al., 1994; Henkel et al, 1994; Grossman et al., 1994). Hairless is
believed to bind to Supressor of Hairless, preventing the transcription factor from binding
to DNA (Schweisguth and Posakony, 1994, Brou et al., 1994). In addition, recent studies
have suggested that nuclear localization of the intracellular domain of Notch may be
involved in Notch-pathway signaling (Fortini et al., 1993, Aster et al., 1994; Kopan et al.,
1994; Ahmad et al., 1995; Zagouras er al., 1995; reviewed by Blaumueller and Artavanis-
Tsakonas, 1997; Egan et al., 1998).

CONSERVATION OF THE NOTCH PATHWAY

Genes related to Notch and other components of the Notch signaling
pathway represent a well conserved system for signal transduction, having been isolated
from organisms as diverse as flies, worms, sea urchins, frogs, fish, chickens, mice, rats,

and humans (Sherwood, 1997 and reviewed by Lardelli e al., 1995). The overall structure




of these genes is highly conserved. Multiple paralogs of Notch, as well as the ligands for
Notch, have been detected in worms, mice, rats, chicks, and humans, and have been called
Notchl, Notch2, Notch3, and Notch4, Jagged! and Jagged? (Serrate homologues), and
Deltal and Delta? (reviewed by: Lardelli et al., 1995, Egan et al., 1998; and Weinmaster,
1997). Homologues of Suppressor of Hairless, big brain, groucho, scabrous, and Deltex
have been identified in mice and humans as well (reviewed by Blaumueller and Artavanis-
Tsakonas, 1997), and neuralized related sequences have been identified in C. elegans and
mammals (Zhou and Boulianne, 1994). Despite overlap in the patterns of paralog
expression, differences have been observed (Weinmaster et al., 1992; Lardelli and
Lendahl, 1993; Lardelli er al.,, 1994; Lindsell er al., 1995, Mitsiadis er al., 1995). It
appears that in some cases the functions of different paralogs are distinct, but it is unclear
whether this arises from differences in expression patterns or the mechanism by which
different paralogs act. At least in C. elegans, ectopic expression of the two Notch
homologues that have been isolated indicates that they are functionally interchangeable,
despite that loss of function studies indicate that they regulate distinct functions during
development (Mango er al., 1991; Roehl and Kimble, 1993; Fitzgerald ez al., 1993). In
addition, Drosophila Delta and Serrate both activate the same receptor and can
functionally replace each other in some processes (Gu et al., 1995). However, they result
in different mutant phenotypes, have distinct patterns of expression, seem to function in
different developmental decisions, and are not equal in some cell types (reviewed by

Weinmaster, 1997, and Egan et al., 1998).

Data abound demonstrating the requirements of the Notch pathway in
development; the majority comes from studies with Drosophila and C. elegans -
molecularly, genetically, and phenotypically (reviewed by Greenwald, 1994). Here I will
focus on the effects of disturbing the Notch pathway in several well characterized
processes during development of these two organisms in order to illustrate the function of

the Notch pathway, and the diversity of cell types in which it acts.
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During Drosophila neurogenesis, an ectodermal proneural equivalence
group segregates into neuroblasts, which delaminate from the monolayer and migrate
dorsally to produce neuronal cell types, and dermoblasts, which remain at the ventral
surface and give rise to epidermal structures. Loss of Notch signaling results in failure of
neuroblast and dermoblast fates to partition properly, leading to hyperplasia of neural
cells. This hyperplasia occurs at the expense of epidermal cells - resulting in embryos that
exhibit no ventral cuticle and hypertrophy of the central and peripheral nervous systems
(reviewed by Muskavitch, 1994). Activation of the pathway results in the seemingly
opposite phenotype, in that fewer neurons are detected (reviewed by Muskavitch, 1994;

Artavanis-Tsakonas ez al., 1993).

Development of the small sensory bristles of Drosophila also relies on
Notch signaling (reviewed by Simpson, 1997, and Kimble and Simpson, 1997). On the
notum, microchaetes are arranged in rows separated by epidermal cells. The microchaete
precursors arise from stripes of achaete scute expression; the cells that express
achaete scute must choose between epidermal and neural fates. achaete scute expression
is sustained in neural precursors and ceases in epidermal cells. Loss of Notch function
results in all cells within a stripe adopting the fate of bristle precursors, while activation of

the Notch pathway causes all cells to adopt the epidermal fate.

Another well-characterized function of the Notch pathway is in the
development of the C. elegans gonad (reviewed by Kimble and Simpson, 1957). Here,
two somatic gonad cells interact to adopt one of two alternate fates: arichor cell (AC) or
ventral uterine precursor (VU). In the absence of Notch signaling, both cells become

ACs, whereas activation of the Notch pathway results in both cells becoming VUs.

Notch signaling is also required for the control of germ-line mitosis in C.
elegans. In the C. elegans gonad, a somatic cell termed the distal tip cell signals the

neighboring germ line to divide mitotically; localization of this signal establishes polarity in



the germ-line tissue (Kimble and White, 1981). This control of germ-line mitosis requires
the Notch homologue in the germ-line cell, and the Delta homologue in the signaling distal
tip cell (reviewed by Kimble and Simpson, 1997). In the absence of this signal the germ

line enters meiosis.

As these examples illustrate, Notch signaling functions in numerous cell-
cell interactions and regulates a multitude of cell fate decisions. A common theme seems
to be that loss of Notch pathway function generally results in all cells of an equivalence
group taking one of two possible fates or differentiation programs, while activation of the

pathway results in all of the cells taking the alternate fate.

NOTCH SIGNALING IN VERTEBRATE DEVELOPMENT AND DISEASE

Coffman er al. (1990) isolated the first vertebrate Notch-family gene using
a Drosophila Notch cDNA probe. However, the first indication that Notch signaling may
be crucial to vertebrate development came from detection of oncogenic forms of one of
the human homologues of Notch. Ellisen er al. (1991) showed that the breakpoint of a
recurrent chromosomal translocation present in T cell leukemias is located in the Notchl
gene (also called ran-/, Ellisen er al., 1991; reviewed by Lardelli et al., 1995). Further
evidence came from the mouse Notch related gene, INT3, which is activated in some
mammary tumors (Robbins ez al., 1992), and from the findings that human Notch2 and
Notch3 genes are located in regions of chromosomal translocations associated with
neoplasias (Larsson et al., 1994). One Notch homologue was found to be expressed in
human bone marrow cells, suggesting a role for Notch signaling in cell-fate decisions
during hematopoiesis (Milner ez al., 1994). A role such as this has been found for Notch
signaling in mice; transgenic mice with activated Notchl or Notch3 affect T cell lineage
decisions and neuronal differentiation (reviewed by Weinmaster, 1997). Additionally, the
human disease, CADASIL, characterized by strokes and dementia, maps to mutations in

Notch3 (Joutel et al., 1996). Notch signaling has also been implicated in cervical and



colonic neoplasias, and the human homologue of Suppressor of Hairless is involved in the
immortalization of B cells induced by Epstein-Barr virus (reviewed by Blaumueller and

Artavanis-Tsakonas, 1997).

The expression patterns of Notch homologues in vertebrates extends our
understanding of its role in these organisms. Both Xenopus and Zebrafish exhibit Notch
expression patterns strikingly similar to those characterized in Drosophila: Notch is
expressed quite ubiquitously in early development, and becomes localized to regions
undergoing proliferation or cell-fate changes (reviewed by: Blaumueller and Artavanis-
Tsakonas, 1997; Egan et al., 1998). Notch homologues are also expressed in proliferating
tissues or areas of cell-fate determination in mammals (reviewed by Blaumueller and
Artavanis-Tsakonas, 1997). The mutant phenotypes and expression patterns of Notch
pathway elements seem to indicate that in addition to structural homology among Notch
pathway genes, the functions of Notch signaling have been conserved throughout

evolution.

Further understanding of Notch function in vertebrates has come from
studies in Xenopus neurogenesis (Chitnis et al., 1995, Dorsky et al., 1997, reviewed by
Weinmaster, 1997, and Gridley, 1997) and retinal development in the chick. In Xenopus,
ectopic expression of dominant negative forms of Delta results in an increase in the density
of neural tissue, whereas activation of the pathway reduces the density of neurons. Austin
et al. (1995) explored the effects of disturbing Notch signaling on differentiation of
ganglion cells of the chick. They determined that the number of retinal ganglion cells that

differentiated was inversely related to the level of Notch signaling.

The above observations suggest that in vertebrates, Notch activity is
important for terminal differentiation and cell proliferation. To investigate the
requirements for Notch activity during mammalian development, mutations of the

endogenous genes have been introduced into the germ line of mice by gene targeting.




Mouse embryos lacking Notch! die before 11.5 days of development, presumably because
of defects in somitogenesis (Swiatek et al., 1994, Conlon et al., 1995). Embryos lacking
Notch? die at birth and exhibit reduction in lung and kidney size (reviewed by Lardelli et

al., 1995).

MECHANISMS OF NOTCH SIGNALING

Since the Notch-signaling cascade acts in so many separate developmental
processes, there are several models to explain how Notch signaling mediates pattern
formation (reviewed by Kopan and Turner, 1996; and by Blaumueller and Artavanis-
Tsakonas, 1997). Two capacities in which the Notch pathway may act are lateral
specification and inductive signaling. When Notch signaling functions in lateral
specification (or lateral inhibition), subsets of a group of initially equivalent cells choose a
different differentiation program. Initially, both cell types express both ligand and
receptor; it is believed that random fluctuations in the levels of ligand and receptor are
amplified through feedback regulation such that some cells become signaling, or Delta-
expressing, cells while others become receiving, or Notch-expressing, cells. Examples of
cell-fate decisions that are believed to involve lateral specification include formation of the
anchor cell and the ventral uterine precursor cell of the C. elegans hermaphrodite gonad
and partitioning of neural and epidermal precursor cells in the ventral ectoderm of the
Drosophila embryo (reviewed by Greenwald, 1994 and Artavanis-Tsakonas et al., 1995).
In other instances, the Notch-signaling cascade is required for inductive signaling. This
type of signaling occurs between two different cell types, one of which produces a signal
(the ligand) and induces the other, which contains the receptor for the signal, to adopt a
particular fate (reviewed by Artavanis-Tsakonas et al., 1995 and Simpson, 1997). In these
cases, Notch signaling is responsible for refining a pattern rather than stochastically
resolving cell fates. Examples of cell-fate decisions that require inductive cell-fate

specification include induction of the vulval precursor cells by the anchor cell in the C.



elegans gonad and induction of the R7 cell by the R8 cell during Drosophila eye

development (reviewed by Artavanis-Tsakonas er al., 1995).

One unresolved issue concerning the Notch pathway is whether signaling is
required for activation of a specific cell-fate program (acting "instructively”) or inhibition
of the alternate program (acting "prohibitively") (reviewed by: Greenwald, 1994,
Muskavitch, 1994; Artavanis-Tsakonas, 1995; Blaumueller and Artavanis-Tsakonas,
1997). Studies in C. elegans have suggested that Notch signaling is responsible for
activation of certain cell-fate programs (reviewed by Blaumueller and Artavanis-Tsakonas,
1997). However, work in Drosophila and Xenopus has suggested that Notch signaling
represses cellular responses to other signals, delaying cellular differentiation (Coffman er
al., 1993; Fortini et al., 1993; Struhl et al., 1993). It has been suggested that this function
of Notch signaling may serve to influence the type and number of cells responding to
certain differentiation pathways, retaining subsets of cells for later differentiation events
(Blaumueller and Artavanis-Tsakonas, 1997). This is an attractive model, since a general
mechanism of delaying differentiation could possibly explain how one signaling cascade
could accomplish such a range of tasks in so many tissues and cell types. Since the
differentiation state of the cell is ultimately defined by the expression of various genes,
such a differentiation delay would most likely accomplished by repression of certain genes
and the simultaneous induction of others. Indeed, the cytoplasmic domain of Notch has
been hypothesized to act as a molecular scaffold that promotes the assembly of a

transcriptional regulating complex on specific gene promoters (Egan ez a/., 1998).

It has been suggested that there is yet another function for the Notch
pathway. It is possible that not all processes that require the function of the Notch
pathway require its signaling activity. A role for Notch in cell-cell adhesion has been
suggested by the finding that mutations in collagen genes can suppress the Notch mutant
phenotypes in C. elegans (Kramer et al., 1988; Johnstone et al., 1992; reviewed by

Lardelli ez al., 1995). A similar role has been suggested by studies of the intersegmental
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nerve of the Drosophila embryo, where growing axons use Notch on their surfaces to

recognize a path of Delta expression (Giniger et al., 1993).

REGULATION OF THE NOTCH PATHWAY

The Notch pathway is regulated at a number of levels throughout
development (reviewed by: Kimble and Simpson, 1997; Egan et al., 1998). One widely
used control is cell-specific expression of ligand and receptor, commonly utilized for
inductive interactions - such as C. elegans germ-line induction, where the Delta
homologue is required in the distal tip cell and the Notch homologue is required in the
germ-line cells. With this type of regulation, the control of gene eprression defines
signaling and receiving cells. A second control that has shown to be important in the
control of Notch signaling is feedback loops, affecting expression of both ligand and
receptor. This method of regulation is often utilized in lateral specification events,
insuring the adoption of two alternative fates by cells within a field of equivalent
precursors. It is also employed during induction to maintain cell fate decisions. The
AC/VU decision of C. elegans is a prime example of feedback regulation; here, it has been
found that receptor activation down regulates expression of ligand in the receiving cell
while maintaining receptor expression in the same cell (Wilkenson et al., 1994). A third
way the Notch pathway can be regulated is by asymmetric segregation of a pathway
regulator. An example of this type of control is the protein Numb, a presumptive negative
regulator of the Notch pathway. It is believed that after a cell divides, asymmetric
segregation of Numb in one daughter cell down-regulates Notch specifically in that cell
(Jan and Jan, 1995). A fourth type of control, proteolysis of the Notch receptor, has been
found to be important through studies showing that Kuzbanian proteolytically activates
Notch (Pan and Rubin, 1997). Lastly, interactions with other pathways can often regulate
the function of Notch signaling; two examples which are widely cited are the wingless

(wg) and Egfr (Egfr) pathways (reviewed by Kimble and Simpson, 1997). Interactions
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with the wg pathway are context dependent: Notch and wg activities can be synergistic

(Neumann and Cohen, 1996) or antagonistic (Gonzalez-Gaitan and Jickle, 1995 Axelrod

et al., 1996). The combined action of the Notch and Egfr pathways is required for the
fate specification in the C. elegans vulva, as well as in Drosophila for eye development
and axis formation (reviewed by: Duffy and Perrimon, 1996; Kimble and Simpson, 1997).

How these two pathways relate to one another is not known.

Obviously, many of the fine points of Notch signaling have vet to be
elucidated. We still do not know the exact effects on the cells in which Notch signaling
acts, or the mechanism by which a single pathway can biochemically function in such a
diverse range of tissues and have such a wide range of results. The research contained
herein intends to increase the understanding of Notch signaling by studying its role during
Drosophila oogenesis. Oogenesis lends itself to this type of study for several reasons.
Aside from the ease of genetic manipulation, there are relatively few cell types, and the
arrangement of the Drosophila ovariole represents a time-lapse view of development.
Additionally, this research lends insight into several important processes which take place
during Drosophila oogenesis, including determination of follicle cell fates surrounding the
egg chamber and in stalk formation, establishment of the oocyte anterior-posterior axis.

and the control of germ-line mitosis.

OVERVIEW OF DROSOPHILA OOGENESIS

The Drosophila ovary consists of 15-20 ovarioles: strings of egg chambers
aligned in developmental order (Figure 2). At the anterior end of each ovariole lies the
germarium, where the germ cell divisions take place. Here, each germ-line stem cell
divides to produce two daughters; one daughter remains a stem cell while the other
becomes a cystoblast. Through four successive rounds of mitosis, each followed by

incomplete cytokinesis, this cystoblast forms a cyst of 16 cells interconnected by



12

cytoplasmic bridges. These bridges, called ring canals, are an indication of the number of
cell divisions: two cells have four ring canals, two cells have three ring canals, four cells
have two ring canals, and eight cells have a single ring canal. One of the two cells with
four ring canals will become the oocyte, while the other 15 cells will differentiate as nurse
cells that produce and transport components to the oocyte throughout oogenesis. The
four mitotic divisions are accompanied by the growth of a branched cytoplasmic structure
called the fusome, which extends through the ring canals and associates with one pole of
the mitotic spindle. On completion of the fourth round of mitosis, germ-line cysts are
surrounded by a somatic follicle cell monolayer, creating a defined egg chamber. As the
egg chamber is released from the germarium, a subset of follicle cells intercalates between
egg chambers to form an interfollicular stalk. Egg chambers then continue to develop,
connected to one another by these stalks. Several other groups of follicle cells are
morphologically discernible, including polar cells, two cells at the anterior and posterior of

each egg chamber (For review of oogenesis see King, 1970; Spradling, 1992).
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Chapter 1: The Neurogenic genes Notch and neuralized are required for the cessation of

germ-line mitosis during Drosophila oogenesis.

INTRODUCTION

The cell-division cycle is controlled by the combined action of two families
of proteins. The cyclin-dependent protein kinases (Cdk) function by phosphorylating
selected proteins on serines and threonines, while the cyclins bind to Cdk molecules and
control their ability to phosphorylate target proteins. The cell-division cycle is strictly
controlled by the periodic assembly, activation, and disassembly of cyclin/cdk complexes
(reviewed by Hartwell and Weinert, 1989; Murray and Kirschner, 1991; O'Farrell, 1992).
This cycle is controlled at specific checkpoints that allow the cell cycle control system to
be regulated by signals from the environment; the most prominent checkpoints are the G»
checkpoint, the metaphase checkpoint, and the G, checkpoint. This is how regulatory

information modifies the cycle.

The germ cells of the Drosophila ovary exhibit modification of the normal
division cycle. Asymmetric division of a stem cell results in two daughter cells, one of
which becomes a cystoblast. The cystoblast then undergoes four rounds of mitosis with
incomplete cytokinesis to form a germ-line cyst of 16 cystocytes interconnected by ring
canals. Ring canals are an indication of the number of cell divisions: two cells have four
ring canals, two cells have three ring canals, four cells have two ring canals, and eight cells
have a single ring canal (Figure 3). The genome of oocytes then undergoes meiotic
reduction, while the interconnected nurse cells undergo substantial endoreplication.

(reviewed by Lehner and Lane, 1997; Spradling, 1993).
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Exactly how this precise program of germ-line division is regulated is
poorly understood. The “ovarian tumor” class of mutants results in hundreds of
undifferentiated germ cells, but the genes affected in these mutants most likely disrupt only
germ-line sex determination (Pauli and Mahowald, 1990). Mutations in pumilio (pum) or
piwi generate ovaries with less than the normal complement of germ-line cells by affecting
the asymmetric division of germ-line stem cells (Lin and Spradling, 1997). bag-of-
marbles is important for the switch to cystoblast division mode; it is required for
differentiation of the cystoblast (McKearin and Spradling, 1990; McKearin and Ohlstein,
1995; Obhlstein and McKearin, 1997). Two genes that are likely to have a role in the
control of the four rounds of germ-line mitosis are Hu-/i tai shao (Hts), an adducin-like
molecule, and encore (enc). Both are required for the correct number of divisions;
mutations in enc result in exactly one extra round of germ-line mitosis (Hawkins er al.,
1996), while Hts mutants fail to complete four rounds of mitosis (Yue and Spradling,
1992). Both Hts and enc are components of the germ line, suggesting that control of
germ-line cell division is intrinsic to the germ line. Nevertheless, germ-line mitosis could
be controlled by an external signal from some other cell group. Intercellular signaling
between germ-line cells and somatic cells has been shown to be important in C. elegans,
where a signal from the somatic cells is necessary for the proliferation of neighboring
germ-line cells (Kimble and White, 1981). Similarly, somatic cells play a role in the
control of germ-line cells in mammalian oogenesis; factors within the somatic cells

maintain the oocyte in meiotic arrest (reviewed by Buccione et al., 1990).

The precise pattern of division suggests that Drosophila germ-line mitosis
is well regulated. While investigating the requirements for the neurogenic genes in
oogenesis, it was noticed that some mutant germ-line cysts contained more than the
normal .16 cells (Feger, G., and Ruohola-Baker, H. personal communication). To gain
insight into the Notch-signaling pathway and the control of germ-line mitosis, I analyzed

the role of the neurogenic genes Notch and neuralized in control of germ-line mitosis.
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RESULTS

MUTATIONS IN VECRALIZED RESULT IN DEFECTS IN GERM-LINE DIVISION

To investigate whether Notch (N) or neuralized (neu) is required for
proper division of the germ line, we looked at the number of germ-line cells in ovaries
mutant for Notch or neu. Because all published mutations in the neurogenic genes are
lethal, we generated ovaries mosaic for loss-of-function mutations using the FLP-FRT
system (Figure 3; Golic and Lindquist, 1989; Xu and Rubin, 1993) and analyzed them by
staining the nuclei with propidium iodide and counting the number of germ-line cells
present in each egg chamber. Ovaries harboring mutations in either Notch or neuralized
exhibit a defect in the germ line. Egg chambers are present that contain more than the
normal complement of 16 germ cells. Mosaic patches were not marked in these initial
experiments so clonal frequency was not known; using neuralized”®®, 17% (7/42 total
chambers analyzed) of egg chambers displayed this defect, while using Norch’*'* resulted
in defects in 5% (2/38 total chambers analyzed) of egg chambers. To analyze whether the
extra germ-line cells arose by fusion of egg chambers or from extra germ-line divisions,
the ring canals were examined by staining with phalloidin. In wild-type egg chambers,
germ-line cells contain between 1 and 4 ring canals, due to the precise program of division
(Figure 3). In egg chambers mutant for Notch or neu, germ-line cells are detected that

contain more than four ring canals, an indication of extra cell divisions (Figure 35).

RI2I
To analyze the defect further, [ used the neu allele of neuralized. This
allele of neuralized is homozygous viable and thus eliminates the complication of

generating mosaic flies. To determine whether this allele behaves as expected for

RI21

mutations in neuralized, I examined the bristles in flies transheterozygous for neu”’?’ and

neu''” | a strong allele of neuralized. Neurogenic signaling is required for bristle
development; mutations in several of the neurogenic genes results in bristle defects

(Hartenstein and Posakony, 1990; de Celis et al, 1991; Parks and Muskavitch, 1993; Bang
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et al, 1995; Lyman and Yedvobnick, 1995; Parks et al, 1997). Bristle defects were

RI2ZI A0l
detected in 100% of neu  neu  flies and consist of missing macrochaetaes (Figure 6

Bé&D) and/or two bristles arising from a hole with no socket (Figure 6F). This phenotype
is similar to that detected previously with in new mutant clones, and indicates that neu™'~’

indeed behaves as expected for an allele of new, at least in its role in bristle formation. [

. RIZL dl0i ) o
also analyzed the cuticles of neu  neu embryos to determine whether this viable

allele of neu behaves as expected during neurogenesis as well (Figure 6H). Embryos
displayed no ventral cuticle, a “neurogenic” phenotype, which is the same phenotype
detected previously in neuralized mutants, as well as mutants for Notch, Delta,
mastermind, and bigbrain (Lehmann et al., 1981, Lehmann et al., 1983, Jurgens, 1984).
This phenotype results from hypertrophy of neuroblasts at the expense of epidermiblasts,
which give rise to the cuticle of the embryo. This result indicates that neuralized”’~’

behaves as expected for an allele of neuralized in neurogenesis.
To analyze the germ-line-division defect, I crossed nex™”’ to several other

alleles of neuralized: new''™, nex™®, and nei®®.  All three allelic combinations,

e 2 “ ki .y - . . e . .
neu"*" nerr''” | neu®?' neu™’, and neu™"?' new™®®, exhibited germ-line division defects, in

39% (20/51), 63% (33/52), and 73% (38/52) of stage 6-10 egg chambers, respectively

(Table 1). These results indicate that the strength of these alleles in oogenesis with

/989 1101

respect to germ-line mitosis proceeds from ne: as the strongest to neu as the

mildest, and that all alleles tested result in the same defect (with different expressivity).

Y19 chambers that had division defects-reveals that they

Further analysis of neu™'?. neu
have an average of 32 cells per egg chamber (n = 37 chambers), twice the normal
complement of 16 cells (Figure 6J). Occasionally there were chambers with more (1/37
chambers) or less (1/37 chambers) than 32 cells, but the majority of chambers have exactly
32 germ-line cells (35/37). The chambers usually had 1 oocyte, based on accumulation of

phalloidin in the membrane and the size of the nucleus.
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WHERE NEURALIZED IS REQUIRED

To investigate whether germ-line division is controlled by an intracellular
or intercellular mechanism, I set out to determine which cells require the function of the
neuralized for the control of germ-line division. This question could not be determined by
the expression patterns of these genes in the germarium, as examination of their expression
patterns reveals that they are expressed both in the germ line and in the surrounding
somatic follicle cells (Markopoulou and Artavanis-Tsakonas, 1989; Ruohola et al., 1991;
Xu et al., 1993; Boulianne et al., 1991).

To determine where the neuralized gene is required for the control of
germ-line mitosis, [ generated marked clones. This method utilizes a /acZ marker on the
FRT chromosome that does not harbor the mutated gene, such that cells homozygous for
the mutation will not express -galactosidase, while those heterozygous or homozygous
for the wild-type chromosome will. Thus, patches of non-staining cells correspond to cells

that are mutant in the respective gene (Figure 4). I carried out this analysis with two
/989

alleles of neuralized: neu[m and neu . Using nex™®, 100% (47/47) of the chambers
with a germ-line division defect did not stain the germ line (Figure 7C&D). In addition,
100% (24/24) of egg chambers mutant for new’*® did not stain in the germ line (Figure
7E). A few egg chambers were also detected that had a germ-line clone but still had 16
cells: 11% (6/53) with neu™ and 8% (2/26) with new/*®*. With both alleles of nex, only
16 cells were detected in egg chambers in which no mosaic patches were observed (Figure
7A) or in which the germ line stained but the surrounding follicle cells did not stain
(Figure 7B). These data indicate that with both nex™” and new*®, germ-line-division
defects were only detected when the mutation was harbored by the germ line. These
results reveal that Neuralized is required in the germ line for the control of germ-line
division. In both experiments, the average number of cells in defective germ-line cysts
was 32 (n=20), twice the normal complement of 16 cells. Most cysts had exactly 32 cells,
but cysts were occasionally found with more or less than 32 cells. 94% (17/18) of the
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defective chambers had only one oocyte (based on size of the nucleus and accumulation of

yolk granules), and 6% (1/18) had two oocytes.

To confirm that reuralized is required in the germ line. I used the
“dominant female sterile” technique in conjunction with the FLP-FRT system to generate
ovaries that carry loss of function mutations in the germ line (Chou ez al., 1993). This
second approach utilizes insertions of Pfovo®]. ovo® is a dominant female sterile
mutation that blocks oogenesis at an early stage and is only required in the germ line. In a
fly heterozygous for ovo®, a late stage egg chamber is formed only when a germ-line
clone lacking ovo® is generated. Induction of mitotic recombination in a female
transheterozygous for ovo®’ and the mutation of choice results in sister cells in which one
is homozygous for ovo® and the other is homozygous for the mutation. Any eggs

produced by such a female would therefore be homozygous for the mutation. Wild-type

egg chambers and/or eggs would indicate that the gene is not required in the germ line.

More than 16 cells were detected in 87% (65/75) of stage 7- 10 egg

¢**? in the germ line [5% (4/75) had too few cells, and 8%

chambers homozygous for ne:
(6/75) had the normal 16] and 83% (45/54) using nex™", indicating that Neuralized is
indeed required in the germ line for the control of its division (Figure 7). To investigate
the requirement for Neuralized in the germ line, females carrying potential germ-line

clones were crossed to new’?’

“TM3 or wild-type males and eggs were allowed to develop
at 25°C for 2 days. Only 3% (6/208) of fertilized eggs did not hatch when females
carrying potential clones were backcrossed with wild type, but 49% (432/886) did not
hatch when backcrossed to new'%/TM3 (Table 2). As a control, the ability of FRT, ovo®
females to lay eggs was assessed. No eggs were laid, indicating that the ovo™ construct
had not reverted. Fertilized, non-hatching eggs were studied for embryonic defects. The
embryos displayed no ventral cuticle, as observed previously with mutations in neuralized

as well as in this study (Figure 8F; Lehmann ef al., 1981; Lehmann er al., 1983; Jurgens,

1984). Removal of maternal and zygotic components of neuralized (Lehmann et al.,
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1981; Lehmann er al., 1983) results in the same phenotype as that which [ have observed
here. suggesting that the amount of maternally supplied neuralized does not affect

neurogenesis.

WHERE NOTCH IS REQUIRED

To determine whether Notch is also required in the germ line, I generated

ell

germ-line clones of Notwh™*'' using the FLP/FRT-dominant female sterile technique
described above. 94% (203/215) of egg chambers with Notch germ-line clones were wild
type, suggesting that Notch is not required in the germ line for the control of germ-line
mitosis (data not shown). [ believe the few egg chambers which had more than 16 cells
result from ovarioles that are mutant for Notch in the both the germ line and follicle cells

since they are detected with such low frequency.

BAG-OF-MARBLES PROTEIN EXPRESSION IS PROLONGED IN NELRALIZED MUTANT OVARIES

Previous studies have shown that Bag-of-marbles (Bam) is involved in
control of germ-line division (McKearin and Ohistein, 1995; Hawkins, 1996; Ohlstein and
McKearin, 1997). Studies with mutations in encore have lead to speculation that Bam
could be a titratable factor whose levels determine when the germ-line cyst ceases to
divide (Hawkins et al,, 1996). To determine whether the germ-line-division defect
generated by loss of Neuralized function is due to a defect in Bam expression, I looked at
Bam protein. Bam protein is normally expressed in the spectrosome and ﬁ1§ome of all
germ-line cells located in the germarium and in nurse cells as well as in the cytoplasm of
mitotically active cystocytes; antibodies specific to these two regions have been generated
and have been called BamF and BamC, respectively (McKearin and Ohlstein, 1995). [
chose to examine the expression of BamC in neuralized mutant ovaries, since this staining
is more readily apparent and the level of BamC diminishes with each division of the germ

line, making this the likely candidate for a titratable factor (McKearin and Ohlstein, 1995).
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Incubation of BamC antiserum with fixed new’ >’ new’'”

ovaries revealed prolonged
expression of cytoplasmic Bam protein (Figure 9). Bam expression in this mutant
background extended more posteriorly within the germarium - in cysts with more than 8
cells, and was even detected in some early stage egg chambers. [ detected a similar
phenotype in enc® enc® ovaries (data not shown). A similar phenotype has been detected
previously in ovaries mutant for encore, where bam mRNA expression was expanded to
approximately double the width as that seen in wild-type ovaries (Hawkins et al., 1996).
This prolonged expression of Bam suggests that neuralized function is required for the

depletion of Bam protein.

A null allele of bam behaves as a dominant suppressor of encore (Hawkins
et al., 1996). Since I found that mutations in neuralized generate similar defects at the
protein level as those found with mutations in encore, I investigated whether dam could
dominantly suppress neuralized as well. Because both bam and neuralized are located on
the third chromosome, [ recombined new'’'” with bamA86, a null allele of bam. I
generated two recombinant lines, which I called new*'” bam**%(7) and neu*'” , bam*(11).
The phenotype of neuralized mutant ovaries was indistinguishable from those harboring
the nuil allele of bam; 33% (71/215) of neu™*’ new''”" chambers displayed a germ-line
division defect, while 30% (83/280) and 35% (97/279) of nei”"*! new''” bam™°(7) and
neu™*‘new''” bam™*(11) displayed the same defect, respectively. Therefore, bam cannot

suppress the germ-line division defect of viable neuralized ovaries.

DISCUSSION

[ have shown that in Drosophila oogenesis, mutations in neuralized result
in defects in germ-line mitosis. These mutations usually resulted in exactly one extra
round of division, so that germ-line cysts now had 32 cells, and cells were found with

more than four ring canals. Analysis of germ-line clones generated through the use of a
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dominant female sterile mutation, as well as marked clones, revealed that Neuralized
function is required in the germ line for control of its division. I found that expression of
Bam protein, a marker for mitotically active cysts, was prolonged with mutations in

neuralized.

Because it could be possible that the germ line could cease dividing and an
extra round of division could occur sometime later in cogenesis, I looked to see how early
in oogenesis I observed the defect. Because I frequently detect cysts with more than 16
cells in the germarium, I believe that these mutations result in prolonged mitosis within the
germarium and that Neuralized function is therefore required for the cessation of normal

germ-line division.

Egg chambers with more than 16 cells have been reported previously with
mutations in Notch, Delta, brainiac, pipsqueak, daughrerless, and toucan (Ruohola er al
1991; Goode er al., 1992; Siegel er al., 1993; Cummings and Cronmiller, 1994,
Grammont et al., 1997). The phenotype I observe here is different than the phenotype
observed previously in these mutants, however; because these mutations affect the process
by which follicle cells separate neighboring germ-line cysts. [ have shown that the
additional germ-line cells result from extra cell divisions, based on the finding of cells with
more than the usual maximum of 4 ring canals. The phenotypes I report resemble those
reported with mutations in encore (Hawkins et al., 1996). encore mutations result in
exactly one extra round of mitosis, so germ-line cysts contain 32 cells and an oocyte with
5 ning canals. The authors found that the germ-line mitosis phenotype of encore is
mediated by bag-of-marbles (bam). In wild-type ovaries, bam mRNA is expressed in
mitotically active cystocytes; mutations in encore result in expanded expression of bam
mRNA. In addition, a null allele of bam acts as a dominant suppressor of the encore
division defect. Because the mitotic defect of neuralized ovaries so closely resembles that
of encore mutants, I analyzed whether bam could be mediating the germ-line-division

defect of newralized mutants as well. The domain of expression of Bam protein was
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expanded in neuralized mutant ovaries. However, a null allele of bam cannot suppress the
division defect of neuralized mutants as it can with mutations in encore. This could be for
one of several reasons. It is feasible that the mutations in neuralized are too strong to be
overcome by reduction in one copy of bam. Alternatively, the defect might not be
mediated by Bam, but rather, Bam could be misexpressed due to defects in germ-line cell
fate; the cells in mutant cysts could have the fate of early, mitotically active germ-line

cells.

My analysis with marked clones and with ovo®’ revealed that neuralized is
required in the germ line for the control of germ-line mitosis. It could still be possible,
however, that neuralized could be required in the follicle cells as well as the germ line to
mediate mitosis, if the clones analyzed were double clones (mutant in the follicle cells as
well as the germ line). Analysis of lacZ marked clones showed that rewralized is not
required in the follicle cells that surround the cyst: egg chambers were detected which had
a germ-line division defect and which had a neuralized mutant germ line, but which did
not have a neuralized clone in the surrounding follicle cells, based on lacZ expression.
This does not exclude the possibility, however, that these ovarioles also have a clone in
the stationary follicle cells at the anterior tip of the germarium since this region is difficult
to analyze with the markers I used. This is not likely, however, with the frequency with

which I found a defect associated with a germ-line clone.

It was previously not known whether control of germ-line division is
intrinsic to the germ line or requires a signal from the somatic follicle célls. Mutations in
encore result in phenotypes very similar to those I have reported here, but it was unknown
whether encore was required in the germ line or soma (Hawkins ef al, 1996). The
expression patterns of enhancer trap lines for piwi and pumilio suggest that a signal from
the soma is required, at least for the asymmetric division of the germ-line stem cells. Both
are required for control of this division; pumilio is expressed in the terminal filament while

piwi is expressed in the germ-line cells (Lin and Spradling, 1997). My data indicate that
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Notch is required in the somatic follicle cells for the cessation of germ-line mitosis,
implicating a signal from the follicle cells in regulation of this process. Furthermore, my
data show that newralized is required in the germ line for the cessation of germ-line
mitosis. Interaction studies have lead to the proposal that newralized acts upstream of
Notch (de la Concha er al., 1988; Lieber et al., 1993). There are several possible
explanations for my results, which seemingly contradict this conception of the Notch-
signaling pathway. The first possibility is that neuralized acts downstream of Notch in this
process. neuralized encodes a zinc finger transcription factor. It has been suggested that
Neuralized functions as a gene repressor because it shows homology known repressors
(Price, 1993). It could be that Neuralized functions downstream of Notch, affecting the
differentiation state of the cell by repressing signals involved in cellular differentiation.
Other possibilities are that there is a signal from the germ line to the follicle cells preceding
the follicle-cell-to-oocyte signal, or that Notch and neuralized act separately in this

process.

Most of the egg chambers expressing mutant neuralized alleles that have a
germ-line-division defect have only 1 oocyte. However, [ have detected chambers with
more than | oocyte, suggesting that Neuralized may be involved in oocyte specification.
Because [ detect this defect with such low frequency, I believe it is a secondary phenotype
resulting from the defect in germ-line division. Further studies to test if the division defect

can be separated from the multiple oocyte phenotype should shed light on this possibility.




Table 1: Alleles of neuralized

Allele Allele class | Mutagen germ-line division

defect over nex™'”!
new'’% | . P-element insertion | 39% (20/51 egg chambers)
ned™” | amorph - 63% (33/52 egg chambers)
ner”® | - P-element insertion | 73% (38/52 egg chambers)

Table 2: FLP/FRT ovo® -induced neuralized™"’
germ-line clones

Genotype n unfertilized | fertilized, not hatched
hatched

FRT, neud™™ FRT, ovo®'3R x|925 |39 49% (432/886) 51%

new’'” TM3 (454/886)

FRT. neu™ FRT, ovo® 3R x|218] 10 3% (6/208) 97%

Oregon R (202/208)

FRT, ovo®' 3R TM3 x Oregon R | 0 - - -
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Figure 4: Producing homozygous clones of a
given mutation

After generation of the recombinant chromosome that carries the P/ry”, hs-neo, FRT, Ji
element and the given mutation on the same arm, clones homozygous for the mutation can
be produced by crossing this recombinant to a strain that carries the same P/ry", hs-neo,
FRT] element and a AsFLP element on a separate chromosome. Heat-shock induction of
the FLP enzyme at the appropriate developmental time then induces mitotic recombination
between FRT sequences. To mark the clones, the distal portion of the FRT-carrying arm
(in the strain which does not carry the mutation) also carries an appropriate marker gene.
For germ-line clones, the distal part of this arm carries the dominant female sterile
mutation ovo”’ rather than the marker gene.
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Figure 5: Homozygous clones for mutations in
Notch or neuralized result in germ-line division
defects

Propidium [odide staining on the left reveals the nuclei in each egg chamber (some nuclei
underneath are obscured by those in front of them), while phalloidin staining on the right
shows the ring canals, seen as rings, unless viewed from the edge. (A) Wild-type egg
chambers have 16 germ-line cells, and none of these has more than four ring canals. (B)
Arrowheads indicate the normal four ring canals of the oocyte. The inset shows another
wild-type oocyte with the four ring canals indicated by arrows and arrowheads. (C&D)
An egg chamber from a yw, AsFLP"® w; FRT, neu®® FRT,w female. There are 32 germ-
line cells (C), and the oocyte has 5 ring canals (D, inset shows higher magnification of
oocyte showing the five ring canals), indicating that this cyst has gone through an extra
round of division. (E&F) An egg chamber from a yw, AsFLP?% w; FRT, nei’*®® FRT,w
female. Here too there are 32 germ-line cells , and the oocyte has 5 ring canals (Inset
shows higher magnification of the oocyte to show the 5 ring canals. The arrow indicates a
ring canal berneath two in the foreground), indicating that another allele of neuralized
generates the germ-line defect (F). (G) An egg chamber from w’ Notch™"', FRT'"
w” FRT'® w™; FLP* - female. Once again, there are extra germ-line cells, as indicated
by additional ring canals, shown enlarged in (H).







Figure 6: neuralized"'”' behaves as expected for
an allele of neuralized, and generates defects in
germ-line division

[mages on the left are wild type, while those on the right are ner™" new’’”. (A) Notum
of wild-type fly showing the four scutellar bristles. (B) The notum of a neuralized fly,
missing one of the anterior scutellar bristles and both of the posterior scutellar bristles.
(C) Head of a wild-type fly. (D) Head of a neuralized fly missing the ocellar and orbital
bristles. (E) The post-alar bristle of a wild-type fly. (F) A doublet of the post-alar bristle
of a neuralized fly. (G) A wild-type embryo. (H) A neuralized embryo. Ounly a patch of
dorsal cuticle is detected. (I&J) A neuralized egg chamber. There are 32 cells in the
germ-line cyst, and the oocyte has more than the normal four ring canals. Inset shows
enlargement of the ring canals; arrows indicate ring canals that are not seen as rings due to
their angle.







Figure 7: neuralized marked clones

Lack of nuclear 3-galactosidase activity indicates homozygous neuralized mutant cells. -
galactosidase activity is nuclear. In come panels, cells may appear slightly blue because of
staining in the overlying cells. (A-D) Egg chambers ffom ovaries of yw. AsFLP™% w;
FRT, neu™ FRT.E3-26(tublacZ) females. (E) Mosaic clones detected in ovaries of yw.,
hsFLP?® w; FRT, new”® FRT,E3-26(tublacZ) females. (A) The germ line appears
normal (only 16 cells are detected) in egg chambers in which no mosaic patches are
observed. (B) 16 germ-line cells are also detected when the follicle cells surrounding the
oocyte are mutant for neuralized and the germ line has no mosaic patches. Egg chambers
homozygous for neu™” (C&D) or ner’*®” (E) in the germ line (with no detectable clones in
the follicle cells) display the division defect, suggesting that neuralized is required in the
germ line for the control of germ-line division.
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Figure 8: neuralized germ-line clones generated
with FLP; FRT, ovo®' and their embryonic

phenotype

Germ-line clones of neuralized™” (A&B) and neuralized®®’ (C&D). Propidium Iodide
staining of the nuclei shows that newralized germ-line clones have 32 cells (A&C).
Phalloidin staining of the same 2 chambers reveals that lack of neuralized from the germ
line results in an oocyte with 5 ring canals (B&D). (B) Inset shows higher magnification
of the oocyte to show the 5 ring canals. Arrows indicate ring canals that are turned on
edge. (D) Arrows indicate all 5 of the ring canals. (E) A wild-type embryo. (F) An
embryo from a neuralized™™ germ-line clone fertilized by a nex*’” TAf3 male. Only a
patch of dorsal cuticle is detected.
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Figure 9: Expression of Bag-of-marbles (Bam)
protein

Ovaries stained with anti-BamC antibodies. (A) In controls, BamC protein is expressed in
the cytoplasm of mitotically active cystocytes, but is most readily observable in 8 cell
cysts, appearing as a clump at the anterior of the germarium. (B) In newralized mutant
ovaries, neu”'*' neu''”" expression of BamC extends more posteriorly in cysts with more

than 8 cells.







Chapter 2: Expression of Constitutively-active Notch Arrests Follicle Cells at a Precursor
Stage During Drosophila Oogenesis and Disrupts the Anterior-Posterior Axis of the

Oocyte.

INTRODUCTION

Despite the wealth of information about the loss-of-function phenotype of
Notch in oogenesis, the precise role of Notch activity remains obscure. Here, I address
this question by studying the effects produced by activation of Notch function in follicle
cells during oogenesis. For this purpose, [ have taken advantage of Nofch mutations that
uncouple intracellular signal transduction from ligand binding. Specifically, recent studies
have shown that a fragment of Notch lacking the extracellular domain, or portions thereof,
is constitutively-active. Persistent or transient ubiquitous expression of activated Notch in
Drosophila causes an overproduction of epidermis at the expense of neural structures
(Lieber et al., 1993; Rebay et al., 1993; Struhl et al., 1993), a phenotype opposite to that
seen with the loss-of-function allele of Notch (Poulson, 1940; Lehmann et al., 1983;
Hartenstein and Posakony, 1990; Heitzler and Simpson, 1991). Activated Notch causes
defects in developmental processes in C. elegans (Roehl and Kimble, 1993), Xenopus
(Coffman et al., 1993), chickens (Austin e a/., 1995), and humans (Ellisen et a/., 1991),
as well as Drosophila eye development (Fortini et al., 1993). Absence or delay of normal
differentiation in some of these cases has led to the proposal that ongo"ing Notch activity
prevents competent cells from undergoing differentiation /n vivo. This has been hard to
prove definitively, however, due to the lack of definitive molecular markers for the

precursor stage.

Here [ show directly by using molecular and morphological markers that in

early oogenesis, constitutively-active Notch arrests follicle cells in a specific precursor
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stage, blocking the development of both stalk cells and polar cells. Loss of Notch function
eliminates this precursor stage. In a later stage of oogenesis, activation of Notch in follicle

cells leads to aberrant formation of the oocyte anterior-posterior axis .

RESULTS

CONSTITUTIVELY-ACTIVE NOTCH CONSTRUCTS AND EXPERIMENTAL DESIGN

Two constructs of Notch (N) were used in these studies to express
constitutively-active Notch either persistently or transiently: Niintra) and AEN. Nfintray
consists of the intracellular domain of Notch, separated from an actin promoter by a
cassette which is surrounded by two Flipase recognition target (FR7) sites and containing
a stop codon. Flies carrying this construct were crossed to flies carrying flipase (flp)
expressed via a Asp70 promoter. Progeny were heat-shocked, resulting in a pulse of Flp
expression that excises the cassette and allows Notchfintra) to be expressed under the
control of the actin promoter (for details see Appendix A, Experimental Procedures and

Struhl er al., 1993).

AEN expression under the control of GAL+ upstream activating sequence
(UAS, Brand and Perrimon, 1994) leads to production of a protein fragment comprising
the last four amino acids of the extracellular domain of Notch, the transmembrane domain,
and the amino-terminal half of the intracellular domain, including the Su(H) interacting
domain and the CDCl0/ankyrin repeats. This construct is expected to behave as a
constitutively-active form of Notch based on earlier studies (Lyman a.nd Young, 1993,
Coffman et al., 1993, Fortini et al., 1993; Lieber et al., 1993; Rebay et al., 1993, Struhl et
al., 1993; Roehl and Kimble, 1993; Kopan et al., 1996), and I verified this hypothesis by

analyzing its phenotype during embryonic neurogenesis (Appendix B, Fig.1A-B).




Functionally, the significant difference between 4EN and Nfintra) is that
excision of the FRT cassette separating Nfintra) from the actin promoter results in
persistent expression of constitutively-active Notch, while AEN is only expressed when

GAL4 is present.

To induce AEN expression in oogenesis, the flies carrying the UAS-4EN
construct were crossed either to flies expressing GAL4 under heat shock control (HS-
GAL4), or to the enhancer trap GAL4 line, /09/3)9. The GAL4 expression patterns in
ovaries for both of these lines were examined by crossing them to a line carrying UAS-
lacZ and staining the progeny with X-Gal, or by crossing them to UAS-tau-GFP and
analyzing the GFP pattern by fluorescence microscopy. HS-GAL+ induced UAS-lacZ
expression in follicle cells beginning in region two of the germarium (Appendix B, Fig.
ID-E), whereas /09¢3)9 induced follicle cell expression was not detected prior to stage 6
in oogenesis (Appendix B, Fig. 1G,H). No germ-line expression of GAL4 was detected

(Appendix B, Fig.1G-H; data not shown).

EXPRESSION OF CONSTITUTIVEL Y-ACTIVE NOTCH IN THE GERMARIUM FOLLICLE CELLS

GENERATES LONG STALK STRUCTURES

Germ-line cysts are surrounded by a follicle cell layer and released from the
germarium by "pinching-off" (Figure 1, arrowhead). This process results in the formation
of two kinds of specialized follicle cells: stalk cells that intercalate between each other to
form the stalk that separates two successive egg chambers, and polar cells that form a cap

at the anterior end of the older egg chamber and the posterior end of the younger egg

chamber. In loss-of-function Notch®S mutant ovaries, no stalk cells are detected at the
restrictive temperature and the egg chambers never leave the germarium (Appendix B,

Fig. 2E; Ruohola et al., 1991; Xu et al., 1993).




To address whether expression of constitutively-active Notch can induce

long stalks between the egg chambers, a phenotype opposite to the loss of stalks observed

with Notch’S, I expressed constitutively-active Notch transiently in the germarial follicle
cells using HS-GAL+ induced expression of AEN. This expression lead to a dramatic
phenotype in the early stages of oogenesis. Instead of a wild-type stalk of 6-8 cells
(Appendix B, Fig. 2A, bracket), long stalk structures consisting of an average of 15 cells

were detected (Appendix B, Fig. 2B, bracket).

The sequential nature of oogenesis allowed me to study whether ovarioles
which include abnormally long stalks continue to develop, and at what stage of
development the length of both wild type and long stalks is determined. If expression of
AEN was induced by a 15-minute heat shock at 39°C and the flies were then allowed to
develop for 24 hours at 18°C, long stalks were first detected between stages one and two
(Appendix B, Fig. 2B, bracket). At this time point, long stalks were not observed
between the later stages (Appendix B, Fig. 2B, arrowhead), indicating that the length of
fully formed stalks was not altered. Previous studies have indicated that a new egg
chamber pinches off every 24 hours at this temperature (10-12 hours at 25°C; King, 1970;
Margolis and Spradling, 1995). Because long stalks were detected between stages 1 and 2
within 24 hours after induction of AEN, I concluded that constitutively-active Notch acts
during or just before the beginning of the pinching-off event and has no effect on fully
formed stalks. The expression pattern of HS-GAL+ under these conditions indicated that
it induced target gene expression in the follicle cells at regions 2 and 3 of the germarium
(Appendix B, Fig. 1 D-F), the region where pinching-off occurs. Two days after the
induction of constitutively-active Notch, the long stalks had progressed and were present
between stage 2 and 3 egg chambers (Appendix B, Fig. 3B) and after three days, the long
stalk had moved from the germarium region to the region between stages 3-6 in cogenesis

(Appendix B, Fig. 4B). The long stalks detected in the later stages were of the same



average length as those seen earlier, indicating that the final number of cells in these long

stalks was also determined in the germarium (Appendix B, Table 1).

To address whether constitutively-active Notch requires endogenous Notch

to generate long stalks, [ determined the phenotype produced when activated Notch is

expressed in the background of Notch!S. Only the long-stalk phenotype of constitutively-
active Notch was detected in these ovaries (Appendix B, Fig. 2F, bracket). This result
suggests that constitutively-active Notch can act without endogenous Notch. Similar

results have been seen in other systems, such as the nervous system (Struhl et al., 1993)

Long stalk structures are also observed when the FLP-FRT system was
used to drive expression of constitutively-active Notch (Struhl ez a/., 1993). One day after
heat-shock induction of Flipase, long stalk structures were detected (Appendix B, Fig. 2C,
bracket). The long stalks observed one day after heat-shock induction resembled the long
stalks detected after GAL4-induced expression. The penetrance of the phenotvpe was
higher and the stalks were longer (Appendix B, Table 2), however, indicating a stronger
phenotype that could have been due to the different Notch construct or the experimental
procedure. Multiple heat shock inductions of AE.V, in order to avoid the transient nature
of GAL4 expression, resulted in longer stalks that resembled those generated by Nfintra)
(Appendix B, Fig. 2G, bracket). This result indicates that longer stalks can be generated
by longer expression of AEN, and that the stronger phenotype of ANfintra) is most likely

due to the fact that it is expressed persistently.

To examine whether the long stalks generated by N(intra) also progress
through oogenesis, I looked at ovaries at later time points. Two days after heat shock, the
long stalk progressed to between stages 3 and 6, and it was usually followed by a second
long stalk. Six to seven days after heat shock, extremely long stalk structures were
detected (Appendix B, Table 2 and Fig. 2D, bracket), which had presumably continued to

grow for 3 days since the heat shock. Because they were detected at a later time point,
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these extremely long stalks could be due to a stem cell carrying N(intra) under the control
of the actin promoter, leading to progeny that all express constitutively-active Notch. The
lengths of stalks generated in (1) 4E£N (37°C, 30 min or 39°C, 15 min), 2 days after
induction, (2) Mfintra), 1 day after induction, and (3) Nfintra), 6-7 days after induction
suggested that the three treatments constituted a phenotypic series of increasing severity.
These three treatments are referred to as caV (for constitutively-active Notch)-mild, caN-

intermediate, and caN-strong, respectively, throughout the remainder of this chapter.

In addition to varying lengths of stalk structures, the experimental
procedures generated varying cellular morphology within the long stalks. The cellular
morphology of caN-mild stalks resembled that of a wild-type stalk: a single row of
aligned, disc-shaped cells (Appendix B, Fig. 2B, bracket and Fig. 1C, arrow). Cells in the
caN-intermediate and caN-strong stalks were not aligned in a single row; the stalks
appeared much thicker than wild-type stalks, and the cells were organized as several
aligned columns of cells (Appendix B, Fig. 2C and D). This morphology is reminiscent of
the cellular organization observed earlier in the germarium at the time of the pinching-off
event, before the cells have begun to intercalate (Appendix B, Fig. 2A, arrowhead and Fig.

1C, arrowhead).

A STALK CELL FATE MARKER IS EXPRESSED IN CAN=MILD AND CAN-INTERMEDIATE STALKS.

BUT NOT IN CAN-STRONG STALKS

To determine whether more cells had actually taken the fate of stalk cells, [
examined the identity of the cells in the long stalks with 93F, an enhancer trap line that is
expressed in stalk cells (Appendix B, Fig. 3A; Ruohola et al., 1991). Expression of 93F
was analyzed in caN-mild, caN-intermediate, and caN-strong backgrounds. In control
ovaries, all stalk cells were 93F positive (Appendix B, Fig. 3A, brackets). In the case of
caN-mild, some long stalks were detected that consisted entirely of cells expressing the

stalk cell marker (Appendix B, Fig. 3B), consistent with the prediction that more cells
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became stalk cells with expression of caVN. Nevertheless, the majority of the long stalks
(43/54, 80%, Appendix B, Table 1) contained a group of cells that did not express the

stalk cell marker, despite being located in the stalk structures (Appendix B, Fig. 3C).

In caN-intermediate ovarioles, the long stalks also contained more 93F
positive stalk cells than are contained in normal stalks, indicating that additional cells had
taken the fate of stalk cells. Many 93F negative cells, however, were also detected in
these long stalks (Appendix B, Fig. 3D). The number of cells that did not stain with the
stalk cell marker also increased in number from caV-mild to caN-intermediate. Strikingly,
no 93F-positive stalk cells were detected in the extremely long stalks induced by caN-
strong (Appendix B, Fig. 3E, bracket), indicating that none of the cells in these "stalks”
took the fate of stalk cells. Therefore, three different kinds of long stalk-like structures
were generated by the expression of constitutively-active Notch: those which consist
entirely of 93F-positive stalk cells, those which consist of 93F-positive and 93Ff-negative

cells, and those which contain only 93F-negative cells.

A POLAR CELL MARKER IS EXPRESSED IN CAN-VMILD AND CAN-INTERMEDIATE STALKS BUT

NOT IN CAN-STRONG STALKS

To assess the identity of the cells in long stalks that did not stain with the
stalk cell marker, I used a marker for a subpopulation of follicle cells that differentiates at
the time of, or just prior to, stalk formation: the A/0/ enhancer-trap line. This mutation is
a P-element insertion in the neuralized gene and shows a B-galactosidase staining pattern
similar to that seen in an in sifu hybridization using a neuralized cDNA probe. B-
galactosidase activity is first detected in some of the polar cell precursors at the time of
stalk formation. By stage four of oogenesis, its expression is restricted to two anterior

and two posterior polar follicle cells (Appendix B, Fig. 4A; Ruohola et al., 1991).
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In the case of caN-mild, some long stalks were detected that contain no
A101 positive cells (Appendix B, Fig. 4B). Many long stalks were found, however, that
had some 4/0/ positive cells located within the stalk structures (Appendix B, Fig. 4C and
Tables 1, 2). Based on the expressivity of the phenotype and the number of cells that
expressed A/0/, it appears that the cells that express the polar cell marker likely
correspond to those cells in the long stalks that do not express the stalk cell marker.
There was no trend in the position of the A/0/ positive cells in the long stalk. In most
cases the normal number of polar cells was still found in the egg chambers surrounding the
long stalks. However, in a few instances only one of the usual two polar cells was
detected. caN-intermediate stalks exhibited more A/0/ positive cells than caN-mild
mutant stalks (Appendix B, Fig. 4D, bracket). Long stalks in caMN-strong ovaries,
however had no 4/0/ positive cells (Appendix B, Fig. 4D, bracket and Table 2). Based
on the expression of 93F and 4/0/, three different kinds of long stalk-like structures can
be generated by the expression of constitutively-active Notch: those that consist entirely of
stalk cells, those which consist of stalk cells and polar cells, and those which contain

neither of these two cell types.

One possibility for the polar cells located in long stalks is that Notch
function is required both for the initiation of stalk cell fate as well as the maintenance of
this fate. According to this hypothesis, transient expression of constitutively-active Notch,
initiated stalk cell fate in a group that normally should become polar cells. However,
when the transiently expressed Notch was degraded, the cells returned to their normal
fate: polar cells. This scenario is unlikely since polar cells were ndetected in caVN-
intermediate stalks where N(intra) is expressed persistently. This hypothesis also predicts,
in the case of transient expression of constitutively-active Notch, that the longer the time
period after heat shock, the more long stalks with A/0/ positive cells would be detected.

In addition, each long stalk should have more 4/0/ positive cells the further they progress
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through oogenesis. As neither prediction is upheld (Appendix B, Table 1), it seems

unlikely that Notch is required for the maintenance of stalk cell fate.

THE NUMBER OF CELLS EXPRESSING A PRECURSOR MARKER INCREASES IN THE LONG

STALKS AS THE SEVERITY OF THE PHENOTYPE INCREASES

As mentioned previously, I noted a morphology reminiscent of precursor
cells in some of the long stalks. I[n addition, expression of 2 markers for more
differentiated cells, 93F for stalk cells and A/0/ for polar cells, was not detected in the
long stalk-like structures generated by caN-strong (Appendix B, Figs 3E, 4E). To address
whether Notch may inhibit the differentiation of stalk cells, I examined the stalks with a
marker that reflects the differentiation state of stalk cells: Big Brain (Bib) protein. In wild-
type ovaries, Bib is expressed in the follicle cells that are going to intercalate to form a
stalk (Appendix B, Fig. 5B, arrowhead) as well as fully developed stalk cells (Appendix B,
Fig. 5B, arrow). Importantly, the subcellular localization of Bib differs in these two cell
populations. In the precursors, Bib is detected predominantly at the apical tip of the cells
as they constrict (Fig. 5B, arrowhead and inset 1). In the stalk cells that had aligned into a
single row, the apical pattern is lost and Bib is detected along the lateral surface
(Appendix B, Fig. 5B, arrowhead and inset 2). A complementary marker, Fasciclin III
(Fas III) protein, is first detected in all follicle cells in region 2 of the germarium
(Appendix B, Fig. 5A, bracket). Fas III expression begins to be restricted to the polar cell
precursors by region 3 of the germarium, and is fully restricted when the chamber is

completely pinched from the germarium (Appendix B, Fig. 5A, arrows).”

In the long stalks generated by caN-mild and caN-intermediate, more cells
were detected that stained with the Bib precursor pattern and early Fas III pattern than in
wild-type ovaries, indicating that more precursors were present in these ovarioles
(Appendix B, Fig. 5C-F). If these stalks were allowed to develop, however, the cells
matured (or partially matured) to stalk cells or polar cells (Appendix B, Fig. SE,F). In
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caN-strong, more precursors were also detected; nevertheless, these cells did not mature
into stalk cells or polar cells, but stayed in the precursor stage, based on Bib and FasIII
staining (Appendix B, Fig. 5G,H). Thus, the strongest phenotype observed due to

constitutively-active Notch expression was persistence of the Bib-positive precursor stage.

In conclusion, three different classes of long stalk-like structures can be
generated by the expression of constitutively-active Notch: those which consist of too
many stalk cells (I), stalk cells and polar cells (II), or precursor cells (III) (Appendix B.
Figure 7). A transient excess of precursors was also detected in classes I and IL
suggesting that the severity of the phenotype correlates with the length of the precursor

stage, culminating in a complete block at the precursor stage (class III).

To address whether the precursor stage was also affected by the loss of
Notch function, [ stained Notch!S ovaries with Bib and Fas III antibodies. After 25 hours

at the restrictive temperature, no Bib positive cells were detected in Notch’S germaria
(Appendix B, Fig. 5J). This result indicates that no cells are in the precursor stage, either
because they never develop to this stage or because this stage is transient and therefore

not detected.

EXPRESSION OF CONSTITUTIVELY-ACTIVE NOTCH IN FOLLICLE CELLS RESULTS IN A DEFECT

IN THE OOCYTE ANTERIOR-POSTERIOR AXIS

Based on the loss-of-function mutant phenotypes of Notch and Delra, it has
been proposed previously that a signal from the posterior follicle cells is required for
setting the proper A-P axis of the developing oocyte (Ruchola et al., 1991; Clark e al,
1994; Ruohola-Baker et al., 1994). The nature of the signal and the posterior follicle cell
type that may send the signal, are not known. To investigate this question further, [
analyzed how expression of constitutively-active Notch in follicle cells affects the

posterior follicle cells and the anterior-posterior axis of the underlying oocyte.
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In wild-type egg chambers after stage 4, two Fas III positive cells are
detected at the anterior and posterior poles of each egg chamber (Appendix B, Fig. 6A).
After two heat shock inductions of AEN in a one day interval, egg chambers were
observed in which no Fas III positive cells were detected (Appendix B, Fig. 6B-D). These
egg chambers were not separated by a long stalk, indicating that in this case constitutively-
active Notch acts in a cell-fate decision separate from stalk formation. The egg chambers
that lacked Fas III positive cells did not develop further but instead became necrotic.
Therefore, in order to determine the effects that expression of constitutively-active Notch
in the follicle cells have on the underlying oocyte during the later stages of oogenesis, [
expressed constitutively-active Notch either under HS-GAL+ with milder heat shock
conditions [AEN(HS)] or under the enhancer trap line GAL4-109(3)9 [AEN(109)].
Neither of these conditions resulted in detectable follicle cell-fate defects; two Fas III
positive cells were detected at each pole of the egg chambers, and there was no change in
the domain of pointed expression, a posterior follicle cell marker (data not shown;
Morimoto er al., 1996). Nevertheless, [ cannot rule out the possibility that further
differentiation of the posterior follicle cells is defective. The A-P polarity of the oocyte

was examined in these egg chambers using markers employed previously in analysis of

Notch!S (Ruohola et al., 1991). The effects of constitutively-active Notch on embryonic

polarity could not be addressed because development was blocked prior to embryogenesis.

An early marker for anterior-posterior polarity, oskar (osk) mRNA is
localized to the posterior pole of wild-type oocytes at stage 8 (Ephrussi er al., 1991, Kim-
Ha et al., 1991; Appendix B, Fig. 6D) and is essential for development of the abdomen
and formation of the germ-line precursor cells at the posterior pole of the embrvo
(Lehmann and Nusslein-Volhard, 1986; Ephrussi and Lehmann, 1994). Another marker
for A-P polarity, Staufen (Stau) protein is localized to the posterior pole of the oocyte at
stage 8 (Appendix B, Fig. 6G; St Johnston et al, 1991). Whole mount in situ

hybridization with an osk cDNA probe, as well as immunocytochemistry with Stau
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antibody revealed that expression of constitutively-active Notch causes mislocalization of
these posterior components: they are mislocalized in ~80% of AEN(HS) egg chambers
and in ~60% of AEN(109) egg chambers (Appendix B, Table 3). Mislocalization was
either to the center of the oocyte (Appendix B, Fig. 6F,I; Table 3) or to a streak from the
posterior (Appendix B, Fig. 6E.H and Table 3). In addition, expression of activated
Notch underh the control of HS-GAL+ also generated mislocalization of both osk and Stau

in granules throughout the oocyte (Appendix B, Table 3 and data not shown).

bed mRNA was localized to the anterior pole of the oocyte in wild-type
egg chambers (Appendix B, Fig. 6M) and is necessary for the establishment of anterior-
posterior polarity (Niisslein-Volhard et al. 1987, St Johnston et al., 1989; Berleth et al.,
1988). [In situ hybridization indicated that bcd mRNA was localized properly to the
anterior end of the oocyte of AEN(HS) ovaries (data not shown). In 15% (11/73) of the
AEN(109) stage 8 egg chambers, however, bicoid was detected at both the anterior and
posterior poles of the oocyte (Appendix B, Fig. 6N). This phenotype has been detected
previously in Notch, Delta, Protein Kinase A, gurken, torpedo, and cornichon mutants,
and reflects a defect in microtubule organization (Ruohola er al, 1991; Lane and

Kalderon, 1994; Gonzalez-Reyes et al., 1995; Roth et al., 1995).

To analyze whether the microtubular structures of the oocyte were
oriented properly, a strain that expresses a Kinesin-gal fusion protein (Clark et al., 1994)
was crossed to both AEN(HS) and AEN(109). This fusion protein is a reliable marker for
microtubule organization (Clark et al., 1994; Lane and Kalderon, 1994; Gonzalez-Reyes
et al., 1995; Roth et al., 1995; Gillespie and Berg, 1995). In control egg chambers,
Kinesin-pgal localized to the posterior of the oocyte (Appendix B, Fig. 6J), suggesting
that at least a subset of microtubules were oriented with their plus ends directed towards
the posterior. Kinesin-pgal was mislocalized in 89% of AEN(HS) and 81% of AEN(109)

egg chambers (Appendix B, Table 3). These mislocalizations were either to the center of
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the oocyte (Fig. 6L; Table 3), to a posterior streak (Appendix B, Fig. 6K; Table 3), or
throughout the oocyte (Appendix B, Table 3), as described above for other posterior

components.

CONSTITUTIVELY-ACTIVE NOTCH IN THE FOLLICLE CELLS INDUCES PREMATURE OOPLASMIC
STREAMING

The defect in localization of Kinesin-Bgal indicates a defect in the
organization of the microtubules. Another indirect method for analyzing the organization
of the microtubules is to assay whether ooplasmic streaming commences at the correct
time. Ooplasmic streaming is a microtubule dependent process (Gutzeit, 1982). In wild-
type egg chambers at stage 9-10, an anterior to posterior gradient of microtubules is
present in the oocyte. At this stage, no ooplasmic streaming is detected (Appendix B, Figs
60, 7B). A rearrangement of microtubules is observed at stage 10b that results in arrays
of parallel microtubules adjacent to the oocyte cortex that are associated with ooplasmic
streaming (Theurkauf ez al., 1992). Premature ooplasmic streaming was detected at stage
8 in 65% (13/20) of AEN(109) egg chambers (Appendix B, Fig. 6P), suggesting that the
normal gradient of microtubules was replaced by subcortical microtubule bundles. In
controls (/09(3)9 TM3, 15 stage 8 egg chambers analyzed) no continuous circular

swirling movements were detected, only random flushing movements.

DISCUSSION

To better define the mechanism of Notch action, [ have investigated the
effects of expressing constitutively-active Notch in oogenesis. Specifically, I have tested
the hypothesis that Notch functions in follicle cell fate determination and that signaling
from the posterior follicle cells is required for the establishment of the oocyte A-P axis

(Ruohola et al., 1991; Xu et al., 1993).
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[ have shown that at two stages of oogenesis, constitutively-active Notch
induces follicle cell-fate defects that are opposite to those generated by a loss-of-function
allele of Notch: hyperplasia of stalk cells early in oogenesis and a loss of polar cells later.
The most extreme phenotype obtained with constitutively-active Notch was the
persistence of a precursor stage phenotype in the follicle cells required for pinching off the
egg chamber. This observation suggests a novel function for Notch in differentiation of

these follicle cells: holding them in a precursor stage of development.

I have also shown that expression of constitutively-active Notch in the
follicle cells affects localization of the posterior components oskar and Staufen. In
addition, mislocalization of a Kinesin-Bgal fusion protein and premature onset of
cytoplasmic streaming was seen, as well as mislocalization of the anterior component,
bicoid. These phenotypes reflect a defect in the organization of the microtubules within
the oocyte and further implicate information from the follicle cells in regulation of this

organization.

MODELS FOR NOTCH ACTION IN OOGENESIS

Three models for Notch action have been proposed previously: instructive,
permissive, and prohibitive (reviewed in: Greenwald, 1994, Muskavitch, 1994; Artavanis-
Tsakonas, 1995). In the instructive model, Notch directs cells to adopt one of two
alternative fates - a binary cell fate decision (Struhl er a/., 1993; Greenwald, 1994). In the
permissive model Notch makes the cells competent to respond to other inductive signals
(Muskavitch, 1994). In the prohibitive model, Notch maintains cells in an uncommitted
state preventing them from responding to external differentiation signals (Fortini ez a/.,
1993; Coffman et al., 1993; Muskavitch, 1994; Artavanis-Tsakonas, 1995). Therefore, in
both the permissive and prohibitive models, Notch modulates the cells ability to respond to

additional signals.
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My data suggest that Notch is sufficient to keep cells in a specific precursor
stage. This result is most consistent with the prohibitive model, which proposes that
Notch holds cells in an uncommitted state. This fate could correspond to the Bib-positive
precursor stage being retained due to expression of constitutively-active Notch. My data
are also consistent with the binary cell fate decision model if a binary switch is assumed

between precursor fate and a more differentiated cell fate (Greenwald, 1994).

THE ANTERIOR-POSTERIOR AXIS OF THE OOCYTE

The mislocalization of bicoid to both the anterior and posterior ends of the
oocyte and the localization of posterior components to the middle of the oocyte are
phenotypes reminiscent of those seen with ovaries from mutants in Notch, Delta, Protein
Kinase A, torpedo, gurken, and cornichon (reviewed in Rongo and Lehmann, 1996).
During stages 1-6 of oogenesis, a microtubule organizing center (MTOC) is located at the
posterior pole of the oocyte and extends a microtubule network from the oocyte into the
nurse cells. During mid-oogenesis, this cytoskeleton is reorganized so that an anterior to
posterior gradient of microtubules is present in the oocyte, suggesting that the MTOC at
the posterior degenerates and the microtubules are nucleated at the anterior of the oocyte.
It has been postulated that in these mutants (N, DI, PKA, top, grk, cni) the posterior
MTOCs are not properly destroyed, resulting in oocytes with both anterior and posterior
microtubule concentrations (Lane and Kalderon, 1994; Ruohola-Baker et al, 1994). A
mirror image axis duplication results (Ruohola et al., 1991; Lane and Kalderon, 1994,
Gonzalez-Reyes er al., 1995; Roth et al., 1995). One possibility is that mislocalization of
the posterior components as a streak from the posterior is a milder phenotype resulting
from this type of defect in microtubule organization. In egg chambers that express
constitutively-active Notch in the follicle cells, ooplasmic streaming in the oocyte
commences early, beginning around stage 8 of oogenesis. This phenotype is presumably

also a secondary consequence of defects in the microtubule reorganizations.
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One surprising result is that expression of constitutively-active Notch under
the control of either GAL+-109(3)9 or HS-GAL+ (mild heat shock) can lead to defects in
the A-P axis of the oocyte without generating any obvious defects in the fate of the
posterior follicle cells. By analogy to constitutively-active Notch action in the germarium
it is possible, however, that the timing of posterior follicle cell differentiation is altered in
the mutant situation. Isolation of markers specific for different stages of posterior follicle
cell differentiation should shed light on this possibility. It is also possible that the Notch
pathway is closely linked to the signaling pathway from the follicle cells to the oocyte, and
expression of constitutively-active Notch affects sigraling without affecting the fates of
these cells. Further analysis of this subject requires a better understanding of the signaling

pathway from the follicle cells to the oocyte.




Chapter 3: The requirement for Notch signaling in anterior and posterior follicle cells

duning Drosophila cogenesis

INTRODUCTION

In Drosophila melanogaster, the body axes are set up during oogenesis
through a process that involves signaling between the oocyte and the somatic follicle cells
that surround the egg chamber. The proper localization of morphogenetic determinants is
required for establishment of the embryonic anterior-posterior (A-P) axis and depends
upon proper polarization of the oocyte cytoskeleton. Recent data suggest that signaling
from specialized follicle cells at the posterior end of the oocyte is required for this
polarization (reviewed in Anderson, 1995). Thus, the establishment of the oocyte
anterior-posterior axis requires: (1) differentiation of specialized posterior follicle cells, (2)
signaling from these posterior follicle cells to the oocyte, and (3) modulation of the

polarity of the oocyte cytoskeleton upon reception of the signal.

Three signaling pathways are known to be required for proper patterning of
posterior follicle cells: the EGF-receptor pathway, the Notch pathway, and the Hedgehog
(Hh) pathway (Gonzalez-Reyes ez al., 1995; Roth et al., 1995; Ruohola et al., 1991; Xu et
al, 1992; Bender et al., 1993; reviewed in Rongo and Lehmann, 1996; Forbes et al.,
1996). The Egfr pathway transmits inductive information from the oocyte to the follicle
cells, while the Hh and Notch pathways act in communication between different subsets of
the follicle cells. Studies of mutants in the Egfr and Notch pathways have led to the model
that the anterior and posterior groups of follicle cells are initially identical (Rongo and
Lehmann, 1996). These follicle cells are transformed to the posterior fate by Egfr
signaling if they are located adjacent to the oocyte. If and how the Notch and Egfr
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pathways interact in this process is unknown, but several models have been proposed

(Rongo and Lehmann, 1996; see discussion).

Studies with temperature-sensitive alleles of Notch, as well as my work
with constitutively-active Notch, have shown that Notch functions in determining at least
two follicle cell populations: the terminal follicle cells and the stalk cells that separate the
egg chambers from one another. The defects in the terminal follicle cells lead to aberrant
oocyte anterior-posterior axis formation, but I was unable to discern how expression of
constitutively-active Notch leads to these defects. Such an analysis was made difficult by
the necrosis that resulted from expression of constitutively-active Notch in the follicle cells
that surround the oocyte. For this reason, [ carried out further analysis in these cells by
over-expressing the Notch ligand, Delta. Similar phenotypes are generated by over-
expression of Delta, but with less necrosis; [ was therefore able to analyze the follicle cell
defects more thoroughly. My studies with constitutively-active Notch in stalk formation
suggested that the role of Notch signaling was to hold cells in an uncommitted state,
leading me to ask whether Notch plays the same role in the follicle cells surrounding the

oocyte, and which cells require Notch-signaling function.

RESULTS

NOTCH IS REQUIRED FOR ANTERIOR AND POSTERIOR FOLLICLE CELL FATE

Previous studies demonstrated that the Notch pathway is required for
proper establishment of posterior follicle cell fate (Ruohola et al., 1991; Larkin et al.,
1996 - Chapter 2). Because anterior and posterior follicle cells have been shown to be
equivalent in the absence of a posterior-inducing signal (Gonzalez-Reyes et al., 1995;
Roth er al, 1995; Reviewed in Lehmann, 1995; Rongo and Lehmann; 1996), I
investigated whether the Notch pathway is also required for anterior follicle cell fate. To

do this, T analyzed the expression of follicle cell markers specific to anterior fate, the
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enhancer trap lines L3535 and 547, in N* egg chambers at the restrictive temperature. Loss
of Notch function abolished the normal onset of both of these markers at stage 8 in the
anterior terminal cells in 97% (56/58) and 92% (47/51) of egg chambers, respectively
(Appendix C, Fig. 1A-F). Therefore, loss of Notch function results in defective anterior
follicle cells, suggesting that the Notch pathway is also required for anterior follicle cell

fate.

DELTA MUST BE TURNED OFF IN THE POSTERIOR FOLLICLE CELLS AT STAGE 6.

Based on the data presented, Notch acts in both anterior and posterior
follicle cells. There is a difference, however, between Delta expression in anterior and
posterior follicle cells. In wild-type ovarioles, Delta protein is detected in a specific
pattern, as previously determined with antibodies to Delta (Bender et a/., 1993; Appendix
C, Fig. 2). Delta protein is first detected in the germarium, and later accumulates strongly
in the membranes of follicle cells (Appendix C, Fig. 2A). Delta disappears from the
posterior follicle cells beginning around stage 6 of oogenesis (Bender et al, 1993;
Appendix C, Fig. 2B,C). This pattern of expression is consistent with the mRNA
localization pattern detected by whole mount in situ hybridizations with a probe to Delta

mRNA (Ruohola et al., 1991).

To test whether this difference in expression has a functional relevance, an
undergraduate and I prolonged Delta expression in the posterior follicle cells by using a
UAS-Delta construct and the GAL4 line /09 (Appendix C, Fig. 2D,E).then analyzed the
effects on the determination of the posterior follicle cells and establishment of the oocyte
A-P axis. I analyzed posterior cell fate by monitoring the mRNA for a receptor tyrosine
kinase, derailed (drl, Callahan et al., 1995) as a marker for posterior follicle cell
differentiation. In wild type, dr/ mRNA is expressed in posterior follicle cells from the
germarium until about stage 6 of oogenesis (Clegg, N. and Ruohola-Baker, H.,

unpublished; Appendix C, Fig. 3A and Table 1). In the UAS-DI ~; GAL4-109-~ mutant
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egg chambers the posterior dr/ expression was abnormal; dr/ was still detected at stage 8
in UAS-DL -; GAL+-109 - egg chambers (Appendix C, Fig. 3B). Prolonged expression
of drl was also detected in UAS-DI —: HS-GAL4 ~ ovaries, one day after a 25 minute

heat-shock induction at 37° (Appendix C, Table 1). These data indicate that prolonged

expression of Delta induced prolonged expression of dr/ mRNA in posterior follicle cells,
confirming that cessation of Delta expression in the posterior follicle cells is important for

their normal development.

To investigate where and when ectopic Delta must be expressed to prolong
drl expression, I analyzed egg chambers that expressed Delta under the control of the
GAL4-lines ¢709, 107c/, and 462, the help of an undergraduate (Appendix C, Fig. 2).
The expression patterns of these lines was investigated by using them to express UAS-lacZ
and staining with X-gal. GAL+-A462 drives expression in the follicle cells in a cap over the
oocyte, beginning in stage 6. GAL+-c709 results in patchy X-gal expression throughout
the follicle cell layer; expression is slightly later than that of GAL+4-709 in that it does not
begin until early stage 7. GAL+-/07c] drives expression in the border cells and nurse-cell
associated cells. In /07c/, no prolonged dr!/ expression was detected, suggesting that
ectopic Delta expression in anterior follicle cells cannot induce prolonged expression of
drl in posterior follicle cells (data not shown). Prolonged expression of dr/ was also not
detected when UAS-Delta was expressed under the control of ¢709 or 462, suggesting
that Delta expression must begin prior to c¢709 or A62 onset during stage 7. An
alternative possibility is that Notch signaling requires differing levels of.Delta in adjacent
cells (Wilkenson ez al., 1994), and 462 results in uniform expression (Appendix C, Fig.

2G).

To further investigate the defect in the posterior follicle cells, I analyzed an
anterior marker, L53b, that is repressed in the posterior follicle cells by the Egfr pathway.

In addition to normal anterior expression, L5335 was also activated in the follicle cells over
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the oocyte in 34% (26/76; Appendix C, Fig. 4) of stage 10 UAS-DL ~; GAL+4-109 L53b
egg chambers. Therefore, expression of Delta can induce anterior markers in the posterior
follicle cells. This phenotype has been observed previously in mutants that compromise
the activity of the Egfr pathway in posterior follicle cells (Gonzalez-Reyes et al.,1995;
Roth eral 1995, Clegg et al.,1997; Gonzalez-Reyes et al., 1997).

Over-expression of Delta in the posterior follicle cells at stage 6 disturbs
their development, presumably due to over-activation of the Notch pathway. Therefore,
these data suggest that Delta expression is important for control of the Notch pathway. It
is possible that this control could be at the transcriptional level (through a feedback loop)
or by direct activation of the Notch receptor. Recent experiments have indicated that in
some systems the Notch pathway is regulated by a feedback mechanism (reviewed in
Kimble and Simpson, 1997). In an attempt to address this possibility, [ looked at the
expression of Notch protein in UAS-DI ~; GAL4-109 - ovaries. No obvious change in
the protein expression pattern was detected (data not shown). This result suggests that in
the follicle cells surrounding the oocyte, the level of Delta protein is controlling the Notch
pathway through direct activation of the receptor. [ cannot rule out, however, that a
feedback loop generated a transient change in the Notch level which could not be detected

in normal antibody stainings.

PROLONGED EXPRESSION OF DELTA IN POSTERIOR FOLLICLE CELLS GENERATES OOCYTES

WITH TWO ANTERIOR ORGANIZING CENTERS

To address whether the posterior follicle cell defects caused by prolonged
expression of Delta generate defects in the A-P axis of the oocyte, I expressed Delta in the
follicle cells, either under the control of HS-GAL+ or GAL+-109, and then analyzed the
oocyte for localized components. Anterior components, such as bicoid mRNA (bcd,
Berleth er al., 1988; Appendix C, Fig. 5C), were mislocalized to both the anterior and

postenior of the oocyte (Appendix C, Fig. 5D and Table 2), while posterior components,
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oskar mRNA(osk; Ephrussi et al., 1991; Kim-Ha er al., 1991; Appendix C, Fig. 5A) and
Kinesin-Bgal fusion protein (Fig. 5E), were mislocalized to the center of the oocyte
(Appendix C, Fig. 5B,F and Table 2). The normally anterior oocyte nucleus was now
found mislocalized to the posterior (Appendix C, Figure 5B and Table 2). In addition.
premature ooplasmic streaming was detected in some egg chambers (Appendix C, Table
2). Combinations of these phenotypes have been observed previously in Notch, Delta,
Protein Kinase A, gurken, torpedo, cornichon, mago nashi, and maelstrom mutants, as
well as with expression of constitutively-active 'Notch, and reflect a defect in the
microtubule reorganization that takes place in mid-oogenesis (Ruohola ez al., 1991; Lane
and Kalderon, 1994; Gonzalez-Reyes et al., 1995; Roth et al., 1995; Larkin et al., 1996;
Micklem et al., 1997; Newmark er al., 1997; Clegg et al., 1997). In wild type. a
microtubule organizing center (MTOC) was initially localized to the posterior end of the
oocyte by an unknown mechanism. During mid-oogenesis, the MTOC disappears from
the posterior, and microtubules begin to nucleate from the anterior of the oocyte. No
oocyte A-P axis defects were detected in lines that induce Delta expression in the anterior
or lateral follicle cells (/07c1, ¢709) or in the posterior follicle cells later in oogenesis

(462, data not shown).

THE DEFECTS IN THE A-P AXIS OF THE OOCYTE ARE DUE TO DEFECTS IN THE ORGANIZATION
OF THE MICROTUBULES

The defects in the A-P axis of the oocyte observed with constitutively-
active Notch (Larkin et al., 1996), over-expression of Delta, and loss of function alleles of
Notch and Delta (Ruohola er al., 1991; Clark er al., 1994) suggested abnormal
organizations of the microtubule cytoskeleton. To investigate this possibility, I visualized
the microtubules by staining them with an antibody to o-tubulin. To assay the
functionality of the microtubules, the egg chambers were simultaneously stained with
antibodies to Staufen (Stau), another marker for A-P polarity, which is localized to the

posterior pole of the oocyte at stage 8 (St Johnston er al, 1991). Expression of
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constitutively-active Notch, over-expression of Delta, and loss of Notch or Delta led to a
high concentration of microtubules in the posterior of the oocyte (Appendix C, Fig. 6).
Stau was mislocalized to the center of the oocyte where there is a void detected in the
concentration of microtubules. These data suggest retention of the posterior microtubule
organizing center and that the defects in the A-P axis are due to defects in the organization

of the microtubule cytoskeleton.

[n summary, [ conclude that prolonged activation of the Notch pathway
disturbs the posterior follicle cells prior to the stage in which they are competent to signal
to the oocyte, resulting in retention of the posterior microtubule organizing center and

bipolar A-P axis. This result shows that sufficient signaling did not occur prior to stage 6.

ECTOPIC EXPRESSION OF DELTA IN THE GERMARIUM FOLLICLE CELLS GENERATES LONG

STALK-LIKE STRUCTURES

Our previous studies showed that expression of constitutively-active Notch
generates long stalks in the germarium and causes defects in the A-P axis of the oocyte
(Larkin et al., 1996). Since expression of UAS-Delta generates similar phenotypes in the

oocyte, [ looked to see whether it could also generate defects in stalk formation.

To express UAS-D! in the germarium, [ heat shocked UAS-DI: HS-GAL+4
flies and analyzed them two days after the heat shock. Over-expression of Delta in the
germarium lead to the formation of long stalk-like structures in 81% (119/147) of the
ovarioles (Appendix C, Figs 7,8). In contrast to the normal wild-type étalk, which is 6-7
cells long, the average length of the long stalks was ~33 cells. Based on their morphology
and the expression of markers, two classes of long stalks were observed, "intermediate”
(30% of long stalks) and "extreme" (70% of long stalks). The cells in the intermediate
long stalks were aligned as a single row and expressed either the stalk cell marker, 93F

(Appendix C, Fig. 7D; Ruohola ez al., 1991), or the polar cell marker, 470/ (Appendix C,
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Fig. 7F). The extremely long stalks were several follicle cells thick, exhibiting the
morphology of follicle cells that are ready to intercalate to form a stalk in the germarium,
and do not contain differentiated 93F or 4/0/ positive cells (Appendix C, Fig. 8B). Both
classes of long stalks were detected previously with expression of constitutively-active

Notch (Chapter 2; appendix B, Larkin e al. 1996).

THE CELLS IN THE LONG STALK-LIKE STRUCTURES ARE ARRESTED IN A PRECURSOR STAGE

Because the cells in the extremely long stalks did not express the
differentiation markers 93F or A/0/, I analyzed the expression of the precursor markers
Big Brain (Bib; Larkin et al., 1996; Doherty et al. 1997) and Fasciclin ITI (FaslII) proteins
(Appendix C, Fig. 8D,F). In wild-type ovaries, Bib is expressed in the precursors for
polar cells and the follicle cells intercalating to form a stalk, as well as in fully formed
stalks.  Importantly, the subcellular localization of Bib differs in these two cell
populations. In the precursors, Bib is found predominantly in the apical tips of the cells
where they meet as the cells are constricting (Appendix C, Fig. 8E, arrow). In the stalk
cells that have become aligned as a single row, Bib is detected along the lateral surface
(Appendix C, Fig. 8E, bracket). FaslII is detected in all of the follicle cells in region 2 of
the germarium, but is restricted to polar cell precursors by the time the egg chamber leaves
- the germarium (Appendix C, Fig. 8C). In all of the extremely long stalks generated by
over-expression of Delta, Bib was detected in a line along the apical tips of the cells (Fig.
8F), and FaslIII was detected in all of the cells (Appendix C, Fig. 8D), the precursor
patterns for these markers. These data, coupled with the fact that there was no expression
of the differentiation markers, 93F and A/0/, suggest that in the most extreme cases the
cells in the long stalk-like structures were precursors for both the stalk cells and the polar
cells. Recent mosaic analysis has also revealed that stalk cells and polar cells have a
common precursor, separate from the precursors for lateral follicle cells (Tworoger, M,
Bryant, Z., M. K. L., and H. R.-B., submitted). These data indicate that over-expression

of Delta functions similarly to constitutive activation of the Notch receptor, forming long
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stalk-like structures by prolonging the precursor stage. Therefore, expression of the
Notch ligand, Delta, plays a critical role in controlling the activity of the Notch pathway in

oogenesis.

UAS-DELTA ACTS THROUGH THE NOTCH RECEPTOR TO GENERATE LONG STALKS

To confirm that UAS-D! generates long stalks by acting through the Notch
receptor, I analyzed the phenotype generated by over-expression of Delta in a Notch loss-
of-function background. If UAS-Delta acts through the Notch receptor, then no

phenotype due to over-expression of Delta should be detected without functional Norch.

NIS NIS: UAS-DIL HS-GAL+ and control females were heat-shocked to induce Delta

expression and then transferred to the restrictive temperature (See Materials and

Methods). 94% of control VS NS ovaries exhibited a loss of stalks (61/65, Appendix C.
Fig. 9C), while 69% of UAS-DI HS-GAL+ ovaries displayed long stalk-like structures, as
expected (24/35, Appendix C, Fig. 9B). 98% of N'S'N'S; UAS-DI'HS-GAL+ ovaries
displayed the loss of stalk defect (52/53, Appendix C, Fig. 9D), demonstrating that the
over-expression of Delta requires functional Notch protein in order to generate long stalk-

like structures.

DISCUSSION

[ have shown that the Notch pathway is required in the anterior follicle
cells for proper establishment of anterior fate. Moreover, prolonged" activation of the
Notch pathway in the posterior follicle cells leads to defects in the posterior follicle cells,
including ectopic expression of anterior markers. Because over-activation of the Notch
pathway and loss of the Egfr pathway result in the same phenotype - ectopic expression of
anterior markers - it is possible that repression of the Notch pathway in the posterior is

accomplished by the Egfr pathway. In the germarium expression of UAS-Delta generates
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long stalk-like structures similar to those detected with expression of constitutively-active
Notch. and these are formed by a block in the precursor stage. In addition, expression of
UAS-Delta in the absence of Notch function leads to a loss of stalks, indicating that [/4S-

Delta acts through the Notch receptor.

OVER-ACTIVATION OF THE NOTCH PATHWAY DISTURBS THE POSTERIOR FOLLICLE C ELLS

PRIOR TO FOLLICLE CELL TO OOCYTE SIGNALING

In wild-type posterior follicle cells, the derailed staining pattern defines
separate developmental stages. Before stage 6, the posterior follicle cells are derailed
positive. From stage 6 on, derailed expression is no longer detected in the posterior of
the egg chamber. Based on the expression patterns in mutant and wild-type situations,
over-expression of Delta at stage 6 disturbs the posterior follicle cell development and
causes a defect in oocyte A-P axis, presumably due to a defect in the follicle-cell-to-oocyte
signaling. Over-expression of Delta after stage 6 does not affect the oocyte. Signaling
from the follicle cells to the oocyte that is required for the proper oocyte A-P polarity

must therefore occur (or continue to occur) during late stage 6.

THE NOTCHPATHWAY ACTS IN BOTH ANTERIOR AND POSTERIOR FOLLICLE CELLS

My data, in conjunction with previous studies, show that the Notch
pathway is required in both the anterior and posterior follicle cells. An important
difference, however, is that the Notch pathway must be inactivated in the posterior prior
to stage 6. This inactivation involves cessation of Delta expression in the posterior follicle
cells. If Delta is continues to be expressed, posterior markers such as derailed mRNA are
defective, and markers that are usually expressed only in the anterior are inappropriately
expressed in the posterior (347 and L53b). These data are consistent with two models.
In the first model, Notch signaling acts as an inducer. The Notch pathway can induce

anterior fate in both the anterior and posterior follicle cells and must be turned off in the
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posterior before the posterior follicle cells can take their appropriate fate. Both over-
activation of the Notch pathway and loss of the Egfr pathway lead to similar phenotypes -
namely expression of the anterior markers, L3535 and 547, in the posterior follicle cells.

Therefore, a possible model is that the Notch pathway can induce anterior fates in both the

anterior and posterior but is repressed in the posterior by the Egfr pathway.

An alternative interpretation is that, like its function in stalk formation,
Notch signaling maintains the follicle cells around the egg chamber in a precursor stage.
Loss of Notch function results in loss of the anterior markers because the anterior follicle
cells have not yet reached the stage at which these markers are expressed. Prolonged
Notch signaling in the posterior results in prolonged expression of derailed by blocking
posterior follicle cells in the derailed-positive stage. Thus, Notch signaling is required in
both anterior and posterior follicle cells early, then must stop in the posterior follicle cells
around stage 6. The idea that Notch signaling maintains follicle cells in a precursor stage
is attractive in that Notch signaling is not responsible for induction of particular fates
(which is a difficult to idea to reconcile with the pleiotropy of Notch function), and may be

analogous to Notch function in stalk formation.




Chapter 4: Conclusions

The work presented here, in conjunction with that from other laboratories,
has demonstrated a requirement for Notch signaling in three distinct processes in
oogenesis: germ-line mitosis, stalk formation, and determining of the fate of follicle cells
that surround the egg chamber, and therefore oocyte anterior-posterior axis formation.

Additionally, this work has helped define mechanisms of Notch action.

MODELS FOR THE ROLE OF NOTCH ACTION IN OOGENESIS

Three models for Notch action have been proposed previously: instructive,
permissive, and prohibitive (reviewed by Greenwald, 1994; Muskavitch, 1994, Artavanis-
Tsakonas, 1995; Blaumueller and Artavanis-Tsakonas, 1997). In the instructive model,
Notch directs cells to adopt one of two alternative fates - a binary cell fate decision (Struhl
etal., 1993, Greenwald, 1994). In the permissive model Notch makes the cells competent
to respond to inductive signals (Muskavitch, 1994). In the prohibitive model, Notch
maintains cells in an uncommitted state, preventing them from responding to external
differentiation signals (Fortini et al., 1993; Coffman er al., 1993; Muskavitch, 1994,
Artavanis-Tsakonas, 1995). Therefore, in both the permissive and prohibitive models,
Notch modulates the ability of cells to respond to additional signals. My data suggest that
Notch may not always act by one mechanism in every process; the mechanism of Notch
action appears to be context dependent. In Drosophila oogenesis, I have demonstrated
diverse roles for Notch signaling in the three processes [ have investigated. Proposals for

the role of the Notch pathway in each of these processes are discussed below.




GERM-LINE MITOSIS

My work has shown that Notch signaling is required for the control of
germ-line division in Drosophila oogenesis; loss of either of the neurogenic genes Notch
or neuralized results in an extra round of germ-line mitosis. A similar role for the Notch
pathway has been detected in other organisms, including C. elegans where mutations in
the Notch pathway result in defects in germ-line division (Austin and Kimble, 1987;
Kimble and White, 1981). It has been suggested that the function of the Notch pathway in
control of cell division may be distinct from its role in induction or lateral specification
(Go er al, 1998; reviewed by Egan et al., 1998); in the Drosophila wing disc, it was
shown that activation of the Notch receptor induces expression of patterning genes and
strong mitotic activity, but that the effect on cell proliferation was not a consequence of
the upregulation of the patterning genes (Go er al., 1998). In the control of Drosophila
germ-line mitosis, it is possible, however, that Notch signaling is responsible for
determining the fate of the follicle cells that signal to the germ line, or alternatively that
being mitotically active or inactive is a cell-fate determination. This latter idea could
explain how abnormal activation of Notch in mammals has been associated with neoplasias
(reviewed by Gridley, 1997). In these cases, neoplastic cells could be maintained in a

mitotically-active precursor stage by over-activation of the Notch pathway.

STALK FORMATION

My data related to stalk formation suggest that Notch signaling is sufficient
to keep cells in a specific precursor stage. This result is most consistent with the
prohibitive model. This model is particularly attractive because it proposes that Notch
holds cells in an uncommitted state, which could correspond to the Bib-positive precursor
stage being retained due to expression of constitutively-active Notch or over-expression of
Delta. Furthermore, the prohibitive model invokes additional differentiation signals, one

of which could be the recently cloned gene, foucan (Grammont et al., 1997). Toucan is




expressed in the germ line, and germ-line over-expression of Toucan results in long stalks
in which all of the cells express a stalk cell marker. One hypothesis that could explain
these data is that Notch signaling maintains cells in an uncommitted state until they are
induced to differentiate by a signal from the germ line, involving Toucan. This role for
Notch signaling offers one explanation for how Notch signaling could be responsible for
so many cell-fate decisions in so many organisms, being responsible for integration of

other inductive signals.

Other studies utilizing constitutively-activated Notch constructs have also
suggested that Notch signaling functions by maintaining cells in an uncommitted state
(reviewed by Artavanis-Tsakonas ef al., 1995; Egan er al., 1998). In Xenopus, activated
Notch interferes with the differentiation of neural and mesodermal cell lineages (Coffman
et al, 1993). Transplantation experiments had previously shown that ectoderm loses the
ability to respond to induction during gastrulation (Albers, 1987; Servetnick and Grainger,
1991). Coffman et al. (1991) cultured constitutively-active Notch injected ectodermal
tissue in the presence of a potent inducer, Activin A, and isolated tissue before and after
the start of gastrulation. The competence of this tissue to respond to Activin A was
prolonged past the start of gastrulation. The authors suggested that cell determination
was delayed, resulting in prolonged competence. This is consistent with the idea that
Notch-signaling holds cells in an uncommitted state (this state being competent to respond
to inductive signals) and parallels what I have found in Drosophila oogenesis, where the

uncommitted state corresponds to the precursors for the stalk and polar cells.

Similar results have been found in the Drosophila embryo, where
neuroblast segregations occur in temporal waves that are prevented by persistent
expression of constitutively-active Notch (Struhl et a/., 1993). More telling, however, is
the finding that these waves of segregation are delayed, but not prevented, by transient
expression of constitutively-active Notch (Struhl er al., 1993). This result strongly

suggests that Notch signaling holds cells in an uncommitted state and is difficult to
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reconcile with other models for Notch-signaling function, because the cells are only
temporarily prevented from selecting their correct fate. This argues against the idea that
Notch simply controls binary cell fate decisions, unless these decisions are reversible and

do not result in commitment.

Results in Xenopus and the Drosophila with transient expression of
constitutively-active Notch suggest that once Notch signaling activity has abated, cells
may recover and respond to developmental cues; in some cases differentiating properly (as
in Drosophila neurogenesis) and in other cases responding to alternative cues. This type
mus-specification has been found in the Drosophila eye imaginal disc, where transient
expression of activated Notch led cells to ignore normal inductive cues and adopt
alternative fates (Fortini es a/., 1993). Mis-specification such as this explains the "polar
cells" located within the long stalks generated by expression of constitutively active Notch

or over-expression of Delta.

How does Notch signaling maintain cells in an undifferentiated state?
Because the differentiation state of the cell is ultimately defined by the expression of
various genes, such a differentiation delay would most likely be accomplished by
repression of certain genes and the simultaneous induction of others. Indeed, the
cytoplasmic domain of Notch has been hypothesized to act as a molecular scaffold that
promotes the assembly of a transcriptional regulating complex on specific gene promoters
(Egan et al., 1998). Expression of Notch proteins in the nuclei of some cells, both in vitro
and in vivo, has lead to the proposal that nuclear localization of Notch could be related to
the differentiation state of the cell (Fortini e al., 1993, Aster et al., 1994; Kopan et al.,
1994; Ahmad et al., 1995, Zagouras et al., 1995, reviewed by Blaumueller and Artavanis-
Tsakonas, 1997). Here it is thought that terminally differentiated cells express an
"activated" form of Notch, which localizes primarily to the nucleus, and this makes the

cells unresponsive to external ligands.
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THE FOLLICLE CELLS SURROUNDING THE EGG CHAMBER

My data, in conjunction with previous studies, show that the Notch
pathway is required in both the anterior and posterior follicle cells. An important
difference, however, is that the Notch pathway must be inactivated in the posterior prior
to stage 6. This change involves cessation of Delta expression in the posterior follicle
cells. If Delta continues to be expressed, expression of an early posterior marker, derailed
mRNA, is prolonged and markers that are usually expressed only in the anterior are
inappropriately expressed in the posterior. These data are consistent with two models. In
the first model, Notch signaling acts as an inducer. The Notch pathway can induce
anterior fate in both the anterior and posterior follicle cells and must be turned off in the
posterior before the posterior follicle cells can assume their appropriate fate. Both
prolonged activation of the Notch pathway and loss of the Egfr pathway lead to similar
phenotypes - namely expression of the anterior markers, L5356 and 547, in the posterior
follicle cells. Therefore, a possible model is that the Notch pathway can induce anterior
fates in both the anterior and posterior but is repressed in the posterior by the Egfr

pathway.

An alternative interpretation is that, like its function in stalk formation,
Notch signaling maintains the follicle cells around the egg chamber in a precursor stage.
Loss of Notch function results in loss of the anterior markers because the anterior follicle
cells have not yet reached the stage at which these markers are expressed. Prolonged
Notch signaling in the posterior results in prolonged expression of derailed by blocking
posterior follicle cells in the derailed positive stage. Thus, Notch signaling is required in
both anterior and posterior follicle cells early, then must stop in the posterior follicle cells
around stage 6. It is not unusual for the timing of Notch signaling to be regulated or for
the Notch pathway to switch roles. In Drosophila eye development, for example, Notch
signaling is required at one time point to inhibit expression of Atonal, but is responsible for

maintaining its expression at a different time point (Baker and Yu, 1997). It is highly
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possible that the Notch pathway is acting in an analogous manner in oogenesis, carefully
regulating other signals. This model for Notch function is particularly attractive in that
Notch signaling is not responsible for induction of particular fates (which is a difficult to
idea to reconcile with the pleiotropy of Notch function in the development of many
organisms), and it is analogous to the function I have detected for Notch signaling in stalk

formation.

Thus, in Drosophila oogenesis, the Notch pathway acts in several different
manners: to control cell-division, to inhibit cell differentiation, and possibly to induce cell
fates. These studies indicate that Notch signaling can accomplish a wide range of effects

and lend credence to the idea that the role of Notch signaling is context dependent.

INTERACTIONS BETWEEN THE SOMA AND GERM LINE

Another interesting aspect of the three processes investigated here is that
interactions between the soma and germ line are required for each. Interactions between
the somatic and germ cells are a common theme throughout development; such
interactions have been found to be important during oogenesis in many organisms from
flies and worms to mammals (reviewed by Buccione ef a/., 1990; Anderson, 1995; Kimble
and Simpson, 1997). The role of the somatic cell-germ cell interaction in each of the three

processes studied is discussed below.

GERM-LINE DIVISION

My data have shown that Notch signaling is required for the control of
germ-line mitosis. Furthermore, my clonal analysis has shown that neuralized is required
in the germ line, while Notch is required in the follicle cells. These results suggest that
interactions between the germ line and the soma are required for the regulation of germ-

line mitosis. A similar situation has been encountered in C. elegans, where a somatic cell
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called the distal tip cell signals to the neighboring germ line to control of cell-division
(Kimble and White, 1981, reviewed by Kimble and Simpson, 1997). Similarly, Drosophila
spermatogenesis requires punt, a transforming growth factor beta type II receptor, and
schnurri, a transcription factor, in the somatic cyst cells that surround germ cells in order
to restrict germ cell proliferation (Matunis er a/., 1997). Mammalian oogenesis also
requires factors within the surrounding somatic cells to maintain the oocyte in meiotic
arrest (Leibfried and First, 1980; Dekel, 1988; Racowsky and Baldwin, 1989). It is
particularly interesting to note that Notch pathway homologues are involved in this
interaction in C. elegans (Austin and Kimble, 1987, Priess et al., 1987, Greenwald e al.,

1983; Ferguson and Horvitz, 1985).

Because it appears that Neuralized acts upstream of Notch in epistasis
studies (de la Concha et al., 1988, Lieber et al., 1993), this suggests that there is a signal
from the germ line to the soma. Since mutations in either Notch or neuralized result in a
germ-line division defect, there must be a subsequent signal from the soma to the germ
line to govern mitosis.  Alternatively, this is one instance where Neuralized acts

downstream of Notch or is independent of Notch.

STALK FORMATION

My work has shown convincingly that activation of the Notch pathway in
the follicle cells of the germarium leads to a block in the precursor stage - leading to the
formation of long stalk-like structures. More recent work has shown that mutations in the
toucan gene lead to similar phenotypes in the germarium (Grammont ez al., 1997).
Absence of stalks in flies transheterozygous for toucan and either daughterless, Notch, or
Delra suggests that all of these genes participate in the same biological process.
Furthermore, the requirement for toucan in the germ line and Notch and Delta in the
follicle cells implies interactions between the germ line and the somatic follicle cells. One

possible model is that Notch signaling holds the precursor follicle cells in an
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undifferentiated state until Toucan signals them to differentiate. This could be one way
that the germarium could ensure that germ-line cysts do not pinch-off and leave the
germarium until they are at the appropriate stage of development. This could be tested by
over-expressing Toucan in the germ line in a constitutively-active Notch background. One
could then analyze whether Toucan can still generate long stalks that express a stalk cell
marker. If Notch is mediating the Toucan signal, one would expect that the cells would
remain blocked in the precursor stage despite the presence of the Toucan stalk-inducing

signal.

FOLLICLE CELLS SURROUNDING THE EGG CHAMBER

The proper localization of morphogenetic determinants within the oocyte is
required for establishment of the embryonic anterior-posterior (A-P) axis and depends
upon proper polarization of the oocyte cytoskeleton. Recent data suggest that signaling
from specialized follicle cells at the posterior end of the oocyte is required for this
polarization (reviewed by Anderson, 1995). Furthermore, proper establishment of
posterior fate in the posterior follicle cells requires a signal from the oocyte (Gonzalez-
Reyes et al., 1995; Roth er al., 1995). In short, the establishment of the oocyte anterior-
posterior axis requires: (1) a signal from the oocyte to the posterior follicle cells, (2)
differentiation of specialized posterior follicle cells, (3) signaling from these posterior
follicle cells to the oocyte, and (4) modulation of the polarity of the oocyte cytoskeleton
upon reception of the signal. Here, once more, interactions between the soma and germ

line are vital to this process.

It is interesting to note that in the follicle cells surrounding the oocyte, as
with the follicle cells involved in stalk formation, the Notch pathway is required in the
follicle cells and other signaling molecules act in the actual soma/germ line interaction.
This observation seems to contrast with the control of germ-line mitosis, where the Notch

pathway appears to mediate the soma/germ line interaction and is required in both
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(because I have seen that Notch is required in the follicle cells and neuralized is required in
the germ line), once again illustrating that the Notch pathway is context-dependent.
Moreover, it is becoming evident that the somatic cells and germ cells regulate each other
closely and repeatedly during Drosophila oogenesis and that these interactions are
essential for the differentiation of both cell types (reviewed by Anderson, 1995). The
same has been found to be true during the development of many other organisms,
including worms (Kimble and White, 1991, reviewed by Kimble and Simpson, 1997) and
mammals, both during oogenesis and spermatogenesis (Bitgood er al., 1996; reviewed by

Buccione et al., 1990, Eppig, 1991).

INTERPLAY BETWEEN THE EGFR AND NOTCH PATHWAYS IN POSTERIOR
FOLLICLE CELL DEVELOPMENT

One of the major objectives in biology is to elucidate how multiple signals
are integrated by cells. For example, both vulval development in C. elegans and axis
formation in Drosophila oogenesis require the Notch and Egfr pathways for establishment
of specific cell fates (reviewed in Duffy and Perrimon, 1996). But how these pathways are
integrated inside a cell is not yet understood. In Drosophila oogenesis, several models
have been proposed to explain the roles of these two pathways in the specification of
posterior follicle cell fate and signaling (Rongo and Lehmann, 1996). Some models
suggest that the Notch and Egfr pathways act independently, while others suggest that
they interact. I have shown that prolonged expression of Delta results in failure of
posterior follicle cells to receive the Grk signal, because a marker that 1s normally turned
off in response to the Grk signal is not repressed. This result suggests that the pathways
do not act independently because the Notch pathway can interfere with activity of the Egfr
pathway. Our data can be explained is by a repression model in which high Notch activity
is required for establishment of anterior fate and low Notch activity for posterior fate. In

the posterior, the Notch pathway is depressed by the Egfr pathway, resulting in posterior
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follicle cell fate. Prolonged expression of Delta partially overcomes the repression by the
Egfr pathway, leading to the expression of an anterior marker in the posterior of the egg
chamber. An alternate possibility is that prolonged Notch signaling in the posterior
interferes with the proper developmental program in the posterior follicle cells (by
retaining them in a "precursor” stage longer than usual), interfering with their ability to
receive the Egfr signal - thus causing them to resort to the default anterior fate. It is also
possible that both of these ideas are true, that Notch signaling is affecting the precursor

stage, and is required for anterior fate.

IMPLICATIONS FOR FOLLICLE CELL TO OOCYTE SIGNALING

It was previously not known precisely when the follicle cells signal to the
oocyte to establish the anterior-posterior axis. In wild-type posterior follicle cells, the
derailed staining pattern defines separate developmental stages. Before stage 6 the
posterior follicle cells express derailed, then it is turned off Based on the expression
patterns in mutant and wild-type situations, continued expression of Delta at stage 6
disturbs the posterior follicle cell development and causes a defect in oocyte A-P axis,
presumably due to a defect in the follicle-cell-to-oocyte signaling. Continued expression
of Delta after stage 6 does not affect the oocyte. Signaling from the follicle cells to the
oocyte that is required for the proper oocyte A-P polarity must therefore occur (or

continue to occur) during late stage 6.



Chapter 5: Future Directions

This research has furthered our understanding of the Notch signaling
pathway, as well as several processes in Drosophila oogenesis. There are many gaps,
however, to be filled in our comprehension of both. Here I discuss a few of the many

possible experiments.

Our understanding of signal transduction by the Notch signaling cascade
has grown dramatically over the last few years, yet it is apparent that only a fraction of the
factors that participate in the Notch pathway have been uncovered, and we do not
understand a great deal about how the pathway functions. Because of the extensive use of
the Notch pathway during development for cell fate decisions, the characterization of
molecules that interact with Notch have general interest. It would be very informative to
find molecules cooperating with Notch during Drosophila oogenesis, both those already
encountered in other processes and organisms, and new components. How does Notch
signaling achieve such seemingly different effects in cell fate determinations and the
control of germ-line mitosis? Does the Notch pathway function as a signaling "cassette”,
using the same components in all processes? Are there different downstream effectors,
and if so how are they differentially controlled by the same pathway? Many questions
could be answered by detection of other Notch pathway genes. Mutations in many of
these genes would presumably lead to lethality or female sterility. It could therefore be
useful to screen existing female sterile mutant collections for three types of Notch-like
mutant phenotypes: germ-line cysts with more than 16 cells, arrest of oogenesis in the
germarium, and mislocalization of components within the oocyte. The pinching-off defect
in the germarium is easy to detect morphologically, and nuclear staining facilitates
detection of egg chambers with more than the normal complement of germ-line cells.
Anterior-posterior axis defects can be observed by many means, including in situ

hybridization of bicoid or oskar mRNA, immunocytochemistry with antibodies to Staufen,
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or crossing kinesin-lacZ into the mutant lines. Notch-signaling-pathway candidates could
then be tested for interactions with known components, such as Notch or Delta In
addition to new components of the Notch pathway, this type of screen could possibly lead
to other signaling pathways involved in the same processes. Additional screening could be
carried out using the enhancer trap approach (O'Kane and Gehring, 1987) and search for
genes with expression patterns that may suggest they are involved in one of the processes
requiring Notch. This type of screening is useful because enhancer trap collections can
include genes that result in lethality when mutated. The neurogenic genes were originally

found to be involved in oogenesis through just such a screen (Ruohola ez al., 1991).

For the same reasons, it would also be informative, and possibly less time
consuming, to analyze existing Drosophila mutations in components of the Notch
pathway. For example, little is known about neuralized, and further characterization of its
mutant phenotype in processes in which Notch and Delta are known to act, such as stalk
formation and differentiation of the follicle cells surrounding the egg chamber, could shed
light on whether neuralized always functions in Notch signaling events, and its role in
these events. There are several other Drosophila mutations in genes that participate in
Notch signaling, including: bigbrain, deltex, Enhancer of split, groucho, mastermind,
Suppressor of hairless, brainiac, canoe, kuzbanian, scabrous, shaggy, and strawberry
notch (Flybase). Examination of the role (if any) of strawberry Notch in these processes
could prove informative. Flies mutant for of strawberry Notch exhibit phenotypes in those
Notch-dependent processes that involve induction, but not in those that involve lateral
inhibition, leading to the hypothesis that the specificity for inductive versus lateral
signaling may be conferred by activation of Strawberry notch (Majumdar er al., 1997).
This could help discern the role of Notch signaling in the processes that I have discussed.
Studies such as these could aid greatly in analysis of the mechanism of Notch signaling in

oogenesis.



There is still much to be learned about the Notch pathway in the control of
germ-line division, and it is particularly interesting since it appears that Notch may act by a
different mechanism than induction or lateral specification. Moreover, it appears either
that there is a signal from the germ line to the soma and a subsequent a signal from the
soma to the germ line, or that Neuralized is acting downstream of Notch. Careful
dissection of .the components involved in this process and the manner in which they
interact could elucidate whether the Notch pathway is acting by a novel mechanism in the
control of germ-line division in Drosophila (and perhaps other organisms), and how the
soma and germ line interact in this process. To begin with, I would generate marked
Notch clones to determine which follicle cells require the Notch receptor for this process,
to learn which follicle cells interact with the germ line in this process. [ would also
analyze the follicle cells in Notch pathway mutants with different follicle cell markers, such
as markers for the terminal filament cells, the tip cells, or the inner sheath cells, to
determine whether mutations in the Notch pathway result in any cell fate changes as found
in other Notch mutant situations. I would next investigate the requirement for Delta and
Serrate, the two known ligands for Notch in Drosophila development. Preliminary
experiments suggest that Delta is not required in this process. There has been no reported
requirement for Serrate during Drosophila oogenesis, so it could prove worthwhile to
investigate the role of the ligands in this process. We could find either that Serrate is
required during oogenesis, or alternatively that some other ligand is involved in this
process. One could also investigate whether Delta and Serrate are redundant during
oogenesis. In addition, determination of which cells require the ligand, germ line or

somatic follicle cells, could help determine the direction that the pathway is signaling.

It is interesting that over-expression of the ligand can generate the same
phenotype as expression of constitutively-active Notch in formation of the stalk. Is the
ligand the limiting factor in stalk formation, or is Delta affecting the expression of Notch

protein through a feedback loop - as has been suggested by other studies (Heitzler and
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Simpson, 1991; Huppert er al., 1997)? [ was unable to determine with antibody stainings
whether over-expression of Delta was generating a change in the expression of Notch. It
may be possible to detect a difference in the level of Notch expression in a Western blor,

particularly if only the early stages of oogenesis are tested.

One of the issues remaining in cell signaling and pattern formation is how
different signaling pathways involved in specification events interact and if so to what
level. There is interest in the interplay between the Notch and Egfr pathways since both
are involved in so many specification events and are highly conserved (reviewed by Duffy
and Perrimon, 1996). Both pathways are required in Drosophila oogenesis for
specification of follicle cells and establishment of the oocyte anterior-posterior axis. Our
studies with the Notch pathway have suggested two possible models for how the two
pathways interact in these follicle cells. In the first model, Notch signaling is required for
anterior fate and is repressed in the posterior follicle cells by the Egfr pathway, resulting in
posterior fate. The second model suggests that prolonged Notch signaling in the posterior
interferes with the proper developmental program in the posterior follicle cells (by
retaining them in a "precursor” stage longer than usual), interfering with their ability to
receive the Egfr signal - thus causing them to resort to the default anterior fate.
Differentiating between these two models would not only shed light on the determination
of follicle cells fates required for polarity of the oocyte but could possibly indicate a
general mechanism for the interaction of these two pathways. Given the ease of genetic

manipulations in Drosophila, it seems simplest to test this interaction genetically.

In the early stages of oogenesis, a microtubule organizing center (MTOC)
is located in the posterior end of the oocyte and extends microtubules into the nurse cells.
Later in oogenesis, the MTOC disappears from the posterior and microtubules begin to
nucleate from the anterior of the oocyte. In mutants in which there is a defect in the
patterning of the posterior follicle cells, MTOCs are detected at both the anterior and

posterior ends of the oocyte. It is currently unknown whether a signal from the posterior
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follicle cells is required in the oocyte to stabilize the posterior MTOC until stage 6-7, or
destabilize the MTOC after stage 6-7. Future experiments could investigate whether the
signal is involved in stabilization or destabilization. This type of analysis might prove
difficult in Notch or Delta mutants. If the role of the Notch pathway is indeed the same in
the later stages of oogenesis as it is during stalk formation, the defects in the anterior-
posterior axis would most likely be the result of retaining the posterior follicle cells in an
early stage of differentiation. If the signal from the follicle cells stabilizes MTOCs and
must cease for the posterior MTOC to disintegrate, the immature cells may continue to
signal, resulting in retention of the posteior MTOC. If the signal is primarily
destabilizing, the cells may not be mature enough to signal and the posterior MTOC would
once again be retained. Mutants that generate ectopic polar cells afford an excellent way
to distinguish between these two models; ectopic expression of either hedgehog or
neuralized results in ectopic polar cells. Double staining, with antibodies to Fasciclin III
and Tubulin, could be carried out in these egg chambers. Fasciclin IIT antibody specifically
recognizes polar cells, while tubulin recognizes microtubules, primarily recognizing high
concentrations: the MTOCs. If the signal from the follicle cells is involved in
destabilization of the MTOC, then one would predict microtubule deficits abutting the
ectopic polar cells, while if the signal is involved in stabilization of the MTOC,
microtubular concentrations are expected. Preliminary experiments suggest that there are

high concentrations of microtubules abutting ectopic polar cells.
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APPENDIX A: Materials and Methods

STOCKS

Drosophila melanogaster stocks were raised on standard cornmeal-yeast-

agar medium at 25°C or at 18°C. The following fly strains were used: Oregon R, w-,
GAL+4(11241) FM6, GAL+ 109(3)9 (generated in the Jan laboratory), HS-GAL+ CyO,
UASlacZ CyO, UASlacZ FM6 (Brand and Perrimon, 1993), UAStau-GFP(5.8) on the
second chromosome (Brand, 1995), 93F TM3 (Ruohola et al., 1991), KL503 TM3 (Clark
etal., 1994), A101 TM3 (Bier et al., 1989), UASAEN-lines: B33c-3 TM3, B2a-2 CyO and
B2a-3 TM3 (for details of the construct see Fuerstenberg and Giniger, in preparation),
Act3C>y™ >Notch(intra)=2 and#3 (=N(intra)) and a line carrying P/ry~ hsp70-flp] on
the X-chromosome (generous gifts from Gary Struhl, Struhl er al., 1993), GAL4-107c/
generated in the Jan laboratory), GAL+4-A62 (Gustafson and Boulianne, 1995), GAL+-
c709 (a gift from L. Manseau), w-NotchtS!, DeltaVial DeltabB37 [ 536 (Gonzalez-Reyes
et al., 1995), UAS-Delta’0 CyO, UAS-Delta’3 FM6 (a gift from E. Giniger; Doherty er
al., 1996), 547, BB127 (Roth et al., 1995), nex™ TM3, new®®*- TM3 (L. and Y. Jan), yw;
P[ry". hs-neo, FRTJ*®, neu™ TM3, yw; Pfry", hs-neo, FRTJ**%, neu®’ TM3, yw; P[ry",
hs-neo, FRIJ*2, ovo®'3R‘TM3, P[ry", hs-neo, FRTP*®, wbulinFRTlacZ” TM3
(Harrison and Perrimon, 1993), AsFLP?®:FM7, new™*' T3 (generated in the Jan lab),
XX: y w f ovo®'v Plry", hs-neo, FRT]'"'w"; FLP® FLP* wN***"' P[ry", hs-neo,
FRT]""'w FM6y w ct B/ wY (), y w v P[ry", hs-neo, FRT]'", bam™°TM3 (McKearin
and Ohlstein, 1995).
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HEAT SHOCK TREATMENT

To induce constitutively-active Notch expression from the UASAEN
construct, UASAEN(33c-3) was crossed to HS-GAL+, progeny were raised at 18°C and
heat shocked to induce expression of GAL4 by the hsp70-promoter. For adult heat
shocks, glass vials containing 3-4 day old HS-GAL4 ~;UASAEN(33c-3) ‘- animals were
incubated in a 39°C water bath for 15 minutes (or 37°C for 30 minutes). After heat

shocks, the animals were returned to 18°C for the appropriate times.

To induce expression of the intracellular form of N (Nintra), a

FRT>y™>FRT cassette was excised between an actin promoter and the Nfintraj construct
by heat shock induced expression of the flipase gene from the hsp70 promoter. To
achieve this, Ni*2 Ni¥2;Ni=3 Ni*3 was crossed to the hsp70flp- hsp70flp animals and the
progeny were raised at 25°C. The progeny were heat shocked at 37°C for 30 min (adults)
or at 39°C for one hour (late pupae). After heat shocks the animals were returned to 25°C
for the appropriate times. Both adult and pupae-heat shock paradigms will result in a
caN-intermediate phenotype at early time points (1-2 days) and a caN-strong phenotype

at late time points (6-7 days).

To induce Delta expression from the UAS-Delta construct, UAS-DI33 was
crossed to HS-GAL+ and progeny were raised at 25°C and heat shocked to induce
expression of GAL4 by the hsp70-promoter. To generate long stalks, glass vials
containing 1-2 day old UAS-Delta’3: HS-GAL+ animals were incubated in a 37°C water
bath for 15 minutes on day one, 15 minutes on day two, and dissected on day three or day
four. A higher percentage of extreme long stalks (70% as compared to 22%, Fig. 8) was
generated by dissecting on day four. To generate defects in the A-P axis, flies were

incubated in a 37°C water bath for 25 minutes, and dissected the next day.
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To test whether over-expression of other proteins using the GAL4/UAS
system with our protocols leads to the formation of long stalks, we analyzed ovarioles
over-expressing Pointed P2 or Derailed using the same GAL4-system and heatshock

conditions. Over-expression of these proteins does not generate long stalk-like structures.

IMMUNOCYTOCHEMISTRY, /N S/TU HYBRIDIZATION AND OTHER STAINING
PROCEDURES

Immunocytochemistry, in situ hybridization, and X-Gal staining procedures
were performed as described earlier (Ruohola et al., 1991), with the following minor
modifications. For immunocytochemistry and in situ hybridizations the ovaries were
dissected in PBS, fixed for one hour in 4% paraformaldehyde/PBS/0.1% DMSO,
dehydrated and stored at -20°C. For X-Gal staining the ovaries were dissected in PBS,
fixed in 2% glutaraldehyde/PBS for 5-7 min, rinsed with PBS and incubated in 0.2% X-
Gal solution in Fe/NaP buffer at 37°C overnight. Samples were washed in PBS, fixed for

20 minutes in 4% paraformaldehyde/PBS, and mounted in glycerol.

The antibodies used in this study were Mab22C10 (Zipursky e al., 1984),
anti-Fasciclin III (1:15 dilution, Ruohola et al., 1991), anti-65F (1:4000 dilution), anti-
Big Brain (1:1500; D. Doherty, 1995, thesis, UCSF and Doherty et al., 1997), anti-Notch
(intracellular domain, 1:1000), anti-a—tubulin (1:250), anti-Delta (1:3000; Bender et al.,
1993), and anti-Staufen (1:3000; St Johnston et al., 1991 a gift from Daniel St Johnston).
The DNA plasmids used for in situ hybridization probes were pGEM3bcd (Driever et al.,
1990), BSK-derailed (Callahan et al., 1995), and BSKS-osk (Ephrussi et al., 1991).
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PHALLOIDIN/PROPIDIUM IODIDE STAINING

Ovaries were dissected into 1X PBS. They were then fixed in 4%
paraformaldehyde/PBS for 20 minutes to one hour. After going through an ethanol series.
ovaries were frozen at -20°C until ready to use. Ethanol was replaced with 1X PBS, and
then phalloidin-flourescein was added at 1:40, and incubated overnight at 4°C. Ovaries
were then washed 3X in PBT, then RNase A was added at 0.5 mg/ml for 30 minutes at
room temperature. After 3 washes with PBT at 5 minutes each, propidium iodide was
added at | pg/ml for 10 minutes. Ovaries were then washed 3X, 5 minutes with PBS and

mounted in 70% glycerol.

UAS-DELTA WITH LOSS OF NOTCH FUNCTION

To examine the effects of AS-Delta expression in a loss of Notch function

background, the flies (NS NIS;UAS-DI?0-HS-GAL+ ) were heatshocked at 39°C for 15
minutes, allowed to recover at room temperature for thirty minutes, placed at 32°C for 16

hours, and allowed to develop at room temperature for 32 hours before dissection.

MICROTUBULE/STAUFEN IMMUNOCYTOCHEMISTRY

Ovaries were dissected in 1xRobbs and then transferred immediately to
100% methanol (room temperature). To fix the ovaries, methanol was exchanged for -
20°C methanol and the samples were kept at -20°C for 10 minutes. QOvaries were rinsed
twice with Phosphate Buffered Saline (PBS) and incubated in PBS with 1% saponin at
room temperature for 2 hours. After a wash in PBSS (PBS and 0.1% saponin) the
samples were incubated with anti-a-tubulin (1:250, Sigma) and anti-Staufen (1:3000) in
PBSS for 48 hours at 4°C. After rinsing 3X 15min with PBS, the samples were incubated

with Texas Red goat anti-mouse and FITC BODIPY goat anti-rabbit secondary antibodies
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(each at 1:200; Molecular Probes) in PBSS overnight at 4°C. After rinsing 4X 15 minutes

in PBSS, the samples were mounted in glycerol with 2% N-propyl gallate.

CUTICLE PREPARATION

Embryo cuticles were prepared by washing them thoroughly with water,
then placing them in 50% bleach for 3 minutes. Bleach was removed by washing several
times with a solution of 0.8% NaCl, 0.1% Triton X-100. Embryos were then transferred
to a tube containing 700 ul of PEMFA (100mM Pipes [pH 6.5], 2 mM EGTA, 5 mM
MgSO*, 1% formaldehyde) and 700 pl of heptane and rotated for 30 minutes at room
temperature. The lower phase was removed, 700 ul of methanol was added, and the
mixture was vortexed for 15 seconds. The overlying liquid was then removed, and the
embryos were washed 3 times with 700 ul methanol. The methanol was replaced with 4:1
acetic acid:glycerol, and the tube was incubated at 65°C o/n. The solution was then
diluted 1:1 with Hoyer's mountant, transferred to a microscope slide, covered with a cover
slip, and left on a warming tray o/n. Alternatively, embryo cuticles were prepared without
devitellization. They were prepared by cleaning them thoroughly with water, placing them

on a slide with 1:1 Hoyer's : lactic acid and incubating at 65°C o/n.

WESTERN BLOT ANALYSIS

The ovary samples were prepared as described earlier (Markussen et al.,
1995) and run on 7% SDS-PAGE gels with 3.5% stacking gels. Proteins were
transferred to a 0.45um Protran nitrocellulose membrane (Schleicher and Schuell) and
probed with polyclonal antibody to the intracellular domain of Notch (1:3000 dilution).
Antibodies were visualized by chemiluminescence using a goat-anti-rabbit Ig(H+L)
secondary antibody conjugated to alkaline phosphatase and detecting with the

chemiluminescent substrate, Lumigen PPD (Boehringer Mannheim).




MICROSCOPY

Microscopy was performed on a Leitz DMRB with Nomarski differential
interference contrast. Confocal images were collected using the MRC 600 laser scanning
confocal microscope system (Bio-Rad Microsciences Division) using the 488 and 568

wavelengths of a krypton argon laser.

CYTOPLASMIC STREAMING ASSAYS

Bulk cytoplasmic movements within living oocytes were assayed as
follows: Adult females of genotype B2A43/109(3)9 were transferred to a slide and covered
with halocarbon oil (700). Ovaries were removed, and dissected into separate ovarioles
under oil. The slide was then transferred to a confocal microscope and yolk granules were
imaged using the fluorescein filter set. Single frame images were collected in 10 second
intervals for 100 seconds (10 images total). Time lapse images were created by projecting
the time series into a single image. For the time-lapse video microscopy the egg chambers
were viewed on a Leitz DMRB microscope with Nomarski optics and recorded with a
AIMS CV-252 CCD camera, a Boeckeler IMG-100 image processor and a Mitsubishi
HS-S5600U time lapse video recorder at the rate of one frame every 8 seconds. To
analyze the streaming movement the images were projected on a screen (Sony PVM-135)

at 30 frames per second (240x).




APPENDIX B: Expression of Constitutively-active Notch Arrests Follicle Cells at a
Precursor Stage During Drosophila Oogenesis and Disrupts the Anterior-Posterior Axis

of the Oocyte.
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SUMMARY

During early development, there are numerous instances
where a bipotent progenitor divides to give rise to two
progeny cells with different fates. The .Votch pene of
Drosophila and its homologues in other metazoans have
been implicated in many of these cell fate decisions. It has
been argued (hat the role of Notch in such instances may
be to maintain cells in a precursor state susceptible to
specific differentiating signals. This has been difficult to
prove, however, due to a lack of definitive markers for
precursor identity. We here perform molecular and mor-
phological analyses of the roles of Notch in ovarian follicle
cells during Drosophila oogenesis. These studies show

directly that constitutively active Notch arrests cells at a
precursor stage, while the loss of Notch function eliminates
this stage. Expression of moderate levels of activated Notch
leads to partial transformation of cell fates. as found in
other systems. and we show that this milder phenotype cor-
relates with a prolonged. but still (ransient. precursor
stage. We also find that expression of constitutively active
Notch in follicle cells at later stages leads to a defect in the
anterior-pasterior axis of the oocyte.

Key words: constitutively active Notch. precursor, cell fate,
oogenesis, axis, Drosophila

INTRODUCTION

In Drasophila, the establishment of both the antenor-posterior
(A-Py and dorsal-ventral (D-V) body axes takes place durning
nogenesis. The establishment of this polanity requires signaling
hetween the oncyvte and the somatic follicle cell layer that
surrounds it. In particular, the asymmetric localization of mor-
phogens 1n the nocyvte depends on interactions between the
oocyte and subpopulations of specialized follicle cells. The dis-
crimination of cell types among the somatic follicle cells 1s
thus a committed event leading to the specification of
embryonic polarnity

The follicle cell subpopulation that 1s necessary for estab-
hishment of the A-P axis s the posterior follicle ceil group
(Ruohola et al.. [991: Gonzalez-Reyes et ai, 1995; Roth et al .
1995: reviewed 1n Rongo and Lehman. 1996). Recent experi-
ments have shown that signaling from the postenor follicle
cells 1s required for polarizanon of the oocyte microtubule
cvtoskeleton (Clark et al . 1994, Lane and Kalderon, 1994)
Polarszation of this cytoskeleton 1s necessary for proper focal-
1zaton of antenior and postenor morphogens (Pocrywka and
Stephenson. 1991, Clark et al.. 1994; Lane and Kalderon,
19941 1v1s therefore important to determine how the posterior
follicle cells are defined.

Three signaling pathways are known to be required for
differentiation of subgroups of follicle cells: the EGF receptor
pathway, the Notch pathway and the Hedgehog pathway
tGonzalez-Reves et al.. 1995, Roth et al.. 1995; Ruohola et al..
1991: reviewed 1n Rongo and Lehman, 1996; Forbes et al..
1996). The EGF receptor pathway transmuts inductive infor-
maton from the oocyte to the follicle cells. while the
Hedgehog and Notch pathways act in commumcation among
the follicle cells. Notch functions in determining two follicle
cell populations: the postenior foilicle cells and the stalk cells
which separate the egg chambers from ane another and from
the germarium. the structure in which the germ-line divisions
take place. In Notch loss-of-function mutants, both expansion
of the postenior follicle cell field and loss of stalk cells are
detected. The expansion of the postenior follicle cell field cor-
relates with a defect in the establishment of the A-P polanty
of the oocyte.

Despite the wealth of information about the loss-of-fuaction
phenotype of Notch in vogenesis, the precise role of Notch
activity remains obscure. Notch 1s 2 transmembrane receptor
which functions in a wide variety of cell fate specification
events in multiple species. The mechanism by which Notch
signaling mediates these cell fate choices 1s under nvestiga-
tion. We have addressed this question by studying the effects
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produced by activation of Notch function in follicle celis
during vogencsis. For this purpose. we have taken advantage
of Notch derivatives that uncouple itracellular signal trans-
duction from hgand binding. Specificallv, recent studies have
shown that a fragment of Notch lacking the extracellular
domain is constitutively active. regardless of the presence or
ahsence of ligand. Persistent or transient ubiquitous expression
of activated Noteh m Drosopliles cagses an overproduction of
epadernis at the expense of newral structures (Licher ¢ al.,
1993, Rebay et al. 1993, Struhl er al.. 1993}, a phenotype
opposite 1o that seen with the loss-of-function allele of Notch
(Poulson, 1940 Lehmann et al. 1983: Hartenstein and
Posakony. 1990. Henzier and Simpson. 1991} Activated
Notch causes defects in developmental processes in C. elegans
(Rochl and Kimble, 1993), Xenopus (Coffman et al.. 1993),
chicken (Austin et al., 1995) and humans (Ellisen ct al.. 1991,
as well as Drosophila eye development (Foruni et al.. 1993).
Absence or delay of normal differentiation in some of these
cases has led to the proposal that ongoing Notch activity
prevents competent cells from undergoing differentiation in
vivo. However, this has been hard to prove due to the lack of
defimtive molecular markers for the precursor stage.

Here we show directly by molecular and morphological
markers that. in early oogenesis. constitutively active Notch
arrests follicle cells in a specitic precursor stage blocking the
development ot both stalk cells and polar cells. Loss of Notch
function climimates this preenrsor stage. In a later stage of
oogenesis. activation of Notch n tollicle cells leads to aberrant
anterior-posterior axes formation.

MATERIALS AND METHODS

Stocks

Drasopiila melanogaster stockhs were rmsed on standard cornmeal-
veast-agar medim at 25°C or at 187C. The following fiy strans were
used Oregon Row . GALITI2ALVEMS, GALS 109119 (generated
m  the Jan  laboratory).  HS-GALY/CVO.  UASLacZ/CvO,
VASLacZ/FM6 (Brand and Permimon, 1993), UAStau-GFP(5.8) on the
second chromosome (Brand. 19951, 93F/TM 3 (Ruohola et al., 1991),
KLSOI/TM (Clark et al , 1994), ATOI/TMS (Bier et al.. 1989), {/AS-
AEN tinest B30 /TM3. B2a-2/0%0) and B2a-3/TM3 (for details of
the construct see  Fuerstenberg and Gimiger, in preparation),
ASCo>v >Notehmira 142 and#3 (=Ntntra)) and a line carrying
Pirv* hsp70-fip] on the X-chromosome (generous pifts from Gary
Steuhl: Struhl et al., 1963)

To construct UASAEN lines, AEN was placed immedhately down-
stream of the GALS upstream activating sequence (1/AS. Brand and
Permmon, 1993) and introduced into flies using P-element-mediated
transformation. To venfy that JEV acts simtlarly 10 other published
extracellular deletion constructs, we imvestigated the effect of AFN
cxpresston in neurogenesss EASIEN was crossed 1o a tine that expresses
GALY protein in embry omic eprdermus (GAL4 1120 The embryos from
this cross were stamned with mAb22CHO antubods 10 visualize the
nearons (Ziparsky et ol . 19841, Fewer neurons were detected in AEV
embryos than i control embryos (compare Fig 1B 0 1A) Since the
phenotype of loss-of -function N mutations s hyperplasia of neurons,
AEN behaves as expected for a gam-of-function mutation in neurogen-
esis. Western hlothing analvsis showed that this construct produced a
tnncated form of Notch in ovanes (data not shown)

Heat-shock treatment
To induce constiutively active Notch expression from the UASAEN
construct, UASAEN(I3c-3) was crossed 10 HS-GALS, progeny were
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rarsed at 18°C and heat shocked to induce expression of GAILS by the
hsp70-promoter For adult heat shocks, glass vials contanmmg -4 day
old HS-GALI/+ UASAEN(33c- 1+ amimals were incubated in 2 39°C
water bath for 15 minutes (or 37°C for 3} minutes) After heat shocks,
the animals were returned to 18°C for the appropriate times

To induce expresston of the mtracellular form of N (Muntrai, s
FRT>y “>FRT cassette was excised between an actin promoter and
the Nfmtra) construct by heat-shock -induced expression of the flipase
pene (o the hsp7 promoter To achieve this, N#3/N2T NTNA2!
wars cronsed o the np 70flpdnp 70flp aninrats aned the [Ogeny were
rassed at 25°C The progeny were heat shocked at 37°C far 30 minutes
(adults) or at 39°C for I hour tlate pupac) After heat shocks the
ammals were returned to 25°C for the appropniate imes Buth adult
and pupal heat-shock paradigms will result i a caN-intermediate
phenotype at early ume points (1-2 days) and a caN-strong phenotype
at late time potnts (6-7 days).

Immunocytochemistry, in situ hybridization and other
staining procedures
Immunocytochemstry. in situ hybndization and X-Gal-stunming pro-
cedures were performed as descnibed earlier (Ruohola et al . 1991),
with the following minor modifications For immunocytochermistry
and n situ hybridizations. the ovaries were dissected 1n PBS. fixed
for [ hour in 4% pamaformaldehyde/PBS/M. 1% DMSO. dehydrated
and stored at -20°C. For X-Gal staming. the avarnes were dissected
in PBS. fixed in 2% glutaraldehyde/PBS for 5-7 munutes. nnsed with
PBS and incubated in 0 2% X-Gal solution i Fe/NaP buffer at 37°C
overnight. Samples were washed 1n PBS, fixed for 20 munutes n 47
paraformaldehyde/PBS and mounted 1 glycerol

The anubodies used in this study were mAb22C10 Zipursky et al .
1984y, anu-Fasciclin [11 (115 dilution, Ruohola et alf . 1991), ant-65F
(1°4000 diluton). anti-Big Brain (1:1500; D. Doherty and Y N Jan.
personal communication), anti-Notch /intracellular domarn, 1 1000)
and antr-Staufen (1:3000: St Johnston et al . 1991 a gift from Daniet
St Johnston). The DNA plasmids used for in suw hy bndization probes
were pGEM3bed (Dniever et al . 1990} and BSKS-ash tEphrusss et
al.. 1991).

Western blot analysis

The ovary samples were prepared as described earlier (Markussen et
at . 1995) and run on 7% SDS-PAGE gels with 1 5% stacking gels.
Proteins were transferred to a 045 pm Protran nitrocellulose
membrane (Schleicher and Schuel) and probed with polvclonal
antihody to the intraceilular domain of Notch (13000 dilution) Anti-
bodies were visualized by chemiluminescence using a goat anti-rabbat
IgtH+L) secondary antibody conjugated to alkaline phosphatase and
the chemiluminescent  substrate.  Lumuigen PPD (Boehnnger
Mannheim).

Microscopy

Microscopy was performed on a Leitz DMRB with Nomarsks differ-
ennal iterference contrast. Confocal images were collected using the
MRC 600 laser scanning confocal microscope system  (Bio-Rad
Microsciences Division) using the 488 and S68 wavelengths of a
krypton argon laser

Cytoplasmic streaming assays

Bulk cytoptasmic movements within living vocytes were assaved as
follows: adult females of genotype B2A /109 119 were transferred to
a slide and covered with halocarbon oil (700} Ovanes were remosed
and dissected into separate ovanoles under oil. The shide was then
transferred to a confocal microscope and yolk granules were imaged
using the fluorescein filter set. Single frame images were collected in
10 second intervals for 100 seconds (10 images total). Time-lapse
images were created by progecting the time senes into a single image.
For the time-lapse videomicroscopy, the egg chambers were viewed
on a Leitz DMRB mucrascope with Nomarski optics and recorded



with o AIMS CV 252 CCD camera. o
Boecheler IMG- 100 image prcessor and a
Mitsubishe HS-SS600U ume lapse video-
reconder at the mte of once trame eserny N
sonids - Too unalvze  the streamung
movement. the mages were projecied on g
sreen (Somy PYM-133) a0 30 trames per
sevond 230

RESULTS

Constitutively active Notch
constructs and experimental
design

Two constructs of Nowc eV were used
n these stidies m onder (o express con-
stitutively active N cither pervistently
ur o transientdy: Nomtra) and AEN.
Nuntra) consists of the intracellufar
domain of N, separated from an actin
promoter by a cassette which 15 sur-
rounded by two Flipase recognition
target (FRT)Y sites and contains a stop
codon. Flies carrving this construct
were crossed o tlies carrvang lipase
tlpy  downstream  of  an hap70)
promoter. Progeny were heat shocked.
resulting in a pulse of lp expression
which excises the cassette and alfows
Nantra) to be expressed under the
control o the actin promoter (for
detnls e Expenmmental Procedure
and Strubl etal. 1993 This construct
has been shown o act like a wain-ot-
function mutation of N iStruhl ot al..
1993,

AEN expression under the control ot
GAL4 upstream activating sequence
(UAS. Brand and Permimon.  J904)
leads 0 production of 2 proten
fragment comprising the fast tour
amine acids  of the  extraceilular
doman of Notch. the transmembrane
domain. and the anuno-terminal halt ot
the intracelulur domamn, including the
Suthh nteracting doman and  the
CDC10/ankynin repeils Thes
construct s expected o behave as a
constitutively  active form of Notch
bused on carlier studtes (Lyman and
Young. 1993 Coftman ¢t al. 1993;
Fortimi et al.. 1993, Licher et al., 1993,
Rebay et al.. 1993: Struhl et al., (993;
Ruchl and Kinble, 1993 Kopan ct al..
19961, and this has been sentied by
analy 2ing its phenotype i embnonie
neurogenesis (Fig, 1A B).

Funcuonally . the sigmiicant ditter-
ence between AN and Nonrrad s that
eaision ol the FRT cassette from
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Activated Notch arrests cells at a precursor stage 3641

Fig. L oA B L AN AENorch construct behaves as a gan-of-lunciion mutiiion 1n neurogeneses
The embryonic neurons are visuatized by mAb22C 10 antsbaeds staining 10 ( A control
G2 = or vy and (B) mutant GALS L I2W + or s 1 UASIENI 33031/ + embryos. Fewer
neurons are detected in the embryos expressing AEN due to GAL4S expression i embryone
eprdertins by the GAL-tine £12.4 than in the controt embryos indicative of an ant-
neurogente phenoty pe.1Cr Developmental seyuence of aogenests diagram ol an adult wild-
bype ovantole Drenaphila oogenesis s divded into 14 stages tstages 7N and 9 indicated)
The anteriog - nint structure, the germanum (2 cuntains the stem cells for germ line and the
somatee tolhicle cells The germarnum s dis ided nto four regons an region [ germ-hne cells
divade tour tmes to produce a cvstof 16 germ cells rgen, 1S nurse cells and one oocyte
When the cy st has reached region 2. tallicle cells (1c) migrite between two successive egy
chambers and begin wintercalate. causing the region 3 egp chamber to “pinch of© from the
germanum tarrow headi. These cells then take the fate of either stalk cells tamowsg or tollicle
celis that surround the egg chamber. incuding the polar cells tpe) 1D-F) HS-GALY and
tGaHD GALS-10% 3§39 induce the expression of the farget gene v tollicle cells. One day atter
heat-shock induction 30 minutes. 37 C) B-gal expression was detected by X-Gal stinng
starting in region 2an germana of HS-GALIZUASLaeZ thes (D.E. brachets). Some sanabiliy
n the stiming partern s detected which might account tor vapahdity in the penetrance of the
phenaty pe. From the stage 7-X on the expression of B-gal increased considerably (Fy. Patchy
GALS evpression detected i ovanes of GALS- 0% 29/UAS - Lac Z flies s st detected
araund stage 6 increasing by stage 9 m all of the tollicke cells 1G.HY Scale bars are
cquivalent 1o 20 pm. A and B are of the same magmncanon, D.E.G and H are of the same
magmhcation
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between Nrintra) and the actin promoter results in persistent
expression of constitutively active N, while 4EN 15 only tran-
siently expressed as long as GALJ is present.

To induce AEN expression in oogenesis. the flics carrying
the UASAEN construct were crossed either to flies expressing
GALX under heat-shock control (FS-GAL4) or to the enhancer
trap GAL4 line. /09(3)9. The GALA expression patterns in
avaries for bath of these lines were examined by crossing them
to a line carrying UAS-lecZ and staining the progeny with X-
Gal. or by crossing them to UAS-tan-GFP and analyzing the
GFP pattern by fluorescence microscopy. HS-GALS induced
UAS-LacZ expression in follicle cells beginning in region two
of the germarium (Fig. ID.E), whereas /09(3)9 induced
follicle cell expression is not detected prior to stage 6 in
oogenesis (Fig. 1G.H). No germ-line expression of GALS was
detected (Fig. 1G-H: data not shown).

Expression of
constitutively active
Notch in the germarium
folficte cells generates
long stalk structures
Ovaries contain egg chambers
in a developmental order. In
the anterior-most region of the
germarium, region 1. the
germ-line stem cells produce
cystocytes,  which  divide
through incomplete cytokine-
sis to form 16 cell cysts. The
cysts are surrounded by a
follicle cell laver and released
from the germarium by
‘pinching-off”  (Fig. IC.
arrowhead).  This  process
results in the formation of two
kinds of specialized follicle
cells: stalk cells. which inter-
calate between each other o
form the stalk that separates
two successive egg chambers
(Fig. IC. arrows). and polar
cells, which form a cap at the
anterior end of the older cgg
chamber and the posterior end
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expressed constitutively active N transiently in the germarial
follicle cells using HS-GAL+ induced expression of AEN. This
leads to a dramatic phenotype in the early stages of oogenesis.
Instead of a wild-type stalk of 6-8 cells (Fig. 2A. bracket), long
stalk structures consisting of an average of 15 cells were
detected (Fig. 2B, bracket).

The sequential nature of oogenesis allows us to study
whether ovarioles that include abnormally long stalks continue
to develop. and at what stage of development the length of both
wild-type and long stalks is determined. If expression of AEN
1s induced by a 15 minute heat shock at 39°C and the flies are
then allowed to develop for 24 hours at 18°C, long stalks are
first detected between stages one and two (Fig. 2B. bracket).
At this timepoint. long stalks are not observed between the later
stages (Fig. 2B. arrowhead). indicating that the length of fully
formed stalks is not altered. Previous studies have indicated

of the younger egg chamber
(Fig. IC. pec). In loss-of-
function N mutant ovaries.
no stalk cells are detected at
the restrictive temperature and
the egg chambers never leave
the germarium (Fig. 2E:
Ruohola etal.. 1991 Xuetal..
1992)

To address whether
expression of constitutively
active N could induce long
stalks  between  the egg
chambers.  a  phenotvpe
opposite to the loss of stalks
observed  with N, we

Fig. 2. Expresston of constitutively active Notch generates long stalk-like structures; phenotypic series
(AsIn wild-type ovary. a stalk forms in the germarium (arrowhzad). A fully formed stalk conststing of 6-
7 cells 1s detected between each egg chamber (bracket). (B) Transient expression of constitutively active
N (caN-mild, 39°C. 15 min) caused long stalk formations two days (at i8°C) after induction (15.3
cellv/stalk, bracket). A fully formed stalk was not affected (arrowhead). (C) Persistent expression of
constitutively active N lead to even longer stalks when analyzed 24 hours (at 25°C) after the nduction of
expression (caN-intermediate. 22 cells. bracket). (D) Extreme stalks were detected after induction of
constitutively active N when analyzed 6 days after heat shock (caN-strang, 101 cells. bracket) (E) No
stalks are formed iV (V™) avanies allowed to develop at the restrictive temperature (one day at 32°C).
(FYN/N''. UASAEN/HS-GALS. The Mt phenotype is suppressed by the expression of constitutively
active N (caN-mild), suggesting that constitutively active N acts without endogenous N and that both
mutations affect the same pinching-off event. (G) Constitutively active N (UASAEN) was induced by HS-
GAL4 expression due to two heat-shock pulses (39°C. 15 minutes and 39°C, 20 minutes) in a one day
mterval. The ovaries were dissected 2 davs after the last induction and stained with Fascichin HI (Fas 1IN
Fas [Il marks all the follicle cells during the pinching-off event and becomes restricted to the polar cells
around stage 3 in nogenesis. The long stalk consists of 22 cells, indicating that longer stalks are detected
with the UASAEN construct after multiple heat-shock tnductions. Scale bar is equivalent to 20 um.
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Table 1. Stalk is determined in the germarium

Tt el

aN-mild Posinion ot fong stafh mstaik

70 1S mnutes. 2 ks stapes 2 ¥ 18 V=T
°C IS nunutes, ¥dass stages Y6 16 Stn=2M
WIC IS minutes. 4 davs sMages 6-8 th Sin=1th
37 C W mnutes, 2 davs stages 2.3 I Sin=1y

17 C ¥Wmmaes. 3 dase stages LA 12 L=k

NA= st v red

that i new egg chamber pinches off every 24 hours at this tem-
perature (10-12 hours at 25°C; King, 1970: Margoiis and
Spradling. 1995). Since lung stalks are detected between stages
b and 2 only 24 hours after mduction of AEN. this suggests
that constitutinely active N acts during or just before the
heginnmg of the pinching-off event and has no effect on fully
formed stalks. The expression pattern of HS-GALY under these
conditions indicates that it induces target gene expression in
the tollicle cells at regions 2 and 3 of the germarium (Fig. 1D-
Fr. the regron where pinching-off occurs. 48 hours after the
induction of constitutively active N. the long stalks have pro-
gressed and are present between stage 2 and 3 egg chambers
(Fig. 3B) and. after three days, the long stalk has moved tfrom
the germarum region to the region between stages 3 and 6 in
vagenesis (Fig. 4B). The long stalks detected in the later stages
are of the same average length as those seen earlier. indicating
that the final number of cells in these long stalks 1s also deter-
mined in the germanum (Table ).

To address whether constitatively active N affects the same
developmental process as the loss-of-function mutanon, we
deternuned the phenotype produced when activated Notch s
expressed in the background of N™. Only the long statk
phenotype of constitutively active N was detected i these
ovaries (Fig. 2F. bracket). This suggests that, i stalk
formation. activated Notch affects the same process as the
wild-type protein and. fusther. that constitutively active N can
act without endogenous N. Sinular resuits have been seen 1n
other systems. such as the nervous system (Struhl et al.. 1993),

Long stalk structures were also observed when the ip-FRT
system was used to dnive expression of constitutsvely active N
tStrubl et al. 1993). 24 hours after heat-shock induction of
thipase. long stalk structures were detected (Fig 2C, bracket)
The long stalks observed one day after heat-shock mduction
resembled the dong statks  detected  after GALd-induced
expression However, the penetrance of the phenotype was
higher and the stalks were longer (Table 2). indicating a

Table 2. Expression of constitutively active Notch: phenoty pic series

T long walks
with AT01* ceils

o long sllks
with 03F cells T AIOE pomative cebis

STV ™Moy Ny
TRe1928) Truuy) 154
RI(14ET) TO 19/ its
NA [ TR LR
NA &b (10028 114

stronger phenotype cither due to the different V construct or
the experimental procedure. Multple heat-shock inductions of
JEN. in order to avoird the transient natwre of GALJ
expression. result i longer stalks. which resemble those
generated by Niinera) (Fig. 2G. bracket). This indicates that
longer stalks can be generated by longer expression of AEN
and the stronger phenotype of NMinrra) 1s most likely due to
the fact that it s expressed persistently.

To examine whether the long stalks generated by Ntmnrra)
also progressed through oogenesis. we looked at ovanes at
later ime points. 2 days atter heat shock, the long statk had
progressed (o between stages 3 and 6. and was usually followed
by a second long stalk. 6 to 7 days after heat shack. extremely
long stalk structures were detected (Table 2; Fig. 2D, bracket).
which have presumably continued to grow for 3 davs since the
heat shock. Since they are detected at a later time point, these
extremely fong stalks could be due to a stem cell carrying
Vitra) under the control of the actin promoter. leading to
progeny that all express constitutively active N. The lengths of
stilks generated in (1) EN (37°C. 30 min or 39°C. 1S mun).
2 days after induction, (2) Nunrra), | day after nduction and
(3) Ntmtra), 6-7 dayvs after inducoon suggest that the three
trestments constitute a phenotypic senes of increasing severity
These three freatments are referred to as caV (for constitutivel
active Notch):-mild. caN-intermediare and caN-strong, respec-
tively. throughout the remasnder of the paper.

In addition to varving lengths of stalk structures. the exper-
imental procedures generated varving cellular morphology
within the long stalks. The cellular morphology of caN-mild
stalks resembles that of a wild-type stalk: a <ingle row of
aligned. disc-shaped cells (Fig. 2B. bracket: and Fig. 1C.
arrow ). Cells inthe caN-wnite rmediate and caN-strong stalks are
not aligned in a singie row. the stalks appear much thicker than
wild-type stalks and the cells are orgamzed as several aligned
columns of cells (Fig. 2C.DY This morphology 15 reminiscent
of the cetlular organization observed carlier i the germarium

Comaan Heat stuwch Pereent ot Percent ot
active N conditions and Penctrance Average lenpth stalks with AL cells
comtruct survival tane Title 1% long stalksy of stalk AL0T* cells m stalk
- L Comrol 0 Acells 0 L]
AN T C W minuates. 2 day< at (R O caN-muld LRI 12 cedls 3y (S XIRN) NS
RN OIS anunutes. 2 dass at IX°C caN-muld AINE 2700 1Scells il RCNRRVARY 8
Ntorera) WC W mnutes, Pday e 25 C caN iantermeduite REARRATESS 2eells (i RLYERTERT) N
\gra G C 1 hour, bdavs at 25 © CaN ureng 100 (38748 10§ cells 1250 - -

R cells (259 1] 0

* The controls were heat shocked ander the same conditions as the constitutesedy active Notch constructs
** The full length of these stalk< s an average of 101 cells ATOI positive cells are found at the postenior end of some stalke, w the average fenuth of stk
which does not contam ans AN -positive cefls 8 3R In the miost severe cases. none of the cells are A 101 posiinve
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Fig. 3. A salk cell fate marker i~ cxpressed 1t caNV-auld and caN-
ttermediate stalhs, but notan caN strong stalks. (A) The 99F
enhancer trap line stans the termnal tilament cells and stalks
thrackets s (8.1 aN-imidd three days cat I¥ C) after the beat shock
O C IS minutes . two groups of long staiks were detected
thracketsy 214 ot the Tong stalks consisted entirely of YIF-positive
cells (B, bracken. indrcating that 4l of the cells in loayg stalks had
tahen the stalh coll tate Howeser, ™0 of the long stalks consisted
ob Y3F-positive (O, bracket) and YiF-negative cells (C. arrom)

DY caN-uttermediate exirn Y4F positine and YIF-nezatne tarrows
wells are detected 1n Tong stalks bracket) (F) «a v virong the
extremely long stalks chrackhets do not show Y18 stuning In some
AN oW S3F - positive cells are seen at the ven pustenior end of
the long stalk i the cells adpacent to the egy chamber (data not
showny Scale bar s equivadent i 20 pm

at the ame of the pinching-off event. betore the cells have
begun to miercalate (Fig. 2A. arrow head: Fig. 1C. arrowhead)

A stalk cell fate marker is expressed in caN-mild and
caN-intermediate stalks, but not in caN-strong stalks
To deternine whether muore cells had actually taken the tate of
stlk celis. we examined the wdennty of the cells i the long
staths wath Y3F. an enhancer trap line that s expressed i stalk
cells tFig. 3A; Ruchols et al.. 1991, yiF CXPrEssION Wis
analy sed an caN-mld, caN-ntermediate and culN-vtrong back-
grounds. In control ovanies. all stalk cells were YIF positive
thig. A bracketsi. In the case of caN-mild. some long stalks
were detected that consisted entirely of celis expressing the
stalk cell marker (Fig. 3B). consistent with the prediction that
more cells become stalh cells with expression ol caN.
However, the majonty ot the long stalks tmean value 43/54,
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804 Tuble D) contained @ group of cells that did not express
the stalk cell marker. despite being located in the stalk strue
tures (Fig. 3C).

In caN-intennediate. the long stalks also contamned more
93F-positive stalk cells than are contained 10 normal staiks.
mdicating that additional cells had taken the fate of stalk cells.
However. many 93F-negative cells were also detected in these
long stalks (Fig. 3D1. The number of cells that did ot saun
with the stalk cell marker also increased in number from cat-
mild W caN-uttermediate. Stnkingly. no YIF-ponitive stk
cells were detected in the extreme long staiks induced by caN-
strong (Fig. 3E. bracket). indicating that none of the cells i
these “stalks” had taken the fate of stalk cells. Therefore. three
different Kinds of long stalk-like structures can be generated
by the expression of constitutively active N: those that consist
entirely of YK -pusitive stalk cells. those that consist of Y3£-
posttive and 93F-neganve cells and those that contan only
YIF-negative cells.

A polar cell marker is expressed in caN-mild and
caN-intermediate stalks but not in caN-strong stalks
To assess the dentity of the cells i long stalks that did not stain
with the stalk cell marker. we used a marker for a subpopula-
uon of follicle cells that differentiates at the time of, or Just prior
to. stalk formanon: the 470/ enhancer trap line. This mutation
1 & P-clement insertion in the neuralized gene and shows g B-
galactosidase-staiming pattern stmlar to that seen in an in situ
hybadization using a newralized cDNA probe. B-galactosidase
activity s tint detected in some of the polar cell precunors at
the time of salk formation. By stage four of vogenesis. its
EXPRASION is restricted (o two antenor and two posterior polar
tollicle cells (Fig. 4A: Ruohola et al.. 1991),

In the case of caN-mild, some long stalks were detected that
contained no AJO/-positive cells (Fig. 481 However. a large
group of long stalks were detected that did have some A 707 -
posiive cells Tocated within the stalk structures tFig. 4C.
Tables 1. 2). Based on the penetrance of the phenotype and the
numher of cells that express A 701, it appears that the cells that
express the polar cell marker likely correspond to those cells
in the long stalks that did not express the stalk cell marker
There was ao trend 1n the position of the ATOT-positive cells
in the long stalk. In most cases. the normal aumber of pular
cells was sull found 1n the eyg chambers surrounding the fung
stalks. However, n a few mstances vnly one of the usual two
polar cells was detected. caNV-utermediate stalks had more
Al0I-posive cells than caN-mifd mutant stalks (Fig. 4D.
bracket mdicates staik). However, long ~stalks n caN-yrrony
avaries had no A0 -positive cells (Fig. 4D. bracket: Table 2
Bused on the expression of Y2F and AJ0/. three different binds
of long stalk-like structures can be generated by the expression
of constitutively active N: thuse that consist entirely of stalk
cells. those that consist of stalk cells and polar cells and those
that do not contain either of these two cell Lypes.

One possibility for the polar cells located in long stalhs »
that N function ts required both for the imtiation of stalk cell
fate as well as the maintenance of this faie. According to this
maodel. with transient expression of constitutively active N, the
mation of the stalk cell fate was mduced 10 a group that
normally shuuld become polar cells. However. when the tran-
sendy expressed N was degraded. the cells return 1o their
normal fate: polar cells. This s unlikely wince potar celis are



detected i caN-imermediate Malks where  Nontry s
expressed persistent!y. This model also predicts. 1 the case ot
transient expression of constitutively active N, that the longer
the ume pertod atter heat <hock. the more lony stalks that have

Fig. 4.\ poiar cell marker is expressed 101 N -meld and < g\ -
mtermediate stalks but 0ot i N trome stalks, « A The v/
enhancer trap line s 4 Peelement imnsertion in the nerrale=ed wene and
nduces B-zal expression in the tollicle cebls at the antenor up ot
germanum. in polar cell precursors ' $-6 cetbs at the anterior and
postertor pole of the stage -3 coy chamberss and polar cells itwo
cetls at the antenor and postenor pole ot egg chumbers) (B.C) Twa
groups of long staiks were detected i the <N -mudef mutant os artes 4
day s atter the heat-hock nduchion 139 €. 15 minutes) 217+ ot the
long stafhs did not stan with apotar cell marker 1707 (B, brackets
However, 9% of long stalks had 125 {707 -pusitive cells in the stalk
structures (CLarow 1 D) caNmtenmed. UST ot long stalks contain
cells that are V/0/ posttive (EyoaN-vrome The most severe long
stalks do not contain any V07 positive cells The stalk shown o E
comsists of 131 celis which do not express the marker 1760/

thrackets Scale bar o equisafent 10 20 um
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1/01-positive cells would be detected. In additon, each long
\ulk should have more A 707-positive cells the further they
progress through vogenesis. As nerther predichon s upheld
1 Table I, 1t seems unbikely that Notch s required for the man-
tenance of stalk cell tate.

The number of cells expressing a precursor marker
increases in the long stalks as the severity of the
phenotype increases

As mentoned previously. we noted 2 morphologs reminis-
cent of precursor cefls in some ot the long stalks. [n addition,
¢xpression of two markers for more differentiated cells. Y2F
tor stalk cells and 4707 for polar cells. was not detected 10
the long stalk-like structures generated by ca¥-serony 1Figs
3E.4E) To address whether N may inhibit the difterentiation
of stalk cells. we evamined the ~talks with & marker that
reflects the ditferenniation state ot stalk cells: By Briun ¢ Bibn
protein. In wild-type ovanies. Bib 1s expressed i the tollicte
cells that are gomg to intercalate to form 2 ~talk 1Fig. SB.
arrowheads as well as tully developed stalk celis IFI‘ *B.
arrow ). Importantly, the subcellular localizaton of Bib
differs in these two cell populations. In the precursors, Bib (s
detected predominantly at the apical up of the cells s thes
constrict (Fig. SB. arrowhead and set 1y [n the stalk cells
that have aligned o a stngle row, the apieal pattern s lost
and Bib s detected .llnn" the laterai surtace Fig. 3B.
arrowhead and nset 21, Another marker. Fascrclin (1 (FJ\
I protern s tiest d:run.d i all Toliicle cells i regron 2 ot
the germarium (Fig. A brackets. It begins o restrict o the
polar cell precursors by region 3 of the germarium. and 1~
tully restricted once the chamber 1~ completely pinched trom
the germarium (Fig. SA. arrows).

In the long stalks generated by caN-mudd and cuN-inter-
mediate. more cells were detected that stained with the Bib
precursor pattern and early Fas I pattern than in wild-ty pe
ovaries. indicating that more precursors are present i these
ovanoles (Frz. SC-Fr. Howeser, o these stalks were atlowed
to develop, the cells matured tor partialls matureds to staih
cells or polar cells (Fig. SE.F1. In caN-virony, more precur-
sars were alvo detected: however. these cells did not mature
nto stalk cells or polar cells, but stased in the precunsor
age. based on Bib and FasHlf staming (Fig 5G.H)
Theretore. the strongest phenots pe observed due to consti-
wovely active Noexpression s persistence of the Bib-
postiine precursor stage

Therefore. three ditterent classes of long stalk-lthe structures
snerated by the expression of constitutivels active N
those that consist of too many stalk cells (. stk cells and
polar cells Cecontusion™. Hi. or precursor cells (D (Fig ™. A
transient excess of precursors was also detected i classes and
Il suggestng that the severits ot the phenoty pe correlates with
the Icn"(h of the precursor stage. culminaung i a complete
block at the precuror stage 1elass D

In order w address whether the precursor stage was alvo
affected by the loss of N function. we stained A ovaries with
Biband Fas [l antibodies. After 25 hours at the restnictive tem-
perature. no Bib-positive cells were detected in V' germana
Sh. This mdicated that ao cells were in the precursor
stage. etther because they never develop to this stage or
because this stage s trmsient and theretore not detected,




3646 M. K. Larkin and others

Expression of constitutively active Notch in follicle
cells results in a defect in the oocyte anterior-
posterior axis

Based on the oss-of Junction mutant phenotypes of Narch and
Delra.at has previously been proposes] that & signal from the
postenior follicle cells is required for setting the proper A-P
aus of the developing oocyte (Ruohola et al . 1991 Clark et
A 1998, Ruohala-Raker et al . 1994, However. the nature of
the stgmal and the postenior tollicle cell type which niay send
the sigmal are not knowan. To turther mvestigaie this, we have
analyzed how expression of constitutinely active N in follicle
cells affects the postenor tollicle cells and the anterior-
postenior avs of the underly -
me oocyte.

In wild-type egg chambers
after stage 4. two Fas [lI-
positive cells are detected at
the anteror and  posterior
poles of cach egg chamber
tFig. 6A). After two heat-
shock inductions of AEN in a
meday nterval.  egp
chambery were observed in
which no Fas Hi-positive cells
are detected  (Fig.  6B-D).
These egg chambers were not
separated by a long stalk. indi-
cating that. in this case. con-
stitutively active N acts inoa
cell Le  decision separate
from stalk formation. The egg
chambers that lack Fas HI-
positive cells did not develop
turther but nstead  became
neerotic. Pherefore, in order to
address  the  effects  that
expression of - constitunively
active N oan the follicle cells
has on the underiving vocyie
duning the later stages of
oogenesis, we expressed con-
stitutively  active N either
under HS-GALY with milder
heat-shock condinons
[AENCHS) or under GALA-
109319 [ AENCI09)]. Nesther
of these resuits in detectable
follicie cetl fare defects: two
Fav Hl-positive  cells  are
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chambers using markers used 10 analy<s of N* {Ruohola et al..,
1991). The eftects of constitutively active Notch on embryonic
polarity could not be addressed because development was
bluched prior to embryogenesis.

An carly marker for antenor-postentor polanty., oskar (osk)
mMRNA. 1s localized to the posterior pole of wild-type oocytes
at stage 8 (Ephrussi et al.. 1991, Kim-Ha et al.. 1991, Fig. 6/)
and s essential for desvelopment of the abdomen and formation
of the germ-line precursor cebls at the postenior pole of the
embryo (Lehmann and Niisslein-Volhard, 1986; Ephrussi and
Lehmann, 1994), Another marker for A-P polanity. Staufen
tStaw) protein is localized to the posterior pole of the oocyte at

|

Fig. 5. The number of cells expressing a precursor marker increases in the tong stalks as the severity of
the constitutively active Notch long stath phenatype increases. Wild-type (A.B) and mutant (C-J)
ovanes are double stauned with Fas 11l and Bib antibodies and visualized by confocal microscopy.

(A} Fas s tirst detected an all follicle cells i regron 2 of the germanun (bracketd It becomes
restricted to the polar cell precursors by region 3 of the germartum and 1s fully restricted once the
ciamber i< completely pinched from the germanum (arrows) (B) Stalk cell precursors Girrow head) and
mature stalk cells tarrow) are stamed with Brg brain (Bib) antibody. Bib s first expressed in the apieal
ttp of stalk precursors as they meet cach other tarrowhead: nset 1) As the stalk matures and the cells

detected at each pole of the
cgg chambers. and there 1s no
change n the domam  of
pennted. a0 postenior follicle
cell marker (data not shown:
Monmato et al. 1996
Howeser. we cannot rule out
the  posability  that  turther
differentiation of the postertor
follicle cells 1s defective. The
A-P polarity of the oocyte was
evamined i these  epg

aligriin a smgle row, this staiming patiern ceases and Bib is detected as a hne along the Literal surface ot
the celis carrow. inset 20 (C.DY caN-mild 2 days atter the heat shock. more precursors are detected in
the stalk between the germarium and the tiest egg chamber than in the wild type. based on precursor Bib
(D) and Fas HICr stunning Howeser. these cells developed o statk cells or polar cells later n
sogenesis since older stalks express 93F and A0 markers (Figs 3B.C. B.C) (E.F) caN-mtermediate
48 hours after the heat-shock induction, the long stalks between the germanum and the most anterior
cug chamber 1Fas 111 stamning. E) consists of precursor cells (Bib precursor stating. F1- Stk removed
fromn the penmanum begm to imclude o simall subset of cells which show more intense Fas 1 stmog (oF,
arrow yand less intense Bib stnsing (F. arrow) o begin to show the apical stumng pattern and
morphology of a4 mature stalk. (G.H) caV-virome: The extremely long stalk-like structures (Fadd il
stanmng. G consist of precursor cells (Rib precursor pattern. HY. (1.1) N, after 24 hours at the restrictive
temperature, Fas 111 1) but no Bib expression ()1 s detected in the follicle cells which have taked 10
torm a pmch
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Table 3. Posterior components are mislocalized in constitutively active Notch mutant egg chambers

VNt oo 126 127165,

Stalen WS 428y Sy NS
K-flgad 7% (17mn d07% (4201)
AEN I HS) ondar 77 (IR/10%)y 6% (6R/108)
Staufen 3% 14Ty IRF 14T
K-figat 1% (324 ST (1S28)

stage 8 (Fig. 6G. St Johnston et al., 1991). Whole-mount in situ
hybridization with an ssk ¢cDNA probe. as well as immunocy-
tochemistry with Stau antibody revealed that expression of con-
stitntively active N caused mislocalization of these posterior
components: they are mislocalized in ~80% of AEN(HS) egg
chambers and in ~60% of AEN(109) egg chambers (Table 3).
Mislocalization was either to the center of the oacyte (Fig. 6F.I:
Table }) or to a streak from the posterior (Fig. 6E.H: Table 3).
In addition, expression of activated N under the control of HS-
GALS also generated muslocalization of both osk and Stau in
granules throughout the oocyte (Table X and data not shown).

hed mRNA s localized to the anterior pole of the oocyle in
wild-type egg chambers (Fig. 6M) and is also crucial in the
establishment of anterior-posterior polarity (Nusslein-Volhard
et al. 1987: St Johnston et al.. 1989: Berleth ct al.. 1988). In
situ hybridizaton indicated that hed mRNA was localized
properly to the anterior end of the oocyte of AENIHS) ovaries
(data not shown). However, in 15% (11/73) of the AEN(109)
stage R epg chambers, Incowd was detected at both the anterior
and posterior poles of the nocyie (Fig. 6N). This phenotype has
been detected previously m N. Delia. Protein Kinase A,
Rurken, torpedo and cornichon mutants, and reflects a defect
in microtubule reorgamization that takes place between stages
4 and 7 of oogenesis (Ruohola et al., 1991, Lane and Kalderon.
1994: Gonzales-Reves et al.. 1995; Roth et al.. 1995).

To analyze whether the microtubular structures of the oocyte
are oriented properly. a strain that expresses a Kinesin-figal
fusion protein (Clark et al., 1994) was crossed to both
JAEN(HS) and AEN(109). This fusion protetn has been used
previously as a reltable marker for microtubule organization
(Clark et al. 1994 Lane and Kalderon, 1994: Gonzales-Reyes
et al.. 1995, Roth er al.. 1995: Gillespie and Berg. 1995). In
control egg chambers, Kinesm-fgal localizes to the posterior
of the vocyte (Fig. 6J). suggesting that at least a subset of
microtubuies are oriented with their plus ends directed towards
the posterior. Kinesin-fgal was mislocalized in 89% of
AENCHS) and 817 of AEN(109) cgg chambers (Table 3.
These mislocalizations were either to the center of the oocyte
(Fig. 6L: Table 3). to a posterior streak (Fig. 6K Table 3). or
throughout the oocyte (Tabie 3), as deseribed above for other
posterior components.

Constitutively active Notch in the foilicle cells
induces premature ooplasmic streaming

The defect in localization of Kinesin-Bgal indicated a defect
in the organization of the microtubules. Another indirect
method for analyzing the organization of the microtubules is
to assay whether ooplasmic streaming commences at the
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correct time. Qoplasmic streaming is a microtubule-dependent
process (Gutzeit and Koppa. 1982). In wild-type cgy
chambers at stage 8. an antenor-to-posterior gradient of
microtubules s present in the oocyte. At this stage. no
nopiasmic streaming is detected (Fig 60). A rearrangement of
microtubules 1s observed at stage 10b. which results n arrays
of parallel microtubules adjacent to the oocyte cortex that are
associated with ooplasmic streaming (Theurkauf et al.. 1992).
Premature ooplasmic streaming was detected at stage 8 in 65%
(137200 of AEN(109) cgg chambers (Fig. 6P). suggesting that
the normal gradient of microtubules is replaced by subcorti-
cal microtubule bundles. In controls (/09 )9/TM3. 15 stage
% cpg chambers analyzed) random flushing movements were
detected. but no continuous circular swirling movements.

DISCUSSION

To better define the mechanism of Notch action, we have
investigated the effects of expressing constitutively active Nin
vogenesis. Specitically, we have tested the hypothesis that N
tunctions in follicle cell fate determination and that signaling
from the postentor follicle cells is required for the establish-
ment of the oocyte A-P axis (Ruohola et al.. 1991: Xu et al..
1992).

We have shown that. at two stages of oogenesis. constitu-
tively acuve Notch induces tollicle cell fate defects that are
apposite to those generated by a loss-of-function allele of V:
hyperplasia of stalk cells earfy tn oogenesis and later. a loss of
polar cells. The most extreme phenotype obtained with consti-
tuhvely active Notch was the persistence of a precursor stage
phenotype 1 the follicle cells reyuired for pinching-off the cgg
chamber. This observation suggests a novel function for N n
oogenesis in differentiation of these follicle cells: hoiding them
n a precursor stage of development.

We have also shown that expression of constitutively achve
Notch in the follicle cells affects localization of the postenor
components oskar and Stauten. In addition, nusiocalization of
a Kinesin-Bgal fusion protein and premature onset of ¢ylo-
plasmic streaming was seen. as well as mislocalization of the
anterior component. hicoid. These phenotypes reflect a defect
in the organization of the microtubules within the oocyte and
implicates tnformation from the follicie cells in regutation of
this orgamization.

Models for Notch action in cogenesis
Three models for Notch action have been proposed previousiy:
instructive,  permissive  and  prohibitive  (reviewed  in:
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Greenwald. 1994: Muskas -
itch. 1994 Artas anis-
Taakonas, 1995 (n the
nstructine model. Notch
directs cells to adopt one of
two alternative  fates. This
tinuny cell tate decision can
be a chuice between two dit-

terenttated  cell  fates  or
between remaiming a

precursor and  achiesing o
more  differennated  fate
Struhl et ol 1993
Greenwald. 1994). In the per-
missive model. Notch makes
the  cells competent o
respond to inductive wiznals
tMuskavitch, 19941, In the
prolubitne  model.  Notch
mamtans cells 10 an uncom-
mitied state presenting them
from responding to external
ditferentation sgnals
tFortm et al.. 1993; Coffman
et ab. 1993 Muskaviteh.
1994 Artavanis-Taakonas,
19931 Theretore, i both the
permissive  and  prolibitine
models. Notch modulates the
cells” ability o aceept addi-
tonal signals,

Our  data  suggest  that
Nowh s sutticient o keep
celby a4 specttic precursor
stage. This 1s consistent with
ctther the prolibitve moded
or the instructive model. but
v ditficult to reconcile with
the permissive model. The
prohibitne . modet proposes
that Notch holds cells in an
uncommuited  state.  which
could correspond 1o the Bib-
positive  precursor slage
retmed by expression  of
comttutnely  active Notch.

However.  the  prohibitne
mudel  invokes  addiional
differentiaton signals  for

which there 18 no evidence
thus far. Revent results have
shown that Hedgehog acts as
an inductine wignal affecting
tollicle  celt tate  around
region 1B ot the germanum;
however. it appears to atfect a
decision prior o that con-
trolled by Notch (Forbes et
al. 19961 Our data are also
consistent wath the binary cell
fate  decimon model 1f

Fig. 6. Effects of caV expression m the tollicle cells later vogenesis. Expression of comstitutivels

active Noteh induces the loss of polar cetls 1 A-C). Wild-1y pe and mutant egg chambens are statned with
antibodies agamst Fas H1and 65F proteins. Normat locations of polar cells are indicated by arros heads.
the 63F-positive aocyte aucteus by an arrow tA) In wild-type ege chamber. two Fas H-positinve polar
vells are detected at the antenor snd postenor ends rarrow heads: 18.Cy Constitutivels active N was
induced by HS-GALS expression due o two heat-shock pulses 139 C 15 munutes and 39 C. 20 minutes in
4 one day intensal. In mutant ovanes dissected 1w o days atter the Last induction, ege chambers are detected
which lack enther postenior poar cells (By or bath antenior and posterntor polar cells «Cr Expression ot
constitunnely active Noteh s AEN 1 in follicle cetls results in g defect m oocste ANLEFIOIC-POSIErIor anis

1 D-Ly Postentor components and 4 Kinesin-igal tusion protein are mistocalized +D-Fy Localization of
ovkar mMRNA O wild-type and 3ENV chambers (G-I Locahization ot Stauten tStaut protemn m wild-
type and AEN egy chambers. 1-Lo Licabizanon of Kimesin-Bgai in wild-ty pe and AEN egg chambers In
Wild-type egg chambers, the postertor components. ok and Stau. are localized tightly to the postertor pole
ot the ooevte (D.Gr A Kenesin-Beal tusion protein s shvo detected at the postenor pole o) Atter
expression ot constitutively actise Nan the fothicle cells by GALS- /0% 34 posteniar components and
Kinesin-fzal are detected arther diftusing from the postertor (EH.K )L or in the center of the vocste tF LY
+M.ND The antenor morphogen. frcotd. s mislocalized. 1My Inow td-type cyy chumbers, brcond mRN A
locahized as a ning at the anternor margin of the ooy te (N3 GALS- TOw 59 e chumbers, hreond s
detected st both the anterior and postenior poles in 13 01173 of stage N mutant eyy chambers tarrows
ndicate postertor pole of oovster $0.P) Cytoplasmuie sreamung commences carls Yol granufes within
the vocvte are detected by autotluorescence. (O In wild-ty pe ezg chambers at wage ¥ no oy toplasmie
mosement s detected sathin the oocyte. Ooplasmic streaming does nog begin unnl stage 10b of vogenesis
Py In GALS-10% 3,9, premature ooplasmic streaming s detected 1n 357 LIS of the sage N ooy tes
(O CADONMEND TS (E-LL O-P1 30 1 E-F. J-L. O-P: notdehvdrated )\l seabe bars are eyuts alent o
20um




Fig. 7. Summary- three different types of long
stalks are generated by expression of
coastitutively active Notch. Big brain (Bib)
expression 1s shown in red. A 707 expression 1n
blue and 93F expression in green. 1 Wild type)
In wild-type ovarioles, Bib 1s expressed in the
precursor pattern mn the cells which are going
to constrict to form a stalk, Y3F s expressed in l
2111 the fully formed stalks and A/0/ s °
expressed in the polar cells at bath poles of the
cgg chambers. Expression of constitutively
active N generates three types of long stalks
(1) In the germanum. (00 many precursors are
formed (a) and these further ditferentiate to
form a long stalk which consists enurely of
stalk cells (b) (1) Too many precursars are
formed in the germanum (a), but these further
differentiate 1nto a long stalk which consists of
stulk cells and polar cells (b)) (1) A long
stalk-like structure 13 formed 1n which ail of
the cells are i the precursor stage and they
remain :n this stage throughout development.

Wild type

.

binary switch 1s assumed between precursor fate and a more
differentiated cell fate (Greenwald, 1994).

The anterior-posterior axis of the cocyte

The mislocalization of bicoud both to the antenior and postenior
ends of the oocyte (Fig. 6N) and the localizauon of posterior
components to the middle of the oocyte (Fig. 6E-F, H-I. K-L)
are phenotypes remuniscent of those seen with ovartes from
mutants i V. Delta. Protein Kinase A, torpedo. gurken and
cornichon (reviewed in Rongo and Lehimann, 1996). During
stages 1-6 of cogenesis, a microtubule-orgamzing center
(MTOC) s lecated at the postenor pole of the oocyte and
extends a microtubule network from the cocyte into the aurse
cells. During midoogenesis, this cytoskeleton 1s reorganized so
that an antenior-to-postenor gradient of microtubules 1s present
1 the aocyte. suggesung that the MTOC at the posterior degen-
erates and the microtubules are nucleated at the anteriar of the
oucyte. It huas been postulated that. in these mutants
(N.DI.PKA.1op.grk.crut). the posterior MTOC are not properly
destroyed at stage 4-7 of oogenesis, resulting in oocytes with
doth anterior and postertor microtubule concentrations (Lane
and Kalderon. 1994 Ruohola-Baker et al.. 1994). A mirror-
image axis duphcauon results (Ruchola et al., 1991; Lane and
Kalderon, 1994; Gonzalez-Reves et al., 1995; Roth et al.
1995). One possibility :s that mislocalization of the posterior
components as a streak from the posterior s a mulder
phenotype resuling from this type of defect in microwbule
argamzaton. [n egg chambers that express constiutively
active Notch in the follicle cells, coplasmic streamung tn the
vocyte commences carly, beginming around stage 8 of
ougenests. This iy presumably also a secondary consequence
of defects in the microtubule reorganizations.

One surprising result 1s that expression of constitutively
active N ether under the control of GALS-/09(3)9 or HS-
GAL+ (nuld heat shock) can lead 1o defects in the A-P axis
of the aocyte without gencrating any abvious defects in the
fate of the posterior follicte cells. By analogy to caN action
1 the germarium. it 1s possible. however, that the uming of
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posterior follicle cell differentiation s aitered in the mutant
siuation. Isolation of inarkers specific for different stages of
postertor follicle cell differentiation should shed tight on this
question. [t 15 also possible that the Notch pathway 1s closely
linked to the signaling pathway from the follicle cells to the
oocyte and expression of consututively active Notch has
atfected the signaling without affecting the fates of these
cells. Further analysis of this subject requires a better under-
standing of the signaling pathway from the follicle cells to
the oocyte.
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Abstract

During Drosophila oogenesis, the developing oocyte is surrounded by a layer of somatic
follicle cells. A key event in the establishment of oocyte anterior-posterior polarity is the
differential patterning of the two terminal follicle cell groups. The Notch and EGF
receptor pathways are known to regulate this patterning. To understand how the Notch
pathway acts in this process we have analyzed the expression of anterior markers with the
loss of Notch function and with ectopic expression of Delta, one of the ligands for the
Notch pathway. We find that the expression of anterior markers in anterior follicle cells is
dependent upon functional Notch and that anterior markers are activated in posterior
follicle cells in response to ectopic Delta expression. This suggests that anterior follicle
cells are specified by high levels of Notch and posterior follicles cells by low levels of
Notch and also raises the possibility that repression of Notch pathway in posterior is

accomplished by activated EGF receptor pathway.
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Delta, Notch, follicle cells, cell fate, oogenesis, polarity, axis, Drosophila, EGF receptor
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INTRODUCTION

In Drosophila melanogaster, the body axes are set up during oogenesis through a process
that involves signaling between the oocyte and the somatic follicle cells that surround the
egg chamber. The proper localization of morphogenetic determinants is required for
establishment of the embryonic anterior-posterior (A-P) axis and depends upon proper
polarization of the oocyte cytoskeleton. Recent data suggest that signaling from
specialized follicle cells at the posterior end of the oocyte is required for this polarization
(reviewed in Anderson, 1995). Thus, the establishment of the oocyte anterior-posterior
axis requires: (1) differentiation of specialized posterior follicle cells, (2) signaling from
these posterior follicle cells to the oocyte, and (3) modulation of the polarity of the oocyte
cytoskeleton upon reception of the signal.

Three signaling pathWays are known to be required for proper patterning of
posterior follicle cells: the EGF-receptor (EGFr) pathway, the Notch (N) pathway, and the
Hedgehog (Hh) pathway (Gonzalez-Reyes et al., 1995; Roth et al., 1995; Ruohola et al.,
1991; Xu et al, 1992; Bender et al., 1993; reviewed in Rongo and Lehmann, 1996; Forbes
etal, 1996). The EGF receptor pathway transmits inductive information from the oocyte
to the follicle cells, while the Hh and Notch pathways act in communication between
different subsets of the follicle cells. Studies of mutants in the EGF receptor and Notch
pathways have led to the model that the anterior and posterior groups of follicle cells are
initially identical (Rongo and Lehmann, 1996). These prepatterned follicle cells are
transformed to the posterior fate by EGF receptor signaling if they are located adjacent to
the oocyte. If and how the Notch and EGF receptor pathways interact in this process is
unknown, but several models have been proposed (Rongo and Lehmann, 1996; see

discussion).




Notch functions in determining at least two follicle cell populations: the
terminal follicle cells and the stalk cells that separate the egg chambers from one another.
Studies with constitutively active Notch have shown that Notch suppresses differentiation
in oogenesis. Constitutively active Notch arrests follicle cells in a specific precursor stage
early in oogenesis, blocking the development of both stalk cells and terminal follicle cells
(Larkin er al, 1996). Loss of Notch function eliminates this precursor stage.
Interestingly, studies with toucan mutants have suggested that a signal from the germ line
is required for stalk formation (Grammont er a/., 1997). At a later stage of oogenesis loss
of Notch function, as well as constitutive activation of Notch, in follicle cells leads to
aberrant oocyte anterior-posterior axis formation.

In this Smdy we show that the Notch pathway is required in the anterior
follicle cells for proper establishment of anterior fate. Moreover, we find that prolonged
activation of the Notch pathway in the posterior follicle cells leads to defects in the
posterior follicle cells, including expression of anterior markers that are regulated by the
EGF receptor pathway. Our data is consistent with Notch acting at both termini as an
anterior inducer that is selectively repressed by the EGF receptor pathway in the posterior
follicle cells. Furthermore, defects in the anterior posterior axis of the oocyte with
prolonged expression of Delta suggest that signaling from the follicle cells to the oocyte
that is required for the proper oocyte A/P polarity must occur during late stage 6. In the
germarium, we demonstrate that expression of UAS-Delta generates long stalk-like
structures similar to those detected with expression of constitutively active Notch, and

that these are also due to a prolonged precursor stage.




Materials and Methods

Stocks

Drosophila melanogaster stocks were raised on standard cornmeal-yeast-agar medium at
25°C or at 18°C. The following fly strains were used: Oregon R, w~, GAL+-109, GAL+-
107c! (generated in the Jan laboratory), HS-GAL+ CyO, UAS-LacZ CyO. UAS-
LacZ FM6 (Brand and Perrimon, 1993), UAS-tau-GFP (Brand, 1995), 93F TM3
(Ruohola et al., 1991), KL503 TM3 (Clark et al.. 1994), A10{/ TM3 (Bier et al., 1989),
GAL+-462 (Gustafson and Boulianne, 1995), GAL+-c709 (a gift from L. Manseau), w~
Notch!s! DeltavVial DeltabB37 [53b (Gonzalez-Reyes et al., 1995), UAS-Delta”? CyO,
UAS-Delta’3 FM6 (a gift from E. Giniger; Doherty et al., 1996), 547, BB127 (Roth et
al., 1995).

Over-expression of Delta

Using the GAL4 system (Brand and Perrimon, 1993), we ectopically expressed a UAS-
Delta transgene in the somatic follicle cells during oogenesis. Flies carrying the UAS-
Delta construct (UAS-DI3 ) were crossed either to flies expressing GAL4 under heat-
shock control (HS-GAL+) or to one of four enhancer trap GAL4-lines: /09, A62, 107c,
or ¢709. The GAL4 expression patterns of these different lines were determined by
crossing the GAL4-lines to a line carrying UAS-LacZ and staining the progeny with X-
GAL, or by crossing them to a UAS-tau-GFP line and analyzing the GFP pattern by
fluorescence microscopy. HS-GAL+ induced UAS-LacZ expression in follicle cells
beginning in region two of the germarium (Fig. 7B), while the GAL4 enhancer trap lines

induced UAS-LacZ expression only after stage 5 of oogenesis (Fig. 2). Therefore, the HS-




GAL4 line was used to study the effects of UAS-DI expression in the germarium, while
the GAL4 enhancer trap lines served as excellent tools to study the function of Delta later

in oogenesis.

Heat Shock Treatments
To induce Delta expression from the UAS-Delta construct, UAS-DIP3 was crossed to HS-
GAL+ and progeny were raised at 25°C and heat shocked to induce expression of GAL4
by the hsp70-promoter. To generate long stalks, glass vials containing 1-2 day old UAS-
Delta’3: HS-GAL+ animals were incubated in a 37°C water bath for 15 minutes on day
one, 15 minutes on day two, and dissected on day three or day four. A higher percentage
of extreme long stalks (70% as compared to 22%, Fig. 8) was generated by dissecting on
day four. To generate defects in the A-P axis, flies were incubated in a 37°C water bath
for 25 minutes, and dissected the next day.

To test whether over-expression of other proteins using the GAL4/UAS
system with our protocols leads to the formation of long stalks, we analyzed ovarioles
over-expressing Pointed P2 or Derailed using the same GAL4-system and heatshock

conditions. Over-expression of these proteins does not generate long stalk-like structures.

UAS-Delta with loss of Notch function

To examine the effects of UAS-Delta expression in a loss of Notch function background,
the flies (VS N'S;UAS-DI?0O'HS-GAL+4 ) were heatshocked at 39°C for 15 minutes,
allowed to recover at room temperature for thirty minutes, placed at 32°C for 16 hours,

and allowed to develop at room temperature for 32 hours before dissection.
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Immunocytochemistry, in situ hybridization and other staining procedures.
Immunocytochemistry, in situ hybridization, and X-GAL staining procedures were
performed as described earlier (Larkin et a/., 1996).

The antibodies used in this study were anti-Fasciclin III (1:15 dilution,
Ruohola ez al, 1991), anti-Big Brain (1:1500; Doherty er al., 1997), anti-a-tubulin
(1:250), anti-Delta (1:3000; Bender et al., 1993) and anti-Staufen (1:3000; St Johnston er
al, 1991; a gift from Daniel St Johnston). The DNA plasmids used for in situ
hybridization probes were BSK-derailed (Callahan et al., 1995), pGEM3bcd (Driever et
al., 1990), and BSKS-osk (Ephrussi ez al., 1991).

Microtubule/Staufen immunocytochemistry

Ovaries were dissected in 1xRobbs and then transferred immediately to 100% methanol
(room temperature). To fix the ovaries, methanol was exchanged for -20°C methanol and
the samples were kept at -20°C for 10 minutes. Ovaries were rinsed twice with
Phosphate Buffered Saline (PBS) and incubated in PBS with 1% saponin at room
temperature for 2 hours. After a wash in PBSS (PBS and 0.1% saponin) the samples were
incubated with anti-a—tubulin (1:250, Sigma) and anti-Staufen (1:3000) in PBSS for 48
hours at 4°C. After rinsing 3X 15min with PBS, the samples were incubated with Texas
Red goat anti-mouse and FITC BODIPY goat anti-rabbit secondary a{xtibodies (each at
1:200; Molecular Probes) in PBSS overnight at 4°C. After rinsing 4X 15 minutes in

PBSS, the samples were mounted in glycerol with 2% N-propyl gallate.

Microscopy
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Microscopy was performed on a Leitz DMRB with Nomarski differential interference
contrast. Confocal images were collected using the MRC 600 laser scanning confocal
microscope system (Bio-Rad Microsciences Division) using the 488 and 568 wavelengths

of a krypton argon laser.



RESULTS

Notch is required for anterior and posterior follicle cell fate

Previous studies demonstrated that the Notch pathway is required for proper
establishment of posterior follicle cell fate; loss of the Notch pathway results in hyperplasia
of the posterior polar cells (Ruohola er al., 1991). Since anterior and posterior follicle
cells have been shown to be initially equivalent (Gonzalez-Reyes et al., 1995; Roth et al.,
1995, Reviewed in Lehmann, 1995, Rongo and Lehmann; 1996), we decided to
investigate whether the Notch pathway is also required for anterior follicle cell fate. To
do this, we analyzed the expression of follicle cell markers specific to the anterior, the
enhancer trap lines L5336 and 547, in N” egg chambers at the restrictive temperature.
Surprisingly, loss of Notch function abolishes the normal onset of both of these markers at
stage 8 in the anterior terminal cells in 97% (56/58) and 92% (47/51) of egg chambers.
respectively (Fig. 1A-F). Therefore, loss of Notch function results in defective anterior

follicle cells, suggesting that Notch is also required for anterior follicle cell fate.

Delta has to be turned off in the posterior follicle cells at stage 6.

Based on the data presented, Notch acts in both anterior and posterior follicle cells.
Interestingly, there is a difference between Delta expression in anterior and posterior
follicle cells. In wild type ovarioles, Delta protein is detected in a sﬁeciﬁc pattern, as
previously determined with antibodies to Delta (Bender et al., 1993; Fig. 2). Delta protein
is first detected in the germarium, and later accumulates strongly in the membranes of
follicle cells (Fig. 2A). Delta disappears from the posterior follicle cells beginning around

stage 6 in oogenesis (Bender et al, 1993; Fig. 2B,C). This pattern of expression is




consistent with the mRNA localization pattern detected by whole mount in situ
hybridizations with a probe to Delta mRNA (Ruohola ez al., 1991).

We decided to test whether this difference in expression has a functional
relevance by prolonging Delta expression in the posterior follicle cells. This was
accomplished by using a UAS-Delta construct and the GAL4 line /09 (Fig. 2D,E) and
analyzing the effects on the determination of the posterior follicle cells and establishment
of the oocyte A-P axis due to prolonged expression of Delta. We analyzed posterior cell
fate by monitoring a receptor tyrosine kinase derailed (drl, Callahan et al., 1995) as a
marker for posterior follicle cell differentiation. In wild type, dr/ mRNA is expressed in
posterior follicle cells from the germarium until about stage 6 of oogenesis (Clegg, N. and
Ruohola-Baker, H., unpublished; Fig. 3A; Table 1). In the D/, /09 mutant egg chambers
the posterior dr/ expression was abnormal; dr/ was still detected at stage 8 in UAS-DI;
GAL+-109 egg chambers (Fig. 3B). Prolonged expression of dr/ was also detected in
UAS-DI; HS-GAL+4 ovaries, one day after induction (Table 1). These data indicate that
prolonged expression of Delta induces prolonged expression of dr/ mRNA in posterior
follicle cells, confirming that cessation of Delta expression in the posterior follicle cells is
important for their normal development.

To investigate where ectopic Delta must be expressed in order to prolong
drl expression, we analyzed egg chambers that expressed Delta under “the control of the
GAL4-lines ¢709, [07c/, and A62 (Fig. 2). In ¢709 or 107cl , no prolonged dr/
expression was detected, suggesting that ectopic Delta expression in anterior follicle cells
cannot induce prolonged expression of @/ in posterior follicle cells. Prolonged expression
of drl was not detected when UAS-Delta was expressed under the control of 462 either,

suggesting that Delta expression has to begin prior to 462 onset during stage 7. An



127

alternative possibility is that Notch signaling requires differing levels of Delta in adjacent
cells (Wilkenson et al., 1994), and 462 results in uniform expression (Fig. 2G).

To further investigate the defect in the posterior follicle cells, we analyzed an
anterior marker that is repressed in the posterior follicle cells by the EGF receptor
pathway, L53b. In addition to normal anterior expression, L3535 was also activated in the
follicle cells over the oocyte in 34% (26/76, Fig. 4) of stage 10 UAS-DI; GAL4-109 egg
chambers. Therefore expression of Delta can induce anterior markers in the posterior
follicle cells. This phenotype has been observed previously in mutants which compromise
the activity of the EGF receptor pathway in posterior follicle cells (Gonzilez-Reyes et
al ,1995; Roth et al.,1995; Clegg et al., 1997, Gonzalez-Reyes et al., 1997).

Over-expression of Delta in the posterior follicle cells at stage 6 disturbs their
development, presumably due to over-activation of the Notch pathway. Therefore, these
data suggest that Delta expression is important for control bf the Notch pathway. It is
possible that this control could be at the transcriptional level - through a feedback loop, or
by direct activation of the Notch receptor. Recent experiments have indicated that in
some systems the Notch pathway is regulated by a feedback mechanism (reviewed in
Kimble and Simpson, 1997). In an attempt to analyze this, we looked at the expression of
Notch protein in UAS-DI; GAL4-109 ovaries. No obvious change in the protein
expression pattern was detected (data not shown). This suggests that in the follicle cells
surrounding the oocyte, the level of Delta protein is controlling the Notch pathway
through direct activation of the receptor. However, we cannot rule out that a feedback
loop generated a transient change in the Notch level which would not be detected in

normal antibody stainings.




Prolonged expression of Delta in posterior follicle cells generates oocytes with two
anterior organizing centers

To address whether the posterior follicle cell defects caused by prolonged expression of
Delta generate defects in the A-P axis of the oocyte, we expressed Delta in the follicle
cells, either under the control of HS-GAL+ or GAL4-109 and then analyzed the oocyte for
localized components. Anterior components, such as bicoid mRNA (bcd; Berleth et al.,
1988, Fig. 5C), were mislocalized to both the anterior and posterior of the oocyte (Fig.
5D; Table 2), while posterior components, oskar mRNA (osk; Ephrussi et al., 1991; Kim-
Ha et al, 1991; Fig. 5A) and Kinesin-ﬁgal fusion protein (Fig. 5E), were mislocalized to
the center of the oocyte (Fig. SB,F; Table 2). The normally anterior oocyte nucleus was
now found mislocalized to the posterior (Figure 5B, Table 2). In addition, premature
ooplasmic streaming was detected in some egg chambers (Table 2). Combinations of
these phenotypes have previously been observed in Notch, Delta, Protein Kinase A,
gurken, torpedo, cornichon, mago nashi, and maelstrom mutants as well as with
expression of constitutively active Notch, and reflect a defect in the microtubule
reorganization that takes place in mid-oogenesis (Ruohola er al, 1991; Lane and
Kalderon, 1994; Gonzilez-Reyes et al., 1995; Roth et al., 1995; Larkin et al, 1996;
Micklem er al., 1997, Newmark et al., 1997, Clegg et al, 1997). In wild type, a;
microtubule organizing center (MTOC) is initially localized to the posterior end of the
oocyte by an unknown mechanism. During mid-oogenesis, the MTOC disappears from
the posterior, and microtubules begin to nucleate from the anterior of the oocyte. No
oocyte A-P axis defects were detected in lines that induce Delta expression in the anterior
or lateral follicle cells (/07ci, ¢709) or in the posterior follicle cells later in oogenesis

(462).




The defects in the A-P axis of the oocyte are due to defects in the organization of the
microtubules
The defects in the A-P axis of the oocyte with constitutively active Notch (Larkin er al.,
1996), over-expression of Delta, and loss of function alleles of Notch and Delta (Ruohola
et al., 1991; Clark et al., 1994) suggested abnormal organizations of the microtubule
cytoskeleton. To investigate this possibility, we visualized the microtubules by staining
them with an antibody to «-tubulin. To assay the functionality of the microtubules, the
ege chambers were simultaneously stained with antibodies to Staufen (Stau), another
marker for A-P polarity, which is localized to the posterior pole of the oocyte at stage 8
(St Johnston er al., 1991). Expression of constitutively active Notch, over-expression of
Delta, and loss of Notch or Delta lead to a high concentration of microtubules in the
posterior of the oocyte (Fig. 6). The posterior component Stau was mislocalized to the
center of the oocyte where there was a void detected in the concentration of microtubules.
These data suggest retention of the posterior microtubule organizing center, and that the
defects in the A-P axis are due to defects in the organization of the microtubule
cytoskeleton.

In summary, we conclude that prolonged activation of the Notch pathway
disturbs the posterior follicle cells prior to the stage in which they are competent to signal
to the oocyte, resulting in retention of the posterior microtubule organizing center and

bipolar A-P axis. This shows that sufficient signaling did not occur prior to stage 6.

Ectopic expression of Delta in the germarium follicle cells generates long stalk-like

structures



The Drosophila ovary consists of 15-20 ovarioles: strings of egg chambers aligned in
developmental order. At the anterior end of each ovariole lies the germarium, where the
germ line stem cells divide to form 16 cell cysts. These cysts are enveloped by a somatic
follicle cell layer and released from the germarium as a subset of follicle cells intercalates
to form an interfollicular stalk (Fig. 7A). Our previous studies showed that expression of
constitutively active Notch generates long stalks in the germarium by virtue of holding the
stalk cells and polar cells in a precursor stage and causes defects in the A-P axis of the
oocyte (Larkin e al., 1996). Since expression of UAS-Delta generates similar phenotypes
in the oocyte, we looked to see whether it could also generate defects in stalk formation.
To express UAS-DI in the germarium, we heat shocked UAS-DI: HS-GAL+
flies and analyzed them two days after the heat shock. Over-expression of Delta in the
germanium leads to the formation of long stalk-like structures in 81% (119/147) of the
ovarioles (Figs. 7,8). In contrast to the normal wild type stalk, which is 6-7 cells long, the
average length of the long stalks was ~33 cells. Based on their morphology and the
expression of markers, two classes of long stalks were observed, "intermediate” (30% of
long stalks) and "extreme" (70% of long stalks). The cells in the intermediate long stalks
were aligned as a single row and expressed either the stalk cell marker, 93F (Fig. 7D;
Ruohola et al., 1991), or the polar cell marker, 470/ (Fig. 7F). The extreme long stalks
were several follicle cells thick, exhibiting the morphology of follicle cells that are ready to
intercalate to form a stalk in the germarium, and did not contain differentiated 93F or
A101 positive cells (Fig. 8B). Both classes of long stalks have been detected previously

with expression of constitutively active Notch (Larkin et al. 1996).

The cells in the long stalk-like structures are arrested in a precursor stage
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Since the cells'in the extreme long stalks did not express the differentiation markers 93F
or 4/0/, we analyzed the expression of precursor markers Big Brain (Bib; Larkin et al.,
1996; Doherty ez al. 1997) and Fasciclin IIT (FaslIII) proteins (Fig. 8D,F). In wild type
ovaries, Bib is expressed in the precursors for polar cells and the follicle cells intercalating
to form a stalk, as well as in fully formed stalks. However, the subcellular localization of
Bib differs in these two cell populations. In the precursors, Bib is found predominantly in
the apical tips of the cells where they meet as the cells are constricting (Fig. 8E, arrow).
In the stalk cells that have aligned as a single row, Bib is detected along the lateral surface
(Fig. 8E, bracket). FaslII is detected in all of the follicle cells in region 2 of the
germarium, but is restricted to polar cell precursors by the time the egg chamber leaves the
germarium (Fig. 8C). In all of the extreme long stalks generated by over-expression of
Delta, Bib is detected in a line along the apical tips of the cells (Fig. 8F), and FaslII is
detected in all of the cells (Fig. 8D), the precursor patterns for these markers. This data,
coupled with the fact that there is no expression of the differentiation markers, 93F and
A 101, suggests that in the most extreme cases the cells in the long stalk-like structures are
precursors for both the stalk cells and the polar cells. Recent mosaic analysis has also
revealed that stalk cells and polar cells have a common precursor, separate from the
precursors for lateral follicle cells (Tworoger, M., Bryant, Z., M. K. L., and H R.-B.,
submitted). These data indicate that over-expression of Delta functions similarly to
constitutive activation of the Notch receptor, forming long stalk-like structures by
prolonging the precursor stage. Therefore, expression of the ligand, Delta, plays a critical

role in controlling the activity of the Notch pathway in oogenesis.

UAS-Delta acts through the Notch receptor to generate long stalks




To confirm that U4S-D/ generates long stalks by acting through the Notch receptor, we
analyzed the phenotype generated by over-expression of Delta in a Notch loss-of-function
background. If UAS-Delta acts through the Notch receptor, no phenotype due to over-
expression of Delta should be detected without functional Notch. N'S'N'S: DI HS and
control females were heat shocked to induce Delta expression and thereafter transferred to
the restrictive temperature (See Materials and Methods). 94% of control NSNS ovaries
exhibited a loss of stalks (61/65, Fig. 9C), while 69% of DI HS ovaries displayed long
stalk-like structures, as expected (24/35, Fig. 9B). 98% of NS NIS: DL HS ovaries
displayed the loss of sté.lk defect (52/53, Fig. 9D), demonstrating that the over-expression

of Delta requires functional Notch protein in order to generate long stalk-like structures.

DISCUSSION

We have shown that the Notch pathway is required in the anterior follicle cells for proper
establishment of anterior fate. Moreover, we have shown that prolonged activation of the
Notch pathway in the posterior follicle cells leads to defects in the posterior follicle cells,
including ectopic expression of anterior markers. Since over-activation of the Notch
pathway and loss of the EGFr pathway result in the same phenotype - ectopic expression
of anterior markers - it is possible that repression of the Notch pathway in the posterior is
accomplished by the EGFr pathway. In the germarium, we have demonstrated that
expression of UAS-Delta generates long stalk-like structures similar to those detected
with expression of constitutively active Notch, and that these are formed by a block in the
precursor stage. In addition, expression of UAS-Delta in the absence of Notch function

leads to a loss of stalks, indicating that UAS-Delta acts through the Notch receptor.




The Notch pathway acts in both anterior and posterior follicle cells

Our data, in conjunction with previous studies, has shown that the Notch pathway is
required in both the anterior and posterior follicle cells. An important difference,
however, is that the Notch pathway has to be inactivated in the posterior prior to stage 6.
This is normally accomplished by cessation of Delta expression in the posterior follicle
cells. If Delta is over expressed, posterior markers such as derailed mRNA are defective,
and markers that are usually expressed only in the anterior are mis-expressed in the
posterior (347 and L53b). These data are consistent with a model in which the Notch
pathway can induce anterior fate in both the anterior and posterior follicle cells and must
be turned off in the posterior before the posterior follicle cells can take their appropriate
fate. Moreover, both over-activation of the Notch pathway and loss of the EGF receptor
pathway lead to similar phenotypes - namely expression of the anterior markers, L3535 and
947, in the posterior follicle cells. Therefore, the simplest model is one in which the
Notch pathway can induce anterior fates in both the anterior and posterior but is repressed

in the posterior by the EGF receptor pathway.

Interplay between the EGF receptor and Notch pathways in posterior follicle cell
development

One of the major objectives in modern biology is to elucidate how multiple signals are
integrated inside a cell. For example, vulval development in C. elegans and axis formation
in Drosophila oogenesis require the Notch and EGF receptor pathways for specific cell
fates (reviewed in Duffy and Perrimon, 1996). However, if and how these pathways are

integrated inside a cell is not yet understood. In Drosophila cogenesis, several models




have been proposed to explain the roles of these two pathways in the specification of
posterior follicle cell fate and signaling (Rongo and Lehmann, 1996). Some models
suggest that the Notch and EGF receptor pathways act independently, while others
suggest that they interact in some capacity. We have shown that prolonged expression of
Delta results in failure of posterior follicle cells to receive the Grk signal, since a marker
that is normally turned off in response to the Grk signal is not repressed. This suggests
that the pathways do not act independently because the Notch pathway can interfere with
reception of the EGF receptor pathway. Our data can be explained by a derepression
model in which high Notch activity is required for establishment of anterior fate and low
Notch activity for posterior fate. In the posterior, the Notch pathway is depressed by the
EGF receptor pathway, resulting in posterior follicle cell fate. Loss of Notch function
results in defective terminal follicle cells in both poles of the egg chamber. At stage 7,
when grk is no longer located at the posterior of the oocyte, inhibition of the Notch
pathway is accomplished by cessation of Delta expression in the posterior follicle cells.
Over-expression of Delta partially overcomes the repression by the EGF receptor
pathway, leading to the expression of an anterior marker in the posterior of the egg

chamber (Fig. 10).

Over-activation of the Notch pathway disturbs the posterior follicle cells prior to
follicle cell to oocyte signaling

In wild type posterior follicle cells, the derailed staining pattern defines
separate developmental stages. Before stage 6 the posterior follicle cells are derailed
positive. From stage 6 on, derailed expression is no longer detected in the posterior of the

egg chamber. Based on the expression patterns in mutant and wild type situations, over-



expression of Delta at stage 6 disturbs the posterior follicle cell development and causes a
defect in oocyte A-P axis, presumably due to a defect in the follicle-cell-to-oocyte
signaling. Over-expression of Delta after stage 6 does not affect the oocyte. Signaling
from the follicle cells to the oocyte that is required for the proper oocyte A-P polarnty

must therefore occur (or continue to occur) during late stage 6.
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Tables

Table I: derailed expression in posterior follicle cells

stage 4 stage 5 stage 6

stage 7

control 100% (27/27) 100% (34/34) | 36% (12/33)

0% (0/24)

UAS-DI;GAL+- | 100% (35/35) 100% (32/32) | 93% (54/58)
109

46% (20/44)

UAS-DI:HS- | 100% (32/32) | 100% (30/30) |67% (53/79)
GAL+

29% (23/79)

Table 2: Axis defects generated by prolonged expression of Delta protein in the follicle

cells :
osxar - central | bicoid - | Kinpgal - | nucleus - | premature
ant. &post. central posterior swirling
UAS-  |81% (42/52) | 11% (5/46) |90% (66/73) |NA NA

DI; HS-
GAL+

UAS-  |93% (70/75) | 68% (42/62) [91% (63/69) |12% (14/117) | 56% (15/27)

Dl;
GAL+-
109

NA = not analyzed
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Figure 2. Delta protein expression. (A-C) Delta protein expression in wild type
ovarioles. Intense expression is detected in the membranes of follicle cells early (A), but
begins to disappear from the posterior follicle cells around stage 6 (B). It is completely
gone by stage 7 (C), and this pattern continues through the later stages of oogenesis. (D-
G) Brackets indicate posterior follicle cells. (D,E) In UAS-DI: GAL+-109 egg chambers,
a very high level of Delta protein is detected in various follicle cells, including posterior
cells, from stage 6 (D) onward (E). No Delta protein is detected in D/; A62 in posterior
follicle cells at stage 6 (F) but high levels are detected after stage 6 (G). LacZ:c709 does
not exhibits Bgal expression during stage 6 (H), but has patchy expression in the anterior
follicle cells during stage 7 (I), and then patchy expression throughout the follicle cell layer
later. (JJK) LacZ 107cl expresses PBgal in the border cells and the nurse cell associated

cells, starting around stage 6.
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Figure 3. Prolonged expression of Deita disturbs posterior follicle cells. (A-C) In
wild type ovarioles, dr/ mRNA is expressed in the posterior follicle cells until stage 6.

derailed mRNA expression is prolonged in UAS-DI; GAL+-109 egg chambers (D-F).







Figure 4. Anterior markers are activated in posterior follicle cells in response to
specific over-expression of Delta.

(A) The enhancer trap line L33b is expressed in anterior follicle cells: the border cells.
nurse cell associated cells, and centripetally migrating cells. (B) UAS-DI; GAL+4-109.
Prolonged expression of Delta leads to ectopic expression of L33b in posterior follicle

cells in 34% of the egg chambers.







146

Figure S. Prolonged expression of Delta in the follicle cells results in defects in the
anterior-posterior axis of the oocyte. (A,C,E) wild type (B,D,F) UAS-DI: GAL+4-109.
(A) oskar mRNA is tightly localized to the posterior pole of wild type oocytes. (B)
Prolonged expression of Delta results in mislocalization of oskar to the center of the
oocyte. (C) bicoid mRNA is found along the anterior of wild type oocytes. (D) With
prolonged expression of Delta, bicoid is found at both the anterior and posterior end of
the oocyte. (E) In wild type oocytes, a Kinesin-Bgal fusion protein is found tightly
localized to the posterior pole. (F) With prolonged expression of Delta, Kinesin-pgal is

mislocalized to the center of the oocytes.






147

Figure 6. The defects in the anterior-posterior axis are the result of defects in the
polarization of the microtubule cytoskeleton. Chambers are double stained: the left
column is stained with antibodies to a-tubulin while the right column is stained with
antibodies to Staufen. (A-B) wild type egg chambers. Microtubules are detected along
the anterior edge of the oocyte, while Staufen protein is found at the posterior pole. (C-J)
Mutant egg chambers. In all of these mutants, microtubules are detected at both the
anterior and posterior of the oocytes. while Staufen is in a more central location.
Occasionally the microtubules were detected as large "bundles” at the cortex of the
oocyte. (C-D) UAS-DI: HS-GAL+4, 76.9% (20/26) have microtubule and Staufen
phenotypes. (E-F) UAS-DI; GAL4-109, 69.4% (25/36) have microtubule and Staufen
phenotypes. (G-H) DMial pi6B37 48 hours at restrictive temperature with a 4 hour
recovery at room temperature, 100% (19/19) have microtubule and Staufen phenotypes.
(I-J) N'S. 24 hours at restrictive temperature with a 4 hour recovery at room temperature.

100% (25/25) have microtubule and Staufen phenotypes.
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